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Abstract 

Microchannel-based devices are widely used in microelectronic devices, turbine blade 

cooling, microfluidics for drug delivery devices, etc. Therefore, microchannel-based 

devices require the use of materials with high optical, chemical, and mechanical 

properties, and thus, transparent materials have become a significant material for the 

production of microchannels. 

Transparent polycarbonate (PC) is a highly durable material, making it resistant to 

impacts and fracture, providing safety and comfort in applications that demand reliability 

and high performance. As such, PC can be considered as an ideal material for the 

biomedical and optical industries.  

PC-based microchannels can be fabricated using a variety of processes such as 

lithography, wire moulding, micro-milling, laser micro-machining etc. Nonetheless, the 

mentioned techniques have limited applicability. Further, the high transmissivity of PC 

over a wide range of wavelength makes the laser based fabrication of microchannels on 

it a challenging task. However, with Laser-Induced Plasma Assisted Ablation (LIPAA), 

lasers may have the potential to process transparent PC. In view of this, in the present 

research work, systematic and extensive experimental as well as numerical studies 

have been carried out to assess the feasibility, productivity and product quality 

during LIPAA for microchannel fabrication on PC. 

LIPAA is a technique, by which transparent materials can be ablated on its rear side 

with the aid of laser-induced plasma. The first phase of the research work presents the 

successful fabrication of microchannels on transparent PC using the LIPAA technique. 

Besides, the effect of properties of metal targets on microchannel fabrication was also 

investigated. Three different metal targets utilized during the process are namely 

aluminium, copper and stainless steel. Evaluation was then performed to investigate the 

influence of metal target properties such as thermal conductivity and specific heat on the 

geometrical characteristics of the microchannels. The study concludes by stating that the 

higher thermal conductivity value of the metal target leads to the formation of a narrow 

microchannel, while the higher specific heat value leads to a deeper microchannel 

fabrication. In addition, the metal target resulting in the highest microchannel aspect ratio 

was recommended for further study in our research. 

In second phase of research work, experiments are carried out based on a full 

factorial 3
4
 experiments on PC by the appropriate selection of the laser parameters viz. 
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pulse power density, pulse repetition rate, pulse duration and laser scanning speed. The 

influence of the laser parameters on channel width, channel depth and the channel 

roughness has been studied. Analysis of Variance (ANOVA) is also carried out to 

determine the most influential parameters. Second order mathematical relations among 

the input laser parameters, their interactions and the responses were developed. To 

analyse the accuracy of the developed mathematical model, confirmation experiments 

are performed and is found to be in good agreement. Based on the confidence gained 

from the confirmation experiments performed, multiple objective (response) 

optimization of the input parameters to predict a better quality channel geometry and 

channel roughness is carried out. For a width of 250 µm, depth of 150 µm and minimum 

roughness on a single pass, the optimized condition of laser parameters is found to be 40 

Hz repetition rate, 2 ms pulse duration and 4.79 MW/cm
2 

pulse power density. Using the 

optimal laser parameters, open microchannels are fabricated and were closed by using a 

thermal bonding process. Further, a fluid flow test carried out on the closed 

microchannel to prove its potentiality to be used as a microfluidic device has also been 

described in the chapter. Different configuration channels on PC have also been 

fabricated using the optimal laser parameters. 

The third phase of the work represents a two-dimensional transient numerical model 

to understand the physics of material removal during the LIPAA process. A realistic 

model is developed concerning the effect of plasma along with the effect of input laser 

irradiation. The channel dimensions, i.e., the width and the depth of the channel, were 

computed from the numerical study. The computed results have been duly verified with 

our experimental results and found in good agreement. Also, considering the effect of 

moving heat flux, it is witnessed that the peak temperature attains a constant value on 

reaching a certain distance, thus assuring a channel of uniform dimension.  

A three-dimensional nonlinear transient modelling was also developed to simulate 

the LIPAA process for microchannel fabrication on transparent polycarbonate. The merit 

of the approach lies in simulating simultaneous ablation of both transparent 

polycarbonate and aluminium metal target during the process. The developed model has 

the potential of estimating spatial-temperature distribution along the traverse direction 

and direction perpendicular to it. The spatial distribution lent a hand in predicting the 

width and depth of the microchannel. Temporal-temperature distribution for pulse-on 

and pulse-off time was also explored. A channel index (CI) has also been estimated 
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which determines channel formation in or out of the micron-scale (1-999 μm) for a 

selected set of process conditions.  
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Chapter 1 

Introduction 

Microchannels are simple and distinct patterns engineered to allow a controlled flow of 

fluids through them. The passages usually with a diameter below 1 mm are referred to as 

microchannels. Microchannels have widespread applications in the development of 

biomedical devices. The microchannel-based lab-on-a-chip (Pan et al., 2017), electro-

fluidic devices (Xu et al., 2017), printed circuit patterns (Kim and Park, 2017), micro-

reactors (Suryawanshi et al., 2018), etc. are some of the emerging onsite clinical 

applications that can be used as personalized diagnostic devices. Figure 1.1 shows some 

microchannel-based applications in real life.  

 

Figure 1.1 Microchannel-based lab-on-a-chip setups (Pan et al., 2017; Xu et al., 2017) 

(Reproduced with permission from Elsevier) 

Microchannels are fabricated on a variety of materials like glass (Nieto et al., 2014), 

metals like stainless steel (Singh et al., 2018), polymers like polycarbonate (PC) (Kim et 

al., 2015), polydimethylsiloxane (PDMS) (Li and Xu, 2015) and polymethylmethacrylate 

(PMMA) (Prakash and Kumar, 2017).  Yet, polycarbonates low weight, inherent impact 

strength, high dimensional stability and eco-friendly nature attract their wide applications 

in medical devices, optical instrumentation and sensors.   
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1.0 Microchannel Fabrication Technologies 

Microchannels can be generated on substrates by using conventional as well as 

unconventional manufacturing processes viz. microwire molding, imprinting, lithography, 

micro-milling, abrasive jet machining, chemical etching, plasma etching, and laser-based 

machining. These techniques are capable of machining microchannels on a variety of 

materials, however, some of these have certain limitations. Micro-wire molding, despite 

being a flexible method, has a higher volume of waste due to the overflow of the 

degassed polymer from the mold. Also, the mold complexity and its maintenance make it 

an expensive and time‒consuming process. While the disadvantage of using lithography 

for microchannel fabrication is that the substrate usually absorbs the development 

solution. Moreover, its requirement of a room preventing UV radiation makes it an 

expensive process. Limitations in the imprinting technique also arise due to the slow mass 

transport and permanent entrapment of the material into the metal blocks, leading to the 

heterogeneous distribution of material and also inadequate properties. Laser direct 

machining has however been found as a promising tool if it is applied with proper setting 

of laser parameters such as wavelength, laser power, pulse duration, etc.  Laser 

processing has proved its capability in fabricating clean and uniform channels on opaque 

materials (Majumdar and Manna, 2003). 

1.1 Laser-based micromachining 

During laser-based micromachining, the thermal energy converted from the light energy 

of a highly coherent beam of photons is used to remove the material from the substrate. A 

laser beam irradiates the substrate. A fraction of the laser energy (light energy) gets 

absorbed, while the remaining part gets reflected. The absorbed portion of the energy gets 

converted into heat energy instantaneously and increases the temperature in the irradiated 

zone. When the laser energy is sufficiently high enough, it leads to the melting and 

vaporization of the material. The vapor thus formed from the vaporization induces a 

recoil pressure at the surface of the melt pool, which results in melt ejection, and hence, 

the material removal is obtained. This process works effectively with materials that are 

capable of absorbing laser energy.  

1.2 The motivation of the present work 

For microchannel fabrication using lasers, the laser must be highly absorbed by the 

material. But on the other hand, most microchannels demand the use of transparent 
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materials. High transparency of the transparent material does not allow laser energy to be 

absorbed and hence, it is difficult to machine transparent material by a laser. 

Nevertheless, ultrashort lasers are capable of processing transparent materials as it 

produces a highly localized light field that is absorbed into the transparent material by 

non-linear absorption and is sufficient enough to ionize any atom. Similar to ultrashort 

lasers, short-wavelength lasers also can process transparent materials. It is due to the low 

transmissibility of most of the transparent materials at short wavelengths. Laser 

processing of transparent materials with long-pulsed and long-wavelength lasers is thus 

quite difficult to achieve. It can however be noted from the reported literature that the 

method of Laser-Induced Plasma Assisted Ablation (LIPAA) may have the potential to 

process transparent materials with longer pulses and longer wavelength lasers. Thus it 

was thought to be worth having in-depth, comprehensive experimental and numerical 

investigations into the LIPAA for microchannel fabrication on transparent materials. An 

investigation into the effect of thermal properties of the metal target and obtaining the 

optimal levels of important process parameters would certainly improve the product 

quality and process efficiency of the LIPAA process. 

1.3 Laser-Induced Plasma Assisted Ablation (LIPAA) 

In the LIPAA process, the transparent material gets ablated on its rear side with the aid of 

laser-induced plasma Figure 1.2 shows the schematic of the arrangement of LIPAA. A 

transparent material is placed above a thin sheet of metal without the application of any 

external pressure between the two materials.  

Focusing lens 

Laser beam

Transparent sheet
Metal target

Gap 

(~ 1 μm)
CNC Table

Ablation on 

rear surface 

 

Figure 1.2 Schematic of the LIPAA setup  

The laser beam passes through the material and is focussed on the upper surface of 

the metal target sheet. Figure 1.3 illustrates the mechanism of the LIPAA process. A 
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fraction of the laser energy is absorbed by the absorbing metal target sheet, while the rest 

gets reflected from the surface. The absorbed energy results in the excitation of the free 

electrons, which instantaneously in time duration of about 10-13 s gets converted into heat 

energy (Dahotre and Hamirkar, 2008). This heat energy then gets dissipated through 

various modes of heat transfer viz. conduction, convection, and radiation, however, 

conduction plays the most significant role. The thermal energy of the plasma dissipates 

into the target metal, thereby increasing the temperature of the surface. Once the laser 

intensity is fairly high (more than 105 to 108 W/cm2), the temperature exceeds the melting 

and boiling temperature of the metal target sheet. The vapors generated during the 

ablation process contain molecules, atoms, ions, and electrons.  The incoming laser beam 

interacts with the vapors and ionizes the vapor molecules. It results in the formation of 

opaque and dense plasma. The plasma generated flies towards the transparent sheet at a 

high speed of approximately 104 m/s (Hong et al., 2001). The plasma generated, yet again 

interacts with the incoming laser beam and Inverse Bremsstrahlung absorption takes 

place, causing isothermal expansion of the plasma perpendicular to the metal surface (Pan 

et al., 2017). The expanded plasma has a greater thermal effect on both the transparent 

and the absorbing metal, thereby ablating both the materials. The generation of the 

plasma at the interface is confirmed by the simultaneous ablation on the upper surface of 

the metal target and the rear surface of the transparent sheet.  
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Figure 1.3 Mechanism of LIPAA process 
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The LIPAA process has certain advantages over the other fabrication technologies 

of microchannels. It can machine transparent materials even at longer wavelengths and 

with longer pulse width. Moreover, irrespective of the hardness, brittleness, and 

transparency of the material, LIPAA can process any transparent materials. The process is 

can easily be operated by using CNC-based controllers. However, the process has certain 

limitations as well. Deposits may be formed on the channel surface from the metal target 

sheet used on its rear side. Besides, it requires an additional fixture to maintain the gap 

between the transparent material and the metal target sheet. 

Literature reports eminent research work on various aspects of the LIPAA process, 

such as fabrication of microstructures like microfluidic devices and electro-fluidic 

devices, use of different absorbing media on the rear side of the transparent material and 

comparative assessment of LIPAA and direct laser ablation process  (Pallav et al., 2014; 

Pan et al., 2017;  Xu et al., 2017; Rahman et al., 2019). Most of the reported work is 

mainly focused on employing the short and ultra-short wavelengths of laser pulses. 

Limited research has been carried out on the application of LIPAA process for the 

fabrication of microchannels on polycarbonate (PC) using high wavelength pulses. Scant 

work has been reported on the effect of the material properties of the metal target on the 

geometrical characteristics of the microchannels produced during the LIPAA process. 

Moreover, very scant work is noted on the numerical modeling, simulation, and 

parametric study of the LIPAA process. Systematic experimental investigations into the 

fabrication of microchannels on PC by using LIPAA process may thus be worth carrying 

out. It may be useful studying the influence of laser parameters viz. pulse repetition rate, 

pulse duration, scanning speed, and pulse power density on the channel geometry and 

roughness. Also, developing a realistic numerical model may provide useful insights in 

understanding the underlying physics of the LIPAA process. 

1.4 Scope of the present research work 

The present work primarily focuses upon the enhancement of the product quality and 

process efficiency during the laser-induced plasma-assisted ablation (LIPAA) of 

polycarbonate. For this purpose, comprehensive experimental and numerical 

investigations have been carried out. During the LIPAA process, ablation on both the 

transparent material and the metal target is achieved. Our current study is mainly focused 

on the ablation of the transparent material. Studies on the ablation of the metal target are 

not in the scope of the present research work. 
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Experiments were carried out on microchannel fabrication on transparent PC using 

LIPAA with different metal targets such as aluminum, copper, and stainless steel. The 

effect of material properties of different metal targets on microchannel fabrication during 

the LIPAA has been studied. Experiments were conducted considering the effective range 

of process parameters viz. pulse power density, pulse repetition rate, pulse duration, and 

scanning speed. The dimensions and the surface roughness of the fabricated 

microchannels were then determined. A comprehensive parametric study on the effect of 

the process parameters on the responses like channel geometry (channel width and 

channel depth) and channel quality (channel roughness) has been performed. Further, 

statistical analysis is carried out to find the significance of the factors on the responses 

and to develop mathematical relations among the input laser parameters, their 

interactions, and the responses. Optimal levels of the laser parameters have been 

determined to predict better quality channel geometry and channel roughness. 

Furthermore, finite element method (FEM) based two-dimensional as well as three-

dimensional thermo-physical models of the LIPAA process have been developed. The 

width and the depth of the microchannels were computed by using the numerical models 

and the results were validated with the experimental results. 

1.5 Organization of the thesis 

The thesis work is presented in seven chapters. 

Chapter 1 presents an overview of the Laser-Induced Plasma Assisted Ablation 

(LIPAA) of transparent materials, its advantages and limitations, and applications. The 

motivation for carrying out the research work on LIPAA of PC has also been explained at 

the end of the chapter. 

Chapter 2 presents an extensive literature survey on the fundamentals of laser-

based processing of transparent materials. The current status on related aspects such as 

laser micromachining, surface texturing, micro-drilling, forming, etc. has been presented. 

Literature about available experimental studies and numerical work related to LIPAA as 

well as laser machining has been presented. Accordingly, the research gaps identified 

have been discussed and subsequently, a brief insight into the experimental and numerical 

investigation on the LIPAA process for microchannel fabrication on transparent PC has 

been presented. 

Chapter 3 presents the feasibility of laser processing of transparent PC using the 

LIPAA process. The effect of properties of metal targets like aluminum, copper, and 
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stainless steel on microchannel fabrication was also investigated. The width and depth of 

the microchannels were carefully examined and recorded. Then, the effect of the material 

properties like thermal conductivity and the specific heat capacity on the channel width 

and channel depth has been presented in the chapter. 

Chapter 4 presents the comprehensive full factorial experimental investigation on 

microchannel fabrication on polycarbonate using LIPAA and aluminium metal target. The 

effect of laser process parameters viz. pulse power density, pulse repetition rate, pulse 

duration, and scanning speed on the responses like channel geometry (channel width and 

channel depth) and channel quality (channel roughness) have been extensively studied. 

Further, a fluid flow test carried out on the closed microchannel to prove its potentiality to 

be used as a microfluidic device has also been described in the chapter. Fabrication of 

different configuration channels on PC has also been described in the chapter. 

Chapter 5 presents the development of a two-dimensional thermo-physical model 

of Laser-Induced Plasma Assisted Ablation (LIPAA) using the finite element method 

(FEM). The details of process continuum, geometric modelling, governing equation, 

boundary conditions, laser heat source model and solution methodology have been 

presented. The validation of the predicted results from the model with the experimental 

results has also been presented in the chapter. A systematic parametric study was 

performed to study the LIPAA process. 

Chapter 6 reports a three-dimensional nonlinear transient model of the LIPAA 

process for microchannel fabrication on transparent materials. The effect of plasma 

energy along with the input laser irradiation has been considered to make the model more 

realistic. The spatial and temporal analyses on the LIPAA process have been illustrated 

and consequently, the ablation width and depth on the rear side of polycarbonate have 

been computed. The predicted results were duly validated with the in-house experimental 

results.  The chapter concludes with important insights with the help of a detailed 

parametric study.  

Chapter 7 summarizes the findings of the research work and presents the 

conclusions from the present research work. The scope for carrying out future work in this 

area has also been presented towards the end of the chapter. 
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Chapter 2 

Literature review on laser machining of transparent materials 

2.0 Scope 

This chapter presents a critical review on research carried out in the area of laser 

machining of transparent materials. Initially, the importance of transparent materials in 

various scientific and industrial applications is presented, followed by a detailed 

description of different transparent material processing techniques. Details on laser-

induced plasma assisted ablation (LIPAA) process in terms of its types, laser process 

parameters and workpiece materials have also been presented. Published literatures on 

experimental investigations into the process mechanism, process parameters, process 

planning and process optimization of the LIPAA process are covered extensively. 

Numerical approach of laser-induced plasma process has been critically studied. The 

chapter concludes by summarizing important observations from the literature review and 

identifying the grey areas in the LIPAA process. In the end, the research objectives are 

derived. The overview of the present chapter has been depicted schematically in figure 

2.1. 

 

Figure 2.1 Overview of the present chapter 
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2.1 Transparent materials in scientific and industrial applications 

Micro-channel based devices find wide applications in microelectronic devices (Wei et 

al., 2007), cooling turbine blades (Stevens and Baelmans, 2008), waste heat recovery 

(Yih and Wang, 2019); micro-fluidics for drug delivery devices (Sanjay et al., 2018; Ahn 

et al., 2018), bio-optical sensors (Jin et al., 2018), micro reactors (Shi et al., 2019); 

automotive (Wegeng et al., 2001), etc. In a microfluidic devices, the microchannels are 

connected together in an organized network that enables proper mixing and control of the 

biochemical reactions. In a biomedical device, the concentration of a sample solution has 

direct effect on the chemical reactions and also on the ability to detect sample molecules 

such as proteins and DNA. The use of a microfluidic device enables concentrating of the 

samples in one specific area and hence, it became the key to the success of many 

biomedical devices (Daghighi, 2015). Another important characteristic of a microfluidic 

device is that, it enables the mixing of several solutions to obtain a uniform mixture, 

which otherwise is not easy to achieve. An electrofluidic device is also an integration of 

metallic patterned or coated microchannels. A microchannel based circuit pattern is a 

conductive narrow path that connects electrically conducting sample solutions or 

components. They play an important role in the screen display technologies of the bio-

sensing medical devices. Indeed, the use of such wireless patterns make a device light 

weight, economic and flexible. Again, micro reactors are devices that involve 

biochemical reactions in microstructures like microchannels with dimensions below 1 

mm. Such devices are used in laboratories for development of new catalysts. Also, 

diagnostic devices use micro reactors for various biomedical applications like cell 

generation, separation and its detection too. It has the advantage of high efficiency, low-

volume utilization and repeatability of processes. Thus, quality of these microchannel 

based devices is thus a main concern due to their functional necessities. The dimensional 

precision and surface quality of these micro devices represent the vital quality facets. 

Thus, microchannel based devices call for the use of materials with high optical, 

chemical and mechanical properties and accordingly, transparent materials have become 

a significant material for microchannels fabrication.  

Transparent materials like glass, polycarbonate (PC), polyimide (PI), 

polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA) etc. are the most 

trending transparent material. It is due to their eco-friendly nature and high transparency 

in the visible and near infrared spectral range (Singh et al., 2018). Most transparent 
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materials have a very good resistance to chemical reactions, high thermal stability, and 

high hardness.  

Glass microfluidic devices provide exceptional chemical resistance, 

biocompatibility and optical properties, in addition to mechanical stability, which 

prevents swelling and deformation. Glass is the material selected to build microfluidic 

chips after the early focus on silicon which is relatively expensive and optically opaque 

to certain electromagnetic wavelengths, limiting its applications in optical detection 

(Hwang et al., 2019). Hnatovsky et al. (2006) fabricated high quality microchannels on 

fused silica and BK7 glass using the combination of femtosecond laser dielectric 

modification and selective chemical etching. Also, Rodriguez et al. (2003) described two 

rapid and economic methods for fabricating microfluidic systems in glass. These glass 

microchannels were then applied in analytical separations, such as capillary 

electrophoresis where the robust surface characteristics of glass proves it to be a 

convenient device. However, the high cost and time-consuming labour for fabricating 

microchannels on glass due to its brittleness limit the development of glass-based 

microfluidic devices, especially for point-of-care test devices. 

PC’s inherent impact strength, dimensional stability, optical clarity and eco-

friendly nature makes it an ideal material in the medical device industries. Many 

researchers have reported the fabrication of microchannels in PC (Chen and Hu, 2017; 

Qi et al., 2009; Singh et al., 2020). PCs dimensional stability makes them valuable for 

tube connectors. Its ability to transmit light in a large range of wavelength makes it as 

effective in visual monitoring of blood or other biological fluids. PC plate is used in the 

manufacturing of microfluidic device that can capture colorectal cancer cells from one of 

the most common types of human malignant tumours (Kim et al., 2015). It is also used in 

developing urethane (Polycarbonate Urethane, PCU) that acts as the bearing material in 

orthopaedic prosthesis, knee prosthesis (Kanca et al., 2018) etc. Such urethane has 

higher resistance and stability compared to polyester and polyether urethanes.  

PDMS’s distinguished properties also make it an important material for micro 

channels. It is optically transparent, electrically and thermally insulating and 

additionally, it is impermeable to water and organic solvents (Li and Xu, 2015). PDMS-

based microfluidic devices enable us to realize microchips for biomedical applications in 

a relatively easy and cost effective way. Fujii (2002) worked on PDMS-based 

microfluidic devices for biomedical applications, where micro reactors, microchips for 

capillary gel electrophoresis and hydrophobic vent valves are successfully integrated into 
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the microchannels. Further, properties of PDMS make it a suitable platform for 

miniaturized biological devices by fabricating PDMS microstructures (Sia and 

Whitesides, 2003). Biological procedures that have been miniaturized into PDMS-based 

micro devices include immunoassays, separation of proteins and DNA, sorting and 

manipulation of cells, studies of cells in microchannels exposed to laminar flows of 

fluids, and large-scale, combinatorial screening. 

PMMA, also known as acrylic or acrylic glass, is a transparent and rigid 

thermoplastic material widely used as a shatterproof replacement for glass. It is used in 

biomaterial applications such as bone cement, lenses, bone substitutes, and drug delivery 

systems. Smooth walled cylindrical microchannels with diameters in the range of 8-20 

μm were fabricated on PMMA substrate by Day and Gu (2005). Dudala et al., (2020) 

and Prakash and Kumar (2015a) also fabricated microchannels on PMMA substrate 

using the CO2 laser for microfluidic applications. Further, PMMA microfluidic device 

with filtration features was used to separate RBCs (red blood cells) from blood (Li et al., 

2008). Microchannels in PMMA substrates bonded to porous PETE track-etched 

membranes are also utilized for the cytotoxicity testing of anticancer drugs in a 

microfluidic device (Nguyen et al., 2019). 

Observations 

PC has high strength making it resistant to impact and fracture, providing safety and 

comfort in applications that demand high reliability and performance. Further, it 

maintains toughness upto 140°C and down to ‒20°C. Also, PC is a clear plastic that can 

transmit over 90% of light and exhibits good chemical resistance against diluted acids, 

aliphatic hydrocarbons and alcohols. Offering good heat resistance, PCs are thermally 

stable up to 135°C. Thus, comprising such unique set of chemical and physical 

properties makes PC suitable over most transparent materials like glass, PMMA and 

PDMS.  

2.2 Overview of various microchannel fabrication technologies 

The fabrication technologies of the microchannels have a strong impact on the ability to 

implant the microchannels into a small-sized biomedical device. Consequently, the 

different technologies used for microchannel fabrication on a variety of materials and 

various applications have been studied by many researchers all over the world and the 

list is ceaseless. Microchannels are fabricated by both conventional and non-
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conventional techniques like micro-milling, dry and wet etching, micro-wire molding, 

lithography, injection molding, electrospinning, imprinting, laser processing, laser-

induced plasma-assisted ablation (LIPAA) etc. A graphical representation of the 

overview of the various technologies used for the fabrication of microchannels on a 

variety of materials and their applications is shown in figure 2.2. 

Although there are many processes, certain processes are predominantly being 

used, mainly micro-wire molding, lithography, imprinting, direct laser micromachining 

and laser-induced plasma-assisted ablation (LIPAA) in the industry. These processes 

have been discussed in in the following sections. 
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2.2.1  Micro-wire molding 

Electric heater

Metallic tube

Micro-wire

Polymer

+
-

 

Figure 2.3 Schematic of wire molding 

Micro-wire molding is a simple and flexible technique for microchannel fabrication. It 

utilizes the concept of embedding a micro wire into a degassed polymer and later, 

removing the wire after the curing of the polymer. Depending on the strategy of the 

process, the key resources required in this technique are polymers (on which the 

microchannel is intended to be fabricated), micro wires, a mold of metallic tube and a 

heating source (Jia et al., 2008).  Here, the mold of metallic tube is taken to be of internal 

diameter approximately 5 mm. The tube is attached with an electric heater to the bottom 

of it for heating and temperature control. The temperature is maintained depending on 

the melting point temperature of the polymer. Wires of varying diameter and shape are 

fixed to both the end of the mold. The degassed polymer mixture is poured into the 

molding cavity where the wire acts as the axis of the mold. The mold is then closed 

under hydraulic pressure and the excess degassed polymer material is removed. The 

mold is held closed until the polymer is cured. Later, on curing the polymer, the mold is 

opened and the wire is pulled of the polymer and hence the micro channel is obtained. 

Figure 2.3 shows a schematic representation of the wire molding process. 

Several literatures have reported the use of this wire molding technique for 

microchannel fabrication. Effati and Pourabbas (2018) explained a quick method for the 

design and fabrication of 3D microchannel by the technique of micro-wire molding. 

Microchannels on PDMS was fabricated using Nylon and metallic wires of diameter 

ranging from 150-800 μm. The technique provides the possibility to fabricate 

microchannels with different cross-sections. The same technique of wire molding has 

also been utilised by Kumar et al. (2018) for fabricating microchannels in PDMS casting 
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using copper wire of 0.21mm diameter. Two different types of inlet sections (L and T 

types) have been constructed by the technique. Further, YueFei et al. (Jia et al., 2008) 

utilised the conventional molding capability of PDMS for microchannel fabrication by 

the wire molding process. It was possible to generate different types of topological 

structures of the microchannels due to the smooth surface, high-intensity, and high 

flexibility of the wires. Zou et al. (2015) fabricated a new economical microfluidic 

viscometer to measure the viscosity of biological fluids using the micro-wire molding 

technique, thereby making the fabrication process easier and cheaper. 

2.2.2  Lithography based technology 

Lithography is mainly a printing process that is based on the idea of the immiscibility of 

oil or grease with water. It is simple technique and is the most widely used fabrication 

technique for microchannels. The key steps involved in the process are coating, baking, 

exposing and development (Yao et al., 2005). In most of the cases, surface conditioning 

precedes the step of the surface coating. It prepares the substrate surface to accept the 

photoresist by providing a clean surface. The substrate is then placed on a vacuum chuck 

and the resist is applied by the method of spin coating. The speed of the chuck 

determines the thickness of the resist applied. The thickness of the spin coated layer is 

usually kept equal to the height of the microchannel. Two types of resists are available, 

namely positive resist and negative resist. In the positive resist, the portion exposed to 

the light becomes more soluble, while in the negative resist the portion exposed to the 

light gets hardened. It is then soft-baked to remove the excess solvents and later cooled 

to room temperature. The coated substrate is then covered with a mask that has the 

required pattern on it. Then, it is exposed to a wavelength (light) travelling through the 

mask, that the resist is designed for. In the region exposed, the resist undergoes a 

chemical reaction with the light. The substrate is then etched in a suitable solution and 

thus, the microchannel is finally formed. A simple description of the method is shown in 

figure 2.4. 
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Figure 2.4 Stepwise lithographic process 

Literature reports various applications of the lithography technique for 

microchannel fabrication. Yao et al. (2005) performed the lithography process based on 

an inconsistent combination of resists and standard lithography facilities. They fabricated 

microchannels using both one resist layer and multiple resist layers and also 

demonstrated fluid delivery through the channel. McUsic et al. (2012) also reported the 

use of lithography process for the fabrication of bio-inspired pattern microchannel 

scaffolds. The authors used patterned silicon master and PDMS negative mold casting. 

The fabricated channels were used for directing the morphogenesis and differentiating 

the retinal cells derived from mice and human embryonic stem cells. Also, Laviano et al. 

(2010) presented the same technique of lithography to produce an inclined array of 

microchannel. Further, it was demonstrated how it could be utilised to produce a precise 

vortex flow in a well-controlled environment. Wang et al. (2018) used two cycles of 

photolithographic and chemical wet etching for the fabrication of micro channel arrays 

and also capillary connecting channels on glass substrate. The channels after the 

completion of the fabrication process, were treated with plasma using a plasma cleaner 

for surface cleaning. The channels were then bonded with a cover plate by dropping 

ultrapure water at the edge of the substrates. Thus, channels on various materials and of 

different dimensions can be made utilizing the lithographic technique. 

2.2.3 Embossing or imprinting technology 

Embossing or imprinting is a technique of creating different structures like microchannel 

in polymeric matrices, which are complementary to a template in size and shape. It is a 

simple and cost-effective process that takes into consideration the versatility of the 
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materials to be imprinted (Chen et al., 2015). In this method, a template is first prepared 

on a silicon substrate mostly by the photolithography method. They are characterized 

using an optical microscope to determine the effect of the imprinting procedure. The 

template is then coated with a solution containing biomolecules. It is one of the simplest 

methods where the template is brought in contact with the plastic or polymer substrate. 

The plastic or the polymer material is however cleaned and dried before bringing to 

contact with the silicon template. The whole arrangement of this polymer substrate and 

the silicon template is then sandwiched between two metallic blocks (Pimpin and 

Srituravanich, 2012). The imprinting time depends on the material to be imprinted and 

also on the temperature and pressure applied between the two metallic blocks. The 

process when carried out at room temperature, the pressure and time required are high, 

while performing the process at a high temperature requires less time and pressure. The 

metallic blocks are subjected to a hydraulic press, varying the pressure between 450 to 

2700 psi at room temperature (Xu et al., 2000). On releasing the pressure, open 

microchannels are formed on the substrate. The difference in the dimension of the 

template before and after the imprinting process is generally less than 1%, which 

indicates the absence of detrimental effect on the fabricated microchannels. Figure 2.5 

shows the schematic of the imprinting technique. 

 

Figure 2.5 Schematic of the imprinting technique 

Researchers carried out several experiments on fabricating microchannels by the 

technique of embossing or imprinting. Xu et al. (2000) adopted the room-temperature 

imprinting method for microchannel fabrication on a variety of plastic substrates. They 
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showed that this method improved the device yield from approximately ten devices to 

above 100 devices per template. Indeed, the number of devices produced by the single 

template showed a variation of less than even 2 %. Zhai et al. (2014) presented the 

fabrication thin glass/PDMS microfluidic coupled with a monolithic capillary column. In 

the fabrication process, a copper mold with a microchannel network imprinted on it was 

utilised. Lei and Tong (2005) also employed the technique of imprinting, however 

instead of utilizing a conventional mold with microchannel embedded on it as the 

template, authors used a stainless steel wire mold of outer diameter 105 μm. This makes 

the technique more flexible. 

2.3 Laser based fabrication technologies 

In laser machining, the material removal takes place due to the application of thermal 

energy converted from the light energy of a highly coherent beam of photons. When a 

laser beam irradiates a material, a fraction of the laser energy (light energy) gets 

absorbed, while the remaining part gets reflected. The absorbed portion of the energy 

gets converted to heat energy instantaneously and leads to a rise in temperature in the 

irradiated zone (Dahotre and Hamirkar, 2008). When the laser energy is sufficiently high 

enough, it further leads to the melting and vaporization of the material. The vapour thus 

formed from the vaporization induces a recoil pressure at the surface of the melt pool, 

which results in melt ejection and hence, lastly the material removal is obtained (Vora et 

al., 2013). A laser based technology is generally suitable for materials that are capable of 

absorbing laser energy. However, most microchannels demand the use of transparent 

materials due to its high visibility. High transparency of the transparent material does not 

allow laser energy to be absorbed and hence, it is difficult to process the transparent 

materials by using lasers. Nevertheless, ultrashort lasers are capable of processing 

transparent materials as they produce highly localized light field that is absorbed into the 

transparent material by non-linear absorption, which is sufficient enough to ionize any 

atom. Similar to ultrashort lasers, short wavelength lasers have shown the ability to 

process transparent materials, provided this lasers have to be applied repeatedly at 

optimum process conditions (Singh et al., 2018). 

McCann fabricated micro-channels on cyclic olefin polymer using an industrial 

1064 nm Nd: YAG laser (McCann et al., 2016). The ability to vary the channel width 

and channel depth by varying the laser fluence was demonstrated. Prakash and Kumar 

(2017) obtained rectangular cross-section micro-channels on PMMA by CO2 laser. 
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Authors described how with the application of a mask, micro-channels with U-shape 

cross-section and rectangular cross-section can be machined by a CO2 laser. The 

technique was found to provide better control of channel dimensions and also, better 

surface quality of the micro-channels. Wu et al. (2019) also tried to overcome the 

difficulty of fabricating trapezoidal cross-section micro-channels by CO2 laser. Multi-

pass translational method was utilized and was observed that the technique was able to 

produce clean bottom micro-channels. Micro-channel fabrication on alumina using Nd: 

YAG laser writing was presented by Mohammed et al. (2019). The best inputs of process 

parameters for fabricating micro-channels by optimization using RSM and Lipschitz 

sampling were selected. It was found that laser intensity and pulse overlap are the major 

controlling parameters in micro-channel fabrication. Likewise, Singh et al. (2018) 

reported the fabrication of microchannels on transparent PC by using nanosecond Nd: 

YAG laser and further, produced closed channels by the method of thermal bonding. The 

effect of the laser fluence and the number of laser scans on the channel width, depth and 

its cross-section was studied. It was observed that laser fluence below the ablation 

threshold resulted in bulging and bubble formation. However, due to the incubation 

effect, ablation on the PC material was induced by repeated laser shots. Zhou et al. 

(2014) presented the technique of laser micro-milling for fabricating micro-channels 

with different geometry and dimensions on copper. Bulushev et al. (2016) employed 

high speed femtosecond laser to process BK7 glass. It was found that crack free reticles 

and micro-fluidic structures fabrication were possible without the requirement of 

additional post-processing. Further, Hammadi (2020) used third harmonic radiation of 

Nd:YAG laser to fabricate micro-channels on UV photoresistive material.  

Observations 

Though the mentioned techniques like micro-wire molding, lithography, embossing, 

laser direct machining etc. are capable of machining microchannels on a variety of 

materials, there are certain limitations too. Micro-wire molding, despite being a flexible 

method, has a higher volume of waste due to the overflow of the degassed polymer from 

the mold. Also, the mold complexity and its maintenance make it an expensive and time-

consuming process. While the disadvantage of using lithography for microchannel 

fabrication is that the substrate usually absorbs the development solution. Moreover, its 

requirement of a room preventing UV radiation make it an expensive process. 

Limitations in the imprinting technique also arise due to the slow mass transport and 
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permanent entrapment of the material into the metal blocks, leading to the heterogeneous 

distribution of material and also inadequate properties. Laser direct machining has 

however been found as a promising tool if it is applied with proper setting of laser 

parameters such as laser power, pulse repetition rate, pulse duration and laser scanning 

speed. It is known that laser beam must be highly absorbed to achieve ablation. For high 

absorption, short wavelength (high energy photons) and short pulse width in the sub-

picosecond range were first attempted, but such laser faced difficulties due to its high 

capital cost. Also, small beam diameter results in low material removal rate and slow 

scanning process. For research and other applications, the development of a new 

fabrication technique of glass was desired and hence, in 1998 a group of Japanese 

scientists invented laser-induced plasma-assisted mechanism, which may have the 

potential to process transparent materials. 

2.4 Laser-Induced Plasma Assisted Ablation (LIPAA) 

For microchannel fabrication using lasers, it is essential that the laser must be highly 

absorbed by the material. On the other hand, materials preferred for microchannels are 

mostly transparent materials like glass, PC, PMMA and PDMS. Due to the high 

transparency of such material, laser beam energy does not get absorbed in the material 

and as such, it passes through the material leading to no thermal effect. However, such 

materials are absorptive at very low wavelength and also at shorter pulse. Consequently, 

laser processing of transparent materials with long pulsed and long wavelength lasers is 

quite difficult to achieve. It is reported that, during Laser Induced Plasma Assisted 

Ablation (LIPAA), both longer and shorter laser pulses of wavelength may be applied to 

process the transparent materials. In the LIPAA process, an additional absorbing layer is 

placed beneath the transparent material. Based on the medium of the absorbing layer, the 

LIPAA process can be classified into three categories (i) LIBWE (Laser Induced 

Backside Wet Etching), (ii) LIBDE (Laser Induced Backside Dry Etching) and (iii) 

LESAL (Laser Etching at a Surfaced-Adsorbed Layer). In LIBWE, a highly absorbing 

solvent for the used laser wavelength is applied beneath the transparent material. It is 

characterized by low etching rate, low surface roughness and incubation effect (Zimmer 

and Böhme, 2008). In LESAL, a thin absorbing layer is continuously formed on the rear 

side of the transparent material by adsorbing hydrocarbon products from a gaseous 

organic medium. It is characterized by very low etching rate, low surface roughness, and 

incubation effects (Ehrhardt et al., 2012). And in LIBDE, a thin metal is placed 
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underneath the transparent material. It is characterized by high etching rate and no 

incubation effects are found (Hopp et al., 2007).  Incubation effect characterizes the laser 

ablation process when using trains of pulses and strongly influences the ablation 

threshold, leading to the reduction of the threshold fluence as a function of the number of 

impinging pulses. Figure 2.6 shows the principal experimental setup for the three 

categories of LIPAA. 

 

 

 

Figure 2.6 Principal experimental setup for (a)LIBWE, (b)LIBDE and (c)LESAL (Ding 

et al., 2004; Pan et al., 2017; Böhme and Zimmer, 2004) (Reproduced with permission 

from Elsevier) 
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Kopitkovas et al. (2007) adopted LIBWE for the fabrication of three-dimensional 

structures, such as micro lens arrays on UV transparent materials like quartz using an 

organic solution as an absorbing layer on the rear side of the quartz. Also, Kim and Park 

(2017) reported successful generation of circuit patterns on glass using the LIBWE 

process. Further, Zimmer and Böhme (2008) performed high quality etching of 

transparent materials by LIBWE approach using hydrocarbon and metallic liquid 

absorbers. Authors observed that the processing parameters, the achievable patterns, and 

the surface morphology have a strong dependance on the used absorber. Again, Ehrhardt 

et al. (2012) studied the alterations of the optical properties of LESAL-etched fused 

silica samples. It was reported that such changes are important for the etching process, 

because they cause the laser energy absorption in a very small near-surface volume, 

resulting in extremely high energy densities. The same group further investigaed the 

influence of the processing parameters like laser wavelength and laser fluence on the 

etch rate and the surface roughness for etching of fused silica, quartz, sapphire, 

andmagnesium fluoride (MgF2) during the LESAL process (Böhme et al., 2006). 

LIBDE on the other hand is often denoted by the general term LIPAA. Pan et al. 

(2017)  and Xu et al. (2017) employed LIPAA to fabricate microchannels for 

microfluidic and electrofluidic devices respectively. A research group from Nothwestern 

University compared the machining capability of laser direct machining and laser-

induced plasma machining (Pallav et al., 2014). It was revealed that laser-induced 

plasma machining provides better machining with improved geometrical characteristics, 

high aspect ratio, minimal built-up edge, etc. Similar observations were reported by 

Bhandari et al. (2019). Laser induced plasma can also be utilised for micro-drilling as 

reported by Paul et al. (2007) and Bulgakova et al. (2011). Both the research groups used 

nanosecond lasers to generate the plasma plume and carried out micro-drilling of opaque 

and transparent solids. Further, a research group from Russia carried out surface 

modification of amorphous and crystalline materials with the aid of the laser induced 

plasma (Zakoldaev et al., 2015; Shkuratova et al., 2018). 

2.4.1 Experimental investigation on LIPAA 

Literature reports several investigations carried out on the experimental studies on 

LIPAA of various materials. Zhang et al. (1998) reported the novel method of LIPAA 

for micromachining fused quartz using the fourth harmonic of Nd:YAG laser. A series of 

experiments were performed to find the dependence of ablation rate and threshold laser 
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fluence on parameters such as laser fluence, the number of pulses and the distance 

between the fused quartz and the metal target. Zhang et al. (1999) also fabricated high 

quality micro-grating structures and holes in fused quartz and pyrex glass and reported 

the dependence of ablation depth on laser fluence and distance between the target and the 

substrate material. Increasing the distance between the target and the substrate and also 

the laser fluence, results in decrease and increase in ablation depth respectively. They 

indicated that either energetic species in the plasma or thin metal film deposited is 

responsible for glass ablation. Hong et al. (2001) focused at the various applications of 

LIPAA such as different colour and tones of laser printing by varying the target metal 

and the gap distance, picture printing, non-crack surface printing and metallization on 

glass substrate. Hanada et al. (2004) reported an improvement in the selective 

metallization with the use of an encapsulated film of oil based black ink. The same 

research group further utilised the LIPAA process for scribing of sapphire substrate 

(Hanada et al., 2005).  

Pan et al. (2017) reported a combined process of LIPAA with chemical corrosion 

to fabricate micro-channels with micro-texture surface on glass. They investigated the 

effect of chemical corrosion parameters on the micromorphology of micro-texture. Also 

the effect of scanning cycles, scanning speed, pulse power density and the gap distance 

between the glass and the target metal on the channel geometry and chemical corrosive 

rate was investigated. Recently, Xu et al. (2017) also proposed a combined process of 

LIPAA with successive electroplating to fabricate an electrofluidic device. They 

fabricated microchannel on the glass by the laser plasma plume using graphite as the 

target metal. A graphite film thus sputter coated on the rear side of the glass results in 

strong adhesion of Ni pattern after being electro plated. The electroplating was found to 

be helpful in enhancing the conductivity of the metallized pattern. Lorenz et al. (2014) 

reported a laser-induced front side etching process for fabrication of sub-µm structures 

on glass fibre surfaces using a thin absorbing metal layer of high absorbing co-efficient. 

The analysis of the surface structures presented that the laser-induced front side etching 

method allowed successful fabrication of well-defined periodic sub-µm structures. 

Furthermore, the structuring process was simulated by a thermodynamic equation 

including an approach of the laser–plasma interaction. 

Investigations were also carried out for backside wet etching where the metal 

targets are replaced by strong absorbing aqueous solution. Kopitkovas et al. (2007) 

fabricated complex structures on UV transparent materials like quartz using conventional 
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XeCl excimer laser and an organic solution. They reported that roughness of the etched 

surface varied between 10 to 200 nm and depends on the laser fluence and pulse 

duration. Also the influence on the etching mechanism due to the formation of carbon 

deposits was discussed. Niino et al. (2006) fabricated well-defined deep trenches without 

crack on fused silica plates. Kim and Park (2017) fabricated circuit patterned glass by 

backside wet etching followed by electroless plating. Further, Vass et al. (2015) carried 

out comparative study on grating fabrication by backside wet etching and direct ablation 

by ultrashort laser pulses. Tsvetkov et al. (2017) investigated the mechanism involved in 

single-pulse laser-induced backside wet etching of silicate glass. The study showed 

significant differences in the mechanism of crater formation in the “soft” mode (laser 

fluence < 150-170 J/cm2) and in the “hard” mode (at higher laser fluencies). Accurate 

craters with good pulse to pulse reproducibility of their shape and smooth walls were 

obtained in “soft” mode which was not obtained in “hard” mode. Hopp et al. (2009) 

carried out a comparative study for laser-induced backside dry and wet etching of 

transparent material using solid and molten tin as absorbers. It showed that etch rate was 

same for both the method for the first pulse. However for successive laser pulses, etch 

rate was seen decreasing for dry etching while for wet etching it was maintained 

constant. It was found that decreasing etch rate was due to residual tin incorporation near 

the fused silica surface. Ehrhardt et al. (2017) studied the confinement effect of thin 

liquid and solid hydrocarbon absorber films with different thickness at the laser induced 

backside etching. It was noted that the phase of the absorber (solid or liquid) does not 

influence the principle backside etching characteristics, whereas the thickness of the 

absorber at the interface influences the etching rate.  

Observations 

From the available literature, it can be noted that most of the research related to laser 

processing of transparent materials employ ultrashort pulsed lasers or lasers of short 

wavelength. Though, the ultrashort lasers produce clean and quality micro-channels, they 

are expensive and provide low material removal rate. Moreover, their ablation capability 

is also restricted to a few hundreds of nano meter. Very scant work has been reported on 

the use of LIPAA process in the fabrication of microchannels on PC. Also, it has been 

obsevered that limited work on the study of the effect of the laser process parameters on 

the channel dimensions and surface quality during LIPAA process has been reported. 

Moreover, the application of millisecond pulsed lasers during LIPAA for the fabrication 
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of microchannels on PC was also found to be very limited. It can also be observed that 

there has been limited research on the investigation of the effect of the metal target 

properties on the geometrical characteristics of the microchannels produced during the 

LIPAA process.  

2.4.2  Numerical investigation on LIPAA 

After reviewing the literature on experimental studies of LIPAA, a literature survey on 

numerical studies of LIPAA was also carried out. But there was scant work reported on 

numerical study of LIPAA. As per the mechanism of LIPAA, the ablation of the 

transparent material is mainly governed by the thermal energy generated by laser‒

induced plasma. Thus, some important literature related to numerical investigation on 

laser direct machining and literature relevant to the principle of LIPAA have been 

studied. 

Literature reports various numerical studies on the laser machining process using 

finite element method (FEM) and finite difference method (FDM). Zhao and Shin (2013) 

extablished a 2D axisymmetric hydrodynamic model to study the ablation mechanism of 

of silicon by a femtosecond (fs) laser at both low and high laser fluence. They calculated 

the ablation depth of the silicon wafer ablated in air at different laser fluence and carried 

out the corresponding experimental measurements for validation. It was observed that, 

while two-photon absorption dominates in the low fluence regime (<2 J/cm2), electron 

heat diffusion is a major energy transport mechanism at higher laser fluences (>2 J/cm2). 

Tani et al. (2008) developed a 3D numerical model to predict the physical phenomena 

involved in laser ablation of metals taking into account the heat distribution in the work 

piece, the velocity of the vapor/liquid front and the physical state of the plasma plume. 

The simulations made it possible to predict the ablated workpiece volume and the shape 

of the resulting craters for a single laser pulse or multiple pulses and also for any path of 

the laser spot. 

Again, Linsen and Guoquan (2012) have built a laser drilling thermodynamic model 

based on the characteristics of the laser drilling and processing environment. The 

temperature field is simulated by using the finite element analysis software ANSYS. The 

influence of the different drilling parameters on the laser drilled hole quality are analyzed 

and predicted from the temperature field distribution, which provides a basis for 

selecting the optimal parameters of the laser drilling. They assumed a Gaussian heat flux 
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and also took into consideration the phase change. The temperature field is determined 

by solving the two dimensional nonlinear transient heat balance taken as:  

2 2

2 2

( , , ) ( , , ) ( , , )T x y t T x y t T x y t
c k k

t x y


  
= +
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         (2.1) 

where k is the thermal conductivity, ρ is the density and c is the specific heat 

capacity  

In the boundary conditions, the phase change interface and peripheral change 

interfaces are described as: 

Phase change interface:   
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where α is the absorption coefficient, Lv is the latent heat of vaporization, vr is the 

speed of the vapour molecules during phase change. 
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where, 
𝛿𝑇

𝛿𝑛
 is the rate of change of temperature along outside the normal, h is the 

convective heat transfer coefficient, e is sample surface emission coefficient and 𝜎 is the 

Blackbody radiation constant. 

Further, Yang et al. (2010) developed a 3D transient finite element model for a 

moving Gaussian laser beam to predict the temperature, depth and the width of the heat 

affected zone on the Ti6Al4V alloy. Authors considered the heat generation per unit 

volume and also the velocity of the workpiece assuming Gaussian mode of laser beam. 

The three-dimensional heat conduction equation that governed the heat generation during 

the process has been described as: 
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          (2.4) 

where, 𝜌, c, k, Q,U are the density, specific heat, thermal conductivity, heat 

generation per unit volume and the velocity of the workpiece respectively. 

Acherjee et al. (2012) reported numerical analysis on the laser transmission 

welding of PC. The impact of the laser parameters on temperature distribution and weld 

bead dimensions via finite element (FE) modeling of the process was studied. The 

thermal field has been simulated by solving a three dimensional transient heat diffusion 

equation with temperature dependent material properties: 
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where ρ is the material density (kg/m3), c is the specific heat (J/kgK), T is the 

temperature (K), t is the time (s), k is the thermal conductivity (W/mK), qv is the rate of 

internal heat generation (W/m3) and  ∇ is the gradient operator. Further, the combination 

of convection and radiation boundary conditions into a single boundary condition was 

considered as: 

( ) ( )0r sk T T n h T T−  = −                       (2.6) 

where hr is the combined heat transfer coefficient that can be expressed as: 

( )( )2 2

0 0r s sh h T T T T = + + +                      (2.7) 

Similarly, Ai et al. (2018) reported the development of a 3D transient numerical 

modeling of welding of polyethylene terephthalate and titanium alloy by laser 

transmission process. The melting and the fluid flow during the process was considered 

in the model to predict the weld geometry and porosity formation.  

Literature also reveals several attempts on the numerical study of laser-induced 

plasma micromachining and the role of laser-induced plasma properties in its material 

removal behaviour. Saxena et al. (2014) established a 3D model to determine the spatial 

and temporal distribution of a Gaussian-pulsed laser‒induced plasma for understanding 

the material removal procedure during laser-induced plasma micromachining. The 

simulation further predicted the distribution of plasma energy density, absorption 

coefficient and laser intensity within the focal region. The study revealed that laser-

induced plasma in a condensed media exhibits unsymmetrical spatial distribution along 

the direction of beam propagation and shifts the plasma toward the direction of 

incidence. Also, Fabbro et al. (1990) analysed the different physical phenomena 

involved in laser-produced plasma in a confined geometry. They developed a model 

which described the various steps involved in this process and also compared it to the 

direct ablation regime. It was observed that during the laser heating, the generated 

pressure for laser induced plasma is typically 4‒10 times greater than the corresponding 

one obtained in laser direct ablation. Further, Rajendran et al. (2007) developed a model 

for nanosecond pulse ablation of an aluminum target in vacuum for cases when the laser 

beam absorption by the plasma above the target is not significant. The model described 

the laser-solid interaction that results in target heating and vaporization leading to 

ablation. It was observed that, the laser solid interaction plays a dominant role in ablation 
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for lower laser fluences whereas the plasma plume expansion above the target plays the 

major role for higher fluences. An end-to-end modeling procedure was formulated by 

Keidar et al. (2004) to predict the plasma plume structure generated by a micro laser-

ablation plasma. The plasma formation model was based on a fluid approach and the 

plasma plume was modeled using a Particle-in-cell plus direct simulation Monte Carlo 

(PIC-DSMC) approach. Further, Lorenz et al. (2012) presented both front and back side 

etching of fused silica using a chromium absorbing layer. A 2‒dimensional model was 

used to analyze the interaction of the laser radiation with the metal/fused silica system to 

estimate the etching depth and the dependence on the laser fluence by using finite 

element method (FEM). Authors described the laser heating of the solids as : 
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where ‒ve is denoted for front side etching (f ) and +ve for back side etching (b); T 

denotes temperature, Q is the laser-induced heat power, x and z are spatial coordinates, 𝜌 

is the density, C the heat capacity, k is the thermal conductivity, 𝛼 the absorption 

coefficient and φq is the laser-induced heat fluence. 

A three-dimensional thermal model was also established to simulate the material 

removal during the LIBWE process by considering the material data variations of 

temperature, enthalpy change and latent heat fusion by Xie et al. (2017). The developed 

model could predict the groove shape influenced by the laser processing parameters like 

laser fluence, scanning velocity and scanning pass. It was observed that the groove depth 

increases with decreasing scanning velocity and increasing laser fluence and number of 

scanning passes. Vass et al. (2004) studied numerically the micromachining  process of 

transparent material fused silica by  laser-induced  backside  wet  etching (LIBWE) 

process. Authors calculated  the  maximal  depth  of  melted  fused  silica  layer  by 

numerical solution of the one-dimension heat flow equation taking into account the 

phase transformations of the liquid reagents and the fused silica target. From the study, it 

was concluded that the thickness of the melted quartz layer depends linearly on both 

absorption coefficient of the liquid and laser fluence. Again, Jiao and Wang (2008) 

reported that in order to reduce the possibility of fracture in the process of cutting glass 

by lasers, the thermal stress has to be less than the critical rupture strength. For the 

purpose, a numerical model of machining glass by laser beam using a finite element 

analysis was developed. The distribution of the thermal stress and the temperature was 

simulated and the thermal stress was studied both when the glass sample was machined 
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by a single CO2‒laser beam and by dual CO2‒laser beams. It was observed that the 

thermal stress can be reduced by means of the dual-laser-beam method. Similarly, the 

process of nano-drilling of fused silica was also simulated by finite element method 

using a thermodynamic model by Lorenz et al. (2015). Similarly, Moradi et al. (2021) 

developed  a numerical simulation of the laser cutting of a 3.2 mm thickness PC sheet 

using finite element method. The developed analysis could predict the depth of kerf in a 

continuous mode for different values of laser power, speed and laser focal plane and as 

such, the effect of these parameters were investigated on the top and bottom kerf width, 

the ratio of upper kerf width to lower kerf width and taper kerf.  

Observations 

From the literature, it can be observed that several attempts on the numerical study of 

laser-induced plasma micromachining and the role of laser-induced plasma properties in 

its material removal behaviour have been reported. Further, numerical study on laser 

direct and laser transmission processes of various materials are also described in several 

pieces of literature. However, limited work in the simulation study of the LIPAA process 

have been reported. Scant 2D or 3D numerical study of the LIPAA process has been 

carried out embracing the influence of the plasma together with the incoming laser beam 

on both the transparent material and the metal target.  

2.5 Process parameters 

Laser machining or ablation is mainly controlled by lasers parameters and workpiece 

material properties. Figure 2.7 shows the parameters affecting the quality of the laser 

ablation. Effect of these parameters have been discussed in the following sections: 

 

Figure 2.7 Parameters affecting the ablation quality 
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2.5.1 Laser parameters 

In order to achieve maximum efficiency and best quality laser machining or ablation 

process, it is important to employ optimum laser parameters. Laser parameters that have 

an influence on the process involve laser power, pulse repetition rate, pulse duration, 

scanning speed and beam geometry. The effects of these parameters are discussed as 

follows: 

(A) Laser power 

The laser power is a parameter that has direct control on the laser heat flux density and 

laser energy input into the workpiece material. An increase in the laser power results in 

the increase in heat flux density and energy input. Salama et al. (2016) reported an 

investigation into the effect of laser power on HAZ and ablation depth during laser 

machining of carbon fibre-reinforced polymer (CFRP) composites. The experimental 

study shows that the HAZ and ablation depths reduce as the laser power reduces. Also, 

Bogaerts and Chen (2005) found that target heating, melting and vaporization, vapor and 

background gas density, plume expansion velocity and temperature, ionization degree 

and densities of ions and electrons in the plume, and hence also the plasma shielding, all 

increase with the increase in the laser power. Likewise, Samant and Dahotre (2008) 

reported that the temporally and spatially intense and restricted heat source of laser 

power provides an extremely efficient method to increase the temperature of the work 

piece making the machining process convenient. 

(B) Pulse repetition rate 

When a laser is running in pulsed mode, the number of pulses per second or frequency of 

pulses is known as the pulse repetition rate (PRR).  The term PRR and pulse frequency 

are commonly used. The pulse repetition rate controls the heat input per unit time and 

plays a significant role in the size of the heat affected zone. With increasing pulse 

repetition rate, more effective number of pulses irradiate the workpiece surface, resulting 

in better overlap of pulses which leads to a smoother cutting edge or microchannel 

formation (Tan et al., 2009). RAČIUKAITIS et al. (2009) reported that the ablation 

threshold of metals (aluminum, copper, stainless steel) and silicon depended on the 

number of pulses affecting the area. The reduction in the ablation threshold with 

increasing pulse repetition rate is found to be useful in application of the high repetition-

rate lasers with the low pulse energy in order to increase the processing efficiency. 
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Further, Cheng et al. (2009) and Schille et al. (2010) also indicated that higher pulse 

repetition rate results in lower ablation thresholds accompanied with higher ablation rates 

due to the combined effects of plasma, residual thermal energy and phase transition. 

(C) Pulse duration 

Pulse duration is the measure of the time between the beginning and end of the pulse, 

typically based on the full width half maximum (FWHM) of the pulse shape. It directly 

controls the pulse energy and the average laser power. An increase in the pulse duration 

results in a decreased ablation rate and it is due to the decrease in laser peak intensity 

with increasing pulse width (Chien and Gupta, 2005). Le Harzic et al. (2005) reported 

that ablation thresholds and penetration depths are deduced as a function of pulse 

duration. Increasing  pulse  duration  increases the threshold fluence and reduces the 

effective energy penetration depth. Moreover, the machined feature quality is improved 

as the pulse width becomes shorter and consequently, the peak intensity becomes higher 

(Chen and Liu, 1999). Pulse duration not only affects the ablation rate and penetration 

depth, but it also has control on heat-affected damage of the material. Shorter pulses 

reduce heat-affected damage of the material and opens new ways for nanometer accuracy 

(Meijer et al., 2002). 

(D) Scanning speed 

Scanning speed controls the heat input per unit length and the time of interaction of the 

laser beam with the workpiece material. In other words, the laser energy per unit area is 

determined by the laser scanning speed. A higher scanning speed results in less 

irradiation of the laser beam in a specified area. Thus, there will be less thermal effect on 

the on the workpiece material, resulting in less laser beam penetration into the material. 

Also, the successive laser pulse moves far away from the former laser pulse. As such, 

there will be less overlapping of the laser pulses and smaller heat affected zone at higher 

scanning speed. Also, Salama et al. (2016) observed that scanning speed plays a 

dominating role in controlling the HAZ size and ablation depth.Authors showed that 

minimum HAZ and ablation depth was achieved at a very high scanning speed. The 

scanning speed not only affects the HAZ and penetration depth of the laser beam, but 

also plays an important role in the formation of a channel. For a channel to be formed, 

the pulse overlap must be greater than zero. For pulse overlap less than zero, discrete 

crater formation will occur. The effect of these pulse overlap is called the jump effect 
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(Pan et al., 2017). The overlap distance or the distance between two laser pulses, DL and 

the overlap, O are given by (Vora and Dahotre, 2015): 

L

v
D

f
=                                                                             (2.9) 

100%LD
O





− 
=  

 
                                                        (2.10) 

where, ω is the focussed beam diameter, DL is the overlap distance, v is the scanning 

speed and f the pulse repetition rate. 

Further, Schnell et al. (2020) demonstrated that ablation threshold depends on 

pulse overlap as well as on the fluence. Also, high pulse overlap cause extended phase 

explosion and heat accumulation which ultimately leads to a decrease of the ablation 

threshold. 

Observations 

Laser machining has been found as a promising tool if it is applied with proper setting of 

laser parameters such as laser power, pulse repetition rate, pulse duration and laser 

scanning speed. Laser parameters are the main controlling parameters, having non-linear 

interaction among themselves and with the workpiece material properties. The effect of 

combinations of laser parameters on the performance parameters such as ablation width, 

ablation depth and roughness of the ablated area is thus difficult to generalize. Besides, it 

can be observed that scant work has been carried out on the effect of these parameters for 

obtaining an optimal set of process parameters especially during the LIPAA process. 

This may thus be of interest to improve the productivity and product quality of the 

process. 

2.5.2 Workpiece material properties 

During laser based machining, the material ablation is a thermal process. The 

temperature distribution is mainly responsible for the desired process outcome. The 

thermal and optical properties of the workpiece materials have a major effect on the laser 

ablation process. The important materials properties are discussed below: 

(A) Optical property 

Absorptivity is an optical property of a material, which describes how much light can be 

absorbed in a material in relation to an amount of light incident on the material. 

Absorptivity depends on the wavelength and direction of the incident light, type of the 
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material (metal, plastic, etc.), chemical composition and structure of the material, and 

state of the material and its surface (temperature, surface roughness, degree of oxidation 

and contamination). Absorptivity (A) can be calculated as:  

1A R T= − −            (2.11) 

where R is the reflectivity and T is the transmissivity of the material. 

The laser beam does not get absorbed by the workpiece surface completely. A 

fraction of the beam is absorbed into the material, while the rest is reflected to the 

surrounding. Increase in absorptivity increases the laser energy input into the workpiece 

surface. The absorbed energy excites free electrons, which is instantaneously converted 

into heat in a time duration of about 10-13 s (Dahotre and Harimkar, 2008). The heat then 

dissipates through various heat transfer modes such as conduction, convection and 

radiation; however, the conduction plays the most significant role (Mishra et al., 2019). 

The heat conducted into the metal surface increases the temperature of the surface, 

thereby supporting the laser ablation process. Lawrence (2002) found that a high-power 

diode laser is more efficient than a CO2 laser because the wavelength of the diode laser is 

small, which enhances the absorptivity as most materials are highly absorbing at low 

wavelength. In general, the metals have low absorptivity, however it increases due to the 

presence of rust, oxides, dust, contaminants, grease, oil  or other foreign  particles. 

Similarly, Li et al. (2007) investigated the effect of the absorptivity of metal on 

femtosecond pulsed laser ablation. It was observed that the absorptivity of the material 

increases with the temperature evolution with time and as such, an increase in the 

ablation is achieved. 

On the other hand, transparent materials are highly transmissible to laser beams in 

the visible and near-infrared wavelength range. The laser beam transmits through the 

transparent material uninterrupted, thereby causing no thermal effect on the material. 

However, transparent materials like glass and polymers exhibit high absorptivity in UV 

and infrared wavelength range (Singh et al., 2020). Researchers around the globe used 

CO2, excimer and Nd:YAG lasers to machine microchannels on transparent materials 

such as glass (Chang et al. 2016) and polymers (Day and Gu, 2005; Darvishi et al., 

2012). Also, it was revealed that CO2 and excimer laser could successfully machine the 

transparent polymer material because most of the polymers exhibit significant 

absorptivity at the far infrared spectrum and low UV wavelength (Prakash and Kumar, 

2015b). 
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(B) Thermal property 

Thermal properties control the temperature distribution in a workpiece. The significant 

thermal properties are namely thermal conductivity (k) and heat capacity (c). The thermal 

conductivity of metals is such a thermal property that signifies its ability to conduct heat 

into the material. In metals, the value of thermal conductivity varies in a wide range, from 

a value of approximately 8 W/mK to a value of about 400 W/mK. It determines the heat 

flow into the surrounding material, and therefore, the temperature gradient and peak 

temperature are affected by the thermal conductivity (Bejan and Kraus, 2003). The peak 

temperature and temperature gradient both decrease with the increase in thermal 

conductivity. It is due to quick heat dissipation in high conductivity material (Hu et al., 

2002). Benton et al. (2019) studied the effect of thermal conductivity on laser 

micromachining of microchannels and observed that the melted and vaporized volume in 

the metal target increases with the increase in the thermal conductivity value of the 

material. 

Specific heat capacity on the other hand signifies the amount of heat required to be 

supplied per unit mass to raise the temperature by unit degree. In metals, its value range 

from a lowest value of about 120 J/kgK to a highest value of 3500 J/kgK. Similar to 

thermal conductivity, specific heat also governs the peak temperature obtained during the 

laser irradiation. In fact, when different materials absorb identical quantity of heat, it is 

the materials’ specific heat that decides the generation of peak temperature. The smaller 

the specific heat is, the higher the peak temperature is obtained (Guan et al., 2005). 

Benton et al. (2019) also investigated the effect of specific heat capacity on laser 

micromachining of microchannels and reported that, the higher the specific heat of a 

metal, the lower the depth of cut for a given laser power is obtained. 

Observations 

From the aforementioned studies, it can be observed that depending on the various 

factors such as wavelength of the incident laser beam; surface roughness of the material 

and the temperature evolution on the surface, the metals get highly absorbing thereby 

causing thermal ablation on its surface. Transparent materials exhibit significant 

absorptivity at the far infrared spectrum and low UV wavelength. No laser beam can be 

absorbed in the visible and near-infrared spectral range making the laser machining of 

transparent materials in such spectral range a challenging task. It may be worthy 

studying the laser machining process of transparent materials in the visible and near-
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infrared spectral range. While, concerning the thermal properties, it is observed that 

several literature reports the effect of the thermal conductivity and the specific heat 

capacity on the laser machining of metals. However, limited research on the 

investigation of the effect of the thermal properties of the metal target on the transparent 

material during the LIPAA process have been carried out. An investigation on the effect 

of thermal properties of metal target on the transparent material during the LIPAA 

process may thus be useful.  

2.6 Optimum process condition for laser-micromachining of transparent materials 

The optimum selection of process parameters has played an important role for increasing 

the machining ability, improving surface finish, increasing material removal rate and 

reducing machining time of any laser machining process. Umer et al. (2017) carried out 

multi-response optimization of machining parameters during laser micro-milling of 

alumina ceramic by Nd: YAG laser. Authors aimed at minimizing the surface roughness 

and maximizing the machining rate using MOGA-II. It was found that better surface 

finish was achieved at low pulse overlaps, high intensity of laser, low frequency and 

shorter pulse duration while, high laser beam intensity resulted in higher machining rate. 

Authors further machined micro-channels of different depths by varying three 

parameters, viz. intensity of laser beam, pulse overlap and scanning speed (Mohammed 

et al., 2019). Response Surface Methodology (RSM) and Lipschitz sampling were used 

to optimize the parameters for different depth categories and was found that intensity of 

laser beam plays a major role for depth control. McCann et al. (2018) developed a model 

to predict the micro-channel depth and width during laser ablation of cyclic olefin 

polymer (COP) films by Nd: YAG laser. The group observed that the laser fluence is the 

primary factor affecting the micro-channel depth, in addition to which number of laser 

passes and substrate thickness were also found to be significant factors. Chen and Hu 

(2017) proposed an effective method to fabricate micro-channels on the PC using CO2 

laser. Orthogonal experimental method was successfully applied to investigate the effect 

of laser power, machining speed and length of the micro-channel on the channel width. It 

was observed that the degree of sensitivity of the laser parameters on the channel width 

was highest for laser power, followed by the length of micro-channel and laser moving 

velocity. Third-harmonic of an Nd: YAG laser was used by Hammadi (2020) to fabricate 

micro-channels for bio-medical applications. The author showed that the micro-channel 

width can be minimized to a value of 1 µm by precise control of laser power, beam 
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radius and irradiation time. Further, Bulushev et al. (2016) investigated laser processing 

of BK7 glass using Design of Experiments and regression analysis. From the regression 

analysis, a regression model was obtained with the help of which micro-channels with 

predefined dimensions can be fabricated with an average accuracy of 5%. It was 

observed in the study that greater overlaps lead to higher material removal rate as the 

material is not fully cooled between the successive pulses. 

Observations 

Fabrication of micro-channels on transparent material by LIPAA require proper setting 

of laser parameters like pulse power density, pulse repetition rate and pulse duration to 

obtain desired channel width and depth. Generally, high pulse power density generates 

more plasma as a result of which burning of the transparent material may occur. 

Moreover, increasing number of pulses with increase in the pulse repetition rate may 

lead to large heat affected zone. Also, wider and deeper channels are produced at higher 

pulse duration. It is thus essential to study the influence of the process parameters like 

pulse power density, pulse repetition rate and pulse duration on the variation of the 

channel geometry and channel quality. From the literature survey, it is observed that 

several studies have been reported on micro-channel fabrication using different 

techniques and also on the variety of materials. However, scant work has been reported 

on the systematic and detailed analysis on the influence of laser parameters on the size 

and quality of the channels during Laser-Induced Plasma Assisted Ablation (LIPAA) 

process. Measurement and analysis of channel width, channel depth and channel 

roughness accurately would be significant to interpret the physics behind the LIPAA 

process. 

2.7 Observations and conclusions 

Literature reports research on various aspects of the laser machining process such as 

ablation mechanism, effect of process parameters and material properties on the process 

responses, process parameter optimization strategies, its various applications, etc. 

Significant research has also been reported on the demand of transparent materials in 

various scientific and industrial applications. Different transparent material processing 

techniques have also been discussed. Further, it has been described how laser among the 

other processing techniques proves itself a promising tool for transparent material 

processing. Details on laser-induced plasma assisted ablation (LIPAA) process in terms 
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of its types, laser process parameters and workpiece materials have also been presented. 

Published literatures on experimental investigations into the process mechanism, process 

parameters, process planning and process optimization of the LIPAA process are covered 

extensively. Numerical approach of laser-induced plasma process has been critically 

studied. Overall, this chapter has provided an overview of the published research work 

on the laser machining process. The key observations from the literature review can be 

summarized as: 

• Polycarbonate (PC) is highly transmissible to the laser beam at visible and near-

infrared wavelength range. Most of the research related to laser processing of PC 

employ ultrashort pulsed lasers or lasers of short wavelength. Conversely, limited 

work has been reported on laser machining of PC using large pulsed lasers and at 

larger wavelength. Also, very scant work has been reported on the use of LIPAA 

process in the fabrication of microchannels on PC.    

• The literature reports eminent articles on micro-channel fabrication by a number of 

different processes, experimental parametric analysis and also on the variety of 

materials used for its fabrication. However, very few studies have been reported on 

the systematic and detailed analysis of the effect of the laser parameters on the 

channel dimensions and quality during Laser Induced Plasma Assisted Ablation 

(LIPAA) process. 

• Numerical modelling of laser micromachining of transparent material has been 

reported in various literatures. Laser-induced plasma micromachining and the role of 

laser-induced plasma properties in its material removal behaviour have been studied. 

Further, numerical study on laser direct and laser transmission processes of various 

materials are also described. However, a very limited work in the simulation of 

LIPAA process has been reported. No two-dimensional or three-dimensional 

numerical modelling and simulation of the LIPAA process on PC has been attempted. 

• Research related to fabrication of microstructures like microfluidic devices and 

electrofluidic devices, micro drilling, use of different absorbing media on the rear side 

of the transparent material, comparative assessment of LIPAA and direct laser 

ablation process, parametric analysis of the laser process parameters, etc. have been 

reported. During direct laser machining, the effect of the thermal conductivity and the 

specific heat capacity on the workpiece material have also been reported in several 

literatures. However, very limited research pertaining to the effect of the thermal 
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properties of the metal target on the transparent material during the LIPAA process 

has been carried out.  

2.8 Research objectives 

Based on the research gaps identified during the literature review on various aspects of 

laser machining, the objectives of present research have been derived. The primary 

objective of the present work is to enhance the product quality and process efficiency 

during the laser-induced plasma assisted ablation of polycarbonate. To achieve this 

objective, the following are the specific objectives undertaken: 

• To perform laser machining of transparent polycarbonate material which has high 

transmittance in the visible and near-infrared spectral range. 

• To fabricate microchannels on polycarbonate using LIPAA. 

• To study the influence of different metal targets on the geometrical characteristics of 

the microchannels. 

• To study the effect of the process parameters viz. pulse power density, pulse 

repetition rate, pulse duration, and scanning speed on the microchannel geometry and 

quality.   

• To develop a 2D and 3D non-linear thermo-physical model of LIPAA to compute the 

micro-channel width and depth. 

• Based on the numerical model, to study the effect of the laser process parameters on 

the microchannel fabrication. 
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Figure 2.8 Methodology of the present research work 

Figure 2.8 gives an overview of the methodology of the research carried out in the 

present work. The various stages of the work are as follows. 

Stage 1: Initially, a literature survey relevant to laser machining of transparent 

materials has been thoroughly carried out. The study comprises of understanding the 

process mechanism of Laser-Induced Plasma Assisted Ablation (LIPAA), its process 

parameters, workpiece materials, and parametric analysis. The research gaps identified 

have been discussed and subsequently, a brief insight into the experimental and 

numerical investigation on the LIPAA process for microchannel fabrication on 

transparent PC has been presented. 

Stage 2: In this module, experimental investigations have been carried out for 

successful fabrication of micro-channels on PC by using the LIPAA process. Besides, 
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the effect of properties of metal targets such as aluminium, copper and stainless steel on 

microchannel fabrication was also investigated. The width and depth of the 

microchannels were observed at same condition of laser parameters for the three metal 

targets and based on the data, the effect of the material properties like thermal 

conductivity and the specific heat capacity on the channel width and channel depth has 

been presented. 

Stage 3: This module reports the full-factorial experiments on microchannel 

fabrication on PC using LIPAA with aluminium metal target. Experiments were 

performed considering the effective ranges of process parameters viz. pulse power 

density, pulse repetition rate, pulse duration and scanning speed. The influence of laser 

parameters on the channel geometry and roughness have been extensively studied. A 

statistical analysis was carried out to analyse the significance of factors on the responses 

and to develop mathematical relations of the input laser parameters and process 

responses. An optimal condition of laser parameters has been determined and open 

microchannels were fabricated. The fabricated open micro-channels were then closed by 

using a thermal bonding process. A fluid flow test was carried out on the closed 

microchannel and its applicability as a microfluidic device was proved.  

Stage 4: In this module, a non-linear transient finite element model of LIPAA 

process has been developed taking aluminium as the metal target and polycarbonate as 

the transparent material. The model was validated with the experimental findings of the 

present work. A systematic study was carried out to understand the physics of the 

ablation process. Parametric studies were performed by varying the levels of process 

parameters such as pulse power density, pulse repetition rate and pulse duration. The 

effect of these parameters onto the performance parameters such as channel width, 

channel depth and channel roughness was thoroughly studied.  
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Chapter 3 

Microchannel fabrication using LIPAA and study on the influence of 

metal target properties  

3.0 Scope 

This chapter presents successful fabrication of microchannels on transparent 

polycarbonate (PC) using LIPAA. Initially the mechanism of LIPAA has been 

thoroughly studied. Details of the experimental setup, workpiece material, machining 

process and characterization of the fabricated microchannels have been elaborated in the 

chapter. LIPAA process is governed by factors such as laser parameters, process 

parameters and metal target properties. In the present chapter, the effect of the metal 

target properties like thermal conductivity and specific heat capacity on the microchannel 

geometrical characteristics has been studied. Three different metal targets viz. 

aluminium, copper and stainless steel have been utilized during the process. 

Microchannel aspect ratio was then determined for the three metal targets at the same 

condition of the laser parameters.  The metal target leading to the highest microchannel 

aspect ratio is recommended for further study.  

The parametric and statistical analysis of the laser process parameters has however 

been presented comprehensively in the subsequent chapter. 

3.1 Motivation 

The primary objective of the current research work is successful fabrication of 

microchannels on transparent materials. In general, techniques like microwire moulding, 

injection moulding, compression moulding, imprinting, lithography, micro-milling, etc., 

are used in creation of features on transparent materials. Nonetheless, the mentioned 

techniques have limited applicability due to their longer lead-time, complex process 

mechanisms, and poor geometric accuracy. On the other hand, ultrashort pulsed lasers or 

lasers of short wavelength prove themselves a promising tool for machining transparent 

materials. But, they are expensive and provide a low material removal rate. However, it 

was noted from the reported literature that LIPAA can be an alternate and efficient 

manufacturing process to create various features on transparent materials. A need was 

thus identified to carry out a systematic experimental study on microchannel fabrication 

using the LIPAA process.  
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3.2 Theoretical background of LIPAA 

LIPAA is a versatile technique that has the potential to process transparent materials at 

longer laser pulses and with laser of longer wavelength. In the process, a sheet of 

transparent material is placed above metal target sheet with no external pressure being 

applied among the two materials. Thus, a micron level gap will be present in between the 

transparent and the metal target sheet. Both the sheets are placed over the computer 

controlled X–Y position stage. The schematic representation of the LIPAA experimental 

setup and its mechanism is shown in figure 3.1. 

 

Figure 3.1 Schematic representation of the experimental setup and mechanism of 

LIPAA 

Due to the transparency of the transparent material, as the laser passes through the 

transparent material, the laser beam is focussed on the upper surface of the metal target. 

The incident energy of photon at 1064 nm wavelength (1.2 eV) is comparable to the 
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minimum bond energy of aluminium (1.38 eV). Thus, laser photo-absorption occurs and 

a few percentage of the energy gets absorbed while the remaining portion reflects from 

the work surface. The absorption of the laser incident energy in the substrate material can 

be expressed in terms of Beer-Lambert law as (Dahotre and Harimkar, 2008): 

( ) z

oI z I e                                                             (3.1) 

where, I (z) is the laser intensity at depth z, Io is the incident laser intensity and µ is 

the absorption coefficient of the substrate material. The percentage of the laser incident 

energy that is absorbed by the substrate material is expressed as: 

1A R                 (3.2) 

where, A is the absorptivity of the material and R is the reflectivity of the material. 

The absorbed energy excites free electrons, which is instantaneously converted into heat 

in a time duration of about 10-13 s (Dahotre and Harimkar, 2008). The heat then 

dissipates through various heat transfer modes such as conduction, convection and 

radiation; however, the conduction plays the most significant role. The heat conducted 

into the metal surface increases the temperature of the surface. When the laser intensity 

is sufficiently high (105–108 W/cm2) (Negarestani and Li, 2012), the temperature exceeds 

the melting and boiling temperature, which results in material removal. Some portion of 

the material transforms into vapour form. The liberated vapours contain molecules, 

atoms, ions and electrons. The interaction of vapours with the incoming laser beam 

results in the ionisation of the vapour leading to the formation of dense and opaque 

plasma which confines itself to the irradiated surface. The degree of ionisation   in a 

vapour is given by the Saha Equation as (Dahotre and Harimkar, 2008): 
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 where, e g/N N  and g e aN N N  . Ne and Na denote the number densities of 

electrons and atoms/molecules respectively; gi and ga denote the degeneracy states of 

ions and atoms/molecules; m is the mass of vapour molecule; kb is the Boltzmann’s 

constant; Ts is the surface temperature; h is the Planck’s constant and ∆E is the ionisation 

energy.  

It is considered that the plasma generation threshold is obtained when the number 

density of the electrons (Ne) reaches a value of about 1018/cm3 (Dahotre and Harimkar, 

2008). The plasma energy density can thus be estimated from the electron density by the 

following equation (Saxena et al., 2014): 
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Also, the average plasma temperature is given by: 
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               (3.5) 

where K is the average kinetic energy of the electrons. 

For an ionisation energy of 34 eV of air, the Eplasma can be calculated to be about 

2.72 × 106 J/m3. Also, the plasma can attain a temperature from approximately 2500 K to 

as high as 50000 K and with a pressure up to 500 MPa. The plasma generated flies 

towards the substrate at a high speed of approximately 104 m/s (Hong et al., 2001). The 

generated plasma further interacts with the incoming laser and results in the Inverse 

Bremsstrahlung absorption which causes the isothermal expansion of the plasma (Pan et 

al., 2017). The expanded plasma has increased energy intensity than the input laser 

irradiance. The plasma, thus, ablates both the transparent and the metal target sheets. 

Thus, the IB is considered to be the main heating mechanism for higher laser power 

irradiations, while for the lower range, photo-absorption plays still an important role. 

When the transparent sheet gets ablated, a few percentage of the molten material gets 

redeposited on the ablated zone itself and the major percentage of the molten material is 

acted upon by the shockwave produced by the plasma (Campanella et al., 2019). This 

shockwave expels a major percentage of the molten material from the site of irradiation 

through the micron level gap present in between the transparent and the metal target 

sheet.  

After the study of the mechanism of LIPAA process, the details about the 

experimental setup, workpiece material, characterization of the fabricated microchannels 

and study on the effect of metal target properties are presented in the subsequent 

sections. 

3.3 Development of experimental setup 

In the present work, Nd: YAG pulsed millisecond laser (Model: 500 W pulsed Nd: YAG 

CNC Laser, Make: Suresh Indu Lasers Pvt. Ltd) having a wavelength of 1064 nm has 

been utilized for the fabrication of micro-channels on PC. The laser workstation consists 

of the beam bending, expanding, collimating and focusing optical units and a computer-

controlled X-Y position stage. The specification of the laser setup is given in table 3.1. 
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Table 3.1 Specifications of Nd: YAG Laser 

Laser parameters Value 

Wavelength (λ) 1.06 μm 

Average Power (Pavg) 500 W 

Pulse Width (τ) 0.5 – 20 ms 

Pulse Repetition rate (F) 1 – 500 Hz 

Laser Spot Radius (R) 100 μm 

The image of the experimental setup is shown in figure 3.2. A PC sheet of 1 mm 

thickness is kept on the upper surface of a 1 mm thick metal target. No external pressure 

is being applied to them. This set of PC and metal target is placed on the computer-

controlled X–Y position table. PC has a transmittance of about 89% in the infrared 

spectral range. Thus, the homogenized laser beam having a wavelength of 1.06 μm 

passes through the PC sheet and is focussed on the upper surface of the metal target 

sheet, leading to the plasma generation, thereby ablating both the PC and the metal target 

sheet. The profile or shape of the microchannel to be fabricated is designed by using the 

RD-Works V8 software. 

 

Figure 3.2 Nd:YAG laser experimental setup 

3.4 Workpiece material 

In the present research work, microchannels were fabricated on a transparent PC sheet. 

The reason for taking PC as the transparent sheet lies in its inherent high impact strength, 

high transparency, high dimensional stability, optical clarity and environment-friendly 
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nature. PC has high value for microfluidic devices as it can be sealed, supplied with 

reagents and integrate electrical and microelectronic components (Temiz et al., 2015). 

Further, they possess a glass transition temperature of 154 °C, which is higher than most 

of the other similar polymers like polymethyl methacrylate (PMMA), polystyrene or 

polydimethylsiloxane (PDMS). As such, PC can be considered as an ideal material for 

bio-medical as well as optics industries. While for the metal target sheet to be placed 

beneath the transparent sheet, a sheet of aluminium of thickness 1 mm was chosen for 

the initial experimental investigation. An important property of aluminium is that it is a 

good reflector of both visible light and radiated heat. Taking into consideration this 

property, aluminium was chosen as the metal target for well-defined ablation to take 

place at the rear side of the transparent material. 

3.5 Laser based machining using LIPAA principle 

After the study of the principle of operation of LIPAA, experiments were carried out to 

fabricate microchannels on PC. An overview of the laser based machining process using 

LIPAA principle is shown in figure 3.3. For fabrication of microchannels, the laser 

parameters like pulse power density, pulse repetition rate and pulse duration and laser 

scanning speed were utilized and varied initially in a wide range of values. They were 

varied in the range of 1.53-7.64 MW/cm2 pulse power density, 20-100 Hz pulse 

repetition rate, 1-10 ms pulse duration and 1 ms to 10 ms scanning speed. Again, the 

above mentioned figure shows the generation of plasma image in between the transparent 

PC and the metal target sheet. The ablative plasma can clearly be noticed during the 

LIPAA process. Material removal was thus achieved on both the PC and the aluminium 

sheet due to the effect of the plasma. However, in our present study, the main focus was 

on the analysis of microchannel fabricated on a transparent PC using the LIPAA process. 

Subsequently, the channel geometry (channel width and channel depth) and 

channel roughness of the fabricated microchannels on PC were measured and analysed, 

thereby establishing successful fabrication of quality microchannels by LIPAA on 

transparent PC. The successful creation of the microchannel on PC is shown in figure 

3.4. After efficiently fabricating microchannels, the effect of the properties of metal 

target was also investigated. 
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Figure 3.3 (a) Image of plasma generated near irradiated zone of aluminium sheet (b) PC 

placed above aluminium (c) no PC placed above aluminium 
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Figure 3.4 Microchannel fabrication on polycarbonate  

3.6 Characterization of LIPAA fabricated microchannels 

After fabricating microchannels, the measurement and characterization of the 

microchannels fabricated on PC have been carried out using Field Emission Scanning 

Electron Microscope (FESEM) and Energy Dispersive X-ray (EDX) spectroscopy 

available in the Central Instruments Facility (CIF) of IIT Guwahati and non-contact high 

precision surface profilometer available in the Advanced Manufacturing Laboratory of 

Mechanical Engineering Department, IIT Guwahati. The detail analysis on the above 

mentioned equipment have been presented in the following section. 

3.6.1 Field Emission Scanning Electron Microscope (FESEM)  

Field Emission Scanning Electron Microscope (FESEM) with magnification up to 

200000× (Model: Gemini 300) has also been utilized to determine the channel 

dimensions and characterize the ablation area's morphology of the PC sample.  To bring 

the PC sheet (with the micro-channel fabricated on it) to the size as per the requirement 

of the FESEM, the sheets were cut into squares of 1.3 cm and then polished on its edges 

to give it a smooth finish and bring it to a square of side 1 cm. The PC sheets were made 

conductive for the electrons by sputter coating with an extremely thin layer of 1.5 to 3.0 
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nm of Au. FESEM uses a beam of electrons to generate an image of the specimen and 

then to analyze it. For image visualization, analysis software SmartSEM was used. In our 

current study, the In-Lens detector of the FESEM was utilized to analyze the channels on 

the PC sheet. During the analysis, the extra high tension (EHT) accelerating voltage was 

kept at a value of 3 kV. Figure 3.5 shows the setup of the FESEM. 

 

Figure 3.5 Field Emission Scanning Electron Microscope (FESEM) used to measure 

channel dimensions 

Figure 3.6(a)  and 3.6(b) shows the FESEM images of a typical microchannel 

fabricated on the PC by LIPAA at process condition of 40 Hz repetition rate, 4 ms pulse 

duration, 4 mm/s scanning speed and 3.06 MW/cm2 pulse power density. The machined 

channel was cleaned with an ultrasonic bath. It can be seen that during the process, a 

prominent recast layer has been formed on the channel bed and channel edge. The recast 

layer can be noted from the enlarged view of the channel bed and channel edge 

respectively from figure 3.6(c) and 3.6(d). It is generally formed from the resolidification 

of molten material that was not ejected from the channel. During LIPAA, material 

removal occurs due to a combination of vaporization and melting as a consequence of 

plasma generation. Increasing the laser irradiation will further increase the plasma 

generation, promoting evaporation of the rear side of the PC and an associated recoil 

pressure. When the rate of evaporation or vaporization is high, the action of the recoil 

pressure on the molten surface can be sufficient to first form a depression in the melt 

pool and then to push molten material out of the hole. However, a small fraction of the 
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molten material gets redeposited on the channel bed and edge, thereby forming a recast 

layer. 

  

  

Figure 3.6 FESEM images showing (a-b) melted redeposits forming recast layer in the 

channel (c) melt redeposits at channel bed and (d) melt redeposits at channel edge. 

3.6.2 Energy Dispersive X-ray (EDX) spectroscopy  

Energy-Dispersive X-ray spectroscopy system (EDX) integrated with FESEM (Model: 

Gemini 300) was used to analyze the processed micro-channel. EDX analysis was 

performed to confirm the deposition of carbon and aluminium particles on the micro-

channel bed and microchannel edge. The sample preparation for the analysis is the same 

as that for the FESEM analysis. 

Figure 3.7 shows the elemental composition of the base PC material, micro-channel 

bed and micro-channel edge. Figure 3.7(a) shows the electron image of the micro-

channel directly after the machining process. During the machining process, the 

temperature generated is higher than the vaporization temperature of both the PC and 

aluminium sheet. As a result, it was expected that carbon particles along with aluminium 

particles would be deposited on and around the fabricated micro-channel. Figure 3.7(b) 
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confirms the deposition of carbon and aluminium particles on the base PC. Also, the 

deposition of carbon and aluminium particles on the micro-channel bed and micro-

channel edge was confirmed by EDX analysis as shown in figures 3.7(c) and 3.7(d), 

respectively. It was observed that the percentage deposition of aluminium from the 

substrate material on the micro-channel bed is less compared to the micro-channel edge. 

This may be due to the shock wave generated during the evaporation at the irradiated 

zone of the PC and aluminium sheet. This results in explosive melt expansion and the 

sputtered melted material gets deposited on the channel edge. However, it was found that 

the deposits were not permanent in nature. The deposits were easily removed by 

subjecting the channels to ultrasonic bath for about 15 minutes in ethanol. This can be 

noticed in the EDX analysis of the cleaned-microchannel (see Figure 3.8). The deposits 

at the channel bed and channel edge are negligible. Thus, the LIPAA based fabricated 

microchannel on transparent PC will be safe to use in bio-medical applications. 

 
 

  

Figure 3.7 (a) Electron image of micro-channel before cleaning with the spectrums for 

elemental composition of (b) base PC, (c) micro-channel edge and (d) micro-channel 

bed. 

TH-2575_166103017



54 
 

 

 

  

Figure 3.8 (a)Electron image of micro-channel after cleaning with the spectrums for 

elemental composition of (b) base PC, (c) micro-channel edge and (d) micro-channel 

bed. 

3.6.3 Non-contact high precision surface profilometer  

The surface roughness measurement was carried out with a high precision non-contact 

surface profilometer (Talysurf CCI; Taylor Hobson, Ltd.) as shown in figure 3.9. To 

prepare the channels for measurement, the specimen were first cleaned by using 

ultrasonic bathing for about 15 minutes in ethanol. The field of view of the profilometer 

is 0.825 × 0.825 mm2 with a 20× magnification lens and a focal distance of 4.7 mm. The 

data of roughness measurement was analyzed using the software TalyMap.  
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Figure 3.9 Non-contact high precision surface profilometer for channel roughness 

measurement 

The roughness measurement was taken longitudinally along the feed direction. As 

shown in figure 3.10, roughness values at three different zones were recorded and their 

average value was taken into consideration for further analysis. The wavy roughness 

profile along the axis X-X′ and Y-Y′ are also shown in figure 3.11. 

 

Figure 3.10 Channel roughness measurement zones 
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Figure 3.11 Roughness profile along the X-X′ and Y-Y′ axis 

3.7 Effect of metal target properties on microchannel fabrication  

Considering the flexibility of the LIPAA process, experiments were performed to 

fabricate microchannels on PC altering three different metal targets. It has been observed 

from the literature that in most of the reported studies on LIPAA, aluminium, copper and 

stainless steel were utilised as the metal target and as such, the three metal target sheets 

were chosen. Table 3.2 shows the properties of the metal targets. 

Table 3.2 Material properties of the metal targets (Sharma et al., 2014; Tadamalle et al., 

2014; Cheng et al., 2016; Sharma et al. 2019; Li et al., 2019; Zhao et al., 2018) 

Metal target Reflectivity Thermal conductivity 

(W/mK) 

Specific heat capacity 

(J/kgK) 

Aluminium 0.96 237 896 

Copper 0.96 400 382 

Stainless steel 0.98 26 602 
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The width and depth of fabricated microchannels were determined and are plotted 

graphically as shown in figure 3.12.  

 

Figure 3.12 Width and depth of microchannels on PC for aluminium, copper and 

stainless steel as the metal targets 

The FESEM images of the width and depth of fabricated microchannels is shown 

in figure 3.13. It is observed that at same condition of laser process parameters, 

microchannels of different widths and depths are obtained for the three metal targets. 

The dimensions of a microchannel fabricated during LIPAA must be governed by 

factors such as the medium between transparent and metal target material, laser 

parameters, the properties of transparent material and the properties of metal target. 

Since the medium between the materials is kept constant and microchannels were 

fabricated on PC at same laser parameters, it can be said that the metal target properties 

may have an influence on the microchannel formation during LIPAA.  

 
Figure 3.13  Width and depth of the cleaned microchannels for aluminium, copper and 

stainless steel as the metal targets observed under the FESEM 
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3.7.1 Effect of the thermal conductivity of the metal targets on the channel 

dimensions 

The thermal conductivity of metals is a thermal property that signifies its ability to 

conduct heat into the material. In metals, the value of thermal conductivity varies in a 

wide range, from a value of approximately 8 W/mK to a value of about 400 W/mK.  

During laser machining, when a laser beam irradiates a metal surface, the heat generated 

at the initial stage remains localized in a small region near the irradiated zone. In metals 

with high thermal conductivity, the generated heat gets conducted deeper and wider onto 

the material, before it is lost by convection. A higher conductivity value consequence a 

wider transmission of heat into the metal sheet. While, in metals with low thermal 

conductivity, the heat remains accumulated at the irradiated zone. When this heat is 

sufficient enough, it increases the temperature of the metal surface and induces its 

melting and vaporization. Thus, on laser irradiation with the same power, the melted and 

vaporized volume in the metal target increases with the increase in the thermal 

conductivity value of the material (Benton et al., 2019). 

However, it can be witnessed that, though there is an increase in the volume of the 

melted and vaporized volume in the metal target, the time to reach the melting and 

boiling point temperature in metals with higher thermal conductivity is much longer. 

Greater is the time to reach the boiling point temperature of the metal sheets, greater will 

be the time for plasma generation. It is because, plasma generation initiates when the 

initial vapour particles interact with the incoming laser beam resulting in the ionisation 

of the vapour particles and leading in the formation of an opaque and dense plasma. As 

such, plasma generation will take longer duration in high thermal conductivity materials. 

With the laser source moving at a specific speed for channel formation, late plasma 

formation results in less melting and vaporization on the rear side of the transparent 

material. Thus, it can be understood from the above discussion that, with increasing 

thermal conductivity of metals, the dimension of the crater or channel formed increases 

in the metal targets, while that on the transparent material decreases. A schematic 

representation of the effect of high thermal conductivity of the metal target on 

microchannel fabrication on transparent material during LIPAA is shown in figure 3.14.  

But again, it can be observed from the experimental analysis that, the above 

mentioned effect of the thermal conductivity on the transparent materials during LIPAA 

is more prominent on the width of the channel rather than on the depth of the channel. 

The variation of the channel width and the channel depth with thermal conductivity has 
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been plotted graphically in figure 3.15. Such variation may be due the reason that, the 

plasma as it reaches the rear side of the PC gets expanded radially. Thus, more the 

plasma generation, the more radially the plasma gets expanded, resulting in an increased 

channel width. On the other hand, the plasma has no significant effect longitudinally 

with the variation in plasma generation. It may be because, when a deeper ablated 

volume is obtained on the metal surface with higher thermal conductivity, the generated 

plasma will be at a greater distance from the rear surface of the transparent material 

compared to plasma generated in metals with lower thermal conductivity and hence leads 

to no specific change in the depth of the channel.   
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Figure 3.15 Effect of the thermal conductivity of the metal targets on (a) channel width 

and (b) channel depth 

3.7.2  Effect of the specific heat capacity of the metal targets on the channel 

dimensions 

Specific heat capacity on the other hand signifies the amount of heat required to be 

supplied per unit mass to raise the temperature by unit degree. In metals, its value range 

from a lowest value of about 120 J/kgK to a highest value of 3500 J/kgK. On laser beam 

irradiation on a metal surface, the peak temperature obtained on the surface is governed 

by the specific heat capacity of the material. Higher is the specific heat capacity; more is 

the amount of heat required to raise the temperature of the metal surface. Thus, the 

boiling point temperature of the material will be reached in a longer duration when 

compared to materials with low specific heat capacity. As a result, the melting and 

vaporization of the metal target sheet will be less for the same laser power in metals with 

higher specific heat capacity value (Benton et al., 2019) and hence lead to lower melted 

and vaporized volume in such metal targets. 

Thus, it can be understood that, the melting and vaporization will be less in metal 

targets with higher specific heat capacity for the same amount of laser power. Since the 

plasma generation depends on the vaporization of the material, it can be assumed that 

later the boiling point temperature is reached, late will be the plasma formation. But on 

the other hand, by the time the plasma is generated, laser irradiation on the metal surface 

also increases and consequently, more laser heat flux will be reflected from the metal 

surface towards the rear surface of the PC. Thus, there will be a combined effect of the 

generated plasma and the reflected laser heat flux on the rear side of the PC sheet and as 

such, an increased dimension of the crater or channel formed will be obtained on the PC 

sheet with metal targets of higher specific heat capacity. On the whole, it can be stated 
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from the above discussion that, with increasing specific heat capacity of metals in a 

LIPAA process, the dimension of the crater or channel formed decreases in the metal 

targets, while that on the transparent material increases. A schematic representation of 

the effect of higher specific heat capacity of the metal surface on microchannel 

fabrication on transparent material during the LIPAA process is shown in figure 3.16.  

Despite that, it can be witnessed from the experimental analysis that, the above 

mentioned effect of the specific heat capacity on the transparent materials during LIPAA 

is more notable on the depth of the channel rather than the width of the channel. It may 

be because, the reflected laser heat flux has a major impact with the variation of specific 

heat capacity and as such, has a significant longitudinal effect. Thus, higher the specific 

heat capacity of a metal target, more amount of reflected laser beam will reach the rear 

side of the PC and leads in the formation of a deeper crater or channel. Whereas, the 

reflected beam has no specific effect radially and hence leads to no specific variation in 

the width of the channel. The variation of the channel width and the channel depth with 

specific heat capacity has been generated graphically in figure 3.17. 
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Figure 3.17 Effect of the specific heat capacity of the metal targets on (a) channel width 

and (b) channel depth 

The above analysis on the effect of metal target properties on microchannel 

fabrication shows that microchannels formed with aluminium metal targets have a higher 

aspect ratio than those fabricated with copper and stainless steel as metal targets. The 

aspect ratio of microchannels fabricated at same condition of laser parameters (3.06 

MW/cm2 pulse power density, 4 ms pulse duration and 40 Hz pulse repetition rate) for 

the three metal targets have been shown in figure 3.18.  

 

Figure 3.18 Aspect ratio of microchannels on PC for aluminium, copper and stainless 

steel as the metal targets 

In most applications, the aspect ratio is defined as the depth of a structure over the 

width. Mathematically, it can be expressed as  

depth
aspect ratio

width


           

 

Higher the aspect ratio, the more challenging it is to manufacture a microchannel. 

Further, higher aspect ratio microchannels leads to annular flow of fluid inside the 

(3.6)
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micro-channel. Uniform fluid is thus obtained in such microchannels, which emphasizes 

its potential for use in microfluidics. Also, high aspect ratio microchannels lead to high 

rate of heat and mass transfer, making it an excellent microdevice for heat exchangers.  

Thus, further investigation of our research was conducted considering aluminium 

as the metal target. 

3.8 Summary 

The chapter presented successful fabrication of microchannels on transparent PC using 

LIPAA. Subsequently, the channel geometry (channel width and channel depth) and 

channel roughness of the fabricated microchannels were measured and analysed. After 

successful fabrication of microchannels, the effect of the properties of metal target was 

also investigated. Three different metal targets viz. aluminium, copper and stainless steel 

have been utilized during the process. The important observations from the study can be 

summarized as follows:  

 LIPAA can successfully fabricate high quality microchannels for various scientific 

and industrial applications.  

 EDX analysis showed the presence of carbon, aluminium and oxygen deposits on 

the channel edge and channel bed. The deposits are temporary in nature and are 

easily removed, thereby having no specific influence of the deposits on the quality 

of the microchannel for bio-medical applications. 

 An increase in the thermal conductivity of the metal targets results in the decrease in 

the dimension of the channels fabricated on the PC sheet, while an increased melted 

and vaporized volume is obtained in the metal target itself. However, this effect of 

the thermal conductivity is more distinctly visible on the channel width rather than 

on the channel depth. 

 The time span for plasma generation and the distance of the generated plasma from 

the rear side of the PC sheet plays the major role in determining the channel width 

on considering the variation in thermal conductivity of the metal targets. 

 Again, an increase in the dimension of the channels fabricated on the PC sheet was 

observed with the increase in the value of the specific heat of the metal target, 

whereas a decrease in the melted and vaporized volume in the metal target itself was 

obtained. On the other hand, this influence of the specific heat capacity is more 

prominent on the channel depth rather than on the channel width. 
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 The reflected laser beam that reaches the rear side of the PC sheet during the process 

plays the main role in determining the channel depth when the variation in specific 

heat capacity is considered. 

Higher aspect ratio microchannels are fabricated with aluminium metal target 

compared to that fabricated with copper and stainless steel as metal target. As such, 

further investigation of our research has been performed considering aluminium as the 

metal target.  
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Chapter 4 

Parametric and statistical investigation into microchannel fabrication 

on PC and fabrication of thermally bonded micro-channels 

4.0 Scope 

This chapter presents the results obtained during the full-factorial experiments on 

microchannel fabrication on polycarbonate (PC) using LIPAA with aluminium metal 

target. Experiments were conducted considering the effective range of process 

parameters viz. pulse power density, pulse repetition rate, pulse duration and scanning 

speed. A systematic study has been performed to analyze the effect of these process 

parameters on the responses like channel geometry (channel width and channel depth) 

and channel quality (channel roughness). Analysis of Variance (ANOVA) is carried out 

to find the significance of the factors on the responses viz. channel dimensions and 

channel roughness. Second order mathematical relations among the input laser 

parameters, their interactions and the responses were developed. To assess the prediction 

accuracy of the developed mathematical model, the confirmation experiments were 

planned and performed. Also, multiple objective (response) optimization of the input 

parameters to predict a better quality channel geometry and channel roughness was 

carried out. Further, the main effect plot and the surface plots are plotted to give a visual 

evaluation of the effect of the process parameters on the responses.  

The fabricated open microchannels were closed by using a thermal bonding 

process. A fluid flow test was also carried out on the closed microchannel and its 

potentiality to be used as a microfluidic device has been proved. The study also 

demonstrates that LIPAA process can be utilized to fabricate channels of different shapes 

to achieve better performance of the microchannel based devices. 

4.1 The need 

The fabrication of microchannels on PC by LIPAA requires a proper setting of laser 

parameters like pulse power density, pulse repetition rate and pulse duration to obtain 

desired channel geometry and quality. Subsequently, it is essential to study the influence 

of the process parameters on the variation of the channel width, channel depth and 

channel roughness. Channel width is a crucial factor in microchannel based microfluidics 

as it affects the flow through the microfluidic; channel depth also plays an important role 

in the controlled flow of chemicals and solvents through the microchannel based 

TH-2575_166103017



68 

 

microfluidics, while the roughness of the channel has a vital role in determining the fluid 

flow characteristics through the microchannel. A need was thus identified to carry out 

experiments, study the effect of process parameters on the responses and determine 

suitable parameters for microchannel fabrication as desired by different applications. 

Further, the need to form a closed channel and test its ability to be used as a microfluidic 

device was also identified, thereby verifying the sustainability of the LIPAA process. In 

addition, the effect of microchannel profiles on the flow resistance of the fluid passing 

through them has been identified. A need was thus also identified to fabricate different 

profile microchannels to achieve the best performance of the microfluidics or 

microchannel based heat sinks. 

4.2 The present approach for parametric and statistical analysis of LIPAA 

The key objective of the present experimental study was to investigate the impact of the 

laser parameters on channel geometry (channel width and channel depth) and channel 

quality (channel roughness) and to find the significance of the factors on the responses. 

For the purpose, comprehensive parametric and statistical analysis of the experimental 

results was carried out. An overview of the analysis is shown in figure 4.1.  

Microchannels were fabricated on PC by LIPAA process by varying four process 

parameters viz. pulse repetition rate, pulse duration, scanning speed and pulse power 

density. The selected laser parameters were varied at three equal intervals. Table 4.1 

presents the process parameters and their levels. Design of experiments (DoE) based on 

full-factorial (34) was made and experiments were carried out accordingly (with 

reference to Table 4.1). A repetition of three times were made for each set of 

experiments and three responses viz. channel width, channel depth and channel 

roughness were measured for each set. Details about the measurement procedure are 

presented in Chapter 3, Section 3.5.  
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Figure 4.1 Approach for the parametric and statistical analysis 

TH-2575_166103017



70 

 

Table 4.1 Laser process parameters and their levels 

Laser Parameters Levels 

Pulse power density (MW/cm2) 3.06 4.6 6.1 

Pulse duration (ms) 2 4 8 

Pulse repetition rate (Hz) 40 60 80 

Scanning speed (mm/s) 4 7 10 

 

4.3 Results and discussion 

Experiments on microchannel fabrication on PC during LIPAA were performed as per 

the designed array and the responses were measured using the instruments. The complete 

set of experimental results is presented in Table 4.2. A detailed parametric analysis of 

process responses was then carried out and analysis of variance (ANOVA) was 

performed. ANOVA examines the main effects of independent laser process parameters 

and their interaction effects. It was conducted at 95% confidence level (α = 0.05) for all 

the responses. The backward elimination method was used in the process of ANOVA. 

Statistical terms related to ANOVA are listed below: 

• P-value: It denotes the probability that whether the results observed in the study 

could have occurred by chance. The P-value ranges from zero to one. If the P- value is 

greater than 0.1 for any parameter, then the parameter is deemed insignificant. If the P-

value lies in between 0.05 to 0.1, then the parameter is considered mildly significant, and 

if the value is less than 0.05, then the parameter is considered highly significant. 

• R2: It is called the coefficient of determination. It provides a measure of variability 

in the response values which are under observation and can be explained by controllable 

factors and their interactions. The predicted model is considered sensitive if the R2 is 

greater than 75%, else the model is considered as insignificant. Usually, adjusted-R2 is 

used in statistical methods to compare the models with different numbers of independent 

variables. This is because; adjusted-R2 increases only if the new term improves the 

model more than would be expected. The value of adjusted-R2 is always smaller than or 

equal to R2. Another term used during the analysis is predicted-R2. It determines how 

well the model can predict the responses for any new observation. The larger the value of 

predicted-R2 greater is the predictive capability of the model. 
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Table 4.2 34 full factorial experimental results for microchannel fabrication on 

Polycarbonate 

PRR−Pulse repetition rate, PD− Pulse duration, SS −Scanning speed, PPD−Pulse power 

density, SD−Standard deviation 

Sl 

No 

PRR 

(Hz) 

PD 

(ms) 

SS 

(mm/s) 

PPD 

(MW/cm2) 

Mean 

Width 

(µm) 

SD of 

width 

Mean 

Depth 

(µm) 

SD of 

depth 

Mean 

Roughnes

s (µm) 

SD of 

roughness 

1 40 2 4 40 * 

2 40 2 4 60 228.24 5.47 12.01 2.07 2.53 0.61 

3 40 2 4 80 588.37 5.87 14.39 4.01 2.90 1.11 

4 40 2 7 40 * 

5 40 2 7 60 219.36 5.32 10.87 2.10 2.29 0.66 

6 40 2 7 80 582.7 6.63 12.04 0.95 2.62 0.17 

7 40 2 10 40 * 

8 40 2 10 60 205.58 5.28 7.43 0.50 2.19 0.16 

9 40 2 10 80 425.04 9.55 10.54 1.38 2.32 1.35 

10 40 4 4 40 232.28 10.41 35.48 2.62 2.72 0.32 

11 40 4 4 60 836.42 10.81 74.88 2.52 17.79 4.90 

12 40 4 4 80 1380.11 7.06 201.68 8.91 18.38 4.16 

13 40 4 7 40 227.97 11.65 23.59 4.57 2.90 0.47 

14 40 4 7 60 806.82 31.86 27.93 9.19 4.14 1.65 

15 40 4 7 80 1277.53 6.20 180.75 5.74 16.93 1.67 

16 40 4 10 40 194.91 6.17 17.92 2.27 1.56 0.22 

17 40 4 10 60 896.01 6.72 26.78 3.39 4.33 0.51 

18 40 4 10 80 1177.73 9.15 176.91 2.89 15.25 1.15 

19 40 6 4 40 869.26 38.08 59.31 6.96 10.72 5.86 

20 40 6 4 60 998.92 27.35 621.13 34.04 11.50 1.82 

21 40 6 4 80 1386.31 7.57 332.49 3.35 18.14 0.60 

22 40 6 7 40 731.07 34.33 42.74 4.20 10.43 1.44 

23 40 6 7 60 916.16 4.66 497.12 3.52 10.74 0.80 

24 40 6 7 80 1175.08 19.88 504.98 5.74 12.83 1.78 

25 40 6 10 40 709.96 3.40 34.70 3.02 10.34 2.45 

26 40 6 10 60 903.74 5.56 359.09 7.29 10.92 1.55 

27 40 6 10 80 1021.63 5.54 467.59 4.44 11.73 0.32 

28 60 2 4 40 225.88 2.66 * 1.78 0.20 

29 60 2 4 60 603.76 6.82 21.67 2.00 6.64 0.43 

30 60 2 4 80 1013.97 9.28 39.62 1.40 7.49 0.23 

31 60 2 7 40 216.25 4.71 * 1.72 0.35 

32 60 2 7 60 574.87 5.53 19.64 1.98 6.11 0.70 

33 60 2 7 80 989.09 10.85 35.06 3.97 6.79 0.56 

34 60 2 10 40 188.21 4.63 * 1.62 0.18 

35 60 2 10 60 590.09 7.45 18.59 1.19 5.27 1.00 

36 60 2 10 80 901.29 3.06 36.07 1.57 8.60 0.64 

37 60 4 4 40 797.93 29.87 269.81 30.67 13.38 4.89 

38 60 4 4 60 916.15 5.24 302.83 6.81 17.21 2.45 

39 60 4 4 80 1492.98 12.74 355.49 6.40 18.29 0.41 

40 60 4 7 40 702.11 13.38 47.48 8.24 7.48 1.17 

41 60 4 7 60 886.43 5.71 270.15 3.71 8.04 0.98 

42 60 4 7 80 1322.86 10.14 296.55 4.27 17.93 0.54 

43 60 4 10 40 688.70 0.02 25.26 3.27 8.41 1.11 
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Sl 

No 

PRR 

(Hz) 

PD 

(ms) 

SS 

(mm/s) 

PPD 

(MW/cm2) 

Mean 

Width 

(µm) 

SD of 

width 

Mean 

Depth 

(µm) 

SD of 

depth 

Mean 

Roughnes

s (µm) 

SD of 

roughness 

44 60 4 10 60 901.60 2.48 224.72 5.69 8.30 1.66 

45 60 4 10 80 1260.19 6.18 287.74 4.02 16.27 0.73 

46 60 6 4 40 888.17 27.24 363.28 8.69 12.00 1.30 

47 60 6 4 60 1024.98 3.63 669.17 3.87 18.57 1.20 

48 60 6 4 80 1577.18 2.64 712.15 4.19 19.02 0.24 

49 60 6 7 40 761.39 6.10 340.19 4.31 11.63 0.40 

50 60 6 7 60 959.29 2.31 587.47 3.99 13.21 0.33 

51 60 6 7 80 1337.61 3.21 614.07 4.00 17.99 0.21 

52 60 6 10 40 612.69 1.49 325.51 2.82 11.27 0.72 

53 60 6 10 60 947.75 4.83 471.00 2.23 12.44 0.50 

54 60 6 10 80 1149.26 1.67 599.47 6.04 16.50 0.61 

55 80 2 4 40 320.02 4.80 18.08 2.59 4.58 2.38 

56 80 2 4 60 1066.75 16.39 90.55 17.89 15.07 1.51 

57 80 2 4 80 1429.51 3.66 95.10 3.91 16.19 0.36 

58 80 2 7 40 366.19 7.29 15.81 0.56 8.49 0.51 

59 80 2 7 60 1266.77 45.04 29.78 2.15 8.99 1.66 

60 80 2 7 80 1366.14 7.23 47.43 4.42 9.09 0.29 

61 80 2 10 40 319.15 9.12 10.98 0.83 2.55 1.84 

62 80 2 10 60 1176.24 15.80 20.92 1.56 5.50 2.07 

63 80 2 10 80 1200.43 7.16 37.93 3.48 8.86 0.35 

64 80 4 4 40 821.12 3.75 329.43 3.73 14.66 0.14 

65 80 4 4 60 1018.50 6.40 411.44 2.82 17.96 0.40 

66 80 4 4 80 ** 

67 80 4 7 40 767.18 4.11 82.02 2.98 8.95 0.22 

68 80 4 7 60 953.98 4.96 225.76 1.50 9.19 1.23 

69 80 4 7 80 ** 

70 80 4 10 40 702.46 6.11 32.97 1.36 8.48 0.17 

71 80 4 10 60 928.13 2.28 224.13 5.38 8.77 0.47 

72 80 4 10 80 1429.42 8.53 311.73 3.48 17.34 0.30 

73 80 6 4 40 901.63 3.59 424.97 4.54 15.28 0.40 

74 80 6 4 60 1408.66 5.59 702.57 3.20 18.96 0.06 

75 80 6 4 80 ** 

76 80 6 7 40 798.42 2.07 258.28 4.72 10.21 0.62 

77 80 6 7 60 1164.34 4.77 548.21 2.83 14.45 0.63 

78 80 6 7 80 ** 

79 80 6 10 40 659.48 1.64 268.89 3.71 11.11 0.43 

80 80 6 10 60 1060.19 2.44 503.62 2.80 14.01 0.21 

81 80 6 10 80 ** 

 No ablation occurred 

** Unable to collect data due to burning of samples 
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4.3.1 Parametric study 

Microchannel fabrication on PC using LIPAA requires a proper setting of laser 

parameters such as pulse power density, pulse repetition rate and pulse duration. 

Subsequently, the influence of the process parameters on the variation of the channel 

width, channel depth and channel roughness was studied and is presented in the 

following section. 

(A) Effect of process parameters on channel geometry and channel roughness 

  

 
Figure 4.2  Effect of pulse power density, pulse duration and pulse repetition rate on 

channel width 
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Figure 4.3  Effect of pulse power density, pulse duration and pulse repetition rate on 

channel depth 
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Figure 4.4 Effect of pulse power density, pulse duration and pulse repetition rate on 

channel roughness 

The effect of the process parameters viz. pulse power density, pulse duration and pulse 

repetition rate on the responses like channel width, channel depth and channel roughness 

are shown graphically in figure 4.2, 4.3 and 4.4. It has been observed that, at a low pulse 

power density of 3.055 MW/cm2 and low pulse duration of 2 ms, there was no thermal 

effect found on the PC sheet. However, very less effect on the PC is obtained when low 

pulse power density of 3.055 MW/cm2 is applied with a low pulse repetition rate of 40 

Hz. In general, it can be understood from the graphs that an increase in the process 

parameters causes an increase in the channel width, channel depth and channel 

roughness. The reason for the increase in the responses with the increase in the process 

parameters like pulse power density, pulse repetition rate and pulse duration mainly lies 

with the fact that the increase in the process parameters causes an enhanced generation of 

plasma.  

As the pulse power density increases, it induces a higher population inversion, as a 

result of which greater stimulated emission takes place. Thus, there will be an enhanced 

irradiation of the photons on the aluminium sheet and increases the density of the 

electrons and ions. The plasma generation is again governed by the density of the 

electrons and ions. Therefore, the increase in the density of the electrons and ions 

enriches the generation of plasma. Similarly, when the pulse repetition rate increases, the 

number of laser pulses interacting with the aluminium sheet and with the vapour formed 

by the former laser pulses also increases. This causes more vaporization and more 

ionization of the vapour molecules and at last enhances the generation of plasma. 

Further, the rise in the pulse duration also corresponds to a rise in the plasma formation 
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with high initial velocity. It is because; interaction of the laser beam for longer duration 

causes more vaporization and more ionization of the vapour molecules too. 

Further, it can be observed from the plots that, the variation of the channel 

dimensions and its roughness value with increasing pulse power density is less sensitive 

with shorter pulse duration (~ 2 ms). There is no effect if both parameters, i.e. pulse 

power density and pulse duration, are kept low. However, the variation in responses with 

increasing pulse power density has been found to be more sensitive for pulse durations of 

more than 4 ms. It is because as the pulse power density is increased at higher pulse 

duration, it results in higher generation of plasma and the plasma affects wider and 

deeper into the PC, thus producing channels of larger dimensions. Moreover, the 

generated plasma gets accelerated and creates a higher thermal effect on the rear side of 

the PC. Thus, a non-linear variation of channel width with pulse power density is noticed 

at higher pulse duration.  

It is also witnessed that as the pulse repetition rate increases at higher pulse power 

density (~ 6.112 MW/cm2), there is an increase in the channel width and depth. 

Moreover, burning of the PC sheet occurs when the pulse repetition rate exceeds beyond 

a certain limit (80 Hz). It may be due to the reason that with increasing pulse repetition 

rate at higher pulse power density, the initial velocity of the generated plasma is very 

high, thereby causing a greater thermal effect on the rear side of the PC sheet. On the 

contrary, it is observed that at 40 Hz pulse repetition rate and 3.055 MW/cm2 power 

density, though there was formation of channel, the depth of the channel formed was 

negligible. It may be due to the radial expansion of the plasma initially due to which 

channels of considerable width was produced. But the generated plasma did not have a 

deeper effect on the PC and thus channel with negligible depth was formed. 

Again, it is observed that there is no formation of channel at pulse duration of 2 ms 

keeping pulse power density at its lowest considered values of 3.055 MW/cm2. It is 

because, when the pulse duration together with pulse power density is less, the heat 

energy of the laser is not allowed to sink into the aluminium sheet. Hence, there will be 

no plasma formation, leading to no formation of channels. Moreover, increasing the 

pulse duration beyond a certain limit (≥ 4 ms) at higher values of pulse power density (≥ 

6.112 MW/cm2), the change in the channel width and roughness was very less. But the 

same was not observed for channel depth. Considerable change in the channel depth was 

obtained. The reason for such variation may be that, at higher pulse duration, as the laser 

interaction is longer, the longitudinal effect gets enhanced whereas the lateral impact of 
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the plasma ceases. Thus, an increase in channel depth and nearly constant channel width 

is obtained with increasing pulse duration. 

Thus, it can be said that the plasma generation gets enhanced with the increase in 

the pulse power density, pulse repetition rate and pulse duration. This enhanced plasma 

thermally affects the PC sheet resulting in an increased channel width, channel depth and 

channel roughness. However, it is difficult to have in situ measurement of the plasma 

energy density as the plasma is thermally coupled with the laser beam. But as reported 

by Saxena et al. (2014), above the plasma generation threshold, a linear increase in the 

input laser irradiance results in a linear increase in the energy transfer to the plasma. It is 

considered that the plasma generation threshold is obtained when the density of the 

electrons (Ne) reaches a value of about 1018/cm3 (Dahotre and Harimkar, 2008). The 

plasma energy density can thus be estimated from the electron density by the following 

equation (Saxena et al., 2014): 

plasma e
2

E
E N

 
  

 
           (4.1) 

where ∆E is the ionisation energy. The average plasma temperature is given by: 

b

2

3

K
T

k
            (4.2) 

where K is the average kinetic energy of the electrons and kb is the Boltzmann’s 

constant. 

For an ionization energy of 34 eV of air, the Eplasma can be calculated to be about 

2.72 × 106 J/m3. Also, the plasma can attain a temperature from approximately 2500 K to 

as high as 50000 K and with a pressure up to 500 MPa. Thus the corresponding plasma 

properties has a large impact on the PC sheet. A temperature above the melting point 

temperature of the PC will be generated on its surface. The plasma induced pressure 

plays an important role in the material removal process. Major portion of the molten 

material will be expelled through the micron level gap present in between the PC and the 

aluminium sheet and a small portion gets redeposited.  

The FESEM images of the channel width and the channel depth have been depicted 

in figure 4.5 and 4.6 respectively. It can also be seen from figure 4.5 that pits have been 

formed on the channel bed when a high pulse power density of 4.584 MW/cm2 is 

applied. This may be due to the generation of high pressure plasma at high laser power 

density that results in explosive removal of the molten material. It is noted that at low 
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power with a moderate pulse duration of 4 ms and pulse repetition rate of 40 Hz a clean 

and uniform channel is formed while higher power causes burning of the PC sample. 

Hence, low power with a moderate pulse duration and pulse repetition rate can be used to 

fabricate a clean and uniform micro-channel. 
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Figure 4.5 FESEM images of the effect of pulse power density, pulse duration and pulse 

repetition rate on channel width 
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Figure 4.6 FESEM images of the effect of pulse power density, pulse duration and pulse 

repetition rate on channel depth 

(B) Impact of scanning speed on channel formation 

Figure 4.7 shows the effect of scanning speed on the channel geometry. As the scanning 

speed increases, the effect of plasma on the PC sheet decreases and almost diminishes as 

the scanning speed increases to a value of about 10 mm/s at low pulse power density. 
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Figure 4.7 Effect of laser scanning speed on the width of the fabricated microchannel on 

PC at pulse duration 2 ms, repetition rate of 40 Hz, pulse power density of 6.112 

MW/cm2 and varying scanning speed of  (a) 4 mm/s (b) 7 mm/s 

The reason for such variation may be stated that as the scanning speed increases the 

time of interaction of the laser with the aluminium decreases. In other words, the laser 

energy per unit area decreases and as such, plasma generation decreases. Thus there is a 

little thermal effect on the rear side of the PC which results in reduced channel size. 

Also, the successive laser pulse moves to a distance from the former laser pulse. There 

will be less overlapping of the laser pulses and smaller heat affected zone at higher 

scanning speed. Therefore, the channel width, channel depth and channel roughness 

decrease with increase in scanning speed. The scanning speed not only affects the 

channel geometry and roughness, but also plays an important role in the formation of the 

channel. For a channel to be formed, the pulse overlap must be greater than zero. For 

pulse overlap less than zero, discrete crater formation will occur. The effect of these 

pulse overlap is called the jump effect. The distance between two laser pulses, i.e. 

overlap distance, DL and the overlap percentage, O can be expressed by Eq. (3) and Eq. 

(4) respectively (Vora and Dahotre, 2015).  

 L

v
D

f
                                                                         (4.3) 

L 100%
D

O




 
  
 

                                                          (4.4) 

where, ω is the focussed beam diameter, DL is the overlap distance, v is the scanning 

speed and f the pulse repetition rate.  

In our present work, the focussed beam diameter, D is 200 µm. Figure 4.8 shows 

the jump effect at scanning speeds of 4 mm/s and 7 mm/s and a fixed repetition rate of 

40 Hz. The overlap distance for scanning speed of 4 mm/s and 7 mm/s was found to be 
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100 µm and 175 µm respectively. Taken in order, the overlap percentage for the two 

mentioned cases are found to be 50% and 12.5%. 

  

Figure 4.8 Jump effect at scanning speed of (a) 4 mm/s and (b) 7 mm/s at a repetition 

rate of 40 Hz 

(C) Effect of number of scanning passes 

As the number of scanning passes increases, the width and depth of the channel increase 

without increasing the roughness value. This is because a repeated number of passes will 

remove unwanted debris. It is because repeated number of passes results in removal of 

unwanted residue. This effect of the number of scanning passes on channel geometry is 

shown in figure 4.9. It is observed that the channel width and depth significantly increase 

with number of scanning passes, however on further increase in the number of passes 

beyond five to six; significant variation in the channel geometry was not observed. This 

may be due to the carbon deposited on the channel bed and also the increasing distance 

between the aluminium sheet and the PC channel bed. In addition, the carbon deposits on 

the channel can actually cause burning to the PC when the laser beam passes through it.  

Therefore, an acceptable number of passes is required to obtain a channel of the desired 

width and depth.  
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Figure 4.9 FESEM images showing the effect of number of laser scans (a) one pass, (b) 

double pass, (c) triple pass, (d) four passes and (e) five passes 

Figure 4.10 shows a graphical representation of increase in width and depth with 

the increase in the number of passes. It can be noted that increase in both the channel 

width and channel depth follows the same trend with the increase in number of passes 

thereby maintaining a nearly constant aspect ratio for all the passes. 

 

Figure 4.10 Variation of channel width and depth with number of passes 
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4.3.2  Statistical analysis 

In the present work, to determine the significance of the factors on the responses viz. 

channel dimensions and channel roughness, Analysis of Variance (ANOVA) was 

performed. Second order mathematical relations among the input laser parameters, their 

interactions and the responses were also developed and confirmation experiments were 

performed to assess its prediction accuracy. Further, multiple objective (response) 

optimization of the input parameters for prediction of better quality channel geometry 

and channel roughness was carried out. The detail explanation of the analyses is 

presented in the subsequent sections.  

(A) Analysis of Variance (ANOVA) for channel width 

ANOVA analysis was performed to learn about the influence of input parameters on the 

channel width. The test for significance of the individual coefficients were obtained by 

ANOVA analysis. From the analysis it is observed that the linear parameters effective 

are repetition rate (f), pulse duration (ton) and pulse power density (IP). Also, among the 

square terms, repetition rate (f 2) and pulse duration (ton
2) were found effective. For two-

way interaction terms, pulse duration and pulse power density (ton×IP) show significant 

effect on each other. The terms that are not significant were eliminated by backward 

elimination process in the ANOVA table. The linear parameter scanning speed has been 

eliminated from the table depicting its insignificant influence on the channel width. On 

the contrary, the other process parameters like repetition rate, pulse duration and pulse 

power density are found to be significant with P-value less than 0.05. The result of 

ANOVA for the response channel width is shown in table 4.3. The values of adjusted R2 

and predicted R2 were computed and were observed that the predicted R2 value of 0.8770 

is in reasonable agreement with the adjusted R2 value of 0.9013. Adequate precision 

ratio measures the signal to noise ratio.  A ratio of 30.710 indicates an adequate signal 

and hence this model can be used to navigate the design space. 

Table 4.3 Analysis of Variance of channel width 

Source DF Adj SS Adj MS F-Value P-Value 

Model 6 40322020 6720337 53.31 0.000 

Linear 3 38655317 12885106 102.22 0.000 

    Repetition rate 1 7627087 7627087 60.50 0.000 

    Pulse duration 1 10216854 10216854 81.05 0.000 

    Pulse power density 1 20811376 20811376 165.09 0.000 
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  Square 2 1037823 518912 4.12 0.020 

    Repetition rate × Repetition rate 1 408345 408345 3.24 0.076 

    Pulse duration × Pulse duration 1 629478 629478 4.99 0.028 

  2-way interaction 1 628881 628881 4.99 0.029 

    Pulse duration × Pulse power density 1 628881 628881 4.99 0.029 

Error 74 9328237 126057   

Total 80 49650257    

 

Determining the significance of the process parameters from ANOVA, the main 

effect plots for the channel width have been plotted as shown in figure 4.11. The plots 

show the effect of the pulse power density, pulse duration, pulse repetition rate and 

scanning speed on the channel width. The nearly horizontal line for scanning speed 

represents its insignificant effect on the channel width. While the other process 

parameters repetition rate, pulse duration and laser pulse power density shows its 

significant effect on channel width. True to form, the channel width increases with 

repetition rate, pulse duration and pulse power density. However, steeper slope for pulse 

power density shows its greater effect on channel width. Figure 4.12 shows the 3D 

contour plot which explains the combined effect of the pulse power density with the 

pulse duration and pulse repetition rate.  
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Figure 4.11  Main effect plot for channel width 

  
Figure 4.12 3D contour plot for channel width 

(B) Analysis of Variance (ANOVA) for channel depth 

ANOVA was also performed to study the effect of laser parameters on channel depth. It 

is observed from the analysis that the linear parameters having significant impact on 

channel depth are pulse repetition rate (f), pulse duration (ton) and pulse power density 

(IP). However, the linear term scanning speed was found to have negligible effect on the 

channel depth and hence was eliminated from the ANOVA table. Among the square 

terms, only repetition rate (f 2) was found to be effective. Whereas no two-way 

interaction term has significant effect on the channel depth. The ANOVA table for the 

response channel depth is shown in table 4.4. The values of adjusted R2 and predicted R2 

were found to be 0.86 and 0.82 respectively. The predicted R2 value was noted to be in 

reasonable agreement with the adjusted R2 value. Further, the adequate precision ratio of 
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26.26 indicates an adequate signal and that the model can be used to navigate the design 

space. 

Table 4.4  Analysis of Variance of channel depth 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 13172842 3293210 50.64 0.000 

Linear 3 12851303 4283768 65.87 0.000 

    Repetition rate 1 2014979 2014979 30.99 0.000 

    Pulse duration 1 3988556 3988556 61.34 0.000 

    Pulse power density 1 6847767 6847767 105.30 0.000 

 Square 1 321539 321539 4.94 0.029 

    Repetition rate × Repetition rate 1 321539 321539 4.94 0.029 

Error 76 4942185 65029   

Total 80 18115027    

The main effect plot for channel depth is presented in figure 4.13. The horizontal 

line for scanning speed represents its insignificant effect on channel depth. The figure 

shows that with the increase in the significant parameters like repetition rate, pulse 

duration and pulse power density, the channel depth increases. The steeper slope for 

pulse power density shows its highest significance, followed by pulse duration and pulse 

repetition rate. The variation of the channel depth with the significant process parameters 

is also represented clearly by the 3D contour plots presented in figure 4.14. 
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Figure 4.13 Main effect plot for channel depth 

  
Figure 4.14 3D contour plot for channel depth 

(C) Analysis of Variance (ANOVA) for channel roughness 

Surface roughness (R) of the channel is also affected by the process parameters like 

repetition rate, pulse duration, scanning speed and pulse power density. However, the 

ANOVA for roughness shows that the effect of scanning speed is negligible compared to 

the linear parameters like pulse repetition rate (f), pulse duration (ton) and pulse power 

density (IP). The ANOVA table for roughness is as shown in table 4.5. The analysis 

shows that the linear process parameters like pulse power density (IP), pulse repetition 

rate (f) and pulse duration (ton) have significant effect on the roughness of the channel. 

The square terms repetition rate (f 2) and pulse duration (ton
2) are also found to effect the 

channel roughness. Whereas for the two-way interaction terms, pulse duration and pulse 

power density (ton×IP) show significant effect on each other. The values of adjusted R2 
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and predicted R2 were found to be 0.84 and 0.79 respectively. Hence, the predicted R2 

value is in reasonable agreement with the adjusted R2 value. Further, adequate precision 

ratio of 24.3 indicates an adequate signal and hence this model can be used to navigate 

the design space. 

Table 4.5  Analysis of Variance of channel roughness 

Source DF Adj SS Adj MS F-Value P-Value 

Model 6 3862.43 643.74 47.13 0.000 

Linear 3 3573.41 1191.14 87.21 0.000 

    Repetition rate 1 666.09 666.09 48.77 0.000 

    Pulse duration 1 1288.11 1288.11 94.31 0.000 

    Pulse power density 1 1619.21 1619.21 118.55 0.000 

 Square 2 174.74 87.37 6.40 0.003 

    Repetition rate × Repetition rate 1 103.22 103.22 7.56 0.008 

    Pulse duration × Pulse duration 1 71.52 71.52 5.24 0.025 

 2-way interaction 1 114.28 114.28 8.37 0.005 

    Pulse duration × Pulse power density 1 114.28 114.28 8.37 0.005 

Error 74 1010.74 13.66   

Total 80 4873.16    

The main effect plot for roughness shown in figure 4.15 represents the effect of the 

process parameters and their significance. The effect of the scanning speed is however 

found to be quite considerable on the channel roughness compared to that on channel 

width and channel depth. Similarly, the pulse power density has the highest effect on 

roughness followed by pulse duration and repetition rate respectively. The 3D contour 

plots of channel roughness with reference to pulse power density and repetition rate; and 

pulse power density and pulse duration is shown in figure 4.16. 
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Figure 4.15 Main effect plot for channel roughness 

 
 

Figure 4.16 3D contour plot for channel roughness 

(D) Regression model 

In the present work, second order mathematical relations were developed between the 

input laser parameters viz. pulse power density (IP), pulse duration (ton), pulse repetition 

rate (f) and scanning speed (v), their interactions and the output responses like channel 

width (Cwidth), channel depth (Cdepth) and channel roughness (Croughness). These are as 

follows:  

2 2

width on P on on P5289 64.0 790 579.1 0.377 46.8 43.2C f t I f t t I              (4.5) 

2

depth n Po  2781  49.8   1  35.9    233    0.334 C f I ft              (4.6) 

on on o

2 2

roug nhness P P-61.22  0.894   9.10   5.914  - 0.00599 - 0.498  - 0.583C    f  t  I  f   t It         (4.7) 

TH-2575_166103017



90 

 

The relations were modified by eliminating the non-significant terms by Backward 

Elimination Process. These equations can be used to predict the channel width, channel 

depth and the channel roughness value during the LIPAA process.  

The correlation between actual and predicted values of the responses (Cwidth, Cdepth, 

Croughness) are shown respectively in figure 4.17 (a), (b) and (c). It is observed that the 

developed model is acceptable and can be utilized to predict the responses with good 

accuracy. 

  

 
Figure 4.17 Plot of actual vs. predicted response, (a) channel width (b) channel depth (c) 

channel roughness 

(E) Confirmation experiments and determination of optimal parameters 

The developed mathematical equations can be used to predict the desired channel 

geometry and roughness for a chosen set of process conditions in this study. To keep the 

channel geometry within a definite limit and to minimize the roughness, an optimized set 

of the process parameters can be obtained. From the experimental results and analysis of 

the responses, the mathematical relations between the input process parameters and the 
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responses were obtained as discussed. After the development of mathematical equations, 

confirmation experiments were performed to confirm the fairness of the mathematical 

model. The input process parameters for the confirmation tests were chosen randomly 

within the range of parameters used in the experimental study. The predicted as well as 

the experimental results are then determined and finally the percentage deviation is 

calculated. The entire confirmation tests are summarized in table 4.6. 

 

Table 4.6 Confirmation experiments 

Confirmation Experiment No. 
1 2 3 4 5 6 

Mean 

deviation 

 

In
p

u
t 

P
ar

am
et

er
s 

Repetition rate 40 45 60 55 50 40  

Pulse Duration 6 4 3 2.5 3.5 3.5  

Pulse power 

density 
3.43 4.202 3.055 3.819 4.584 4.202  

Scanning Speed 7 10 5 4 8 4  

R
es

p
o
n
se

s 

C
h
an

n
el

 

W
id

th
 

Experiment 710.83 882.62 501.98 578.91 1132.25 675.37 

5.05% 

 

Predicted 822.7 946.075 516 572.575 1121.8 657.55 

Deviation (%) 15.73 7.18 2.79 1.09 0.92 2.64 

C
h
an

n
el

 

D
ep

th
 

Experiment 279.91 363.99 114.85 172.67 509.46 114.85 

10.8% 

 

Predicted 293.45 306.8 124.7 177.9 418.25 131.8 

Deviation (%) 4.83 15.71 8.57 3.03 17.9 14.76 

R
o
u
g
h
n
es

s Experiment 9.135 9.02 6.245 6.14 12 6.66 

6.2% 

 

Predicted 9.943 10.372 6.404 6.495 12.0195 6.989 

Deviation (%) 8.84 14.98 2.54 5.78 0.16 4.94 

 

It was observed that the developed mathematical model was in good agreement with 

the experimental responses. The prediction deviation (absolute) for the responses channel 

width, channel depth and channel roughness are 5.05%, 10.8% and 6.2% respectively. 

Therefore, it can be said that the mathematical model can be applied to predict the 

desired channel geometry and roughness. 

Based on the confidence gained from the confirmation experiments performed, 

multiple objective (response) optimization of the input parameters to predict a better 

quality channel geometry and channel roughness was carried out. The existence of a 

number of objectives, results in a set of optimized parameters thereby creating a conflict 

among the objectives. Hence, the multiple objective optimization was performed. With a 

target of 250 µm channel width, 150 µm channel depth and minimum roughness as per 
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the requirement in microfluidic-based medical devices, the optimized value for repetition 

rate, pulse duration and pulse power density are found to be 40 Hz, 2 ms and 4.79 

MW/cm2.  

4.4  Fabrication of closed microchannels using thermal bonding technique 

After obtaining an optimized set of laser process parameters for microchannel 

fabrication, open microchannels were fabricated on PC sheet for applications in 

microfluidic devices. The microfluidic devices are a novel tool for basic biological and 

chemical analysis, by controlling fluids in microchannel networks, with which many key 

laboratory unit operations such as sample injection, separation, mixing, reaction and 

biochemical detection can be performed. However, open microchannels cannot meet this 

demand. Therefore, it is of great importance to produce a tightly closed, leak-proof 

microchannel. 

Thermal bonding is one of the most widely employed techniques for obtaining a 

high quality bonding of the channels with uniform surface properties. It gives a quick 

and economical way of bonding a channel with better product quality. Figure 4.18 shows 

the conventional hot press machine used for thermal bonding.  

 

Figure 4.18 Setup of the conventional hot press 

For the method of thermal bonding, the PC sheets with engraved micro-channels on 

it were first cleaned with acetone. Unprocessed PC sheets were then cut to the size of the 

sheets with micro-channel engraved on it. These unprocessed cut sheets served the 

purpose of cover substrate for the channels. The PC substrate having the channel and the 

PC cover substrate were then aligned one above the other. The aligned substrates were 
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placed between the two dies of the hot press. Keeping into consideration the affecting 

parameters like bonding pressure, bonding temperature and contact time, the bonding 

pressure used was 2 MPa. The bonding temperature on both the dies was kept at a 

difference. The temperature of the metal die in contact with the microchannel engraved 

PC substrate was set below PC transition temperature (Tg -5°C), while the temperature of 

the metal die in contact with the PC cover substrate was set at the PC transition 

temperature (Tg). After the current temperature values of the dies reach their set values, 

the aligned substrates were kept in between the dies under pressure for an additional 20 

minutes. The dies were then moved apart from each other and hence the sealed micro-

channel was obtained. The cross section view of the sealed micro-channel is presented in 

figure 4.19. 

 

Figure 4.19 Cross section view of a thermally bonded micro-channel 
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4.4.1 Testing of fabricated closed microchannels for microfluidic application  

 

Figure 4.20 Setup for flow test (a) syringe micro-pump connected to (b) optical 

microscope to observe the fluid flow displayed in (c) the computer system attached. 

After the formation of the bonded micro-channels, the bonded channels were put through 

a flow test to check its ability to be used as a microfluidic device. Figure 4.20 shows the 

complete set up of the flow test that includes a syringe micro-pump (PHD ULTRA™ 

syringe pump by HARVARD Apparatus)  connected to an optical microscope (Leica 

DMI3000B Inverted Microscope with Fluorescence) to observe the fluid flow displayed 

in the computer system attached. The plunger end of the 1 ml U40 syringe was securely 

connected to the syringe micro-pump by a fine flexible tube and the needle of the syringe 

was connected to the bonded channel. The syringe was used to infuse the liquid into the 

bonded channel. The syringe and the bonded channel were placed on the stage of the 

optical microscope. Once the connections for the flow test were ready, the syringe pump 

was operated and the liquid medium (distilled water) started flowing through the fine 
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flexible tube. The input flow rate of the liquid can be adjusted independently by the 

syringe pump. A constant flow rate of 800 µl/hr was maintained for the injection of the 

fluid into the channel. The flow through the channel was observed in the optical 

microscope and was recorded. Figure 4.21 shows the flow of the liquid medium through 

a clean and smooth micro-channel. It is observed that the flow was annular and there was 

no bubble formation in the fluid inside the micro-channel. Hence, the uniform flow of the 

fluid in the channel and the ideal properties of the PC for a microfluidic device marks its 

potentiality to be used as a microfluidic device. 

 

Figure 4.21 Flow through the micro-channel 

4.5 Generation of various  microchannel profiles using present setup and 

optimal parameters 

Profiles of microchannels have a special impact on the flow resistance of the fluid 

passing through it. Correspondingly, the temperature distribution and velocity 

distribution in the microchannel heat sinks, electrofluidic devices etc. are also governed 

by the geometry of the microchannels (Guo et al., 2013). As such, proper selection of the 

microchannel profile will help achieve the best performance of the microfluidics or 

microchannel based heat sinks. 
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Figure 4.22 Serpentine, round and oval shaped microchannels fabricated on PC by 

LIPAA 

After obtaining an optimized set of laser process parameters for microchannel 

fabrication, different profile viz. serpentine, round and oval shaped microchannels were 

also produced on PC using the LIPAA process. The microchannels were fabricated at 40 

Hz pulse repetition rate, 4.79 MW/cm2 pulse power density and 2 ms pulse duration. 
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Figure 4.22 shows the camera and the microscopic images of the serpentine shaped, 

round and oval shaped microchannels. It can be observed that the channels at the three-

way junction (in round and oval microchannel), the channels become broad and higher 

melt deposition is found, which may be due to the higher laser irradiation on such region. 

The serpentine shaped channel has a total length of 50 mm, while the round shape 

channel is of 5 mm radius and the oval shape channel of 5 mm major radius and 2 mm 

minor radius. These channel profiles plays a crucial role in maintaining the flow stability 

of the fluid passing through channel based microfluidics or heat sinks. It controls the 

flow resistance which can greatly be optimized by channels of different configurations 

like serpentine, round and oval shaped microchannels. Further, temperature uniformity is 

an essential factor for achieving better performance in microchannel heat sinks and 

electrofluidic devices. Serpentine shape increases the channel length in a small region, 

whereas the round or oval shape divides the flow into two equal portion, thereby 

maintaining a uniform flow and temperature throughout the channel. 

4.6 Summary 

This chapter presented a comprehensive experimental study on microchannel fabrication 

on PC using the LIPAA process. Full factorial experiments were carried out by varying 

process parameters viz. pulse power density, pulse repetition rate and pulse duration at 

three levels. Total 81 experiments were conducted and the responses in terms of the 

channel geometry and the roughness were systematically measured and analyzed. The 

influence of varying the process parameters on the channel geometry and the roughness 

was studied. The role of scanning speed in the channel formation during laser processing 

is also being discussed. ANOVA was carried out to find the significance of the factors on 

the responses and second order mathematical relations among the input laser parameters, 

their interactions and the responses were developed. Further, the predictions by the 

models were verified by conducting confirmatory experiments. The important 

observations from the current experimental study can be summarized as follows: 

 Low pulse duration of 2 ms along with either pulse power density of 3.055 MW/cm2 

or pulse repetition rate of 40 Hz results in the formation of no channels.  

 The combination of high pulse power density of 6.112 MW/cm2 and high pulse 

repetition rate of 80 Hz is detrimental to the output responses viz. channel width, 

channel depth and roughness of the process causing burning of the PC sheet.  

TH-2575_166103017



98 

 

 The increase in pulse power density, pulse duration and repetition rate results in the 

increase in the responses viz. channel width, channel depth and roughness. However, 

a decrease in the responses was observed with the increase in the scanning speed. 

 The scanning speed not only affects the channel geometry and roughness but also 

plays an important role in the formation of channel. A channel is formed when the 

pulse overlap is greater than zero and discrete craters are formed when the pulse 

overlap is less than zero. For the beam diameter of 200 µm, the overlap distance for 

scanning speed of 4 mm/s and 7 mm/s was found to be 100 µm and 175 µm 

respectively which provide the overlap percentage of 50% and 12.5%. For channel 

formation, a maximum scanning speed of 4 mm/s (which corresponds to 50% 

overlap) can be preferred.  

 Increase in the channel geometry without increase in the roughness can be achieved 

by subjecting the channel to multiple numbers of scans of the laser beam. Clean and 

uniform channels can be obtained at quite a low pulse power density (3.055 

MW/cm2) with moderate pulse duration of approximately 4 ms and pulse repetition 

rate of 40 Hz. Four to five number of scans of the laser beam at low pulse power 

density with moderate pulse duration can be employed to achieve the desired 

channel geometry with minimum roughness. 

 Pulse power density has the highest significant effect on channel geometry and 

channel roughness, followed by pulse duration and repetition rate. 

 For a width of 250 µm, depth of 150 µm and minimum roughness on a single pass, 

the optimized pulse repetition rate, pulse duration and pulse power density were 

found to be 40 Hz, 2 ms and 4.79 MW/cm2. 

By using the optimum process parameters, open channels were fabricated, which 

were then closed by using thermal bonding technique. The leak-proof bonded channels 

were thoroughly tested and the sustainability of the LIPAA process was verified. Also, 

different profiles viz. serpentine shaped, round and oval shaped microchannels were 

produced on PC using the LIPAA process. The sustainability of the LIPAA process of 

machining transparent material is thus proved in fabricating microchannels of different 

shapes.  
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Chapter 5 

2D thermo-physical modelling and simulation on LIPAA of moving heat 

source for microchannel fabrication on polycarbonate 

5.0  Scope 

This chapter presents the development of a two-dimensional thermo-physical model of 

Laser-Induced Plasma Assisted Ablation (LIPAA) using the finite element method (FEM). 

Initially, the need to carry out the thermo-physical analysis is identified. The two-

dimensional FEM model of the LIPAA process, considering its thermal characteristics, is 

presented in detail in terms of its geometric model, governing equation, boundary 

conditions, laser heat source model and solution methodology. Simulations are carried out 

within the effective range of process parameters viz. pulse power density, pulse repetition 

rate, pulse duration and scanning speed. A systematic investigation is performed to analyze 

the effect of these process parameters on the responses viz. channel width and channel 

depth. The predicted results from the model are then compared with the experimental 

results. Finally, conclusions and contributions are summarized.  

5.1 The need 

Microchannels have important applications in the optical and medical device industries. 

Such devices call for the use of materials with high transparency, high impact strength, high 

dimensional stability, high chemical stability and optical clarity. In view of that, 

polycarbonate’s (PC’s) inherent impact strength, dimensional stability and eco-friendly 

nature make it an ideal material in the medical device industry. Again, the high 

transmissivity of PC makes the laser based fabrication of microchannels a challenging task. 

The LIPAA process is capable of meeting this challenge and as a result LIPAA has been 

widely accepted for laser processing of transparent materials. However, sparse work on 

numerical research of the LIPAA process has been reported in the literature. A need was 

thus identified to carry out a numerical investigation to study the process of LIPAA on PC 

and prove itself to be an effective and powerful tool to achieve the real-time requirements 

of the LIPAA process. 

5.2 Overview of two-dimensional LIPAA process model development 

Figure 5.1 represents the current approach for the development of the process model of 

LIPAA using FEM. A 2D transient nonlinear FE model was developed in the first stage to 
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determine the microchannel width and depth during the LIPAA process. The impact of the 

moving laser heat flux on the temperature generation along the scanning direction in the PC 

sheet has also been analyzed. In the second stage, microchannels were fabricated 

experimentally on PC by the LIPAA process using an Nd: YAG millisecond pulsed laser of 

wavelength 1.064 µm. The width and depth of the microchannel were then determined. In 

the third stage, the simulated results were compared with the experimental results. A 

systematic parametric analysis was performed based on the confidence gained from the 

validation of the simulated results. The influence of the parameters like pulse power 

density, pulse duration, and pulse repetition rate on the channel dimensions was studied. 

 

Figure 5.1 LIPAA process model development 

In what follows, the thermo-physical model for the LIPAA process is presented in 

detail. 

5.3 Thermo-physical modelling of LIPAA using Finite Element Method (FEM) 

In the study, a two-dimensional nonlinear transient finite element model of Laser-Induced 

Plasma Assisted Ablation (LIPAA) of PC has been developed. A temperature profile is 

generated by solving the finite element model considering the temperature dependent 

material properties of the PC. The influence of the plasma and the input laser irradiance 

have been taken into consideration in the heat flux model of the simulation. The developed 

model is employed to study the effects of laser parameters on the channel dimensions 

during the LIPAA process. The model takes into account only the melting of the material. 

As mentioned in the previous chapter, ablation on both the PC sheet and the aluminium 

target is obtained in the LIPAA process. However, our present study is confined to the PC 

sheet only. The model is applied not only to analyze the effect of the parameters on LIPAA 

of PC, but also on the effect of the moving heat flux on the PC sheet. 

TH-2575_166103017



101 
 

5.3.1 Assumptions 

In the present work, certain assumptions were made to make the model realistic. These are 

as follows:  

 The heat source is assumed to be of Gaussian shape (Acherjee et al., 2012). 

Considering Gaussian-shaped heat flux at the zone of irradiation will make the 

model conditions closer to the real LIPAA phenomenon. 

 The thermal properties of the material are temperature dependent.  

 The reflectivity of both the PC and aluminium is considered. 

 Only the melting of the PC above its melting poit temperature is considered. The 

decomposition of the PC above its degradation temperature is neglected. 

 The transparent material and metal target are isotropic and homogeneous in nature. 

 The ambient temperature is 300 K. 

5.3.2 Geometric model 

In the LIPAA process, as shown in figure 5.2(a), the PC sheet is arranged above the 

aluminium sheet without the application of any external pressure. Gaussian heat flux is 

considered to be moving along a straight line at the interface of the two materials. A 

section ABCD on the x‒z plane is considered at the zone of irradiation of the moving 

laser, representing the two-dimensional domain of the LIPAA process. However, for the 

numerical study, only an axisymmetric section of the PC from the two-dimensional 

domain is considered as represented in the figure. 5.2(b). It is because a 2D domain of the 

model consists of much fewer elements, which reduces the simulation time. Further, the 

temperature profile generated in the axial and longitudinal direction is sufficient to predict 

the channel width and channel depth in much less time. 

 

TH-2575_166103017



102 
 

 

Figure 5.2  Geometric representation of the LIPAA model 

In the present numerical model, geometric model of PC has been assigned with the 

essential material properties. The thermal properties of the PC are considered temperature 

dependent, as shown in table 5.1. Other thermal and physical properties of the PC and the 

aluminium were considered constant and are listed table 5.2. 

Table 5.1 Temperature dependent properties of PC 

Temperature (K) Conductivity (W/mK) Specific Heat Capacity (J/kg K) 

323 0.204 1330 

373 0.213 1370 

423 0.213 1480 

473 0.215 1500 

523 0.226 1540 

573 0.238 1550 

Table 5.2 Thermal and physical properties of PC and aluminium (Acherjee et al., 2012; 

Sharma et al., 2019) 

 Property Value 

 

Polycarbonate 

Density (kg/m3) 1200 

Emissivity 0.95 

Reflectivity 0.07 

Melting Point (K) 503 

Aluminium Reflectivity  0.96 

Density (kg/m3) 2700 

 

5.3.3 Thermal analysis 

The two-dimensional non-linear transient heat conduction equation that governs the heat 

generation during the LIPAA process can be described as:  

T T T
k k c

x x z z t


       
    

       
           (5.1) 
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 where x, y are the Cartesian coordinates, t is the time, k is the thermal conductivity of the 

material, ρ is the density, c is the specific heat of the material and T is the temperature.  

The boundary conditions include the moving Gaussian heat flux, convection and 

radiation on the thermally affected boundary of the PC. The other two sides of the 

axisymmetric domain are taken to be insulated. The boundary conditions on the 

axisymmetric section of the PC have been represented in figure 5.3 (concerning figure 

5.2(a)).  

 

Figure 5.3 Boundary conditions for the numerical model 

Mathematically, the boundary conditions can be expressed as: 

T
k q

x




  for pulse-on time            (5.2) 

          =0 for pulse-off time and  

4 4

s s( ) ( )
T T

k k h T T T T
x z

  

 
     

 
                    (5.3) 

where q is the laser heat source, h is the convective heat transfer coefficient, Ts is the 

surface temperature, ε is the emissivity of the transparent material and σ is the Stefan 

Boltzmann constant (5.67 × 10-8 W/m2K4). By merging the convection and the radiation 

conditions, the final boundary condition can be expressed as (Acherjee et al., 2012) 

r s( )
T T

k k h T T
x z



 
  

 
            (5.4) 

where hr is the combined heat transfer coefficient. The combined heat transfer 

coefficient is given by 

2 2

r s s( ) ( )h h T T T T                  (5.5) 
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Initially, i.e. at t = 0, the workpiece is considered to be at ambient temperature, T∞ 

of 300 K i.e.  

( , ,0)T x y T                (5.6) 

5.3.4  Laser heat source 

The heat source is considered taking into account the plasma power density besides the 

input laser intensity. Assuming that the laser intensity follows Gaussian distribution, the 

heat source, q can be expressed as 

1a(1 )q R I q                                                                (5.7) 

where Ra is the reflectivity of the metal target, I is the laser pulse intensity and q1 is 

the plasma power density. 

The Gaussian distribution of the laser pulse intensity is given by Sundqvist et al. 

(2017) as: 

2

o 2
exp 2

x
I I

R

 
  

 
 

                                                         (5.8) 

where Io is the peak laser pulse intensity and R is the laser spot radius. The plasma 

power density can be estimated by using the following relation: 

1

plasma

on

E
q

t
                            (5.9) 

where Eplasma is the plasma energy density and ton is the pulse duration. 

5.4 Solution methodology 

A two-dimensional nonlinear transient numerical model has been developed to compute 

the values of the channel width and channel depth, and to study the effect of the moving 

heat flux on the temperature generation. PC and aluminium were taken as the transparent 

and the metal target, respectively. In the present work, the focus was mainly on the PC 

sheet to determine the channel width and the channel depth. The thermal conductivity and 

specific heat of the PC sheet were considered to be temperature dependent while the 

density was kept constant. PC ablation is obtained on its rear surface with the help of 

plasma generated by laser irradiation with the aluminum metal target. However for the 

numerical study, the ‘upside down’ view of the PC is considered. Therefore, in the current 

study, the temperature profile is represented on the upper face of the PC.  
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5.4.1 Finite element formulation  

In the present work, a two-dimensional nonlinear transient modeling and simulation of the 

LIPAA process for microchannel fabrication on transparent materials has been reported. 

Temperature is the only degree of freedom considered at each node.  The temperature field 

variable with the element is interpolated by, 

  eT N T              (5.10) 

and 

  

 

e

e

T B T

N T
x



 
   

                 (5.11) 

where [N] is the interpolation or shape function matrix, {Te} is the element nodal 

temperature matrix and [B] is the general geometric matrix. Galerkin method is used to 

solve the above equations, and the resulting equations are expressed in the matrix form as 

       TC T K T Q             (5.12) 

where [C] and [KT] are the global heat capacity matrix and global conductivity matrix 

respectively, which are given as 

    
0

T

V

C c N N dV              (5.13) 

    
0

T

T

V

K k B B dV              (5.14) 

and {Q} is the heat flux vector.  

The entire model was meshed into small elements to simplify the problem based on 

the finite element method. The element type chosen is thermal solid 35 with triangular-6 

nodes. The entire geometry was coarse meshed and the mesh was further refined at the 

zone where heat flux was applied, as shown in figure 5.4. 
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Figure 5.4  Meshed model of process continuum 
Nd: YAG pulsed mode laser with focal spot radius (R) of 100 µm is considered. A 

set of complete 27 numerical simulations were carried out in this work. Based on the 

experiments performed, scanning speed was kept constant at 4 mm/s. At the same time, 

the other parameters such as pulse power density, pulse repetition rate and pulse duration 

are varied in a suitable range. The levels of the process parameters are shown in table 5.3. 

Table 5.3 Process parameters and their levels 

Parameters Levels 

Pulse power density (MW/cm2) 3.055 4.584 6.112 

Pulse repetition rate (Hz) 40 60 80 

Pulse duration (ms) 2 4 6 

Experiments were also carried out using an Nd: YAG pulsed millisecond laser with a 

wavelength of 1064 nm for the fabrication of microchannels on PC as mentioned in the 

previous chapter. Successful fabrication of micro-channels on PC was obtained 

experimentally and consequently, the experimental results were used to validate the 

numerical data.  

5.5 Results and discussion 

By varying the process parameters listed in table 5.3, a full factorial nonlinear transient 

analysis of LIPAA has been carried out. 27 numerical simulations were performed to 

compute the channel width and the channel depth during LIPAA of PC, its dependence on 

the laser parameters and the effect of the moving heat flux on temperature generation.  

Figure 5.5 shows the 2D isothermal contours on PC along the scanning direction for the 

case of 3.055 MW/cm2 pulse power density, 40 Hz pulse repetition rate, and 6 ms pulse 

duration at different times of 0.106 s, 0.506 s and 0.906 s, respectively. 
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Figure 5.5 2D temperature distribution on PC at (a) 0.106 s, (b) 0.506 s, (c) 0.906 s along 

the scanning direction 

From the above figure, it is observed that initially, there was an increase in the 

maximum temperature with increasing time. After a certain period, the maximum 

temperature attains a quasi-steady state and it is then that one can assure to have a channel 

of uniform width and depth. A maximum temperature of 895.56 K was observed at the 

plane of laser beam irradiation at 0.106 s. However, the maximum temperature increases 

to 1891.8 K as the time reaches 0.506 s and beyond. Considering a melting point 

temperature of 503 K for PC, the region exceeding the melting point temperature in the 

contours plot for the moving heat flux shows the molten zone of the PC sheet. As the laser 

source moves along, the melt pool moves along with the laser source, which results in the 

formation of a channel. Figure 5.6 shows the graphical visualization of the variation of 

maximum temperature as a function of time at various locations along the scanning 

direction. 
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Figure 5.6  Temperature vs Distance plot along the scanning direction 

The effect of the process parameters on the channel width and the channel depth has 

also been studied by using the developed model. The elements above the melting 

temperature of PC are considered to be removed during the LIPAA process, and 

accordingly, the channel dimensions were determined. 

The complete set of numerical results are presented in table 5.4. The evaluation and 

characterization of the channels were carried out by using an optical microscope (Make: 

Carl Zeiss). 

Table 5.4 L27 array and the channel dimensions 

Frequency 

(Hz) 

Pulse 

Duration (ms) 

Current (A) Channel 

Width (µm) 

Channel 

Depth (µm) 

40 2 40 * * 

40 2 60 * * 

40 2 80 246 13.16 

40 4 40 310.2 25.19 

40 4 60 357.69 33.67 

40 4 80 468.16 51.29 

40 6 40 379.58 46.34 

40 6 60 410.34 59.42 

40 6 80 469.27 71.63 

60 2 40 264.9 9.67 

60 2 60 305.94 15.46 

60 2 80 349.81 29.61 

60 4 40 399.76 14.32 

60 4 60 457.64 21.51 

60 4 80 502.37 33.24 
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60 6 40 411.68 19.57 

60 6 60 486.08 25.66 

60 6 80 524.49 39.36 

80 2 40 356.32 18.08 

80 2 60 384.12 24.81 

80 2 80 425.91 36.44 

80 4 40 411.36 26.99 

80 4 60 487.14 41.22 

80 4 80 531.22 49.23 

80 6 40 442.19 36.11 

80 6 60 509.47 44.98 

80 6 80 561.33 56.78 

 No ablation observed 

5.5.1 Effect of pulse power density on channel dimension 

The temperature variation along the x-direction and the z-direction at varying pulse power 

density is presented graphically in figure 5.7(a) and 5.7(b), respectively. It is observed from 

the graphs that the peak temperature increases with the increase in the pulse power density. 

However, for pulse power density values of 3.055 MW/cm2 and 4.584 MW/cm2, the peak 

temperature doesn’t exceed the melting point temperature of the PC, thereby leading to no 

channel formation. Whereas for 6.112 MW/cm2 power density, the peak temperature 

exceeds the melting point temperature and a channel of width 246.3 µm and depth 13.16 

µm is formed. Similar observations were also observed from the experimental results.  

  

Figure 5.7  Temperature distribution along (a) X-axis and (b) Z-axis at varying pulse power 

density 

The optical microscope images for the channels formed are shown in figure 5.8. It is 

witnessed that a well-defined channel is formed at a pulse power density of 6.112 
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MW/cm2; however, a channel of nominal width and depth was developed at 4.854 

MW/cm2. From the comparison, it was found that the numerical model predicts channel 

width and channel depth with mean deviation of 1.9 % and 8.5 % respectively at varying 

pulse power density. 
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Figure 5.8  Optical microscope images of the channel width and channel depth formed at varying 

pulse power density 

From the present investigation, it can be learnt that, increase in the pulse power 

density results in enhancement in channel dimensions, i.e. channel width and channel 

depth. It is because, when the pulse power density increases, it induces a higher population 

inversion, which gives greater stimulated emission. This enhanced stimulated emission 

leads to increased irradiation of photons on the aluminium sheet, thereby generating a 

higher density of electrons and ions. The increased density of the electrons and ions 

further interacts with the incoming laser beam, resulting in the generation of a radially 

expanded plasma. Thus, the plasma expands radially with the increase in pulse power 

density. The expanded plasma has a significant thermal effect on the PC, resulting in wider 

channel width and deeper channel depth.  
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5.5.2 Effect of pulse repetition rate on channel dimension 

  
Figure 5.9  Temperature distribution along (a) X-axis and (b) Z-axis at varying pulse repetition 

rate 

Figure 5.9(a) and 5.9(b) depicts the temperature variation at varying pulse repetition rate 

along the x-direction and the z-direction, respectively. It can be observed, increase in the 

pulse repetition rate increases the peak temperature. When the pulse repetition rate value is 

greater than or equal to 60 Hz, the peak temperature exceeds the melting point temperature 

of the PC, thereby leading to the channel formation. A channel of 264.9 µm width and 

9.67 µm depth was noted to be formed at a pulse repetition rate of 60 Hz. For pulse 

repetition rate of 80 Hz, channel of 356.32 µm width and 18.08 µm depth was generated. 

However, when the pulse repetition rate is less than 60 Hz, the peak temperature does not 

exceed the melting point temperature of the PC and as such, no channel formation was 

obtained. The predicted numerical results were found to be in good agreement with the 

experimental results, as shown in figure 5.10. It is observed that well-defined channels can 

be generated at 60 Hz and 80 Hz pulse repetition rate values, while no channel formation 

was obtained at 40 Hz. On comparison, a mean deviation of 4.8 % for the channel width 

and 9.3 % for the channel depth were obtained from the numerical results at varying pulse 

repetition rate.  
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Figure 5.10 Optical microscope images of channel width and channel depth formed at varying 

pulse repetition rate 

In general, it can be noted that increase in the pulse repetition rate results in increase 

in channel size, i.e. the channel width and channel depth. It may be due to the fact that, at a 

higher pulse repetition rate, the number of pulses per second interacting with the aluminium 

sheet increases. Additionally, the interaction of the vapour molecules formed from the 

previous pulses with the incoming laser beam also increases. Hence, the vaporization of 

aluminium sheet and ionization of vapour molecules will be amplified. This leads to the 

generation of an expanded plasma, which has a more significant thermal effect on the PC 

sheet, thereby producing channels of larger dimensions. However, at a low pulse repetition 

rate, the initial velocity of generated plasma is very low and does not have a significant 

effect on the PC sheet, resulting in formation of no channels. 

5.5.3 Effect of pulse duration on channel dimension 

The graphical presentation of the temperature variation along the x-direction and z-

direction at varying pulse duration is shown respectively in figure 5.11(a) and 5.11(b). 
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Figure 5.11 Temperature distribution along (a) X-axis and (b) Z-axis at varying pulse duration 

It can be observed that, there is an increase in the peak temperature value with the 

rise in the pulse duration. For a pulse duration value of 4 ms and higher, the peak 

temperature exceeds the melting point temperature of the PC. As such microchannel is 

formed when the pulse duration is 4 ms or greater.  A channel of 310.2 µm width and 

25.19 µm depth was noted to be formed at a pulse duration of 4 ms, while at a pulse 

duration of 6 ms, channel of 379.58 µm width and 46.34 µm depth was generated. 

Nevertheless, for a pulse duration value of 2 ms, the peak temperature does not exceed the 

melting point temperature of the PC and consequently, no channel formation was noticed. 

The predicted numerical results are found to be in good agreement with the experimental 

results. The optical microscope images of the channels are as shown in figure 5.12. From 

the experimental studies, it can be observed that well-defined channels can be generated at 

pulse duration of 4 ms and 6 ms, while no channel formation was obtained at 2 ms. 

Comparing the numerical results with the experimental results at varying pulse duration, it 

was found that mean deviation of 6.35 % and 9.23 % were obtained, respectively for the 

channel width and channel depth.  
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Figure 5.12  Optical microscope image for the channel width and channel depth formed at a 

varying pulse duration 

Therefore, from the above discussion, it can be said that an increase in the channel 

width and the channel depth is attained with the increase in the pulse duration value. It is 

because, when the pulse duration value is low, the laser intensity may not be sufficient 

enough to ablate the PC substrate. The heat energy of the laser is not allowed to sink into 

the aluminium sheet. Hence, there will be no plasma formation, leading to no formation of 

channels. But increase in the pulse duration, provides longer interaction of laser beam with 

the metal, thus generating an expanded plasma. Higher pulse duration also results in 

higher pulse energy, as given by the relation: 

on
peak

E
t

P
                         (5.15) 

where ton is the pulse duration, E is pulse energy, and Ppeak is pulse peak power. The 

expanded plasma has more and longer thermal effect on PC, thereby increasing the 

channel width and channel depth. 
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5.6 Summary  

In the present chapter, a thermo-physical numerical model of LIPAA, based on ablation of 

PC has been developed. The merit of the model lies in using moving Gaussian laser heat 

source to simulate the channel fabrication. Extensive numerical analysis was performed, 

taking into consideration the effect of plasma along with the effect of input laser 

irradiation. The channel dimensions, i.e., the width and the depth of the channel, were 

computed from the thermal distribution obtained from the numerical study. The computed 

results have been duly verified with our experimental results and found in good agreement. 

Based upon the full factorial analysis carried out using the numerical results of the model, 

the following conclusions have been brought:  

 With the increase in pulse power density, an increase in the channel dimension was 

obtained. Also, it was observed that, below a specific value of the pulse power density, 

i.e., 4.584 MW/cm2, no effect on the PC sheet was obtained, leading to no channel 

formation.  

 An increase in the channel dimension is also obtained with an increase in the pulse 

repetition rate. It was witnessed that a well-defined channel formation is achieved for a 

pulse repetition rate of 60 Hz and more. However, at a pulse repetition rate of 20 Hz, 

there was no channel formation obtained. 

 Again, an increase in the channel width and depth was seen with the rise in pulse 

duration. Likewise, pulse power density and pulse repetition rate, no effect on the PC 

sheet was obtained for a pulse duration value of 2 ms. While, at a pulse duration value 

of 4 ms and higher, well-defined channels were formed. 

 The model was also utilized to analyze the effect of moving heat flux on the PC sheet 

along the scanning direction. It was observed that for the initial few distances, an 

increase in the peak temperature was obtained. However, after attaining a certain 

distance, the peak temperature reached a constant value and it is from this part, where 

one can assure to get a channel of uniform width and depth.  

Overall, it can be concluded that the LIPAA process can be used to process 

transparent materials like PC, glass, etc. and that, the presented model can be effectively 

used to establish LIPAA in practice. Though the provided model proves itself to be an 

effective and powerful tool to achieve the real-time requirements of the LIPAA process, 

there are certain directions that are worth investigating. For instance, a three-dimensional 

model of the LIPAA process can be developed to have a more realistic approach.  
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Chapter 6 

3D thermo-physical modelling and simulation on LIPAA for 

microchannel fabrication on polycarbonate with aluminium as metal 

target 

6.0 Scope 

This chapter reports a three-dimensional nonlinear transient modelling and simulation of 

the LIPAA process for microchannel fabrication on transparent materials. Primarily, the 

need to carry out the three-dimensional analysis has been identified. The merit of the 

approach of the current chapter lies in simulating simultaneous ablation of both 

transparent polycarbonate (PC) and aluminium metal target during the process. The 

effect of plasma energy besides input laser irradiation has also been considered to have a 

realistic approach to the process and consequently, ablation on rear side of PC is 

obtained. Spatial-temperature distribution along the traverse direction and direction 

perpendicular to it has been determined from the developed model. The spatial 

distribution lent a hand in predicting the width and depth of the microchannel. The 

predicted results from the model are then compared with the experimental results. 

Temporal-temperature distribution for pulse‒on and pulse‒off time was also explored. A 

channel index (CI) has also been estimated by calculating a ratio between the machining 

rate and the maximum permissible machining rate for microchannel fabrication. Finally, 

the conclusions and contributions are summarized. 

6.1 The need 

Transparent PC and its processing have become an important research area in optical, 

chemical, medical and display industries. They have a special mention in microfluidics 

(Pan et al., 2017) and microfluidic-based devices like lab-on-a-chip (Trotta et al., 2018), 

electrofluidic devices (Xu et al., 2017), micro reactors (Suryawanshi et al., 2018), etc. 

Fabrication of microfluidics on PC have been studied by various researchers by using 

different techniques like micro-milling (Chen et al., 2014), compression moulding (Liu 

et al., 2001), direct laser writing ablation (Qi et al., 2009), LIPAA (Pan et al., 2017), etc. 

Compared to the above mentioned techniques, LIPAA process has the capability to 

overcome the challenge of laser machining of transparent materials with long pulsed and 

long wavelength lasers. However, limited work in the simulation study of the LIPAA 

process has been reported. Very scant work has been reported on 3D numerical 
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modelling and simulation of the LIPAA process. Therefore, it was thought to be worthy 

to develop a 3D numerical model of the LIPAA process, embracing the influence of the 

plasma together with the incoming laser beam on both the transparent material and the 

metal target. In the sections that follow, the details of development of numerical model, 

its validation with experimental results and the spatial and temporal thermo-physical 

analysis of the process are illustrated. 

6.2 Present approach for the spatial and temporal analysis of LIPAA 

Figure 6.1 represents the present approach for the spatial and temporal analysis of the 

LIPAA process. In this study, a 3D transient non-linear FE model has been developed for 

determining the microchannel width and depth and also the machining rate of the LIPAA 

process. Plasma energy in addition to the incoming laser beam intensity were considered 

in the heat flux model of the LIPAA process. Further, microchannels were fabricated 

experimentally on PC by the LIPAA process using a Nd: YAG millisecond pulsed laser 

of wavelength 1.064 µm. The width and depth of microchannel and the machining rate of 

the process were hence determined. The simulated results were then compared with the 

experimental results. Based on the confidence gained from the validation of the 

simulated results, further investigation on the numerical model was carried out. Spatial 

thermal analysis was carried out at different locations along the x and y direction. The 

temporal analysis was also studied for the pulse‒on time (ton) and pulse‒off time (toff). 

The influence of process parameters viz. pulse power density, pulse duration and pulse 

repetition rate on channel width, channel depth and machining rate of the process were 

studied by using the developed model. 

 
Figure 6.1 Approach of the present research work 

In what follows, the thermo-physical model for the LIPAA process is presented in 

detail. 
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6.3 Three-dimensional thermo-physical modelling of LIPAA using Finite 

Element Method (FEM) 

An investigation of the LIPAA process for microchannel fabrication on the rear side of 

PC taking aluminium as the target metal has been carried out numerically. The spatial 

and temporal-temperature distribution of the process is analysed considering the effect of 

the plasma energy besides the incoming laser heat flux. The spatial analysis leads the 

way of determining the microchannel width and depth and also, the machining rate of the 

LIPAA process, whilst, the temporal-temperature distribution provides information 

related to the effect of pulse‒on time and pulse‒off time on temperature distribution 

along the scanning direction. 

6.3.1 Geometric modelling of process continuum 

In the LIPAA process, the PC sheet is placed on aluminium sheet as presented in figure 

6.2(a). Figure 6.2(b) represents the axisymmetric domain chosen for the numerical study 

of the LIPAA process that considers PC and aluminium sheet of 1 mm thickness and of 5 

mm × 2 mm cross-sectional area each. The blue part represents the PC while the grey 

part represents the aluminium sheet. The geometric model of the domain was developed 

using the ANSYS Parametric Design Language (APDL) and is shown in figure 6.2(c).  

(A) Assumptions 

The development of the numerical model involves complex interactions between the 

laser beam, plasma and the workpiece. Hence, certain assumptions were made to 

simplify the model. These are:  

 The laser heat source and the plasma energy density is assumed to be of 

Gaussian shape. Gaussian-shaped heat flux at the irradiation zone make the 

model conditions approach the actual LIPAA phenomenon. 

 The thermal properties of the material are temperature dependent.  

 The reflectivity of both the PC and aluminium is considered. 

 Only the melting of the PC above its melting poit temperature is considered. The 

decomposition of the PC above its degradation temperature is neglected. 

 The transparent material and metal target are isotropic and homogeneous in 

nature. 

 The ambient temperature is 300 K. 
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Figure 6.2 Schematic of (a) arrangement of  PC and aluminium sheet, (b) domain for 

numerical study with symmetric conditions and (c) geometric model of the domain 

developed 

6.3.2  Thermal modelling of LIPAA 

In the present study, a finite element method based model of the LIPAA process has 

been developed to simulate the simultaneous ablation of both PC and aluminium sheet 

during the process. Temperature dependent properties of both the materials have been 

considered. By solving the model, a temperature profile was generated at the irradiated 

zone at the interface of the two materials. A comprehensive explanation of the thermal 

model is given in the subsequent sections. 
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(A) Governing equation and boundary conditions 

The transient 3D heat conduction equation that determines the heat generation on the PC 

and the aluminium sheet during the LIPAA process is given by: 

T T T T
c k k k

t x x y y z z


          
      

          
                       (6.1) 

where x, y, z are the Cartesian coordinates, t is the time, k is the thermal 

conductivity of the material, ρ is the density, c is the specific heat of the material and T is 

the temperature. 

Initially at time, t = 0, the materials are treated to be at ambient temperature (T∞) 

of 300 K, i.e. 

 , , ,0 300T x y z T                   (6.2) 

Boundary conditions applied to the model of the numerical study includes the 

laser and plasma heat flux, convection, radiation and insulation as presented in figure 

6.3.  

 
Figure 6.3 Boundary conditions and thermal load for numerical modelling 

The laser heat flux and the plasma power density are assumed to be distributed at 

the zone of irradiation at the interface represented by OO′O″O‴. On the remaining part of 
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the interface, convection and radiation have been considered as the boundary condition. 

Mathematically, these boundary conditions can be described as follows:  

T T
k k q

x z

 
 

 
 for pulse-on time                               (6.3) 

                       0  for pulse-off time and 

   4 4

s s

T T
k k h T T T T

x z
  

 
     

 
                   (6.4) 

where q is the heat source, h is the convective heat transfer coefficient, Ts is the 

surface temperature, ε is the emissivity of the transparent material and σ is the Stefan 

Boltzmann constant (5.67 × 10-8 W/m2K4). 

Integrating the boundary conditions of convection with that of radiation into a 

single condition, the combined boundary condition can be written as (Acherjee et al., 

2012): 

 r s

T T
k k h T T

x z


 
  

 
                      (6.5) 

where hr is the combined heat transfer coefficient and hr can be expressed as: 

  2 2

r s sh h T T T T                (6.6) 

 (B) Modelling of heat flux 

In this study, Gaussian heat flux is considered for the numerical simulations based on the 

Beer-Lambert law. The Gaussian laser heat flux in addition to the plasma power density 

is considered in the laser heat flux model. In the model, the reflectivity and the 

absorption coefficient of the  PC and the aluminium sheet were considered to take count 

of the power loss due to reflection at the materials and correspondingly, absorption on 

the aluminium sheet (Hussein et al., 2017). 

The Gaussian laser heat flux (q) can be expressed as: 

 
1a1q R I q                                       (6.7) 

where Ra is the reflectivity of the metal target, I is the laser pulse intensity and q1 is 

the plasma power density. 

The laser pulse intensity (I) can be expressed as: 

  
 2 2

o 2

2
exp

x z
I I

R

 
  
 
 

                (6.8) 
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where Io is the peak laser pulse intensity and R is the laser spot radius. The peak 

laser pulse intensity (Io) can be further computed by using: 

  peak

o t1
P

I R
A

 
   

 
                  (6.9) 

where Rt is the reflectivity of the transparent material and Ppeak is the peak laser 

power. Since the plasma is thermally coupled with the laser beam, the in situ 

measurement of the plasma energy is difficult.  However, as reported by Saxena et al. 

(2014), beyond the plasma generation threshold, a linear increase in the input laser 

irradiance leads to a linear increase in the energy transfer to the plasma. It is considered 

that the plasma generation threshold is obtained when the density of the electrons (Ne) 

reaches a value of about 1018/cm3 (Dahotre and Harimkar, 2008). The plasma energy 

density can thus be estimated from the electron density by the following equation 

(Saxena et al., 2014): 

plasma e
2

E
E N

 
  

 
          (6.10) 

The value of Eplasma has been determined to be 2.72 × 106 J/m3, taking 34 eV as the 

ionisation energy (∆E) for air. The plasma power density (
1

q ) can thus be estimated 

from the following expression: 

1

plasma

on

E
q

t
                                 (6.11) 

where ton is the pulse duration. 

6.3.3 Solution methodology 

In the present work, a three-dimensional FEM based numerical model has been 

developed to analyse the spatial and the temporal temperature distribution during the 

LIPAA process. The coupled effect of the laser heat flux and the plasma power density 

has been considered in the heat flux model as it gives a more realistic approach to the 

process. Simultaneous ablation of both PC and aluminium metal target was obtained 

during the simulations of the LIPAA process. The focus was however mainly on the PC 

sheet and accordingly, the channel width and channel depth were predicted from analysis 

and were validated with experimental results. 
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(A) Finite element formulation  

After formulating the problem in terms of governing equations and boundary conditions, 

finite element method (FEM) was used to solve the problem. FEM is a numerical 

technique to solve the engineering problems in which the unknown function is 

approximated by piecewise defined functions. In this technique, the worksheet is 

discretized into elements. The collection of elements is called finite element mesh. Each 

element has nodes which are used to represent values of the field variables (for example, 

temperature) over the element by an interpolation function. In thermal analysis, the field 

variable is temperature, which is approximated within the element using its nodal 

temperatures, 

  eT N T           (6.12) 

and 

    eeT B T N T
x

 
    

        (6.13) 

where [N] is the interpolation or shape function matrix, {Te} is the element nodal 

temperature matrix and [B] is the general geometric matrix. Galerkin method is used to 

solve the above equations, and the resulting equations are expressed in the matrix form 

as 

       TC T K T Q          (6.14) 

where [C] and [KT] are the global heat capacity matrix and global conductivity 

matrix respectively, which are given as 

    
0

T

V

C c N N dV           (6.15) 

    
0

T

T

V

K k B B dV           (6.16) 

and {Q} is the heat flux vector.  

(B) Mesh model and mesh sensitivity analysis 

The process continuum was discretized with thermal solid 35 with triangular-6 nodes 

initially for the two dimensional geometrical model and later, with thermal solid 70 with 

brick-8 nodes for the three-dimensional geometrical model. The entire model was 
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discretised into coarse mesh and the mesh was further refined at the zone of laser 

irradiation at the interface of the two materials as shown in figure 6.4.  

 

Figure 6.4 Meshed geometric model (a) 3D view and (b) 2D view 

Both the PC and the aluminium were modelled using two different sets of nodes that 

correspond to two separate materials. A distinct interface of these materials has duly 

been defined. There was no external pressure applied on the top PC sheet during the 

experiments, therefore, in numerical simulations no pressure or contact resistance effect 

was considered at the interface of the two materials. Accordingly, the incoming laser 

heat flux was applied directly at the interface of the two materials. Mesh size is an 

important factor that needs to be controlled during the FE analysis. Larger mesh size 

leads to inconvergent simulation results, whereas smaller mesh size take long 

computational time. Thus, selection of an optimized mesh size is obtained by carrying 

out the mesh sensitivity analysis as shown in table 6.1. Mesh sensitive analysis was 

performed for the process condition of 3.06 MW/cm2 pulse power density, 40 Hz pulse 

repetition rate and 2 ms pulse duration. From the mesh sensitive analysis, it was found 

that with a finer mesh size of 20 µm, the simulation gave the best results with 

computational time of 1.53 hours. The effect of a moving Gaussian heat flux was 

employed in the numerical model of the LIPAA process. The spatial and temporal 

thermo-physical investigation of the LIPAA process was carried out by implementing the 

laser heat source at the interface of the two materials and assuming an automatic time 

step increment. The spatial investigation lent a hand in predicting the width and depth of 

the microchannel. In the model, the material removal criterion to achieve ablation in 

aluminium and PC is such that, the material exceeding its melting point temperature is 

considered to be ablated or removed from the base material. However, the current study 
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focuses upon the PC sheet for the determination of the channel width and the channel 

depth fabricated on its rear side. As such, melting point temperature of the PC sheet i.e. 

503 K was taken into consideration to ablate the PC sheet. The temporal temperature 

distribution for pulse-on time (heating) and pulse-off time (cooling) were also explored. 

Figure 6.5 shows the outline of the developed numerical modelling approach for 

prediction of the dimensions of the microchannel and the machining rate during LIPAA 

process. 

Table 6.1 Analysis of  mesh sensitivity for refined mesh  zone 

Mesh Size (µm) Maximum Temperature   

(K) 

Change in 

Temperature 

 (∆T) 

CPU time  

(hours) 

35 666.7 - 0.23 

30 672.9 6.2 0.43 

25 674.4 1.5 0.72 

20 674.7 0.3 1.53 

15 676.5 1.8 3.17 

10 677 0.5 4.69 
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Figure 6.5 Outline of numerical modelling approach for predicting the width and depth 

of the microchannel and the machining rate of the LIPAA process 
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6.3.4 Material properties 

The materials in the model were  allotted the necessary material properties to outline the 

interface of the two materials (Hussein et al., 2017). The thermal properties of the PC 

and the aluminium were considered to be temperature dependent. These properties of the 

materials are illustrated in figure 6.6(a) and 6.6(b) respectively (Luo and Zhao, 2018; 

Sedighi et al., 2018). The other thermal and physical properties of the materials 

considered in the model are shown in table 6.2. 

 

Figure 6.6 Temperature dependent properties of (a)  PC and (b) aluminium 

Table 6.2 Thermo-physical properties of  PC and aluminium (Genna et al., 2018; Chen 

et al., 2016; Sedighi et al., 2018; Jorik et al., 2019) 

 Property Value 

 

 

Polycarbonate  

Density (kg/m3) 1200  

Emissivity  0.95 

Reflectivity 0.07  

Glass transition temperature (K) 427 

Melting temperature (K) 503 

 

Aluminium  

Density (kg/m3) 2700 

Reflectivity  0.96 

 

6.4 Results and discussion 

A numerical investigation was carried out for microchannel fabrication using the LIPAA 

process. In the analysis, parameters like pulse power density, pulse repetition rate and 

pulse duration were taken as the input laser parameters. Each of these laser parameters 

were varied at three distinct levels as presented in table 6.3. The levels of the laser 

parameters were kept within an appropriate range based on the introductory experiments 

carried out, while a constant value of 4 mm/s for the scanning speed was maintained. 
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Table 6.3 Laser  process parameters 

Laser Parameters Levels 

Pulse power density (MW/cm2) 3.06 4.6 6.1 

Pulse duration (ms) 2 4 8 

Pulse repetition rate (Hz) 40 60 80 

 

In the beginning, the simulations were carried out with and without the 

consideration of the effect of the plasma. The results obtained for both the numerical 

conditions were compared with the experimental data as shown in figure 6.7. From the 

comparison, it was found that a mean deviation of 2.3% was obtained for the simulated 

results with the consideration of the plasma effect while a mean deviation of about 9.6% 

was obtained with no consideration for the plasma effect. Thus, the further investigation 

into the numerical study of the LIPAA process were carried out concerning the plasma 

effect in addition to the influence of the input laser heat flux. The transient temperature 

profile at the interface of PC and aluminium is shown in figure 6.8(a). The profile of the 

temperature shown is for the process condition of pulse power density 3.06 MW/cm2, 

pulse repetition rate 60 Hz, pulse duration 2 ms and scanning speed 4 mm/s. Figure 

6.8(b) and 6.8(c) represent the temperature contours at two different times viz. towards 

the end of pulse-on time i.e. 2 ms and end of pulse-off timei.e.16.7 ms respectively. 

 

Figure 6.7 Comparison of the simulated results (with and without the influence of the 

plasma) with the experimental results 
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Figure 6.8 (a) The 3D temperature profile on the  PC and the aluminium sheet for the 

chosen set of experiment at (b) 2 ms and (c) 16.7 ms 

As observed from the above figure, a temperature of maximum value 859 K is 

obtained at the end of pulse‒on time (2 ms) and this maximum temperature lies within 

the metal target. While at the same point of time, a highest temperature of 819 K is 

attained at the interface of the two materials, which is lower than the maximum 

temperature attained within the metal target but surpasses the melting temperature of the 

PC (503 K). As a result, material removal on the rear side of the PC was noted. Also, it 

was observed, a very small region of the PC, neighbouring the ablated part surpasses the 

glass transition temperature of PC not exceeding the melting temperature. Such region of 

the PC transforms into a rubber like state, is not ejected and sooner or later, recovers its 

original form of state. Nevertheless, at the end of pulse-off time, i.e. 16.7 ms, the 

temperature at the irradiated zone comes closer to the initial surface temperature (300 K) 

of both the materials. 
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6.4.1 Validation with experimental data 

Experiments were performed considering PC and aluminium sheet respectively as the 

transparent and the metal target, both of them were of 1 mm thickness. The PC sheet was 

cut into pieces of 100 mm × 30 mm and the aluminium sheet into pieces of 110 mm × 40 

mm. Ablation on the PC by the LIPAA process was obtained using a Nd: YAG 

millisecond pulsed laser (Model: 500 W pulsed Nd: YAG CNC Laser, Make: Suresh 

Indu Lasers Pvt. Ltd) of 1.064 µm wavelength. To study the ablation process and the 

influence of the laser parameters on the responses like microchannel width, 

microchannel depth and machining rate, single pulse stoke of the laser beam was 

produced for each set of machining parameters. During the machining process, the pulse 

power density was varied in the range of 3.06‒6.1 MW/cm2, pulse repetition rate in the 

range 40‒80 Hz and pulse duration in the range of 2–6 ms.  

The fabricated microchannels were examined by using Field Emission Scanning 

Electron Microscope (FESEM) to analyse the microchannel width and depth. 

Measurement of the microchannel size was carried out done both on its rear surface and 

its cross-section as shown in figure 6.9. Machining rate of the process was calculated 

considering the values of width and depth of the microchannels. From the measurements, 

it was witnessed that the width and depth of the microchannels increases with the 

increase in the values of the laser parameters viz. pulse power density, pulse duration and 

pulse repetition rate.  

 

Figure 6.9 FESEM images of (a) top and (b) cross-section view of the microchannel 

The experimental values of the width, depth and the machining rate were utilised 

for validating the developed FE model. The microchannel width, microchannel depth on 

the PC sheet and the machining rate of the process from the ANSYS simulations were 

compared with the experimental data. Both the simulated and the experimental outcomes 
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were compared for varying pulse power density keeping the other parameters constant at 

40 Hz pulse repetition rate, 4 ms pulse duration and 4 mm/s scanning speed. The 

simulation results were observed to be slightly lower than the experimental data. Such 

differences between the simulated and experimental results may be due the assumptions 

considered which differs the model from the real experimental environment. However, 

from the comparisons shown in figure 6.10, it can be said that the numerical results are 

in good agreement with experimental results with a mean deviation of 2.3% for channel 

width, 9.8% for channel depth and 10.5% for machining rate. 

 

Figure 6.10 Comparison of numerical  and experimental results for (a) width, (b) depth 

and (c) machining rate 

6.4.2 Spatial and temporal investigation of LIPAA process 

Based on the confidence gained from the validation of the simulated results, further 

investigation on the numerical model was carried out. Spatial thermal analysis was 

performed at various positions along the x-direction and the y-direction. The temporal 
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analysis was also carried out in the course of the pulse-on time (heating) and pulse-off 

time (cooling). 

 

 

Figure 6.11 (a) Temperature distribution and (b) Temperature contour of LIPAA process along 

x-direction for the chosen set of process condition 

The spatial temperature contour along the x-direction at different distances from 

the interface of the two materials are shown in figure 6.11. The plot is shown for the 

process condition of pulse power density of 3.06 MW/cm2, pulse repetition rate of 40 Hz, 

pulse duration of 4 ms and scanning speed of 4 mm/s. It is observed that, at A1 and A′1 

i.e. at a distance of 50 µm from the interface towards the PC and the aluminium sheet 

respectively, the temperature at A′1 is much higher than that at A1. It may be due to the 

higher thermal conductivity of aluminium compared to the thermal conductivity of the 

PC. Thus, most of the laser heat is conducted into the aluminium sheet. Similar variance 

of the temperature was also observed for A2 and A′2 i.e. at a distance 100 µm on both 

sides from the interface. Further, it is observed that, at the end of pulse-on time (4 ms), a 

temperature of maximum value 657 K is obtained at A0, i.e., at the interface of the two 

materials. At the same time, a highest temperature of 683 K is generated within the 

aluminium sheet. But then again, the temperature at the interface is beyond the melting 

temperature of the PC and hence material removal is obtained. At 50 µm distance from 

the interface towards the PC, the maximum temperature attained was 334 K which is 

below the melting temperature of the PC. Thus, there was no material removal. Similar 
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observations were also seen for 100 µm distance from the interface. The simulated 

results show good agreement with the FESEM image of the machined PC surface. The 

same can be observed from the experimentally fabricated microchannels, shown by the 

FESEM image in figure 6.12.  

    

Figure 6.12 Comparison of temperature distribution and its effect on material removal 

(a) experimental results and (b) computational results 

 

 

Figure 6.13 (a) Temperature distribution and (b) Temperature contour of LIPAA process 

along y-direction for the chosen set of process condition 

The spatial temperature distribution in the y-direction on the X-Y plane is shown in 

figure 6.13. The distributions are shown at three different distances from the 

axisymmetric axis. It is observed that, a maximum temperature of 657 K is obtained at 

Bo i.e. at the axisymmetric axis and lies at the interface of the PC and the aluminium 
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sheet. The temperature at the interface of the axisymmetric axis is thus found to surpass 

the melting temperature of the PC and consequently, the material removal on PC sheet is 

achieved. Moving to a distance of 125 µm and 250 µm from the axisymmetric axis i.e. at 

B1 and B2, decrease in the temperature distribution was observed. The maximum 

temperature at B1 and B2 was less than the melting temperature of the PC and thus, no 

material removal was obtained. Identical observation was found from the experiments 

too, as shown by the FESEM image of the microchannel on PC for the same set of 

parameters in figure 6.14.  

 
 

Figure 6.14 Comparison of temperature distribution and its effect on material removal 

(a) experimental results and (b) computational results 

It can also be observed from figure 6.14 that, at equal distance from the interface 

towards both PC and aluminium, the temperature on the aluminium is higher than that on 

PC, resulting in a non-axisymmetric temperature contour (along the y-axis). It is because 

of the application of lower value of laser process parameters (3.06 MW/cm2 pulse power 

density, 40 Hz pulse repetition rate and 4 ms pulse duration). At low value of laser 

parameters, plasma generation is less and thus, laser beam irradiation plays a significant 

role in temperature generation in both the materials. The PC being transmissible to the 

laser beam is subjected to very less thermal effect. Thus, it can be understood that, the 

aluminium metal target is more thermally affected and as such, at equal distance from the 

interface towards both PC and aluminium, the temperature on the aluminium is higher 

than that on PC, resulting in a non-axisymmetric temperature contour. 

For the same set of process condition, the temporal investigation of the LIPAA 

process on PC was also carried out. The peak temperature during pulse‒on time and 

pulse‒off time of the process was obtained as a function of time as shown in figure 6.15. 

TH-2575_166103017



136 
 

As observed from the figure, the temperature rises at a high rate during pulse‒on time 

and reaches to maximum value of 683 K at its end i.e. at 4 ms.  The pulse‒on time is also 

referred to as the heating time. However, the temperature after 4 ms starts decreasing at a 

slow rate and at the end of pulse‒off time i.e. 25 ms, reaches a value very close to the 

initial temperature of the materials.  The pulse‒off time is hence, referred to as the 

cooling time. In a time period, the cooling time is thus found to be much longer than the 

heating time, thereby resulting in a slower cooling rate. But depending on the repetition 

rate and the scanning speed, the cooling period of the former laser pulse is overlapped 

with the heating time of the upcoming laser pulse, hence resulting in the formation of 

microchannels. 

 

Figure 6.15 Time versus temperature for pulse-on time of 4 ms and  pulse-off time of 21 ms 

6.4.3 Influence of laser parameters on microchannel fabrication 

A parametric analysis was performed to understand the contribution of the laser 

parameters such as pulse power density, pulse duration and pulse repetition rate on the 

responses such as microchannel width, microchannel depth and eventually the machining 

rate.  Figure 6.16(a) and 6.16(b) shows the variation of temperature along the x-axis and 

y-axis at varying pulse power density. From the figures, it can be seen that as the pulse 

power density increases keeping the other parameters fixed at 60 Hz pulse repetition rate 

and 4 ms pulse duration, values of both the width and depth of the fabricated 

microchannel increase. And hence, an increase in the machining rate is also obtained.  

Similarly, the effect of the increase in the pulse duration on the width and depth of the 

microchannel is shown in figure 6.16(c) and 6.16(d). In this case, the pulse duration was 

increased from 2 ms to 6 ms while the other parameters were fixed at 60 Hz pulse 

repetition rate and 4.6 MW/cm2 pulse power density. It is noticed that as the pulse 
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duration is increased, a growth in the width and depth of the microchannel is achieved, 

thereby resulting in the increase of the machining rate too. The width and depth of the 

microchannel is also affected by the variation in pulse repetition rate, as shown in figure 

6.16(e) and 6.16(f). On increasing the value of pulse repetition rate from 40 Hz to 80 Hz, 

keeping the other parameters fixed at 4 ms pulse duration and 4.6 MW/cm2 pulse power 

density, there was a growth in the microchannel width and depth and as a result of 

which, increase in the machining rate was also obtained. 

  

  

  
Figure 6.16 Influence of pulse power density, pulse repetition rate and pulse duration on 

microchannel width and depth 
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Overall, the graphs portray that, as the laser parameters are increased, an increase 

in the microchannel width and depth and the machining rate of the process is obtained. It 

is because; an enriched plasma is produced with the rise in the laser parameters. 

Correspondingly, the plasma attains a temperature of 2500 K to about 50000 K, with a 

pressure of approximately 500 MPa [27]. The plasma thus has a large influence on the 

rear side of the PC sheet. A temperature beyond the melting temperature of the PC will 

be produced on its surface, thus, resulting in an increased microchannel width and 

microchannel depth.  

Again in figure 6.16(b), (d) and (f), it is observed that the temperature contours on 

PC and aluminium are nearly axisymmetric (i.e. at equal distance from the interface 

towards PC and aluminium, the temperature on both the material is nearly the same). The 

reason for such observation is that, the input laser process parameters applied are at 

comparatively higher levels. As the laser parameters are increased, there is an increase in 

the laser intensity resulting in dynamic interaction of the plasma with the laser 

irradiation. This causes a rapid expansion of the plasma. As such, at higher levels of laser 

parameters, the plasma plays a major role in temperature generation in both the 

materials. Again, we know that the thermal conductivity of PC being low (~0.4 W/mK) 

generates higher temperature near the irradiated zone with narrower temperature 

distribution. While thermal conductivity of aluminium being high (~250 W/mK), due to 

higher conduction of heat into the material, it results in less temperature generation near 

the irradiated zone with a much wider temperature distribution. It can thus be witnessed 

that, at higher value of laser parameters, the temperature at equal distance from the 

interface are more or less similar, thereby resulting in a near axisymmetric temperature 

contour. Moreover, it can also be witnessed that as we move away from the irradiated 

zone on both side of the interface, the temperature profile are not axisymmetric in nature. 

The scanning speed during the simulation of the LIPAA process was however kept 

constant at a value of 4 mm/s to form the channel. It is known that for a channel to form, 

the overlap of the consecutive pulses must be larger than zero. The overlap distance and 

its percentage between two pulses is denoted by DL and O and can be expressed as: 

L

v
D

f
                     (6.17) 

L 100%
D

O




 
  
 

                  (6.18) 
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where v is the laser scanning speed, f if the repetition rate and w is the laser spot 

diameter. Scanning speed of 4 mm/s results in the minimum overlap of 50 % to a 

maximum value of 75 % for our selected levels of laser process parameters where pulse 

power density was varied from 3.06 MW/cm2 to 6.1 MW/cm2, pulse duration from 2 ms 

to 6 ms and pulse repetition rate from 40 Hz to 80 Hz. The focused beam diameter was 

considered to be 200 µm. 

It is also found that the nature of change in both width and depth of the 

microchannel with the change in the laser process parameters is similar, maintaining a 

constant aspect ratio of the microchannel. Thus, it can be said that, a very narrow 

microchannel to a wide microchannel with a nearly constant aspect ratio can be obtained 

by the technique of LIPAA. 

6.5 Estimation of channel index (CI) for microchannel fabrication during 

LIPAA using millisecond pulsed laser 

Channels having width in the micron‒scale (1-999 μm) are considered as microchannels. 

Further, it has been observed from the experiments that channels with channel depth 

exceeding a value of 250 μm starts showing deterioration and burning in the PC sample 

(which is of 1 mm thickness). Therefore, channel width of 999 μm and channel depth of 

250 μm has been considered as standard dimensional limits for fabrication of 

microchannel and correspondingly, the maximum permissible machining rate for 

microchannel fabrication during LIPAA using millisecond pulsed laser has been 

determined. Mathematically, the machining rate can be calculated as (Dahotre et al.): 

   Machining rate Cross sectional areaof microchannel Laser scanning speed 

  (6.19) 

 
1

2 2
Width Depth Laser scanning speed

  
     

  
 

Using equation (6.19), the maximum permissible machining rate is found to be 

47.05 mm3/min considering a channel width of 999 μm and a channel depth of 250 μm. 

The machining rates for each process set has also been calculated and compared with the 

maximum permissible machining rate to determine the channel index (CI) for 

microchannel fabrication during LIPAA using a millisecond pulsed laser. 

Mathematically, the CI can be expressed as: 
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m

Machining rate
CI

Max permissible machining rate


       (6.20)

  

The machining rates and their corresponding CI are listed in table 6.4. In the 

present study, the maximum value of machining rate within the permissible limit was 

found to be 40.6 mm3/min, resulting in a CI value of 0.86 for process set condition of 

3.06 MW/cm2 pulse power density, 60 Hz pulse repetition rate, 4 ms pulse duration and 4 

mm/s scanning speed. It is observed that, when the machining rate is less than its 

maximum permissible machining rate value (47.05 mm3/min) i.e. for CI < 1, the 

channels dimensions are within the acceptable dimensional limits for microchannel 

fabrication. However, if the machining rate is equal to or exceeds its maximum 

permissible rate i.e. for CI ≥ 1, the channel dimensions go beyond the acceptable 

dimensional limit and the PC sheet starts deteriorating and causes burning of the sample. 

Therefore, microchannel fabrication on PCs using LIPAA technology should avoid 

process conditions that lead to CI ≥ 1. Consequently, it can be said that CI can be used as 

an index in determining the permissible set of process conditions for fabrication of 

microchannel during LIPAA using a millisecond pulsed laser. The estimated CI value 

provides insightful information regarding the feasibility of microchannel formation on 

transparent PC sheet, without the material being damaged or burnt out. 

Table 6.4 Machining rate during LIPAA and corresponding channel index (CI) for 

different set of process conditions 

Pulse repetition 

rate (Hz) 

Pulse 

duration (ms) 

Pulse power 

density (MW/cm2) 

Machining rate 

(mm3/min) 

Channel  

index (CI) 

40 2 4.584 0.51 0.010 

40 4 3.055 1.55 0.033 

60 2 6.112 7.56 0.161 

80 4 3.055 11.85 0.252 

80 2 4.584 18.19 0.387 

40 6 4.584 38.19 0.812 

60 4 3.055 40.56 0.862 

60 6 3.055 48.79 1.038 

80 6 3.055 72.16 1.535 

80 4 4.584 78.94 1.679 

80 6 4.584 120.24 2.55 

60 6 6.112 211.60 4.502 

80 6 6.112 376.8 8.017 

 

 No ablation observed 
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Let us consider the case of successful application of microchannels in health 

biomarker such as glucose test trip. A width of at least 600 μm is recommended in the 

test strips to avoid fluctuations in electrode resistance and improve the accuracy of 

glucose measurements. The depth of the microchannel, on the other hand, varies 

depending on its width to maintain constant blood flow through the channel and achieve 

the same electrical resistance. In such glucose test strip cases, when width and depth are 

dependent on each other, the CI can be considered as a standard factor to represent a 

glucose test strip size. For example, two different strips, one of width 600 μm and depth 

60 μm and the other of width 900 μm and depth 40 μm would have the same CI of 0.14. 

Thus, we can state that for a particular glucose measuring machine, glucose strip of 0.14 

CI is required.   

6.6 Summary 

In this chapter, a 3D non-linear transient thermo-physical model of the LIPAA process 

has been developed. By using the developed model, spatial and temporal analysis of the 

process has been carried out. The salient features of the model can be summarized as 

follows: 

 The developed 3D thermo‒physical model of the LIPAA process incorporates the 

effect of the plasma power density in addition to the effect of incoming laser beam on 

both the transparent PC and the aluminium metal target. 

 The model simulates the simultaneous ablation of both the PC and the aluminium 

sheet during the process, thereby providing a more realistic approach of modelling 

and simulation of LIPAA.  

 Simulations were initially performed with and without the consideration of the effect 

of the plasma. The results of both the cases were compared with the experimental 

outcomes and the simulations considering the effect of plasma was found to have 

better correlation with a mean deviation of about 2.3%. As such, the numerical 

analysis of the LIPAA process was carried out with regard to the effect of the plasma.  

 From the developed model, it has been found for lower value of laser process 

parameters that, at an equal distance from the interface towards the PC and the 

aluminium sheet, the temperature on the aluminium is comparatively larger than that 

on the PC. However, at higher value of laser process parameters, the temperature at 

equal distance from the interface towards the PC and the aluminium sheet is nearly 

the same.  
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 The spatial distribution helps in predicting the width and depth of the microchannel 

respectively. The spatial distribution along the x-direction at the interface provided 

half the value of the width of the fabricated microchannel while the depth was 

obtained from the distribution along the y-direction at the axisymmetric axis. The 

simulated results were found agreeing well with the experimental results with a mean 

deviation of 2.3% for channel width, 9.8% for channel depth and 10.5% for 

machining rate.  

 From the temporal distribution of temperature, it has been found that the maximum 

temperature obtained in the simulation was within the aluminium sheet. The 

temperature at the interface was less than the maximum temperature obtained but 

surpasses the melting temperature of the PC and consequently, material removal on 

the PC sheet is achieved.  

 The temporal investigation also indicated that the rate at which the temperature rises 

during pulse‒on time (heating time) was higher than the rate at which temperature 

reduces during pulse‒off time (cooling time).  

 The maximum machining rate value within the permissible limit was found to be 40.6 

mm3/min for the process condition of 3.06 MW/cm2 pulse power density, 60 Hz pulse 

repetition rate, 4 ms pulse duration and 4 mm/s scanning speed. The corresponding CI 

value of 0.86 can thus be considered as a limiting factor for fabrication of a channel 

within the micro-scale (1‒999 μm).  

Thus, it can be concluded that the developed 3D thermo‒physical numerical model can 

be utilized to decide the accurate laser parameters for a given size of the microchannel 

without any burning effect of the PC material. 
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Chapter 7 

Conclusions and future scope 

7.0  Overview 

The primary objective of the present research work is to enhance the product quality and 

process efficiency of transparent material processing by using the method of Laser-

Induced Plasma Assisted Ablation (LIPAA). The work addressed a challenging task in 

laser processing of transparent polycarbonate (PC) due to its high transmissibility of 

laser in visible and near-infrared spectral range of electromagnetic spectrum. In addition, 

systematic work was carried out to fabricate clean microchannel on PC sheet. Further, 

numerical analysis of the process was performed to understand the underlying physics of 

the LIPAA process. The present research work was carried out in the following stages: 

1) Feasibility study of laser processing of transparent PC using the LIPAA process by 

carrying out systematic experiments. 

2) Experimental analysis on the effect of various metal target properties on microchannel 

fabrication during LIPAA and recommendation of the metal target leading to the 

highest microchannel aspect ratio for further study. 

3) Investigation on the impact of the laser parameters on channel geometry (channel 

width and channel depth) and channel quality (channel roughness) and determination 

of optimal parameters for microchannel fabrication on PC using LIPAA. The 

fabricated open micro-channels were closed by using thermal bonding process. A 

fluid flow test was carried out on the closed microchannel and its potentiality to be 

used as a microfluidic device was proved.  

4) Development of two-dimensional thermo-physical model on LIPAA for microchannel 

fabrication on PC using aluminium metal target. 

5) Development of three-dimensional thermo-physical model on LIPAA for 

microchannel fabrication on PC using aluminium metal target. 

Important observations and research contributions from the present work are 

summarized in the sections to follow.   

7.1 Conclusions and research contributions 

Literature reports both conventional and non-conventional techniques like micro wire 

moulding, compression moulding, chemical etching and laser processing for 

microchannel fabrication. Correspondingly, microchannels are prepared on a variety of 
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materials like metals, polymers and ceramics. Laser processing has however proved its 

capability in fabricating clean and uniform channels. Moreover, transparent PCs are 

widely used in the biomedical as well as optics industry owing to their inherent good 

impact strength, dimensional stability, optical clarity and eco-friendly nature. As such, 

studies on laser processing of PCs are important for the practical implementation of the 

process. The present work contributes comprehensive experimental and numerical 

studies to assess the feasibility, product quality and process efficiency of transparent 

material processing by using the method of LIPAA. Based on the research gaps 

identified in the literature, the present research has been carried out. Specific 

contributions of the current work are documented below: 

7.1.1  Microchannel fabrication using LIPAA and study on the influence of metal 

target properties 

Current work demonstrated the successful fabrication of microchannels on transparent 

PC using LIPAA. Then, the channel geometry (channel width and channel depth) and 

channel roughness of the fabricated microchannels were measured and analysed. After 

successful fabrication of microchannels, the effect of the properties of metal target was 

also investigated. Three different metal targets viz. aluminium, copper and stainless steel 

have been utilized during the process. The important observations from the study can be 

summarized as follows:  

 LIPAA can successfully fabricate high quality microchannels for various scientific 

and industrial applications.  

 EDX analysis showed the presence of carbon, aluminium and oxygen deposits on 

the channel edge and channel bed. The deposits are temporary in nature and are 

easily removed, thereby having no specific influence of the deposits on the quality 

of the microchannel for bio-medical applications. 

 An increase in the thermal conductivity of the metal targets results in the decrease in 

the dimension of the channels fabricated on the PC sheet, while an increased melted 

and vaporized volume is obtained in the metal target itself. However, this effect of 

the thermal conductivity is more distinctly visible on the channel width rather than 

on the channel depth. 

 The time span for plasma generation and the distance of the generated plasma from 

the rear side of the PC sheet plays the major role in determining the channel width 

on considering the variation in thermal conductivity of the metal targets. 
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 Again, an increase in the dimension of the channels fabricated on the PC sheet was 

observed with the increase in the value of the specific heat of the metal target, 

whereas a decrease in the melted and vaporized volume in the metal target itself was 

obtained. On the other hand, this influence of the specific heat capacity is more 

prominent on the channel depth rather than on the channel width. 

 The reflected laser beam that reaches the rear side of the PC sheet during the process 

plays the main role in determining the channel depth when the variation in specific 

heat capacity is considered. 

Higher aspect ratio microchannels are fabricated with aluminium metal target 

compared to that fabricated with copper and stainless steel as metal target. As such, 

further investigation of our research has been performed considering aluminium as the 

metal target.  

7.1.2 Parametric and statistical investigation into microchannel fabrication on PC 

and fabrication of thermally bonded micro-channels 

Current work presents comprehensive experimental study on microchannel fabrication 

on PC using the LIPAA process. Full factorial experiments were carried out by varying 

process parameters viz. pulse power density, pulse repetition rate and pulse duration at 

three levels and the responses in terms of the channel geometry and the roughness were 

systematically measured and analyzed.  The influence of varying the process parameters 

on the responses was studied. The role of scanning speed in the channel formation during 

laser processing is also being discussed. ANOVA was carried out to find the significance 

of the factors on the responses and second order mathematical relations among the input 

laser parameters, their interactions and the responses were developed. Further, the 

predictions by the models were verified by conducting confirmatory experiments. 

Following are the important conclusions drawn from the present study. 

  Low pulse duration of 2 ms along with either pulse power density of 3.055 

MW/cm
2
 or pulse repetition rate of 40 Hz results in the formation of no channels.  

 The combination of high pulse power density of 6.112 MW/cm
2
 and high pulse 

repetition rate of 80 Hz is detrimental to the output responses viz. channel width, 

channel depth and roughness of the process causing burning of the PC sheet.  

 The increase in pulse power density, pulse duration and repetition rate results in the 

increase in the responses viz. channel width, channel depth and roughness. However, 

a decrease in the responses was observed with the increase in the scanning speed. 
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 The scanning speed not only affects the channel geometry and roughness but also 

plays an important role in the formation of channel. A channel is formed when the 

pulse overlap is greater than zero and discrete craters are formed when the pulse 

overlap is less than zero. For the beam diameter of 200 µm, the overlap distance for 

scanning speed of 4 mm/s and 7 mm/s was found to be 100 µm and 175 µm 

respectively which provide the overlap percentage of 50% and 12.5%. For channel 

formation, a maximum scanning speed of 4 mm/s (which corresponds to 50% 

overlap) can be preferred.  

 Increase in the channel geometry without increase in the roughness can be achieved 

by subjecting the channel to multiple numbers of scans of the laser beam. Clean and 

uniform channels can be obtained at quite a low pulse power density (3.055 

MW/cm
2
) with moderate pulse duration of approximately 4 ms and pulse repetition 

rate of 40 Hz. Four to five number of scans of the laser beam at low pulse power 

density with moderate pulse duration can be employed to achieve the desired 

channel geometry with minimum roughness. 

 Pulse power density has the highest significant effect on channel geometry and 

channel roughness, followed by pulse duration and repetition rate. 

 For a width of 250 µm, depth of 150 µm and minimum roughness on a single pass, 

the optimized pulse repetition rate, pulse duration and pulse power density were 

found to be 40 Hz, 2 ms and 4.79 MW/cm
2
. 

By using the optimum process parameters, open channels were fabricated, which 

were then closed by using thermal bonding technique. The leak-proof bonded channels 

were thoroughly tested and the sustainability of the LIPAA process was verified. Also, 

different profiles viz. serpentine shaped, round and oval shaped microchannels were 

produced on PC using the LIPAA process. The sustainability of the LIPAA process of 

machining transparent material is thus proved in fabricating microchannels of different 

shapes.  

7.1.3 2D thermo-physical modelling and simulation on LIPAA for microchannel 

fabrication on PC with aluminium metal target 

A 2D thermo-physical numerical model of LIPAA, based on ablation of PC has been 

developed. The merit of the model lies in using moving Gaussian laser heat source to 

simulate the channel fabrication with consideration of both the effect of plasma and 

input laser irradiation. The channel dimensions, i.e., width and depth of the channel, 
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were computed from the thermal distribution obtained during the numerical study. The 

computed results have been duly verified with our experimental results and found in 

good agreement. Based upon the full factorial analysis carried out using the numerical 

results of the model, the following conclusions have been drawn:  

 With the increase in pulse power density, an increase in the channel dimension was 

obtained. Also, it was observed that, below a specific value of the pulse power 

density, i.e., 4.584 MW/cm
2
, no effect on the PC sheet was obtained, leading to no 

channel formation.  

 An increase in the channel dimension is also obtained with an increase in the pulse 

repetition rate. It was witnessed that a well-defined channel formation is achieved for 

a pulse repetition rate of 60 Hz and more. However, at a pulse repetition rate of 20 

Hz, there was no channel formation obtained. 

 Again, an increase in the channel width and depth was seen with the rise in pulse 

duration. Likewise, pulse power density and pulse repetition rate, no effect on the PC 

sheet was obtained for a pulse duration value of 2 ms. While, at a pulse duration 

value of 4 ms and higher, well-defined channels were formed. 

 The model was also utilized to analyze the effect of the moving heat flux on the PC 

sheet along the scanning direction. It was observed that for initial few distances, an 

increase in the peak temperature was obtained. However, after attaining a certain 

distance, the peak temperature reached a constant value and it is from this part, 

where one can assure to get a channel of uniform width and depth.  

7.1.4  3D thermo-physical modelling and simulation on LIPAA for microchannel 

fabrication on PC with aluminium metal target 

A 3D non-linear transient thermo-physical model of the LIPAA process has been 

developed to study the underlying physics of the process. On the basis of the model, 

spatial and temporal analysis of the process has been carried out. The salient features of 

the model are as follows: 

 The developed model of the LIPAA process incorporates the effect of plasma in 

addition to the effect of incoming laser beam on both the transparent PC and the 

aluminium metal target. 

 The model simulates the simultaneous ablation of both the PC and the aluminium 

sheet during the process, thereby giving a more realistic approach to the process.  
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 Simulations were initially performed with and without the consideration of the effect 

of the plasma. The results of both the cases were compared with the experimental 

outcomes and the later was found to have better correlation with a mean deviation of 

about 2.3%. As such, further numerical analysis of the LIPAA process was carried out 

with regard to the effect of the plasma.  

 From the developed model, it has been found for lower value of laser process 

parameters that, at an equal distance from the interface towards the PC and the 

aluminium sheet, the temperature on the aluminium is comparatively larger than that 

on the PC. However, at higher value of laser process parameters, the temperature at 

equal distance from the interface towards the PC and the aluminium sheet is nearly 

the same.  

 The spatial distribution helps in predicting the width and depth of the microchannel. 

The spatial distribution along the x-direction at the interface provided half the value 

of the width of the fabricated microchannel while the depth was obtained from the 

distribution along the y-direction at the axisymmetric axis. On validating the 

simulated results with the experimental results, a good correlation between them was 

found to exist with a mean deviation of 2.3% for channel width, 9.8% for channel 

depth and 10.5% for machining rate.  

 From the temporal distribution, it has been found that the maximum temperature 

obtained in the simulation was within the aluminium sheet. The temperature at the 

interface was less than the maximum temperature obtained but surpasses the melting 

temperature of the PC and consequently, material removal on the PC sheet is 

achieved.  

 The temporal investigation also indicated that the rate at which the temperature rises 

during pulse‒on time (heating time) was higher than the rate at which temperature 

drops during pulse‒off time (cooling time).  

 The maximum machining rate value within the permissible limit was found to be 40.6 

mm
3
/min for the process condition of 3.06 MW/cm

2
 pulse power density, 60 Hz pulse 

repetition rate, 4 ms pulse duration and 4 mm/s scanning speed. The corresponding 

channel index (CI) value of 0.86 can thus be considered as a limiting factor for 

fabrication of a channel within the micro-scale (1‒999 μm). 
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7.2 Scope for future work 

The present work can further be extended on the following fronts: 

 The process of LIPAA can also be worked considering various types of media (such 

as water, oil, etc.) between transparent material and metal target both experimentally 

and numerically. It is because; addition of a medium in between the two materials 

will result in the generation of a shock wave, thereby affecting the mechanical 

properties of the materials. Thus, varying the media between the transparent material 

and the metal target, the effect of shock wave produced in the medium by the plasma 

can be analysed. Also, the variation in the shapes of plasma plume in various types 

of medium between the two materials and its effect in channel dimensions can be 

studied. 

 The effect of varying distance between transparent material and metal target can also 

be analysed experimentally as well as numerically. The mechanism of LIPAA varies 

depending upon the distance between the metal target and the transparent material. 

Thus, it would be worth studying the effect of varying distance between the 

transparent material and the metal target on microchannel fabrication during LIPAA. 

 The numerical work can further be developed for prediction of channel dimensions 

during multiple laser scanning pass. Prediction of channel dimensions for multiple 

laser scanning pass would be useful when channels of larger width and depth are to 

be produced. In such cases, prediction of safe number of laser passes for fabrication 

of microchannel with appropriate laser parameters from the numerical model will 

help in time saving, energy saving and also low wastage of material. 

 The phase transformation during the LIPAA process can be made to incorporate in 

the numerical modelling work. It can be incorporated from the thermal history of the 

thermal model, followed by the determination of the temperature dependent phase 

fraction. Phase transformation plays an important role in the field of material 

science, as well as other physical and chemical phenomena. Thus, implementing 

phase transformation in the numerical work will make the model more realistic. 
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Appendix 1.1 

Permissions for figure 1.1 (a) (only first page of the license agreement) 
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Appendix 1.2 

Permissions for figure 1.1 (b) (only first page of the license agreement) 
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Appendix 2.1 

Permissions for figure 2.6 (a) (only first page of the license agreement) 
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Appendix 2.2 

Permissions for figure 2.6 (b) (only first page of the license agreement) 
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Appendix 2.3 

Permissions for figure 2.6 (c) (only first page of the license agreement) 
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Appendix 3.1 

Laser machine specifications 

Model: 500 W pulsed Nd: YAG CNC Laser 

Make: Suresh Indu Lasers Pvt. Ltd. 

A) Laser Source 

Laser Type Pulsed : Nd: YAG 

Wavelength : 1.06 μm 

Average power : 500 W 

Peak Power : 9 kW 

Pulse Energy : 0.1 - 100 J 

Pulse width : 0.5 – 20 mS 

Pulse Frequency : 1 – 500 Hz 

Beam Quality : 25 mm mrad 

Input Power : 18 kW 

 

B) Beam Delivery & Focusing Optics System 

 45-degree beam bender with beam expander and collimator. 

 Beam focusing assembly, gas flow system with pressure attachment 

 Beam focus spot radius is 100 microns. 

 Dummy beam for evaluation, before processing the actual component. 

 Protective cover for laser head and optical assembly. 

 Auto focus head. 

C) CNC Table 

In this system the laser head is placed above the CNC table to process the material. Here, 

the laser head is stationary and the CNC table (worktable) is movable. The axis motion is 

through the ball screw with servo motor. The position and the feed is displayed 

continuously on the console. The whole system has resolution & positional accuracy of ± 

0.1 mm through digital drive & control system with provision for PC interface. The laser 

parameters should be individually measurable & controllable. 

X stroke : 500 mm max 

Y stroke : 500 mm max 

  

D) Laser Safety 

The safety provisions are provided which full proof and fail-safe type for the safety of 

the personnel and the machine. It complies with all the relevant international norms and 

guidelines for the safety of the personnel and laser equipment. The safety feature 

included are as follows: 
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 Laser beam path should be completely covered and shielded between the laser 

unit and the work piece surface. 

 Suitable interlocking arrangement should exist against faulty sequence of 

operation, sudden power failure and fluctuations in the voltage beyond 

permissible ranges. 

 Protection against over travel of moving machine sub-assemblies and sub-

systems. 

 Provision of an emergency stop. 

 Machine should not start automatically on resumption of power supply without 

ensuring safety stapes. 

 Protection against overload 

 Minimum accidental protection 

E) Gas Assist System 

Gas assist system is a standard feature for the system. The system enables the user to mix 

gases and use for specific application or directly use individual gas as needed. The 

system also consists of nozzles that will supply pressure regulated gas to the point of 

laser machining. The system supports the use of inert gases, nitrogen, oxygen, 

compressed air, etc. during the specific processes.  

F) Chiller System  

The chiller system utilized is a water chiller system. It cools the external optical parts 

like the laser source and the integrated electrical cabinet. It also controls an eventual leak 

through rotameter. Chiller specifications are as follows: 

 Cooling Capacity: 17 kW 

 Water to Water Heat exchanger, 

 Includes water tank with on loop chiller. 

 Pump for the input. 

 Treated water with circulating pump on the laser side 
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Appendix 3.2 

Specification of high precision non-contact computerized surface profilometer 

 
 

Make Tylor Hobson 

Precision 1 mega pixel 

Lens magnification 20× 

Field of view 0.825mm*0.825mm 

Focal distance 4.7mm 

Power supply 220V AC supply 

 

Appendix 3.3 

Specification of Gemini Field Emission Scanning Electron Microscope (FESEM) 

 
 

Make Zeiss 

Model Gemini 300 

Accelerating voltage 0.02 to 30 kV 

Resolution 0.8 nm at 15 kV; 1.4 nm at 1 kV 

Magnification 20,00,000× 
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Appendix 3.4 

Experimental results for microchannel fabrication on polycarbonate with copper as metal 

target  

PRR−Pulse repetition rate, PD− Pulse duration, SS −Scanning speed, PPD−Pulse power 

density 

Sl. No. PRR (Hz) PD (ms) PPD (MW/cm2) 

Experimental 

Mean Width 

(µm) 

Mean Depth 

(µm) 

1 40 2 3.055 0 0 

2 40 4 5.483 802.5 43.92 

3 40 6 6.112 931.4 259.4 

4 60 2 3.055 191.21 0 

5 60 4 5.483 806.2 156.09 

6 60 6 6.112 1203.5 524.9 

7 80 2 5.483 812.6 51.9 

8 80 4 6.112 1597.1 523.11 

9 80 6 3.055 821.8 249.8 

10 40 2 6.112 315.9 13.1 

11 80 6 6.112 2000 1000 

12 40 6 5.483 851.9 154.6 

13 60 2 5.483 554.7 18.36 

14 60 4 6.112 1164.2 204.9 

15 60 6 3.055 760.03 194 

16 80 2 6.112 1114.31 64.33 

17 80 4 3.055 661.12 189.4 

18 80 6 5.483 1259.4 519.7 

19 80 4 5.483 906.3 225.9 

20 60 6 5.483 898.3 526.11 

21 60 4 3.055 541.7 41.27 

22 40 4 3.055 232.14 19.22 

23 40 4 6.112 1014.23 51.61 

24 40 6 3.055 706.7 34.9 

25 40 2 5.483 206.85 9.86 

26 60 2 6.112 967.45 31.01 

27 80 2 3.055 267.1 11.3 
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Appendix 3.5   

Experimental results for microchannel fabrication on polycarbonate with stainless steel 

as metal target  

PRR−Pulse repetition rate, PD− Pulse duration, SS −Scanning speed, PPD−Pulse power 

density 

Sl. No. PRR (Hz) PD (ms) PPD (MW/cm2) 

Experimental 

Mean Width 

(µm) 

Mean Depth 

(µm) 

1 40 2 3.055 0 0 

2 40 4 5.483 1274.67 65.94 

3 40 6 6.112 1465.3 301.7 

4 60 2 3.055 266.17 0 

5 60 4 5.483 1215.3 267.8 

6 60 6 6.112 1586.01 698.6 

7 80 2 5.483 1254.3 75.3 

8 80 4 6.112 2000 695.31 

9 80 6 3.055 1131.4 368.1 

10 40 2 6.112 791.3 11.88 

11 80 6 6.112 2000 1000 

12 40 6 5.483 1116.3 203.1 

13 60 2 5.483 714.36 19.51 

14 60 4 6.112 1511.4 289.13 

15 60 6 3.055 1237.33 324 

16 80 2 6.112 1512 81.9 

17 80 4 3.055 1014.67 259.16 

18 80 6 5.483 1506.1 554.9 

19 80 4 5.483 1341.2 364.3 

20 60 6 5.483 1361.4 641.7 

21 60 4 3.055 948.7 144.6 

22 40 4 3.055 367.83 33.47 

23 40 4 6.112 1462.17 115.52 

24 40 6 3.055 914.62 48.33 

25 40 2 5.483 253.6 11.9 

26 60 2 6.112 1124.3 35.61 

27 80 2 3.055 544.2 16.41 
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Appendix 6.1  

Machining rates and their corresponding channel index (CI) for different set of process 

conditions during LIPAA with aluminium metal target 

PRR−Pulse repetition rate, PD− Pulse duration, SS −Scanning speed, PPD−Pulse power 

density 

PRR 

(Hz) 

PD 

(ms) 

PPD 

(MW/cm2) 

Machining rate 

(mm3/min) 
m

Machining rate
CI

Max permissiblemachining rate
  

40 2 3.055 0 0 

60 2 3.055 0 0 

40 2 4.584 0.516 0.010 

80 2 3.055 1.090 0.023 

40 2 6.112 1.320 0.028 

40 4 3.055 1.513 0.032 

60 2 4.584 2.126 0.045 

60 2 6.112 7.568 0.161 

40 6 3.055 9.711 0.206 

40 4 4.584 11.694 0.248 

80 4 3.055 11.854 0.252 

80 2 6.112 12.204 0.259 

80 2 4.584 18.198 0.387 

40 6 4.584 38.199 0.812 

60 4 3.055 40.560 0.862 

60 6 3.055 48.798 1.038 

60 4 4.584 52.269 1.112 

40 4 6.112 52.464 1.116 

80 6 3.055 72.167 1.535 

60 4 6.112 73.908 1.572 

80 4 4.584 78.947 1.679 

40 6 6.112 86.840 1.847 

80 6 4.584 120.243 2.558 

60 6 4.584 129.346 2.752 

60 6 6.112 211.608 4.502 

80 4 6.112 376.8 8.017 

80 6 6.112 376.8 8.017 
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