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ABSTRACT

Lab-on-a-chip devices play an important role in a variety of applications such as
analyzing DNA and RNA, medical screening, monitoring the environment, and chemical
analysis. Often these devices must be disposable because they can only be used once to
avoid sample contaminations. The cost of unit microfluidic devices then becomes a
critical factor of the commercial success of the devices. These devices are typically
produced using conventional microfabrication techniques such as photolithography and
electroplating, which involve harmful chemicals extensively. Electroplating process
typically requires long plating hours to reach the required thickness. To address these
practical needs of fabricating inexpensive disposable devices, the ability to fabricate
micromold masters for replication of polymeric microfluidic devices rapidly and with

greener fabrication technologies is necessary.

This dissertation illustrates new approaches to fabricate micromold masters based
on non-lithographic processes and the minimal usage of chemicals. This thesis is
organized into two major parts. The first part described the microfabrication technologies
developed to manufacture micromold masters for replicating low cost disposable polymer
microfluidic devices. Three methods were developed and laser was employed to fabricate
the mask having microfluidic network patterns on a thin metallic sheet. The pattern on
this mask was transferred onto a substrate to create the master. Three techniques to
transfer the mask pattern onto the mold master substrates have been explored including
the laser microwelding, micro-spark erosion, and partial hot embossing (hot intrusion)
process. The method that required the use of the laser welding is termed as Laser Cutting,
laser Welding, and Molding (LCWM). The method that required the use of the micro-
spark erosion to remove materials in order to produce the master is termed as Laser
cutting, Electro-Discharging, and Molding (LEDM?). The method that employed the
partial hot embossing process to create the polymeric mold masters is termed as Laser
cutting, Hot embossing, and Molding (LHEM). Proof-of-concept demonstrations of these

three methods were experimentally validated. Each method has its unique advantages and
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disadvantages and the selection of the developed methods used in fabrication of

micromold masters depends on the requirements of the intended application.

The second part of this dissertation described the further investigations of the
LHEM method because of its fabrication simplicity, rapid process, and produced high
quality surface finishes. An extensive series of experimentations and analysis were
conducted. Subsequently, an empirical model was derived to characterize the
experimental observations. A finite element method (FEM) model was also developed to
gain further understanding of the hot intrusion process. The FEM predictions were in
good agreements with the experimental data. Both experimental data and FEM analysis
reveal a strong positive correlation between the extruded height and width of cross-
sectional extruded microreliefs created by the hot intrusion. This correlation, if employed
innovatively, enables us to fabricate 3D microfeatures. Several examples including a 3D

micronozzle were demonstrated.

KEYWORDS: Micromold, polymer microfluidic devices, laser micromachining, laser
microwelding, micro-EDM, hot intrusion, non-lithography microfabrication, LCWM,
LEDM?, LHEM.
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CHAPTER 1

INTRODUCTION

1.1 The Problem

Commercialization of micro-electromechanical systems (MEMS) has exploded in recent
years because these low-cost versatile devices have provided compact solutions for a
variety of applications in automotive, consumer product, telecommunications, and
medicine. Some of the early commercial successes include MEMS accelerometers,

pressure sensors, air-bag sensors, and printer heads (Atkinson and Ounaies, 2006).

Another important area where MEMS devices have revolutionized modern
technology is the development of efficient micro-Total Analysis Systems (WTAS) and
Lab-on-a-Chip (LOC) (Wang and Soper, 2007). LOC is based on the notion that
conventional laboratory analysis of biological or chemical samples can be performed
more effectively on a miniaturized platform (Whitesides, 2006; Manz and Widmer, 1990)
that supports passive and active microfluidic components including fluidic microchannels,
micro-valves (Hong and Quake, 2003; Weibel et al., 2005), micro-pumps (Laser and
Santiago, 2004), and micro-mixers (Nguyen and Wu, 2005; Gunther et al., 2005). In
addition, these devices contain signal detection elements such as electrical, chemical, and

optical sensors (Garcia and Henry, 2007; Janz et al., 2008).

Microsystems have become an important tool in modern diagnostics because
these microfluidic devices enable control and precise delivery of small quantities of
liquid. These fluidic networks are commonly used for analyzing DNA and RNA, medical
screening, monitoring airborne toxins and contaminants in the environment, or
performing chemical analysis in the field to identify dangerous substances (Geschke et al.,
2004). The potential benefits of using miniaturized microfluidic systems in life and
environmental sciences are a significant reduction in the time to perform the experiment,
the ability to perform multiple tests simultaneously, and the requirement for only low

quantities of bio-samples and reagents. The small size of the microfluidic system reduces




the need for expensive reagents and enables the entire analysis laboratory to be portable
for in-field use. The system portability and short analysis time significantly reduce the

setup overhead costs for testing a single sample and costs with the technician’s time.

To avoid sample contamination and maintain diagnostic accuracy, it is often
necessary to make these microsystems disposable. From a practical and
commercialization perspective, it is essential that engineers develop manufacturing
methods that enable large production volumes of high quality, low-cost microfluidic and
LOC devices. Several manufacturing methods for the mass production of disposable
fluidic devices have been explored including hot embossing and microinjection molding.
Unfortunately, these fabrication methods usually require an expensive metallic
micromold master to be constructed prior to unit production. The capability of a
manufacturer to rapidly and inexpensively fabricate multiple micromold masters is
desirable for large parallel production runs and, equally important in the design phase, for

reducing the concept-to-market product development cycle.

1.2 Fabrication of Microfluidic Devices

Early microfluidic systems were created using the same silicon based Integrated Circuit
(IC) microfabrication techniques used to manufacture electronic computer chips and
microprocessors. However, a number of problems emerged with these silicon-based

devices. For example, optical detection methods commonly used in life science would not

be possible because the silicon substrates is opaque to the visible and ultraviolet spectrum
and, further, silicon substrates may not be suitable in handling certain biological samples
(Whitesides, 2006; Becker and Heim, 2000). Clear glass substrates and chemical etching
processes were then used to address this problem but these LOC devices are relatively

expensive. LOC devices also require a larger surface area than conventional

microelectronic chips to house a number of passive features (reservoirs, mixers) and
these large area complex fluidic network patterns resulting in a significant increase in
silicon fabrication costs. Furthermore, as applications require thinner and thinner
substrates to increase the portability, silicon and glass becomes more difficult to

manipulate without breakage.




To reduce the fabrication and assembly costs associated with silicon-based
microfluidic devices, a number of researchers have begun to explore other materials and
microfabrication technologies. Becker et al. (Becker and Heim, 2000) was one of the first
to suggest polymer-processing technologies because there is a large selection of bio-
compatible polymers and manufacturing techniques that are low cost for large volume
production. Nguyen and Wereley (Nguyen and Wereley, 2006) estimated the cost of
using silicon or glass (boron-float glass and boron-silicate glass) for creating a
microfluidic device to be 10 to 100 times more expensive than an equally compatible
polymer material. Polymers enable the manufacturer to exploit a number of well-
established processes such as hot embossing (Becker, 2000; Heckele et al., 1998) and

microinjection molding (Piotter et al., 1997; Larsson, et al., 1997).

Many polymer based replication methods use micromold masters to produce large
volumes of identical devices. LIGA (lithography, galvanoforming - elctroplating and
plastic molding) is one of the more commonly known methods for fabricating high-
resolution and high aspect ratio micromold masters (Becker et al., 1986; Abgrall and Gue,
2007). The method uses X-ray lithography to transfer patterns onto polymethyl-
methacrylate (PMMA) resists. The PMMA microstructures are then electroplated using
nickel or nickel based alloys (NiCo, NiFe). The metal master is finally released by
dissolving the PMMA resists in chemicals such as a mixture of tetrahydro-1, 4-oxazine
and 2-aminoethanol-1. The resultant mold masters can be used for either injection
molding, soft-molding or hot embossing plastic replicates. The primary advantage of this
method is that high aspect ratio masters can be produced. However, the disadvantages of
the LIGA method include the relatively high cost of the lithographic and electroplating
processes, difficulty in accessing the technology because an expensive X-ray source is
required (Becker et al., 1986; Abgrall and Gue, 2007), and the harmful impact on the
environment of the various chemicals used throughout the manufacturing process. The
electroplating step of the LIGA process usually requires lengthy process times, lasting
hours or days, for depositing the plating material to the desired thickness. Furthermore,
post processing is often needed to flatten the back of the plated metal because of varied
deposited thicknesses of metal layer created by the deposition process. Shortening the

mold fabrication time and reducing the number of process steps involved are, therefore,



essential to lowering overall fabrication costs for producing medium-to-high volume

devices.

Alternative fabrication methods that are simpler and require lower cost equipment
have also been investigated. Researchers at Harvard University (Whitesides et al., 2001)
developed a soft-lithography technique to rapidly fabricate polymer microfluidic devices
(Duffy et al., 1998; McDonald et al., 2000; Becker and Locascio, 2002; Nguyen and
Wereley, 2002; McDonald and Whitesides, 2002). In general, soft-lithography is based
on the UV-LIGA process, without the electroplating stage (McDonald et al., 2000). The
mold masters are made from SU-8 photoresist by first using a high-resolution printer to
create a low cost mask, or template, with the desired microchannel pattern (Banks, 2006).
SU-8 photoresist is then spun coated on a silicon wafer, or glass substrate, and soft-baked.
After this step the printed mask is aligned with the SU-8 coated wafer and exposed to UV
light, hard baked and chemically developed by dissolving the non-cross-linked SU-8. An
elastomer such as polydimethylsiloxane (PDMS) is finally cast over these SU-8 molds to
replicate a microfluidic device with the desired channel pattern and cured. Once it is
cured, the PDMS layer is peeled off and bonded with another PDMS, glass, or silicon
substrate layer. Without the electroplating process, the fabrication cost of these
micromold masters is significantly lower than those created using the LIGA approach.
Furthermore, the simplicity of the process makes it the most popular method for

fabricating microfluidic prototypes in academic research laboratories.

1.3 Motivation of this Work

Polymer replication technologies are currently the most promising methods to
economically mass produce disposable microfluidic devices. Unfortunately, it requires
mold masters produced by methods such as LIGA and soft-lithography which use harsh
chemicals that are often inadvertently released into the environment by the manufacturing
process. Therefore, several research groups have begun to explore non-lithographic
fabrication technologies that support the concept of less production chemicals and “green
manufacturing”. In this regard, Hupert et al. (Hupert et al., 2007) proposed the use of

high-speed micromilling to machine metallic micromold masters for the replication of



disposable polymer microfluidic chips. However, the disadvantage of micromilling is that
it can only machine microfeatures of limited size. In addition, micromilling operations
commonly take days or weeks to produce one mold master. Developing innovative mold
master fabrication techniques is necessary and desirable in order to rapidly, economically,
and with minimal negative impact on the environment to manufacture low cost

disposable microfluidic devices.

1.4 Objectives of the Research

The primary goal of this thesis is to develop nonlithographic microfabrication techniques
that enable the “green” production of low-cost disposable polymer microfluidic devices.
The production costs are associated with materials, fabrication methodology, and the
impact of the manufacturing processes (equipment, chemical waste) on the environment.
The focus of the research project is, therefore, to introduce novel microfabrication
methods to create micromold masters based on the laser micro-machining technology that
does not require the chemical etching or electroplating and the proposed microfabrication
techniques will meet the following design and process requirements:

1. minimal use of environmentally harmful chemicals

2. minimal number of operational steps or material processing stages

3. rapid fabrication of micromolds with accurate relief features

4. enable the production of polymer replicate devices with microchannel widths

between 1pm and 1000um (ie. range of typical microchannel dimensions).

The design and fabrication of complex bio-chips with embedded sensors and
actuators is beyond the scope of this dissertation. Rather the thesis will be limited to the
introduction and validation of new methods that rapidly manufacture precision
micromolds for hot embossing and soft-molding multiple polymer microfluidic chips

with simple passive features (fluid reservoirs, channels, mixers).



1.5 Overview of the Thesis

The remainder of this thesis is organized into nine chapters. Chapter 2 provides a detailed
overview of several microfabrication techniques that have been proposed in the literature
for manufacturing microfluidic chips. The primary focus of this discussion will be on

methods that support the replication of polymer microfluidic devices.

Chapter 3 describes the first microfabrication method that exploits Laser Cutting,
microWelding, and soft Molding (LCWM) in detail. The technique exploits the precision
material removal capabilities of industrial lasers to cut the inverted profiles of
microfeatures (e.g. liquid flow channels, reservoirs, passive micro-mixers) on thin
metallic sheets. The precisely machined micropatterns are then assembled onto a

substrate material by laser microwelding to form the functional mold master.

An alternative technique that involves Laser cutting, micro-ElectroDischarge
Machining, and Molding (LEDM?) is introduced in Chapter 4. This proposed
manufacturing process utilizes laser micromachining to cut the negative two-dimensional
profiles of the desired microfeatures and fluidic network patterns on a 100pm thick brass
sheet. The positive relief of the cut pattern is then created by using electro-discharge
micromachining (micro-EDM) to die sink the metallic mask onto a brass substrate. The
final substrate with the desired relief pattern becomes the mold master used for either

elastomer casting or thermoplastic hot embossing.

Finally, the third proposed microfabrication method is presented in Chapter 5.
The manufacturing method involves Laser micromachining, partial Hot Embossing, and
Molding (LHEM) to create polymethylmethacrylate (PMMA) mold masters for device
replication. A metallic hot embossing mask with the desired microfeatures is first laser
micromachined and the mask is then pressed onto a PMMA substrate under applied heat
and pressure to create the master. The resultant microreliefs have near optical quality

surface finishes.

Comparisons of the three developed micromold fabrication techniques are
provided in Chapter 6. Experimental characterization and modeling of the hot embossing

process for the LHEM method is given in Chapter 7. This study includes the design of



experiments, an extensive series of experimentations, data analysis, and the development
of an empirical model. A finite element method (FEM) model that describes the
formation of the extruded microreliefs by the hot embossing process in the LHEM
method and the validation of the FEM results are presented in Chapter 8. Finally, a
summary of the research contributions and the limitations of the proposed

microfabrication methods are given in Chapter 9. Recommendations for future work are

also provided.



CHAPTER 2

REVIEW OF POLYMERIC MICROFLUIDIC DEVICES

2.1 Introduction

The earliest example of a microfluidic system was developed at Stanford University in
the late 1970’s (Terry et al., 1979). The simple gas chromatography system was
constructed on a 2-inch diameter silicon wafer and incorporated a 1.5m long
microchannel, valve, and signal detector. The microchannel was created on the silicon
substrate using chemical wet etching. This gas chromatography system illustrated the
potential of microfluidics and demonstrated that a large substrate surface area is
necessary to house very long microfluidic channels. Consequently, as discussed in the
previous chapter, the cost of fabricating silicon microfluidic and LOC devices can be
high. In this regard, Abgrall et al. (Abgrall and Gue, 2007) and Heckele et al. (Heckele
and Schomburg, 2004) suggest using polymers instead of glass/silicon as substrate
materials for microfluidic devices because the material costs are typically 10 to 100 times

less.

This chapter presents a literature review of several methods for fabricating
polymeric LOC devices and is organized in the following manner. The key properties of
polymer materials used to manufacture LOC devices are first described followed by an
overview of several microfabrication methods for replicating polymer microfluidic
devices. Details about each stage of the micromolding process are described. A summary
of the current state-of-the-art in research and development trends in microfluidic device

fabrication is also provided.



2.2 Key Properties of Polymers

In addition to material cost and bio-compatible, polymers have several clear advantages
over silicon substrates for producing LOC devices. In general, polymers have a number
of useful properties such as high stability over a wide range of temperatures, optical
transparency for light detection, and chemical resistance. For example,
polyyetheretherketone (PEEK) remains stable at temperatures up to 250°C and it can
resist chemicals such as alkaline solutions, acids, and solvents. If an optical grade
polymer is required then polymethylmethacrylate (PMMA), polycarbonate (PC), and
cyclo-olefine copolymer (COC) are suitable because they all exhibit high optical
transparency over the visible wavelengths. Furthermore, a polymer is a natural electrical
insulator but with proper additives, it can be turned into an electrical conductor, heat sink,
or a magnet. Polymers such as polyvinylidene fluoride (PVDF) have a piezo-electric
eftect. Elastomers such as polydimethylsiloxane, (PDMS) have an elastic property that is

suitable for creating micro-membrane structures such as micropumps.

In general, polymers are organic materials having long chains formed during the
polymerization and are classified either an amorphous or semi-crystalline. The polymer is
often characterized by its glass transition temperature (T,) and melting temperature (Ty,).
At ambient temperature, amorphous polymers such as polymmethacrylate (PMMA)
behave as a hard, rigid and optical clear material. However, as temperature increases the
mechanical properties of PMMA can undergo significant changes. Some amorphous
polymers such as PMMA become “rubber like” or “solid-rubber” state when the
temperature is increased above its glass transition temperature (Tg). At this transition
state, the molecules of the heated polymer tend to align themselves in the direction of
stress. If the material is then cooled below its Ty, while maintaining the applied pressure,

the polymer hardens at that state.

Polymers are also separated into two categories: thermoplastic and thermosetting
polymers. Thermoplastic polymers are weakly bonded together; therefore, it softens upon
heating and hardens when cooling below its T,. The shape of these polymers can be

modified by applying heat and pressure. Typical thermoplastics are soluble in organic
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solvents. Examples of such polymers are polymethylmethacrylate (PMMA), cyclo-olefin
copolymer (COC), and polycarbonate (PC).

The thermosetting polymers are usually not soluble in organic solvents and the
final shape must be defined before cross-linking occurred. The thermosetting materials
can be cross-linked by heat, photo initiation, or chemical reaction via mixing with the
base and curing agent. The examples are epoxy resists, and elastomers such as PDMS.
Typical polymers used in polymer microfabrication are listed in Table 2.1. Detailed
information about the properties of polymers can be found in various manuals and text-

books (Ward and Sweeney, 2004; Young and Lovell, 1991).

2.3 Fabrication of Polymer Microfluidic Devices

An overview of the manufacturing process used to create polymer microfluidic devices is
shown in Figure 2.1. The overall sequence of operations starts with the design of a
microfluidic device followed by the fabrication of micromold master - the negative relief
pattern of the desired fluidic network and microstructures. An appropriate replication
(molding) process such as hot embossing, or injection molding is then used to create the
replicated parts. Finally, post-processing operations, such as assembling, sealing, and

surface treatment, are performed.

Master Fabrication Replication Post Processing
- Silicon/glass based micromachining - Injection molding - Demolding
Desian % - Photolithography & electroplating @ - Reaction injection molding @ - Surface treatments
(e.g. LIGA, UV-LIGA) - Injection compression molding - Bonding/assembling
-Mechanical machining - Thermalforming
(e.g. milling, laser milling, - Hot embossing
HEDM) - Casting

Figure 2.1. Typical sequence of manufacturing operations employed to replicate polymer

microfluidic devices.
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Table 2.1 Typical polymers used in the fabrication of polymer microfluidic devices
(Heckele and Schomburg, 2004; Abgrall and Gue, 2007).

Acronym Full name Tg Tm Thermal Properties Structure
‘O ‘O expansion
coefficient
(ppm/K)
cocC Cyclo-olefine | 140 / / High transparency Amorphous
copolymer
PMMA Polymethyl- 105 130-140 | 70-77 High transparency Amorphous
methacrylate
PC Polycarbonate | 150 / 66-70 High transparency Amorphous
PS Polystyrene 100 / 30-210 Transparent Amorphous
POM Polyoxy- / 160 80-120 Low friction Semi-
Methylene v crystalline
PFA Perfluoralkoxy | / 310 / High chemical Semi-
copolymer resistance crystalline
PVC Polyvinyl- 90 / 50-180 Low cost Amorphous
chloride
PP Polypropylene | / 170 100-180 Mechanical Semi-
properties crystalline
PET Polyethylene 80 265 20-80 Transparent & low Semi-
terephtalate friction crystalline
PEEK Polyether- 150 340 50-110 High temperature Semi-
etherketone resistance crystalline
PA Polyamide 50 260 80-95 Good mechanical Semi-
properties crystalline
PVDF Polyvinylidene | 40 210 80-140 Chemically inert, Semi-
fluoride piezo-electric crystalline
PDMS Polydimethy- |/ / 310 Transparent & elastic | Amorphous
Sylgard Isiloxane properties
184
SU-8 - 200 / 50 Good mechanical Amorphous
properties
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2.4 Design of Microfluidic Devices

The design of a microfluidic device depends upon the specific requirements of the
application. For example, the rapid mixing of two liquids on a microfluidic device can be
accomplished by either using an active mixer or a passive mixer. If a passive mixer is
selected then the design goal is to find the shortest microchannel possible. The passive
mixing of fluids in the microscale is most often accomplished by molecular diffusion.
However, the diffusion requires relatively long microchannels to ensure the thorough
mixing (Whitesides, 2006). The high aspect ratios, large depth per width ratios, of
microchannels make these structures particularly useful in passive mixing because of the
large interfacial areas between the fluidic streams. Large interfacial areas ensure a more
rapid rate of molecular diffusion. Jacobson et al. (Jacobson et al., 1999) introduced an
improved mixer design that splits the fluids into multiple channels and then recombines
the resultant mixture. Other researchers have introduced novel designs such as a three
dimensional L-shaped serpentine channel (Vijiayendran et al., 2003) that rotates the
microflows at a specific Reynolds number, thereby improving the mixing process. The
passive microfluidic mixers described above do not represent a comprehensive review of
mixers rather they illustrate how a variety of diverse microstructures can be used to

achieve the desired functionality and performance.

2.5 Micromold Masters for Replicating Microfluidic Devices

The micromold masters for creating polymeric microfluidic devices are a negative
imprint of the desired microstructures and fluidic network patterns. Once a micromold
master is fabricated, the replication of numerous functional parts is possible using this
master. Silicon micromachining, photolithography, and CNC machining (Becker and
Locascio, 2002) have all been proposed as viable fabrication methods for micromold
masters. Each fabrication method has its own unique advantages and drawbacks.
However, a number of critical micromold design and manufacturing requirements must

be addressed and these are briefly discussed in the next section.
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2.5.1 Micromold master design requirements

It is necessary to have good surface finishes on the micromold master because the
replicated microchannels should be smooth enough to allow bio-fluids to freely pass
through without adhering onto the surfaces of microchannels. In addition, a high-quality
surface finish enables the improved optical sensing. From a maintenance perspective, a
mold master with a rough or poor surface finish will reduce the tool life because of higher
frictional forces during the separation of the molded parts from the mold master,
demolding. These friction forces can lead to the tearing of microfeatures during
demolding resulting the failure of replicated parts. If the intended application permits,
trapezoidal cross-sections of microchannels are preferred to facilitate the demolding. The
design of fluidic network microstructure, the selection of molding material, and the
required volume of replicated parts all strongly influence how the micromold master
should be constructed. Furthermore, microstructures are inherently fragile — this further
precipitates the problem when high aspect ratio microstructures are involved; therefore,
the selection of a stronger material for the mold master is desirable to allow maximum

number of molding cycles before a replacement is needed.

Frequently chemical mold release agents are applied onto the mold masters to
promote the separation of the molded parts from the masters. However, when molding
polymer microfluidic/LOC devices, the mold release agents may become inter-mixed
with the microfeature surfaces and, thereby alter the surface composition or chemically
contaminate the surface from which an inaccurate analysis may be resulted. In this
regard, mold release agents are usually avoided to prevent contaminations in
microchannels. As a result, the demolding process at the micro-scale is more challenging

than at the macro-scale.
2.5.2 Micromold master fabrication methods

This section presents several fabrication techniques generally used to create micromold
masters for replication of polymeric microfluidic devices. As mentioned, one of the most

commonly known micromold fabrication method is LIGA method (German words of



14

Lithographie, Galvanoformung, and Abformung - lithography, electroplating, and plastic
molding) (Banks, 2006; Heckele and Schomburg, 2004; Abgrall and Gue, 2007). This
method is capable of producing high resolution and high aspect ratio micromold masters
with fine microfeatures up to 1000pm in height and a theoretical aspect ratio of up to
1000:1 (Banks, 2006; Becker et al., 1986). High aspect ratio microstructures are usually
defined as features with a large ratio of height or depth to width. The sequence of LIGA
method is illustrated in Figure 2.2. PMMA resist is spun coated on a wafer. A suitable X-
ray mask is then fabricated and placed on top of the photoresist, usually PMMA. The X-
ray is used to transfer mask patterns onto PMMA resists. Once completed the PMMA
microstructures are electroplated using nickel or nickel based alloys (NiCo, NiFe).
Finally, these masters can be used either for casting elastomer, hot embossing, or

injection molding to produce plastic replicates.

The mask used in the process is, however, subjected to high level of X-ray
radiation, which the mask is easily heated up and thermal distortion of the mask is
resulted, final dimensional accuracy of microstructures is affected. Mask making for
LIGA is expensive; ensuring a design is correct before proceeding onto the X-ray
photolithographic process (Banks, 2006) is necessary. If a thick backing plate of the
LIGA mold master is designed, it may take long hours of electroplating time, up to weeks
(Becker et al., 2002).

Another consideration is that the electroplating is sensitive to the distribution of
microstructure. Therefore, the thickness of the plating is not even and grinding a flat
surface of the backing is necessary before dissolving the PMMA. The good control of the
chemical concentration during electroplating process is also important to reduce the
mechanical stress of the final mold master. Because LIGA process uses the expensive
synchrotron radiation sources and this requirement makes X-lithography and LIGA

limited to specialized applications (Becker et al., 1986; Abgrall et al., 2007; Banks, 2006).
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Figure 2.2. Typical sequence of LIGA method (X-ray lithography, electroforming, and

molding) method to fabricate nickel based metallic mold masters.

Silicon and glass have been used as the substrates for mold masters. Wet bulk
micromachining etching is typically used to create the microstructures (Martynova et al.,
1997; McCormick et al., 1997; Lee et al., 2001). The problem associated with isotropic
wet etching is that silicon is etched uniformly in all direction, therefore, rounded
microchannel cross-sections and undercuts are produced. Isotropic wet etching requires
consistent agitation to make microchannel geometries reproducible. In anisotropic wet
etching, the etched geometry of microchannels is limited because of the chemicals attacks
the crystal orientation of the single crystalline materials (Martynova et al., 1997).
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The key drawback of these silicon mold masters is the limited number of
replication cycles, typically less than 10, because of the brittle nature of silicon; therefore,
silicon molds are only suitable for manufacturing a small number of prototypes (Heckele
et al., 2002; Cameron et al., 2006). To avoid these brittle silicon molds, Cameron et al.
(Cameron et al., 2006) suggests silicon molds use only as the negative reliefs and to be
electroplated to create metal masters. The silicon is simply etched away once

electroplated.

To create higher aspect ratio structures, Elders et al. (Elders et al., 1995) suggest
using Deep Reactive lon Etching (DRIE) to etch microreliefs in silicon and is termed as
DEEMO (Deep Etching, Electroplated, Molding). DRIE allows the silicon to be etched
with high directionality and selectivity, implying a better geometry control over the
anisotropic wet etching. The surface roughness is, however, high when using a high
DRIE etching rate.

To avoid both the expensive sources of X-ray and the rough surface finishes
produced by DEEMO process, conventional UV-photoresist has been used directly to
pattern the microstructures on silicon wafer and to be electroplated to create the metal
master. Silicon and photoresist are then etched/dissolved away completely (Banks, 2006).
The key drawback of using conventional photoresists is the limited spin-coated thickness,
typically only about 0.5 to 3pm, therefore, it is only suitable for low aspect ratio
microstructures. The popular brand of general-purpose photoresists is Shipley S1800
series (Rohm & Haas), Marlborough, MA (electronicmaterials.ronmhaas.com) or some

thicker photoresist by Clariant Corp., Somerville, NJ (www.azresist.com).

When SU-8 photoresist became available in 1990s, it is then possible to create
higher aspect ratio microstructures using conventional UV-lithography. This SU-8 allows
spin coating up to a resist layer thickness of 200pm and can be purchased from
MicroChem Corp., Newton, MA (www.microchem.com). Once SU-8 is cross-linked, it is
difficult to strip off and can be dissolved only in aggressive chemicals (Nguyen, 2002).
The SU-8 resist is, however, very desirable when used as mechanical microstructures.
Piotter et al. (Piotter et al., 1997) suggest using SU-8 spun coated on silicon wafer to

directly create mold masters. This eliminates the electroplating process and the need of
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dissolving the silicon and resists. However, these mold masters break easily after a
number of molding cycles due to the delamination of SU-8 from silicon caused by the
thermal stress building up at the interfacial layer, as a result of the difference in the

thermal expansion coefficients.

Mask
PMMA
\% photoresist
| |
Silicon
wafer /
a) Spin coating the PMMA b) Aligning the photomask

photoresist onto a silicon wafer.

Mold master

i rrim |

c) Exposing the photoresist to d) Developing the photoresist to
the UV-light. form a master.

PDMS elastomer

| UHJT nnnnl

e) Casting the PDMS elastomer f) Demolding and sealing the
over the mold master for curing. microchannels.

Figure 2.3. Typical sequence of soft-photolithography to create SU-8 micromold masters

for replicating PDMS microfluidic devices.

Soft lithography was developed to produce microfluidic devices in the late 1990s
(Duffy et al., 1998; McDonald et al., 2000; Whitesides et al., 2001; McDonald et al.,
2002). The inexpensive process combined with simplicity makes it the most popular
fabrication method of microfluidic devices in the research field of microfluidics (Banks,
2006). Figure 2.3 illustrates the sequence of the process where begins by first printing
the mask using a high resolution laser printer. Photoresist SU-8 is spun coated on a

silicon wafer and soft-baked. UV light is exposed to the pattern for cross-linking and for
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subsequent hard baking, and finally developing. Elastomer such as polydimethylsiloxane
(PDMS) is then poured over these molds to replicate microchannels (McDonald, 2002).
Researchers also suggest exploring the miniaturization of traditional mechanical
machining to create micromold masters. Hupert et al. (Hupert et al., 2007) described
using CNC micromilling operation to machine metal masters for replication of polymer
microfluidic devices. Micromilling is, in fact, a traditional CNC milling operation that the
milling tool bits are replaced with “micromilling” bits, Figure 2.4. Some commercial tool
making services are available such as Kern Micro-und Feinwerktechnik GmbH & Co.
KG, Mumau, Germany, and Automationstechnik GmbH, Karlsruhe, Germany.
Micromilling is, however, limited to machine mostly soft metals such as brass and
aluminum and not suitable to machine tool steels. The key drawback of micromilling is
the tool diameter limitation, about 200pm as the smallest reported by Heckele et al.
(Heckele et al., 2004). As a result, the resolution of machined microfeatures is in the
order of 50 to 100pm (Abgrall et al, 2007). Post polishing of micromilled molds is often
required to improve surface finishes. Furthermore, a small tool diameter implies a slow
material removal rate. It is not uncommon to complete a micromilling operation taking a
few days or a week. However, the key advantage of micromilling is the ability to
machine three-dimensional (3D) features which photolithography is very limited in this
aspect. However, the resolution of these micromilled 3D features is, again, relatively
large, which limits its applications. Further, large machined rounded comers are difficult

to avoid because of the tool diameter.

W orkpiece
Figure 2.4. Typical operation of micromilling to create mold masters for the replication

of microfluidic devices.
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The manufacture of macro-scale mold masters using micro-electrodischarge
machining (MicroEDM) has been used for decades. Heckele et al. (Heckele et al., 2002)
suggest the use of wire EDM process to machine mold inserts. However, limited studies
in the published literature demonstrate that the microEDM process can be used in
machining micromold masters for the replication of microfluidic devices. The key
advantage of microEDM process is the ability to fabricate any conductive materials
regardless of its hardness and often harden steel or tool steel is conductive. High strength
metallic mold masters are desirable for applications that require the masters to undergo
high pressure and high temperature. This also makes the microEDM a very useful

process for the high volume production of parts.

Tool electrode - a negative

.nnnnnni

Metallic substrate of mold Electro discharging The micro-EDMed master
master
a) Submerging both the tool electrode b) EDM die-sinking process: applying c) A completed metallic mold
and substrate into a dielectric oil tank. voltage and closing up the tool to the master.

substrate until discharging is detected.

Figure 2.5. Typical sequence of the microEDM die-sinking process, a) submerging the
tool electrode and metallic substrate into the dielectric liquid, b) applying a voltage to
create the discharging and continuously monitoring/maintaining a small gap between

parts to delivery a consistent discharging rate, and c) a completed mold master.

The material removal mechanism of the microEDM is based on spark-erosion.
The spark erosion effect is created by separating positive and negative electrodes with a
small gap and then applying high voltage. The spark generated by electro-discharging can
produce a temperature of nearly 8000 to 12,000°C, which causes the targeted material to

be removed through melting and sublimation. Unfortunately, both electrodes are spark
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eroded simultaneously as discharging, but at a significant different rate. As a result, the
machining of hardened steels is possible. The key drawback of the EDM process is the
continual dimensional change of tool electrodes, which this tool wear results in the
imprecision of machined parts. To maintain machining precision, continuous wire
feeding system is used to provide a fresh electrode surface to maintain the tool dimension.

Laser micromachining used in fabricating micromold masters has received
attention recently because it is a non-contact process that does not induce tool bending as
in micromilling. The laser machining involves minimal chemicals and is able to machine
a wide range of materials such as glass, polymers, metals, composite, and ceramics.
However, the typical laser machined surface is relatively rough. Youn et al. (2007)
reported the work of comparing the micromold masters machined using ultra short pulse
femto-second laser, excimer laser, and focus ion beam (FIB). The result found that FIB
produces a better surface finish than the other two. The sequential nature of the laser
machining process is the key drawback, however, this sequential nature makes this

process flexible.

, NN nNnnnn,

Mold master substrate. Final laser machined micromold
master
a) Laser machining. b) A completed mold master.

Figure 2.6. Typical sequence of the laser micromachining to sequentially scan the entire

surface to create micromold masters.
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2.6 Micromolding Processes

2.6.1 Requirements for micromolding

The replication processes used to reproduce the final microchannel networks can be
injection molding, hot embossing, or casting of polymers. The selection of the molding
process depends strongly on the microstructure of microfluidic networks, the required
surface properties, and the selected polymer as well as the number of the produced parts.
For small-to-medium volume production, hot embossing and casting processes are
suitable because the setup is simple and inexpensive. For high volume fabrication,
injection molding is suitable due to the short molding cycle time, in the order of seconds

to minutes.

The difficulties of demolding high aspect ratio microstructures needs to be
addressed by any proposed micromolding process such as the mechanical strength of high
aspect ratio microstructures is essentially weak and it is difficult to withstand the shear
forces of demolding. The improper design of mold masters would result in easily tearing
the molded parts when demolding or even the valuable mold master would be damaged, a

replacement is needed.
2.6.2 Common types of micromolding processes

~ Although this thesis supports the development of new fabrication methods of micromold
mastefs, the following discussion of micromolding processes provides the reader with a
better understanding of how mold masters should be designed and fabricated. Once a
micromold master is fabricated, the replication of the functional parts can be started using
a suitable molding process. Micromolding processes can be classified into six basic types:
injection molding, reaction injection molding, injection compression molding,

thermoforming, hot embossing, and casting.

Injection molding is a well-established macro-process and has been adapted into

molding microcomponents recently (Hanemann et al., 2000). Wallrabe et al. (Wallrabe et
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al., 2002) reported the injection molding used in manufacturing high volume fiber optical

connectors. The short cycle time of injection molding is the biggest advantage.

Figure 2.7 illustrates the sequence of injection molding. The process is first
closing the mold master (cavity) and the molten thermoplastic polymers are then injected
with a high pressure into the cavities. The typical level of injection pressures is from 500
to 2000 bars (Niggemann, 1999; Gerlach, 2001). The filled polymer is then cooled below
the polymer’s T, by the mold, for subsequent demolding. Companies like Battenfeld
Kunststoffmaschinen GmbH, Germany, markets an injection molding machine

Microsystem 50 for high volume productions.

A mold designed with long polymer flow networks is undesirable because the
higher residue stresses in the molded parts are induced from a high injection pressure
used to fill the cavities. In addition, a higher injection pressure typically shortens the tool
life.

At the cooling phase, maintaining a high pressure is needed for “packing”
polymers in order to reduce the shrinkage effect of the molded parts. The ratio of this
thermal shrinkage is related to its thermal expansion coefficient, for typical
tﬁermoplastics it range from 30 to 310ppm/K. For example, PMMA has a thermal
expansion coefficient of 70-77ppm/K but silicon has only 2.5ppm/K.

Circulating cooling water in the mold is often used to shorten the time of cooling
in order to increase the production speed. However, one must be careful in the selection

of the cooling rate, where a higher cooling rate often results a higher residue stress in the

" molded part. A balance between the acceptable quality of products and the production

‘speed must be weighted in order to select the optimal process parameters.
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a) Closing the moid b) Injecting molten polymer. ¢) Cooling polymer for demolding.
master completely.

Figure 2.7. Typical sequence of the injection molding: a) closing mold master cavity and
evacuating the air, b) injecting the molten thermoplastic polymer into the cavity with high

pressure, and cooling the polymer below T, and c) demolding the parts.

The reaction injection molding process is similar to the injection molding but the
molded shape is cured by a chemically induced polymerization. Figure 2.8 shows the
process sequence is firstly closing the mold cavities and evacuating the air. Secondly, the
_pre-mixed polymer is injected into the cavities and the polymer is heated up to initialize
the polymerization. Finally, the molded parts are separated from the masters.

Thermosetting polymers such as silicone are typically used in the reaction
injection. The early development of the process found it difficult to maintain high quality
molded parts, because of the mixing chemical compounds completely is difficult and it is
even more challenging in micro-scale. Further, the heat-initiated curing cycle was much
longer than the injection molding cycle which makes the process less popular. However,
 the advancement of UV-curable polymers replaces the heat-initiated ones, significantly

shortening the cycle.
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a) Closing the mold b) Injecting pre-mixed polymer c) demolding.
master completely. and curing the polymer.

Figure 2.8. Typical sequence of the reaction injection molding: a) closing mold master
cavity and evacuating the air, b) injecting the pre-mixed polymer into mold cavities and
applying heat to initiate the polymerization to consolidate the shape, and ¢) demolding

the parts.

Hot embossing is popular in research laboratories because of the setup is simple

and low cost. A number of commercial hot embossing systems is available such as hot

embossing machine HEX03 from Jenoptik Mikrotechnik GmbH, hot embossing Stamp
Press MS 1 from Wickert Maschinenbau GmbH, and hot embossing system EVG®
520HE from EVG Group. Typical steps in hot embossing are shown in Figure 2.9. A
thermoplastic thin sheet is placed in the hot press under the mold master and air is then
evacuated. The mold master is heated to above the softening temperature, Tg, of the
polymer sheet and pressure is applied onto this sheet to force the soften polymer into
microcavities. The master along with the plastic sheet is then cooled to a de-embossing
temperature. The part is then separated from the master for the subsequent post
processing step. Note that the mold master was not entirely closed in the process and the

residue polymer layer, later diced away, is a characteristic of the hot embossing process.

The flow distance of the soften polymer as it fills the cavities is relatively shorter
than the distance travelled in injection molding. As a result, less residue stress is

generated in the parts. Heckele and Schomburg (2004) suggest the hot embossing process
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is suitable for replicating microlenses and optical waveguides. In addition, the thermal
shrinkage in hot embossed parts is typically small because of a narrower thermal loading
of the process - the thermoplastics were only needed to heat up to slightly higher than the
glass transition temperature. This smaller thermal shrinkage rate is particularly suitable

for replicating high aspect ratio microstructures.

Heat & pressure l
Moid master ) o ro oo Gy l—,__LIJ_

. Residu; layer
Themoplastic polymer] : —'——Lr

— -~ - L —_ L
1 [
Mold master ““‘*“
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a) Placing the b) Applying pressure and heat. ¢) Cooling the plastic sheet below

thermoplastic sheet in
the mold and evacuating
air.

its Tg for demolding.

Figure 2.9. Typical sequence of the hot embossing process: a) placing a thermoplastic
sheet under the mold master and evacuating the air, b) applying the heat and pressure to
force the soften polymer into the microcavities, and cooling the plastic sheet below the

softening temperature, and ¢) demolding the parts.

The tool changing in hot embossing is easy, performed in minutes, and, therefore,
it is particularly suitable for the small-to-medium production of microfluidic devices. It is
even more desirable for a production environment that requires frequent tool changing.
With some modifications, such as using a continuous polymer sheets feeding system, the
production volume can be easily scale up. Because of the smaller residue stress found in
hot embossed parts, the shear forces at demolding are less than injection-molding ones.
Thus, the tool life is typically prolonged. Reducing mold damages is especially important
for those expensively fabricated mold masters, such as LIGA mold masters. The biggest

drawback of the hot embossing is the longer molding cycle than the injection molding. A
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30-minute hot embossing cycle is typical because the plastic sheet is heating up and

cooling down by the mold; the cooling phase is especially long.

Injection compression molding is a process combining both the injection molding
and hot embossing. The process sequence is shown in Figure 2.10. First, the molten
polymer is injected into a semi-opened micromold cavity. While the temperature is
maintained, the micromold is closed, similar to the hot embossing, to replicate the
microfeatures. The key advantage of this process is that the replication cycle is much
shorter because of the mold master is not used for heating up and cooling down the
polymer sheet as in the hot embossing. In fact, the cycle is almost as fast as in the
injection molding. In addition, the molded parts have a lower residue stress due to the
shortening of flow paths of molten polymers. Thus, injection compression molding is
often used in the production of DVD and CD to replicate sub micrometer and low aspect
ratio features. Because of the low aspect ratio of these nano-features of DVD, demolding
is not problematic (Heckele et al., 2004; Abgrall et al., 2007; Nguyen and Wereley, 2006).
Ferromatik Milacron Maschinenau GmbH markets some of the commercial injection

molding machines for CD replications.
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Figure 2.10. Typical sequence of the injection compression molding: a) semi-closing the
mold master, injecting the molten polymer into cavity, b) closing the mold master
completely like hot embossing and cooling the polymer below the T, and ¢) demolding

the parts.
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The thermoforming sequence is illustrated in Figure 2.11. A very thin
thermoplastic polymer sheet is clamped in the mold master closed tightly. The mold is
then heated up to the polymer’s softening temperature T,. A noble gas is injected into one
side of the master where applying a high pressure to deform the plastic sheet into the
shape of the mold. The polymer is then cooled for demolding. The key drawback of this
process is that the process replicates only low aspect ratio microfeatures due to the
limited sterchability of the polymer. The rounded microchannel is typically replicated

and is the characteristic feature of this process.

Thermoformed microreliefs.
|

Hl_lﬂ_rh- _r-|.l"1.|'|_
e a— t P :

Thin sheet of thermoplastics

Mold master

a) Placing the b) Heating up the mold master ¢) Cooling the thermoplastic sheet
.thermoplastic sheet into and applying high pressure and demolding.
the mokl and evacuating gases.

air.

Figure 2.11. Typical sequence of the thermoforming: a) placing a thermoplastic sheet
under the mold master and evacuating the air, b) applying the heat and high gas pressure
to force the soften polymer sheet to conform the mold shape, and cooling the plastic sheet,

and c¢) demolding the parts.

The replication of various metals using casting techniques has been around since
Bronze Age. Interestingly, the basic casting technique is widely used in micromolding
microfluidic devices via casting PDMS elastomer over SU-8 molds. This technique was
first developed at Harvard University (Duffy et al., 1998) and was referred to as soft-
lithography. Further discussion is omitted here as this process has mentioned in the

previous section.
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Figure 2.12. Casting PDMS elastomer on a SU-8 mold master to replicate microchannels.

2.7 Post Processing

Post processing is often referred to as the packaging and assembling of LOC devices. The
post processing would be bonding and sealing of the devices, calibrating the electrical
signals of the production batch, or functionalizing the devices by embedding subsystems
such as electrical sensors or optical detectors. Bonding and sealing of the microchannels
are critical to ensure the LOC devices delivering a consistent and correct analysis. Often
fluidic connections such as holes for syringe needles are needed. The bonding method
depends heavily on the type of polymer materials in use, for example, the PDMS
microchannels can be bonded and sealed permanently by treating the surface with oxygen
plasma and pressing two PDMS layers together (Jo et al, 2000). The first example of the
MEMS gas chromatography system (Terry et ah, 1997) had the microchannels sealed

using adhesive tapes which is, sometimes, desirable because the low bonding temperature.

2.8 Concluding Remarks

This chapter presented a review of several fabrication methods for creating micromold
masters that can be used to manufacture multiple copies of the desired polymer
microfluidic devices. The current micro-replication technologies for microfluidic devices
still heavily use photolithography methods, which is the main stream micromachining
techniques in MEMS industries. The photolithography typically used to create

microfluidic patterns on a mold involves hazardous chemicals heavily in etching and in
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electroplating and these chemical wastes are often inevitably released into the
environment. Therefore, it is desirable to eliminate or reduce the chemical usage in the

fabrication processes.

In the early development, the LIGA method was perceived as a next generation
‘mainstream lithography technique because of the excellent advantages it provided in
producing high aspect ratio microstructures. However, the high cost of X-ray sources
prevents it from widely used. Subsequently, the simpler, lower cost fabrication methods
“dominate the research laboratories especially when applications allow the use of low
aspect ratio microstructures. To summarize the trend of the current fabrication techniques -
of mold masters for polymer microfluidic device, it is moving toward developing a
fabrication method that is simple and required fewer processing steps. In addition, it is
also necessary for the process to be free of chemicals and to use a molding material that

is recyclable and low cost.



30

CHAPTER33

'LCWM FABRICATION METHOD (Laser Cutting, Micro-
" Welding, and Molding)

3.1 Introduction

Several techniques thét have been described in the literature for fabricating micromold
masters were presented in the previous chapter. As discussed, photolithography and
electroplating are the most common techniques for creating metallic mold masters for the
mass production of polymeric LOC devices. The electroplating stage of the
manufacturing process often requires several hours or days to deposit the metal at the
desired thickness. Furthermore, post-processing operations such as grinding is required
to flatten the back of the plated metal because the thickness of the electroplated metallic
 layer is non-uniform. From a manufacturing perspective, the cost of these expensive
micromold masters can be further reduced by minimizing the number of fabrication steps

and shortening the overall production time.

In this chapter, the first nonlithographic method for fabricating metallic
micromold masters is presented. The proposed manufacturing technique involves using
industrial lasers to cut the desired fluidic network pattern from thin metallic sheets and
then assemble the relief patterns onto a suitable substrate by microwelding to form the
final mold master. The subsequent replication process of creating the polymer
microfluidic device involves either casting the elastomer polydimethyl-siloxane (PDMS)
or hot embossing the thermoplastic poly-methyl methacrylate (PMMA). For simplicity,
the methodology is abbreviated as LCWM (Laser microCutting, Welding, and Molding).
To verify the method, several metallic mold masters and replicates with simple
microstructures are created and tested for dimensional accuracy and surface roughness.
The advantages and disadvantages of using the proposed masters for casting PDMS and
hot-embossing PMMA parts are discussed.
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3.2 Laser Cutting, Welding, and Molding (LCWM) Method

The LCWM (Laser Cutting, Welding and Molding) method is based on the observation
that most microfluidic components (eg. channels, mixers, reservoifs) are planar and the
micromolds used to create more complicated three-dimensional network designs can be
manufactured by stacking and assembling multiple 2D micro-patterns. The key benefit
of the proposed LCWM method of fabricating metallic mold masters is that the
production engineer can produce multiple 2D imprint microfeatures as separated mold
reliefs and then fuse them together on a common substrate by a suitable joining procedure

(ie. microwelding).

Laser micromachining was selected for this task because it is a flexible machining
tool that enables the precise cutting of 2D imprint microfeatures. Furthermore, it is a non-
contact machining process, which is not affected by the tool distortion problems that
regularly occur with traditional mechanical material removal processes such as milling
operations. Laser micromachining also has the advantage of being able to accurately cut a
large variety of materials such as soft polymers, hardened metals, composites, and brittle
ceramics (Ready, 2001; Charschan, 1993).

Unfortunately, laser micromachining is a sequential process which limits its cost-

effectiveness to small volume production. This limitation is, however, not a disadvantage

if the machining process is being used to fabricate a rigid high-precision tool for large

volume production such as a 2D stencil mask or 3D mold master. In this research laser

micromachining is used to cut the desired relief patterns and then microwelded by laser

‘ onto the metallic substrate to complete the functional mold master. Microwelding has the

added advantage of being able to join dissimilar materials. Under optimal process
parameters, the weld pool can be made as small as 50 to 100um in diameter with a
relatively smooth surface finish. The non-contact nature of laser welding also makes it a

viable joining technique for creating metallic parts with fine features.

As illustrated in Figure 3.1, the two basic steps involved in creating a mold master
using the LCWM method involves laser machining the desired relief patterns and then
laser microwelding the cut patterns onto the metallic mold substrate to form the

completed mold master. The sequence can be repeated if the design goal is to create a
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more complicated multi-level microchannel master. Furthermore, the same proposed
method can be used to fabricate metallic masters for either casting soft elastomers or hot
embossing thermoplastic sheets. The simple two-step process makes the LCWM method
easy to implement and very cost-effective. If the mold master becomes damaged during
production then it can be easily repaired or rapidly replaced, minimizing the expensive

downtime.

Cut out pattern of
microchannel

a) Laser cutting

Heat + Pressure

Mold master
Mold master
Heat + Pressure
d) Hot embossing e) Casting PDMS f) Replicated microchannels

Figure 3.1 LCWM microfabrication process for creating polymeric microfluidic devices:
(a) laser micromachining of the microchannel pattern, (b) joining the channel pattern
components by laser microwelding onto the substrate, (¢c) a completed mold master, (d)
hot embossing (FIE) of PMM A sheet with the mold master, (e) casting elastomer (PDMS)

with the mold master, curing, and demolding, and f) the final replicated part.



3.3 Experimental Validation and Results

Several micromold masters were produced to experimentally validate the LCW M method.
The desired pattern of the microfluidic channels were first cut in a 50pm thick sheet of
low-carbon steel using a laser cutting station equipped with an AVIA UV laser from
Coherent Inc.,, USA. The laser has 3.0 Watts of power at 20kHz with a pulse duration of
less than 40 nanosecond at 60kHz. Laser micromachining was conducted under
atmospheric pressure and done with air-assistance. Figure 3.2 shows the laser
micromachining system, focusing optics, and an X-Y-Z motion stage. Appropriate
controller software was used to synchronize the laser cutting and work piece movement.
For this study, the laser microwelder was a Starwelder 6002 model from Rofm-Basssel
Inc., Germany. The welding process parameters (pulse profile, pulse duration, power

level, and spot size) were optimized to produce a smooth surface finish at the weld pool.

Figure 3.2 Laser micromachining system used in the experiments including focusing
optics to accurately deliver the laser beam to the substrate, a concentric gas nozzle to

protect the optical system from particles, and a precision motion stage to translate the

substrate during microfabrication.



3.3.1 Soft-molding PDMS

The sequence of steps in fabricating the LCWM metallic master and polymer device is
shown in Figure 3.3. The microfluidic mixer was originally designed using M astercam
CAD/CAM software. To assist with the alignment of the metallic imprint pattern onto the
substrate during the welding operation, the alignment sheet, microfluidic pattern, and the
master substrate were all cut from the same 50jim thick low-carbon steel sheet. This
reduced the manufacturing time because it would not be necessary for the technician to
change materials during the process. It took approximately 25 minutes to laser-cut the Y-
channel relief, with 15 passes at 50mm/min cutting speed. The relief was then
ultrasonically cleaned in water to remove debris and the ferrous oxide created during the
laser cutting process. The time used in laser welding the fluidic pattern onto a substrate

was mostly spent on setting up. The laser welding spot took only a few milliseconds.

Substrate of the mold master Channel feature
welded onto
the substrate

Laser mcro-machined fluidic
channel feature

Molded micro-fluidic chip Pour PDMS for cunng

Figure 3.3 The sequence of steps used to produce a micromold master using the LCWM

method and an example of the final molded PDMS part.
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A number of laser cutting tests were conducted to find optimal parameters for best
cut edge quality. Table 3.1 indicates the approximate correlation between roughness and
smoother cut edges found in this setup. Equipment settings were as follows: UV
wavelength laser, air assisted cutting, 10X beam expander, and 5X focusing objective that

delivers the beam diameter to about 10-15pm at focus.

Table 3.1 Laser micromachining process parameters, 15 passes

Power density (W] Es;d/r;?:]e] Pulse[fkr:j]uency Obs:[j\;tiidtyedge
0.24 25 1 rough
1.38 25 10 smooth
0.60 40 10 smooth
0.60 50 10 excellent

The cut Y-channel micromixer pattern relief was then welded by laser onto a
~50pm thick stainless steel sheet. The majority of time used in welding the pattern onto
the substrate was spent on set up. Once properly aligned the laser welding spot took only
a few milliseconds to form. Figure 3.4 shows the optical profiler measurements of the
weld pool at the reservoir location of the microfluidic network pattern. The process
parameters were: 309J/cm2pulse density, shielding gas Argon, 0.66J pulse energy, 1.3ms
pulse length, spot welding, and level-and-decline pulse shape. The average surface

roughness (Ra) at a weld spot was measured and found to be about 500 nm.



Figure 3.4 Weld pool at the inlet location (left) and Y-channel mold, positive relief

(right), taken by an optical profiler.

To assist with the microwelding process a permanent magnet was placed under
the stainless steel sheet to provide a magnetic force to hold the Y-channel component
tightly to the substrate surface. It was necessary to hold the part firmly because Argon
gas, at 20Psi pressure, was supplied into the welding chamber to reduce the impurities

formed in the weld pool.

Once completed a thermosetting polymer molding method was used to create the
replica PDMS device, Figure 3.5. In this study a Wyko NT1100 optical profiling system
from Veeco Instruments Inc., NY, USA, was used to measure the surface roughness and
visualize the quality of the 3D features created in the mold master. Figure 3.5(a)
provides the optical profiler measurement where the sidewalls of the microchannel are
nearly vertical with an average surface roughness Ra that is much coarser than the top of
the microchannel relief. The surface finish at the top of the microchannel relief was
similar to the metallic sheet material, about 300-600 nm Ra. The rougher surface finishes

at the sidewalls of the microchannels are typical for the laser cut surface.
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Figure 3.5 (@) LCWM metallic mold master surface roughness, 500nm Ra, rougher
microchannel wall surface quality is shown, (b) molded PDMS microchannels, (c) the
measurement of optical profiler at the Y-channel junction showing the good “flatness” of
the microchannels, (d) a closed-up optical microscopic view of the Y-channel, (e) A-A
sectional view of the PDMS microchannel, and (f) optical profiler generated view of the

multi-layer molded microchannel.
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Figure 3.5(b) shows an example of the PDMS microchannel part produced from
the micromold. The white squares on the photo hi-light the locations that are enlarged in
Figures 3.5(d) and 3.5(f). Figure 3.5(c) provides a top view of the optical profiler
measurement for the molded microchannel. Reasonable “flatness” of molded
microchannels is observed and the cross-sectional view also confirms that the replica has
a good surface quality. Figure 3.5(d) is an optical microscopic view of the close-up of the
molded PDMS microchannel. The optical profiler measurements of a two-level PDMS
molded microchannel replicated from a multi-level master is illustrated in Figure 3.5(f).
Unfortunately, there is some difficulty in aligning second level to the first level of a

multi-level mold master.

3.3.2 Hot-embossing PMMA

Hot embossing process (HE) of thermoplastics using the fabricated mold masters were
also investigated to observe the flexibility ofthe LCW M method. The hot embossing step
of the proposed method was conducted using the Multi-purpose Press from GEO Knight
& Co. Inc. The press is capable of applying a pressure from 140 to 550kPa (20 to 80Psi)
with temperatures from 66 to 220°C. The LCWM mold master was placed onto a 1.5mm
thick PM M A substrate. Process parameters were determined empirically. The parameters
included HE temperature about 130°C, HE pressure about 207kPa (30Psi) and HE time

about ten minutes and de-embossing temperature at 90°C.

As discussed in Chapter 2, the use of thermoplastics as the substrate for
microfluidic devices has a number of advantages, such as low cost of materials, rigid
substrate, easily formed during molding, requires a short processing cycle - especially for
the injection molding process, and provides a wide range of bio-compatible polymers for
different applications. Thus, if the hot embossing molding process could be employed
with the LCWM method, the LCWM method could be a robust technique in fabricating

mold masters for replication of polymeric microfluidic devices.
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Figure 3.6 (a) The HE PMMA microchannels, Ra about 300 to 400nm, HE temperature at
155°C, de-embossing temperature at 100°C, HE pressure at 40Psi for 10 minutes, (b)
Good flatness of the HE microchannels, taken by an optical profiler, (c) cross-sectional
view of the PMMA HE microchannels taken by an optical profiler, (d) a microscope view
of molded PMMA hot embossed Y-microfluidic channel, (e) an SEM view ofa section of
the PMMA HE microchannel with draft angle, and (f) an SEM view of the Y-

microchannel as shown in (f).
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The experimental results demonstrate that it is possible to successfully hot emboss
thermoplastics with the LCWM mold master. The metal substrate was about 150pm
thick, slightly thicker than the substrate used in casting PDMS. The thicker substrate was
necessary to support the structure through the thermal cycle. Figure 3.6 shows a series of
views of the results of HE microchannels using the fabricated LCWM master. Figure
3.6(a) shows that a number of various widths of microchannels were hot embossed to
identify the suitable process parameters for subsequent tests. The molded comers were
slightly rounded which are similar to the results found in the published literatures. The
surface quality was observed, about 300 to 400nm Ra, which is slightly better than we
found in the PDMS molded microchannels. The better surface finishes of these PMMA
molded microchannels than the ones created on PDMS may be explained by the soften
polymer having residual forces after the molding pressure was released and forces caused
the material regain its equilibrium state. Subsequently, limited soften polymer can

smooth out the surface roughness at the nano-scale.

Figures 3.6(b) and (c) show the measurements captured by Wyko optical profiler.
HE microchannels had some draft angle and the channel bottoms were not as flat as the
molded PDMS microchannels found. As a result of the applied heat and pressure factors
the mold master was distorted during hot embossing, it is expected as a higher strength of
material of the mold master is required. Subsequently, the microchannel size, thickness
and the number of welding spots were increased to strengthen the mold masters. The
results found that the damages to masters during hot embossing are reduced. Figure 3.6(d)
shows the closed-up optical microscopic view of the PMMA Y-microchannel. Figure
3.6(f) and (e) show SEM views of the PMMA microchannel having tapered shape of

cross-sectional microchannels.

Figure 3.7 shows the SEM view ofthe HE replicated microchannels that has near
vertical walls, however, the sidewalls of these replica microchannels were rough due to

the soften PM M A adhering to the coarse laser cut edges.



Figure 3.7 An SEM view of the hot embossed microchannels produced by using the

LCWM mold master.

3.4  Design and Testing of a Passive Micromixer

A PDMS Y-channel micromixer was created to illustrate the process. The PDMS
microfluidic mixer chip shown in Figure 3.8 was injected with colored waters to test the
sealing of microchannels and to determine the maximum sustainable pressure in a
reversible PDMS-PDMS bonding. The Y-channel micromixer was able to sustain up to
1.2Psi pressure before leaking. If higher fluidic pressure is needed for its intended
application, using oxygen plasmas to create permanent sealing of the PDMS chip may be

selected.

Typical syringe pump installed with two syringes, blue and yellow colored waters,
was used to provide steady streams of fluidic flow injecting into the PDMS
microchannels. The flow rate in these flow channels was about from 0.2 to IOpL/min.
The observation of the mixing of two colored waters using the fabricated micromixer

shows that micromixing fluids is dominated by molecular diffusion under laminar flow
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condition similar to published literature (Jacobson et al.,, 1999; Whitesides, 2006;

Vijiayendran et al., 2003).

a) b)

Figure 3.8 PDMS Y-channel micromixer, about 75pm width 50pm height, to observe the
sealing, (a) Y-channel micromixer mixing of two colored waters (blue and yellow) and

(b) 3D intensity graph observation of the diffusion process between two colored waters.

3.5 Discussion

The experimental results demonstrated that the LCW M mold masters can be successfully
utilized for producing polymeric microfluidic devices via casting PDMS elastomers and
hot embossing of thermoplastics. This was further illustrated by designing, fabricating
and testing a simple passive micromixer. However, a number of critical issues related to
the fabrication of the LCWM mold master and replicated parts need to be discussed in

greater details.

3.5.1 Fabrication of LCWM mold masters

A key step in fabricating the LCW M micromold master is the assembly and joining of the
cut positive relief patterns onto the substrate. One critical aspect of the microfabrication
is to ensure a small welding gap because an excessively large gap will cause the material
to be vaporized by the laser beam energy. In other words, a large gap will result in a hole

being drilled rather than a desirable weld pool being created. Theoretically, the welding
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gap should be no more than 5% of the thickness of the thinnest material being welded
(Ready, 2001). However, establishing this minimum requirement of the welding gap is
very problematic at the microscale. For example, the low carbon steel sheet used in this
study is only 50um thick and, therefore, the theoretical maximum weld gap is 2.5um. To
‘ensure the success of forming a desirable weld pool and, therefore, to reduce the gap size,
a permanent magnet is placed below the substrate to provide magnetic forces holding
down the Y-channel component.

The pulse duration for laser microwelding is relatively long about 1 to 2ms,
compared to a short laser cutting pulse duration, 10 to 30ns. Due to the lengthy pulses
used for welding, the material around the joint is heated for a longer period resulting in
dimensional distortions. It is essential, therefore, additional care should be taken by the
technicians in selecting the optimal laser welding process parameters in an effort to
~ reduce the effects of the thermal distortion.

The surface roughness of the metallic sheet also directly influences the quality of
the final vertical and horizontal surfaces of microfeatures (eg. microchannel). The laser
beam interaction with the material during cutting operations determines the surface
quality of the resulting vertical walls. Thérefore, low carbon steel sheets or stainless steel
sheets were used as the substrate because of the good surface finish and the ease in which
the material can be laser welded. Furthermore, using low carbon steel and stainless steel

_in welding minimizes the problems arising from joining dissimilar materials such as
material cracking and separation caused by different shrinkage factors in the two

matcrials.

A multi-level mold master was investigated by repeating the same fabrication
procedures to create multiple laminated levels. However, the alignment of each additional
level became more difficult. For the preliminary experiment, the welding process
involved manually in positioning the second level onto the first with a misalignment of
approximately 25 to 50pm. This problem may be minimized using post-processes, such
as micfomilling or microEDM (Electro-Discharge Machining), to alter the final
dimensions of mold masters but these additional steps will increase the overall fabrication

cost and production time.



3.5.2 Part replication via casting and hot embossing

Replicating passive micromixers by casting of the PDMS is simple and easy, without the
need of expensive equipment. It only requires a vacuum chamber to degas the PDMS. In
this study, the PDMS micromixers were created by pouring PDMS over the mold and
curing the resultant material for 48 hours at a room temperature. The curing speed can be
increased by elevating temperatures and the PDMS parts were demolded easily.

Hot embossing (HE) thermoplastics, such as PMMA, also produced good quality
results from the LCWM mold master. The successfully replicated microchannels were
approximately 150um wide. The ‘smaller microchannel structures were not able to stand
the applying HE pressures and temperatures. The problem may be associated with the
excessive filling of PMMA materials that increased the demolding frictions as a result the
master was damaged. The laser machining naturally cuts the sidewalls with a slight
drafted angle, which was initially thought to be an assisting function for demolding parts,
yet it is not the case. One way of improving the sidewall surfaces is to under filled the
microchannels where created tapered cross-sections and rounded comers to lower
- demolding frictions. The experiments demonstrated less damage done by demolding.

Each hot embossing cycle took 30 minutes. Cooling time was the main
contributing factor with about 20 minutes because slower natural cooling was used to
minimize the residue stresses of the molded parts. If the hot embossing tool was
equipped with a better temperature control system, the embossing time could have been
optimized and shortened. | '

3.5.3 Advantages and disadvantages

The advantages of the hot embossing thermoplastics, such as PMMA, can be summarized
by the following. The HE process only requires simple and relatively low cost production
equipment. It is suitable for either medium or high volume production. A wide range of
bio-compatible thermoplastics can be selected for hot embossing the final replicated parts.
The material costs are relatively low. Furthermore, using a recyclable thermoplastic is

possible (after the removal of bio-hazarded materials). Therefore, the fabrication process
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is relatively inexpensive and environmental friendly for creating disposable microfluidic

devices.

Casting PDMS to replicate microchannels produces near vertical sidewalls while

slight drafted angle ones are produced in HE ones. The selection of HE process
| parameters is important to control the draft angle which may be beneficial to assist
demolding and to prolong the tool life. In addition, near }optical quality surface finishes of
sidewalls were observed when inclined sidewalls were never in contact with the laser cut
surface. This is desirable if the intended application permitted the use of non-rectangular
channels.

A similar average surface roughness Ra was observed on both the PDMS and
PMMA microchannels, roughly 300 to 500um. In fact, these values are similar to-the
metallic sheet surface finishes of the master. However, this is only considering the
locations of non-laser welded mark. Each additional weld mark increases the surface
roughness. Ideally, increasing the number of welding spots enhances the master strength

and, therefore, more durable.

For replicating high accuracy of microchannels, casting PDMS is recommended
over HE PMMA. For a shorter cycle time, hot embossing the thermoplastics may be
better suit but the PDMS can be cured in 10 minutes at 70 to 80°C. The rapid fabrication
of LCWM master reduces the production downtime and, therefore, saves costs. It is
- relatively low cost to produce the LCWM master, in terms of Both materials and labor
hours; therefore, a few backup masters can be fabricated in advance. Unique advantages
and disadvantages exhibits by the two molding processes tested. Even with these
limitations, the LCWM method still is a cost-effective method to build the mold masters

for microfluidic devices.

3.6 Concluding Remarks

A nonlithographic technique of fabricating metallic micromold masters was introduced
and experimentally demonstrated. The LCWM (Laser Cutting, Welding and Molding)
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method is based on the observation that sophisticated microfluidic network designs can
be manufactured by stacking and assembling multiple 2D microrelief patterns.

The developed LCWM method can also be used to fabricate metallic masters for
either casting soft elastomers or hot embossing thermoplastic sheets. In general, the
- LCWM process is a simple two-step process that is easy to iinplement and relatively cost-
effective when compared to the more commonly known LIGA method. The use of low-
cost materials for creating the LCWM mold master also reduces the total fabrication cost.
" An additional advantage of the nonlithographic technique is that if the mold master
becomes damaged during the actual part production then it can be repaired easily or

replaced rapidly, minimizing the expensive downtime.

The prototypes and experimental results validated the notion that it is possible to
construct functional and accurate micromold masters by combining laser micromachining
and microwelding processes. Although the LCWM method is very simple and quick, the
width of the microstructures is limited to about 75um. |
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CHAPTER 4

LEDM? FABRICATION METHOD (Laser cutting, Electro-
| Discharge-Machining, and Molding)

4.1 Introduction

" The rapid microfabrication technique introduced in Chapter 3, termed LCWM method,
has several design limitations including the inability to produce high-quality
microchannels that are less than 75um wide. Although this may be sufficient for many
practical microfluidic and LOC applications, it is not ideal for all possible situations. An
alternative nonlithographic method for fabricating metallic micromold masters with

smaller microfeatures is described below.

The second proposed method of manufacturing micromold masters combines the
advantages of rapid and flexible laser micromachining with the capabilities of
microEDMs to machine various difficult-to-cut conductive materials. This

‘microfabrication technique is abbreviated as LEDM? (Laser cutting, Electro-Discharge-
Machining, and Molding). The key innovation is that LEDM? enables hardened metallic
micromold masters to be directly produced without introducing additional steps that may
- cause diniens_ional inaccuracies. In addition, longer tool life is expected because harden
steels can be used as the substrates.

4.2 Constructing Metallic Micro-mold Masters using LEDM?

The construction of a metallic mold master using the proposed LEDM? methodology
requires two basic steps as shown in Figure 41 First, a two-dimensional (2D) mask is
created by laser cutting the “negative” relief of the microchannel profiles on a thin brass
sheet and the positive microchannel structure is then imprinted on a metallic (brass)
substrate by the microEDM die-sinking process. Once completed, the substrate with the
patterned relief is used in a poly-dimethyl-siloxane (PDMS) casting process by pouring
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the PDMS polymer over the micromold master and allowing the material to cure. Once
cured the replicated part is demolded and assembled with the other microsystem

components to form the final device.

A very attractive feature of the proposed LEDM method is that the material of
the final master is a harden metal that is able to sustain high pressure and temperature in
injection molding of thermoplastics for an extensive number of molding cycles. Thus, it
makes the LEDM 2 suitable for mass production of microfluidic devices. Any of electrical
conductive material can be employed in fabricating mold masters using the LEDM
method. This is unlike the LIGA method where only Nickel based materials can be used

to create the masters.

Laser

. . Metallic mask
Step 1: Laser micromachining

of 2D metal sheet

Figure 4.1 The steps used to create a metallic micromold by laser and microEDM

machining.
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43 MicroEDM Fabrication Process

Electro-discharge machining (EDM), or spark eroding, has been proposed as a method of
fabricating micro-scale features in metallic substrates. In the late 1960’s, Van
~ Ossenbruggen (Van Ossenbruggen, 1969) was one of the first researchers to describe the
microEDM process. It wasn’t until the 1980s that other researchers used the technology
for applications such as drilling 15 to 300um holes for ink-jet printer nozzles (Sato et al.,
1985). More recently Masuzawa et al. (Masuzawa et al., 1989) described how high
aspect ratio (10:1) microholes could be drilled using an EDM with a 50um diameter
electrode. The authors further developed the process of microEDM machining where a
cylindrical tool electrode, similar to a milling tool, was moved through a contour tool
path to fabricate 3D features (Masuzawa et al., 1994). Flescher et al. (Fleischer et al.,
2006) introduced a technique for combining both the electric discharge machining and
laser ablation to fabricate microstructures. The authors also report an increase in
productivity by first machining a large volume block of matérial via EDM and then
performing laser ablation for creating the fine microfeatures.

The EDM process provides several key advantages for creating a micromold
master that can be used in large production runs. As the individual features and overall
microfluidic network that is patterned on the mold masters becomes smaller, it is
necessary that microstructures be produced from a material with very high strength to
~ prevent dimensional distortions during hot embossing or injection molding.
Unfortunately, hardened tool steels are very difficult to machine using conventional
material removal processes. However, micro-electrodischarge machining (microEDM) is
capable of accurately machining any electrically conductive material regardless of its
hardness and strength. The material removal mechanism of the microEDM is based on
the spark erosion effect that can generate a temperature of nearly 8000 to 12,000°C which
causes the targeted material to be removed through melting and sublimation. These
sparks are created by separating positive and negative electrodes with a small gap and

then applying high voltage.
Micromold features can be created using a very small electrode with a typical

length of 50pum and diameter of 5 to 50um. Although photolithography techniques can



50

produce smaller sized features, the microEDM approach does permit the creation of
dimensional sizes that are sufficient for many practical applications in life sciences which
usually in the dimensions of 10 to 100um width microchannels.

From a design perspective, it may be necessary to rapidly modify mold
- parameters during the preproduction phase. The geometric dimensions of the patterned
metallic mask can also change dramatically after the EDM die-sinking process and,
therefore, the mask cannot be reused because of the electrode tool wear. It is important to
remember that the same spark that creates the mold will also erode the tool electrodes
significantly but at a different rate (Guitrau, 1997). Laser micromachining is selected to
minimize the cost of fabricating the metallic masks because laser machining is fast,

flexible, and produces consistent and accurate 2D cuts on thin metallic sheets.

4.4 Experimental Prototype

4.4.1 Passive T-mixer design

" To validate the proposed manufacturing method a brass master for molding a
microfluidic T-mixer device, Figure 4.2, is produced. The brass master is then used to
replicate a T-mixing device from PDMS elastomer. Lab-on-chip devices are comprised of
- several different components such as micropumps, micromixers, separators, filters,
reaction chambers, and liquid reservoirs. The microfluidic mixer is particularly important
in analytical systems because it permits the controlled mixing of chemicals and bio-
reagents.

The suitability of the proposed fabrication method was evaluated by examining
the geometric accuracy of the microfeatures and quality of surface finish for both the
brass micromold master and the sample device. All the channels of the T-mixer chip in
Figure 4.2 are about 50um wide and interconnect to three reservoirs: two input reservoirs,

and an output reservoir. All the reservoirs are 1.5mm in diameter.



Figure 4.2 The design pattern for the mask T-channel microfluidic mixer and a

microscopic view ofthe fabricated brass micromold master.

4.4.2 Fabrication of prototype

The masks with the microfeatures associated with the channels and reservoirs were
initially cut on a 100pm thick brass sheet using the AVIA UV laser from Coherent Inc.,
USA. The laser had 3.0 Watts of power at 20 kHz. For fabrication purposes, the pulse
duration of the laser was set to less than 40 nanoseconds. The laser cutting was conducted
under atmospheric pressure and done with air-assistance. The air-assisted condition of
laser cutting was used primarily to provide protection to the laser optics. After laser
cutting, the mask was cleaned in an ultrasonic bath to remove the debris and oxides from
the part. The geometric accuracy of the channels and the reservoirs of the mask were
within +/-5pm. The sides of the microchannels were reasonably smooth and within the

limits of what can be achieved by nanosecond laser micromachining.

The microEDM die-sinking step of the proposed method was conducted using the
MG-NC82 Micro-ElectroDischarge Machining (EDM) system from Panasonic. The
voltage was set at 80V with a capacitor of 220pf. The speed of Z-axis die-sinking was set
at Ipm/sec. To prepare for the machining process, the mask was immersed in the

dielectric oil stage tank, and clamped down. A brass rod of 4mm diameter was mounted
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on the rotating shaft and, the brass rod substrate was micro-EDM die-sunken on a flat
brass sheet to prepare a parallel surface between the rod and mask for subsequent process.
After the parallel surfaces were prepared, the brass rod was microEDM die-sinking to
create the final mold master. The die-sinking process took about two days without
technician intervention. The substrate was then removed from the system. The ultrasonic
bath was then used to clean up the debris deposited on the mold master during die-

sinking.

45 Experimental Results and Validation

Figure 4.3 shows an SEM view of the T-channel micromixer metallic mold master
fabricated via the proposed method. The measured width was about 50pm which is very
close to the dimensions of the originally designed mask. The T-intersection of
microchannels appears to replicate the sharp comers of the mask fairly well. The SEM
view also shows the edges of positive reliefs and that the electro-discharge machined
surfaces display no evidence of extreme spark erosion. The debris that was weakly
deposited on machined surfaces was largely removed in the ultrasonic bath. Since the
debris was easily removed by the ultrasonic bath, it can be concluded that this debris was
only weakly deposited during the die-sinking process. Further cleaning would be

completed after a few molding cycles.

Figure 4.3 An SEM view ofthe T-micromixer brass mold master.
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Figure 4.4 shows the measurement profile of the micromold master captured by
Wyko optical surface profiler where the scale of the Z-coordinates has been enlarged.
The experimental results show an average surface roughness of 400nm Ra for the
finished feature. These measurements indicate that the electro-discharge machined walls
of microchannels are slightly inclined which appears to be caused by the electrode wear
of the mask tool during the die-sinking process. The inclined microchannel walls also
suggest that the level of spark erosion across the positive relief and the wear rate are
reasonably stable. One advantage, from a manufacturing perspective, is that the inclined
microchannel walls will assist the demolding process by reducing friction between

molded polymer and mold master.

Figure 4.4 Three-dimensional measurements ofthe T-micromixer mold master taken by

the Wyko optical surface profiler.

The cross-sectional views of the mold master, with a 25pm machined height, in
the X and Y directions are provided in Figure 4.5. The comers at the peak of the positive
microchannel feature are observed to be slightly sharper than at the bottom ones. This
was expected because as the die-sinking process continues the tool electrode will wear
resulting in a wider opening. This figure also shows that the top surface of microchannels

is relatively parallel to the bottom surfaces.



Figure 4. 5 Measured cross-sectional profiles ofthe brass micromold master along the X-

axis and Y-axis, respectively.

A three-dimensional representation of the measured surface finish is provided in
Figure 4.6. The surface measurement by the optical profiler shows that a master with a
good quality surface finish can be achieved by the proposed LEDM method. Since
optical quality surface finishes are not possible with this method, the replicated
microfluidic devices created in this manner are more suitable to applications that use
electrical or chemical detection methods. The experimental measurement also
demonstrates that the spark erosion arising from the electro discharging process was

largely uniform across the brass surface.

Figure 4.6 Surface finishes of about 400nm Ra after the process of microEDM die-

sinking.
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Once the metallic master was completed and cleaned with an ultrasonic bath, a
pre-mixed and degassed PDMS elastomer was poured over it. The PDMS was left to
cure at room temperature for 24 hours and then demolded. Due to the trapezoidal cross-
section of the microchannel positive reliefs, demolding was unhindered and no damage
the microfeatures were observed in the molded microchannels or the metallic master.
The microscopic view of the molded PDMS T-mixer is shown in Figure 4.7. Some
weakly deposited debris that attached to the metallic master, during the die-sinking
process, was transferred to the molded PDMS channels. Figures 4.8 and 4.9 provide
measurements of the PDMS T-mixer device’s microchannels via Wyko optical profiler.

The depth of the molded PDMS microchannels was slightly less than the height of master,

about 5pm less.

Figure 4.8 Computer generated 3D views ofthe molded PDMS T-micromixer.



Figure 4.9 Measured cross-sectional profile of the molded T-mixer along the Y -axis.

The surface finish of the molded T-mixer is nearly identical to the surface quality
of the mold master. Experimental measurements, Figure 4.10, confirm that the molded
part has a similar surface finish to the master, with a surface roughness (Ra) around 350

to 400nm.

Figure 4.10 Surface finish of the molded T-mixer measured by the optical profiler,

around 350 to 400 nm Ra.
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4.6  Fabrication of Microstructures with High Aspect Ratios

To explore the capability and flexibility of the LEDM 2 fabrication method in producing
micromold masters with high aspect ratios, a Y-micromixer and a more complicated
microfluidic network were created. Due to the high degree of laminarity of the fluid flow
in microchannels the proper mixing of different fluids is often difficult to achieve in short
microchannels (W hitesides, 2006). For a simple Y-micromixer, molecular diffusion is the
primary mechanism and its rate of diffusion, or efficiency, depends on the size of
interfacial areas between the two mixing fluids. Therefore, high-aspect ratio
microchannels provide a large interfacial area that is desirable for micro-mixing
applications. Figure 4.11 shows an SEM view ofthe Y-channel micromixer mold master

with aspect ratio of about 4.

Figure 4.11 An SEM view ofthe Y-channel micromixer mold master with an aspect ratio

about 4.

Figure 4.12 shows the SEM views of a micro-EDM mold master with a more
complicated fluidic network pattern. The smallest width of the microfeatures produced
using this method was 10 to 20pm. Any microstructures smaller than 10pm were found to
be damaged by the debris igniting irregular patterns of spark erosion. Observations also
supported the higher aspect ratio microstructures could be produced by optimizing

flushing debris during die-sinking.



Figure 4.12 SEM views ofa mold master with a more complex microchannel network.

4.7 General Observations and Discussion

Although the quality of the surface finish for both the metallic master and replicated
PDMS T-mixer microchannel layer is noticeably less than optical grade, it remains
adequate for many fluidic applications where a surface finish of 300 to 400nm Ra is
acceptable. It may be possible to improve the quality of surface finishes through
different combinations of tool electrode and substrate materials, and selecting optimal
process parameters of microEDM die-sinking. However, this requires further

investigation and detail study.

Furthermore, it is essential that a quick and cost-effective solution be found to
fabricate the electrode mask because these electrodes experience excessive wear during
the micro-EDM die-sinking process and must be replaced after a single use. To reduce
the machining time as much as possible, the LEDM approach presented in this chapter
uses a high-power laser to cut the contour of microfluidic network on a planar brass sheet.
The T-mixer electrode tool was cut in less than 20 minutes. For certain types of
microfluidic network designs that require masks with deep channels and reservoirs, it
may be difficult to accurately cut through the thick substrate material without distorting
the template channel walls. In these applications, an electrode tool milled directly on a

block of conductive substrate by a laser may create the desired geometry but the
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machining time and fabrication costs will be significantly increased because the laser
milling operation is a sequential process. In addition, the cut through technique presented
in this Chapter for machining the electrode mask assisted the process of removing, or
flushing, debris from the cut-through openings during die-sinking. In contrast, a fully
laser machined 3D electrode tool would require more debris flushing of the holes and

microstructures than the proposed method.

To lower the unit cost of a single microfluidic device, the mold masters should be
built to sustain a large number of molding cycles before a replacement is needed. W ith
this method, various conductive metals can be used as the substrate material. Tool steels
that can be machined via microEDM process are particularly attractive. Not only can
mold masters from higher strength metals be fabricated using this method but also lower
cost off-the-shelf metals can be easily purchased and used. Brass sheets and substrates

were selected in this study to demonstrate this economical aspect ofthe LEDM method.

Furthermore, the resultant metallic mold master has sufficient high strength that it
can be used for either hot embossing or injection molding. Hot embossing and injection
molding are common techniques for mass production and, therefore, contribute to the
reduction in cost per device replicated. The proposed method is also relatively
environmental friendly due to the minimal use of chemicals in the process except
dielectric oil. From a product life-cycle perspective, the cost of disposing chemicals used

in manufacturing is minimal.

One disadvantage of using the die-sinking process to fabricate the mold master is
that it requires about 24 to 48 hours. However, unlike the more common electroplating
process to produce metallic mold master, the LEDM method has only a few operational
steps. Another concern about the proposed methodology is that surface wear on the
electrode tool mask resulted in significant dimensional variations, as measured from the
peak-to-bottom, in microfeatures with high aspect ratios. This suggests the aspect ratio is
limited by a combination of electrode and work piece materials. If high aspect ratio

microstructures are desirable, then, a thicker electrode mask should be employed.
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4.8 Concluding Remarks

A method of creating metallic micromolds with features that have‘high-aspect ratios was
described in this chapter. The proposed manufacturing process utilized laser
micromachining to cut the negative two-dimensional profiles of the desired microfeatures
and fluidic network patterns on a 100um thick brass sheet. The positive relief of the cut
pattern was then created through die-sinking the metallic mask onto a brass substrate by
using electro-discharge micromachining (micro-EDM). The final substrate with the
desired relief pattern became the molding tool used for either elastomer casting or

thermoplastic hot embossing.

To validate the proposed fabrication methodology and evaluate the quality of
surface finishes, a brass mold master of a T-channel micromixer (50um width, 25um
height) was developed and multiple replicas of the device were cast on this mold using
polydimethylsiloxane (PDMS). The surface finish of both the original micromold master
and final molded channels on PDMS were measured by an optical profiler and found to
have a roughness of approximately 400nm Ra. The ability of the proposed fabrication
technique to create accurate features with high-aspect ratios was illustrated by
manufacturing a Y-channel micromixer with an aspect ratio of 4 and microchannel
widths smaller than 75um.




61

CHAPTERS

CONTACTLESS LHEM FABRICATION METHOD (Laser
cutting, Hot-Embossing, and Molding)

5.1 Introduction

The LEDM? method described in the previous chapter for manufacturing metallic
micromold masters has several key advantages including being able to make a mold from
any harden conductive material. The microfabrication technique is, however, a very
lengthy process, requiring 24 to 48 hours to complete. In addition, the final surface
finishes of the microEDM mold master is not near optical grade quality, with a surface
roughness of around 400nm Ra. In general, any metallic micromold will require some

form of post-processing to cleanup debris and smooth the surfaces.

It is important to realize that the surface quality of the mold master will determine
the final surface characteristics of the microfeatures on the molded part. If the
microfeatures on the mold master can be fabricated using minimal tool contact then all
post-processing steps necessary to reduce the roughness of the surface can be eliminated.
These practical limitations have led to the development of another less expense
nonlithographic microfabrication technique for producing polymer}mold masters that
have microstructures with near optical quality surface finishes. The proposed method is
 also based on laser micromachining, but unlike the LEDM? method, the microEDM die-
sinking process is replaced with the direct hot embossing of a thermoplastic. Although
polymer micromolds are less durable than metallic mold masters, they can be used
effectively for small-and-medium batch production.

The micromold fabrication technique termed LHEM (Laser micromachining, Hot
Embossing, and Molding) is similar to the manufacturing approach used by a number of
researchers to create polymer microlenses (Shen et al., 2002; Ziolkowski et al., 2003; Pan
et al., 2004). Since hot embossing can be used to mold high-quality optical microlenses
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from a variety of thermoplastics, like polymethylmethacrylate (PMMA), the same basic
manufacturing process can be used to produce functional polymer micromold masters
with optical grade surface finishes.

52 Laser Cutting, Hot Embossing and Molding (LHEM)

The key steps in producing the PMMA micromold master and soft-molded PDMS
" microfluidic device using the LHEM microfabrication method are summarized in Figure
5.1. The metallic mask with the desired microchannel structure (eg. microchannels,
reservoirs) is initially machined by an industrial laser. This metallic mask and a
thermoplastic, polymethylmethacrylate (PMMA), substrate were then placed into the hot
press. Constant pressure and heat are applied for a predefined period of time to create the
mold master. The process parameters are carefully chosen to avoid the extruded
microfeature reaching the top of the mask. Subsequently, the heat element is turned off
allowing the extruded microfeatures and the substrate to cool below the glass transition
temperature (T;) of the PMMA material. Once cooled below the transition temperature,
the PMMA substrate is carefully removed from the mask and the mold master is
completed. Finally, the fabricated mold master is used in soft-molding the PDMS-based

disposable microfluidic devices.



Laser beam Heat and pressure

Heat and pressure

a) Laser micromachined metallic mask b) Hot intrusion
c) Completed PMMA mold master d) A close-up view of the features of a mold
master

Figure 5.1 Various steps used to fabricate a PMMA micromold master by the LHEM

method. The illustration is for a micro capillary electrophoresis (CE) device.



Figure 5.2 shows cross-sectional view of the proposed fabrication method. An
important observation is that the cross section of the extruded relief on the micromold
master is non-rectangular. The non-rectangular shape is a result of the partial hot
embossing process (hot intrusion) using the mask where the relief is extruded during the
process without allowing the molten material to contact the walls of the mask. The shape
of the microfeature is, therefore, determined by the physical process of the free flow of
the softened material into the negative channel openings of the mask. The non-
rectangular shape of the microchannels is a desirable feature for many biomedical
applications (Lee et al.,, 2007; Chen et al.,, 2003). The PMMA substrate with the
microrelief features is then used as a micromold master for molding the microchannel

structure in suitable materials, such as the polydimethylsiloxane (PDMS) elastomer.

Heat and Pressure

Press
plate
Contactless
extruded
Metallic microrelief
hot intrusion
mask
PMMA'
Soften PMMA
intruding into
the mask
Press
plate

Heat and Pressure

Figure 5.2 Cross-sectional view of the hot intrusion process showing “contactless”

formation ofthe microrelief.

The process of molding a final microfluidic device from the PDMS elastomer, as
described in Chapter 4, involves pouring the material over the micromold master,

allowing the material to cure and then demolding it. The fabricated microfluidic part is
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then assembled with other components to form the LOC or pTAS. The complete process
of producing the mold master is rather simple and involves only two major steps: laser
micromachining and hot embossing. This simplicity makes the method easy to implement
and potentially very cost-effective.

Another very attractive feature of the LHEM method is that a single mask can be
used to produce several identical mold masters for several machines that operate in
parallel. Furthermore, a very high quality micromold surface finish is created because

the relief patterns on the PMMA master are formed by the free flow of softened material
into the negative relief of the metallic mask (without touching its walls).

It should be noted that the mold master can be produced from materials other than
PMMA; the only requirement of this method is that the material is suitable for hot
embossing. Similarly, the mold master can be used for molding disposable microfluidic
devices from materials other than PDMS, as long as the mold master material can sustain

the process temperatures without deforming.

A similar method that used hot embossing as the key process was used to
fabricate microlenses (Pan et al., 2004; Chang et al, 2007). The main difference with the
techniques proposed in this chapter is that hot embossing was used to mold the final parts
(microlenses) and not the mold master. In Pan and Chang’s work (Pan et al., 2004;
Chang et al, 2007), the mold master is produced via conventional electroplating processes.

‘5.3  Experimental Results and Validation

To validate the proposed method, a PMMA master was produced for molding a double-T
shape micro capillary electrophoresis (CE) device as shown in Figure 5.3. CE devices
are commonly used in bio-analytical systems for DNA analysis (Chen and Ren, 2004;
- Korvink ahd Paul, 2006). In this study, the purpose was to fabricate a PMMA master and
use it to mold a sample CE device from PDMS elastomer. Once completed, the
suitability of the proposed method for the fabrication of micromold masters was assessed
on the basis of the geometric accuracy and surface finish quality of both the PMMA

master and the molded sample device.
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Figure 5.3 The channel and liquid reservoir layout of a micro capillary electrophoresis
(CE) device.

All the channels of the CE chip in Figure 5.3 are approximately 140pm wide and
used to interconnect | to four reservoirs: sample reéervoir, buffer reservoir, injection
reservoir, and waste reservoir. All the reservoirs are 1.5mm in diameter. First, the mask
‘'was fabricated by laser cutting the microchannel patterns and reservoirs structure of the
CE device in a 100um thick sheet of low-carbon steel. Laser cutting was done using the
AVIA UV laser from Coherent Inc., USA (as described in Chapter 3). The laser has 3.0
- Watts of power at 20kHz, pulse duration of less than 40 nanosecond at 60kHz. The laser
cutting was conducted under atmospheric pressure and air-assisted condition. The air-
assiSted laser cutting was used primarily to provide protection to the laser optics.

After laser cutting, the metallic mask was cleaned in an ultrasonic bath to remove
the debris and oxides from the part. The geometric accuracy ofv the channels and the
reservoirs structure of the mask were within +/- Sum. The sides of the microchannels
were reasonably smooth, within the limits of what can be achieved by nanosecond laser
micromachining. The actual surface finish quality of the sides was not measured as it is
not critical for the proposed method because the sides of the mask do not cbme into direct
contact with the molten PMMA material during the hot embossing process.
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The hot embossing step of this method was conducted using the Multi-purpose
Press from GEO Knight & Co. Inc. The press is capable of applying a pressure from 140
to 550kPa (20 to 80Psi) with temperatures from 66°C to 220°C. The mask was placed
onto a 1.5mm thick PMMA substrate. The parameters of the press were set to 125°C
temperature and 207kPa (30Psi) pressure. The press was preheated to the target
temperature before placing the mask onto the PMMA substrate. After the target
temperature was reached, the sample was placed in the press. The pressure was applied
and held for 10 minutes. Then the heater was turned off while maintaining the applied
pressure, fan was employed in assisting the cooling until the de-embossing temperature,
95°C at about I°C/minute, was reached. The slow cooling rate was designed to reduce
thermal stress in the material caused by rapid cooling. After that, the mask and substrate
were removed from the press. Further cooling to the room temperature was completed in
about 5 minutes. Then the mask was removed from the substrate and the mold master was

completed.

The quality of the surface finish of the mold master was evaluated through optical
microscopic images, SEM (scanning electron microscopy), and a white light optical
profiler. Figure 5.4 shows an optical microscope image of the Au-coated mold master.
Figure 5.5 shows SEM views of the intersection of the microchannels positive relief on

the master.

Figure 5.4 A microscopic view ofthe PMMA master after it was coated in Au.
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Figure 5.5 SEM views of the PM M A master for molding of PDMS CE devices.

Figure 5.6 shows an SEM picture of the extruded surface finish along the flat
surface of the microchannel to compare the high quality of the surface finish of the
extruded microrelief and the rough surface finishes that made contact with the mask.
Figure 5.7 shows an optical microscopic view of a smooth transition from the
microchannel to reservoir of the master. The high quality surface finish of the
microfeature is attributed to the fact that the relief is created by a “contactless” hot
embossing process where the molten PMMA did not touch the sides of the cut-through
slots on the mask. Thus, the free flow ofthe softened material moved unimpeded into the
slots of the mask and the surface tension of the material produced a very smooth surface

ofthe relief.
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Figure 5.6 SEM close up of the surface finishes for both the flat surface (top side) and

extruded profile (bottom side).

Figure 5.7 Microscopic view that reveals the high contrast between the two surface

finishes produced on the PMM A master.

Figure 5.8 shows the cross-sectional profile of the relief formed on the PMMA
master. The profile was measured using the Dektak3ST surface profile measuring system

from Veeco, Sloan Technology. The actual measured width of the extruded channel
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relief was slightly (10-12jum) larger than the width of the slots in the mask. This non-
rectangular profile of the reliefindicates that “contactless” between the sides of the mask

slots and the softened material during the hot embossing process was occurred.

Figure 5.8 Cross-sectional profile of the extruded microreliefon the PM M A master.

Figure 5.9 shows a microscopic view of the polished cross-section of the PMMA
master. It has a similar extruded profile as seen in the profiler measurement of the
surface. To measure the surface finish (average roughness, Ra) of the PM M A master, the
Wyko NT1100 optical profiling system from Veeco Instruments Inc., USA, was used.
The results show the proposed method can produce an extruded channel relief with a
surface finish of 1O0Onm Ra. Furthermore, a few measurements were taken in different
locations at the PM M A master and the results showed the Ra to be around 10 to 100nm,

near optical quality.



Figure 5.9 Metallographical view (cross-section) of the extruded microrelief.
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Figure 5.10 Image of the extruded microreliefas measured by Wyko optical profiler.

The optical profiler has a limitation in that it cannot capture data when measuring
a surface which is too steep (percentage of light was reflected away too much to be
captured by the detector). This limitation is shown in Figure 5.10 as the black colored
area (no data was captured by the optical profiler). Figure 5.11 shows that the measured

surface finish by Wyko optical profiler is about 1Onm Ra.



Figure 5.11 The surface finish of the PM M A master along the Y -axis as measured by the

optical profiler.

Once the PMMA master was completed, a sample PDMS microfluidic CE device
was molded. The PMMA master was placed on a horizontal surface and the PDMS
elastomer poured over it (PDMS elastomer was degassed prior to this step). The material
was left to cure at room temperature for 24 hours, and then demolded (peeled off). Due
to the non-rectangular profile of the microchannel relief, demolding was easy and caused
no damages to the molded microchannels or the PMMA master. The resulting PDMS

part was then bonded onto a flat piece of PDM S material to complete the CE device.

SEM views ofthe molded PDMS CE device’s microchannels are given in Figures
5.12 and 5.13. The intersection of the molded microchannels show the quality of the
surface finish of the final part. An optical microscope view that illustrates the contrast
between the surface finish of the molded microchannels and the surrounding flat surface
of the original substrate is provided in Figure 5.14. These SEM and microscopic images
demonstrate the high quality surface finishes that can be accomplished by the LHEM

method and near identical quality ofthe mold master and final polymer part.



Figure 5.12 SEM view of the intersection oftwo microchannels in the CE device.
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Figure 5.13 SEM view ofthe CE microchannel.
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Figure 5.14 Smooth transition from the microchannel to the reservoir of the CE device
(left), and a microscopic view showing higher contrast of the microchannel and flat

surface around the CE detection section (right).

Figure 5.15 presents a cross-sectional profile of the CE microchannel as measured
by surface profiler. Figure 5.16 shows an optical microscopic view ofthe cross-section of
the microchannel. Figures 5.17 and 5.18 show the data as captured by the Wyko optical
profiler. The experimental results confirm that the result surface is of high quality with a

roughness value around 40nm Ra.

Figure 5.15 Cross-sectional profile of the molded CE device’s microchannel as measured

by a stylus profiler.



Figure 5.16 Microscopic view ofthe cross-section ofa microchannel on the final CE

device.

230 ™
200
150
100
50
0 50 100 150 200 250 306

Figure 5.17 Pseudo-coloured image ofthe CE device as taken by Wyko optical profiler.

To evaluate the replication fidelity of the molded microfluidic device,
measurements using surface profiler for both of the extruded microrelief of the mold

master and soft-molded microchannel of the CE device were combined and illustrated in
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Figure 5.19. Approximately 10% shrinkage of PDMS molded microchannels was

observed.

Figure 5.18 Surface roughness of the CE device along the Y-axis as measured by the

optical profiler.

Figure 5.19 Cross-sectional profiles of the PMMA mold master and the molded PDMS
microchannel. Minor shrinkage (approximately 10%) is observed between the mold

master and final replicated microfeature.



5.4 Discussion

The observed quality of both the PMM A master and the fabricated CE device indicates
that the proposed nonlithographic method for creating a polymer mold master is adequate
for the intended applications. The quality of the surface finish of the fabricated
microchannels is notably near optical grade. Pan et al. (Pan et al., 2004) described a novel
method for fabrication of microlenses, a method that, like the LHEM method described in
this thesis, uses hot embossing as a key step in the fabrication process. The primary
difference of their work is in the use of hot embossing to manufacture a final functional
part (microlenses) and not a tool such as a micro-mold master. One relevant and useful
result presented by Pan et al. (Pan et al., 2004) is that a very high quality surface finish
can be achieved in polycarbonate (PC) molding (Ra around 1-5 nm was reported). This
suggests that PC material may be an even better option than the PMMA for creating
polymeric mold masters. However, the required hot embossing temperature and
embossing times for PC material were higher than those used in the PMMA process

reported in this thesis. This would require additional studies in the future.

The experiments also confirmed that the complete process of fabricating a mold
master and the desired fluidic device is both quick and inexpensive. The most time-
consuming step of the process is the PDMS curing (24 hours under the room temperature
in our experiments). This can be significantly reduced if curing is conducted under
elevated temperature, at roughly 75°C for 15 minutes on a standard temperature

controlled hot plate.

A limitation of the proposed LHEM method is that the mold master can only be
made from materials suitable for hot embossing. Furthermore, the mold master can only
be used to mold materials whose processing temperature is below the glass transition
temperature of the mold master. Even with these limitations, the proposed method
appears to be a high quality and cost-effective solution for a wide range of microfluidic
applications. To make the method more readily usable, a practical method is needed for
choosing suitable process parameters (primarily the hot embossing parameters) for a

given design of the microfluidic device.
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S.5 Concluding Remarks

This chapter presented an innovative method developed in this research project for
rapidly fabricating polymer mold masters for replicating polydimethyl-siloxane (PDMS)
microfluidic devices. The method involves only two major steps: laser micromachining to
create a metallic mask, and hot embossing the microchannel features onto a PMMA

substrate. Fabrication of microfluidic devices then involves pouring the PDMS elastomer

.over the PMMA mold master and curing it at a suitable temperature.

The main advantages of the proposed method are that fabrication of the metallic
mask is quick and inexpensive, and the mask can be re-used to fabricate a large number
of micromold masters for parallel replication of PDMS microfluidic devices with high
quality surface finish of microchannels but non-rectangular profile, yet low cost and
biocompatibility. Furthermore, the process involves the minimal use of harmful
chemicals. Critical limitations of the LHEM method relate to the soft polymer material
that must be used for hot embossing the micro mold and the inability of the proposed
technique to fabricate rectangular channels.
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CHAPTER 6

COMPARISON OF NONLITHOGRAPHIC MICRO-
- FABRICATION METHODS (LCWM, LEDM?, and LHEM)

6.1 Introduction

In the previous three chapters, several nonlithographic microfabrication techniques were
introduced to create functional mold masters that would permit the cost-effective
manufacturing of disposable microfluidic devices for a variety 6f biological and chemical
analysis. Extensive characterization of their capabilities and identification of their
limitations for mass production requires further studies. The focus of this thesis research
has been on introducing these unique rapid microfabrication methods and demonstrating
the potential for the microfluidic design and manufacture. To this end, each proposed
method is now analyzed and evaluated in terms of the potential to make an impact on
-creating low-cost high quality microfluidic and LOC devices.

The evaluation methodology used to assess the three techniques is outlined in
Section 6.2. A summary of key advantages and disadvantages of each are provided.
~ Section 6.3 discusses how the three developed methods measure up with each identified
criterion. Section 6.4 presents the conclusions drawn from the assessment and identifies
which proposed microfabrication technique will be developed in greater detail in Chapter
7.

6.2 Evaluation Methodology

The advantages and disadvantages of each method are listed in Table 6.1 and the
comparison of each method is listed in Table 6.2. To assist with the assessment, the

. sequence of operations for the three developed methods introduced in this thesis is
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summarized in Figure 6.1. The LCWM, LEDM?, and LHEM techniques will be evaluated

against the following seven criteria:

1. Quality of surface finishes - Excellent surface finishes with low Ra values are
required to avoid adhesion of bio-molecules to microstructures and to achieve

optical detections.

2. Environmental impact of microfabrication process — Modern manufacturing
process must make minimal use of toxic chemicals and utilizes processes that
leave a minimal harmful impact on the environment. Some of the chemicals used
in micromachining are carcinogenic. For example, chlorobenzene is a

carcinogenic compound that frequently used in dissolving PMMA photoresists.

3. Technology readiness — A commercially viable production technique must exploit
technologies that have been established or proven effective. Using a technology
in a commercial manufacturing process that is not ready will result in excessive
cost over-runs and production time delays. Therefore, developed microfabrication
technologies in this research project should be compatible with the existing
micromachining technologies to reduce the uncertainty of new product

developments.

4. Fabrication steps - The fewer fabrication steps involved in producing a part the
higher the quality parts would be (avoids misalignment during setup or a failed
processing step ruins the final parts.) and it lowers costs due to handling and
machine operations.

5. Total fabrication time - Added production time translates into higher overall costs.

6. Ease of tool replacement — Quick and ease replacement of tools, such as

micromolds, will reduce production downtimes.

7. Scalability — The ability to scale-up micromold master fabrication (ie. making
multiple identical micromold copies) will enable the manufacturer to meet higher

production volumes by running parallel molding processes.
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Table 6.1 Advantages and disadvantages of the LCWM, LEDM?, and LHEM methods.

Fabrication Advantages Disadvantages
Method
a) Only few processing steps: laser cutting and a) Smallest channel width of about
welding 75pum
LCWM b) Direct fabrication of metallic mold masters b) Non-optical surface finishes
¢) Rapid fabrication, less than 1 hour in the without a post polishing process
demonstrated master
d) Material cost relatively low, stainless steal or
low-carbon steel
¢) Material strength of mold masters: high
strength metals can be used.
f) Environmental friendly: involved minimal
chemicals
a) Only few processing steps: laser cutting and a) Non-optical surface finishes
’ microEDM die-sinking . without a post polishing process
LEDM b) Direct fabrication of metallic mold masters b) Relatively long fabrication time,
¢) Able to machine conventionally difficult-to-cut czl'i‘e-t:‘ 4]8_hoursr°<;t;:sncroEDM
materials such as tool steels gp
d) Minimum channel width of about 25um
e) Fabrication of high aspect ratio microstructures
f) Environmental friendly: involved minimal
chemicals - only dielectric oil is needed.
£) Material strength of mold masters: very high
strength metals such as tool steal can be used as
substrates.
a) Only few processing steps: laser cutting and a) Low aspect ratio (height/width),
hot embossing less than 0.5 aspect ratio
LHEM | ) rapid fabrication, 1 hour for the 1% b) Non-metallic mold master
demonstrated master, 30 minutes for an .
additional master c) Maten.al strength of the mold
master: strong enough for -
c¢) Near optical grade surface finishes casting of PDMS or hot
d) Minimum channel width of sbout 25um embossing a thermaplastic that
A ] . ; has a lower glass transition
(smaller width is possible with an improved tempe than PMMA

process control system.)

e) Environmental friendly: involved minimal
chemicals
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b) Micro-EDM die sinking the mask
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¢) A finished metallic mold master.
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Figure 6.1 The sequence of fabricating micromold masters using LCWM, LEDM2, and

LHEM methods.



Table 6.2 Comparison of LCWM, LEDM?, and LHEM method.
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LCWM LEDM’ | LHEM
Quality of surface finishes Good Poor Excellent
Environmental impact Very Low Low Very Low
Technology readiness (compatible) Acceptable Acceptable Good
Fabrication steps 2 steps 2 steps 2 steps
Total fabrication time Short Long Short
Ease of tool replacement Easy Medium | Very easy
Scalability Medium Low High

6.3 Discussion of the LCWM, LEDMZ, and LHEM Methods

6.3.1 Quality of surface finishes

To avoid adhesion of bio-molecules or provide optical detection of the samples to be
analyzed, it is necessary to produce surface finishes of optical quality. Based on the
‘experimental studies, polymer CE devices molded using the LHEM technique exhibit
near optical grade surface finishes. As discussed in Chapter S, the surface finishes of
these mold masters and molded channels are near 10nm Ra. Further, this near optical
. grade of surface finishes may be useful for incorporating “integrated optics,” such as
microlenses, along the microchannels. For example, the LCWM molded Y-channel

micromixer shows reasonable optical quality for optical detection. The mixing of two

colored waters was easily observed under the microscope as shown in Chapter 3.

In contrast, the LEDM? mold masters have surface finishes of 300 to 400nm Ra

which is not suitable for optical applications. Under microscopic observation, the molded

PDMS T-micromixer produced using the LEDM’ metallic mold master showed poor
optical transparency even though PDMS is a transparent material. These molded
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microchannels may still be used for optical detection applications if the covering layer is
transparent. However, this solution would allow only one side available for optical

sensing.
.6.3.2 Environmental impact of microfabrication process

To reduce the environmental impact of the manufacturing process, as discussed in
~ Chapter 1, it is essential that a minimal use of chemicals be required during mold and part
fabrication. The LCWM and LHEM methods use essentially no harmful oils or etching
chemicals in the fabrication process. However, the LEDM? method requires the use of
dielectric oil which under certain circumstances may be replaced with de-ionized water
when machining certain materials. The stated objective of developing a microfabrication
method that uses minimum chemicals is accomplished. In addition, the substrate
materials used in the LCWM, LEDM? and LHEM mold masters are recyclable - LCWM
and LEDM? are metal and LHEM is PMMA thermoplastic polymer.

6.3.3 Technology readiness

Fabrication methods that are compatible with the established and readily available
micromachining technologies could potentially increase its impact on industry because of
“numerous exciting MEMS devices developed have been created by combining various
micromachining techniques and processes such as the photolithography, E-beam
lithography, thin-film deposition, wet bulk micromachining, dry etching, and more.

The LCWM and LEDM? methods do not appear to be compatible with the
established micromachining technologies. In contrast, the LHEM method appears to be
highly compatible with the established micromachining technologies. With some
modification of the process such as depositing a thin polymer film on a silicon wafer via
spin coating and used the LHEM method to transfer the microfluidic pattern or
fabricating polymer micro-optics. However, these suggestions require further

investigation.
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6.3.4 Fabrication steps

The number of fabrication steps required for each of these methods is essentially two:
LCWM-laser cutting and laser microwelding; LEDM? - laser cutting and microEDM die-
sinking; and LHEM - laser cutting and hot embossing. Both the LCWM and LHEM
'techniques require nearly no preparation of the substrate prior to laser cutting. However,
the LEDM? requires a longer setup time for the technician to prepare the material for the

microEDM process.
6.3.5 Total fabrication time

LEDM? requires the longest fabrication time, about a few days. The microEDM die-
sinking contributes the most to the overall fabrication time and this time is a direct
correlation of the required aspect ratio for the microstructures. If a low aspect ratio
structure is acceptable for the application, then the fabrication time can be shorten
significantly.

Both the LCWM and LHEM require only about one hour of fabrication time for
‘creating the mold masters used in this study. When an additional master is needed, the
LCWM requires re-cutting the metallic microfluidic network patterns, every time
sequentially, which means no reduction of the fabrication time for additional masters.

Once a metallic mask for the LHEM method has been cut, the mold masters can
be replicated by hot embossing in about 30 minutes for a complex pattern of microfluidic
network — in fact, the fabrication of LHEM mold masters is a rapid replication process
- that can mass-produce masters, which makes the process easily scaling up according to

the production demands.
6.3.6 Ease of tool replacement

Damage to the mold master can occur frequently during the part production because of
the improper use by the manufacturing personnel. For example, if non-optimal process

parameters are used to shorten the production cycle-time, such as increasing injection
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pressure and temperature, then the mold master will experience higher stresses that lead
to premature failure. Therefore, to reduce the production downtimes due to damaged
mold masters it is necessary to have a quick, relatively low-cost method of making

replacement molds.

The LEDM? mold masters are the most difficult to replace because the method
requires the technician to repeat the complete fabrication sequence for every additional
master produced. Similarly, the LCWM method also does not allow any s1gmﬁcant

~ reduction in fabrication time for creating additional masters.

Replacing LHEM mold masters can, however, be quick because the fabrication of
LHEM mold masters is, in fact, a replication process. Once the hot embossing mask is
fabricated, any number of additional LHEM mold masters can be easily replicated.

6.3.7 Scalability

As discussed in Section 6.3.5, the production scalability is desirable attribute for mass-
producing large volumes of disposable microfluidic devices. Fabricating multiple
identical mold masters makes parallel production possible and the simplicity of the
technique for fabricating functional mold masters ensures that basic designs can be easily
varied to respond to customer demands. In addition, the issue of scalability is closely

related to the total time needed to fabricate the mold masters and the ease of replacing

discontinued or damaged mold masters.

In terms of the LCWM and LEDM? techniques, the unit cost of a mold master for

- any additional masters created by the LHEM technique are easily replicatéd in large

volumes once the metallic hot embossing mask is fabricated. This allows numerous
parallel production lines to be used to manufacture very high volumes of PDMS polymer
microfluidic devices. The PDMS can be quickly and easily cured under elevated
temperatures. It only requires simple heating units such as an industrial hot plate with
temperature control. One researcher at Harvard University (Whitesides, 2006) suggests

" that using PDMS to replicate microfluidic devices has the potential to become the future

standard material for developing a wide range of microfluidic devices.
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6.4 Concluding Remarks

This chapter provided an evaluation of each developed method against seven criteria for
design and manufacturing. It is important to recall that the overall objective of this
research is to develop innovative microfabrication methods for creating functional
micromold masters that use a minimal number of processing steps, are compatible with
the proven micromachining technologies, minimize negative impact on the environment,
~ permit scalability as production demands increase, and ensure reproducibility of the mold
master. The rapid fabrication process must also produce complex mold masters with
accurate microfeatures and high quality surface finishes. Only the LHEM method has
met all these requirements. The LCWM and LEDM? method have the advantage of direct
fabrication of metallic mold masters but it falls short of the scalability, compatibility, and
surface finishes, when compared it to the LHEM method. Because the LHEM method
appears to be highly compatible with the established micromachining technologies and
measures up well to all seven evaluation criteria, further investigations for this method
should be taken. |
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CHAPTER 7

CHARACTERIZATION AND MODELING OF THE LHEM
PROCESS

~ 7.1 Introduction

This chapter presents the experimental characterization and development of an empirical
model for the hot intrusion process (HI) of the LHEM microfabrication technique. The
hot intrusion process is, in fact, a partial hot embossing method where the microrelief
features are formed on the polymer substrate without the soften material making direct
contact with the walls of the cut features in the embossing mask. This “contactless”
process means that the rough wall surfaces formed during laser cutting will not impact
the surface quality of the extruded microfeatures. The objective of the characterization
and mathematical modeling is to better understand the phy;ical relationship between the
hot intrusion process (HI) parameters and the resultant geometric microfeatures. The
selection of “optimal” process parameters is necessary to make LHEM a viable
production methodology.

Mathematical modeling of the contactless hot intrusion process for parameter
selection has been the subject of several previous studies (Ziolkowski et al., 2003; Shen
et al.,, 2002; Pan et al., 2004). Typically, these researchers describe a hot-intrusion
- method in which an array of microlenses is fabricated by pressing a metallic mask onto a
heated polymer substrate. Ziolkowski et al. (Ziolkowski et al., 2003) developed a model
for fabricating contactless-embossed plastic microlenses that exploits the Laplace
equation to describe both the surface tension and contact angle between the mask wall
and the surface of the resultant microlens. This model is used to estimate the height and
radius of the resultant PMMA microlenses. Pan et al. (Pan et al., 2004) reported the
fabrication of the PC (polycarbonate) microlenses via the hot-intrusion and used an
Arrhenius-type function to model the changes of viscosity with respect to temperature.
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Shen et al. (Shen et al., 2002) modeled the hot-intrusion process of the fabrication of PC

microlenses using the activation energy function and surface tension of the melt polymer

to approximate the height and radius of curvatures of the microlenses. The authors of the

latter two studies (Shen et al., 2002; Pan et al., 2004) used an empirical curve fitting
- technique to determine the values of constants in their proposed models.

Since the hot-intrusion process can be interpreted as a partial hot embossing (HE)
process (Cameron et al., 2006; Lei et al., 2005; Luo et al., 2006; Worgull et al., 2006),
~ previously published studies in modeling HE are also relevant to the current research.
Cameron et al. (Cameron et al., 2006) empirically optimized the process parameters for
hot embossing lithography of microfluidic devices by varying the embossing force,
embossing temperature, embossing time and de-embossing temperature. Lei et al. (Lei et
al., 2005) used contact stress analysis to model hot embossing of PMMA microchannels,
and showed that the numerical prediction of wall profiles compare favorably with
experimental results for channel widths, pressures, and temperatures. Luo et al. (Luo et
al., 2006) emploYed the visco-elastic model to describe the hot embossing of PMMA
microchannels. Finally, Worgull et al. (Worgull et al., 2006) applied non-linear transient
thermo-visco-elasticity constitutive equations to model the hot embossing process. These
researchers often used finite element analysis software to simulate the process (Luo et al.,
2006; Worgull et al., 2006).

7.2 Experimental Characterization of Hot Intrusion

A pﬁmary objective of the LHEM method is to produce PMMA mold masters that have
extruded microrelief patterns with near optical quality surface finishes. The previously
published work of creating plastic microlenses via hot intrusion process (Ziolkowski et
al., 2003; Shen et al., 2002; Pan et al., 2004) showed that the surface quality of the pillar
microstructures located below the microlenses, which were formed in contact with the
niask, was directly depended upon the surface finish of the masking tool. In the LHEM
method, the laser micromachined surface of the mask is less than mirror quality and,
therefore, the formation of the pillar microstructures during the hot intrusion process
should be avoided in the LHEM method. As a result, the optical quality of microchannel
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features on the PMMA master can be produced at the best quality possible. Experimental
characterization reported in this chapter will focus on the formation of the extruded
profiles without extended pillar microsturctures.

To quantitatively analyze the fabricated geometric features of these extruded
microreliefs of the PMMA mold master, a metallic mask of microchannel features with
various widths (25 to 200um) was designed and laser cut. The mask was then used to
fabricate mold masters on 1.5mm thick PMMA substrates under various HI process

-conditions. The geometric attributes of the extruded microreliefs were then measured.
7.2.1 Experimental setup

The key process parameters for the experiments are the pressure, temperature, and time
profile of the hot-intrusion process. The geometric features of the extruded microreliefs
used to replicate microchannels are width, height, curvature, and aspect ratio. Figure 7.1
shows a typical cross-sectional profile of an extruded microrelief. The range of process
parameters used to fabricate the test samples are based on limitations of the experimental
setup and the properties of the substrate material (PMMA), and the prior experimental
observations in Chapter 5 (Shiu et al., 2008).

The metallic mask used for the hot-intrusion (HI) experiments was laser
micromachined using a 3.0W (at 20 kHz) AVIA UV laser from Coherent Inc., USA (as
’déscribed in Chapter 3). The pulse duration is set to less than 40ns at 60kHz. The hot
intrusion (HI) mask is cut from a 75um thick sheet of brass. The molding mask features
a matrix of 9x3 machined slots. Each slot is about 2 mm length and the widths of the nine

' slots in each row vary from 25 to 200um. The widths of the slots in the three rows are
designed to be same in order to test the consistency of geometric properties of the
fabricated microchannels. The slots are set 500pm apart from one another to ensure that
they do not affect each other during the molding process.
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Figure 7.1 Typical cross-sectional profile of the extruded micro-relief (height H, radius R,
and aspect ratio AR = H/W). ’

' The minimum width of the slots is chosen to be 25um because of the inherent
limitations in the laser system that was used to produce the HI mask. Although the
diameter of the focused beam of the laser is about ‘IOpm, the cutting process was
~observed to be more stable in the 25um range. The maximum width of 200um is a typical
upper limit for microfluidic applications. '

Once the machined hot-intrusion mask is completed, it is then used to fabricate
 the test mold masters from PMMA material. PMMA material is widely used in hot-
émbdssing and hot-intrusion processes for microfluidic applications. In addition, PMMA
has good mechanical and optical properties. Its glass transition temperature (Tg) alloWs
faster curing of elastomer PDMS molding material at an elevated temperature. The

process parameter values selected for these tests are summarized in Table 7.1.
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Table 7.1 Hot intrusion process parameters used in this study.

Hot-intrusion Hot-intrusion Hot-intrusion Width of
pressure temperature time the intrusion base
p [Psi (kPa)] T [*C] { [min] W [pm]
30 (206.8) T, +10=110 2 25
40 (275.8) T, +25 =125 5 to
50 (344.7) Ty +35=135 10 : 200
60 (413.7) - 15 -

The minimum molding pressure (p) is chosen to be 2.07x10° Pa (30Psi) because
the pressure distribution produced by the hot press below this value was observed to be
uneven, a potential source of error. The maximum value of hot-intrusion pressure is
selected to be 4.14x10° Pa (60Psi) in order to prevent the extruded profiles from reaching
the top surface of the metallic mask.

The hot intrusion step was performed under air, and the phenomenon of air
trapping was not noticeable in the fabricated mold masters when observed under
microscope. In general, air trapping in the LHEM method can easily be avoided by
providing “bleeding holes” in the upper press plate to let the air escape, since the softened
‘material never touches the upper plate. In the experiments, the bleeding holes were not
necessary, as the clearance between the mask and the press plate was sufficient to prevent
air trapping.

In additioh, a minimum temperature of 110°C is selected because this value is
10°C above the glass transition temperature (Tg) of the PMMA substrate material. The
upper limit of the temperature is set at 135°C to prevent the value of Young’s modulus of
the PMMA to increase (Lei et al., 2005). Figure 7.2 shows that the Young’s modulus of

this material varies with temperature.
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Figure 7.2 Young’s modulus of PMMA material as a function of temperature (Lei et al.,
2005).

In the experiments, the “HI time” is varied between 2 and 15 minutes. When the
maximum duration of HI time is reached, the heater of the press is turned off and the
fabricated part is left to cool down by natural air-cooling. The natural cooling (observed
1;5°C/min) is sufficiently slow to avoid build up of the thermal stress in the molded
master. The demolding temperature is set to 90°C which is slightly below the PMMA
glass transition temperature.

An SEM view of typical extruded microreliefs produced in this study is shown in

Figure 7.3. The corresponding cross-sectional profile of a single extruded microrelief was

~ previously given in Figure 7.1. The profile measurements were recorded using a surface

stylus profiler Dektak’ST with the X-coordinates of the profile measured at Sum intervals.
The average surface roughness (Ra = 10nm) of these microreliefs was measured using

Wyko NT1100 optical profiling system from Veeco Instruments Inc., NY, USA.



Figure 7.3 Observed features ofthe PMMA mold master produced in the experiments (HI
temperature 125°C, HI pressure 413.7kPa (60Psi) for HI time 10 minutes): an SEM view
of the extruded microreliefs showing consistent geometric features and high-quality

surface finishes.

The radius R of an extruded profile can be estimated several different ways. For
example, the Laplace equation was used by Ziolkowski et al. (Ziolkowski et al., 2003) to
estimate the radius of extruded microlenses from surface tension and contact angle of the
microlenses. R may be estimated using a simple equation based on the assumption that
the cross-sectional profile of the microrelief is a circular arc. Knowing that the chord
length of the circular arc is equaled to the width of the profile base (W) and knowing the
height of the arc (//), it is possible to calculate the radius from basic geometric
relationship:

W 2

R = + 7.1
8 H 2 7D

To investigate the relationship between the geometric features of the microreliefs
produced by the LHEM method and the hot-intrusion (HI) process parameters, three sets
of experiments were conducted. The first experiment involved varying the HI pressure

over a predetermined range while the temperature (125°C, Tg+ 25°C) and intrusion time
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(10 minutes) were held constant. The second test required the HI temperature to be varied
over the desired range while the pressure (206.8kPa (30Psi)) and intrusion time (10
minutes) remained constant. Finally, the third experiment involved changing the time
duration of the intrusion process while pressure (206.8kPa (30Psi)) and temperature

(125°C, Tg+ 25°C) were held constant.

7.2.2 Experimental results

The experimental results of this study are presented in Figures 7.4 to 7.6. The height-
width (H-W) diagram for the microreliefs extruded under the “varying pressure”
conditions is shown in Figure 7.4. The diagram shows an approximate linear relationship
between height H and width W, with the slope of the plot being a function of the applied
HI pressure. At a HI pressure of 4.2 x 105 Pa (60Psi), the height of several extruded
microreliefs reached the top of the metallic mask, thereby, causing the top of the
microrelief to be flattened during the fabrication process. These samples were removed

from the data presented in the figure.

Figure 7.4 H-W diagram for the *“Varying HI Pressure’ experiments. Constant

parameters: temperature Tg+ 25°C (125°C) for 10 minutes.
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Figure 7.5 shows the H-W diagram for the micro-reliefs extruded under the
“varying temperatures” conditions. Similarly, an approximate linear relationship is
observed between the extruded heights and widths, with the slopes dependent on various
Hl temperatures. Note that the slopes of the lines are steeper for higher temperatures.
This shows that the Young’s modulus, which is temperature dependent in the elastic

region, is inversely proportional to the heights of the extruded micro-reliefs.

Figure 7.5 H-W diagram for the “Varying HI Temperature” experiments. Constant

parameters: HI pressure 206.8kPa (30Psi) for 10 minutes.

The H-W results collected from the “varying time” experiments are given in
Figure 7.6. In this case, there is also a linear relationship between H and W, but the slopes
of various HI time durations appear to be independent of the HI time over the range

investigated in this study.
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Figure 7.6 H-W diagram for the “Varying Time ” experiments. Constant parameters for

the experiment include a temperature of 125°C and HI pressure of206.8kPa (30Psi).

Once H and W are measured, the aspect ratio (AR) of the extruded microrelief is
calculated as: AR = H/W. Table 7.2 summarizes the range of values of AR calculated
from the experimental data and the values of the estimated R of the extruded microreliefs
calculated using Eq. (7.1) with the measured values, H and W. A comparison is shown in
Figure 7.7 and it indicates a reasonably good agreement between the two. A power
function model that appears to better describing the cross-section of these extruded

microreliefs is investigated and is presented in later sections.

Table 7.2 Aspect ratio (AR) and calculated radii of the extruded profiles.

Varying HI Varying HI Varying HI
pressure temperature time
AR(HAV) Min 0.09 0.09 0.17
AR (H/W) Max 0.46 0.28 0.22
Radius (pm) Min 12.56 16.96 15.62

Radius (pm) Max 140.8 269.11 157.96



Figure 7.7 Comparison between the measured and estimated profile at 2.1x105Pa and Tg

+ 25°C.

The widths of the extruded profiles were also measured and found, on the average,
to be about 21% larger than the widths of the machined features in the HI mask. This
appears to be a result of the deformation of the mask during the hot-intrusion process,

caused by the lateral forces generated from the intruding soften polymer to the mask.

To examine the reproducibility of the extruded profiles, the mold master was re-
fabricated under the process conditions of 125 °C, 207 kPa, and 10 minutes, and the H-W
measurements were repeated. The difference in measurements on the two mold masters
was small (average standard deviation: W: 5.1 pm and H: 0.77 pm), indicating reasonable

reproducibility of the extruded profiles.



7.3  Development of an Empirical Model

In this section, an empirical model is derived from the experimental data to describe the
relationship between the HI process parameters and the geometric features of the
extruded microrelief. The data distribution in Figures 7.4 to 7.6 clearly indicates a linear
relationship between height (H) and width (IT) of microchannel profile that can be

described as:
H=a-W, (7.2)
where a is the dimensionless parameter.

To determine the values of the “a,” Eq. (7.2) was fit into the data given in Figure
7.4 using the least-squares method, with 95% confidence. This was done using Origin 6.0

software package from OriginLab, Massachusetts, USA. The resulting values are:

for pi 207 kPa, a(pi)=0.1904
for p2 = 276 kPa, a(pd =0.3063 (7.3)
for ps = 345 kPa, a(ps) - 0.3628

for p4 =414 kPa, a(p4d = 0.4587

The root mean square (RMS) errors of the linear fits were from 1.74 to 2.34, and
root-square (R ) values were from 0.986 to 0.992. The parameters given in (7.3) were
used to plot Figure 7.8. Since it shows an approximate linear relationship between the

parameter a and pressure p, the relationship can be described as:

a(p)=C,+CO0- p (7.4)

where Co is a constant determined empirically with the unit of Pal and C; is a
dimensionless constant. Fitting this model to the experimental data using the least-

squares method (RMS = 0.01715), results in: Co = 1.25x106[P a\ and C/ = -5.8Ix10'2.
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Figure 7.8 Linear relationship between a(p) and the HI pressurep.
Substituting Eq. (7.4) into Eq.(7.2) yields:

H =(C, +CO0p)W (7.5)

which holds wunder the “varying HI pressure” conditions: p e [207,414] kPa

We[25,200)pm, T—125°C, Time = 10 minutes, and substrate material is PMMA.

Recall that the extruded heights of the microrelief were shown to be inversely
proportional to the HI temperature in Figure 7.6. This observation is consistent with the
fact that the Young’s modulus is a function of temperature (Lei et al., 2005). Therefore,

Eq. (7.5) can be extended as follows:

H =2~Tn-(Cl+CO0p)W (7.6)
E(T)

Note that Cr(T) is a temperature dependent constant of the PMMA, which must be found

empirically, and E(T) is the Young’s modulus of the material. To make both (7.5) and

(7.6) hold, it is necessary thatCr (125 °C) = £(125 °C).
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Figure 7.9 Linear relationship between Cjand the HI temperature T.

Lei et al. (Lei et al., 2005) conducted an experimental study to determine the
Young’s modulus of PMMA material under various temperatures. The experimental data

were fitted with the following polynomial curve:
log£(77) = -1.3909x10~77'4+6.5716x10 57'3-0.0107r2+0.67077'-4.9704 (7.7)

The values for Ct(T) at other temperatures can be estimated by fitting data shown in

Figure 7.9 into the linear model:
Ct(T) =C3+C2T (7.8)

by using the least square method (R2= 1.0, RMS = 1540.3). The resulting values are:

C2 = 5.16X104 [PaJ°C\ and C3 = -5.24x106 [Pa].
With these values, it is possible to obtain a final empirical model for the extruded

height H:

- +c,7’
H c(r) (c3+c,7’)(c, +C,.p)w (7.9)



which holds for: /?e[207, 414] kPa, W e[25, 200] jum, T e[l 10, 135] °C, Time = 2 to 15

minutes, and substrate material is PMMA.

7.4 Model of a Cross-Sectional Profile

74.1 Mathematical representation of an extruded micro-profile

In previous sections, the experimentation and empirical model, Eq. 7.9, used to describe
the relationship between the key hot intrusion process parameters with the width and
height of the extruded profile were presented. The shape of the extruded profiles was
estimated based on the assumption that the extruded profile can be represented as an arc
curve. This section illustrates a more accurate mathematical model representation that
describes the extruded profile shape and verified using the experimental data with
statistical analysis. The extruded profile width W is measured at the base of the extruded
profile and the height h is measured from the profile base to the peak of the profile,
Figure 7.1. Based on the experimental observations, 2D profile of extruded microreliefs

appears to be approximated well by a power function:
y-Ae+icB+C (7.10)

where x and y are the coordinates of a profile and A, B, and C are real parameters. The
extruded profiles are symmetric from observations in experimental data in Section 7.2,

therefore, half width of a profile can be described as W/2 =p.

The boundary conditions ofthe power function are when (x = 0,y = h), and when
(y = 0, x =p. By substituting these conditions into Eq. (7.10), the real parameters of A
and C were found when x = 0,y = h, and therefore, C = h, and when x =p,y = 0, we

have

By substituting the A and C into Eq. (7.10):
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h 18 .
A =-r-j3"M  +h (7-H)
\P\
Now B is the only remaining unknown in Eq. (7.10). To estimate B, it is possible

to fit the measured points of an extruded profile into Eq. (7.11). To simplify the process,

the x andy coordinates are normalized by dividing by p and h, respectively.

(7.12)

This step makes all curves of extruded profiles having the same unit length of height and

half-width. Thus, Eq. (7.13) is obtained by substituting X, and Y into Eq. (7.11):
r+i=|[x|s (7.i3)

Parameter B can now be estimated by linear fit the curve in the plot Log(Y+1) vs. LogX
using the least-squares method. The conditions for the model to be valid are summarized

in below:

a) B > 1is physically possible given the experimental observations in Section 7.2.
Figure 7.10 shows the effects of various B values onto the shape of extruded

profiles,
b) the extruded profiles are assumed to be symmetric about the T-axis,

c) the absolute value of X and Y+ are required to make Eq. (7.13) valid for the

logarithm function.

Through the above derivation, it has been shown that the three parameters ip, h,
and B) can represent the extruded microprofiles. The model is then validated using the
experimental data presented in Section 7.2. B values of the extruded profiles will be

determined with the same experimental data.
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Figure 7.10 Effect of the parameter B on the shape of the micro-relief profile.

7.4.2 Results of the power-function model

The visual comparison between the modeled and measured profiles appears to be in good
agreement. Figure 7.11 shows a typical plot of the coordinates of a measured profile and
a modeled profile. Figure 7.12 shows a typical B values of an extruded profile calculated
by linear fit the log-log plot of the coordinates of a measured profile using least-squares
method, R2= 0.99. In a typical profile, a slight variation of B values from both sides was

observed. These two B values were averaged to represent a B value of a profile.
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Figure 7.11 Comparison between the modeled and measured extruded profiles. The shape
of slopes (top) and process parameters (bottom) where: 110°C, 207 kPa (30 Psi), and 10

minutes.



Figure 7. 12 B value of an extruded profile estimated by linear fit of the log-log plot.

Figures 7.13 to 7.15 show these computed B values under three different process
conditions such as HI pressure, temperature and time. These values appear to be
distributed randomly but mostly concentrated around 2.35 to 2.75. Figure 7.16 show the
distribution of the B values and average value is around 2.57. Figure 7.17 shows the
areas under the curve (extruded profiles) of both modeled and measured profiles and

indicated less than 2% of difference in areas.



Figure 7.13 B values at various hot intrusion temperatures.
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Figure 7.14 B values at various hot intrusion pressures.
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Figure 7.15 B values at various hot intrusion times.
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Figure 7.16 Distribution of B values concentrated around 2.45 to 2.75.



Figure 7.17 Comparison of area under the profile curves of the extruded microprofiles

between measured and modeled (B = 2.57) profiles.

7.5 Discussion of the Results

The developed empirical model given by (7.9) can be used as a simple tool for estimating
the height of the micromold reliefs fabricated by the LHEM method. It establishes the
relationship between the height of the extruded microrelief and the designed width of
extruded profile and key process parameters (pressure and temperature). Being a simple
algebraic equation, the model is easy to use and provides the estimate feature dimension

without the need for computationally intensive finite element analysis.

As shown in Figure 7.6, the hot-intrusion time in the investigated range does not
have a significant effect on the height H, and therefore can be set within the bounds
defined above. This is in line with the previously published results (Cameron et al., 2006)
where longer hot embossing time was shown to have little effect on the filling of

microchannel cavities.

The model is valid within the bounds of the key parameters defined by (7.9), and

when PMMA is used as the substrate material. PM M A features good mechanical and
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optical properties and is a widely used material in micromolding of microfluidic devices.
As such, it was chosen for this study; other materials (such as polycarbonate) will be

considered in the future work.

~ For the power function that models the extruded microprofile shape, the results of
the modeling using Eq. (7.13) indicated that the modeled profiles describe the measured
extruded profiles in an average of only 1.62% difference in cross-sectional area.
Therefore, the profiles generated using the proposed model appears to be a good
“approximation of the microprofiles. The relationships between the B values and HI
process parameters (hot intrusion pressure, temperature and time) under our considered
process conditions were examined based on statistical analysis techniques. The results
suggest that B values are uncorrelated to the process parameters experimented in this
study.

7.6 Concluding Remarks

This chapter presented the experimental characterization and an empirical model
describing these heights of the extruded microreliefs as a function of key process
parameters for the LHEM method. The fabricated heights of microreliefs are a nonlinear
function of temperature and pressure. The height of the extruded microreliefs ranged
from 5 to 75um and aspect ratio from 0.1 to 0.46. The model was derived by fitting
experimental data using the least-squares method, and is offered as a simple tool for
choosing hot-intrusion parameters for the LHEM method. The cross-sectional profiles of
_the éxtruded microreliefs were modeled using a simple power function and an average
value of 2.57 was found to represent well the profile shape across various hot intrusion

process parameters in the experimental conditions.
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CHAPTER 8

MODELING THE HOT INTRUSION PROCESS USING
FINITE ELEMENT METHOD

~ 8.1 Introduction

An empirical model used to describe the formation of contactless extruded microreliefs,
created by hot intrusion process (HI), was presented in Chapter 7. The derived model was
based on the experimental observations and measurements of key process parameters that
influence the profile shape of the extruded microreliefs. This empirical model does not,
however, explain the physics behind the formation of the extruded microreliefs as the
softened material flows through the cut features of the mask.

A finite element method (FEM) model is introduced in this chapter to describe the
formation of the cross-sectional profile of the extruded microrelief features during the HI
process. This FEM model was generated by applying first principals to develop a deeper
understanding of how the extruded microreliefs are physically created. The FEM model
and analysis is developed using the commercial software package called Comsol

- Multiphysics 3.2.

82 Mechanical Properties of PMMA

As discussed in Chapter 2, polymmethacrylate (PMMA) behaves as a hard, rigid and
optical clear material at ambient temperature. However, as temperature increases the
mechanical properties of PMMA undergoes significant changes. Some amorphous
polymers such as PMMA becomé “rubber like” or “solid-rubber” state when the
temperature is increased to a value above its glass transition temperature (Tg). At this
transition state, the molecules of the heated polymer tend to align themselves in the
direction of stress. If the material is then cooled below its Ty, while maintaining the
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applied pressure, the polymer hardens at that state. The material stress characteristics of
the glass transition property exhibited by amorphous polymers makes it possible to
describe the formation of the extruded microreliefs using a stress-strain model. Often a
shrinkage factor is included in the design to compensate the expected percentage
shrinkage. However, in this application the shrinkage percentage is expected to be
difficult to observe because the extruded microreliefs are created “contactlessly”.

8.3 Finite Element Method (FEM) Modeling

83.1 FEM model of PMMA

The intent of the FEM model is to describe the cross-sectional profiles (2D) formed
through hot intrusion. With the known stresses and PMMA substrate’s Young’s modulus
value at it’s elastic région, Hooke’s law can be applied to calculate strains at the given
process temperamre, provided the assumption of that the polymer behaves elastically
when it is above T; and below the melting temperature (Tp,), and the polymer solidifies
under a constant pressure when polymer cools below its T;. As previously discussed, an
amorphous polymer becomes a soften polymer at its “solid-rubber” state when it is
heated above its glass transition temperature (Tg), and does not exhibit typical plastic
stress-strain behavior. Therefore, once the stress is known and the strains are related to
Young’s modulus E and the Poisson ratio v, the following stress-strain equation can be
used:

E =

x ';'(ax—vay) » &, = (—va'x+0'y) 8.1)

The displacement can be calculated via the strain-displacement relationship
(Budynas, 1999). The Poisson ratio is assumed to be independent from temperature,
v = 0.4. Young’s modulus value of the PMMA polymer is dependent of the processing
temperature as reported by Lei et al. (Lei et al., 2005). For the FEM model, the
temperature condition of PMMA material at the processing temperature under hot
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intrusion is assumed to be constant. Young’s modulus value E(T) for PMMA material is
computed using an empirical equation, Eq. (8.2), that derived from curve fitting
experimental data (Lei et al., 2005),

logE(T) =-1.3909x107T* +6.5716x10~°T° —0.0107T* +0.6707T -4.9704, (8.2)

where E(T) is Young’s modulus (Pa) of the PMMA polymer at a hot intrusion (HI)
- temperature T(°C). Experimental observations in Chapter 7 have shown that the
differences in the final geometries of the fabricated microfeatures from 2 to 15 minutes of
HI time are small, and, therefore, the hot intrusion (HI) time condition in this FEM model
is considered as a static condition if the HI time remains within 2 to 15 minutes. A static
analysis case provided by the FEM software package is used in all models.

The exact melting temperature of PMMA is relatively less definite than the glass
transition temperature (Tg). The melting temperature of PMMA material (Ty,) starts at
around 130 to 140°C. This heated polymer may be in the state of between “solid-rubber”
and “rubber-liquid.” Therefore, the FEM simulated results at 130°C and above may have
deviated predictions of the extruded heights of the microreliefs.

8.3.2 Computational issues

'The implementation of the FEM model and analysis were done using Comsol
Multiphysics 3.2 (previously known as FEMLAB) FEM commercial software package.
The CPU time to process and solve each condition was approximately 10 to 20 minutes

~computational time on a 1.6 GHz PC having 1 GB RAMSs. The simulated FEM results are

then compared with the experimentally determined and measured data taken from

Chapter 7. This FEM model is valid only under the following processing conditions: hot

intrusion (HI) pressures range from 207 to 414kPa, HI temperatures are between 110 to
135°C, widths of the microfeature base are from 25 to 200um, and the process times of

the PMMA substrate material are within the range of 2 to 15 minutes. FEM model run

conditions were based on the experimental observations unless otherwise mentioned.
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The element type used in the finite element method (FEM) was Lagrange-
Quadratic. The principle of virtual work was also used in the implementation by the
software package. The continuum application mode for plane-stress structural mechanics
was employed in this FEM model. The 2D extruded microreliefs were assumed to behave
as a thin plate problem. The CAD model generated in Comsol consisted of two structural
steel sheets lying on top ofa PMMA polymer substrate. The FEM mesh of the fabrication

process is shown in Figure 8.1.

Figure 8.1 Two-dimensional layout ofthe meshes of the FEM model. The walls of the

metallic mask are shown at the top of the PM M A substrate.

The static analysis case was selected to simplify this FEM model because the
heated and soften PMMA was assumed to align along the direction of the applied stress
and the applied stress was maintained until the heated PMMA cooled below its glass
transition temperature. At this state the shape of the PMMA polymer would be frozen.
The polymer and metallic mask were assumed to be at a same processing temperature
throughout the hot intrusion molding process. This assumption in the FEM model helped
to simplify the complexity of modeling exercise because the conditions of heat transfer

such as conduction, convection, and radiation were neglected.
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Figure 8.2 shows the FEM simulated result of the extruded profile arising from
the hot intrusion pressure applied on a heated PMMA substrate. This figure also
illustrates the deformed shape of the PMMA substrate which closely resembles the
measured profiles taken by the surface profile Derkat3ST. The distribution of stress
applied onto the mask and PM M A substrate are mostly concentrated at the comers where
the metallic mask makes direct contact with the PMMA substrate. Furthermore, by
varying the input values of process parameters in the FEM model, the FEM simulated
extruded profile appears to be similar to that found in the metallographical cross-sectional
view captured by the optical microscope, see Figure 8.3. Careful systematic FEM
simulations were conducted. The next section describes several tests used to compare the

FEM simulated and measured data.

swfjt*, A*Mw* «rapate'] h>A W >tW M <H H. oW
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\
Metallic Metallic
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Figure 8.2 FEM simulated result of the formation ofa PMM A extruded profile by the hot

intrusion process.



Figure 8.3 The extruded profiles generated by FEM simulation under varying the key
process parameters (a), and metallographical cross-section of the extruded profile found

in experimental results (b).

8.3.3 Simulation results and comparative analysis

Figures 8.4 to 8.6 show the FEM simulated results of the heights of extruded profiles
under various HI pressures and were compared with the experimentally measured results.
The FEM results were consistently lower than the measured results but with very similar
tendencies. Subsequently, the HI pressures were increased by 30% and the FEM
simulated results were in close agreement with the measured data at HI temperature of
110 to 125°C. However, the FEM model was further under predicted the extruded
heights of microreliefs at the HI temperature 135°C. Subsequently, Young’s modulus
value of PMMA substrates was adjusted at this HI temperature. A good agreement
between the FEM data and measured data was found when the modulus was reduced by

25%.

Figure 8.6 shows the differences between the widths of the mask openings and of
the extruded microreliefs at the base. This figure validated the measured results in
experiments presented in Chapter 7 that the extruded microreliefs have a wider base
width dimension than the mask openings because of the mask suffered deformation
caused by the lateral forces generated by the soften polymer intruding into the mask
during hot intrusion. FEM simulations were re-run under the condition of both with and

without the constraint of horizontal direction of the metallic mask.
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Figure 8.4 Comparison of heights of extruded profiles between measured and FEM

simulated data under various HI pressures at 125°C HI temperature.

Figure 8.5 Comparison of height of extruded profiles between measured and FEM

simulated data under various HI temperatures at 207kPa HI pressure.



Figure 8.6 Comparison of widths of extruded profiles between measured and FEM

simulated data under various HI pressures at 125°C HI temperature.

8.4  Microfeatures with Near Optical Quality Surfaces

Based on the FEM predictions described in this chapter and experimental measured
results in Chapter 7, there is a strong positive correlation between the extruded height H
and width W of the extruded profiles at a given hot intrusion process conditions. The
implication of this correlation is that, if used innovatively, the LHEM method can be
employed to fabricate 3D microfeatures. This section, therefore, illustrates the potential
of the LHEM method for fabricating several micromold masters with complex

microfeatures such as a 3D micronozzle.

Figures 8.7 to 8.13 show several examples of these 3D microfeatures produced by
the LHEM method. Figure 8.7 provides a microscopic photograph of a 3D microchannel
mold master that was formed by a mask with three connected circular holes. The profile
of the microchannel measured by optical profiler along its axis is given in Figure 8.8.

Continuous varying heights of microstructure are clearly visible. Figure 8.9 shows
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another example ofa 3D microchannel mold master and its profile is illustrated in Figure

8.10. A more complex microchannel with varying (3D) profile is given in Figure 8.11.

Figure 8.7 Microscopic view ofthe microfeatures of microlens/microchannels of the

PMMA mold master.

B & M

Mmoo

w

6=V

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

X co-ordinate (mm)

Figure 8.8 The measurement ofthe PMMA mold master taken by the Wyko optical

profiler, shown in Figure 8.7.



Figure 8.9 Microscopic view ofthe 3D nozzle microfeatures connected to a reservoir,

fabricated using the LHEM method.
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Figure 8.10 The measurement, taken by the Wyko optical profiler, of the 3D micronozzle

feature of the PMMA mold master shown in Figure 8.9.



Figure 8.11 Microscopic view ofa section ofthe 3D microchannel PMMA mold master.

The surface finish quality in all examples was measured using the Wyko optical
profiler and the measurements were Ra = 10 to 40nm. This means that the fabricated
microchannels have walls with near optical quality finish. Figures 8.12 and 8.13 show
two cases where the top of the microchannels were flattened when the softened material
reaches the top press plate. This can be achieved by choosing appropriate process

parameters and can be useful in some applications.

Figure 8.12 Two microscope views of microchannels of the master fabricated under
different process conditions: (a) applied a higher pressure, and (b) applied an optimal

pressure to produce near optical finishes.



Figure 8.13 Microscopic view of a PMMA mold master had large flatted surface

connected to three microchannels.

8.5 Discussion

The FEM simulated results agree well with experimental data at HI temperature above
PM M A’s glass transition temperature (Tg) and below its melting temperature (Tm). This
suggests that the proposed model for describing the formation of cross-sectional shape of
microfeatures (2D case) produced via the hot intrusion process of the LHEM method is
adequate in a specific temperature range. Initially, the consistent offset of the FEM
prediction of the extruded heights of microreliefs at HI temperature from 110 to 125°C by
30% lower HI pressure suggests that the model that only considers a 2D case may
contribute to the deviation. Once this HI pressure values were increased by 30%, the
simulated FEM results and measured data at HI temperatures from 110 to 125°C are in
good agreement. Further investigation is needed to confirm the reasons of this deviation

ofthe FEM simulation.

At 135°C HI temperature, the FEM model further under predicted the extruded
heights of microreliefs. At a 25% reduced Young’s modulus of PMMA at 135°C, a good
agreement was found between the FEM and measured data. Because of the melting
temperature of PMMA is around 130 to 140°C, PMMA at 135°C may be in a “rubber-

liquid” state rather than in a “solid-rubber” state. This “rubber-liquid” condition suggests
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that at higher HI temperatures, the proposed FEM model may not be suitable to
completely describe the formation of these extruded microreliefs.

The simulated FEM results agree well with the experimental observation
presented in Chapter 7. The simulated results also confirmed that the hot intrusion
distorts the mask openings; as a result, the extruded features have wider widths than the
mask. This was further verified by re-running the FEM simulations under the conditions
of non-constraining and constraining the horizontal movements of the metallic mask

‘during the formation of the microreliefs.

Thermal shrinkage effects due to the thermal cycle applied on the PMMA were
neglected in the FEM model because of the microreliefs were created in a contactless
manner. The simulated FEM heights of extruded reliefs were initially expected to be
higher than the measured data to account for the thermal shrinkage effects. In result, the
shrinkage effect can be estimated. However, the required increase of 30% HI pfessure
adjustment pfevented the FEM model from estimating the shrinkagé effect arising in this

process.

Because the extruded microfeatures were not in contact with the mask walls, the
fnctlon condition that commonly occurs during demolding was not a critical factor that
needed to be modeled. The low friction condition occurs because of the naturally created
parabolic profile and the near optical grade surface finish that assists with demolding -
unlike the impact that friction has on the processes of hot embossing or injection molding.
FEM models for hot embossing and injection molding must take demolding friction into
~ consideration (Worgull et al., 2006).

* Finally, the 2D FEM model demonstrated that the hot intrusion process of the
LHEM can be adequately modeled when the PMMA processing temperatures are above
PMMA'’s glass transition temperature and below its melting temperature. Furthermore,
3D micrdchannel features can be fabricated based on the strong positive correlation
observed between extruded heights and widths of these LHEM method produced features.
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8.6 Concluding Remarks

This chapter presented a finite element model (FEM) study to predict the extruded
microrelief geometry that is created by the hot intrusion process. The noﬁ-contact nature
of the formation of these extruded microreliefs allows a relatively simplified FEM model
to be used for this purpose. The model neglects the friction condition during demolding
that typically employed when modeling conventional hdt embossing.

The results of the FEM study show a strong positive correlation between the
extruded width and height as observed in the experiments presented in Chapter 7. This
correlation was employed to fabricate several 3D microfeatures such a 3D micronozzle,
with the optical grade of surface finishes.
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CHAPTER 9

CONCLUSIONS

9.1 Concluding Comments

- The objective of this research project has been to develop innovative nonlithographic
technologies for the rapid fabrication of high-quality mold masters that enable the cost
effective production of disposable polymer microfluidic devices. This thesis was
organized into two major parts. The first part of the dissertation described the three novel
microfabrication methods (LCWM, LEDM?, and LHEM) developed in this research and
provided detailed experimental demonstrations to illustrate each technique. Each of these
methods has its advantages and disadvantages to produce mold masters for replicating
polymeric microfluidic devices. The selection of the most appropriate method depends on
the intended application and desired dimensional scale of the micromold features. For
microstructures with high aspect ratios, the LEDM? method is the most suitable because
it permits the fabrication of various high strength materials used as the mold master
substrates. Unfortunately, the mold masters fabricated by microEDM fabrication process
results in non-optical grade surface finishes. For near optical quality surface finishes, the
'LHEM method is the better option. However, the microstructures produced through hot
embossing process have non-rectangular profiles and relatively low aspect ratios. For
applications that require microchannels larger than 75um in width, the LCWM method
" may be selected.

The second part of this thesis described the detailed characterization and in-depth
analysis of the LHEM method, which was determined to be the most promising
microfabrication technique proposed in the research project. Specifically, the LHEM
method offered several important advantages in the fabrication of micromold masters
- including the near optical quality of surface finishes, simple setup, and rapid fabrication.
Both empirical and FEM modeling of the hot embossing process used by the LHEM
technique were conducted to gain additional insight and a fundamental understanding of



126

how the “contactless” microreliefs were created on these polymer mold masters. Finally,
the investigations show that 3D microfeatures with near optical quality surface finish can
be fabricated using the LHEM method.

9.2 Thesis Summary

This thesis illustrated several novel techniques for the rapid and inexpensive fabrication
" of micromold masters that can be used to produce large volumes of polymer microfluidic
devices. Microfluidic and LOC devices need to be disposable to avoid sample
contamination and, therefore, the device fabrication cost must be low to keep the ever-
increasing health care cost within a sustainable level. Using polymer mass-production
technologies to produce these LOCs is promising because many polymers are
biocompatible and available at low cost. However, the desired micromold masters are
typically expensive to design and fabricate.

Chapter 2 discussed several important microfabrication techniques currently used

in the fabrication of microfluidic devices. These techniques involve the extensive use of
chemicals and, therefore, it is desirable to develop “less-chemical dependent” fabrication
techniques. To addresses this need, Chapter 3 presented the first developed method,
LCWM, where the metallic micromold masters were created by first laser
‘micromachining the metallic microfluidic network patterns ~ that is, developing positive
imprints of the fluidic flow network and supporting structures. Subsequently, the cut
relief pattern is joined by laser microwelding onto the metallic substrate to create the final
. metallic mold masters. This method is termed LCWM (Laser microCutting, Welding, and
Molding). A Y-channel microfluidic mixer was replicated by casting PDMS elastomer
onto this master. This micromixer was then successfully tested by mixing two colored
waters using pressure driven syringe pumps. However, the smallest fabricated
microchannel width was limited to about 75um.

In light of the dimensional limitation of the LCWM method, Chapter 4 describes
the second method developed to fabricate smaller microfeatures. The method also

employed laser cutting to create a metallic mask but the negative imprints are used
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instead. Subsequently, this mask is employed in micro-spark erosion process, micro-
electrodischarge machining, to remove material from a conductive metallic substrate to
create a master. The second method is termed as LEDM? (Laser cutting, Electro-
Discharge-Machining, and Molding). High aspect ratio with around 25um widths of

- microchannels on mold masters was demonstrated. However, the surface finish was less
than optical quality, around 300nm Ra.

The unique advantage of the two developed methods is the direct fabrication of
" metal molds but to make near optical surface finishes an additional polishing step is
needed. This leads to the investigation of a non-metallic micromold fabrication technique,
which the near optical surface finishes can be fabricated without polishing. Chapter 5
discussed the third developed method where polymer substrates were used to
“contactlessly” fabricate molds with near optical surface finishes. The LHEM (Laser
micromachining, Hot Embossing, and Molding) process uses a laser to cut the mask,
similar to the one used in the LEDM? method. The micro-spark erosion step is then
replaced with a partial hot embossing (hot intrusion) to allow the heated-and-soften
polymer intruding into the mask openings to naturally form the near optical quality

surface finish microreliefs.

Chapter 6 provided an extensive discussion of each method’s unique advantages

and disadvantages to fabricate micromold masters. The subsequent comparison drew a

_conclusion where further investigation efforts should be focused on the technique that
had highest potential impact. The evaluation used seven basic criteria such as the shortest

fabrication time, excellent surface finishes, and minimum chemicals usage to assess the

. three methods developed in this study. The LHEM method appears to be the most
compatible method with the established micromachining technologies, therefore, was

selected for further research work.

An extensive series of experiments intended to characterize the resulting
geometry of the LHEM extruded microreliefs under various conditions was presented in
Chapter‘ 7. The results were collected and analyzed carefully and show that various
heights of extruded microfeatures can be fabricated by selecting a set of suitable hot

intrusion process parameters. The empirical model was then derived to make the LHEM
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method practically useful to MEMS engineers. This empirical model describes the
relationship between the process parameters and the final fabricated geometry.

A Finite Element Method (FEM) model was then developed to gain further
insights on the hot intrusion process and was described in Chapter 8. The FEM model and
‘the FEM predictions are reasonably accurate to describe the physicail formation of these
extruded microreliefs when it is slightly above the glass transition temperature. Because
of the insights gained from the experimental characterization and the FEM analysis, it
“had been possible to fabricate a 3D micronozzle feature on a mold master and that
demonstrate the 3D microfabrication capability of the LHEM method.

9.3 Recommendations and Future Work

The LEDM? method appears to be also a promising fabrication technique for replication
of pqumef microfluidic devices because high-strength molds with high-aspect
microfeatures can be fabricated by this method. Using a higher strength substrate material
for mold masters is particular advantageous for high temperature and high pressure
folding process. Therefore, further investigation should be conducted to improve the
surface finishes of the fabricated LEDM? mold masters. One approach could be

examining different combinations of materials for the mask and substrate.

The extensive studies on characterizing the cross-sectional profiles of the
extruded microfeatures created by hot intrusion were conducted and presented. The
methods developed in this thesis appear to be suitable for current designs of microfluidic
- devices where fluidic network microstructures are planar (2D). The near optical grade of
surface finishes produced by the LHEM method provide the most interesting results
where the LHEM method would be used to fabricate micro-optical components for
- MEMS devices where high quality of surface finishes is a must. In addition, the LHEM
method presented in this study only demonstrated the smallest microchannel features
down to about 25um. If higher precision hot embossing systems were available, further
size reductions may be possible to the submicron level. This would be interesting to see
in the future.
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Because the experimental findings show that there is a strong positive correlation
between the width and height of the extruded microreliefs in 2D case, hot intrusion may
be a viable method for creating continuous three-dimensional microrelief profiles. A 3D
FEM model foi the hot intrusion process may also be of interest.
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APPENDIX A

NEURAL NETWORK APPROACH TO MODELING THE
- HOT INTRUSION PROCESS

In Chapter 7, the characterization of the hot intrusion process used by the LHEM

| technique was presented. Experiments were conducted with various process parameters
and this study led to the development of an empirical model that related these process
parameters to the formation of microfeatures. An alternative approach to modeling this
relationship is described in this Appendix. The relationship between the microchannel
dimensions (height and width) and the hot intrusion process parameters (pressure and
temperature) is established using an artificial neural network. Experimental data is used
to both train and test the neural network for parameter-selection. Analysis of the
preliminary results shows that the trained neural network can predict suitable parameters
within 6% error.

A.1 Function Approximation Using a Neural Network

. The artificial neural network (ANN) inspired by biological neurons has the ability to
approximate non-linear functions (Magrargle et al., 2006). For function approximatioh
applications, the neural network structure can involve either supervised or unsupervised

. training algorithms. The choice depends upon the data and task being solved by the
network. In this work, a supervised back-propagation algorithm is used to train the

network parameters. The goal is to accurately map multiple inputs to a single output.

Two neural networks are used to model the LHEM process. The first model,
Figure A.1(a), is referred to as a process model which relates three independent process
parameters (hot intrusion pressure, temperature, and width of the profile base) to the
height of the extruded microrelief (ie. output). To quantitatively analyze the fabricated
geometric features of these extruded micro-reliefs of the PMMA mold master, a metallic

mask of microchannel line features with various widths (25 to 200um) was designed and
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laser cut. The mask was used to fabricate mold masters on 1.Smm thick PMMA
substrates under various process conditions. The geometric attributes of the extruded

microreliefs were then measured.

Extruded
Width ———»! process p— Heiaht
Model olg
Temperature
(@)
Height ———» ANN
Width ———»| parameter- ——— Pressure
selection
Temperature Model
(b)

Figure A.1 Neural network models for the LHEM method: (a) ANN taking the process
parameters and outputs the height of an extruded microrelief, and (b) taking the desirable
profile geometry (W and H) and generates an output corresponding to the suitable process
parameter. The pre-defined static parameter is hot intrusion temperature.

The second model is referred to as the parameter-selection model, which provides
‘the manufacturing engineers and technicians with the ability to relate the desired
microrelief dimensions to a key process variable (pressure). In other words, the
parameter-selection model avoids the need for technicians to understand the physical
‘phen.omenon underlying the process and yet enable them to complete their tasks
effectively. The parameter-selection model accepts inputs as the desired microchannel
dimensions (width #, and height H of the extruded profile), and outputs the required
process parameters, Figure A.1(b). Although the desired outputs are specific hot intrusion
pressures and temperatures, experimental studies have shown that sets of process
parameter conditions cén result in similar extruded profiles. Therefore, defining one of
the process parameters as a static parameter is necessary in order to permit thé neural
network to generate a single output. In this regard, hot intrusion temperature was selected

as the pre-defined static parameter for the parameter-selection model. Furthermore, the
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hot intrusion time was not taken into consideration because of the experimental results in
Shiu et al. (Shiu, et. al., 2008) showed that the influence of hot intrusion time towards the
heights of extruded profiles were limited under the experimental condition (2 to 15

minutes).

Figure A.2 shows a typical structure of a static backward propagated feed-forward
network that was employed in modeling the hot intrusion process of the LHEM method
(Shiu et al., 2008). This type of networks is selected for modeling the process because of
its computational power in approximating non-linear functions. The ANN structures
used for the tests below were two-layer (n x/) networks for both the process model and
parameter-selection model. The notation (nx/) implies » neurons in the hidden layer and
1 output neuron in the second layer. The training was completed when the network

- reached the preset mean-square error (MSE) goal.

n Neurons
Input Hidden Output
layer layer layer

Figure A.2 Two-layer neural network structure for modéling the hot intrusion process
(Shiu et al., 2008).

To evaluate the accuracy and identify the appropriate network structure that
“best” approximates the experimental data, a number of networks having different n
neurons in the hidden layer were tested. The size of the networks was initially large to

first obtain a quick convergence solution of the ANN structure. The » number of neurons



139

was then reduced stepwise, tested, simulated, and evaluated for performance. This
procedure is stopped when a network structure (nx/) having the fewest neurons possible
with small average difference, experimental values minus simulated values.

The mean-square errors (MSE) goal was set at one for the process model,
implying 1uym MSE. For the parameter-selection model, the MSE goal was also set at
one, implying 1Psi MSE. The MSE goal for the process model trained with experimental
data was set at one to average out the effects of the possible random errors inherited in
the experimental data. The evaluation of ANNs performance was based on the average
percentage error between the ANN outputs and the experimental data (all tested networks
reached the MSE goal). The number of epochs to reach the goal was set at 10,000. The
constructing, training, and testing of the networks were done using the Neural Network
- ToolBox V. 5.0 from MATLAB, MathWorks, Inc., USA.

Both the process and parameter-selection models were trained and tested using
the experimental data reported in Shiu et al. (Shiu, et. al., 2008) and in Chapter 7. The
.available experimental data pairs were 45 set (90% of these experimental data were used
in training and the remaining 10% data, randomly selected, were used as test set data to
'evaluate the ANN performance). The process and parameter-selection ANN models hold
for the experimental conditions found in Chapter 7 and when the pressure ranged from 30
to 60Psi (207 to 414kPa), hot intrusion temperature from 110 to 135°C, hot intrusion time
- from 2 to 15 minutes, extruded profile width from 25 to 200um, and the processing
material is PMMA.

‘A2 Simulated Results

Both the process and parameter-selection ANN models were successfully trained using
the backward propagation. The optimal ANN structures for the process and parameter-
selection models were found. The optimal size of the process model was (7x1) tWo-layer
network structure, The optimal size of parameter-selection model networks was (20x/)
because smaller sized networks were not able to reduce the output to the target MSE after
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a long period of time. The approximation of both ANN models was acceptable because
the ANN outputs are less than six percént average error against the test data set.

The results of performance evaluation of the ANN process models are shown in
Figures A.3 to A.8. Figure A.3 shows the smallest average percentage difference
between the simulated ANN outputs and test set was 3.57% and the smallest average
difference was 1.28um. Figure A4 and A.5 show a comparison between the ANN
simulated outputs and experimental data of the optimal network of (7x/). Note that a
good approximation of the experimental data by ANN model is clearly shown.
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Figure A.3 The differences with n neurons in the first layer of the (1 xJ) process model.

Initially, the MSN goals were set as 1x10°. After a number of training and testing
trials, the resulting ANNs had poor generalization with high degree of undulations.
Subsequently, the MSN‘goal was set as 1x10° (MSE 1pm goal instead of 0.1um). The
generalization was greatly improved. The number of neurons in the networks was further

reduced and improved generalizations were observed (Figure A.4).
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Figure A.4 The outputs of the ANN along with experimental data at hot intrusion

conditions of 125°C at 30Psi to 60Psi (207 to 414kPa) ofthe (7x 1) process model.
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Figure A.5 The outputs of the ANN with experimental data at hot intrusion conditions of

110 to 135°C at 30Psi (207kPa) ofthe (7x /) process model.
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The results of the parameter-selection model are presented in Figures A.6 to A.8.
Figure A.6 describes the results of the percentage error in different #» numbers of neurons
of two-layer structures. The smallest percentage error of ANN structure is 5.15% and
17.24kPa (2.5Psi). Figure A.7 shows that the results of the ANN outputs from the
parameter-selection network and demonstrated that the ANN outputs have strong
tendency towards 310kPa (45Psi) at smaller widths of the extruded profile, less than
70um. This tendency can be observed in the difference between the ANN output and the
experimental data providéd in Figure A.7.
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Figure A.6 The differences with n neurons in the first layer of the (n x I) parameter-

selection model.
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Figure A.7 Comparison of the outputs of ANN and experimental data at hot intrusion
conditions of 125°C at 30Psi to 60Psi (207 to 414kPa) of the parameter-selection model

(20 x 1) ANN structure.

Figure A.8 shows the deviation of the simulated outputs from the expected
pressure values. At the smaller widths of the extruded profiles, below 70pm, the
deviation of the predicted HI pressure values increased. This implies that when designing
smaller microreliefs using the parameter-selection ANN model, the resulting

microfeatures may have a larger deviation prediction using the trained ANN model.
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Figure A.8 The deviation of the predicted hot intrusion pressure values vs. width of the
extruded profiles, from 30Psi to 60Psi (207 to 414kPa) of the parameter-selection ANN

model with a (20 x 1) structure.

A.3 Discussion

The number of neurons of the optimal parameter-selection model was about three times
larger than the process model, although the same experimental data were used to train
both networks. This shows that the arrangement of the data used in training determines

the final number of neurons of the network in this study.

All trained networks initially reached the target MSE values. However, high
degree of undulation of the simulated ANN outputs was observed, resulting in poor
generalizations. Subsequently, the first attempt to minimize the poor generalization was
to reduce the number of neurons of the networks because it also reduced the ability of the
networks to approximate high order non-linear functions. Poor generalizations of the

trained networks were still observed.



145

The second attempt to minimize the poor generalization of the trained networks
was to increase the MSE value. The MSE goal value was set initially to be 1x10™ for
process model and it implied that a 0.1um mean-square-error restricted the network to
adapt a lower degree order function to represent the data. MSE goal was adjusted to be
1uym. The networks were re-trained. Subsequently, the generalization was largely
improved and further improvement was made by reduced the number of neurons of the

networks, shown in Figures A.3 and A.6.

The results of the trained parameter-selection model show that some of the
simulated ANN outputs (HI pressure values) deviated from the expected values when the
input parameter of width of extruded profiles was smaller than 70um. The contributing
factor to this deviation appeared to be that the differences in heights of the extruded
profiles are small at smaller widths of extruded profiles, mostly within 5 to 10um range.
The ANN networks may have difficulties to distinguish the difference. However, this

problem was not observed in the process model.

If expansion of ANN models is needed for the LHEM method that included

different processing material, the modeling approach presented in this paper could be

. employed. In addition, the trained networks could be incorporated into

design/manufacture software (CAD/CAM) to enhance its functionality. For that purpose,

portability to different computing devices is necessary; the trained networks could be

extracted in a form of analytical equation of simple feed-forward networks of two-layer
structure with a single output. The analytical form states as:

M N
e = You Zglg'zhid[_z(:)wﬁxi:' , (A1)

Jj=0

- where # is the output of the network, you[G] is the activation function of linear output,
Znid[G] is the nonlinear activation function of the hidden layer, gy and w, are the weights

between each neurons.
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A.4 Conclusion

This Appendix presented an artificial neural network (ANN) approach to modeling the
hot intrusion process of the LHEM method. The results demonstrated that the ANN
model could reasonably predict the expected values of the process parameters related to
the desired extruded heights of microreliefs. Therefore, The ANN avoids the complexity
of modeling the hot intrusion process using first principle approach that requires an in-
depth knowledge of the physical phenomenon.

Further expansion of this model to incorporate for different polymers can be
achieved easily via similar approach as presented in this appendix provided a new set of
training data for the ANNs. ANNs are highly portable and easy to integrate into different
design/manufacture software.
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