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ABSTRACT

Grooving is the process of making a narrow channel on a surface of flat or cylindrical
workpiece. Often it is performed on workpiece shoulders to ensure the correct fit for
mating parts. Groove is widely used in automotive industry, biomedical implants and
electronic devices. Though, laser machining is known as advanced machining process is an
alternative machining used by high precision industries as cutting tool. Due to its ultra-
flexibility, high quality end product, tight tolerance, quick set up, high repeatability, and
many other advantageous, it is being widely accepted and explored for it potential in
machining industries. Unfortunately, machining of groove especially micro-groove by
traditional machining is very much challenged in dimensional control due to mechanical
contact. A micro groove is a basic geometric feature of a micro part. The disadvantages of
traditional machining become much severe when it deals with micro-grooving where, not
only the external dimensions, but also the metallurgy of the end product is being affected.
Although laser lathing is available, it is very complex and expensive where most
commonly used in the industries are flat stock laser machining. Thus, an existing 4 by 8
feet 3BKW CO; flatbed laser cutting machine has been transformed to perform laser lathing.
The transformation of 2D flatbed laser cutting machine into 3D laser cutting ability is
explored of its performance in producing micro-grooves on a Titanium Grade 2. This
research work presents the modelling study of micro-grooving in laser machining of
commercially pure titanium grade 2 material with CO> laser by considering the power, gas
pressure, cutting speed, depth of cut and focal distance as the designed process parameters.
This research focuses on experimental of laser micro-grooving quality and development of
artificial neural network (ANN) model. The experimental plans were conducted according
to the design of experiment (DOE) to accommodate full range of experimental analysis.
Therefore, three significant responses namely groove depth, groove width and groove
corner radius were investigated to fall within desired values. Analysis found that an
experimental error such as the discovery of an unknown effect, inherent variability in the
system, inability to control complex variables, temperature or unexpected mechanical
machining tolerance have influenced the predictive model. Two types of model are
introduced which are namely singleton output model and multiple output model. The
results indicate that, there is a difference of 2% between the two models. Therefore the
significant error in predictive model occur due to the factors of pattern recognition.
However, the developed ANN model is found valid through data testing where the mean
absolute percentage error (MAPE) is less than 20 per cent.



PEMODELAN RANGKAIAN NEURAL BUATAN UNTUK MERAMAL KUALITI
LASER ALUR MIKRO BAGI TITANIUM TULEN KOMERSIAL GRED 2

ABSTRAK

Pengaluran adalah proses membuat saluran sempit pada permukaan bahan kerja datar
atau silinder. Selalunya ia dilakukan pada bahu bahan kerja untuk memastikan bahagian
yang sesuai untuk pemasangan. Alur biasanya digunakan dalam industri automotif, implan
biomedikal dan alat elektronik. Walaupun pemesinan laser yang dikenali sebagai proses
pemesinan canggih adalah pemesinan alternatif yang digunakan oleh industri
berketepatan tinggi sebagai alat pemotong. Oleh kerana kelenturannya yang ultra-
fleksibel, produk akhir berkualiti tinggi, toleransi yang ketat, persediaan pantas,
kebolehulangan yang tinggi, dan lain-lain yang berfaedah, ia diterima secara meluas dan
diterokai kerana ia berpotensi dalam industri pemesinan. Malangnya, pemesinan alur
terutamanya mikro-groove oleh pemesinan tradisional sangat mencabar dalam
pengawalan dimensi kerana sentuhan mekanikal. Alur mikro adalah ciri geometri asas
bahagian mikro. Kelemahan pemesinan tradisional menjadi lebih parah apabila ia
berkaitan dengan mikro-grooving di mana, bukan sahaja dimensi luaran, tetapi juga
metalurgi produk akhir juga terjejas. Walaupun laser larik tersedia, ia sangat komplex dan
mahal dimana yang paling biasa digunakan dalam industri adalah laser pemesinan rata.
Oleh itu, mesin pemotong laser 3kW CO; yang sedia ada telah diubah untuk melakukan
pemotongan laser. Transformasi mesin pemotong laser 2D kepada keupayaan pemotongan
laser 3D diterokai mengenai prestasinya dalam menghasilkan mikro-alur pada Gred
Titanium 2. Kajian penyelidikan ini membentangkan pemodelan mikro-grooving dalam
pemesinan laser titanium komersil tulen (CP) gred 2 dengan laser CO. dengan
mempertimbangkan kuasa, tekanan gas, kelajuan pemotongan, kedalaman pemotongan
dan jarak fokus sebagai proses parameter. Penyelidikan ini memfokuskan pada eksperimen
kualiti alur mikro laser dan pembangunan model rangkaian neural tiruan (ANN). Pelan
eksperimen dijalankan mengikut reka bentuk eksperimen (DOE) untuk menampung
pelbagai analisis eksperimen. Oleh itu, tiga tindak balas yang signifikan iaitu kedalaman
alur, lebar alur dan jejari sudut alur disiasat supaya berada dalam nilai yang diingini.
Analisis mendapati bahawa kesilapan eksperimen seperti penemuan kesan yang tidak
diketahui, kebolehubahan yang wujud dalam sistem, ketidakupayaan untuk mengawal
pemboleh ubah kompleks, suhu atau toleransi pemesinan mekanikal yang tidak dijangka
telah mempengaruhi model ramalan. Dua jenis model diperkenalkan iaitu model output
tunggal dan model keluaran berganda. Hasil kajian menunjukkan bahawa, terdapat
perbezaan 2% antara kedua model tersebut. Oleh itu kesilapan yang ketara dalam model
ramalan berlaku disebabkan oleh faktor pengecaman corak. Walau bagaimanapun, model
ANN vyang dibangunkan didapati sah melalui pengujian data di mana ralat peratusan
mutlak (MAPE) kurang dari 20 peratus.



ACKNOWLEDGEMENTS

I would like to thank Allah Almighty for His blessing and giving me strength to
accomplish this thesis. Deepest gratitude to my parents because their continuous

encouragement and patience.

A special thanks to my supervisor, Professor Ir. Ts. Dr. Sivarao Subramonian who greatly
helped me in every way I need to go through this study, Professor Dato’ Dr. Abu Abdullah

for being my co-supervisor and also for his encouragement.

| am also thankful to other people at the Manufacturing Engineering Faculty Laboratory for
their help and colleagues in the postgraduate program with whom | have always shared

ideas.

Thank you



TABLE OF CONTENTS

DECLARATION
APPROVAL
DEDICATION
ABSTRACT

ABSTRAK
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF APPENDICES
LIST OF ABBREVIATIONS
LIST OF PUBLICATIONS

CHAPTER

1. INTRODUCTION
1.1  Research background
1.2 Problem statement
1.3  Research objectives
1.4 Research scope
1.5  Research motivation
1.6 Thesis organization

2. LITERATURE REVIEW
2.1 Laser history
2.2  Basic operation of laser
2.3 Types of lasers
2.4 The high-power CO; laser
2.5 Parameters of laser
2.5.1 Non-controllable laser parameters
2.5.2 Controllable laser parameters
2.6 Laser machining
2.6.1 Laser cutting
2.6.2 Laser drilling
2.6.3 Laser engraving
2.6.4 Laser milling
2.6.5 Laser turning
2.6.6 Laser grooving
2.7  Model development
2.7.1 Analytical modelling
2.7.2  Numerical modelling
2.7.3 Empirical modelling
2.8 Atrtificial neural network
2.8.1 History of artificial neural network (ANN)
2.8.2 Concept of ANN
2.8.2.1 Common transfer functions
2.8.2.2 Architecture of ANN
2.8.3 Training of ANN

PAGE



2.9

2.8.4 Learning of ANN
2.8.4.1 Supervised learning
2.8.4.2 Unsupervised learning
2.8.4.3 Reinforcement learning
2.8.4.4 Offline learning
2.8.4.5 Online learning

2.8.5 Learning rules

2.8.6 Application of ANN

2.8.7 Optimization of ANN

Summary

METHODOLOGY

3.1

3.2

3.3

3.4

3.5
3.6

3.7
3.8
3.9

Preliminary investigation

3.1.1 Materials selection

3.1.2 Parameter selection

3.1.3 Method of analysis

3.1.4 Response identification
Experimental setup

3.2.1 Rotary device setup

3.2.2 Rotary device setting

3.2.3 Horizontal rotary device alignment
3.2.4 Vertical rotary device alignment
3.2.5 Laser spot point

Experimental design

3.3.1 Design of experiment

3.3.2 Response surface methodology (RSM)
Experimental run and measurement

3.4.1 Experimentation

3.4.2 Method of measurement

3.4.3 Quality measurement

ANN predictive model development
Model optimization

3.6.1 ANN optimization for groove depth
3.6.2 Network algorithm

3.6.3 Training function

3.6.4 Transfer function and learning adaption
3.6.5 Number of hidden layer

3.6.6 Error goal

3.6.7  Number of neuron

ANN optimization for groove width and corner radius

Model validation
Summary

RESULT AND DISCUSSION

4.1
4.2

Experimental results
Predictive modelling
4.2.1 Groove depth
4.2.2 Groove width
4.2.3 Groove corner radius

68
68
69
69
70
70
71
71
73
75

76
78
78
79
81
81
83
83
84
86
87
88
91
91
92
94
94
95
97
99
105
105
105
106
109
109
110
110
110
112
115

116
116
132
133
142
149



4.3 Multiple outputs
4.4 Summary

5. CONCLUSION AND RECOMMENDATIONS

51 Conclusions
5.2 Recommendations

REFERENCES
APPENDICES

Vi

155
164

165
165
166

167
196



TABLE

3.1
3.2
3.3
3.4
3.5

3.6

3.7
3.8
3.9
4.1

4.2

4.3
4.4
4.5
4.6
4.7
4.8
4.9

4.10

LIST OF TABLES

TITLE

Properties of titanium grade 2

Cutting condition at difference material (Harnicarova et al., 2012)
COg2 laser machine specification (LVD, 2001)

Laser process parameters (constant) (LVVD, 2001)

Materials thickness characteristics based on laser power 1.5 kw
(Rosliza, 2006)

Materials thickness characteristics based on laser power 5 kw
(Rosliza, 2006)

Design matrix of experiment

Actual coded values of experiment

Significant influences factors of ANN model

Data experimental results of groove depth, groove width and groove

corner radius

Parameter results of groove depth (GD), groove width (GW) and

groove corner radius (GCR)
Parameter results of groove corner radius by depth and width

Weights and biases of groove depth model

Experimental and Predicted for Groove Depth Data Training
Percentage error of groove depth for data testing

Neural network parameter for groove width modelling

Weights and biases of groove width model

Percentage error of groove width for data testing Experimental and

predicted for groove width data training
Percentage error of groove width for data testing

vii

PAGE

78
79
80
81
89

90

93
93
104
117

121

127
134
139
142
142

143
147

148



411
4.12

4.13
4.14

4.15
4.16
4.17
4.18

Weights and biases of groove corner radius model

Experimental and predicted for groove corner radius data training
Percentage error of groove corner radius for data testing
Neural network parameter for multiple outputs

Weights and biases of multiple outputs model

Mean absolute percentage error of 5-15-3 network for data training
Mean absolute percentage error of 5-15-3 network for data testing

Singleton versus multiple outputs

viii

149
152
154

155
157

159
162
164



LIST OF FIGURES

FIGURE TITLE PAGE
1.1 Micro-groove application on biomedical and electronic device 3
2.1 Basic element of laser devices (Chawla and Chopra, 1992) 10
2.2 Axial flow CO2 laser configuration (Kannatey-Asibn, 2009) 15
2.3 Design of the sealed tube lasers (Chryssolouris, 1991) 16
2.4 Maximum Cutting speed with 4000 w laser output as affected by 20

material thickness (TRUMPF, 2000)
2.5 Maximum cutting gas consumption per hour in continuous cutting for 21

Cutting with oxygen with gas pressure up to 6 bars (TRUMPF, 2000)
2.6 Maximum cutting gas consumption per hour in continuous cutting with 21
nitrogen with gas pressure up to 20 bars (TRUMPF, 2000)

2.7 Power versus time in continuous wave (LVD, 2001) 22
2.8 Power versus time in gated pulse (LVD, 2001) 23
2.9 Focal position (LVD, 2001) 24
2.10 Stand off distance (LVD, 2001) 25
211 Correlation between frequency and surface roughness (Cheraghi et al., 26
2003)
212 Sketch of laser fusion cutting (Dirk, 2001) 31
2.13 Laser oxidation cutting (Dirk, 2001) 32
2.14 Laser vaporization cutting (Dirk, 2001) 33
2.15 Laser drilling schematic (Chryssolouris, 1991) 38
2.16 Laser engraved part 40
2.17 The closed loop laser shaping system (Liu et al., 1999) 42
2.18 Positions of laser beams during cutting (Chryssolouris, 1986) 45
2.19 CNC pulse Nd:YAG laser micro-grooving system (Dhupal et al., 2009) 51
2.20 Different empirical modelling techniques (Mukherjee and Ray, 2006) 59

iX



221
2.22
2.23
2.24
2.25
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
3.19
3.20
3.21
3.22
3.23

3.24
3.25
4.1

Designs of biological neuron and artificial neuron (Andrej et al., 2011)

Single layer feed forward architecture (Dasilva et al., 2017)
Multilayer feed forward architecture (Dasilva et al., 2017)
Recurrent or feedback architecture (Dasilva et al., 2017)
Mesh architecture network (Dasilva et al., 2017)

Flow chart of research methodology

Geometry of output responses

Centipede

Mechanism of rotary device

Preliminary result of X to Y axis cutting quality

Schematic of rotary device positioning

Actual setup of rotary device on laser table

Alignment technique of rotary device

Schematic of levelling rotary device base and sacrificial table
Depths of cut and SOD setting

Setting of SOD manually

Cutting thicknesses vs. depth of cut value for 5 mm diameter
Dial indicator arrangement

Safe mode distance between spinner and laser head

Groove depth measurements (Haitjema, 1997)

Groove width measurements (Arkadiusz et al., 2013)
Corner radius measurements (Fisk Alloy Wire Inc., n.d)
Vertical beam optical comparator

Measurement point

Schematic angle position of measurement

Example of three layered network with 5-5-1 architecture

Neural network optimization architecture

Comparison average predicting error between training function LM,

BFG, SCG and GD
Analysis of groove width optimization

Analysis of groove corner radius optimization

Desired depth versus groove depth for (a) Run 1-32, (b) Run 33-64,

62
65
66
66
67
77
82
82
83
85
85
86
87
87
88
89
91
95
95
96
97
97
98
99
99
103
107
108

111
111
124



4.2

4.3
4.4
4.5
4.6
4.7
4.8

4.9
4.10

411
412
4.13
4.14

4.15
4.16
4.17
4.18

4.19
4.20
421

4.22
4.23

4.24
4.25
4.26

and (c) Run 65-96

Desired width versus groove width for (a) Run 1-32, (b) Run 33-64,
and (c) Run 65-96

Mean of groove width

Groove corner radius for the depth of 250 micron

Groove corner radius for the depth of 450 micron

Groove corner radius for the depth of 700 micron

Depth of cut versus mean of groove corner radius

ANN architecture of 5-15-15-1with 5 inputs, two hidden layer and
singleton output

Performance plot of groove depth

Coefficient of regression for groove depth: a) training data set, b)
validation data set, c) testing data set, d) overall data set
Comparative Signatures of Groove Depth for Data Training
Histogram of Groove Depth for Data Testing

Performance Plot of Groove Width

Coefficient of regression for groove width: a) training data set, b)
validation data set, c) testing data set, d) overall data set
Comparative signatures of groove width for data training
Histogram of groove width for data testing

Performance Plot of Groove Corner Radius

Coefficient of Regression for Groove Corner Radius: a) Training Data
Set, b) Validation Data Set, ¢) Testing Data Set, d) Overall Data Set
Comparative signatures of groove corner radius for data training
Histogram of groove corner radius for data testing

Network architecture of 5-15-3 with 5 inputs, one hidden layer and
multiple outputs

Performance plot of 5-15-3 network

Regression coefficient of 5-15-3 network: a) training data set, b)
validation data set, c) testing data set, d) overall data set
Comparison of ANN predicted and experimental for groove depth
Comparison of ANN predicted and experimental for groove width

Comparison of ANN predicted and experimental for groove corner

Xi

126

126
130
131
132
132
134

135
137

140
140
144
145

146
148
150
151

153
154
156

158
159

160
161
161



radius

4.27 Experimental versus predicted for groove depth 162
4.28 Experimental versus predicted for groove width 163
4.29 Experimental versus predicted for groove corner radius 163

xii



LIST OF APPENDICES

APPENDIX TITLE PAGE
A Multiple Output Data Training Model with Architecture 5- 196
15-3
B Multiple Output Data Testing Model with Architecture 5- 199
15-3

Xiii



ANN
CCD
CO2
DOE
H2
HAZ
He
MAPE
n.d

N2
Nd:YAG
RSM

Xe

LIST OF ABBREVIATIONS

Artificial neural network
Central composite design
Carbon Dioxide

Design of experiment
Hydrogen

Heat affected zone

Helium

Mean absolute percentage error
No date

Nitrogen

Neodymium-doped yttrium aluminum garnet
Response surface methodology

Xenon

Xiv



LIST OF PUBLICATIONS

International Journal of Engineering and Technology
Sivaraos, Khalim, A.Z, Yusliza, Y., Pujari, S., Sivakumar, D., Amran, M.A., 2018.
Optimization and Prediction of Laser Micro-Grooving by Artificial Neural Network.

International Journal of Engineering and Technology, 7 (4), pp. 6481-6487.

IOP Conference Series: Materials Science and Engineering
Sivaraos, Khalim, A.Z., Salleh, M.S., Sivakumar, D., Kadirgama, K., 2018. Sugeno-Fuzzy
Expert System Modeling for Quality Prediction of Non-Contact Machining Process, 10P

Conference Series: Materials Science and Engineering, 318 (1), pp. 1-8.

Sivaraos, Khalim, A.Z., Salleh, M.S., Sivakumar, D., Kadirgama, K., 2018. Mamdani-
Fuzzy Modeling Approach for Quality Prediction of Non-Linear Laser Lathing Process,

IOP Conference Series: Materials Science and Engineering, 318 (1), pp. 1-9.

International Journal of Applied Engineering Research
Sivaraos, Khalim, A.Z., Abu, A., Amran, M.A., Soufhwee, A.R., 2016. Mamdani and
Sugeno Modeling for Taper Quality Analysis in Laser Turning. International Journal of

Applied Engineering Research, 11 (21), pp. 10490-10496.

XV



CHAPTER 1

INTRODUCTION

1.1  Research background

Manufacturing is the process of producing product from raw material by using
various equipment such as hand tools, machinery or even computers. In other words
manufacturing is the application of physical and chemical processes to alter the geometry,
properties or appearance of a given raw material to become parts or product. Manufacturing
is divided into several major processes and one of the processes is machining. Machining is
the process of removing undesired or unwanted material from the workpiece to produce
required shape using a cutting tool.

One of the most regular machining operations is turning. Turning is the process of
machining external, or internal cylindrical and conical surfaces in which the part is rotated
as the tool is held against it on a machine called a lathe. Mathematically, each surface that is
machined on a lathe is the surface of revolution. Those among the turning job is grooving.
Grooving is the process of cutting a narrow groove on the cylindrical surface of the
workpiece. It is often done on workpiece shoulders in ensuring the correct fit for mating
parts.

Today, most of the components are manufactured in accordance with the current
requirements such as micro-grooves. A micro-groove is a basic geometric feature of a micro
part. Micro-grooves is a prominent microstructure in micro instruments, and have been well
applied in various industrial advanced applications such as biomedical, microelectronic, and

aerospace (Chen et al., 2016). Figure 1.1 shows some of micro-groove applications which is



applied on the biomedical and electronic device. In line with the demand of material and
machining parameter, grooving using traditional machining especially turning is impossible
to be achieved. However, the advancement of machining technology is viewed as an option
to traditional machining. Therefore, non-traditional machining CO-. laser cutting is
introduced. COz laser cutting machine was first produced in 1970s and it is first in the world.
Now, after over 30 years, CO> laser cutting machine has been improved in order to meet the
constant expansion of its application fields. Today’s market demand in laser cutting
production, especially in 2D plate cutting and 3D spatial curve cutting is very high as it also
gets attention from international and domestic companies. According to the Year 2000
Annual report statistics of “Industrial Laser Solution” an authoritative magazine in American
laser industry: in 1999, the total sales of laser cutting system all over the world is mainly
CO:2 laser cutting system is 3325, totalling to $1.174 billion (Anonymous, 2019).
Traditional cutting process such as plasma cutting, gas cutting, mechanical cutting
and others also have some drawbacks. The benefits of laser cutting technology have shielded
the weaknesses of traditional machining. Laser cutting is able to perform faster than
mechanical cutting. The ability of laser cutting to cut complex profile makes it a suitable
choice for high production. Besides that, the low temperature or low heat affected zone
(HAZ) of laser also makes it reasonable to cut the low temperature material such as plastic
and wood. One of the principles of laser cutting is its non-mechanical contact, which means
there is no physical contact between laser and workpiece. This makes laser cutting to be
capable in machining brittle material compare to traditional cutting as it save the risk of
material cracked. A high quality end product of laser cutting reduces the secondary process
of machining. However, it has some inherent limitations such as low energy efficiency and

difficulties in processing circular engineering components.



A mechanical lathe is used to fashion stock material into specific tabular geometries
and one of them is groove shape. When talking about groove, the depth and width should
always be the concern. Therefore, the demand of groove size that is less than 0.3 mm is
difficult to be achieved by a mechanical lathe and this requires an alternative manufacturing
technologies. The proposed laser groove technology is expected to fill this gap when it comes
to groove machining of high precision parts with fine tolerances for both metallic and non-
metallic stocks. Accuracy and tolerance are very important especially in the medical industry
which deals with critical components. The main intention of this research work is to engineer
the mechanism and adopt a new stock grooving potential on an existing flatbed laser cutting

machine.
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Figure 1.1: Micro-groove application on biomedical and electronic device
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1.2 Problem statement

The development of technology, especially manufacturing technology is always
changed by current development. Thus, the costs of manufacturing industry is becoming
higher and higher because of changes in technology. Among factors that contribute towards
an increase in cost of industries are facilities and equipment (Star, 2017). With the
advancement of design, it require advanced machine that suits current technology. By the
way, the academic institutions also face the same problem and it is unfair for academic
institution to spend a lot of money just for new development of machine technology.
Therefore, industries and academic institutions need to be more creative and innovative in
line with current technology.

Thus, laser groove technology is proposed to be done on the existing flatbed laser
cutting machine which has been designed to only cut flat stock. Although laser lathe existed
in market, the cost is very expensive and complex. Therefore, an alternative mechanism is
designed to convert 2D into 3D cutting. The conversion of existing flatbed laser cutting
machine specifies that the function of laser cutting are the same with mechanical lathe. In
term of cost effective, machining using laser cutting is with much lower cost compared to
machining using mechanical lathe as laser has no used of cutting tool.

Besides that, material to be cut by mechanical lathe depends on cutting tool and to
cut material especially 5 mm diameter of pure titanium grade 2 is almost impossible.
Compared to laser cutting, there is no cutting tool used and it is means as a non-contact
machining, so there is no risk of material deflection. Groove plays an important role
particularly for seal mechanism. Therefore, the depth and width of groove are the crucial
part to produce especially for micro level. A special technology such as laser cutting machine
is viewed as an alternative technology to produce micro-groove. Thus, based on above

statement it is bring out some research question of this study such as how to transform CO>
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