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ABSTRAK

Pembuatan bahan tambahan adalah satu teknologi baru untuk mempercepatkan penghasilan
produk. FDM adalah salah satu teknologi pembuatan bahan tambahan yang paling popular
dan digunakan secara meluas untuk menghasilkan prototaip. Walau bagaimanapun, dimensi
ketepatan dan permukaan kekasaran pencetak 3D FDM sentiasa tidak memberikan
pengukuran yang konsisten dan tepat kepada produk yang dihasilkan. Terdapat banyak
faktor yang mempengaruhi dimensi ketepatan dan kekasaran permukaan termasuk
‘tessellation’ yang dihasilkan oleh perisian yang digunakan. Tujuan projek ini adalah untuk
menganalisis ketepatan dan permukaan prestasi penamat dimensi untuk pencetak 3D
berdasarkan teknik FDM. Objektif projek ini adalah untuk mengkaji dan menggunakan tiga
model pencetak 3D FDM iaitu Mojo, Up Plus 2 dan Creator Pro. Seterusnya, untuk
membandingkan ketepatan dan permukaan penamat tiga dimensi model pencetak 3D FDM,
dan juga untuk menyiasat hubungan ketepatan dimensi dan kemasan permukaan antara
pencetak 3D. Semua pencetak 3D adalah pada aras yang sama iaitu dari aras pemulaan
kepada peringkat pertengahan. Setiap pencetak 3D menghasilkan dua keping spesimen dari
Solidworks 2013 dan dua spesimen perisian Catia V5R19. Rujukan telah digunakan untuk
rekaan bentuk bahan kerja. Penguji kekasaran permukaan dan CMM telah digunakan untuk
mengukur kekasaran permukaan dan ketepatan dimensi bahan kerja masing-masing.
Keputusan mendedahkan bahawa setiap pencetak 3D yang dihasilkan berbeza dimensi
ketepatan dan kekasaran permukaan walaupun bahan ABS dan beberapa parameter seperti
ketebalan lapisan, membina orientasi dan sudut raster telah ditetapkan kepada setiap
pencetak 3D. Akhir sekali, pencetak 3D yang menyediakan kekasaran permukaan halus dan

ketepatan dimensi yang paling tepat di antara tiga pencetak 3D telah dianalisis.



ABSTRACT

Additive manufacturing is an innovation for rapid technology to speed up the product
development. FDM is one of the additive manufacturing technology which is most popular
and widely used for production application and prototyping. However, the dimensional
accuracy and surface roughness of FDM 3D printers are always not provide consistent and
precise measurement of the product being produced. There are a lot of factors that affecting
dimensional accuracy and surface roughness include tessellation produced by the software
used. The purpose of this project is to analyze the dimensional accuracy and surface finish
performance for a 3D printer based on FDM technique. The objectives of this project are to
study and utilize three models of FDM 3D printer which are Mojo, Up Plus 2 and Creator
Pro. Next, to compare the dimensional accuracy and surface finish of three models FDM 3D
printer work piece, as well as to investigate the relationship of dimensional accuracy and
surface finish between 3D printers. All these 3D printers are at the same range which are
from beginner to intermediate level. Each 3D printer built twice work piece from Solidworks
2013 and twice from Catia V5R19 software. Benchmarking feature identification has been
referred as a work piece design. In this project, surface roughness tester and CMM have been
used to measure the surface roughness and dimensional accuracy of the work piece
respectively. The results revealed that the each 3D printers produced different dimensional
accuracy and surface roughness even though ABS material and some parameters like layer
thickness, build orientation and raster angle have been fixed to each 3D printer. Lastly, 3D
printer that provides the smoothest surface roughness and the most accurate dimensional

accuracy among these three 3D printers have been analyzed.



DEDICATION

I would like to dedicate this work to my
Beloved parents
Dearest siblings
Honorable supervisors and lecturers
Supportive friends and mates

For giving me moral support, money, cooperation, encouragement and also
understandings.

May ALLAH bless all of us.

Ameen.



ACKNOWLEDGEMENT

In the name of ALLAH, the most gracious, the most merciful.

All praise to Allah for His mercy I manage to complete this Final Year Project successfully

in such smooth and beautiful manner.

I would like to express my deepest gratitude and heartfelt thanks to my supervisor, Dr.

Zulkeflee Bin Abdullah for the great mentoring that was given to me throughout the project.

Besides, I would like to thank to other lecturers for the kind supervision, advice and guidance

as well as exposing me with meaningful experiences throughout the study.

In addition, I would like to give a special thanks to master student, John who gave me much

motivation and cooperation mentally in completing this report.

Finally, I would like to thank everybody who was important to this FYP report, as well as
expressing my apology that I could not mention personally each one of you. This

accomplishment would not have been possible without all of you. Thank you.

Author,
[Amirah Afina Johari Faisal Stephen]



TABLE OF CONTENTS

Abstrak

Abstract
Dedication
Acknowledgement
Table of Contents
List of Tables

List of Figures

List of Abbreviations, Symbols and Nomenclatures

CHAPTER 1: INTRODUCTION
1.1 Background

1.2 Problem Statement

1.3 Objectives

1.4 Scope

CHAPTER 2: LITERATURE REVIEW

2.1 Additive Manufacturing (AM)

2.2 Eight Generic AM Processes

2.3 Application of AM

2.4 Advantages of AM

2.5 Disadvantage of AM

2.6 AM and sustainability

2.7 Additive Manufacturing System Classification

2.7.1 Selective Laser Sintering (SLS)
2.7.1.1 Advantages of SLS
2.7.1.2 Disadvantages of SLS
2.7.1.3 Summary of SLS
2.7.2 Fused Deposition Modeling (FDM)

1

111

v

X

xii

W W N

— 0 W A~ A

13
14
15
17
17
17
18



2.7.3

2.7.4

2.7.2.1 Advantages of FDM
2.7.2.2 Disadvantages of FDM
2.7.2.3 Summary of FDM

3D Printer (3DP)

2.7.3.1 Advantages of 3DP
2.7.3.2 Disadvantages of 3DP
2.7.3.3 Summary of 3DP
Stereolithography (SLA)
2.7.4.1 Advantages of SLA
2.7.4.2 Disadvantages of SLA
2.7.4.3 Summary of SLA

2.8 Key issues for successful implementation in AM technology

2.9 Factors affecting Dimensional Accuracy and Surface Finish

29.1
29.2
293
294
295
2.9.6
2.9.7
29.8
299

Layer thickness

Air gap

Raster angle

Build orientation

Road width

Number of contours
Processing temperature
Print speed

Tolerance

2.9.10 Tessellation
2.9.11 Warping/ Shrinkage

2.9.12 Under-extrusion

2.9.13 Staircase effect

2.9.14 Retraction

2.10 Three dimensional (3D) printer background; Mojo, UP, Creator Pro

2.11 Summary of Literature Review

Vi

19
19
20
20
21
22
22
23
23
24
24
24
26
27
28
28
29
29
30
30
30
31
32
34
34
35
35
36
36



CHAPTER 3: METHODOLOGY

3.1
3.2
3.3

3.4

Introduction

Flow Chart

Project Implementation Procedure

3.3.1 Phase 0: Planning

3.3.2 Phase 1: Detail Design

3.3.3 Phase 2: Preparation of Specimen

3.3.4 Standard Operating Procedure
3.3.4.1 Mojo
3.3.4.2 UP Plus 2
3.3.4.3 FlashForge Creator Pro
3.3.4.4 Surface Roughness Tester
3.3.4.5 Coordinate Measuring Machine (CMM)
3.3.4.6 Vertical Optical Comparator
3.3.4.7 Meiji Stereo Microscope

3.3.5 Phase 3: Collection of Data

3.3.6 Phase 4: Result and Analysis

Summary of Methodology

CHAPTER 4: RESULTS AND DISCUSSION

4.1
4.2

4.3

4.4
4.5
4.6
4.7

Introduction

Surface Roughness
4.2.1 Analysis of data
Dimensional Accuracy

4.3.1 Analysis of data

Microscopic inspection

Relationship between Dimensional Accuracy and Surface Roughness
Sustainability Development

Summary of Results and Discussion

Vi

37
37
39
41
41
44
45
45
45
47
49
50
51
52
53
54
55
55

56
56
57
57
64
64
69

74
76
77



CHAPTER 5: CONCLUSION AND RECOMMENDATION
5.1 Conclusion

5.2 Complexity of the project

5.3 Long Life Learning

5.4 Recommendation

REFERENCES

APPENDIX A CMM ZEISS Calypso Result

APPENDIX B Gantt chart Project 1
APPENDIX C Gantt chart Project 2

viii

78
78

80
80
80

82

&9

91
93



2.1
2.2
23
2.4
2.5
2.6

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

LIST OF TABLES

Summary of SLS process

Summary of FDM process

Summary of 3DP process

Summary of SLA process

AM process benchmark part attribute values

Comparison of Mojo, UP Plus 2 and Creator Pro 3D printer

Work piece description for each surface area for surface roughness
Work piece description for each symbol for dimensional accuracy

Standard parameter setting

Mojo, Up Plus and Creator Pro 3D printer result for surface area 1

Mojo, Up Plus and Creator Pro 3D printer result for surface area 2

Mojo, Up Plus and Creator Pro 3D printer result for surface area 3

Mojo, Up Plus and Creator Pro 3D printer result for surface area 4

Mojo, Up Plus and Creator Pro 3D printer result for surface area 5

Mojo, Up Plus and Creator Pro 3D printer result for surface area 6
Summary of the best 3D printer to produce each area of surface roughness
Dimensional accuracy result for Mojo 3D printer

Work piece printing time

4.10 Dimensional accuracy result for Up Plus 2 3D printer

4.11 Dimensional accuracy result for Creator Pro 3D printer

4.12 Summary of the best 3D printer to produce each geometry of dimensional

accuracy

17
20
22
24
25
36

43
44
44

58
59
60
61
62
63
64
64
66
67
68
68



2.1
2.2
23
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17

2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25

LIST OF FIGURES

Wheel illustration the four major aspects in AM

Eight generic AM processes

Steps in AM from design to manufacturing

AM application timeline

Orthoses & Prostheses illustration of fabricated part using traditional and AM
Typical application areas of RP parts

Summary of advantages and disadvantages of AM

Life cycle perspective for identifying sustainability benefits of AM
AM system classification

SLS process illustration

(a) Layer by layer manufacturing (b) Generic fixturing

FDM process illustration

3DP process illustration

SLA process illustration

Graph Accuracy vs. Surface Roughness

Factors contribution that affects the quality of prototypes in AM
(a) Layer thickness

(b)Sliced view of the model using virtual AM simulation software
FDM tool path parameters

Build orientations

Effect of too high print head, jerking

Tessellation of the surface of a spherical shape

Slicing of a ball

Different tessellation algorithms in work CAD system

[Nlustration of inaccuracy printer bottom layer

Stair stepping effect

0 00 3 N W

12
13
15
16
16
18
21
23
26
27
27
27
28
29
31
32
33
33
34
35



3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

Benchmarking of CAD model with referenced feature identification (IDs)
Flow of the project

Detail design of the product with dimensions

Work piece area for surface roughness measurement

Work piece symbol for dimensional accuracy measurement
Mojo 3D printer

Mojo parameter set up before printing started

Work piece immersed in ultrasonic tank

UP Plus 2 3D printer

Up Plus 2 setting preference

Print platform cleaning

FlashForge Creator Pro 3D Printer

Parameter setting of the Creator Pro printing

Surface roughness tester

Zeiss Contura G2 CMM

Work piece measured by CMM

Vertical Optical Comparator

Meiji Stereo Microscope

Surface area 2 measured by surface roughness tester

Work piece built by Mojo 3D printer

Tessellation slicing (a) Solidworks 2013 software (b) Catia V5R19 software
Macroscopic images for Mojo 3D Printer work pieces

Macroscopic images for Up Plus 2 3D Printer work pieces

Macroscopic images for Creator Pro 3D Printer work pieces

Staircase Effect

Warping at the one side only

Poor build plate adhesion

Graph relationship between 3D printer and percentage errors

Xi

38
39
42
43
43
46
46
47
47
48
48
49
49
50
51
52
53
54

60
65
66
69
70
71
72
73
73
74



LIST OF ABBREVIATIONS, SYMBOLS AND

NOMENCLATURE
ABS - Acrylonitrile Butadiene Styrene
AM - Additive Manufacturing
AMC - Advanced Manufacturing Center
AFOs - Ankle Foot Orthoses
CAD - Computer-aided design
CMM - Coordinate Measuring Machine
CNC - Computer Numerical Control
EBM - Electron Beam Melting
FDM - Fused Deposition Modeling
FKP - Fakulti Kejuruteraan Pembuatan
FOs - Foot Orthoses
LOM - Laminated Object Manufacturing
O&P - Orthoses and Porthoses
PLA - Polylactic Acid
Ra - Roughness Average
RP - Rapid Prototyping
SLA - SLA
SLS - Selective Laser Sintering
SOP - Standard of Procedure
STL - STereoLithography
UTeM - Universiti Teknikal Malaysia Melaka

3D - 3 Dimension

Xii


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=7&cad=rja&uact=8&ved=0ahUKEwjC0N3in4TRAhUDPY8KHavAD1YQFghRMAY&url=http%3A%2F%2Fwww.arcam.com%2Ftechnology%2Felectron-beam-melting%2F&usg=AFQjCNETXsVSYxgz90hMPwp1YeQXG9T-KA&sig2=dHdHX1ZasH8YmDtHTJlD9Q&bvm=bv.142059868,d.c2I
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=8&cad=rja&uact=8&ved=0ahUKEwjRxYv6n4TRAhUMqo8KHanDAe4QFghDMAc&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FFused_deposition_modeling&usg=AFQjCNGlEgQ8fAnj2wqZ9rT84ueWDTbnVA&sig2=7mHcnLE1eHCSTsBLLxtpqA

CHAPTER 1

INTRODUCTION

Chapter 1 provides a brief explanation about this project, the background of the project title,

“Analysis of dimensional accuracy and surface finish performance for a 3D printer based on

FDM technique” and will discuss the problem statement, objectives and scope of the project.

1.1

Background

Masood et al., (2016) pointed out that Fused Deposition Modeling (FDM) is an Additive
Manufacturing (AM) technology which can construct physical models from Computer
Aided Design (CAD) software automatically by using layers deposition of extrusion
materials. In fact, FDM is one of the additive prototyping processes which can generate
a prototype from plastic material by laying track of semi molten plastic filament on to a
platform in a layer from the top to bottom. The layer generation result from solidification
is because of heat conduction. Besides, reduction in cycle time of product development
is a major consideration in industries to remain competitive in the market place.
Therefore, conventional process development technology has been changed to rapid

fabrication techniques, for example, additive prototyping processes.



The main purpose of this project is to analyze the dimensional accuracy and surface
finish performance for a 3D printer based on FDM technique. Since there are various 3D
printer machines in UTeM, especially in Main Campus, experiments will be conducted
using three types of machines which are Mojo, UP Plus 2 and Creator Pro located at
Rapid Prototyping Laboratory. All of these machines are from beginner to intermediate
level but have different specifications, pros and cons (3D Hubs, 2016). Each work piece
produced have been drawn by two different types of CAD software which are Solidworks
2013 and Catia V5R19. The 3D printer will be ranked according to the part or product

quality produced based on their dimensional accuracy and surface roughness.

1.2 Problem Statement

Boschetto & Bottini (2016) pointed out that, FDM is the technology of additive
manufacturing that is capable to create model, tooling and functional parts without
geometrical complexity restrictions. In spite of the possible favorable aspects of this
innovation, obtaining a precise accuracy is hard to achieve. This includes poor surface
quality. Islam et al., (2013) have mentioned that 3D printed work piece commonly have
dimensional accuracy and surface finish problems. Besides, parts produced by different
3D printers have varied accuracy and surface finish. The parts that not meet the design
specifications according to the standard will affect the performance and the assembly fit
with other components. All 3D printer machines have their own specifications and some
of them do not provide consistent and precise measurement of the product being
produced. By using three types of different FDM machines, the work piece produced
from each machine will be compared through their dimensional accuracy and surface

finish.



1.3 Objectives

The objectives of this study are as follows:

i.  To study and utilize three models of FDM 3D printer; Mojo, UP Plus 2 and Creator
Pro.
ii.  To compare the dimensional accuracy and surface finish of three models FDM 3D
printer work piece.
iit.  To investigate the relationship of dimensional accuracy and surface finish between

3D printers.

1.4 Scope

The scope of this project focuses on the analysis regarding dimensional accuracy and surface
finish performance for a 3D printer based on FDM technique. The sample of a model is
drawn using Solidworks 2013 and Catia V5R19 software according to the benchmark
evaluation from Johnson et al., (2011). All work pieces drawn will be converted into STL
files to be readable by FDM machines. In this project, three machines; Mojo, UP Plus 2, and
Creator Pro will be compared to investigate the relationship of dimensional accuracy and
surface finish between 3D printers. Each machine will produce two work pieces from each
software and average will be calculated to get the accurate data. The material used in the
FDM process is ABS thermoplastic material. The work piece surface roughness are
measured using surface roughness tester in FKP Ground Floor, Block B, Metrology
Laboratory. After the surface finish of the product has been measured, each work pieces are
determined using Coordinate Measuring Machine (CMM) to measure the accuracy of the
work piece by comparing it with actual drawing from CAD data software. All work pieces
are examined under Meiji Stereo Microscope located at FKP Ground Floor Block B,
Metrology Laboratory to determine the difference in structure. All the data will be recorded.
The three different FDM machines will be ranked according to their level of accuracy part
produced.



CHAPTER 2

LITERATURE REVIEW

This chapter discusses about the related knowledge of the project which cover the
introduction of the Additive Manufacturing, Fused Deposition Modeling, dimensional

accuracy and surface roughness.

2.1  Additive Manufacturing

Technologies, Medium, & Powell (2008) mentioned in worldwide competition, most of the
companies are seeking for the new technologies to improve their business processes and
speed up the product development cycle due to the demands for cost savings. One of the key
enabling technologies with its competence to minimize the product design and development
time involves using the technology of Rapid prototyping (RP) also known as Additive
Manufacturing (AM).

AM is an innovation for rapidly fabricating physical models, functional prototypes and
limited batches of parts directly from Computer Aided Design (CAD) data. Besides, AM
also refers to the three-dimensional (3D) printing, build techniques layer-by-layer, material
addition manufacturing, and solid free-form fabrication. AM shortens the time-to-market of

products and enlarges technology competitiveness.

Guan et al., (2015) also stated that AM is now experiencing an advanced application in
prototype and pilot production innovation towards versatile and high-value manufacture

aspects.



Barner (2015) also added in most cases layer by layer following a build-up code, objects
with hollow spaces, undercuts or complete assemblies are feasible because AM is straightly
derived from a three-dimensional model, similar to modern CNC manufacturing. The only

difference is that materials are not removed, but rather plotted and no tool is required.

/ -
/ Y, \ C Liz, ‘o
/ / -. \-\ e “r,, "
/ /\( \ | —_ e, §
~, /" ) \‘1‘“ '”W:; ar; N
S

ADDITIVE

| \[.ul.uj

: , 2
| | Lamp MANUFAC é
w

| -

i_'U_“.‘.“‘T" and Li'l'l.lln% S\ TU R I N G

% e
B3 e S

. P
S o AN

/ Aerpspaces
e P & ,_,:. .

o Motiye, Biom -\-,\v' Y,
U, 2

r Proguct 'lnl'-l-\""-‘

- Bt oS
AT TEEL g
J-nuimmn‘r"““’ o
_/ and Analysis | e /’

'021 c_ f 10,

Figure 2.1: Wheel illustration the four major aspects in AM (Chua et al., 2010).

Figure 2.1 shows the four major aspects in AM which are the methods, applications, material

and input.

2.2 Eight Generic AM Processes

From Figure 2.2, there are 8§ steps needed to generate a part for FDM machine.



Figure 2.2: Eight Generic AM Processes (Gibson, Rosen, & Stucker, 2010).

N

1% Step: CAD

First step of the AM process must begin from a product model created using any CAD solid
modeling software or reverse engineering equipment using laser scanning equipment

(Gibson et al., 2010).

2" Step: Conversion to STL

The second step is to convert the CAD data into the STL file. Almost every AM machine
recognize the STL file that has turned into an accepted standard. They are sliced into thin

cross-sectional layers (Gibson et al., 2010).

3" Step: Transfer to AM machine and STL File Manipulation

Once the STL file has been created, it can be sent directly to the AM machine to build the
part straight away. In some cases, there will be a few adjustments and actions required prior

to building the part (Gibson et al., 2010).

4" Step: Machine Setup

All AM machines must be appropriately set up for parameters that are specific to that
machine or process. Some machines settings would identify with the required optimization

like material used, infill pattern, z resolution and part angle (Gibson et al., 2010).



5% Step: Fabrication of the part

The AM machine should be monitored although the fabrication of the part is an automated
process to avoid power failure or running out of materials throughout the FDM process

(Gibson et al., 2010).

6™ Step: Removal of Part

The part should be removed once the FDM procedure is finished. A portion of the part
created can be removed with the guide of devices. This often involves manually removing
the part from the machine, cleaning off the support structure and removing the excess

material which requires much time and skill (Gibson et al., 2010).

7™ Step: Post processing

After the part is removed, they may require some completing of the parts before they are
prepared to be utilized. Cleaning, sandpapering, paintings and coatings are done to give a

good surface finish (Gibson et al., 2010).

8™ Step: Applications

Although parts may be made from similar material with conventional manufacturing, some
parts may fail under mechanical stress due to small voids or bubble trapped while being built

(Gibson et al., 2010).

Figure 2.3 Steps in AM from design to manufacturing (Moroni, Syam, & Petrd, 2014).

Figure 2.3 shows the steps in AM. It begins from CAD system, next the CAD need to convert
into STL file. Subsequently, STL file is transfer to AM system, then only the part or product

can be generate.



2.3 Application of AM

AM has developed rapidly and its application has extended from prototyping to conceivable

end-use items. This can be demonstrated in Figure 2.4.

Figure 2.4 AM application timeline (Royal Academy of Engineering, 2013).

Figure 2.4 shows the application timeline of AM. It has begun from 1988 and looking

forward on their future potential until 2032.

Medical, aerospace and automotive applications in AM are explained below.

a) Medical application

Figure 2.5: Orthoses and Prostheses (O&P) illustration of fabricated part using the
traditional and AM: (a) foot orthoses and (b) ankle-foot orthoses (Chen et al., 2016).





