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Abstract 

Use of CO 2 lasers in the micro-fabricaton processes has emerged as a promising technique for 

mass  producton of microfuidic devices.  Laser  micromachining ofers compettve  advantages 

over photolithographic processes including beter precision, automaton, faster producton rate, 

and repeatability. However, optmiiaton of process parameters for smoother channel surface 

and beter control of uniform channel depth is stll a challenge, which hinder its wide spread 

applicaton in micro/nano fabricaton of microfuidic devices.   

This thesis project studied the impact of laser system parameters and thermo-physical propertes 

on the laser micromachining of microchannels through mathematcal modeling. Three and two-

dimensional transient heat conducton equatons with laser heat generaton were solved using 

fnite element based Multphysics sof ware COMSOL. Laser heatng source profle is considered 
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to follow Gaussian distributon. Grid independent analysis was performed for ensuring accuracy 

of the model, and the equivalency of three and two-dimensional model was also verifed.  

The developed model was used to investgate laser fabricaton in two main ways. The frst was 

by looking at the efect of laser spot siie, scanning speed, and power on the resultng channel 

width,  depth,  and  shape.  The  second  was to  conduct  a  parametric  study  of  the  efect of  the 

various relevant thermal propertes on the resultng cut geometry. Channel depth was measured 

from the simulaton using a cut of temperature of 700K. The results show that the laser power 

and scanning speed has strong efect on the channel depth, whereas the laser spot siie efects 

both depth and width of the channel. The higher thermal conductvity of a material has deeper 

cut for the same laser system parameters. The results also show that the channel depth can be 

varied  by facilitatng higher  convectve  heat  transfer  coefcient. The  temperature  dependent 

specifc heat in the model results in diferent channel depth compared to the constant specifc 

heat model. This  study can help in optmiiing process parameters and beter understand the 

efect of thermo-physical propertes of microdevice substrates in laser micromachining. Thus, it 

will contribute to solving current challenges in laser micro-fabricaton processes.



v 
 

Acknowledgements 

This work was made possible by the Department of Engineering and Physics at the University of 

Central  Oklahoma.  This  project  was  under  the  supervision  of  Assistant  Professor  and  Faculty 

Mentor Dr. Mohammad Hossan. I would like to thank Dr. Hossan for the four years that I have 

partcipated in research under his guidance frst as an undergraduate and then as a graduate 

student. This work was made possible by a Research, Creatve, and Scholarly Actvites (RCSA) 

grant awarded by the Ofce of Research and Grants at the University of Central Oklahoma. It was 

also sponsored in part by the Natonal Science Foundaton grant ACI-1429702, for funding the 

Buddy Supercomputer Cluster, which served as a platorm for all the modelling and data analysis 

found in this thesis.  

  



vi 
 

Table of Contents 
Abstract ............................................................................................................................................ii 

Acknowledgements .......................................................................................................................... v 

List of Tables and Figures .............................................................................................................. viii 

Chapter 1: Introducton .................................................................................................................. 1 

1.1. Background ....................................................................................................................... 1 

1.2. Thesis Statement and Objectves: .................................................................................... 2 

1.3. Organiiaton of Thesis ...................................................................................................... 3 

Chapter 2: Literature Review .......................................................................................................... 4 

2.1. Introducton...................................................................................................................... 4 

2.2. Materials used in Microfuidics ........................................................................................  ˨

2.3. Common Fabricaton Methods ........................................................................................ 6 

2.4. Use of Lasers in Fabricaton ............................................................................................. 8 

2.˨. Laser Fabricaton in Microfuidics .................................................................................... 8 

2.6. Current State of Modeling Microfuidic Laser Fabricaton ............................................. 12 

Chapter 3: Theory and Model Formulaton .................................................................................. 14 

3.1. Background Theory ........................................................................................................ 14 

3.2. Governing equatons: ..................................................................................................... 1  ˨

3.2.1. Heat Equaton: ........................................................................................................ 1  ˨

3.2.2. Laser Heatng: ......................................................................................................... 1  ˨

3.3. Formulaton of Model in COMSOL ................................................................................. 17 

3.3.1. Three-dimensional model ....................................................................................... 17 

3.3.2. Two-dimension model ............................................................................................ 18 

3.3.3. Model Formulaton ................................................................................................. 18 

3.4. Boundary Conditons ...................................................................................................... 19 

3.4.1. Side walls ................................................................................................................. 19 

3.4.2. Top surface .............................................................................................................. 20 

3.4.3. Convecton Coefcient Consideraton .................................................................... 20 

3.˨. Mesh Convergence ......................................................................................................... 21 

3.˨.1. Direct Temperature Convergence .......................................................................... 23 

3.˨.2. Channel Depth Convergence .................................................................................. 24 

Chapter 4: Results and Discussion ................................................................................................ 26 

4.1. Material Propertes and System Parameters ................................................................. 26 



vii 
 

4.2. Efect of Laser System Parameters on Resultng Channel ............................................. 27 

4.2.1. Laser Parameter: Spot Siie ..................................................................................... 27 

4.2.2. Laser Parameter: Scanning Speed .......................................................................... 31 

4.3. Parametric Study of the Efects of Thermal Propertes on Channel Depth ................... 3  ˨

4.3.1. Parametric Investgaton of the Convecton Coefcient ........................................ 3˨ 

4.3.2. Parametric Investgaton of Specifc Heat ............................................................... 38 

4.3.3. Parametric Investgaton of Thermal Conductvity ................................................. 41 

Chapter ˨: Conclusions and Future Work ..................................................................................... 43 

˨.1. Conclusions..................................................................................................................... 43 

˨.2. Future Work ................................................................................................................... 4  ˨

References .................................................................................................................................... 46 

Appendix ....................................................................................................................................... ˨3 

Appendix A: Laser Spot Siie ...................................................................................................... ˨3 

Appendix B: Laser Scanning Speed ........................................................................................... ˨4 

Appendix C: Validaton of simplifcaton to 2D model .............................................................. ˨7 

Appendix D: Parametric Investgaton of Thermal Conductvity .............................................. ˨8 

 

  



viii 
 

List of Tables and Figures 

Figure 2.1: Sof  Lithography Process for Microfuidics ................................................................... 7 
Figure 2.2: Confguraton of a typical laser machining stage.......................................................... 9 
Figure 2.3: Roughness on as-machined PMMA ............................................................................ 10 
Figure 2.4: Rim bulging on machined PMMA ............................................................................... 11 
Figure 2.˨: Roughness of machined PMMA using unfocused laser beam technique .................. 11 
Figure 2.6: Diagram of numerical model used by Tresansky et al. ............................................... 13 
Figure 3.1: Schematc of modeled laser set up.  ........................................................................... 16 
Figure 3.2: Three-dimensional model geometry and meshing .................................................... 17 
Figure 3.3: Two-dimensional model geometry and meshing  ...................................................... 18 
Figure 3.4: Example meshes used during the mesh convergence study ...................................... 22 
Figure 3.˨: T=700K Isotherm during mesh convergence analysis.  .............................................. 23 
Figure 3.6: Temperature as a functon of depth in the material at a given cross-secton  ..........  24 
Figure 3.7: Channel depth determined from each mesh. ............................................................ 2˨ 
Figure 4.1: Schematc of laser set up ............................................................................................ 27 
Figure 4.2: Calculaton of efectve radius for use within model .................................................. 28 
Figure 4.3: Channel depth as a functon of laser power for various laser beam radii  ................ 29 
Figure 4.4: Depth of the channel cut out by the laser for various laser beam radii..................... 31 
Figure 4.˨: Depth vs power for laser scan velocity between ˨0-˨00 mm/s  ................................  33 
Figure 4.6: Depth of the channel for laser scan velocity between 100-˨00 mm/s ...................... 34 
Figure 4.7: Depth vs laser power for various convecton coefcients .........................................  37 
Figure 4.8: Depth vs laser power for various constant specifc heat values ................................ 39 
Figure 4.9: Depth vs laser power for various thermal conductvity values  ................................. 42 
Figure B.1: 100 mm/s channel profle with curve ft .................................................................... ˨4 
Figure B.2: 200 mm/s channel profle with curve ft  ................................................................... ˨4 
Figure B.3: 300 mm/s channel profle with curve ft .................................................................... ˨˨ 
Figure B.4: 400 mm/s channel profle with curve ft .................................................................... ˨˨ 
Figure B.˨: ˨00 mm/s channel profle with curve ft .................................................................... ˨6 
Figure D.1: Depth vs laser power for higher thermal conductvity values considered.  .............. ˨8 
 
Table 3.1: Mesh Convergence Informaton .................................................................................. 21 
Table 4.1: Material propertes used within the heat transfer model ........................................... 27 
Table 4.2: System parameters used within the model .................................................................  27 
Table 4.3: Error between the 3D and 2D models for the reported channel depths  ...................  36 
Table 4.4: Depth of cut for temperature dependence specifc heat  ........................................... 41 
Table A.1: Curve fing values for considered laser beam radii ................................................... ˨3 
Table B.1: Curve fing values for considered laser scan speeds ................................................. ˨6 
Table C.1: 3D Convecton Coefcient Depth Values ..................................................................... ˨7 
Table C.2: 2D Convecton Coefcient Depth Values ..................................................................... ˨7 
 

 



1 
 

Chapter 1: Introduction 

1.1. Background 

Microfuidics  have  been  shown  to  have  a  broad  range  of  potental  applicatons  in  chemistry, 

biology, and engineering. Methods for miniaturiiing numerous lab techniques have been found 

and implemented in microfuidics devices. In many cases, these devices ofer several advantages 

over using more traditonal equipment. They are of en less expensive to produce, require smaller 

sample volumes, and require less reagents which further reduces costs. Microfuidics devices can 

also ofer much greater portability, as well as faster processing and analysis [1]. Despite all the 

potental advantages, the use of microfuidics remains limited.  

Fabricaton of these devices is an ongoing challenge, with many existng techniques each with 

their own limitatons. Chemical etching and photolithography were among the frst techniques 

used, which were borrowed from the established microelectronic industry. These methods are 

expensive due to both material and set up costs, because they were mainly limited to glass and 

other silica based materials. Additonally, these materials are incompatble with many chemical 

and biological applicatons [2]. Sof  lithography is a much cheaper and quicker alternatve, which 

is very useful for prototyping, though it is mainly limited to use with PDMS [2]. Hot embossing 

and Injecton molding methods have been developed for more efcient, larger scale 

manufacturing with a wider range of materials. However, these methods require a mold that 

must be fabricated using other methods beforehand, making them inefcient for prototyping 

and small-scale producton [3, 4, ˨].  
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One method that has recently shown promise in overcoming many of the issues is laser ablaton. 

Laser ablaton utliies an intensely focused beam to either photochemically or photothermally 

break down a material. There are two main types of laser ablaton, using either pulsed ultraviolet 

(UV), or contnuous infrared (IR) lasers. Pulsed laser ablaton has been found to provide for quick 

fabricaton, though complexity and cost have limited its use in practce [6, 7]. On the other hand, 

contnuous  laser  ablaton,  mainly  in the  form  of  CO2  lasers,  has  shown to  be  both  quick  and 

cheaper. However, the extent of its use in literature has been quite limited. More research is 

necessary  in  order  to  beter  establish  the  use  of  lasers  in  microfuidic  fabricaton.  A  more 

complete  understanding  of  how  laser  system  parameters  and  material  choice  infuence  the 

removal of material is a necessary step towards this goal.  

1.2. Thesis Statement and Objectves: 

The work presented here has two main components. First, a three-dimensional computatonal 

model is developed to investgate the thermal-based material removal in polymers subjected to 

a contnuous, focused laser beam. The efect of laser spot siie, laser scanning speed, and laser 

power  on  the  resultng  channel  width,  depth,  and  shape  are  investgated.  Second,  a  two-

dimensional model is developed to conduct a parametric study of the efect of various relevant 

thermal material and system propertes on the resultng cut geometry. Thermal conductvity and 

specifc heat of materials are considered, as well as the convecton coefcient corresponding to 

the  process.  The  goal  of  this  work  is  to  understand  the  efect  of  both  laser  parameters  and 

thermo-physical propertes of the substrate materials on the channel depth and shape in  CO 2 

laser fabricaton of microfuidic devices. Investgatng the efect of laser system parameters and 

key thermal propertes in laser cuing will serve as a tool to help determine the efectveness of 
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laser  fabricaton  on  diferent  potental  materials.  A  summary  of  these  objectves  is  provided 

below: 

1. Develop 3D and 2D models of laser ablaton for fabricatng microfuidic channels using 

COMSOL Multphysics 

2. Investgate  the  efect  of  laser  system  parameters  on  resultng  microfuidic  channel. 

Parameters include laser spot siie, scanning speed, and power. 

3. Investgate  the  efect  of  thermo  physical  propertes  on  resultng  microfuidic  channel. 

Parameters include convecton coefcient, thermal conductvity and specifc heat of the 

material. 

1.3. Organizaton of Thesis 

The thesis is organiied as follows: Chapter 2 contains a literature review which gives an overview 

of fabricaton in microfuidics and covering existng literature on CO 2 laser ablaton. Chapter 3 

provides a theoretcal descripton of laser ablaton, and describes the model used in this thesis. 

Chapter 4 contains the results and discussion. Chapter ˨ summariies the results, concludes the 

thesis, and provides suggestons for future studies. 
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Chapter 2: Literature Review 

2.1. Introducton 

In recent years, the use of microfuidics has become an area of intense research. This is motvated 

by a need for more compact, versatle tools and analytcal methods for various applicatons in 

chemistry, biochemistry, and molecular biology [8]. As a result, microfuidic systems have been 

investgated and developed for numerous biological and chemical techniques. These applicatons 

include methods of capillary electrophoresis [9, 10, 11, 12], fow cytometry [13, 14], polymerase 

chain reacton (PCR) [1˨, 16, 17], and protein analysis [12, 18, 19]. In additon, researches have 

demonstrated the capability of performing various other procedures that would be necessary in 

a wide range of applicaton. These applicatons include sample mixing [20, 21, 6], separatons [22, 

23], treatments, and chemical reactons [20, 24], among many others.  

Many of these processes can be run in parallel or integrated into a single device to provide a so-

called lab-on-a-chip (LOC) to perform specifc laboratory tasks. These LOC devices provide several 

advantages  over  traditonal  methods  depending  on  the  applicaton.  The  advantages  of  LOC 

devices include reduced sample volumes and reagent costs, faster analysis and processing, and 

greater portability [8]. Two of the most important factors in the applicaton of these devices are 

the  choices  of  material  and  fabricaton  methods.  Silica  based  materials,  such  as  glass,  are 

commonly  used,  though  recently  polymer  materials,  such  as  PDMS  and  PMMA,  have  gained 

signifcant atenton in research. For each of these materials, several fabricaton techniques have 

been developed and have contnued to be improved in recent years, though much more research 

in the area is stll needed.    



˨ 
 

 

2.2.  Materials used in Microfuidics 

Many earlier microfuidic devices were made using glass and silicon. The use of these materials 

was mostly due to convenience, with fabricaton methods already developed for these materials 

for use in microelectronics and microelectromechanical systems (MEMS). Additonally, glass was 

preferred due to its high compatbility with electrophoretc phenomena, which are the driving 

forces in many microfuidic systems [2˨]. However, these materials are of en inappropriate for 

various chemical and especially biological analyses. Silicon for example is expensive, and opaque 

to both UV and visible light which renders conventonal optcal detecton methods impossible 

[2]. 

Due to the limitatons on glass and silicon based materials, most recent atenton in research in 

microfuidics has focused on the use of polymers, such as polydimethylsiloxane (PDMS). PDMS is 

an elastomer that is one of the most widely used polymers for microfuidic systems due to several 

favorable propertes. This includes low cost and availability, transparency to visible through near 

ultraviolet (UV) light, fexibility, and chemical inertness [2]. Another big factor in the use of PDMS 

was the development of sof  lithography fabricaton technique for faster prototyping [26]. This, 

along with the low cost and availability, allow for much cheaper prototyping than glass. This in 

turn allows for new designs and improvements to be made quickly and easily. However, the use 

of PDMS is not without its own drawbacks. One signifcant issue is absorpton. PDMS is known to 

absorb  small  hydrophobic  molecules  and  hydrocarbon  solvents,  which  can  limit  the  potental 

number  of  applicatons  [27].  PDMS  is  also  vapor  permeable,  which  can  allow  for  unwanted 

evaporaton  [28]  to  occur  through  PDMS.  Additonally,  the  hydrophobic  nature  of  PDMS  can 
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present concerns. Researchers have used surface modifcaton in atempts to avoid the issues of 

hydrophobicity [29, 30], although these modifcatons also complicate the fabricaton process.  

It is clear that other materials are necessary in many cases where PDMS is not adequate. For this, 

researchers have turned their atenton towards various other polymers. One that has gained 

much  of  this  atenton  is  poly(methyl  methacrylate),  or  PMMA.  PMMA  is  considered  a  good 

candidate material for use in microfuidics for several reasons. For one, it is resistant to hydrolysis 

and chemically inert in aqueous soluton. Unlike PDMS, it is also not vapor permeable, since it is 

a non-porous solid. This eliminates the concern for absorpton at the microchannel walls. Various 

other  polymers  have  also  been  considered  for  use  in  microfuidics,  including  polycarbonate. 

polyethylene terephthalate (PET), and polytetrafuoroethylene (PTFE). The use of other polymers 

however, has been limited relatve to PDMS and PMMA. This is likely at least in part due to limited 

knowledge and availability of fabricaton techniques compatble with these other materials. For 

example, PDMS, despite its shortcomings, is the most widely used material in microfuidics mainly 

due  to  easier  curing  and  processing.  PDMS  as  a  material  for  microfuidic  devices  is  well 

established in the feld of microfuidics.  

2.3. Common Fabricaton Methods 

Though the choice of material is an important aspect of microfuidics, the fabricaton method 

used is inextricably linked to that choice. Several fabricaton techniques have been developed to 

use  with  diferent  materials.  Photolithography  and  chemical  etching  were  among  the  frst 

fabricaton methods used in microfuidics. Borrowed from the microelectronics industry, these 

techniques are used to fabricate microfuidics devices in silicon and glass. These methods are 

expensive and inaccessible for many researchers especially in low-resourced areas, limitng their 
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development and use in applicaton.  A soluton to this issue came in the form of a method called 

sof  lithography used to fabricate devices with PDMS.  

Sof  lithography borrows from 

photolithography techniques developed for 

the  microelectronics industry. The process 

is shown in  fgure 2.1. First, a negatve 

photomask of the channel design is printed. 

Then, a photoresist is spin coated onto glass 

and exposed to UV light through the 

photomask.  Photoresist  developer  is  then 

used to remove excess, unexposed developer, leaving a positve copy of the channel on the glass 

surface. The positve mold can then be used to create replicas of the microchannel by molding 

[31]. The use of sof  lithography has allowed researchers to create and test new designs in short 

tme frames, typically less than a couple days from design to experiment ready device.  

Although sof  lithography allows for quicker prototyping on PDMS, other fabricaton methods, 

including  hot  embossing  and  injecton  molding,  have  been  developed  and  investgated  for 

cheaper, more efcient manufacturing of microfuidic devices in larger volumes. Hot embossing 

has been used to create microfuidic systems in polycarbonate and PMMA.  First, an embossing 

master  is  created  using photolithography  or  other  methods  on  silicon  or  various  metals  [32]. 

Then,  this  master  is  used  to  imprint  the  device  design  onto  a  substrate.  The  process  takes 

between ˨-1˨ minutes depending on the system and material used [˨]. In injecton molding, a 

metallic mold inside a cavity, where a thermoplastc  material is  heated past its meltng 

Figure  2.1:  Sof   Lithography  Process  for  Microfuidic 
Fabricaton of PDMS 
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temperature, injected, and held under pressure to form ft the mold untl it cools below its glass 

transiton temperature and solidifes. This process can be fully automated with very short cycle 

tmes, between a few seconds to a few minutes depending on the material [4].  

Though sof  lithography is an efectve fabricaton technique for prototyping, it is only efectve 

for  use  with  elastomers,  mainly PDMS.  Other  polymer  materials  with  potental  applicaton  in 

microfuidics, such as  polycarbonate and PMMA, require  diferent fabricaton techniques. 

Though the replicaton techniques presented can be successfully applied to many other 

polymers, they lack the fexibility required for prototyping. One method that has shown promise 

in this regard is laser ablaton.  

2.4. Use of Lasers in Fabricaton 

Industrial lasers can be found in use by countless industries. From material treatment, to cuing, 

to welding, the laser is one of the most versatle tool available for manufacturing and material 

processing.  In  many  processes,  lasers  provide  distnct  advantages  over  traditonal  fabricaton 

techniques.  These  advantages  of en  include  improved  processing  speed  and  quality,  which 

directly  increase  productvity.  The  fexibility  of  lasers  in  general  also  allows  for  innovaton  by 

enabling novel manufacturing and design. In many cases, lasers are used to overcome limitatons 

in manufacturing imposed by otherwise traditonal fabricaton techniques [33].  

2.5. Laser Fabricaton in Microfuidics 

Recently, researchers have been working towards expanding the use of lasers into the realm of 

microfuidics.  The use of lasers in microfuidics up to this point can be broken down based on the 

type of  laser used. There  are  two  main types  of lasers  used, either  pulsed UV  light lasers,  or 
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contnuous infrared (IR) light lasers. UV lasers use high energy light to induce highly targeted 

breakdown of materials in very short pulses. This type of laser has been used to add un-moldable 

features  to  generic  microchannels  produced  by  typical  mold-based  techniques  for  custom 

functonality [7, 6]. UV lasers have also been used to directly machine microchannels in PMMA 

[34,  3˨].    Though  this  method  provides  quick  fabricaton  for  prototyping  and  allows  for  a 

potentally broader range of applicatons, low repetton rate and cost generally limit its use [36]. 

Meanwhile, the use of IR laser processing has also 

been considered and shows great promise. IR laser 

systems,  mainly  in  the  form  of  CO 2  lasers,  are 

commercially available at moderate prices and 

already in widespread use in industrial applicatons 

[37].  As  a  result,  IR  laser  ablaton  has  signifcant 

potental for fast, fexible, and low-cost 

prototyping of polymer microfuidic systems. Klank et al. [38] frst demonstrated the use of an 

industrial CO 2 laser as an efectve alternatve to UV laser systems for fabricatng microfuidic 

devices  in polymer  materials.  The  study focuses  on  PMMA,  which  can be  compared to  other 

existng micromachining techniques. Additonally, the products of thermal decompositon of the 

polymer material used is an important consideraton, as the mechanism for material removal is 

purely thermal in the case of CO2 lasers. PMMA decomposes into volatle products, leaving clean 

structures  behind.  However,  there  were  some  concerns  that  were  soon  discovered.  The  frst 

concern was the presence of a bulge around the rim of the channel, likely due to resolidifcaton 

Figure 2.2: Confguraton of a typical laser 
machining stage. Adopted from Cheng et. al. [39] 
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of ejected material. Also, the roughness of the fabricated microchannels were found to be on the 

order of 1-10um, which can limit use in applicaton [38].  

Cheng et. al. [39] further investgated the use of CO2 laser ablaton, considering the use of thermal 

annealing to overcome the problem of surface roughness. It was found that by applying a simple 

thermal annealing process, roughness can be brought from 1-10um in as-machined PMMA down 

to  around  2-3nm.  They  also  found  that  by  controlling  laser  system  parameters,  such  as  the 

scanning speed, laser power, and number of passes, aspect ratos of 0.˨-7+ could be achieved on 

a single PMMA substrate. In additon to the roughness problem, the bulging distorton at the 

channel rim was also investgated. The authors found that there are two types of PMMA available 

commercially, extruded and cast, and that the type infuences the distorton. It was found that 

while  extruded  PMMA  had  reduced  roughness,  the  bulges  were  more  present.  Cast  PMMA 

meanwhile  showed  more  roughness,  but  negligible  rim  distorton  [39].  Another  approach  to 

address the roughness concern, proposed by Hong et al. [13], uses an unfocused CO2 laser beam 

for fabricaton. It was found that aspect ratos could be similarly controlled through varying laser 

Figure 2.3: Roughness on as-machined PMMA. SEM images of machined PMMA showing the roughness that occurs. 
Adopted from Hong et. al. [13]  
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parameters, with a roughness of less than 4nm, avoiding the need for additonal post processing 

such as annealing.  

Various groups have used CO2 laser ablaton to fabricate channels in applicaton in PMMA, as well 

as other polymer materials. Liu et. al. [1˨] used a CO2 laser set up to create disposable integrated 

devices for genetc assay in polycarbonate. The device successfully integrated PCR amplifcaton, 

DNA  hybridiiaton,  and  hybridiiaton  wash  functons.  Wang  et  al.  [40]  created  a  microfuidic 

device  in  Vivak  co-polymer  capable  of  producing  electroosmotc  fow  and  electrophoretc 

separatons without complicated surface modifcaton otherwise required in PMMA devices to 

achieve similar results. Yang et al. [41] used a CO2 laser on PMMA to create a device for creatng 

chitosan micropartcles encapsulatng ampicillin with high throughput and siie-controlling 

capabilites. Hong et al. [13] created an integrated rapid methanol detecton system, as well as a 

Figure 2.˨: Roughness of machined PMMA using unfocused laser beam technique, developed by Hong et al.  [13]. 
Figure also adopted from Hong et. al.  

Figure 2.4: Rim bulging on machined PMMA. SEM images of machined PMMA. Adopted from Cheng et. al. [39]. a.) Cast 
PMMA without annealing. b.) Cast PMMA af er annealing. c.) Extruded PMMA without annealing.  
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fow cytometer.   Hou et al. [42] fabricated a 3D microfuidic device for rapid glucose detecton 

using CO2 laser on PMMA.  

2.6. Current State of Modeling Microfuidic Laser Fabricaton 

Despite the interest in applicaton of CO 2 laser ablaton, there is not as much existng literature 

on numerical modelling and simulaton of the process. In many applicatons, a high degree of 

precision and accuracy is needed in fabricaton to successfully implement and integrate various 

processes in a microfuidic system. To design, and especially optmiie, designs for applicaton, 

the fabricaton method must be very well controlled and understood. In the case of CO 2 laser 

ablaton, laser speed, spot siie, and intensity, as well as the optcal and thermal propertes of the 

substrate  all  have  a  signifcant  efect  on  the  resultng  structures.  Being  able  to  predict  and 

understand how each of these parameters afect the resultng fabricated structures is necessary 

to beter inform researchers on how to design and create systems using CO2 laser ablaton.  

As mentoned previously, several groups have experimentally investgated laser system 

parameters for fabricaton in PMMA. Some groups have also developed theoretcal and 

numerical models of these parameters as well. Snakenborg et al. [37] frst created a simple model 

for estmatng the depth of a channel cut by a CO 2 laser in PMMA. The model assumes that all 

heat is absorbed at the surface, and that the amount of material removed is proportonal to the 

amount of heat added.  By calculatng the amount of heat required to remove material, as well 

as the heat required to raise the material temperature from room temperature to the 

vaporiiaton  temperature.  One  noted  limitaton  is  that  the  model  assumes  that  the  heat  is 

confned within the directly irradiated region, with no conducton occurring. Additonally, it does 

not consider the temperature dependence of the various physical propertes within the model.  
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Tresansky et al. [43]  used COMSOL 

multphysics  modeling  sof ware  to  create  a 

computatonal heat transfer model of CO2 

laser ablaton. They created a 2D axisymmetric 

model of polymer to simulate the removal of 

material  using  a  CO2  laser  during  drilling.  In 

this model, the researchers developed a 

relatvely simple method of approximatng the 

phase change and material removal that occurs during laser ablaton. By introducing step changes 

in the thermal propertes at the vaporiiaton temperature, the model treats the material at that 

temperature as if it were removed, without requiring numerically intensive element removal and 

re-meshing at each step. Using this method, the drilling of PMMA and a carbon fber reinforced 

polymer composite, for depths up to 6mm.  

Despite the handful of reports on the modelling of CO 2 laser fabricaton described above, there 

is a need for comprehensive studies to understand the underlying physics in laser 

micromachining and the efect of laser parameters and material propertes on channel depth, 

shape, and roughness. In additon, an optmiiaton of protocols combining laser parameters and 

substrate thermo physical propertes is needed for rapid mass producton of microchannels and 

devices. The work presented in this thesis provides a much-needed comprehensive look at both 

physical  and  laser  propertes  to  increase  understanding of how  those  parameters  impact  the 

resultng channels to be fabricated. This knowledge will allow for much more informed decisions 

to be made in terms of material choice and microchannel design.  

Figure 2.6: Diagram of numerical model used by 
Tresansky et. al. [43]. 
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Chapter 3: Theory and Model Formulation 

3.1. Background Theory 

The  breakdown  of  materials  using  lasers  can  generally  be  described  as  photochemical  or 

photothermal in nature. Photochemical ablaton by lasers occurs by the absorpton of photons 

that  cause  a  direct  breakdown  in  chemical  bonds.  In  photothermal  absorpton,  the  energy  is 

absorbed as heat, rapidly increasing the temperature of the material in the irradiated region. The 

material frst melts and then decomposes due to the heat, leaving a void. In the case of ultraviolet 

(UV) lasers, the mechanism is of en a complex combinaton of the two. However, with infrared 

(IR) lasers, such as the CO2 laser (10.6um), the mechanism is purely photothermal.  Therefore, in 

the case of CO2 lasers, the ablaton process can be modeled as a purely thermal event.  

When a contnuous laser beam is moved across the surface of a polymer, a porton of the material 

is vaporiied, while another porton is melted into a liquid form. This occurs at the spot where the 

laser meets the surface. The vaporiied material expands and escapes, which drives the liquid 

polymer outward along with it. In this way, some of the liquid material is ejected, while the rest 

remains in the channel and re-solidifes in the wake of the beam. By moving the laser across the 

surface, a channel and other similar structures can be cut into the material. The cross secton of 

the resultng channel depends heavily on the material, namely the thermal difusivity and the 

mechanisms of thermal decompositon for the specifc polymer.  

Although the material undergoes phase change as it is heated by the laser, most of the heatng 

process occurs in the solid phase. Once the material reaches the point of phase change, it quickly 

changes phase and is removed from the bulk solid material. To avoid over-complicatons in the 
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model,  we  focus  our  atenton  on  the  solid  material,  while  treatng  the  phase  change  and 

subsequent  material  removal  as  a  convecton  boundary  conditon,  which  will  be  described  in 

further detail later in the secton.  

3.2. Governing equatons: 

3.2.1. Heat Equaton:  

To model laser cuing as a thermal event, the heat equaton for a solid material is used: 

  ρCp ∂T∂t = −∇ ∙ (k∇T) + q̇V  (3.1) 
Where ρ is the density, Cp is the constant pressure specifc heat, and k is the thermal conductvity 

of  the  material.  The 𝑞�̇   term  represents  volumetric  heat  generaton.  This  partal  diferental 

equaton is solved for the temperature distributon in space and tme.  

3.2.2. Laser Heatng: 

The heat from the laser beam is introduced by absorpton startng at the surface. The absorpton 

is modeled following Beer’s Law, giving the following expression for the specifc power density 

[44]:  �� (�, �) = ��(�, �)� −��  (3.2) 
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Where  α  is  the  material’s  absorpton  coefcient 

(m-1)  and  I(r,i)  is  the  intensity  of  the  laser  at  a 

distance r from axis of the beam, the i-coordinate 

is the distance from the surface of the substrate 

measured downwards in the directon of the 

beam.  

The intensity of most laser beams can be treated 

as a gaussian beam, whose intensity profle is given by a gaussian functon:  

  �(�, �) = �(0, �)�− 2� 2� (�+� )2  (3.3) 
Where I(0,i) is the peak intensity along the beam axis, w(i) is the beam radius, or spot siie, at 

which point the beam intensity falls to 1/e2 of its value along the beam axis, and d is the distance 

from the substrate to the beam waist, where the beam radius is minimum. 

The siie of the beam, described by the beam radius, is given by the following functon [4˨]: 

  �(�) = �0√1 + ( ��𝜋� 02)2  (3.4) 
Where λ is the wavelength of the laser and w0 is the waist radius, the minimum radius of the laser 

beam.  

The peak intensity, I(0,i) can be given by: 

  �(0, �) = 2�0𝜋� (�+� )2 (3.5) 

Figure 3.1: Schematc of modeled laser set up. 
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Where P0 is the total power of the laser beam.  

Assuming the beam  radius is approximately constant over relevant i values, the beam radius 

becomes a constant w0. Combining and simplifying equatons (2)-(˨), and using r2=x2+y2, 

  Pd(x,y,z)= 2P0απw02 e-2(x 2+y2)w02 -αz (3.6) 
For laser cuing, the laser beam is moved contnuously across the surface. Assuming the laser 

beam  moves  at  a  constant  velocity,  vL,  along the  x-coordinate  directon,  the  tme  dependent 

power density can be writen as: 

  �� (�, �, �,  �) = 2�0�𝜋� 02 �−2[(�−� �  �)2+� 2]� 02 −��  (3.7) 
3.3.  Formulaton of Model in COMSOL 

To  create  a  numerical model of the  problem  and solve  it,  a fnite element based commercial 

multphysics sof ware, COMSOL Multphysics ˨.2a sof ware is used.  

3.3.1. Three-dimensional model 

First,  a  3D  model  of  the  material  is  created  within  COMSOL.  The  x  and  y-dimensions  are 

parametrically defned based on the siie of the laser beam and channel length, to ensure that 

Figure 3.2: Three-dimensional model geometry and meshing. Dimensions are given in um. a) 3D Model geometry. b) 
Meshed 3D geometry (10um maximum element siie). c) Zoomed-in image of 3D meshing  

a) b) c) 
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the region afected by heat is entrely contained within the model. The geometry of the model is 

shown in fgure 3.2, along with the mesh used.   

3.3.2. Two-dimension model 

For the 2D model, the plane is taken to be the vertcal cross-secton down the center of 3D model. 

The cross secton is taken along the axis of the laser moton, so that the laser is centered along 

the top edge of the 2D model as it moves. This is done so that the depth in the 2D model is the 

same as the maximum depth in the 3D model. This allows smaller, more accurate meshes to be 

used, and for parametric studies to be completed more efciently.  

3.3.3. Model Formulaton 

The tme dependent heat equaton, equaton (1), is solved for the domain shown, to fnd the 

temperature distributon within the region heated by the laser. The equaton is solved within 

COMSOL  using  the  PARDISO  direct  solver,  with  backwards  diferentaton  formula  (BDF)  tme 

stepping method. These methods were chosen by default through COMSOL for relatve speed 

and accuracy in solving the heat conducton equaton. The temperature distributon is then used 

to determine where material is removed. Material is assumed to be removed once the material 

reaches the temperature at which phase change from solid to vapor is complete. Although the 

phase  change  and  material  removal  for  a  polymer  such  as  PMMA  will  occur  over  a  range  of 

temperatures, the heatng is assumed to happen rapidly enough that it can be approximated as 

Figure 3.3: Two-dimensional model geometry and meshing. Dimensions are given in um.  a) 2D Model geometry. b) 
Meshed 2D geometry (4um maximum element siie)  

a) b) 
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a step change between solid and vapor phases. As a note, this occurs at T=700K for PMMA [43], 

although this temperature will change from one material to another. For the purposes of this 

research, the same value of 700K is used throughout the parametric study,  to allow for clear 

comparison between cases.   

The heat transfer due to the laser beam is introduced as a volumetric heat generaton term across 

the entre domain, given by the power density of the laser beam, assuming the focal waist occurs 

at the top surface:  

  𝑞�̇ = 2�0�𝜋� 02 �−2[(�−� �  �)2+� 2]� 02 −��  (3.8) 
For the material propertes, isotropic and temperature independence are assumed, unless stated 

otherwise.  

3.4. Boundary Conditons 

3.4.1. Side walls 

In both the 2D and 3D model, all side boundaries are treated as insulatng boundaries:   𝑘�𝑘 ∙ >̂  = 0 (3.9) 
Where >̂   is the unit normal  vector at the  boundary. The  material  is assumed to extend in all 

directons beyond the given model. In thermal modeling, a heat-afected ione (HAZ) is a region 

of material in which material undergoing heatng has not been melted, but is stll afected by an 

increased temperature from the base material.  It is assumed that the entre HAZ is contained 

within the given model. 
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3.4.2. Top surface 

On the top surface, a combinaton of radiaton and convecton heat transfer occur:     −𝑘�𝑘 ∙ >̂  = ℎ � (𝑘∞ − 𝑘) + ��(𝑘∞4 − 𝑘4) (3.10) 
Where hc is the convectve heat transfer coefcient, ε is the emissivity of the material, and σ is 

the Stefan-Boltimann constant. The value for the convectve heat transfer is generally calculated 

using one of many of empirical relatons corresponding the situaton of interest. The choice of 

convecton coefcient is described in detail in the next secton.  

3.4.3. Convecton Coefcient Consideraton 

In most models involving heat convecton, the convecton coefcient is found using experimental 

correlatons established for a given fow situaton. For the case of laser ablaton, determining an 

applicable  correlaton  is  exceedingly  difcult.  Untl  the  material  reaches  the  temperatures  at 

which meltng occurs, the fow situaton would best be described as natural convecton over a 

horiiontal plate, which yields very low convecton coefcients, on the order of 10 W/m 2K [38]. 

Once the temperature reaches the meltng temperature, and then especially the vaporiiaton 

temperature, the situaton becomes complex. When frst meltng, heat convecton occurs at the 

solid-liquid  boundary,  as  well  as  between  the  liquid  and  the  surrounding  air.  Once  the  liquid 

begins to vaporiie, the vapor boils out of the liquid, quickly expands, and escapes, removing large 

amounts of heat energy with it due to convecton. Additonally, in the case of laser ablaton, these 

processes occur rapidly, further complicatng the mater.  

Since no existng literature seems to have investgated this in any detail, this study explores the 

use  of  convecton  coefcient  as  a  method  for  modelling  phase  change  and  the  heat  loss 
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associated with this. For this, a wide range of values are considered. The lower end of values 

considered (2˨0 Wm-1K-1) generally correspond to forced convecton with fan cooling. The upper 

range of convecton coefcients is chosen to be on the same order as heat transfer coefcients 

(~1x10˨ Wm-1K-1) seen in pool boiling heat transfer, a similar phenomenon where boiling occurs 

on solid-liquid interface due to the solid surface temperature exceeding the saturaton 

temperature of the liquid. A phase transiton occurs, forming bubbles that escape, resultng in 

very high levels of convectve heat transfer [46].  

3.5. Mesh Convergence 

The mesh used for the simulatons in this thesis are generated using COMSOL’s physics controlled 

meshing preset, which uses second order unstructured tetrahedral elements for 3D and 

triangular elements for 2D.  The meshing is then controlled by varying the maximum element siie 

parameter. For the 3D model, this is set to 10um. For the 2D model, a convergence analysis is 

conducted in order to determine the optmal siie parameter to use. The mesh is considered to 

be sufcient when the variaton of temperature between successively smaller meshes becomes 

small.   

Table 3.1: Mesh Convergence Informaton 

 32um 16um 8um 4um 2um 1um 

# of Elements 938 3410 12974 49422 330824 1321078 

DOF solved for 171˨ 6497 2˨301 97˨49 6˨90˨9 2636981 

RAM usage (GB) 2.2˨ 2.27 2.31 2.˨ ˨.84 12.77 

Solve Time (s) 6s 1˨s 30s 1m38s 10m˨8s 1h12m16s 
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The  maximum  element  siie  parameter  is  used  to  defne  the  mesh  siies  considered.  The 

parameter  defnes  the  longest  side  length  of  elements  within  the  mesh.  Table  3.1  presents 

informaton on the computatonal complexity and solving tme for each of these meshes. For 

each mesh, the same set of parameters is used, and are described in the following chapter of this 

thesis.  

The meshes are generated within COMSOL using one of two schemes, either advancing front or 

Delaunay refnement. The choice is made automatcally within COMSOL, depending on which is 

more  applicable.    The  advancing  front  produces  a  more  regular  patern  with  less  elements 

required [47], which can be seen in fgure 3.4a. The 32um through 4um meshes utliie this form 

of refnement. On the other hand, Delaunay refnement shown in fgure 3.4b is used for the 2um 

and 1um meshes. This method produces less structured meshes, although it is more efcient and 

robust in producing meshes than advancing front [47]. This makes it beter for smaller meshes 

or more complicated geometries, where advancing front does not always converge. This is the 

case  for  the  smallest  two  meshes.  This  change  in  meshing  method  explains  the  signifcant 

Figure 3.4: Example meshes used during the mesh convergence study. a) 4um mesh generated using advancing front 
method. b) 2um mesh generated using Delaunay refnement  

a) b) 
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increase in computatonal complexity between the 4um and 2um meshes. It is clear that the 4um 

mesh or larger would be preferred with regards to computaton tme.  

3.5.1. Direct Temperature Convergence 

The frst parameter considered for convergence is the temperature distributon. The convergence 

is  considered  in  two  ways.  The  frst  is  done  by  determining  the  percent  diference  between 

temperatures at all points in the domain between successively smaller mesh siies.  Second, the 

depth at which the material reaches 700 K for a given tme is considered. This is the point at 

which  material  is  determined  to  be  removed.  Therefore,  to  select  a  mesh  siie,  it  is  most 

important that the positon of T=700K isotherm is converged.    

Figure  3.˨  contains  the  results  of  the  mesh  convergence  on  the  T=700K  isotherm.  Figure  3.6 

contains the temperature along the depth of the material, at x=1000um. The plots are generated 

from a grid of preset points generated and evaluated for temperature in COMSOL and exported 

as  a  data  fle  for  each  separate  mesh.  The  points  that  fall  between  nodes  are  automatcally 

Figure  3.˨:    T=700K  Isotherm  during  mesh  convergence  analysis.  Taken  at  t=0.00˨2,  using  constant  material 
propertes for PMMA as described previously  
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interpolated  within  COMSOL.  The  isotherm  appears  to  converge  quickly  af er  32  um,  with 

virtually no distnguishable diference at 4um and smaller. A similar result is found in fgure 3.6, 

where the temperature is very consistent af er 32um. 

3.5.2. Channel Depth Convergence 

The  second  parameter  considered  for  convergence  is  the  depth  of  cut  itself,  by  taking  the 

maximum depth at which the temperature reaches 700 K and recording it. The results of this, 

shown in fgure 3.7, indicate that the depth does not change af er siie 4  um. According to all 

convergence  criteria  presented,  the  results  converge  to  the  same  value  startng  at  4  um  or 

smaller.  By looking at all of these results, it is clear that the 4 um mesh siie is the best opton 

and is used in all 2D simulatons presented.   

Figure  3.6:  Temperature  as  a  functon  of  depth  in  the  material  at  a  given  cross-secton.  Taken  at  x=1000um, 
t=0.00˨2s. Material propertes for PMMA are used for all cases considered for comparison.  
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Figure 3.7: Channel depth determined from each mesh.  
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Chapter 4: Results and Discussion 

The  results  are  split  into  two  main  categories,  the  laser  system  parameters  and  the  thermal 

parameters. First, the three dimensional model is used to investgate the efect of laser spot siie 

on the depth and shape of the fabricated channel. The 3D model was then used to investgate 

the efect of the laser scanning speed on the channel shape. The efect on channel depth was 

also investgated, using the two dimensional model. This allowed for a parametric investgaton 

of depth with respect to both laser speed and power. Second, a parametric study on thermal 

propertes of the system was conducted using the 2D model. The convecton coefcient of the 

ablaton process, as well as the heat capacity and thermal conductvity of the substrate, are all 

considered.  For  each  parameter,  several  values  are  considered  for  a  range  of  laser  power 

seings. In all of these cases, the efect of depth is investgated. 

4.1. Material Propertes and System Parameters 

To establish consistency between all the results, the material propertes of PMMA were used in 

all  cases  unless  otherwise  specifed.  This  was  done  because  PMMA  has  received  the  most 

atenton in literature on the use of CO 2 lasers for fabricaton in microfuidics. The values used 

are found in table 4.1 below. In additon to the material propertes, the laser and other system 

parameters must also be specifed. These values are given in table 4.2. The cut length parameter 

specifed determines the length of the channel being modeled. The siie of the model is defned 

accordingly.  
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Table 4.1: Material Propertes used within the heat transfer model. The constant values given are for PMMA [43]. 

Property Units Constant Value Parametric Range 

Thermal Conductvity, k Wm-1K-1 0.19 0.019 - 3.8 
Specifc Heat, CP Jkg-1 K-1 1477 ˨00 - 3000 
Density, ρ kg/m3 1180 - 
Emissivity, ε 1 0.91 - 
Absorpton Coefcient (at 10.6um),α m-1 1x106 - 

 

Table 4.2: System parameters used within the model 

Property Units Constant Value Parametric Range 

Laser Power Output, I0 W 6˨ - 
Beam Radius, w0 um 92.˨ 92.˨ - ˨00 
Laser Velocity, VL mm/s 381 ˨0 - ˨00 
Cut Length mm 2 - 
Convecton Coefcient, h Wm-2K-1 1x10˨ 2.˨ - ˨x10˨ 

 

4.2. Efect of Laser System Parameters on Resultng Channel  

4.2.1. Laser Parameter: Spot Size 

The  frst  laser  system  parameter  considered  is 

the siie of the laser beam, described by the spot 

siie. For the purposes of modelling, it is assumed 

that the substrate is located at a distance away 

from the focal point of the laser light such that 

distance d as shown in fgure 4.1 is equal to iero. 

This means that the laser beam is focused on the 

surface of the substrate, at a distance equal to 

the focal length f of the focusing lens where the 

Figure 4.1: Schematc of laser set up. Where f is the focal 
length of the focusing lens, and d is the distance between 
the substrate and the focusing length. 
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beam converges to a minimum radius value. Thus, the radius specifed within the model is equal 

to the waist radius, the minimum radius of the beam. Here, waist radius values between ˨0-

˨00μm are considered. For these waist radii, it can easily be verifed that the calculated radius 

value at distances up to 100um away from the substrates varies by at most 2%, as shown in fgure 

4.2b. This shows that the radius value can reasonably be taken as a constant.  

Untl now, the only case considered has been where the substrate is located exactly at the focal 

length f, where d=0 referring to fgure 4.1 above. However, if the substrate is not exactly at this 

focal distance, the beam will efectvely have a larger radius. The corresponding radius, w can be 

found from:  

  � = 𝜋� 02� √( ��0)2 − 1 (4.1) 
Here, the value of d corresponding to a given beam radius w can be found, as shown in fgure 

4.2a and λ is the wavelength of the laser. This corresponds to placing the substrate at a distance 

f+d away from the focusing lens, with a beam of efectve radius w irradiatng it. This means that 

Figure 4.2: Calculaton of efectve radius, w for use within model. a) Efectve distance away from focal length for a 
given desired laser spot siie. The min b) Variaton of spot siie along the depth of the channel  

a.)

) 

b.)

) 
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even without adjustng the lens, the radius of the beam can be efectvely set by changing the 

distance between the lens and the substrate according to fgure 4.2a. Here, the minimum spot 

siie  is  the  waist  radius,  where  w=92.˨um  is  shown.  This  gives  two  possible  methods  for 

controlling the spot siie in applicaton, one by changing the optcal set up such that the beam is 

more tghtly or loosely focused, or two by varying the distance of the substrate to the piece.  

To  investgate  the  efect  of  spot  siie  on  the  resultng  channel,  several  spot  siie  values  are 

considered. All system parameters, other than beam radius, are set to the values found in tables 

4.1 and 4.2. The laser power is set to a fracton of the total power of the laser. In these cases, 

40% of the total power (26W) is used. The results of varying the radius and laser power on depth 

are shown in fgure 4.3. The depth is determined from the temperature profle. The maximum 

depth at which the material reaches a temperature of 700 K is used. The results show that when 

the beam radius is increased, the depth is decreased. This is due to the energy of the laser beam 

Figure 4.3: Channel depth as a functon of laser power for various laser beam radii  
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being  distributed  throughout  a  larger  area,  decreasing  the  intensity  of  the  heat  added.  This 

decreased intensity prevents the heat from penetratng further into the material. The efect of 

varying the laser power is also shown in fgure 4.3. For the range of values given, the efect of 

laser on depth is mostly linear. This holds true for all radius values considered. For lower power 

and larger radius, some values do not show any material removal. This is indicated by a depth of 

cut  of  0.  Therefore  there  is  a  minimum  power  needed  for  creatng  a  channel  on  the  PMMA 

substrate. 

Figure 4.4 shows the cross-sectonal profles of the channels cut by the laser. These profles are 

generated by taking a cross-secton normal to the axis of the laser’s path.  The temperature data 

is  evaluated  on  this  cross-secton  as  a  rectangular  grid,  and  the  minimum  and  maximum  x-

coordinate that reaches a temperature of 700K for each y-coordinate is recorded. These points 

indicate the outer edges of the removed material, giving the shape of the channel cut out of the 

material. For each radius, these are ploted and compared to a gaussian curve ft, generated using 

the Curve Fiing Toolbox in MATLAB R2016A. More details of the curve fing can be found in 

appendix A. 

From these results, it is shown that the channel cut by the laser is very closely approximated by 

a gaussian functon for smaller radius values (92.˨ and 1˨0um). For smaller radii, the laser light 

is more focused, resultng in less loss of power concentrated on the surface. However, as the 

radius increases to 300um, and especially ˨00um, this fing begins to lose its accuracy. At higher 

radii, the laser is less focused and scatered. One thing to note is that on all 4 radii, the width is 

shown to decrease  near the top of the channel.  This is likely due  to the mesh not being fne 
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enough in the 3D model, as well as the tme stepping. This issue is resolved later using the 2D 

model, as explained in the mesh convergence analysis in the previous secton.  

When ploted together, efect of decreased depth with increased radius is very clear. The heat is 

spread out in a much larger area, creatng an increasingly shallow and wide channel. By varying 

the beam radius, either by changing the vertcal distance between the laser and the material or 

by varying the optcal set up, the depth and width of a channel can be set.  

4.2.2. Laser Parameter: Scanning Speed 

The second laser parameter considered is the laser scanning velocity during the ablaton process. 

Understanding this efect, along with the efect of laser power, is important for understanding 

the extent of fexibility a CO 2 laser system ofers for fabricaton. During laser cuing, the speed 

of  the  laser  is  generally  held  fxed  for  consistent  results.  For  the  same  material  and  power, 

adjustng the scan speed can also afect the resultng channel, since it will alter the exposure tme 

to the laser at all points afected by the laser. Though it is not presently modelled here, it has 

been  reported  in  literature  that  the  laser  scanning  speed  infuences  the  roughness  of  the 

fabricated channel, with increased roughness for decreased speeds [13, 38, 39]. 

First, the efect of laser speed on depth of the channel is investgated. This is done using a 2D 

model so that this efect can be considered for a range of power seings. The results of varying 

the  laser  scan  speed  and  power  the  depth  is  presented  in  fgure  4.˨.  When  the  velocity  is 

increased, the channel depth  decreases. When the laser passes over an  area faster, the total 

amount of energy imparted on the material  in a given area is reduced, resultng in lower cut 

depths.  It  is  important  to  note  that,  for  a  wide  range  of  depths,  various  power  and  speed 
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A.) 92.5μm 

 

B.) 150μm 

 

C.) 300μm 

 

D.) 500μm 

 

E.) All profles together 

Figure 4.4: Depth of the channel cut out by the laser for various laser beam radii. Parts A-D contain the channel 
profle for the labeled beam radii, 92.˨, 1˨0, 300, and ˨00μm respectvely. A gaussian curve ft is ploted along 
with each one. Part E contains all four profles ploted against each other.  
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combinatons can result in the same depth. For example, a power seing of 10% with a laser 

speed of 100mm/s gives the same depth as seing the power to 20% with a speed of 200mm/s 

However, it is important to note that other experimental research on laser fabricaton has found 

that when the scan speed is too low, the roughness of the channels can be signifcant. In these 

cases,  the  researchers  recommend  minimum  scan  speeds  in  order  to  avoid  these  concerns.  

According to Klank et al. [38], the excess roughness is a result of large amounts of re-solidifed 

material in the channels. They recommend that for a power seing of ˨2 W (80%), the speed 

should be at least 300 mm/s, and for a power seing of 6.˨ W (10%) the speed should be at least 

80 mm/s.  

Figure 4.˨: Depth vs power for laser scan velocity between ˨0-˨00 mm/s. For each laser scan velocity, the 
depth is presented in order of increasing laser power.  
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In additon to the concern of roughness, the overall cross-sectonal profle of the channel can also 

change. For two diferent speed and power combinatons resultng in the same measured depth, 

the channel profle can be narrower or wider depending on the scan speed as well. To investgate 

this efect, the 3D model is used to fnd the channel cross-secton, similarly to what was done for 

the spot siie investgaton. Using this, the efect that varying the scanning velocity has on the 

profle is determined, by comparing several diferent scan speeds while maintaining  the same 

laser power. The results of this are shown in fgure 4.6.  

Figure 4.6: Depth of the channel for laser scan velocity between 100-˨00 mm/s. The resultng channel from 
several laser scan speeds are compared on the same plot. In all cases shown here, the power is set to 40%  
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From the fgure, it is clear that when the laser scan speed is changed, the width of the channel 

remains approximately the same. However, as the scan speed increases, the depth of the channel 

does change, as described previously. The individual profles along with Gaussian curve fings, 

similar to those shown for the spot siie in fgure 4.4, can be found in the appendix B. Since the 

depth change while maintaining the same width, various aspect ratos can be obtained for the 

channel simply by varying the laser speed.  

4.3. Parametric Study of the Efects of Thermal Propertes on Channel Depth 

4.3.1. Parametric Investgaton of the Convecton Coefcient 

4.3.1a. Validaton of simplifcaton to 2D model 

The results of the parametric investgaton of the convecton coefcient are found using both 3D 

and 2D models for several cases considered. This is done to validate the use of a 2D model used 

in  considering  the  laser  velocity  in  the  previous  secton,  as  well  as  for  the  remainder  of  the 

parametric  study.  A  range  of  values  for  the  convecton  coefcient  are  considered,  between 

10,000 – ˨00,000 Wm -2K-1. As described in the chapter on theory and modeling, the convecton 

coefcient values are taken to be on the same order of magnitude as pool boiling heat transfer 

coefcients [46, 48]. This choice is made due to the phase change that is also occurring in the 

case considered here.   For each of these values, the laser power is allowed to varying between 

10% and 60% of the maximum power output of the laser. The predicted channel depth is used to 

compare and validate these results. The results of this comparison are presented in table 4.3. 
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Table 4.3: Error between the 3D and 2D models for the reported channel depths. All parameters, other than the 
convecton coefcient, are set to the values specifed in tables 4.1 and 4.2 in both models 

P0  

(% of total 
laser power) 

h=10000 
(Wm-2K-1) 

h=˨0000 
(Wm-2K-1) 

h=100000 
(Wm-2K-1) 

h=2˨0000 
(Wm-2K-1) 

h=˨00000 
(Wm-2K-1) 

Average 
error 

0.10 2.70% 0.97% 0.00% 0.00% 0.00% 0.73% 

0.20 2.08% 1.41% 0.83% 0.00% 0.00% 0.86% 

0.40 2.22% 3.23% 2.44% - - 2.63% 

0.60 0.81% 2.33% 2.04% 1.18% - 1.˨9% 

The actual values for the depth found using the 3D model can be found in Appendix C, while the 

values  for  the  2D  model  are  reported  later  in  this  secton.  The  error  found  in  all  the  cases 

considered is well within reason, being less than 4%. Additonally,  it should be noted that the 

results of the 3D model presented in fgure 4.4 found in the preceding secton indicate that the 

channel profle is symmetric about the centerline of the channel. This implies that there is no 

heat fux in the normal directon of the 2D plane considered, so that all of the heat fux in the 2D 

model is confned within the plane. 

The main concern of these investgatons is to efectvely model the laser cuing process, to fnd 

reasonable and efectve approximatons of the resultng channels in various materials. The main 

weakness of the 2D model is that it cannot predict the profle of the channel cut. As seen in the 

previous  3D  model  however,  it  has  already  been  established  that  the  laser  power  and  beam 

radius efect the geometric siie of the channel, while maintaining an overall gaussian shape. It is 

reasonable to expect that the channel profle will remain gaussian, since this is directly connected 

to the gaussian nature of the laser heat source being applied. As a result, looking at the channel 

depths indicated by the 2D model, along with the established gaussian nature of the channel, 
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provides  valuable  insight  without  requiring  a  computatonally  expensive,  fully  3D  parametric 

study.  

4.3.1b. Parametric Investgaton of Convecton Coefcient 

The full results of the 2D parametric study are shown in fgure 4.7. Values for a wider range of 

convecton coefcients between 2˨0 and ˨x10 ˨ Wm-2K-1 are used, with power seings between 

10% and 60%. A value of 2˨0 Wm -2K-1 is used to compare to the signifcantly higher values also 

considered. This value is found as the upper bound estmate on the convecton coefcient found 

using  established  convecton  coefcient  correlatons,  reported  by  Tresansky  et  al.  [43]  in  the 

development of their model.  

Figure 4.7: Depth vs laser power for various convecton coefcients. All material and system propertes, other than 
convecton coefcient, are set to the values found in Tables 4.1 and 4.2  
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The use of 2˨0 Wm -2K-1 in this model is clearly inadequate at accountng for the temperature 

within the material. Using this value, very litle variaton in depth with power is found. However, 

it is clear that from the existng experimental literature that the power has a signifcant infuence 

on depth [13, 38, 39]  In general for lower convecton coefcient values, the depth does not vary 

much  with  increased  laser  power,  while  for  larger  coefcients,  the  laser  power  has  a  more 

pronounced efect. Overall though, increases in convecton coefcient has the efect of 

decreasing the depth indicated by the model. The efect of the convecton coefcient is to model 

the amount of heat removed not only by direct natural convecton at the  surface, but to also 

approximate the efect of additonal heat escaping the bulk material. This heat escapes when 

meltng and vaporiiaton of the material occurs, and much of the vaporiied material produced 

escapes  the modelled  area. Without  a  way to  account for  this loss,  the total  amount of heat 

within the model would be vastly overestmated. The use of convecton coefcient to account 

for this is far more computatonally efcient, compared to more direct ways of accountng for 

phase change. It is important to note that currently, more informaton is necessary to determine 

a  convecton coefcient that corresponds  to this case. What this does show however,  is that 

higher values of convecton coefcient, could very likely be used in future models.  

4.3.2. Parametric Investgaton of Specifc Heat 

4.3.2a. Constant Specifc Heat 

The  specifc  heat  of  a  material  has  a  signifcant  impact  on  how  a  material  responds  to  laser 

cuing. In order to accurately predict whether laser fabricaton will be appropriate to use on a 

material, the efect of specifc heat on the resultng channel needs to be understood. Here, a 
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range of constant specifc heat values are considered between ˨00-3000 Jkg-1K-1 at various laser 

powers. The resultng channel depths are shown in fgure 4.8.  

The results show that for lower specifc heat values, the depth is much more sensitve to the 

efect of laser power. Also, the efect of specifc heat is more pronounced at higher laser powers. 

It can be noted that even when the specifc heat is higher, the same depths can be achieved 

simply by using higher power seing on the laser. This means that the same channels should be 

achievable with diferent materials simply by adjustng the power to account for this.  

4.3.2b. Temperature Consideratons for Specifc Heat 

Although a constant specifc heat was used in this model, it should be noted that the efectve 

specifc heat varies considerably during a phase change. A porton of the absorbed laser heat will 

go into the phase changes, from solid to liquid and liquid to gas. This heat is referred to as latent 

Figure 4.8: Depth vs laser power for various constant specifc heat values. All material and system propertes, other 
than specifc heat, are set to the values found in Tables 4.1 and 4.2  
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heat,  and  the  amount lost  to  this  can  be  signifcant.    For  a  more thorough  investgaton,  the 

implementaton of phase change is also considered here.  

The phase change is implemented as a temperature dependent specifc heat. Within COMSOL, 

smoothed step functons are used to implement the change in values at the point at which phase 

change occurs. Smoothed step functons are used due to issues with evaluaton in COMSOL while 

using discontnuous functons. The latent heat is also distributed over a range of temperatures 

as well, ending around the point at which the phase change is known to occur. The value for the 

latent heat, as well as the temperature range used in implementaton were found in literature 

[43].  

 �� = ��,���𝑙� (1 − �(𝑘)) + ∆ℎ�𝑎 ��> � �(𝑘) + ��,𝑣𝑎��� �( �)  (4.2)  
Where H(T) is the smoothed Heaviside functon centered at the vaporiiaton temperature, and 

D(T) is a functon used to distribute the latent heat of phase change across the phase change 

interval. The depth of cut resultng from this consideraton are shown in table 4.4. The cut depth 

for the constant solid specifc heat is also shown in the table. If the specifc heat value used in the 

model is taken to be constant, the solid value would be the most reasonable choice. However, as 

shown in the table, the case that considers temperature dependence shows to be on average 

10% diferent. This diference is far too signifcant to be ignored, meaning that for a 

computatonal model such as this one, it is clear that the temperature dependence of specifc 

heat must be accounted for.   
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Table 4.4: Depth of Cut for temperature dependent specifc heat 
 

0.1 0.2 0.3 0.4 0.5 0.6 

Cp(T) 19 28 34 38 42 4˨ 

Cp, solid 21.0 30.˨ 37.˨ 42.0 47.0 ˨0.0 

% Diference 10.00% 8.˨˨% 9.79% 10.00% 11.24% 10.˨3% 

 

4.3.3. Parametric Investgaton of Thermal Conductvity 

The thermal conductvity is a measure of how well heat can move through material. In the case 

of laser heatng, the heat is localiied to a very small region of intense heat. This is made possible 

by a low conductvity, so that the heat is not able to spread far from the initally irradiated region. 

Since  the  thermal  conductvity  is  related  to  how  well  heat  spreads  throughout  a  material,  it 

should  have  an impact on the resultng channel  depth.  To  beter understand and predict the 

resultng channel on diferent materials, the efect of thermal conductvity needs to be 

understood.  Here,  a  wide  range  of  thermal  conductvity  values  are  considered  across  several 

orders of magnitude, between 0.02˨ and ˨ Wm-1K-1.  

From fgure 4.9 it is clear that higher the conductvity is, the deeper the channel that is cut. This 

is  because  higher  thermal  conductvity  corresponds  with  an  easier  spreading  out  of  heat, 

meaning that heat can reach further and further down before it is ultmately removed into the 

air by convecton. Figure 4.9 contains the lower range values of thermal conductvity that are 

considered in this study, up to 0.3 Wm -1K-1. The results for the higher range of values can be 

found in Appendix D. In the case of polymers, the range of values contained here are the most 

reasonable values for polymers commonly considered for microfuidics. The thermal conductvity 
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of polymers for the most part fall in the range of 0.1-0.3 Wm -1K-1 [49].  PMMA for example, has 

a value of 0.19 Wm-1K-1, as reported in previous chapters. Values outside this range, both lower 

and higher, are considered stll for completeness. Although most materials will ft in the smaller 

range, it is stll important to understand how the limitng cases of applicaton work. Again, this 

informaton can be found in appendix D. 

 

Figure 4.9: Depth vs laser power for various thermal conductvity values. All material and system propertes, other 
than thermal conductvity, are set to the values found in Tables 4.1 and 4.2. The results are split into two graphs, 
a) Lower values, and b) Higher values.  
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Chapter 5: Conclusions and Future Work 

5.1. Conclusions 

The purpose of this thesis was to more thoroughly investgate CO2 laser fabricaton in 

microfuidics. This was accomplished through numerically modelling the process, to determine 

the efect of individual parameters on the resultng fabricated channel. The efect of three main 

laser system parameters were considered, the laser spot siie, the laser scanning speed, and the 

laser power. Additonally, three thermal propertes were considered: the convecton coefcient, 

the  specifc  heat  of  the  substrate  material,  and  the  thermal  conductvity  of  the  substrate 

material.  

It was found that the laser system parameters can be used to control and eventually fne-tune 

the fabricaton process for both channel width and height. The frst parameter considered was 

the laser spot siie. It was shown that this value can be efectvely controlled in two ways by the 

user: by varying the optcs of the focusing lens, or by varying the positon of the laser cuing 

stage. The spot siie afects both the width and height of the channel, with smaller spot siie being 

associated with narrower, deeper channels, and larger spot siies with shallower, wider channels. 

The laser scanning speed has very litle efect on the width of the channel, while having a much 

more  signifcant  efect  on  the  depth.  Lower  scanning  speeds  are  associated  with  a  deeper 

channel, while higher scan speeds result in shallower channel. The depth decreases non-linearly 

with  increasing  laser  scan  speed.  A  similar  trend  is  seen  with  laser  power,  where  the  depth 

increases non-linearly with increasing power. By considering the efects of all three parameters 

together, it would be possible to a channel with a desired width and depth by adjustng the laser 
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spot siie, speed, and power accordingly. In additon, several thermal propertes were 

investgated. A summary of all the fndings are presented below: 

 Laser System Parameters: 

a) The laser spot siie afects both the depth and width of the channel. Larger laser spot 

siie creates wider and shallower channels.  

b) The laser scanning speed mainly afects the depth, while having litle to no impact on 

the width of the channel. If the laser scanning speed is higher, the depth of cut is 

decreased. 

c) The laser power strongly afects the depth of the channel. Laser power and depth of 

channel has linear relaton 

 Thermal Parameters: 

a) Very high convecton coefcients more accurately describe the system.  

b) Constant efectve specifc heat values are not sufcient for the mathematcal 

modelling. A temperature dependent expression of specifc heat is more appropriate. 

c) Higher specifc heat materials reduce the cut depth, while higher thermally conductve 

materials increase the cut depth 

Most existng literature at this point as focused on the use of CO 2 laser fabricaton on PMMA, 

though a few other polymers have begun to be considered and stll more have stll yet to be 

tested. By considering diferent possible material property values, it is possible to predict how 

channels will turn out in many of these other materials. By adjustng the laser system parameters, 

the same desired channel with matching dimensions can be cut into diferent materials.  
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5.2. Future Work 

Much  work  is  stll  needs  to  be  done  to  fully  model  the  laser  fabricaton  process.  The  work 

presented  here  describes  the  general  trends  and  results  of  various  system  parameters  and 

material propertes.   

One weakness of the model is that it does not predict the roughness of the channel. A more 

comprehensive model including the full efects of phase change, and the interacton between 

the multple phases that exist during the process would be necessary to do so. This would be 

extremely computatonally intensive and likely not worth investgatng currently. Such a model 

would be incredibly useful however. Another opton is an extension of previous experimental 

studies on roughness to include other potental material is recommended. Once materials are 

found to either work or not work based on roughness, the model can then be applied.  

 

Summary of recommended future work: 

1. Develop mathematcal modeling to incorporate measurement of roughness or 

predicton of roughness value and its correlaton with process parameters. 

2. Develop mathematcal modeling that can incorporate phase change transiton and 

predict curing tme of laser ablaton 
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Appendix 

Appendix A: Laser Spot Size 

The curve fing for the channel profles was done using a curve fing tool in MATLAB R2016A. 

The ft is a gaussian curve with the following form: 

  �(�) = 𝑎� −(�−𝑥� )2  (A.1) 
 The coefcient values for each of the cases are shown in table A.1. 

Table A.1: Curve fing values for considered laser beam radii 
 

 

 

 

 

 

 

 

  

 
92.5um 150um 300um 500um 

a 43 36.294 24.7887 61.778 

b -0.026˨ -0.0229 -0.040˨ 0.2434 

c 88.0182 128.728 198.3˨28 630.7932 

R-squared 0.97 0.9629 0.9286 0.77˨4 
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Appendix B: Laser Scanning Speed  

 

 

Figure B.1: 100 mm/s channel profle with curve ft 

Figure B.2: 200 mm/s channel profle with curve ft 
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Figure B.3: 300 mm/s channel profle with curve ft 

Figure B.4: 400 mm/s channel profle with curve ft 
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Curve fing was done using the same method has described for the laser beam radius. These 

values are presented in table B.1. 

Table B.1: Curve fing values for considered laser scan speeds 
 

 

 

 

 

 

 

 
100um 200um 300um 400um 500um 

a 81.629˨ ˨9.132 48.707 42.4619 38.0493 

b -0.0008 0.009˨ 0.013 -0.0003 -0.0328 

c 9˨.2198 91.130˨ 98.3429 88.0139 87.1836 

R-squared 0.9443 0.9628 0.969˨ 0.972 0.9732 

Figure B.˨: ˨00 mm/s channel profle with curve ft 
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Appendix C: Validaton of simplifcaton to 2D model 

Actual  depth  values  found,  used  to  calculate  the  percent  diference  between  3D  and  2D  for 

validatng using the 2D model over the 3D model. 

Table C.1: 3D Convecton Coefcient Depth Values 

  h=10000 h=50000 h=100000 h=250000 h=500000 

0.10 36 26 21 17 1˨ 

0.20 47 3˨ 30 2˨ 22 

0.40 ˨˨ 4˨ 40 -- -- 

0.60 61 ˨3 48 42 -- 

 

Table C.2: 2D Convecton Coefcient Depth Values 

  h=10000 h=50000 h=100000 h=250000 h=500000 

0.10 38 26 21.0 17 1˨ 

0.20 49 36 30.˨ 2˨ 22 

0.40 ˨7.˨ 48 42.0 3˨ 31.˨ 

0.60 62 ˨˨ ˨0.0 43 39 
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Appendix D: Parametric Investgaton of Thermal Conductvity 

Higher values of thermal conductvity values considered, up to ˨ Wm-1K-1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1: Depth vs laser power for higher thermal conductvity values considered.  
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