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ABSTRACT

A LINE-BASED INFILL OPTIMIZATION METHOD FOR MATERIAL
EXTRUSION ADDITIVE MANUFACTURING

UNCU, Rahman
M.S., Department of Mechanical Engineering

Supervisor: Assoc. Prof. Dr. Ulag Yaman

September 2023, 95| pages

Additive Manufacturing (AM) constitutes diverse manufacturing processes capable of
producing intricately shaped components, a departure from conventional fabrication
methods. As in the early days of AM, the primary motivation was manufacturing
parts for prototyping; however, the mechanical properties of these parts have now
assumed paramount importance due to the intention of applying these components
as end products. Additionally, AM’s advantage of fabricating intricate geometries
that were previously challenging using traditional manufacturing methods has led to
a surge in the adoption of topology optimization methods. This has sparked a growing
interest in strategies to design AM parts with improved mechanical behavior, making

it a current focal point of research.

This thesis proposes a novel infill optimization approach to improve AM parts’ me-
chanical behavior. Specifically tailored for material extrusion AM processes, this
strategy utilizes a line-based infill optimization approach. This optimization strategy
had been meticulously tested across two loading scenarios to ascertain its effective-
ness. The mechanical behaviors of the optimized infill geometries were benchmarked

against commonly used linear infill patterns prevalent in 3D printing through com-



prehensive structural testing. The tests yielded notable improvements in the strength-
to-weight ratios for the test samples when optimized infill patterns were employed,
in contrast to the other linear infill options. Specifically, these enhancements were
substantial, with an increase of nearly 40% observed in the ABS samples, ranging
from 55% to 75% in the case of 17-4PH Stainless Steel samples, and an approximate

boost of 30% in the 316L Stainless Steel samples.

This comprehensive study’s outcomes unequivocally indicate the potency of the pro-
posed methodology, which empowers designers to attain AM components with vastly
improved mechanical behavior. This research demonstrates significant promise within
AM, where mechanical performance enhancement is a pivotal consideration in design

and production.

Keywords: infill optimization, mechanical behavior, fused filament fabrication, metal

additive manufacturing
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_ MALZEME EKSTRUZYONU EKLEMELI IMALAT YONTEMI ILE
URETILEN PARGCALAR ICIN C1ZGI TABANLI IC YAPI OPTIMIZASYON
YONTEMI

UNCU, Rahman
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Ulag Yaman

Eyliil 2023 ,[95]sayfa

Eklemeli imalat, geleneksel iiretim yontemlerinden farkli olarak karmasik sekillere
sahip parcalar iiretebilen cesitli imalat siireclerini olusturur. Eklemeli imalatin ilk za-
manlarinda ana motivasyon prototipleme i¢in parca iiretmekti; ancak bu parcalarin
son {irlin olarak kullanilma istegi bu parcalarin mekanik performanslarinin 6nem ka-
zanmasina yol acmustir. Ayrica, eklemeli imalatin konvansiyonel iiretim yontemleri
ile iiretilmesi zorlayici olan karmagik geometriler iiretebilme avantaji, topoloji opti-
mizasyon yontemlerinin benimsenmesinde yardimci olmustur. Bu durum, iyilestiril-
mis mekanik davranisa sahip eklemeli imalat parcalar1 tasarlama stratejilerine olan
ilginin artmasina neden olmakta ve mevcut aragtirmalarin odak noktasi haline getir-

mektedir.

Bu tez calismasi, eklemeli imalat ile iiretilen parcalarin mekanik davranisini iyiles-
tirmek icin yeni bir i¢ yap1 optimizasyonu yaklasimi 6nermektedir. Malzeme ekst-
riizyonu eklemeli imalat yontemleri i¢in 6zel olarak gelistirilen bu strateji, ¢izgi ta-

banl1 bir i¢ yap1 optimizasyon yaklagimini kullanir. Bu optimizasyon stratejisi, etkin-
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ligini belirlemek amaciyla iki yiikleme senaryosunda titizlikle test edilmistir. Opti-
mize edilmis i¢c yap1 geometrilerinin mekanik davraniglari, kapsamli yapisal testler
yoluyla eklemeli imalatta yaygin olarak kullanilan dogrusal i¢ yap1 modelleriyle kar-
stlagtirllmistir. Testler sonucunda, diger i¢ yapilarin aksine optimize edilmis i¢ yapilar
kullanildiginda test numunelerinin mukavemet-agirlik oranlarinda dikkate deger ge-
lismeler gozlemlenmistir. Ozellikle, ABS numunelerinde yaklagik %40’ lik, 17-4PH
Paslanmaz Celik numunelerinde %55 ile %75 arasinda degisen ve 316L Paslanmaz
Celik numunelerinde yaklasik %30’luk olacak sekilde onemli miktarlarda artis goz-

lemlendi.

Bu kapsamli ¢alismanin sonuglari, tasarimcilara biiyiik ol¢iide gelistirilmis mekanik
davranisa sahip eklemeli imalat parcalari elde etme imkani veren bu metodolojinin
potansiyelini tartismasiz bir sekilde gostermektedir. Bu arastirma, mekanik perfor-
mansin gelistirilmesinin tasarim ve iiretimde 6nemli bir husus oldugu eklemeli imalat

icin Onemli bir umut vaat ettiini gostermektedir.

Anahtar Kelimeler: i¢ yap1 optimizasyonu, mekanik davranis, ergiyik filament ile

imalat, metal eklemeli imalat

viii



To my family

X



ACKNOWLEDGMENTS

I want to extend my heartfelt gratitude to my supervisor, Assoc. Prof. Dr. Ulas Yaman
for his invaluable guidance, boundless patience, and generous assistance throughout
my research journey. I am also sincerely grateful to Prof. Dr. Serkan Dag, Assist.
Prof. Dr. Orkun Ozsahin, Assist. Prof. Dr. Hakan Caliskan and Prof. Dr. Oguzhan
Yilmaz for serving on my jury and providing their invaluable comments and sugges-

tions.

I am deeply thankful to my company, ASELSAN Inc., for the opportunity they pro-
vided me to undertake this research and for their continuous support in every step of
the journey. I am truly fortunate to be part of an organization that values and fos-
ters academic growth and development. I additionally desire to extend my special
appreciation to Oguz Dogan, Serap Aykan, and Mehmet Canberk Bacikoglu for the
knowledge and perspectives they shared, which illuminated my journey during this

research.

Finally, I want to convey my sincerest gratitude to my family for their unending back-

ing, affection, and belief.



TABLE OF CONTENTS

ABSTRACT]. . . . . o v
OZ . . . Vil
ACKNOWLEDGMENTS|. . . ... .. oo oo oo o X
TABLE OF CONTENTS| . . . . .. .. o o oo Xi

LIST OF TABLES]

LIST OF FIGURESI . . . . .. 0o 0o oo XV

LIST OF ABBREVIATIONS

CHAPTERS
1 INTRODUCTION| . . . . . . oo e 1
(L1 Motivation of the Thesis| . . . . . .. ... ... ... ... ..... 1
(1.2  Timitationsof the Thesisl . . . . . . ... ... ... .. ... .... 2
(1.3 LayoutoftheThests| . . . ... ... ... ... ... ... ... 3
2_REVIEWOFTHESTATEOFTHEART. . . . . ... ........... 5
2.1 Introduction|. . . . . . ... ... oo 5
(2.1.1 _ Fused Filament Fabricationl . . . . . .. .. ... ... .... 6
[2.1.2  Stereolithography| . . . . . .. .. ... ... ... 0. 7
[2.1.3 Selective Laser Sintering| . . . . . .. ... ... L. 8
[2.2  Research Areas of Additive Manufacturing| . . . . . .. .. ... .. 9

xi



[2.2.1 Fleld-Oriented Additive Manufacturing . . . . . . . . . .. .. 9

[2.2.2  ‘Topology Optimizatign . . . . . . ... ... ......... 11
[2.2.2.1 Topology Optimization Overview . . . . ... .. ... 11
[2.2.2.2 Optimization Based on Principal Stress Lines . . . . . . 13

[2.2.3 Metal Additive Manufacturing . . . . . . ... ... .. ... 14

.................................... 21
[3.1 Design and Fabrication of the TestBarts . . . . ... ... ... ... 21

[.1.1 Theory . . . . . . . . ... 22

[38.1.2  Algorithm Overview . . . . . ... ... ... ... ..... 24

3121 MBBBeam. ... .......... . ..., 25

3.2.2.1 Results . . . . . . . . . ... 52

3.2.2.2 Conclusions . . . . .. ... 53



3.3.1 MBBBeam . ... ... ... ... ... 56
3.3.1.1 Results . . . . .. .. .. . ... ... 57
3.3.2 CantileverBeam . . . . . . .. ... ... 59
3.3.2.1 Results . . . ... ... . ... .. .. 59
333 Conclusions . . . . .. ... .. 62
4 METAL FUSED FILAMENT FABRICATION OF TEST PARTS . . . . . . 63
4.1 17-4PH Stainless Steel TestParts . . . . . ... ... ... ... .. 64
411 Structural Tests . . . . . ... ... . 67
4111 Results . . . ... ... . ... . ... 68
41.1.2 Conclusions . . . ... ... .. ... ... 73
4.2 316L Stainless Steel TestParts . . . . ... ... ... ... ..... 74
4.2.1  Shrinkage in 316L Stainless Steel Test Samples . . . . . . .. 75
422 Structural Tests . . . . . ... ... 78
4221 Results . . . ... ... . . ... ... . .. ... 78
4222 Conclusions . . . . .. ... 83
5 DISCUSSION & CONCLUSIONS . . . .. ... ... . ... ... .... 85
9.1 Summary . ... e 85
52 DISCUSSIONS . . . . . . o o 86
53 FutureWorks . . . . . . . . 88
REFERENCES . . . . . . . . 91

Xiii



TABLES

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

LIST OF TABLES

Printing parameters of the ABSsamples . . . ... ... ...... 37
MBB Beam test results for allthe ABS samples . . . . ... .. .. 45
Cantilever Beam test results for all the ABS samples . . . . . .. .. 52
Material properties of Plastic ABS (high-impact) . . .. ... ... 56
MBB Beam test results for all the 17-4PH SSsamples . . . . . . .. 69
Cantilever Beam test results for all the 17-4PH SS samples . . . . . 71
Printing parameters of 316L SStestsamples . . . . . . ... .. .. 75
MBB Beam test results for all the 316L SS samples . . . . ... .. 79
Cantilever Beam test results for all the 316L SSsamples. . . . . . . 80

Xiv



LIST OF FIGURES

FIGURES
Figure 2.1  Major components of an FFF printer . . . . . . . ... ... .. 7
Figure 2.2  The elemental components of an SLA machine . . . . . ... .. 8
Figure 2.3  The basic structure ofan SLS machine . . . . .. ... ... .. 9
Figure 2.4 A schematic of the M-FFF process . . . . . . .. ... ... .. 16
Figure3.1  MBBBeam . ... ... . ... . . ... ... .. 22
Figure 3.2 CantileverBeam . . . . . . . . . . ... .. 22
Figure 3.3  Pipeline of the algorithm . . . . . . ... ... ... ... ... 24
Figure 3.4  Maximum and minimum PSVFsforMBBBeam . . . . . . . .. 26
Figure3.5  Tensile and compressive PSLs generated by homogeneous source
distribution . . . . . .. 26
Figure 3.6  The analysis model and the test setup for the MBB Beam . . .. 27
Figure 3.7  Maximum and minimum PS distributions on the MBB Beam . . 29
Figure 3.8  Tensile and compressive PSLs generated by using PS distributions 29
Figure 3.9  The manufactured part with a layer thickness of 0.6 mm . . . . . 30
Figure 3.10 PSLs created by updated source points . . . . .. ... .. ... 31
Figure 3.11 Final trajectories of the optimized geometry for the MBB Beam . 31
Figure 3.12 The MBB Beam manufactured part with the optimized in Il pattern 31

XV



Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23
Figure 3.24
Figure 3.25

Figure 3.26

Maximum and minimum PSVFs for Cantilever Beam
The analysis model and the test setup for the Cantilever Beam . . 33

Maximum and minimum PS distributions on the Cantilever Beam 34

Tensile and compressive PSLs . . . . . . .. .. ... ... .. 34
Toolpaths for the inll structure . . . . . . ... ... ...... 34
The whole toolpath for the optimizedpart . . . .. ... .. .. 35

The manufactured Cantilever Beam with optimized in Il patterns 35

Ultimaker 3 Extended printer . . . . . . .. ... ... ..... 37
Test parts for the MBB Beam made of ABS . . . ... ... .. 39
Test parts for the Cantilever Beam made of ABS . . . . . .. .. 40
Thetestmachine. . . . ... ... .. ... ... ... . ... . 41
MBB Beamtestsetup . . . . . . . .. ... ... 42
Part designed for boundary conditions . . . . . ... ... ... 42

Force vs. de ection plots for all the MBB Beams made of ABS . 44

Figure 3.27 Force vs. de ection plots based on in Il structures for all the

MBB Beamsmade of ABS . . . . .. ... .. ... ... L 44
Figure 3.28 MBB Beam Part 1 and its fracture shape . . . . . .. ... ... 45
Figure 3.29 MBB Beam Part 2 and its fractureshape . . . .. ... .. ... 46
Figure 3.30 MBB Beam Part 3 and its fracture shape . . . . ... ... ... 46
Figure 3.31 MBB Beam Part 4 and its fracture shape . . . .. ... ... .. 46
Figure 3.32 MBB Beam Part 5 and its fracture shape . . . . . .. ... ... 47
Figure 3.33 MBB Beam Part 6 and its fracture shape . . . . ... .. .. .. a7

XVi



Figure 3.34 MBB Beam Part 7 and its fracture shape . . . . ... .. .. .. 47
Figure 3.35 MBB Beam Part 8 and its fractureshape . . . .. ... .. ... 48
Figure 3.36 Cantilever Beamtestsetup . . .. .. ... ... ... ..... 51
Figure 3.37 Cantilever Beam force vs. de ection plots for all the ABS samples 52
Figure 3.38 Cantilever Beam Part 1 and its fracture shape . . . . . . .. ... 53
Figure 3.39 Cantilever Beam Part 2 and its fracture shape . . . . . .. .. .. 53
Figure 3.40 Cantilever Beam Part 3 and its fracture shape . . . . . . .. . .. 53
Figure 3.41 The analysis geometry and the printedpart . . . . . . ... ... 55
Figure 3.42 MBB Beamanalysismodel . . . ... ... ... ........ 56
Figure 3.43 Total deformation results for MBB Beam testparts. . . . . . .. 57
Figure 3.44 Equivalent Von-Mises stress results for MBB Beam test parts . . 58
Figure 3.45 Cantilever Beam analysismodel . . . ... ... ... ..... 59
Figure 3.46 Total deformation results for Cantilever Beam test parts . . . . . 60
Figure 3.47 Equivalent Von-Mises stress results for Cantilever Beam test parts 61
Figure 4.1 17-4PH SS MBB Beamtestparts . . . . . .. .. ... .. ... 65
Figure 4.2 17-4PH SS Cantilever Beamtestparts . .. ... ... .. ... 66
Figure 4.3  17-4PH SS MBB Beamtestsetup . . . . . . . ... ... .. .. 67
Figure 4.4  17-4PH SS Cantilever Beamtestsetup . . . ... ... ... .. 68
Figure 4.5  MBB Beam force vs. de ection plots for all the 17-4PH SS
samples . ... 69
Figure 4.6  Fracture shapes of the MBB Beam 17-4PH SS test parts . . . . . 70

XVii



Figure 4.7  Cantilever Beam force vs. de ection plots for all the 17-4PH SS

samples . ... 71
Figure 4.8  Distorted shapes of the Cantilever Beam 17-4PH SS test parts . . 72
Figure 4.9 316L SS MBB Beam test parts
Figure 4.10 316L SS Cantilever Beamtestparts . . . . . . .. ... .. ... 77
Figure 4.11 MBB Beam force vs. de ection plots for all the 316L SS samples 79

Figure 4.12 Cantilever Beam force vs. de ection plots for all the 316L SS

samples . . . L e 80
Figure 4.13 Deformed shapes of the MBB Beam 316L SStestparts . . . . . 81
Figure 4.14 Deformed shapes of the Cantilever Beam 316L SStestparts . . . 82

Xvili



ABBREVIATIONS
2D
3D
ABS
AM
BESO
CAD
CAM
DED
DLP
DW
EBM
ESO
FEA
FFF
FOAM
LSM
MEX
M-FFF
MIM
MWCN-S
PLA
PBF
PS

LIST OF ABBREVIATIONS

2 Dimensional

3 Dimensional

Acrylonitrile Butadiene Styrene
Additive Manufacturing

Bi-directional Evolutionary Structural Optimization
Computer-Aided Design
Computer-Aided Manufacturing
Directed Energy Deposition

Digital Light Processing

Direct Writing

Electron Beam Melting

Evolutionary Structural Optimization
Finite Element Analysis

Fused Filament Fabrication
Field-Oriented Additive Manufacturing
Level Set Method

Material Extrusion

Metal Fused Filament Fabrication
Metal Injection Molding

Multi-Walled Carbon Nanotubes
Polylactic Acid

Powder Bed Fusion

Principal Stress

XiX



PSLs
PSVFs
SIMP
SLA
SLAM
SLM
SLS
SS
STL
TO
UTS
uv

Principal Stress Lines

Principal Stress Vector Fields
Solid Isotropic Material with Penalization
Stereolithography
Stress Line Additive Manufacturing
Selective Laser Melting

Selective Laser Sintering
Stainless Steel

Standard Tessellation Language
Topology Optimization

Ultimate Tensile Strength

Ultraviolet

XX



CHAPTER 1

INTRODUCTION

Additive manufacturing (AM), often called 3D printing, represents a manufacturing
approach based on the successive addition of materials in a single layer and then layer
upon layer. The additive nature of this fabrication method offers a distinct advantage
in producing intricate structures. This design freedom paves the way for topology
optimization. The core objective of this research is the creation of optimal designs by
utilizing Principal Stress Lines (PSLs) derived from Finite Element Analysis (FEA).
Then, these lines guide the generation of precise toolpaths of a Fused Filament Fab-
rication (FFF) 3D printer directly. The G-code le generated from the algorithm
employed in this study guides the motion of the printer's nozzle.

Furthermore, this investigation extends to manufacturing designed components by
the metal Fused Filament Fabrication (M-FFF) methodology. This approach serves
to validate the effectiveness of the proposed method. The study comprehensively
explores the characteristics and intricacies inherent to this speci c fabrication tech-

nique.

1.1 Motivation of the Thesis

AM is experiencing a steady surge in popularity, mainly owing to its distinct advan-
tages over conventional fabrication techniques, including enhanced speed, the ability
to produce intricate components, reduced material waste, and more. Initially, in the
early years of 3D printing, the main aim was to fabricate parts for prototyping pur-
poses, soapid prototypingwas generally equivalent to 3D printing. However, in

recent years, the primary objectives of AM have evolved from rapid prototyping to
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manufacturing functional parts thanks to substantial advancements in the eld. This
progression has led to the pursuit of fabricating components with superior mechanical

properties from a mechanical standpoint.

The fundamental motivation behind this thesis is the aspiration to leverage AM to
generate structurally performative designs. This goal is accomplished by integrating
PSLs within the design domain. PSLs offer the distinct advantages of rapid imple-
mentation and ease of control. Additionally, generating motion trajectories of the
3D printer directly using PSLs is handy. The nozzle of the 3D printer tracks them
to obtain components endowed with enhanced mechanical behavior. This is the pri-
mary reason to focus on the FFF method since controlling the toolpaths in FFF is

comparably simpler than in other AM techniques.

Another main drive for conducting this research is to manufacture parts using M-
FFF technology, given that the process parameters in the printing stage diverge from
the conventional FFF method. Unlike the plastic FFF method, M-FFF necessitates
subsequent debinding and sintering steps, which are crucial for eliminating plastic
residues within the part and sintering metal powders to transform them into nal
metal parts. Signi cant characteristics inherent to the M-FFF were also observed

throughout the study.

1.2 Limitations of the Thesis

The algorithm created in this thesis is only valid for 2.5D geometries. Speci cally,
its applicability extends to shapes that emerge from the extrusion of a 2D surface
geometry along its normal direction. Although some effort was put into tailoring the
algorithm to accommodate 3D geometries, this attempt has not matured enough to

manufacture intricate 3D components.

Furthermore, the algorithm developed in this work utilizes PSLs, and these lines are
derived from Principal Stress Vector Fields (PSVFs), a resulting vector eld obtained
from FEA conducted on the design domain. Additionally, the algorithm requires
designated source points, which serve as the PSLs initiation points because these lines

cannot be established solely through a vector eld. This study selects source points
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based on the Principal Stress (PS) distributions obtained from FEA. However, it is
pertinent to acknowledge that the process can be improved regarding the source point

selection method, ultimately leading to parts with enhanced mechanical properties.

1.3 Layout of the Thesis

The thesis is structured as follows:

Chapter 2 provides an in-depth exploration of literature related to the subject of this
thesis. The literature survey comprehensively analyzes AM studies based on eld
orientations. It further delves into an overview of topology optimization and PSLs-

based optimizations, as well as an examination of metal AM technologies.

Chapter 3 explains all the design, fabrication, and testing stages of the plastic parts
manufactured by the FFF method. The developed algorithm is explained in detail in

the design stage of the test parts. Moreover, the fabrication of these parts is elabo-
rated upon in detail. Lastly, the structural tests performed on these test samples are
presented at the end of the section, offering a comprehensive understanding of their

performance.

Chapter 4 is devoted to the test parts manufactured by M-FFF technology. This sec-
tion addresses the fabrication and structural testing stages of these parts. The critical

process parameters and outcomes of M-FFF are presented in this section.

Chapter 5 concludes, encapsulates the study's core ndings, and evaluates its critical
outcomes. Furthermore, some future works are also addressed. This section provides
a summary of the thesis.






CHAPTER 2

REVIEW OF THE STATE OF THE ART

This chapter offers an overview of the relevant literature concerning the thesis sub-
ject. Initially, a concise introduction to AM technologies is provided, covering the
historical evolution of AM, the employed manufacturing techniques, and related ter-
minology.

Subsequently, this chapter digs into the thesis subject's relevant AM research do-
mains. These domains incorporate Field-Oriented Additive Manufacturing (FOAM),
Topology Optimization (TO), and Metal AM. Each is examined under distinct sub-

sections, comprehensively presenting various relevant literature sources.

2.1 Introduction

AM, also called 3D printing or rapid prototyping, constitutes a family of manufac-
turing processes that hold profound signi cance and utility in fabricating diverse me-
chanical components. Tracing its origins back to the 1980s [1], Dr. Hideo Kodama
invented the rst 3D printer in the early 1980s. Dr. Kodama ingeniously employed
UV light to polymerize the resin layer by layer to obtain the nal part. Subsequently,
in 1987, the rst 3D printing machine was produced by Chuck Hull [1]. In contrast to
conventional subtractive manufacturing techniques, AM incrementally adds material
layers to achieve the intended nal product.

The design and fabrication pipeline of the 3D printing process can be outlined as
follows. Commencing with the creation of 3D geometry, the consecutive transfor-

mation into a Standard Tessellation Language (STL) le approximates the geometric
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outer boundaries through triangular mesh representations. This STL le, in turn, in-
terfaces with the printer's built-in Computer Aided Manufacturing (CAM) software.

The mesh is sliced into a sequence of discrete 2D layers within this software. Here-
upon, CAM software generates a G-code le, encapsulating vital printing process

details, including printer head toolpaths, extrusion amounts, and more.

AM methodologies nd classi cation into distinct subcategories based on their under-
lying production paradigms. Noteworthy among these are Material Extrusion (MEX),
Photopolymerization, and Powder Bed Fusion (PBF). The eminent manufacturing
techniques within these subcategories are FFF, Stereolithography (SLA), and Selec-

tive Laser Sintering (SLS).

2.1.1 Fused Filament Fabrication

FFF, or Fused Deposition Modeling, stands as an AM process based on the incremen-
tal construction of a component through the successive deposition of molten material
layers. This method predominantly utilizes thermoplastic materials, exempli ed by
Acrylonitrile Butadiene Styrene (ABS) and Polylactic acid (PLA). The process un-
folds with a lament, stored in a spool, channeled to a heated extruder embedded
within the printer. Subsequently, the extruder ejects the molten lament through a
nozzle, producing a layer deposition. Following the completion of a layer, the pro-
cess iterates anew, layer by layer, until the entire component is constructed. Figure

2.1 offers a visual exposition of the principal components of an FFF printer.

The FFF process offers several noteworthy advantages. It emerges as a more cost-
effective and accessible option than other 3D printing methods. In addition, the ab-
sence of harsh chemicals, unlike techniques such as SLA, makes the process relatively
clean. Furthermore, the printing process can be ef ciently carried out using a single
workstation, eliminating the requirement for additional equipment. However, the pro-
cess has some drawbacks. Layer lines on the manufactured parts are generally visible,
affecting the surface nish. Moreover, the print's quality, including the nal piece's

mechanical strength, heavily relies on the precise adhesion between layers [3].
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Figure 2.1: Major Components of an FFF printer [2]

2.1.2 Stereolithography

SLA is another signi cant AM process where an Ultraviolet (UV) laser is focused

on a vat of photopolymer resin to cure the resin material layer by layer. The pho-
topolymer resin undergoes photochemical solidi cation propelled by the agency of
UV light, and a single layer of the part is constructed. The build platform is gradually
elevated, allowing the laser to progressively shape the photopolymer material into the
desired form for each layer. When the printing process is nished, the printed part
undergoes a solvent-based washing procedure to remove uncured resin residue from
its surfaces. The elemental components of an SLA machine are visually explained in
Figure 2.2.

The most notable advantage of SLA is its exceptional precision compared to FFF.
This increased precision is attributed to the considerably smaller focus diameter of
the laser, in contrast to the nozzle diameter of FFF printers. SLA becomes a favorable
choice for parts requiring stringent dimensional tolerances. Although a small focus
diameter makes the process more precise, it results in a slower fabrication. For rela-
tively large components, the process duration may extend to several days. In addition,
a limited number of photopolymers are applicable for SLA machines, and the material
costs are considerably higher than other methods. As a result of these factors, SLA is

not widely favored as the leading technology in most engineering applications [5].
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Figure 2.2: The elemental components of an SLA machine [4]

2.1.3 Selective Laser Sintering

SLS plays a pivotal role in AM, utilizing a high-power laser as the power and heat
source to sinter polymer powders and fuse them. The process begins by placing pow-
ders in a container near the printing surface. Powders are kept in a tank near the
print bed and spread across the bed before starting each new layer. These powders
are sintered by scanning with a laser in each layer to obtain the desired product. This
technique accommodates many materials, including plastics, metals, ceramics, and
glass. Figure 2.3 provides a foundational illustration of an SLS machine's architec-

ture.

A unique characteristic of the SLS method is its ability to eliminate the necessity for
additional support. The component remains surrounded by the powder bed through-
out the process, and the adjacent powder serves as a natural support. This situation
simpli es the creation of intricate geometries. Moreover, the SLS process is suit-
able for small to medium-batch productions due to its enhanced manufacturing ca-
pabilities. Additionally, the excess unused powder can be reused in other printing

operations.

Parts printed with SLS may require post-processing because these parts have a unique
grainy surface nish and internal porosity. However, speci ¢ cautions are advised;

printing small apertures and large at surfaces can lead to challenges like warping
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Figure 2.3: The basic structure of an SLS machine [6]

and over-sintering. In addition, it is worth mentioning that the SLS-produced parts'

lead times notably exceed those of FFF and SLA methods [6].

2.2 Research Areas of Additive Manufacturing

This section presents some research elds of AM that are highly relevant to this
study's subject: FOAM, TO, and Metal AM.

2.2.1 Field-Oriented Additive Manufacturing

Numerous studies delve into AM techniques tailored to the orientation of compo-
nents in various elds, referred to &eld Oriented Additive Manufacturingrhese
investigations examine the application of magnetic, electric, and acoustic elds. This
approach is primarily utilized in manufacturing composite reinforced components,
strategically manipulating the alignment of particles or bers using magnetic, elec-
tric, or acoustic elds. Notably, components with discontinuous ber composites
generally demonstrate superior strength and toughness behavior compared to their
homogeneous counterparts. This phenomenon nds parallels in nature, such as the
cortical bones of mammals and shells of abalones [7]. Drawing inspiration from these

natural mechanisms, Martin et al. [7] used magnetic 3D printing to design bioinspired
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composite reinforcement structures for enhanced mechanical performance. They con-
structed a 3D printing framework based on the context of the SLA process under
a magnetic eld that controls the orientation of ceramic-reinforced particles in the
printed material. To demonstrate the robustness of their methodology, they designed
different parts, such as composites containing ceramic microparticles aligned with the
principal stresses and parts with circular defects having osteon-inspired microstruc-
ture. Tensile test results con rmed the improved mechanical strength of these bioin-
spired composite micro-architectures. Similarly, Yunhai et al. [8] initiated a study
centered around bioinspired composites and their mechanical characteristics. Em-
ploying a Digital Light Processing (DLP) based printing technique, they attempted to
align stainless steel bers via a magnetic eld. Their research thoroughly examined
tensile, compressive, and frictional properties in components that displayed different
orientations and amounts of bers. Their ndings unveiled that optimal mechanical
properties emerged when the bers were parallel to the loading direction, a similar
consequence of Martin's work [7]. On the other hand, perpendicular ber orientation

yielded the most favorable frictional performance.

Regarding electric eld-assisted tailoring of polymeric composites, Kim et al. [9]
conducted a study that uses eld-aided micro-tailoring (FAIMTa) to align micro or
nanosized inclusions in a liquid photopolymer through the application of an elec-
tric eld. This method aimed to achieve locally micro-tailored parts with improved
thermal or mechanical properties by manipulating this eld's magnitude, direction,
and gradient. The study involved the fabrication of orthotropic composite samples,
orienting them both parallel and transverse to the tension/compression direction, al-
lowing for a comparison with composites containing randomly distributed inclusions.
According to the tests' outcomes, samples with bers oriented parallel to the tension/-
compression direction demonstrated a 10-20% increase in elastic modulus compared
to samples with randomly distributed inclusions. Conversely, the samples with per-
pendicular orientation experienced a 10% reduction in elastic modulus. Similar to [7]
and [8], Yang et al. [10] also took inspiration from biological architectures for me-
chanically superior design. They utilized electrically assisted 3D printing to align the
structure's Multi-Walled Carbon Nanotubes (MWCNT-S). This alignment was guided
by the intricate Bouligand-type structure found in nature. Researchers also compared
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components with different rotation angles in terms of their impact resistance. Sig-
ni cantly, their work extended to creating an arti cial meniscus through electrically
assisted 3D printing. This innovative approach resulted in an arti cial meniscus with

enhanced mechanical properties, effectively mitigating tear-related issues.

In the context of AM guided by acoustic elds, Collino et al. [11] employed acoustic
elds to excite micro uidic print nozzles, thereby altering the microstructure of com-
posite laments within extrusion-based procedures. Particles in ink are aligned and
packed with the help of a coupled piezoelectric actuator. Tensile tests were conducted
for the mechanical characterization of base ink and Silicon Carbide (SiC)/epoxy inks.
Results indicated improved modulus and strength but decreased ductility compared to
the base ink. The study also exhibited that acoustic focusing is advantageous for de-
positing ordered two-phase material with a single nozzle. Due to its material-agnostic
nature, it is highly suitable for many multiphase inks and 3D printing methodologies.
In a similar study to [11], Wadsworth et al. [12] conducted a similar investigation in
the domain of ultrasonic Direct Writing (DW) aimed at fabricating engineered mate-
rials with controlled microstructures. Their methodology is based on coupling DW
3D printing with ultrasound-directed self-assembly. Within their setup, bers within

a liquid photopolymer resin were aligned through an acoustic radiation force eld be-
fore extrusion. Samples were prepared to assess the electrical and mechanical charac-
teristics of the fabricated parts. Interestingly, the alignment of carbon bers within a
sample has a relatively minor impact on macroscopic mechanical behavior. Remark-
ably, according to the measured moduli of the DW samples, these samples displayed
greater exibility compared to well-known electrical conductors such as copper or
gold. This discovery offered a new outlook on the mechanical characteristics of these

engineered materials.

2.2.2 Topology Optimization

2.2.2.1 Topology Optimization Overview

TO is a structural design methodology aimed at achieving optimal material distri-

bution across a design domain, intending to maximize structural performance while
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adhering to de ned loads, boundary conditions, and constraints. Its prominent ad-
vantage lies in its capacity to avoid prede ned con gurations, distinguishing it from
other optimization methods, such as sizing and shape optimization. This approach is
precious for creating lightweight, high-performance components and nds signi cant

applications in aerospace, automotive, and related industries.

TO has gained popularity in tremendous amounts since the seminal work by Bendsge
and Kikuchi in 1988 [13]. Although the concept began with mechanical performance
concerns, it has expanded to cover various physical disciplines, including uid dy-

namics, thermal analysis, and electromagnetics.

Several TO methods have been put forward since Bendsge and Kikuchi; however,
three of them have gained signi cant prominence: the density-based methods, the
Evolutionary Structural Optimization (ESO), and the Level Set Method (LSM) [14].

Density-based methods are based on converting a binary 0-1 discrete optimization
problem into a continuous one. This is achieved by utilizing the homogenization
technique, which, although powerful, can involve intricate mathematical processes.
To address these complexities, Bendsge and Sigmund [15] introduced a density-based
approach called Solid Isotropic Material with Penalisation (SIMP). The approach is
based on penalizing element elastic modulus according to density variables assigned
to nite elements referred to as solid isotropic microstructures. SIMP serves as a

prominent illustration of density-based methods.

The ESO method, initially proposed by Xie and Steven [16], employs a heuristic
approach that progressively eliminates inef cient materials to attain optimized topol-
ogy. Yang et al. [17] and Querin et al. [18] extended this concept with the Bi-
directional Evolutionary Structural Optimization (BESO), allowing both the addition

and removal of material within the design domain for further design re nement.

An alternative approach, the Level Set Method, was introduced by Wang et al. [19].
This method relies on the implicit description of the material domain, utilizing level-
set functions to represent structural boundaries. Level set functions are updated by
solving the Hamilton-Jacobi equations iteratively to yield the desired material con-

guration. Mei and Wang [20] demonstrated the effectiveness of their methodology
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in multi-material and multi-constraint optimization problems, extending its use from

rigid structural design to include compliant mechanisms and material design.

2.2.2.2 Optimization Based on Principal Stress Lines

In addition to TO, researchers have explored optimizing in |l patterns within struc-
tures to improve mechanical performance. One approach they have adopted is gen-
erating lines that follow the principal stress trajectories within a structure, referred to
as the Principal Stress Lines (PSLs) approach. This method stands out for its com-
putational ef ciency compared to other optimization techniques. Additionally, the
line-based nature of PSLs aligns effectively with AM, as these lines can be readily

transformed into toolpaths for AM machines without requiring slicing operations.

Kwok et al. [21] suggested a structural topology design method utilizing PSLs within
the structure. Kwok's team developed an algorithm for topology optimization us-
ing PSLs building upon Michell's theorem, which suggests that the optimal weight
structure aligns members along principal stress directions. In other words, the mem-
bers should be subjected to only axial loads, i.e., no shear stress should be present
on the members [22]. Their approach was applied to diverse design domains, such
as cantilever and bridge structures, yielding results that closely resembled solutions
to Michell's problems. Drawing inspiration from this approach, Wojciechowski [23]
aimed to achieve optimal material distribution by computationally determining prin-
cipal stress trajectories, employing a streamlined-inspired strategy. While their study
established a connection between PSLs and Michell structures, the mechanical perfor-
mance of the designed structures was not validated through physical testing. Tam and
Mueller [24] utilized PSLs to create paths for lament deposition in the FFF process,
naming this technique Stress-Line Additive Manufacturing (SLAM). Utilizing a six-
axis robot arm, they applied their methodology to complex 2.5D surface geometries
and planar cases. The primary contribution of this research lies in the demonstration
that when integrated with robot-enabled techniques, SLAM has excellent potential

for the design of intricate geometries.

Daynes et al. [25] proposed a novel approach to optimizing lattice core structures us-

ing isostatic lines aligned with principal stress directions. These isostatic lines aided
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in obtaining functionally graded lattice structures. Isostatic lines, aligned with princi-
pal stress directions, proved bene cial in achieving optimal cell alignment, size, and
shape. As a result of the study, they reported a 101% and 172% increase in strength
and stiffness, respectively, compared to uniform lattice core. Gao et al. [26] devel-
oped an approach for creating a ground structure for truss topology optimization using
principal stress trajectories on the structure. They obtained the rstand third principal
stress trajectories of the structure, and intersections of these trajectories became the
ground structure's nodal points. This streamlined approach led to accelerated solution
convergence during optimization due to the reduced number of nodes and bars in the

ground structure.

Inspired by Kwok's work [21], Sales [27] studied a line-based topology optimiza-
tion approach focused on ef ciently generating tool paths for AM. As a progression
of Kwok's work, the study's main aim is achieving topology optimization during
toolpath planning by considering toolpath characteristics of the AM processes. Ten-
sile tests indicated that specimens with PSLs as in Il patterns exhibited around 50%
higher supported load compared to other in Il patterns (triangle, tri-hexagon, and
grid). For further advancements, the optimization of printing order was also studied
in this work. The effect of printing order was observed by printing some of the sam-
ples beginning from tensile PSLs and some by starting from compressive PSLs. As
a result, printing order optimization mitigated discontinuities and achieved a 16.4%
increase in mechanical strength. They also addressed concerns related to material

overlapping by investigating extrusion rate and line width.

2.2.3 Metal Additive Manufacturing

Additive Manufacturing ighe process of joining materials to make parts from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing and
formative manufacturing methodologjes de ned by ASTM International’s charac-
terization [28]. AM processes can be classi ed into several subcategories based on
various criteria. These include the initial state of the input material—such as molten
lament, powder, liquid, or solid layers—alongside the differentiation between di-

rect and indirect processes dictated by the bonding method. Furthermore, selecting
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foundational materials, polymers, ceramics, and metals also plays a pivotal role in

classi cation [29].

Metal AM processes have emerged as a cornerstone in various manufacturing areas,
including aerospace, automotive, tooling, and healthcare. Signi cant advantages of
Metal AM are its cost and lead time reductions, more design freedom for engineers to
produce complex geometries for lightweight and topology optimization, and consol-
idation of multiple parts. Nevertheless, it must be acknowledged that Metal AM has
some drawbacks in dimensional accuracy and surface nish, limited materials, part

certi cation, and unique quality control requirements [30].

The prevailing Metal AM processes involve Selective Laser Melting (SLM), Electron
Beam Melting (EBM), Directed Energy Deposition (DED), and M-FFF.

SLM is an AM methodology that relies on melting metal powders by laser with high-
power density and fusing them to obtain desired parts; it resembles SLS employed for
plastics. This method makes it possible to manufacture nearly completely dense parts
with mechanical properties akin to bulk metals. The exibility of SLM is particularly
evident in its ability to work with non-ferrous metals like aluminum, titanium, and
copper. However, high energy usage during the process may result in high thermal

stresses and shrinkage on components manufactured by this method [31].

EBM, another widely used Metal AM process, shares similarities with SLM as both
are carried out in a bed of metal powders. The main difference comes from the en-
ergy source for melting these powders; EBM uses an electron gun instead of the lasers
employed in SLM. This distinction results in faster build rates in EBM compared to
SLM. Although build rates are faster in EBM, the process requires a vacuum environ-
ment, and the electrical conductivity of metals limits the material diversity suitable

for this manufacturing method.

Another well-known Metal AM process is DED, which centers on melting the ma-
terial deposited by a nozzle in a powder or wire form. This is achieved through a
concentrated energy source like lasers, electron beams, or plasma arcs. DED is partic-
ularly effective for adding material to or repairing existing components, but building

new parts is also applicable. Although DED enables manufacturing highly complex
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and relatively large parts, resulting surface nish and limited material compatibility
pose challenges [32].

The above paragraphs explain some of the most used Metal AM techniques, SLM,
EBM, and DED. Although they have considerable demand, these methods necessi-
tate energy-intensive lasers or beams to fuse metal powders, making these processes
highly energy-consuming. Additionally, chambers used in SLM and EBM have to
provide a controlled atmosphere or preserve high temperatures during the printing
process. Therefore, a substantial investment is essential for metal powders, equip-
ment, and maintenance, which restricts their application areas to cost-insensitive in-
dustries [33]. At this point, the M-FFF method emerges as a more cost-effective
solution. M-FFF is a newly developed technology based on printing laments com-
posed of metal/polymer composites having substantial metal powder content. Spe-
cially equipped 3D printers can extrude these laments through a nozzle, mirroring
the FFF process employed with plastics. The part obtained in this stage is called the
Green Part However, to get the desired metal part, the polymer in the green part
must be removed by the debinding process, resulting iBtbe/n Part The ultimate

step involves the sintering process that fuses metal powders into the nal M-FFF part.

Refer to Figure 2.4 for an illustrative depiction of the M-FFF process.

Figure 2.4: A schematic of the M-FFF process [33]

As described in the preceding paragraph, M-FFF technology may become a prospec-
tive alternative to other Metal AM methods thanks to its signi cant advantages. Con-
sequently, recent years have seen a notable increase in research efforts centered around
this approach. These studies have speci cally focused on examining the mechanical
performance of parts manufactured by this technique and determining optimum pro-

cess parameters.

16



Liu et al. [33] conducted a study investigating the mechanical properties of the parts
manufactured using the M-FFF technique. Their focus centers on four main mechan-
ical attributes: hardness, yield strength, tensile strength, and elongation at break of
nal sintered components. Additionally, they focused on their microstructural char-
acteristics and observed relative density and shrinkage. Their ndings revealed that
the mechanical properties of the parts produced by M-FFF fall behind those docu-
mented for parts produced via SLM in the existing literature. This difference was
attributed to their specimens' low relative density and high porosity. They reported
a porosity level of 7.77%, indicating substantial porosity. Consequently, their study
concluded that M-FFF technology appears more suitable for functional purposes than
parts demanding substantial structural performance. In alignment with this perspec-
tive, Carminati et al. [34] followed a similar trajectory, focusing on the mechanical
characterization of 316L Stainless Steel (SS) parts fabricated by M-FFF. Their study
also concentrated on the in uence of process parameters on the mechanical attributes
of these components. Initially, they tried to identify the optimal process parame-
ters (layer thickness, nozzle temperature, print speed, and in Il pattern) to achieve
specimens with the highest density, namely 95%. Subsequently, they subjected parts
produced using these parameters to mechanical tests, including tensile, compressive,
and resilience assessments. Results were compared with the properties of monolithic
AISI 316L SS. Tensile testing unveiled yield strength approximately 36% lower and
Ultimate Tensile Strength (UTS) 20% lower than those of the monolithic sample,
echoing the ndings of Liu et al. [33]. The study conducted by Caminero et al.
[35] revealed signi cant insights regarding determining the optimum process param-
eters of M-FFF. Their attention centered on how mechanical and geometric properties
change concerning the printing parameters: build orientation, feed rate, layer thick-
ness, and nozzle diameter. Notably, nozzle diameter and build orientation emerged
as the most in uential parameters among the four. Furthermore, increasing nozzle
diameter leads to lower porosity and improved mechanical properties; nevertheless,
it causes diminished geometric accuracy in the samples. While the measured rela-
tive density of the parts can reach up to 99.5% and the parts demonstrated mechan-
ical properties comparable to the Metal Injection Molding (MIM) process, changing
process parameters for enhancing geometric accuracy may result in higher porosity,

leading to diminished mechanical performance. This trade-off positions the M-FFF
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process as better suited for components designed for moderate loading conditions,
aligning with the ndings of both Liu [33] and Carminati [34].

Inspired by similar objectives as [35] and [34], Tosto et al. [36] studied the in uence
of printing parameters on the mechanical attributes of the parts manufactured by M-
FFF. Different from [35] and [34], they extended their study to bending properties
alongside tensile characteristics. They evaluated the impact of nozzle temperature,
layer thickness, and ow rate on these attributes. Their results highlighted that in-
creased mechanical properties could be attained via a higher ow rate, larger layer
thickness, and lower nozzle temperature. Also, the statistical analysis identi ed the
ow rate as the most dominant parameter on tensile and bending properties. Using
their optimized parameter set, they obtained 316L SS samples with 513 MPa UTS
and nearly 60% elongation at break. Compared to other studies, these values are
comparable to MIM-produced parts, and the UTS value obtained from this study is
approximately 15%-20% lower than those reported by SLM. Also, the 513 MPa UTS
value exceeded the minimum tensile strength con rmed for bulk AISI 316L SS by
some steel suppliers in the market. Their work indicated that M-FFF might become a
competitive method in the market with the help of further developments in debinding,

sintering, and post-processing techniques.

In addition to these studies focusing on the mechanical properties and printing pa-
rameters of M-FFF for 316L SS, Suwanpreecha [37] et al. conducted a study ex-
ploring the physical, microstructural and mechanical attributes of 17-4PH SS parts
manufactured by M-FFF. They tried to observe the effect of specimen layout on these
properties as in [35]. They printed tensile test specimens in three different layouts:
at, side, and vertical. According to the results of this work, specimen layouts sig-

ni cantly in uence tensile properties and relative density, contrary to the hardness of

the specimens. Optimal performance in relative density and tensile properties was
observed in at printed samples, while the least favorable result was observed in the
vertical one. Examination of fracture surfaces revealed noticeable defects and voids
along the perimeter walls of the vertical samples, magnifying stress concentration and
layer delamination. Discrepancies between at and side samples were attributed to
larger voids in the side-printed specimens, rendering them more vulnerable to frac-

tures.
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2.3 Closure

Advancements in AM in recent years have empowered engineers to manufacture parts
with complex geometric details. This transformation has opened opportunities to ap-
ply optimization strategies to attain mechanically superior designs. As discussed in
the literature review, numerous studies focused on implementing optimization meth-
ods to obtain optimal geometries for heightened mechanical ef ciency. Nonetheless,

there is a lack of research considering the inherent characteristics of AM processes.

This study makes a notable contribution by introducing a novel approach: using lines
aligned with principal stress directions within the geometry. This approach forms

the basis for developing suitable toolpaths for the 3D printer, thereby bypassing the
conventional slicing process. Another advantage of this approach is the integration of

the design and production phases of FFF 3D printing.
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CHAPTER 3

LINE BASED INFILL OPTIMIZATION FOR ADDITIVE
MANUFACTURING

In this chapter, the adopted methodology that guided the entire study is described.
The process is detailed, starting with the design and manufacturing phases of the test
parts. This phase includes conducting FEA to obtain PSLs within the design domain.
Following this, a G-code le is generated in alignment with PSLs, facilitating the
fabrication of the intended component. After this, the chapter outlines the structural

tests conducted to evaluate the mechanical effectiveness of the test parts.

3.1 Design and Fabrication of the Test Parts

The fundamental objective of this study is to enhance the structural integrity of parts
manufactured using the FFF 3D printing method. For this purpose, the study concen-
trates on optimizing the in Il structure of the parts for superior mechanical behavior.
Recognizing the orientation-dependent nature of the FFF process, this study expands
its scope to encompass geometry and manufacturing strategy optimization. Therefore,
an optimization strategy is proposed that considers not only the effect of geometry but

also the effect of manufacturing strategy.

A promising avenue explored within this study involves the generation of an in I
pattern based on PSLs within the structure. Aligning the in Il pattern with PSLs is
expected to result in parts with enhanced strength. Additionally, the line-based nature
of this approach facilitates the control of toolpaths for the FFF 3D printer, thereby

streamlining the manufacturing process.
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Two types of well-known structural cases were utilized to demonstrate the effective-
ness of this algorithm: the Messerschmitt-Bélkow-Blohm (MBB) Beam and Can-
tilever Beam, depicted in Figure 3.1 and Figure 3.2, respectively. Structural tests
were conducted to compare the mechanical performance of these optimized parts
with parts featuring commonly employed in Il patterns in the FFF method, namely

triangular and grid in lls.

Figure 3.1: MBB Beam

Figure 3.2: Cantilever Beam

3.1.1 Theory

This section offers a comprehensive explanation of the theory behind PSLs. However,
it is crucial to introduce the concept of principal stress brie y before diving into this
topic.

A continuum body can be divided into in nitesimal elements to obtain the state of
stress for each point. In typical structural engineering scenarios, when an individual

plane is considered, the state of stress can be expressed by two normal stress and one
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shear stress component. These normal and shear stress components can change ac-
cording to the plane's orientation. Achieving zero shear stress alongside maximum or
minimum normal stresses is possible at speci ¢ plane orientations. These orientations
are known as the principal stress directions. The formula governing the orientations

of maximum and minimum normal stresses is provided in Equation 3.1. The equation
has two roots, two angles separated by #6m each other. One angle corresponds

to the direction of maximum normal stress, while the other angle corresponds to the

direction of minimum normal stress.

2 xy

X y

tan2 , = (

) (3.1)

When considering a continuum body, if a suf cient number of principal stress planes
are identi ed for different points on the body, the principal stress elds can be con-
structed by connecting these projections. Two distinct approaches are employed to
establish trajectories grounded in the internal stresses of a body: direct and iterative
methods. Direct methods can take the form of analytical or graphical techniques.
Direct methods are either analytical or graphical, which means either theoretical con-
straints are satis ed mathematically or analytical formulations are characterized geo-
metrically for optimum material distribution. A prominent example of a direct analyt-
ical approach is Michell's optimal truss derivation [22]. Michell's theorem expresses
that to attain a structure of minimum weight, its members must align with principal
stress directions, thereby exclusively accommodating tension or compression without

sheatr.

Nonetheless, speci ¢ analytical formulations from this approach apply to limited sce-
narios, emphasizing the signi cance of numerical and iterative methods in construct-
ing stress lines. Using FEA, principal stress directions for a speci ¢ point on the

continuum body can be determined. The process involves initiating from this point
and drawing a line segment according to the prevailing vector eld. Subsequently,
additional lines extend from the endpoint of this segment, gradually forming a poly-

line until the domain's boundary is reached. Once this polyline is complete, another

trajectory starts from a source point, and the iterative process continues.
The algorithm developed in this thesis adopts a similar FEA-based methodology to
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determine PSLs on the structure. These PSLs then serve as guidance for determining
the motion trajectories of the FFF 3D Printer.

3.1.2 Algorithm Overview

This section explains the algorithm developed in this study. The algorithm initiates
with establishing an FEA model tailored to a speci c load case. Following this, the
analysis yields a subset of PSLs within the design domain—Ilines that will govern the
motion trajectory of the 3D printer. After this process, another FEA is conducted to
deduce the distributions of maximum and minimum principal stresses across the de-
sign domain. These distributions serve to determine the intensity of PSLs in different
regions. The intensity of these lines is arranged by translating readily available PSLs

by a certain amount to increase the thicknesses of these paths in the nal structure.

Once all paths are established, a nal G-code is generated. This G-code le serves
as a roadmap for the movement of the 3D printer nozzle, facilitating the fabrication
of parts using an FFF 3D printer. The fundamental framework of the algorithm is
presented in Figure 3.3. Two different structural cases are employed to demonstrate
the algorithm's effectiveness: the MBB Beam and the Cantilever Beam. The follow-
ing subsections detail the fundamentals of the part design process within these two
distinct load cases.

Figure 3.3: Pipeline of the algorithm
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3.1.2.1 MBB Beam

The initial step involves creating a 2D surface geometry measuring 120 mm by 30
mm, serving as the design space for optimization in Grasshopper 3D—a powerful
parametric design tool within the Rhinoceros 3D suite. Subsequently, a 2 mm by 2
mm mesh is generated on this surface to facilitate FEA. As boundary conditions, a
rotation degree of freedom is assigned to the bottom left corner of the beam, and a
translation degree of freedom is given to the bottom right corner. Additionally, a force
is applied at the midpoint of the top edge, mimicking the load and boundary condi-
tions outlined in Figure 3.1. Furthermore, a speci ¢ material has been designated for
this analysis. Combining these, the FEA model for this load condition is prepared,

and the analysis is solved in Karamba 3D, an add-on of Grasshopper 3D for FEA.

The analysis yields vector results on the shell, including principal force and principal
stress vector elds, directly within Karamba 3D. As depicted in Figure 3.4, the PSVFs
acquired for the MBB Beam illustrate the trajectories of maximum and minimum
principal stresses on the geometry corresponding to the load case examined. This
insight also provides a visual representation of stress distribution across the structure.
Afterward, equipped with a vector eld spanning the design area, supplying appropri-
ate starting points (source points) makes it possible to obtain trajectories that follow

principal stress within the structure, referred to as PSLs.

As an initial approach, PSLs are constructed by selecting source points that are equally
apart from each other along the beam's edges. This results in a homogenous distri-
bution along either the bottom or top edge. PSLs can be categorized as either tensile
or compressive, depending on whether the maximum or minimum principal stress
vector eld is employed during line construction. When the top edge of the beam is
employed as source points for tensile lines, the resultant tensile PSLs are illustrated
in Figure 3.5a. Similarly, if the bottom edge of the beam is used as source points for

compressive lines, the corresponding compressive PSLs are shown in Figure 3.5b.

25



(a) Maximum PSVF

(b) Minimum PSVF

Figure 3.4: Maximum and minimum PSVFs for MBB Beam

(a) Tensile PSLs

(b) Compressive PSLs

Figure 3.5: Tensile and compressive PSLs generated by homogeneous source distri-

bution
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The optimal selection of source points is pivotal in deriving optimal geometries by
this method, as these points in uence the trajectories by serving as the starting points
for the paths. At this stage, the results of the static structural analyses from ANSYS
are integrated. The beam is modeled as an entire block, with two supports simulated
at the beam's base to replicate real-world structural testing conditions. The supports
are de ned with a rotational degree of freedom in the regions where they interface
with the beam. A distributed force is also applied at the middle of the top edge. The

analysis model and structural test con guration are depicted in Figure 3.6.

(a) Analysis model

(b) Test setup

Figure 3.6: The analysis model and the test setup for the MBB Beam
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The analysis outcomes are then employed to establish the maximum and minimum
Principal Stress (PS) distributions across the beam. These distributions guide the
determination of PSLs intensity. In regions where the maximum PS is high and the
minimum PS is low, the number of PSLs is increased for enhanced strength. The areas
with high maximum PS values, as indicated by the red regions in the maximum PS
distribution of the beam (Figure 3.7a), require a denser arrangement of tensile PSLs.
Similarly, regions with low minimum PS values, depicted in blue within the minimum
PS distribution (Figure 3.7b), necessitate higher compressive PSLs intensity. The
resulting PSLs, displayed in Figure 3.8, are subsequently integrated as input into the
G-code le. This le dictates the toolpath and manufacturing parameters of the FFF
3D printer.

Each PSL shown in Figure 3.8 is represented by a polyline comprising multiple line
segments. Coordinates of endpoints of these line segments serve as guidance for the
3D printer's toolpath. Furthermore, the length of these segments governs the amount
of extrusion along these toolpaths. The thickness of these lines corresponds to the
nozzle diameter of 0.6 mm, considering that the printer's nozzle traverses these paths
just once. Supplementary printing parameters, including nozzle temperature, bed
temperature, and print speed, are also integrated into the algorithm to formulate the
appropriate G-code le. This le is subsequently sent to the printer, and Figure 3.9
presents the manufactured part printed by this methodology.
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(a) Maximum PS distribution

(b) Minimum PS distribution

Figure 3.7: Maximum and minimum PS distributions on the MBB Beam

(a) Tensile PSLs based on maximum PS

(b) Compressive PSLs based on minimum PS

Figure 3.8: Tensile and compressive PSLs generated by using PS distributions
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As detailed in the upcoming section on structural tests, the part resulting from the
PSLs shown in Figure 3.9 resulted in inferior strength behavior due to weak connec-
tion points between these lines, rendering them susceptible to failure. This vulnerabil-
ity might arise from the intrinsic nature of PSLs, which primarily endure axial loads
(tensile or compressive) and are thus prone to buckling. Consequently, reinforcing
these lines becomes crucial in speci ¢ regions to establish robust paths to counteract
buckling. Due to these reasons, the algorithm evolved to increase the thickness of
the lines for the regions of high max. PS and low min. PS, instead of increasing the
number of independent, spaced-apart lines. Figure 3.10 presents the condensed ver-
sions of PSLs, their thicknesses adjusted by the prevailing high maximum PS and low
minimum PS values across the design domain. To strengthen these lines, the readily
available lines are translated 0.5 mm to both sides—accounting for the 0.6 mm noz-
zle diameter— to allow a 0.1 mm overlap for eliminating detachment. Figure 3.11
demonstrates the nal generated toolpath encompasses these translated lines along-
side boundary lines. The printed part produced through these toolpaths is presented
in Figure 3.12.

Figure 3.9: The manufactured part with a layer thickness of 0.6 mm
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