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ABSTRACT

Micro electromechanical systems (MEMS) fabrication leads to new 
requirements in production technology as the demands of high performance, small size 
and low cost devices are increasing. This research was conducted using a solid state 
pulsed Nd:YAG laser machine with a 3-axis motion controller to generate MEMS 
structure on PMMA. The MEMS structure generated on PMMA includes laser lines and 
laser spots. The effects of various laser parameters on the PMMA specimen were 
studied and measured under optical microscope before transferring the data to 
STATISTICA software for analysis. From the results, the feasible laser parameter 
combinations can be determined to generate the smallest possible micro feature on 
PMMA. Pulse energy and cutting speed from the process parameters show significant 
response to the line width for generation of laser lines geometry. As for the generation 
of laser spots geometry, pulse width from the process parameters significantly affects 
the diameter length of the spots. The usage of assist gas has generally decreases the 
laser spots diameter for generation of both micro-holes and line width for generation of 
micro-lines but it also causes inconsistency to the cutting quality of the laser machine. 
The feasible parameters for structuring laser lines (micro-channels) geometry without 
assist gas are found to be in the range of 40 – 90 mm/min for traverse speed and 0.01 -
0.02 J for pulse energy. On the other hand, the feasible parameters for laser lines 
geometry with assist gas are found to in the range of 80 - 120 mm/min for traverse 
speed and 0.01 – 0.02 J for pulse energy. As for structuring laser spots (micro-holes), 
the feasible parameters for generating laser spots geometry without assist gas are found 
to be in the range of 18 – 26 % for pulse height and 0.15 – 0.21 ms for pulse width. On 
the other hand, the feasible parameters for laser spots geometry with assist gas are found 
to be in the range of 24 – 36 % for pulse height and 0.15 – 0.20 ms for pulse width. 
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ABSTRAK

Fabrikasi Sistem Mikro Elektromekanis (MEMS) telah menyebabkan keperluan baru 
dalam teknologi kerana tuntutan pengeluaran yang prestasi tinggi, saiz kecil dan peranti 
kos rendah semakin meningkat. Penyelidikan ini dilakukan dengan menggunakan Nd: 
YAG laser dalam keadaan statik dengan mesin kawalan gerak 3-axis untuk 
menghasilkan struktur MEMS pada PMMA. Struktur MEMS yang dihasilkan pada 
PMMA termasuk garis laser dan bintik laser. Pengaruhan daripada pelbagai parameter 
laser pada spesimen PMMA dikaji dan diukur di bawah pemerhatian mikroskop optik 
sebelum memindahkan data ke peranti perisian STATISTICA untuk 
analisis. Berdasarkan analisis daripada STATISTICA, kombinasi laser parameter yang 
sesuai boleh ditentukan untuk menghasilkan size geometri terkecil yang mungkin pada 
PMMA. Denyutan tenaga dan kelajuan pemotongan menunjukkan respon yang 
signifikasi dengan ketebalan garisan bagi penghasilan garis laser. Selain itu, denyutan 
lebar pula menunjukkan responsi yang signifikasi kepada saiz diameter bagi 
penghasilan bintik laser. Pengunaan bantuan gas secara umumnya telah megurangkan 
diameter titik laser untuk penghasilan lubang mikro dan lebar untuk penghasilan garis 
mikro tetapi ia juga menyebabkan ketidakstabilan terhadap kualiti permotongan mesin 
laser. Parameter yang sesuai untuk menghasilkan garis laser geometri tanpa bantuan gas 
ditemui di jarak 40 - 90 mm/minit kelajuan laser mesin dan 0.01-0.02 J untuk tenaga 
pulsa. Selain itu, parameter yang sesuai untuk garisan laser dengan bantuan gas ditemui 
dalam jarak 80 - 120 mm/minit untuk kelajuan mesin laser dan 0.01 - 0.02 J untuk 
tenaga pulsa. Untuk penghasilan titik laser pula, parameter yang sesuai untuk 
menghasilkan geometri titik laser tanpa bantuan gas dijumpai berada di jarak 18 - 26% 
untuk kualiti pulsa dan 0.15-0.21 ms untuk lebar pulsa. Selain daripada itu, parameter 
yang sesuai untuk geometri titik laser dengan bantuan gas ditemui berada dalam julat 24 
- 36% untuk kualiti pulsa dan 0.15-0.20 ms untuk lebar pulsa.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

This thesis consists of five chapters. This chapter will provide the overview of 

the research which includes some basic ideas and parameters involved in this research.

Chapter 2 reviews some theoretical background and previous research on laser-micro 

machining and MEMS fabrication on PMMA. The concept of methodology is explained 

in chapter 3 while the overall results and discussion are included in chapter 4. Finally, 

chapter 5 concludes the overall outcome for this project together with recommendation 

for future researches.       

1.2 BACKGROUND OF STUDY

In recent years, laser machining has become a well-established sheet processing 

method due to its narrow cut kerfs. Literally, thousands type of lasers had been 

identified since the discovery of laser. However, only a relative few of these laser 

sources have found broadly based, practical applications such as CO2 and Nd:YAG 

Laser. Different materials can be cut by different process depending on the thickness 

and properties. Few of the materials that mainly used for laser machining are steel, 

silicon and Acrylic plastics (PMMA). 

Micro electromechanical systems (MEMS) fabrication leads to new 

requirements in production technology as the demands of high performance, small size 

and low cost devices are increasing. As micro-components are typically difficult to 

access and highly sensitive to mechanical forces and impacts, contact-free laser 
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adjustment process offers a great potential for accurate manipulation of micro-devices. 

The applications for MEMS includes biomedical devices, and communication devices 

which combined electrical and mechanical components

In this project, the laser-micromachining experiment was conducted using a 

solid state pulsed Nd:YAG laser. This laser has been gaining interest in recent years for 

precision cutting because of its low mean beam power, high intensity, good focusing 

characteristics and narrow heat affected zone (HAZ). As for the type of material, 

polymethyl-methacrylate (PMMA) was selected due to its wide application in 

fabrication of micro-features and MEMS components. Simple line (micro-channel) and 

spot (micro-hole) geometries were generated on PMMA and analyzed. This project 

results will provide a common ground in fabrication of MEMS structure on PMMA 

using laser. 

1.3 PROBLEM STATEMENT

Laser micro machining for MEMS structure are still under the subject of 

research, therefore there is no accurate information regarding to the laser machining 

process. Although there are several publish reports done regarding the usage of laser 

machine on PMMA, the feasible laser micro machining parameters for PMMA are still 

unknown as the optimum values are hard to obtain. 

One of the problems faced are the effect of heat affected zone (HAZ) during 

laser micro machining for PMMA which would downgrade the overall surface quality 

of the micro feature. Furthermore, laser cutting mechanism is more on thermal process 

which would easily damage the PMMA specimen due to its low melting point. 
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1.4 OBJECTIVES OF THE RESEARCH 

The objectives of this research are:

(i) To generate MEMS structures on PMMA using laser micro machining 

technique.

(ii) To identify the effect of laser parameters on the quality of PMMA’s MEMS 

structure

(iii) To determine the feasible laser parameter combination to generate smallest 

possible micro feature on PMMA 

1.5 SCOPE OF THE PROJECT

The list of scopes for this project:

(i) The MEMS structures considered were micro channel and micro spot. 

(ii) Solid state pulse Nd:YAG laser integrated with 3-axis motion controller will 

be tested for micro machining.

(iii) Laser machining experiment were designed by using the STATISTICA 

software.

(iv) The laser parameters considered were pulse energy, assist gas, traverse 

velocity, laser height and laser width.

(v) Micro features were investigated with optical microscope.

(vi) Experimental results were analyzed in SATISTICA software.

1.6 LIMITATION OF THE RESEARCH

Only basic MEMS structure such as micro channel could be generated and 

studied as there is a limitation to the available laser machines in Malaysia. In this 

research, only feasible parameter values were able to be identified as the current 

information collected were not sufficient enough to obtain the optimum parameter 

values. Furthermore, laser-micromachining on PMMA is still in the subject of research.  
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1.7 SIGNIFICANCE OF STUDY

Since laser-micromachining on PMMA is still in the subject of research, this 

project would provide some basic ideas regarding the range and response of PMMA 

under the selected experimental parameters. The results discussed in this research paper 

would provide a better understanding and information so that further researches could 

be done in a much productive ways.    



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter explains the components and elements in this research which 

includes definitions and others related issues in a more detailed manner. It is divided 

into four main sections: Micro Electromechanical System, Laser Micromachining, 

Polymethyl-methacrylate and Laser Microstructuring on PMMA. The interconnections 

of these sections are showed in this chapter based on comments and facts from other

researchers related to this topic as well as from research reports and journals. 

2.2 MICRO ELECTROMECHANICAL SYSTEM 

The development of Micro electromechanical systems (MEMS) structure has

advanced in a rapid rate as the needs for high performance, small size and low cost 

devices are increasing. MEMS refer to devices that have a characteristic length of less 

than 1mm but more than 1μm, which combine electrical and mechanical components.

MEMS is an emerging technology which utilizes integrated circuit (IC) fabrication

techniques to produce integrated microsensors, microelectronics and microactuators to 

fabricate micronsized devices which can sense and act on the local environment

(Zorman et al., 1997). Example of MEMS structure can be seen in Figure 2.1.
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Figure 2.1: Micro electromechanical systems (MEMS) structure

Source: Sato et al. (2007)

2.2.1 Application of MEMS 

MEMS structure has been widely applied in remote controls and communication 

devices which combined electrical and mechanical components.  Significant efforts 

have been directed toward MEMS fabrication in device innovation, integration, and 

commercialization such as the commercial MEMS sensors which is widely used in 

automobile airbag deployment systems (Ratcliffe et al., 2008). Other applications for 

MEMS include biomedical devices and microphones. 

2.2.2 Fabrication of MEMS 

Laser micromachining is widely used to fabricate MEMS because of its 

materials flexibility and 3D capabilities.  The fabrication approach conveys the 

advantages of miniaturization, multiple components and microelectronics to the design 

and construction of integrated electromechanical systems. With increasing complexity 

of microsystems, the importance of simulation for MEMS products increased in value 
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which results in difficulty to resolve the interdependencies of the particular parameters

(Nagler et al., 1998). The traditional and Laser direct write system for fabrication of 

MEMS component can be seen in Figure 2.2 and 2.3.

Figure 2.2: Traditional fabrication of MEMS component

Figure 2.3: Laser direct write system to fabricate MEMS component

Source: Dubey (2007)
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2.3 LASER MICROMACHINING 

Laser micromachining is based on the local support of energy to materials at the 

surface where the laser light is transformed into heat (Meijer, 2001). During laser 

machining processes, there is no surface contact involved as the laser beam is sprayed

from the nozzle directly to the material. Therefore, with a motion controller, there is 

almost no limit to the cutting path as the cutting point can move in any direction. With 

laser micromachining, complex designs can easily be performed without expensive 

tooling costs or long lead times (Duflou et al., 2007).

Figure 2.4: Laser beam interaction

2.3.1 Fundamental of Laser

The word "laser" is an acronym for Light Amplification by Stimulated Emission 

of Radiation. Laser is limited to electromagnetic radiation emitting devices using light 

amplification by stimulated emission of radiation at wavelengths from 180 nanometers 

to 1 millimeter (refer Figure 2.5). The electromagnetic spectrum includes energy 

ranging from gamma rays to electricity (Aldrich, 2003).
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ABSTRACT


Micro electromechanical systems (MEMS) fabrication leads to new requirements in production technology as the demands of high performance, small size and low cost devices are increasing. This research was conducted using a solid state pulsed Nd:YAG laser machine with a 3-axis motion controller to generate MEMS structure on PMMA. The MEMS structure generated on PMMA includes laser lines and laser spots. The effects of various laser parameters on the PMMA specimen were studied and measured under optical microscope before transferring the data to STATISTICA software for analysis. From the results, the feasible laser parameter combinations can be determined to generate the smallest possible micro feature on PMMA. Pulse energy and cutting speed from the process parameters show significant response to the line width for generation of laser lines geometry. As for the generation of laser spots geometry, pulse width from the process parameters significantly affects the diameter length of the spots. The usage of assist gas has generally decreases the laser spots diameter for generation of both micro-holes and line width for generation of micro-lines but it also causes inconsistency to the cutting quality of the laser machine. The feasible parameters for structuring laser lines (micro-channels) geometry without assist gas are found to be in the range of 40 – 90 mm/min for traverse speed and 0.01 - 0.02 J for pulse energy. On the other hand, the feasible parameters for laser lines geometry with assist gas are found to in the range of 80 - 120 mm/min for traverse speed and 0.01 – 0.02 J for pulse energy. As for structuring laser spots (micro-holes), the feasible parameters for generating laser spots geometry without assist gas are found to be in the range of 18 – 26 % for pulse height and 0.15 – 0.21 ms for pulse width. On the other hand, the feasible parameters for laser spots geometry with assist gas are found to be in the range of 24 – 36 % for pulse height and 0.15 – 0.20 ms for pulse width. 


ABSTRAK


Fabrikasi Sistem Mikro Elektromekanis (MEMS) telah menyebabkan keperluan baru dalam teknologi kerana tuntutan pengeluaran yang prestasi tinggi, saiz kecil dan peranti kos rendah semakin meningkat. Penyelidikan ini dilakukan dengan menggunakan Nd: YAG laser dalam keadaan statik dengan mesin kawalan gerak 3-axis untuk menghasilkan struktur MEMS pada PMMA. Struktur MEMS yang dihasilkan pada PMMA termasuk garis laser dan bintik laser. Pengaruhan daripada pelbagai parameter laser pada spesimen PMMA dikaji dan diukur di bawah pemerhatian mikroskop optik sebelum memindahkan data ke peranti perisian STATISTICA untuk analisis.  Berdasarkan analisis daripada STATISTICA, kombinasi laser parameter yang sesuai boleh ditentukan untuk menghasilkan size geometri terkecil yang mungkin pada PMMA. Denyutan tenaga dan kelajuan pemotongan menunjukkan respon yang signifikasi dengan ketebalan garisan bagi penghasilan garis laser. Selain itu, denyutan lebar pula menunjukkan responsi yang signifikasi kepada saiz diameter bagi penghasilan bintik laser. Pengunaan bantuan gas secara umumnya telah megurangkan diameter titik laser untuk penghasilan lubang mikro dan lebar untuk penghasilan garis mikro tetapi ia juga menyebabkan ketidakstabilan terhadap kualiti permotongan mesin laser. Parameter yang sesuai untuk menghasilkan garis laser geometri tanpa bantuan gas ditemui di jarak 40 - 90 mm/minit kelajuan laser mesin dan 0.01-0.02 J untuk tenaga pulsa. Selain itu, parameter yang sesuai untuk garisan laser dengan bantuan gas ditemui dalam jarak 80 - 120 mm/minit untuk kelajuan mesin laser dan 0.01 - 0.02 J untuk tenaga pulsa. Untuk penghasilan titik laser pula, parameter yang sesuai untuk menghasilkan geometri titik laser tanpa bantuan gas dijumpai berada di jarak 18 - 26% untuk kualiti pulsa dan 0.15-0.21 ms untuk lebar pulsa. Selain daripada itu, parameter yang sesuai untuk geometri titik laser dengan bantuan gas ditemui berada dalam julat 24 - 36% untuk kualiti pulsa dan 0.15-0.20 ms untuk lebar pulsa.
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CHAPTER 1


INTRODUCTION

1.1 INTRODUCTION

This thesis consists of five chapters. This chapter will provide the overview of the research which includes some basic ideas and parameters involved in this research. Chapter 2 reviews some theoretical background and previous research on laser-micro machining and MEMS fabrication on PMMA. The concept of methodology is explained in chapter 3 while the overall results and discussion are included in chapter 4. Finally, chapter 5 concludes the overall outcome for this project together with recommendation for future researches.       

1.2 BACKGROUND OF STUDY

In recent years, laser machining has become a well-established sheet processing method due to its narrow cut kerfs. Literally, thousands type of lasers had been identified since the discovery of laser. However, only a relative few of these laser sources have found broadly based, practical applications such as CO2 and Nd:YAG Laser. Different materials can be cut by different process depending on the thickness and properties. Few of the materials that mainly used for laser machining are steel, silicon and Acrylic plastics (PMMA). 

Micro electromechanical systems (MEMS) fabrication leads to new requirements in production technology as the demands of high performance, small size and low cost devices are increasing. As micro-components are typically difficult to access and highly sensitive to mechanical forces and impacts, contact-free laser adjustment process offers a great potential for accurate manipulation of micro-devices. The applications for MEMS includes biomedical devices, and communication devices which combined electrical and mechanical components

In this project, the laser-micromachining experiment was conducted using a solid state pulsed Nd:YAG laser. This laser has been gaining interest in recent years for precision cutting because of its low mean beam power, high intensity, good focusing characteristics and narrow heat affected zone (HAZ). As for the type of material, polymethyl-methacrylate (PMMA) was selected due to its wide application in fabrication of micro-features and MEMS components. Simple line (micro-channel) and spot (micro-hole) geometries were generated on PMMA and analyzed. This project results will provide a common ground in fabrication of MEMS structure on PMMA using laser. 

1.3 
PROBLEM STATEMENT

Laser micro machining for MEMS structure are still under the subject of research, therefore there is no accurate information regarding to the laser machining process. Although there are several publish reports done regarding the usage of laser machine on PMMA, the feasible laser micro machining parameters for PMMA are still unknown as the optimum values are hard to obtain. 

One of the problems faced are the effect of heat affected zone (HAZ) during laser micro machining for PMMA which would downgrade the overall surface quality of the micro feature. Furthermore, laser cutting mechanism is more on thermal process which would easily damage the PMMA specimen due to its low melting point. 


1.4
OBJECTIVES OF THE RESEARCH 

The objectives of this research are:

(i) To generate MEMS structures on PMMA using laser micro machining technique.

(ii) To identify the effect of laser parameters on the quality of PMMA’s MEMS structure

(iii) To determine the feasible laser parameter combination to generate smallest possible micro feature on PMMA 

1.5 
SCOPE OF THE PROJECT

The list of scopes for this project:

(i) The MEMS structures considered were micro channel and micro spot. 


(ii) Solid state pulse Nd:YAG laser integrated with 3-axis motion controller will be tested for micro machining. 

(iii) Laser machining experiment were designed by using the STATISTICA software.


(iv) The laser parameters considered were pulse energy, assist gas, traverse velocity, laser height and laser width.

(v) Micro features were investigated with optical microscope.


(vi) Experimental results were analyzed in SATISTICA software.

1.6
LIMITATION OF THE RESEARCH

Only basic MEMS structure such as micro channel could be generated and studied as there is a limitation to the available laser machines in Malaysia. In this research, only feasible parameter values were able to be identified as the current information collected were not sufficient enough to obtain the optimum parameter values. Furthermore, laser-micromachining on PMMA is still in the subject of research.  

1.7
SIGNIFICANCE OF STUDY

Since laser-micromachining on PMMA is still in the subject of research, this project would provide some basic ideas regarding the range and response of PMMA under the selected experimental parameters. The results discussed in this research paper would provide a better understanding and information so that further researches could be done in a much productive ways.    

CHAPTER 2


LITERATURE REVIEW

2.1
INTRODUCTION

This chapter explains the components and elements in this research which includes definitions and others related issues in a more detailed manner. It is divided into four main sections: Micro Electromechanical System, Laser Micromachining, Polymethyl-methacrylate and Laser Microstructuring on PMMA. The interconnections of these sections are showed in this chapter based on comments and facts from other researchers related to this topic as well as from research reports and journals. 

2.2 
MICRO ELECTROMECHANICAL SYSTEM 

The development of Micro electromechanical systems (MEMS) structure has advanced in a rapid rate as the needs for high performance, small size and low cost devices are increasing. MEMS refer to devices that have a characteristic length of less than 1mm but more than 1μm, which combine electrical and mechanical components. MEMS is an emerging technology which utilizes integrated circuit (IC) fabrication techniques to produce integrated microsensors, microelectronics and microactuators to fabricate micronsized devices which can sense and act on the local environment (Zorman et al., 1997). Example of MEMS structure can be seen in Figure 2.1.

                        

Figure 2.1: Micro electromechanical systems (MEMS) structure


Source: Sato et al. (2007)

2.2.1
Application of MEMS 

MEMS structure has been widely applied in remote controls and communication devices which combined electrical and mechanical components.  Significant efforts have been directed toward MEMS fabrication in device innovation, integration, and commercialization such as the commercial MEMS sensors which is widely used in automobile airbag deployment systems (Ratcliffe et al., 2008). Other applications for MEMS include biomedical devices and microphones. 

2.2.2
Fabrication of MEMS 

Laser micromachining is widely used to fabricate MEMS because of its materials flexibility and 3D capabilities.  The fabrication approach conveys the advantages of miniaturization, multiple components and microelectronics to the design and construction of integrated electromechanical systems. With increasing complexity of microsystems, the importance of simulation for MEMS products increased in value which results in difficulty to resolve the interdependencies of the particular parameters (Nagler et al., 1998). The traditional and Laser direct write system for fabrication of MEMS component can be seen in Figure 2.2 and 2.3.



Figure 2.2: Traditional fabrication of MEMS component




Figure 2.3: Laser direct write system to fabricate MEMS component


Source: Dubey (2007)


2.3
LASER MICROMACHINING 

Laser micromachining is based on the local support of energy to materials at the surface where the laser light is transformed into heat (Meijer, 2001). During laser machining processes, there is no surface contact involved as the laser beam is sprayed from the nozzle directly to the material. Therefore, with a motion controller, there is almost no limit to the cutting path as the cutting point can move in any direction. With laser micromachining, complex designs can easily be performed without expensive tooling costs or long lead times (Duflou et al., 2007).



Figure 2.4: Laser beam interaction

2.3.1
Fundamental of Laser


The word "laser" is an acronym for Light Amplification by Stimulated Emission of Radiation. Laser is limited to electromagnetic radiation emitting devices using light amplification by stimulated emission of radiation at wavelengths from 180 nanometers to 1 millimeter (refer Figure 2.5). The electromagnetic spectrum includes energy ranging from gamma rays to electricity (Aldrich, 2003).




Figure 2.5: Electromagnetic spectrum and wavelengths of various regions

Source: Aldrich (2003)


Ultraviolet radiation for lasers consists of wavelengths between 180 and 400 nm. The visible region consists of radiation with wavelengths between 400 and 700 nm. This is the portion we call visible light. The infrared region of the spectrum consists of radiation with wavelengths between 700 nm and 1 mm. 

2.3.2
Types of Laser

Since the discovery of the laser, literally thousands of types of lasers have been discovered. Lasers can be broadly classified into four categories: semiconductor lasers, gas lasers, optically dye lasers, and “other,” a category which includes chemical lasers, gas-dynamics lasers, x-ray lasers and combustion lasers (Griot, 2009). However, lasers that are widely used in industries are gas discharge lasers which include CO2 lasers, Excimer lasers and Nd-YAG lasers (Meijer, 2001). The different sources of lasers are shown in Table 2.1. 

Table 2.1: Photon energy and wavelength from different laser sources


		Laser


source

		Wavelength


λ (nm)

		Photon energy


E (eV)



		CO₂

		10600

		0.12



		Nd:YAG

		1064

		1.16



		XeF

		351

		3.53



		XeCl

		308

		4.03



		Nd:YAG 4th harm

		266

		4.65



		KrF

		248

		5.00



		KrCl

		222

		5.50



		ArF

		193

		6.42



		F₂

		157

		7.43





Source: Meijer (2001)


The laser diode is a light emitting diode with an optical cavity to amplify the light emitted from the energy band gap that exists in semiconductors as shown in Figure 2.6. They can be tuned by varying the applied current, temperature or magnetic field.




Figure 2.6: Semiconductor laser diagram



Source: Aldrich (2003)


Gas lasers consist of a gas filled tube placed in the laser cavity as shown in Figure 2.7. A voltage (the external pump source) is applied to the tube to excite the atoms in the gas to a population inversion. The light emitted from this type of laser is normally continuous wave (CW). One should note that if brewster angle windows are attached to the gas discharge tube, some laser radiation may be reflected out the side of the laser cavity. Large gas lasers known as gas dynamic lasers use a combustion chamber and supersonic nozzle for population inversion.



Figure 2.7: Gas laser diagram

Source: Aldrich (2003)


Figure 2.8 shows an optically dye laser which employ an active material in a liquid suspension. The dye cell contains the lasing medium. Many dyes or liquid suspensions are toxic.



Figure 2.8: Common optically dye laser diagram

Source: Aldrich (2003)

2.3.3
Laser Light Properties

Coherence is one of the unique properties of laser light. It arises from the stimulated emission process which provides the amplification. Since a common stimulus triggers the emission events which provide the amplified light, the emitted photons are in step and have a definite phase relation to each other. This coherence is described in terms of temporal coherence and spatial coherence, both of which are important in producing the interference which is used to produce holograms (Nave, 2005).

Monochromatic is another properties of laser light. The light from a laser typically comes from one atomic transition with a single precise wavelength. So the laser light has a single spectral color and is almost the purest monochromatic light available. Since the wavelength of the light is extremely small compared to the size of the laser cavities used, then within that tiny spectral bandwidth of the emission lines are many resonant modes of the laser cavity (Nave, 2005).

The light from a typical laser emerges in an extremely thin beam with very little divergence and can maintain high beam intensities over long ranges as shown in Figure 2.9. Another way of saying this is that the beam is highly collimated. 



Figure 2.9: Divergence of laser source

Source: Aldrich (2003)

Reflection of laser light is best illustrated by a mirror. If light rays strike a mirror, almost all of the energy incident on the mirror will be reflected. Figure 2.10 illustrates how a plastic or glass surface will act on an incident light ray. The sum of energy transmitted, absorbed, and reflected will equal the amount of energy incident upon the surface (Aldrich, 2003). 



Figure 2.10: Light ray incident to glass surface


Source: Aldrich (2003)

2.3.4
Laser Micromachining Processes


Laser micromachining includes a wide range of processes where material is removed accurately but the term is also used to describe processes such as microjoining and microadjustment by laser beam. Most applications are found in the electronic industry in high-volume production. The list of laser micromachining processes is shown in Table 2.2.  


Table 2.2: List of laser micromachining processes

		Laser Micromachining Processes



		Ablation


Cutting


Drilling


Decoration

		Wire stripping


Marking


Welding


Structuring

		Soldering


Trimming


Hardening


Texturing





Source: Meijer (2001)

2.3.5
Principle of Laser Material Removal

By referring to Figure 2.11, laser energy is focused on the material surface and partly absorbed. The absorptivity depends on the material, the surface structure, the power density and wavelength (Meijer, 2001). Laser cuttings on glass with different parameter settings can be seen in Figure 2.12.




Figure 2.11: Laser beam interaction and material removal


Source: Meijer (2001)




Figure 2.12: Laser cuttings on glass with different parameter settings

Source: Raciukaitis, G. (2009)

2.3.6
Applications of Laser Micromachining 

The application of laser micromachining includes manufacturing biomedical devices such as the use of femtosecond lasers for eye surgery. Laser machining is also used for surface structuring to create MEMS structure and micromachining to perform drilling of diesel injector nozzles and other thick metal machining (Rizvi, 2003). 

2.4
POLYMETHYL-METHACRYLATE 

Polymethyl-methacrylate (PMMA), so-called Arcylic plastic as a trade name is a tough, highly transparent material and has excellent resistance to ultraviolet radiation and weathering. It can be colored, molded, cut, drilled, formed and compounds for injection molding or extrusion. Polymethyl-methacrylates are available in cast sheet, rod or tube, extruded sheet and film. The flat sheet samples of PMMA can be seen in Figure 2.13. 




Figure 2.13: Flat sheets samples of PMMA

Like all plastics, Polymethyl-methacrylates are polymers. Methyl methacrylate is the basic molecule, or monomer, from which polymethyl methacrylate and many other acrylic plastic polymers are formed. The chemical notation for this material is CH2=C(CH3) COOCH3. During polymerization, one leg of this double bond breaks and links up with the middle carbon atom of another methyl methacrylate molecule to start a chain (Chen, G.H, 1999).

2.41
Properties of Polymethyl-methacrylate

Polymethyl-methacrylate has an excellent combination of structural and thermal properties which is stable against discoloration. Clear acrylic plastic is as transparent as the finest optical glass. It has a light transmittance of 92%, exceptionally low haze level of approximately 1%, and an index of refraction of 1.49 (Nutt, 2000)

The mechanical properties of PMMA are high for short-term loading. However, for long-term service, tensile stresses must be limited to 1,500 psi to avoid crazing or surface cracking. Although acrylic plastics are among the most scratch resistant of the thermoplastics, normal maintenance and cleaning operations can scratch or abrade them if it is not properly handled. The glass transition temperature of PMMA ranges from 85 to 165 °C (Chen, K. et al., 2000).

2.42
Application of Polymethyl-methacrylate

Polymethyl-metacrylate is widely used in many fields due to its optical characteristics. The area of application is very wide, concerning objects used in everyday life: CDs, toys, boxes, device housings, glass replacement, but also in vehicle industry, civil engineering and architecture, as well as in medicine and electronics. Another notable application is the ceiling of the Houston Astrodome which is composed of hundreds of double-insulating panels of PMMA acrylic plastic.

2.43
Polymethyl-methacrylate Safety Considerations 

Polymethyl-methacrylate manufacturing involves highly toxic substances which require careful storage, handling, and disposal. The polymerization process can result in an explosion if not monitored properly. It also produces toxic fumes. Acrylic plastic is not easily recycled. It is considered a group 7 plastic among recycled plastics and is not collected for recycling in most communities. Large pieces can be reformed into other useful objects if they have not suffered too much stress, crazing, or cracking. PMMA like many other plastics, are not readily biodegradable. Some acrylic plastics are highly flammable and must be protected from sources of combustion (Dorman and Cavette, 1994).

2.5
LASER MICROSTRUCTURING ON PMMA 

The mechanism of material removal for plastics is based on photochemical reactions with photons (Meijer, 2001). Microstructuring by lasers is used effectively for producing fine surface structures on material parts such as PMMA (refer Figure 2.14). The most commonly used laser for microstructuring is a low-power pulsed Nd: YAG type as the melting point for PMMA are rather low.  




(a)  




(b)

Figure 2.14: PMMA laser structure for (a) ablation process and (b) fine hole drilling with a diameter of 5µm

Source: Meijer (2001)

2.5.1
PMMA Interaction and Heat Affected Zone in Laser Machining

One disadvantage of the laser ablation process is that a heat- affected zone is left behind where the molten material re-solidifies or heated and cooled rapidly. Additional motivation for the use of the ultra-short pulses instead of nanosecond pulses is to reduce the effects on heat-affected zone due to shorter duration of the laser pulse (Kruger and Kautek, 1995).

In a research perform by Kovacevic et al. (2007), the PMMA samples were exposed to laser beams of various types of lasers then analyzed by light microscopy and scanning electron microscopy. In Figure 2.15, the microscopic view of the PMMA drilling is presented. The operation was performed by CO2 laser (50 W, on-time 10 ms, repetition100 Hz).



Figure 2.15:  Microscopic view of one laser-cut hole on PMMA speciment


Source: Kovacevic et al. (2007)

The areas around laser induced holes are much smaller than other mechanically processed damages as the laser affected zone (LAZ) is less than heat affected zone (HAZ). Damages due to thermochemical changes of PMMA are more readily seen in bulk samples than in thin sheets because incompletely polymerized material carbonizes in small spots.

2.5.2
Assist Gas in Laser Micromachining 


Assist gas in laser micromachining provides a mechanical force to eject the melt from the cut zone and cools the cut zone by forced convection. In a research perform by Chen, K. et al. (2000), the effect of gas pressure and nozzle standoff distance on structure of the supersonic shock pattern is studied. From their research, the mass flow rate associated with the shock structure is primary determined by the interactions between nozzle, work piece and gas flow. Figure 2.16 shows the contour static pressure. The ratio between jet exist and ambient static pressure is called the underexpension ratio. The assist gas jet is underexpanded if the total pressure exceed 1.89 times the ambient pressure as the flow downstream of the nozzle exist becomes supersonic. 



Figure 2.16: Contour static pressure


Source: Chen, K. et al. (2000)

The interaction of a supersonic and turbulent axis symmetric jet with the workpiece results in large reduction of the total pressure across the standoff shock. In addition, the pressure gradient and shear force fluctuate at the machining front reduced the removal capability of the gas jet and result in poorer surface finish.

2.5.3
Visualization of Nd:YAG Laser Beams on PMMA

PMMA is used as it exhibits low conduction and reflection as well as a low cut front temperature of approximately 600°C. The result is typically described as a mode burn though more complex processes. In a research perform by Harris and Brandt (2002), laser beam interaction with the cut front during the cutting of metal were investigated to see the nature of laser light passing through the kerf during laser cutting. A black PMMA is used as it is known as a good absorber of 1.064 mm laser light. The carbon black PMMA converts the incident radiation to heat that conducts to the acrylic that is then able to evaporate in much the same manner as clear PMMA when irradiated with a CO2 laser. The presence of a absorption, transfer and evaporation process is demonstrated in Figure 2.17 by the presence of a heat affected and resolidification zone




Figure 2.17: Cuts showing the heat affected zone as a white layer and evidence of resolidification at the top edges

Source: Harris and Brandt (2002)



Figure 2.18: Plan view of laser tracks in PMMA sheet for (a) direct laser beam scan, (b) beam passing through conventional 12mm mild steel cut and (c) beam passing through a spinning beam cut 

Source: Harris and Brandt (2002)

As the cutting speed increased, more light was absorbed by the melt face and that more light passes through the cut during spinning beam cutting for a given cutting speed. Figure 2.18 shows plan views of burn tracks for conventional cutting, spinning beam cutting and no cutting that have resulted from use of the apparatus.


2.5.4
Cutting Quality of PMMA using Laser Machining

According to the research paper by Davim et al. (2008), they demonstrated how low power (60 W) CO2 laser can be used for cutting nonmetallic materials. In this case, it is particularly suitable for plastic board cutting. The PMMA workpiece from their research paper after cutting can be seen in Figure 2.19. 



Figure 2.19: PMMA workpiece after cutting process using CO2 laser machine 


Source: Davim et al. (2008)

In general, the Heat Affected Zone (HAZ) increases with the laser power and decreases with the cutting velocity. As for the surface roughness, it increases with a decrease in laser power and an increase of cutting velocity.

2.5.5
Single Laser Pulses on PMMA


The interaction of short pulses with polymers has attracted much interest in recent years. Many of the studies have been concentrated on analysis of the laser ablation by using the light from UV range, where many polymers are highly absorbing. The role of the various ablation mechanisms is still under debate, with both photo-thermal and photochemical processes being considered (Srinivasan et al., 1986).


In a research paper done by Klinger et al. (2009), an ablation by a femtosecond laser pulses of polymethylmethacrylate was investigated in the near- infrared region. The size and shape as well as morphological forms occurring in the resulted craters were analyzed as a function of irradiation fluency. From the microscopic view, various forms of surface modifications occur on ablated crater such as cracks, outer rims and sharp edges as shown in Figure 2.20: 



Figure 2.20: Laser-pulses ablated surface modification for (a) cracks (b) sharp edge and outer rim


Source: Klinger et al. (2009)

They concluded that for fluencies higher than 1.1 , pulses with internal ring with modified structure were created in the centre of the crater. This structure assumes a shape from cracks around the internal ring which caused ripple structure with the period corresponding to the wavelength of the irradiating beam.

2.5.6
Laser Ablation on PMMA 

Laser ablation on PMMA has been extensively studied due to its importance in lithography, semiconductor packaging and medical applications. Due to the transparency of most polymers, it is difficult to obtain consistent ablation results in that wavelength range. One concept to overcome this problem might be the highly nonlinear mechanism in dielectrics upon irradiation with high- intensity ultra-short laser pulses (Bonse et al., 2005).

Based from the research paper done by Urech et al. (2005), a nanosecond (ns) Nd:YAG laser and femtosecond (fs) Ti:sapphire laser were used for all ablation experiments under ambient conditions. The influence of different laser pulse lengths on the removal of a polymer layer from metal subtracts was investigated and the best results were achieved for the removal of doped PMMA by femtosecond laser irradiation, where only a minimal modification of the metal surface was detected. In the case of nanosecond laser irradiation, a pronounced change of the substrate structure was observed, suggesting that damage-free cleaning of the selected metal is impossible. The SEM pictures for both ablation spot and lines can be seen in figure 2.21. 



Figure 2.21: SEM pictures of (a) ablation spot of doped PMMA by ns laser irradiation and (b) the influence of the pulse repetition rate and the fluence for fs laser

Source:  Urech et al. (2005)

CHAPTER 3


METHODOLOGY

3.1 
INTRODUCTION

This chapter discussed the concept of methodology used for conducting the experiment research. It further explained about the method used and also the software and hardware specification needed for this project development. The sections in this chapter include Flow Chart, Design of Experiment, Experimental Set-up and Calibration, Data and Experimental Setting, Experimental and Experimental Analysis.

3.2
FLOW CHART


Figure 3.1 shows the overall flow chart for this final year project (FYP). Literature reviews, problem statement, project objectives, project scopes and preliminary experiment were all done in PSM 1. As for PSM 2, the rest of the tasks were covered which includes experimental research, experimental analysis, experimental discussion and report writing. The Experimental process flow chart for FYP can be seen in Figure 3.2. 



Figure 3.1: Overall flow chart for the final year project (FYP)
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Figure 3.2: Experimental process flow chart for FYP

3.3
DESIGN OF EXPERIMENT 

The Design of Experiment (DOE) for this project was constructed by using STATISTICA software. This experimental design technique applies various analysis of variance principles to product development. The primary goal is to extract the maximum amount of unbiased information regarding the factors affecting a production process from a few observations.

There are various types of DOE available in STATISTICA such as 2**(K-p) Standard Designs, 3**(K-p) and Box-Behnren Designs, Central Composite Design, Taguchi Robust Designs and Mixture Design. For this project, the DOE chosen was the 3**(K-p) and Box-Behnren Designs where it involved two independent variables (K) and 11 number of cases.

In this project, a total of 4 sets of experiments were carried out for generating laser lines and dots geometries but only two different set of DOE needed to be constructed. The DOE consists of 2 factors (independent variable), 1 block and 9 runs. However, repeatability of the machine and nonlinearity were taken into account by adding 2 center points which sums up a total of 11 runs. The complete DOE generated by STATISTICA can be seen in Figure 3.3.   



Figure 3.3: Design of Experiment (DOE) generated by STATISTICA

Before the DOE is constructed, the maximum and minimum parameters involved had to be determined first to provide the required information to feed the software. The order of runs was randomly organized based on the maximum, minimum and the centre value of the selected parameters. 

3.4
EXPERIMENT SET-UP AND CALIBRATION


The experiments were performed by using the GSI Lumonic JK300HP Nd-YAG pulse laser machine as shown in Figure 3.4. It has a maximum peak power of 9 kW, maximum pulse energy of 56 J, pulse width range of 0.2 to 20 ms and maximum frequency of 1000 Hz. 



Figure 3.4: GSI Lumonics JK300HP Nd-YAG Pulsed laser 

In addition, this laser also has a wavelength of 1064nm. The processes capability performed by the solid state pulsed Nd-YAG laser machine includes welding, heat treatment, cutting and drilling. 

As for the motion controller, the laser source was fixed on a modified CNC milling machine as shown in Figure 3.5 to carry out the experiments. Since milling machine has a three-axis motion controller, the pulsed laser cutting source could also move in any of its axis.



Figure 3.5: Modified CNC Milling machine



Figure 3.6: Complete set-up for the experiment

The complete experimental set-up for the CNC machine and solid state pulsed Nd-YAG laser machine are shown in Figure 3.6.  Instead of using the original cutting tool from the CNC milling machine, a special designed plate was screwed on the milling machine before attaching the laser source to it. All power sources were turned off during these experimental set-ups as a safety precaution. 

The laser machine has a nozzle tip of 1 mm and focal length of 60mm. During the experiment, the image of the process can be captured through the camera attached to it to study the sparks and laser light sprayed from the laser source. As for the assist gas, it flows through the air tube directly into the laser source when the experiments were conducted. An additional power source is also needed to power up the camera.


Two computer software programs were used to control the milling machine’s movement while adjusting the parameters of the laser source. These software programs had to be carefully monitored throughout the experiments to avoid any malfunction of the system. Therefore, two different set of computers were used to run each of these software as shown in Figure 3.7. 



Figure 3.7: Computers used to run the Laserview(TM) SE software and Virtual Reality CNC Milling-NOVAMILLINS software


Although the software programs were running in a separate computer, both software settings cannot be adjusted at the same time as they are interrelated to each other. The computer with the bigger screen runs the Laserview(TM) SE software for controlling the laser source parameters while the other one runs the Virtual Reality CNC Milling-NOVAMILLINS software to control the movement of the milling machine. 

The Laserview(TM) SE software acts as the base program where the parameters and settings for the Nd-YAG pulsed laser source had to be identified first before switching over to the NOVAMILLINS software to adjust the movement of the CNC milling machine. The software switching processes were executed by clicking the “Go Remote” option in the Laserview(TM) SE software. Where else to switch back, the “Go Local” option had to be clicked as shown in Figure 3.8.  




Figure 3.8: The “Go Local” and “Go Remote” options in Laserview(TM) SE


Before running the experiments, the solid state Nd:YAG pulsed laser machine had to be calibrated first to ensure the accuracy of the results. The device used to carry out the calibration was BASE MASTER where it will ensure that the z-plane is equivalent with its height of 50mm by adjusting the motion controller in the Virtual Reality CNC Milling-NOVAMILLINS software. The laser machine calibration can be seen in Figure 3.9.



Figure 3.9: Experiment calibration with BASE MASTER

The movement for the milling machine can be manually controlled or runs in auto-mode. By clicking the “Jog” icon in NOVAMILLINS, the movement for the machine can be manually controlled using the direction keypad on the keyboard as shown in Figure 3.10.  





Figure 3.10: NOVAMILLINS software’s control panel


After calibration, the X and Y offset values were set as 0 (zero) accept for the Z-axis as it had to be set according to the height of the BASE MASTER (50mm). The interface of the offset settings in NAVAMILLINS can be seen in Figure 3.11.



Figure 3.11: Interface for Work Piece Offset settings in NOVAMILLINS

3.5
DATA AND PARAMETERS SETTING 

 The adjustable parameters for the Nad-YAG laser machines includes repetition rate (Hz), pulse width (ms) and pulse height (%) where the total pulse energy (J) of the machine is directly influence by parameters of both width and height (refer Figure 3.12). As for the total length (µm) and traverse speed (mm/min) for the cuttings, they had to be adjusted using the Virtual Reality CNC Milling-NOVAMILLINS program.



Figure 3.12: Total pulse energy (J) and Power (W) executed by the pulsed laser machine  

The laser source parameters were adjusted in the Laserview(TM) SE software as seen in Figure 3.13.



Figure 3.13: The interface of Laserview(TM) SE for active parameters setting

The “Normal” option indicates that the laser machine would be running with continuous laser pulse energy, where else multiple pulses can also be executed on the same spot according to the settings under the “Multi-Pulse” option.




Figure 3.14: Coding for auto-mode movement runs in NOVAMILLINS


The cutting speed for the laser was adjusted by changing the coding in the Virtual Reality CNC Milling-NOVAMILLINS program. By referring to figure 3.14, F50 indicate that the cutting speed for the laser machine would be running at 50 mm/sec. 

3.6
EXPERIMENTAL 


Structuring laser spots geometry on the work piece only required to use the LaserView(TM) SE program as there was no movement involved. The laser machine could be set “Off” and “On” or even in “Standby” mode to rest the machine during the experiment. After setting the required parameters, the laser-pulsed experiments were executed by clicking the “Open” button as shown in Figure 3.15. 




Figure 3.15: Basic options available in LaserView(TM) SE


On the other hand, both software programs were heavily involved for structuring laser lines geometry. The parameters for laser power had to be adjusted in the LaserView(TM) SE program while the cutting speed for the laser had to be adjusted in the Virtual Reality CNC Milling-NOVAMILLINS program. These experiments were run according to the coding set before in NOVAMILLINS by pressing the play icon as shown in Figure 3.16. 



Figure 3.16: Options available in Virtual Reality CNC Milling-NOVAMILLINS



During the experiment, direct eye contact had to be avoided as the light transmit from the laser beam could caused damage to our vision in a long run. The laser beam spraying on the PMMA material can be seen in Figure 3.17 below.



Figure 3.17: Laser beam spraying from the nozzle on PMMA

3.7
EXPERIMENTAL ANALYSIS 


The experimental PMMA specimen results were observed under the optical microscope as shown in Figure 3.18 to study on the surface structure. 



Figure 3.18: Optical Microscope



The live-images of laser micro-structure were observed and transferred to the computer screen by a camera installed on the optical microscope as shown in Figure 3.19. 

 

Figure 3.19: Live-images from the optical microscope

From the laser micro-structure images, the geometry of the laser lines and spots geometries were measured and captured down together with a scale bar in each picture.     


The experimental data is then transferred into STATISTICA software to be analyzed which includes the values of independent parameters constructed in DOE together with the measured geometries of line width for laser lines and diameter for laser spots. By identifying the independent and dependant variables from the input data, the effect estimated and ANOVA statistical table were generated to check on the significant process parameters. 

Discussions were carried out on the normal probability plots together with the observed and predicted values generated in STATISTICA. The feasible process parameters values used for this research were identified based on the surface plot generated from STATISTICA software.  

CHAPTER 4


RESULTS AND DISCUSSION 

4.1
INTRODUCTION

This chapter discusses the results from the experiment done and further analyzed them using the STATISTICA software. The interactions of the parameters were discussed and the normal and observed verses predicted graphs were plotted out for all 4 experiments.  

4.2 
OPTICAL MICROSCOPIC OBSERVATION 

The experiments conducted on PMMA specimen include structuring lines with assist gas, lines without assist gas, spots with assist gas and spots without assist gas. The laser-generated features were observed under optical microscope to study on the surface structure, heat affected zone and geometries measurement.



Figure 4.1: Microscopic view of PMMA laser lines with measured width length of (a) 240 µm with assist gas and (b) 310 µm without assist gas

From the observation in Figure 4.1, the line generates on the PMMA without assist gas shows a much better structure quality compared to those with the use of assist gas. Meanwhile, the heat affected zone (HAZ) seems to be less critically seen for the laser line generated with assist gas.    



Figure 4.2: Microscopic view of PMMA laser spots with measured diameter of (a) 180 µm with assist gas and (b) 250 µm without assist gas



The micrographs views of laser spots generated on PMMA specimen are shown in Figure 4.2 above. From the observation, the laser spot generated with assist gas has a much better quality shape. As for the heat affected zone (HAZ), the effects on laser spot with gas is not so critically seen compared to the laser hole generated without gas. 

4.3
MEASUREMENT


 
The independent parameters involved for structuring lines were laser/pulse energy and traverse speed. The laser lines geometry generated on PMMA surface were investigated under optical microscope to measure the length width, which were used as the response variable for statistical significance analysis. The line width measured from various laser structuring parameters can be seen in Figure 4.3. 



(a)                                                  

(b)

Figure 4.3: Measured line width from experimental laser parameters generated by DOE for (a) without assist gas and (b) with assist gas


For structuring laser spots, the independent parameters involved were pulse width and pulse height. The diameter for the spots geometry were measured under optical microscope, which were used as the respond variable for statistical significant analysis. The diameter measured from various laser structuring parameters can be seen in Figure 4.4. 



Figure 4.4: Measured diameter lengths from experimental laser parameters generated by DOE for (a) without assist gas and (b) with assist gas

4.4
STATISTICAL ANALYSIS 


In order to identify the significant effect of each factor on the response, three statistical models were considered: model with no interaction, 2-way interaction (linear × linear) and 2-way interaction (linear, quadratic). The best statistical results were chosen by comparing the effect estimated table, ANOVA table, normal plot and predicted response plot of each model for laser lines geometry without gas.  

4.4.1
Analysis Based on Model with No Interaction 

Based on the effect estimated table in figure 4.5, both pulse energy and traverse speed from the process parameters show significant responses based on the statistically significant value of p. Both p values for pulse energy and traverse speed are below the significant value of 0.05.   



Figure 4.5: Effect estimated table generate by STATISTICA for no interaction



Figure 4.6: Table for analysis of variance (ANOVA) for no interaction

Similarly, the analysis of variance (ANOVA) table (Figure 4.6) shows that the p value for both pulse energy and traverse speed are below 0.05. The overall error of the machine was found to be quite acceptable at 14161.4 over a total of 190654.5. 

By referring to Figure 4.7, the graph results show acceptable values in terms of normality and model predictability. The deviations from normality graph are very small as all the points are considerably near to the normal value. Meanwhile, the predicted and observed values are almost identical to the normal plot.  



(a)




(b)

Figure 4.7: No interaction residual plots of (a) normal probability and (b) predicted and observed values

Similarly, statistical tests with the 2-way interaction model ( linear × linear and linear, quadratic) were carried out for struturing laser lines without assis gas.

4.4.2
Analysis Based on Model with 2-way Interaction (linear × linear) 

As seen in Figure 4.8, both pulse energy and traverse speed from the process parameters show significant responses based on the statistically significant value of p. Both p values for pulse energy and traverse speed are below the significant value of 0.05 except for quadratic parameter of pulse energy which has a p value of 0.929379. However, the results generated on the effect estimated table are still acceptable.  



Figure 4.8:  Effect estimated table for 2-Way Interaction (linear × linear)



Figure 4.9: ANOVA table for 2-Way Interaction (linear × linear)


Similarly, the analysis of variance (ANOVA) table (Figure 4.9) shows that the p value for both pulse energy and traverse speed are below 0.05. The overall error of the machine was found to be quite acceptable at 10353.7 over a total of 190654.5. 


Based from the graphs in Figure 4.10, the value in terms of normality and modal predictability are acceptable. The deviations from normality graph are very small as all the points are considerably near to the normal value. Meanwhile, the predicted and observed values are almost identical to the normal plot.  




(a)



(b)

Figure 4.10: 2-Way Interaction (linear × linear) residual plots of (a) normal probability and (b) predicted and observed values

4.4.3
Analysis Based on Model with 2- way Interaction (linear, quadratic) 

Based on the effect estimated table in Figure 3.11 for 2-Way Interaction (linear, quadratic), both power and traverse speed from the process parameters show significant responses based on the statistically significant value of p. The p values for pulse energy and traverse speed are below the significant value of 0.05 except for quadratic parameter for pulse energy which has a p value of 0.331233. However, the results are still acceptable for further analysis. 



Figure 4.11:  Effect estimated table for 2-Way Interaction (linear, quadratic)



Figure 4.12: ANOVA table for 2-Way Interaction (linear, quadratic)


Similarly, the analysis of variance (ANOVA) table (Figure 4.12) shows that the p value for both pulse energy and traverse speed are below 0.05. The random error of the machine was found to be very low at 66.7 over a total of 190654.5. 

Based from the graphs in Figure 4.13, the deviations from normality graph are tolerable as only few points are considered far from the normal value. Meanwhile, the relationship of the observed and predicted values is encouraging as all the values are in touch with the normal value line. 



(a)



(b)


Figure 4.13: 2-Way Interaction (linear, quadratic) residual plots of (a) normal probability and (b) predicted and observed values

Since the statistical analysis outcome for all 3 interactions show nearly the same implication for the experimental data, no way interaction modal is chosen to analyze the remaining experimental data.  


4.5
FEASIBLE PROCESS PARAMETER 

4.5.1
Generation of Laser Line Geometry without Assist Gas



Since the ANOVA table, effect estimated table and residual plots had already been generated before to compare the three available interaction modal analysis, the surface plot for laser line geometry without assist gas can straight away be generated for analysis. Figure 4.14 below features the feasible process parameter region for desirable response parameter.  Generally, feasible desirable regions for the response line width are found in the mid-left corner of the plot. This would indicate that medium traverse speed (40 - 90 mm/min) and low pulse energy (0.01 – 0.02 J) are desirable for structuring micro-lines on PMMA.   



Figure 4.14: Surface plot for laser lines geometry without assist gas 


4.5.2
Generation of Laser Line Geometry with Assist Gas


As seen in the effect estimated table in Figure 4.15, both pulse energy and traverse speed from the process parameters show a significant response based on the statistically significant value of p. Both p values for pulse energy and traverse speed are below the significant value of 0.05 except for the quadratic speed parameters with a p value of 0.409189. 




Figure 4.15: Effect estimated table for laser lines geometry with assist gas



Figure 4.16: ANOVA table for laser lines geometry with assist gas

Similarly, the analysis of variance (ANOVA) table for laser lines geometry with assist gas (Figure 4.12) shows that the p value for both pulse energy and traverse speed are below 0.05. The overall error of the machine was found to be acceptable at 1308.77 over a total of 34800.00. 


By referring to Figure 4.17, the graphs show acceptable values in terms of normality and modal predictability. In figure 4.17a, the deviations from normality graph are very small as all the points are considerably near to the normal value. Meanwhile in Figure 4.17b, the predicted and observed values are almost identical to the normal plot.  



(a)




(b)


Figure 4.17: No interaction residual plots of (a) normal probability and (b) predicted and observed values for laser lines geometry with assist gas

Figure 4.18 below features the feasible process parameter region of desirable response parameter for laser lines geometry with assist gas. Generally feasible desirable regions for the response line width are found in the top-left corner of the plot. This would indicate that high traverse speed (80 - 120mm/min) and low pulse energy (0.01 – 0.02J) are desirable for structuring micro-lines on PMMA.   




Figure 4.18: Surface plot for laser lines geometry with assist gas 

4.5.3
Generation of Laser Spots Geometry without Assist Gas


As shown in the effect estimated table for laser spots geometry with assist gas (Figure 4.19), none of the process parameters shows significant response based on the statistically significant value of p. However, the p value for process parameter of pulse width at 0.087043 is very close to the significant value of 0.05.    




Figure 4.19: Effect estimated table for laser spots geometry without assist gas




Figure 4.20: ANOVA table for laser spots geometry without assist gas


As for the ANOVA table (Figure 4.20) for laser spots geometry without assist gas, the p value for process parameter of pulse width is below 0.05 which shows significant response to the response diameter length. The overall error of the machine was found to be still acceptable at 47077.2 over a total of 208854.5. 


The graphs in Figure 4.21 show acceptable values in terms of normality and modal predictability. Based on Figure 4.21a, the values deviation from normality graph are small as all the points are considerably near to the normal value. Meanwhile in Figure 4.21b, the predicted and observed values are almost identical to the normal plot with only a few points scattered away from the normal value.  




(a)




(b)


Figure 4.21: No interaction residual plots of (a) normal probability and (b) predicted and observed values for laser spots geometry without assist gas

Figure 4.22 below features the feasible process parameter region of desirable response parameter for laser spots geometry without assist gas. Generally feasible desirable regions for the response diameter are found in the bottom-left corner of the plot. This would indicate that low pulse height (18 – 26%) and low pulse width (0.15 – 0.21ms) are desirable for structuring micro-spots on PMMA without assist gas.   




Figure 4.22: Surface plot for laser spots geometry without assist gas 


4.5.4
Generation of Laser Spots Geometry with Assist Gas


Base on the effect estimated table (Figure 4.23) for laser spots geometry with assist gas, none of the process parameters shows significant response based on the statistically significant value of p. However, the p value of pulse width is closest to the significant value of 0.05 compared to the process parameter of pulse height.     



Figure 4.23: Effect estimated table for laser spots geometry with assist gas




Figure 4.24: ANOVA table for laser spots geometry with assist gas


As for the ANOVA table (Figure 4.24) for laser spots geometry with assist gas, the p value for process parameter of pulse width is below 0.05 which shows significant response to the response diameter. The overall error of the machine was found to be high at 26719.30 over a total of 86490.91. 


The graphs in Figure 4.25 show acceptable values in terms of normality and modal predictability. In Figure 4.25a, the deviations from normality graph are small as all the points are considerably near to the normal value. Meanwhile in Figure 4.25b, most of the predicted and observed values are scattered around the normal value as the errors for the laser machine are quite high.



(a)




(b)


Figure 4.25: No interaction residual plots of (a) normal probability and (b) predicted and observed values for laser spots geometry with assist gas

Figure 4.26 below features the feasible process parameter region of desirable response parameter for laser spots geometry with assist gas. Generally feasible desirable regions for the response diameter are found in the middle-left corner of the plot. This would indicate that medium pulse height (24 – 36%) and low pulse width (0.15 – 0.20ms) are desirable for structuring micro-spots on PMMA with assist gas.   




Figure 4.26: Surface plot for laser spots geometry without assist gas 

4.6
EFFECTS OF ASSIST GAS ON CUTTING QUALITY 

Since the assist gas factor was not included in DOE and statistical analysis, its effect was analyzed separately by plotting the response variation in Excel.The effect of assist gas on generation of laser lines geometry (micro-channels) can be seen in Figure 4.27 and 4.28. As seen in Figure 4.27, the usage of assist gas generally decreases the line width of the laser lines geometry. Furthermore, the line width for both with assist gas and without assists gas increases steadily as the process parameter of pulse energy increases.   

\

Figure 4.27: Effects of assist gas on micro feature line width and process parameter of pulse energy 


By referring to Figure 4.28, the usage of assist gas generally decreases the line width of the laser lines geometry. For structuring laser lines geometry without gas, the line width decreases first before increases back as the traverse speed increases. On the other hand, the line width for laser lines geometry with gas decreases steadily as the traverse speed increases. Inconsistency trend lines indicates random error of the machine contribute to the results. 



Figure 4.28: Effects of assist gas on micro feature line width and process parameter of traverse speed 

The effect of assist gas on generation of laser spots (micro-holes) can be seen in Figure 4.29 and 4.30. By referring to Figure 4.29, generally the spot diameters of the micro-holes are smaller with the usage of assist gas except when low process parameter of pulse height is set. Inconsistency trend lines indicates random error of the machine contribute to the results. Furthermore, as the pulse height increases, the diameter of the laser spots increases as well for structuring micro-holes without assist gas. 



Figure 4.29: Effects of assist gas on micro feature spots diameter and process parameter of pulse height

As seen in Figure 4.30, generally the laser spots diameter are smaller with the usage of assist gas. Furthermore, the diameter of the micro-holes for both with assist gas and without assists gas increases as the process parameter of pulse width increases as well.   



Figure 4.30: Effects of assist gas on micro feature spots diameter and process parameter of pulse width 

4.7
OVERALL DISCUSSION 

Apparently, the usage of assist gas had caused inconsistency to the laser cutting ability of the Nd:YAG pulsed laser machine although it supposed to enhance the surface quality. Furthermore, the usage of assist gas has generally decreases the laser spots diameter for generation of micro-holes and line width for generation of micro-lines. 

 The machine accuracy for the motion controller (CNC milling machine) had also affected the overall results during the generation of laser lines on PMMA. During the experiments, the machine’s cutting movement speed seems to be a little faster compared to the settings provided. However, the overall results from this research are generally in agreement to the publish report by Raciukaitis, G. (2009).       

4.7.1
Generated Laser Line Geometry on PMMA


According to the ANOVA table, the amount of overall errors are much lesser when the assist gas is used. As for the observed and predicted values, both graphs are almost identical to each other. The process parameters of pulse energy and cutting speed show significant response to the line width for both laser lines geometry with assist gas and without assist gas. 

Furthermore, the surface plot indicates that the feasible parameters setting for generating laser lines without gas are medium traverse speed (40 - 90mm/min) and low pulse energy (0.01 – 0.02J). As for the generation of laser lines with gas, the feasible parameters settings are high traverse speed (80 - 120mm/min) and low pulse energy (0.01 -0.02J) for laser-cut with gas. 


The effects of heat affected zone were lesser affected by using assist gas but it also had caused inconsistency to the laser cutting geometry. On the other hand, without the usage of assist gas shows consistency in its line structuring process but suffered more from the effects of heat affected zone (HAZ). 

4.7.2
Generated Laser Spot Geometry on PMMA


From the ANOVA table generate by STATISTICA, the overall errors in using assist gas seems to be a lot higher compared to the laser spots without assist gas. Meanwhile by comparing the values in the observed and predicted graphs, there are more scattered points in laser spots with gas than without gas. As for the process parameters, only pulse width shows significant response to the diameter of the laser spots geometry for both with assist gas and without assist gas. 


Furthermore, the surface plot indicates that the feasible parameters setting for generation of laser spots geometry without assist gas are low pulse height (18 – 26%) and low pulse width (0.15 – 0.21ms). As for the generation of laser spots with assist gas, the feasible parameters setting are medium pulse height (24 – 36%) and low pulse width (0.15 – 0.20ms). The effects of heat affected zone (HAZ) in the laser spots geometry with gas were a lot less critical and the surface quality is also better compared to the spots without the usage of assist gas. 



CHAPTER 5


CONCLUSION AND RECOMMENDATIONS



5.1
INTRODUCTION


This chapter concludes the overall outcome of the project results from the discussion made before. It also includes comparison of the experimental results to the research papers from literature reviewed. Recommendation for future researches on related fields are also included in this chapter.


5.2
CONCLUSION


The basic MEMS structures of lines (micro-channels) and spots (micro-holes) were successfully generated on PMMA using solid state pulse Nd:YAG laser and shown overwhelming results. For structuring laser lines geometry, pulse energy and traverse speed are found to be important controlled parameters for micro-channels in PMMA under the process parameter considered. The feasible parameters for structuring laser lines (micro-channels) geometry without assist gas are found to be in the range of 40 – 90 mm/min for traverse speed and 0.01 - 0.02 J for pulse energy. On the other hand, the feasible parameters for laser lines geometry with assist gas are found to in the range of 80 - 120 mm/min for traverse speed and 0.01 – 0.02 J for pulse energy. 

The pulse width was found to be the only process parameter that shows significant response to the diameter length for generating both laser spots (micro-holes) geometry with gas and without gas. The feasible parameters for generating laser spots geometry without assist gas are found to be in the range of 18 – 26 % for pulse height and 0.15 – 0.21 ms for pulse width. On the other hand, the feasible parameters for laser spots geometry with assist gas are found to be in the range of 24 – 36 % for pulse height and 0.15 – 0.20 ms for pulse width. 


In addition, the use of air as assist gas apparently provides a negative effect on the micro features surface quality for generating laser lines (micro-channels) as it causes inconsistency to the cutting quality of the laser pulsed Nd:YAG machine. The usage of assist gas has generally decreases the laser spots diameter for generation of micro-holes and line width for generation of micro-lines. In these experiments, the line width structured by laser-micromachining can be as small as 140 µm. As for the laser spot geometry, the smallest recorded diameter is 30 µm. 


5.3
RECOMMENDATION FOR FUTURE RESEARH 

In future, it is recommended to use a wider range of parameters and also increases the number of experimental runs in DOE. More experimental parameters can also be considered in order to obtain much accurate results. The microstructure can also be observed and investigated using a higher resolution microscope for accurate interpretation of the laser cutting mechanism. Furthermore, different types of DOE can also be used such as Box-Behnren Designs, Central Composite Design, Taguchi Robust Designs and Mixture Design.
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APPENDIX A


GANTT CHART




Figure A1: Gantt Chart for FYP 1




Figure A2: Gantt Chart for FYP 2


APPENDIX B

PMMA EXPERIMENTAL SPECIMEN 





Figure B: Generation of micro-channels (lines geometry) and micro-holes (spots geometry) on PMMA specimen.


APPENDIX C


MICROSCOPIC VIEW OF GENERATED PMMA MEMS STRUCTURE

		Microscopic view of Spots and Lines Geometry with same Process Parameter



		Spot Geometry with Assist Gas

		Spots Geometry without Assist Gas



		

Measured diameter : 180 µm

		

Measured diameter : 250 µm



		

Measured diameter : 60 µm

		

Measured diameter : 220 µm



		Lines Geometry with Assist Gas

		Lines Geometry with Assist Gas



		

Measured line width: 240 µm

		

Measured line width: 310 µm



		

Measured line width: 230 µm

		

Measured line width: 300 µm





APPENDIX D

INTERFACE VIEW OF EXPERIMENTAL SOFTWARE



Figure D1: Overall interface view of Laserview(TM) SE software




Figure D2: Overall interface view of Virtual Reality CNC Milling NOVAMILLINS   software
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Spots Geometry with Assist Gas





Lines Geometry without Assist Gas





Spots Geometry without Assist Gas





Lines Geometry with Assist Gas










