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ABSTRACT

Many functions in a lab-on-a-chip device such as heating, electrochemical sensing and
electrophoresis require integration of microelectrodes. However, conventional techniques
for microelectrode integration are either requiring expensive facilities, cleanroom
environment or insufficient in resolution and microelectrode thickness. Microwires have
also been integrated into LOC devices as microelectrodes. They are commercially available
in a diversity of material. and diameter, with industrial production standard and mechanical
strength comparable to bulk metal, which make them ideal candidate for microelectrode.
Nonetheless a technique to integrate these microwires into complicated microelectrode
patterns has not yet been developed. In this thesis, two microwire integration techniques
based on xurography are developed for elastomer and rigid polymer. Copper, silver,
platinum, carbon and Ni-Cr alloy microwires down to 15 pm with minimum spacing of 150
um and controllable position in the height direction are successfully integrated. The
microwire electrode can also be suspended in the middle of the microchannel with desired
length and angle. Various applications are presented to demonstrate the versatility of the

xurographic microwire integration process.
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Chapter 1: Introduction

1.1 Motivation

Lab-on-a-chip (LOC) technology was developed in 1970s with the aim to miniaturized
chemical and biological analytical assays [1, 2]. A complete analytical assay normally
involves many different functions such as temperature control, transportation, separation,
extraction, mixing, detection, etc. Electrodes plays an important role in many of these
functions, e.g. electrical heater and electrochemical cells. Miniaturization of these
analytical assays also necessitates the integration of microelectrodes into the miniaturized
LOC devices. However, existing microelectrode fabrication processes are either expensive,
time-consuming, labor intensive, low resolution, or deposit thick films. Many of these
techniques also require photolithography to pattern the microelectrode. These problems can
be overcome if a technique is developed that is capable of integrating microwires as
microelectrodes. Microwires are commercially available in various material and ultrafine
dimension with industrial production standard. Successful integration of these microwires

can eliminate the necessity to fabricate the microelectrodes, i.e. no expensive deposition

1
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and lithography process is needed. However, conventional techniques can only control the
position of a straight microwire electrode in a LOC device and the integration process is
tricky [3-5]. In this thesis, two different integration techniques based on xurography were
developed that could efficiently integrate these microwire electrodes into LOC devices
made of different polymer materials. The first integration technique was designed for an
elastomer such as Polydimethylsiloxane (PDMS). The second integration technique is more
general and applicable to most of the polymer materials. Microelectrodes down to 15 pm
in diameter has been integrated successfully with positional resolution up to 150 um using
a low-cost cutting plotter. The microwire electrodes can also be suspended in the
microchannel, which can bring advantageous features that other microelectrode integration

techniques are lack of.

1.2 Organization

This thesis is organized as follows:

Chapter 2 covers the history of LOC, the role of microelectrodes and the current methods
used for LOC microelectrode fabrication. The microelectrode fabrication techniques are

classified as physical methods and chemical methods according to whether the metal is
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deposited physically or chemically. The history and applications of xurography is also

briefly reviewed.

Chapter 3 describes a xurographic process for microwire electrode integration into
elastomers. Characterization of the integration process is presented together with several

application examples. Advantages and disadvantages of this process are discussed.

Chapter 4 introduces another xurographic process for microwire integration for most of the
polymer materials based on adhesive bonding. Characterization and application examples

are included.

Chapter 5 concludes the thesis with a brief discussion on the contribution made in this thesis
and a summary of the main results. The advantages of the microwire integration techniques
developed here over existing methods are highlighted. Their limitations are pointed out

together with aspects to be improved.

1.3 Contributions

The contributions made in this thesis are as follows:
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1.3.1 Establishment of low-cost microelectrode integration process

Most of the microelectrode integration techniques include deposition of metal
microstructures by either physical vapor deposition (PVD), nanoparticle sintering,
chemically reduction of metal cations, etc. These processes require extra equipment or
chemicals and some of these process are not compatible with some polymers. Microwire
electrodes, in contrast, can be implemented directly into the LOC devices. Neither

pretreatment or metal deposition process is needed.

Fabrication of microelectrodes with feature size within 100 pm normally relies on
photolithography or other high precision machining techniques, e.g. laser scanning. These
techniques require either cleanroom working condition or costly equipment. Microwires of
various diameters are commercially available. Microwires as small as about 12
micrometers in diameter can be acquired from the market (e.g. from Alfa Aesar Co., Inc.).
Direct implementation of these ultrafine microwires also avoids the necessity of these

microfabrication techniques.

1.3.2  All-in-one xurographic process

Xurography was developed for low-cost microfabrication of polymeric LOC devices by

4
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mechanical cutting [6-9]. The microwire integration process developed in this thesis makes
it possible to fabricate polymeric LOC devices with integrated microelectrodes with a low-
cost cutting plotter. With these modified xurographic techniques, LOC technology can be

more affordable and accessible to all the laboratories.

1.3.3  Suspended microelectrode

Integration of suspended microelectrodes in microchannel has been demonstrated for the
first time. Most of the microelectrode integration techniques are to fabricate
microelectrodes at the bottom or on the side wall of the microchannel. The integration of
suspended microelectrodes goes beyond these two formats and can be very useful for some

LOC applications, e.g. electrokinetic mixing, cell capture.
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Chapter 2: LITERATURE REVIEW

2.1 Lab on a chip

In a chemical laboratory, a typical chemical analysis consists of a series of necessary steps
such as sampling, sample transport, mixing, dilution, separation, filtration, chemical
reactions, staining and detection. These steps were conventionally operated by a qualified
technician with many stand alone apparatus. Even though accurate and reproducible, these
steps are time-consuming and labor-intensive. The total volume of the equipment used is

also considerable.

Total analysis system (TAS) is a device that automates all the analytical steps in a
continuous flow stream. Continuous analysis is important for many applications such as
environmental monitoring [10] and clinical diagnostics [11]. However, the large volume of
the system, slow sample transportation, insufficient separation efficiency and considerable

consumption of reagents of TAS necessitate the miniaturization of these systems.

The first practice of miniaturization of TAS was a gas chromatographic air analyzer with

thermal conductivity sensor fabricated on silicon in 1975 [1, 2]. However, these early
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silicon chip analyzers didn’t capture the attention and interest of the research community
and industry immediately. Instead, it stimulated research on the miniaturization of
components such as micropumps [12] and microvalves [13] on silicon. It was only in the
early 1990’s that a similar chip based total analysis system for liquid chromatography was
also miniaturized on silicon [14]. this development also led to the establishment of the

concept of “miniaturized total chemical analysis system” [15], which is also called LOC.

The early LOC devices were fabricated on silicon and glass by standard lithographic and
micromachining techniques used in semiconductor manufacturing. The fabrication process
for these materials is costly, slow and tedious, involving cleanroom facilities and
complicated bonding techniques. Subsequently, polymers were investigated as alternative
materials as they are lower in cost, come with a wide variety of chemical properties and
have been used in many biochemical assays. The early polymeric LOC devices were
created by wire imprinting [16], laser machining [17] and injection molding [18] and
casting [19]. Among the wide variety of polymers investigated, PDMS has many attractive
features such as low-cost, elasticity, high optical transparency, gas permeability and
biocompatibility. For a long time PDMS was mainly used to replicate microstructures for
soft lithography [20]. Not until 1997 was it used for the first time to replicate microchannels

from an etched silicon wafer master [19]. The PDMS slabs were simply stacked together



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

with weak bonding. A year later, an rapid prototyping technique for PDMS microfluidic
devices was developed to replicate microfluidic channels from photoresist master mold
[21]. The PDMS slabs were irreversibly bonded together to a robust microfluidic device by
plasma oxidation. The technique was widely used in many applications because of its easy

and fast fabrication process and is still widely used today.

Besides the fabrication of the microfluidic channels, integrated metallic components are
also indispensable for many LOC applications. For instance, metallic components has been
integrated as heating elements for temperature control [22], electrodes for capillary

electrophoresis [18, 19, 23] or electrodes for on-chip detection [14, 24, 25].

Microelectrodes in the early silicon/glass devices were normally deposited by thin film
technologies such as PVD [1, 2] and plating [26, 27], which are conventionally used in
semiconductor manufacturing. However, expensive equipment, tedious process and long
deposition time are required for PVD. Electroplating and electroless plating, in contrast,
require simple or no equipment to deposit metals. However, electroplating cannot be used
to deposit metal directly on polymer substrate and high resolution lithography techniques
such as photolithography in cleanroom facilities are needed to selectively deposit metal

layer [28] or catalytic layer [29] for plating. Alternatively, microelectrodes can be formed
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on polymer substrate by sintering selectively deposited conductive nanoparticles [30, 31].
They are less expensive but the resolution of microelectrode pattern and the thickness is
too low. These planar microelectrodes are also fragile and can be easily cracked.
Microelectrode with good mechanical property can be formed by casting low melting point
alloy and conductive polymer composite in fabricated microchannel [32-35] but material
choices are limited. Photolithography is also required. Microwires are promising candidates
for microelectrode integration which can be used directly without additional fabrication
process [24, 36]. The performance of these microwires are also strictly controlled under
industrial standard. However, an efficient technique to integrate these microwires into

polymer LOC devices is still needed.

2.2 Microelectrode fabrication techniques

2.2.1 Physical vapor deposition (PVD)

PVD is a vacuum deposition technique used to fabricate thin films. The PVD process is
shown in Figure 2.1. The target (source material) is sputtered or evaporated to gas phase
(Figure 2.1a), transported to the substrate (Figure 2.1b) and then deposited on the substrate

(Figure 2.1c). The thickness of the thin film microelectrode can be as thin as several
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nanometer [37] to several micrometers [38]. Together with photolithography, the minimum
feature size of the microelectrode pattern can reach 1 pm. In principle, any material,
including chemical elements such as gold, silver, platinum, alloys such as Ni-Cr and

compounds such as indium tin oxide can be deposited on any substrate.

Physical vapor deposition has been used in the early LOC device to deposit, for instance, a
nickel film resistor sensor on silicon wafer [2]. The nickel film electrode was exposed to a
gas sample to measure the thermal conductivity of the gas for gas chromatography. Other
application examples include microheaters for on-chip Polymerase chain reaction (PCR)
[39] thermally responsive polymer microvalve [22], electrochemical sensors for pathogen
DNA detection [40], nitrate detection in freshwater [41] and cell culture monitoring [42],

electrokinetic micropumps [43], acoustic micropumps [44].
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Figure 2.1 Schematic of physical vapor deposition process 1) Sputtering. 2) Evaporation. [45]
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Advantages of PVD combined with lithography include its capacity to deposit ultrathin
films and high resolution microelectrode pattern. A variety of materials can be deposited

with high purity and uniform thickness. The PVD process is also clean compared to plating.

The most significant disadvantage of PVD, however, is the expensive equipment containing
high energy source for heating or sputtering the target, vacuum chamber and turbopump
for high vacuum. The deposition process is also time-consuming, tedious and experienced

operation is required to ensure the repeatable thickness of the deposited metal films.

11
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Besides, the microelectrodes are normally patterned by photolithography, which requires
cleanroom facilities. Moreover, utilization of PVD for microelectrode fabrication on
polymers is limited by the low adhesion between polymer and metal as well as the
incompatibility of photolithography with some polymers due to solvents and temperatures
used in the photolithographic process. Microstenciling (shadow masking) [46] and
microstamping [47] are alternative techniques to pattern microelectrode deposited though
PVD but the fabrication of the stencil and stamp is expensive and complicated. Photomask
can also be xurographically patterned [6] but the resolution of xurography is much lower
than photolithography. The deposited thin film is also brittle and can be easily buckled or

cracked.

2.2.2  Electroplating

Electroplating is an electrochemical process in the electrolysis process used to coat metal
on objects driven by external direct current. The substrate is usually made as the cathode
and driven by external direct current, metal cations in the precursor are reduced and
deposited on the cathode. An example of electroplating used in microelectrode fabrication
is shown in Figure 2.2. The glass was first patterned with a base platinum layer by PVD

combined with photolithography (Figure 2.2.a) Then resist layers was laminated (Figure

12
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2.2.b) on top and patterned (Figure 2.2.c) to form microstructures and the channel walls. A
silver microelectrode layer was then electroplated on the platinum layer in a silver-plating
bath (Figure 2.2.d). The device with integrated microelectrode was then sealed with another
glass wafer (Figure 2.2.e) and diced (Figure 2.2.f). Thin film of thickness of tens of nm can
be plated by correctly controlling the electroplating parameters. For electrical application,
electroplating is mainly used to deposit metallic films with thickness from several hundreds
of nm to 100 um [48]. The resolution of the microelectrode can also be patterned by
photolithography with feature size down to 1 pm. Up to 31 metals and their alloys can be
electroplated on conductive substrate [49]. It was used to deposit thick microelectrodes
such as sidewall electrodes for cell lysis [26], dielectrophoresis [28], permalloy for

magnetic bead separation [50] and microcoils for magnetic particle trapping[51].

13



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

‘ Silver
o Platinum S I \
Glass
(a) (d)
‘ I \/Glass \/ |
(b) (e)

L\/ \ /]

0]
00 00.

(c) ()

Figure 2.2 An example of electroplating microelectrodes for microfluidic chips. [52]

The main advantages of electroplating are the low cost and high deposition rate. The only
equipment required for electroplating is the external power source and electrodes,
compared to the expensive facilities required for PVD. The deposition rate of electroplating

is also higher than PVD, therefore it is usually used to deposit thick microelectrodes.

However, the object to be electroplated has to be conductive while most of the materials
used for LOC devices are nonconductive. To electroplate microelectrode on polymers, a
thin conductive layer has to be coated on the object by PVD or electroless plating is
performed first, therefore electroplating alone cannot be used to deposit microelectrodes

for LOC devices. It should also be noted that when multiple microelectrodes are to be

14



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

fabricated on the same substrate, all the microelectrodes have to be connected to the cathode
which would require complicated network of electrical contacts. Moreover, the thickness
of the electroplated microelectrodes is influenced by the resist pattern. The current density
tends to be higher in regions densely coated with photoresist which results in thicker
electrodeposit. Finally, the electroplating waste containing heavy metals, acids, cyanides

and nitrides would also cause severe pollution to the environment [53].

2.2.3  Electroless plating

Electroless plating is another plating technology that deposit metallic films through an
autocatalytic reaction. The electroless plating is first initialized by the catalytic layer coated
on the object. Once the metal start to be deposited on the object, the electroless plating is
catalyzed by the deposited metal itself. Thin film of thickness of tens of nm can be plated
by correctly controlling the electroplating parameters. For electrical application,
electroplating is mainly used to deposit metallic films with thickness from about hundreds
of nm to 100 um [48]. The minimum feature size is dependent on the lithography used,
which can be 1 pm with photolithography. Electroless plating has been applied to
fabrication of microelectrodes for electrochemical sensing [54-56], electrowetting [57],

microthermocouple [58] and dielectrophoresis [59].
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Compared to the PVD and electroplating, electroless plating is simple without external
power, electrical contact and any other special equipment. Moreover, metal microelectrodes
can be electroless plated on nonconductive materials, i.e. glass and polymers which cannot
be electroplated directly. The thickness of the electroless-plated microelectrode is also more
uniform than that of electroplated microelectrodes, regardless of the geometry of the object

to be plated.

However, electroless plating also comes with many drawbacks. First, the nonconductive
material has to be coated with a catalytic layer to initialize the plating process. The catalytic
layer can be either palladium or poly (dopamine) [60]. Secondly, the catalytic layer has to
be patterned by high resolution lithography methods. Thirdly, numerous parameters need
be carefully controlled (e.g. plating time, temperature, electroless plating bath composition)
to obtain uniform outcome. The deposition rate is also slow compared to electroplating. A
comparison of deposition rate, pressure and temperature between PVD, electroplating and

electroless plating is listed in Table 1.
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Table 1 Comparison of physical vapor deposition and plating

Deposition technique  Pressure (Torr)  Substrate temperature (°C) Deposition rate (um/min)

Evaporation 107-107 50-100 0.006-0.12
Sputtering 107 - 10 ~200 ~0.6
Electroplating Ambient 10-100 0.4-180

Electroless plating ambient 15-100 0.5-2

2.2.4 Nanoparticle sintering

Nanoparticle sintering includes all the techniques that form microelectrodes by sintering
nanoparticles deposited on the substrate. The melting point of these nanoparticles is
reduced greatly with the decreased particle size [61]. The nanoparticles were prepared in a
solvent that prevents them from aggregation. These prepared nanoparticle inks were

selectively patterned on the substrate by drop-on-demand inkjet printing [62, 63] or screen
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printing [64, 65]. The deposited ink was then dried and sintered by oven/hot-plate [31],
microwave [66], laser [67], high intensity flash light [68], plasma [69], direct current [70],
or chemical destabilizer [71]. A micrograph of inkjet printed silver lines on PDMS surface
is shown in Figure 2.3. Microelectrodes with thickness from several micrometer to
hundreds of micrometers can be deposited. Different types of conductive inks are
commercially available including gold, silver, copper, platinum, indium tin oxide (ITO),
titanium dioxide, zin dioxide, carbon nanotube, graphene. Application examples are
electrochemical electrodes for immunoassay [65] and glucose sensing, heaters for
microreactor [72], piezoelectric actuator for micropumps [73], dielectrophoresis for cell

separation [74] and microbead manipulation [75, 76], etc.

DS 5 DS 8

Figure 2.3 Silver line printed on PDMS with different droplet spacing (DS). Scale bar = 100 pm. [75]

18



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

An obvious advantage of this technique is the fast fabrication process compared to PVD,
electroplating and electroless plating. Inkjet printers and screen printing machines are also
more affordable than PVD machines and cleanroom facilities. Furthermore, the
nanoparticles can be sintered on polymer surface directly by special sintering process
developed to reduced the heat dissipated to the bulk material microwave or lower the
sintering temperature [66-71]. The conductivity of these microelectrodes can reach up to

41% of the conductivity of bulk metal [77]. The usage of material is also more efficient.

However, the resolution of these printed microelectrodes is typically around 100 um. The
minimum thickness of several um of these microelectrodes also make it difficult to be
bonded to other polymeric substrate reliably. Moreover, the microelectrode film sintered
on polymeric substrate are easily cracked due to the thermal expansion of polymer (Figure
2.4) or bending. The diversity of nanoparticles inks is limited. There is also a growing

concern about the environmental and health impact of nanoparticles.
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Figure 2.4 Cracking of printed silver microelectrode on PDMS due to thermal expansion of PDMS. Scale
bar = 100 um. [75]

2.2.5 Low melting point alloy casting

The melting point of some alloys containing gallium and indium are lower than 200 °C.
The melt alloy can be easily injected or casted. The fabrication of microelectrodes by low
melting point alloy casting includes fabrication of electrode microchannel, injection of
melted low melting point alloy into the microchannel. The injected low melting point metal
is then casted by cooling down or stabilized by formation of an oxide layer. A typical
fabrication process is shown in Figure 2.5. The photoresist master mold with the designed
microelectrode pattern was fabricated on silicon wafer by standard photolithography. The
microelectrode patterned was then replicated to PDMS microchannel and inlet/outlet holes

were punched on it. A closed microelectrode channel was form after plasma bonding the
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PDMS microchannel to another flat PDMS plate. The microelectrode was fabricated by
injecting melted solder (low melting point alloy) into the closed microelectrode channel
and cooled down. It can be used to fabricate microelectrodes with feature size as small as
10 um, depending on the dimension of the microchannel. It has been used to fabricate
electromagnets for manipulation of superparamagnetic beads [32], dielectrophoresis device
for droplet microfluidics [78-80] and particle sorting [81], micro-oulter counter for particle
counting [82], electrical stimulation and response recording of neuron [83] and

electrohydrodynamic mixer [84].
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Figure 2.5 Microelectrode fabrication process by low melting point alloy casting
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The most significant advantage of this technique is the capability to integrate complicated
3D metallic microelectrodes by injecting low melting point alloys into 3D microfluidic
channels. As the electrode microchannel was fabricated together with the fluidic
microchannel, the microelectrode is pre-aligned with the fluidic microchannel. Sidewall
microelectrodes can be easily integrated even for microchannel with height of several
hundred micrometers, which would be difficult or impossible for other microelectrode

integration techniques.

However, most of the low melting point alloys are alloy of gallium and indium and common
materials such as gold, silver, platinum cannot be integrated with this technique. The casted
low melting point microelectrodes are not suitable for application under temperature higher
than their melting point. Moreover, the thickness of the microelectrode is normally the same
with the fluidic channel and it is integrated into the sidewall of the fluidic channel and the
dimension of the microelectrode pattern relies on photolithography. In addition, low
melting point alloy casting is a post processing technique and the injection of alloy is

completed manually, which is not a scalable process.

23



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

2.2.6 Conductive polymer nanocomposite

Conductive polymer composite is polymer that is mixed with conductive filler. These
composites are conductive once the concentration of the filler reaches the percolation
threshold [85]. These composites can be integrated into polymeric LOC devices by similar
technique with low melting point alloy casting [86], photolithography [87] or microcontact
printing [88]. Dimension of the microelectrode pattern can be as small as 10 pm for PDMS-
based composite patterned by photolithography and 3D microelectrode can also be
fabricated [89]. Carbon black, carbon nanotube, silver nanoparticles are commonly used as
fillers. It has been used to fabricate microelectrodes for electrokinetic manipulation of
particles/cells [87], electrochemical sensing [35, 90], electrical stimulation on cells [86],

pressure sensors [88, 91].

One of the attractive advantages of conductive polymer nanocomposite is its mechanical
property. The film microelectrodes fabricated in other methods are fragile and cracked
easily, especially considering the different mechanical property between the bulk polymer
and the integrated metallic film. The conductive polymer nanocomposite maintains the
good mechanical property of the polymer, making these microelectrodes more robust. Even

elastic microelectrodes can be made by filling conductive nanoparticles into PDMS.
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However, the microelectrode material is limited to polymer with several available fillers
and the conductivity of these conductive polymer composites is much lower than the bulk
conductive material. Moreover, photolithography is needed to pattern these conductive

polymer nanocomposites.

2.277 Microwire integration

Microwires had been used as microelectrode in LOC devices for a long time. The
microwires were first used directly by simply immersed into the reservoir (Figure 2.6).
Alternatively, an electrode microchannel with the same size with the microwire was
prefabricated together with the microfluidic channels to better position the microwire
electrode in the LOC devices, (Figure 2.7). The microwire electrode was then fitted into
the electrode microchannel followed by device bonding. These microwires are
commercially available with diameter down to 4 pm. Various materials are available in
microwire form, including gold, silver, copper, platinum, aluminum, stainless steel,
palladium, Ni-Cr alloy, to name but a few (Table 2). These microwire electrodes has been
used for dielectrophoresis [19], electrochemical detection [3-5, 25, 92-95], electroporation

[96], etc.
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Table 2 List of some suppliers for microwire products

Supplier

Products

Alfa Aesar

Luma Metall

CALIFORNIA FINE
WIRE CO.

Ulbrich Stainless Steels
& Special Metals, Inc.

Heraeus Electronics

A wide range of microwires of different element, alloy,
carbon, etc. Diameter ranges from 10 pm to 2 mm.

Tungsten, rhenium, molybdenum, gold, silver, brass,
stainless steel bare and plated microwires. Diameters
ranges from 4 pum to 500 pm.

A wide range of round, flat, electroplated, insulated
microwires of pure elements or alloys. Diameter ranges
from 10 um to 1 mm. Flat microwire with thickness from 5
pum to 1.27 mm and width from 50 pm to 2.54 mm.

Round, square and flat shaped microwires of stainless steel,

titanium, nickel, cobalt, nitinol, carbon steel, brass, bronze,

aluminum, etc. Round microwire diameter ranges from 19

pm to 10 mm. Flat microwire with thickness from 5 pm to
5 mm and width from 50 pm to 50 mm.

Gold, silver, aluminum, copper, palladium, platinum
microwires for wire bonding. Diameter up to 15 pm.
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Figure 2.6 A capillary electrophoresis microchip with integrated microwire electrochemical sensor. [92]
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Figure 2.7 A capillary electrophoresis chip with integrated microwire electrode in an electrode channel. [4]
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Implementation of microwires as microelectrodes for LOC application has a number of
advantages. Firstly, these microwires are commonly used to build interconnection between
semiconductor devices and integrated circuits by wire bonding. To ensure high quality of
the interconnection, the diameter of these microwires is tightly controlled. For example, the
production tolerance of gold microwire diameter is +/-3% [97]. Moreover, these microwires
are manufactured by wire drawing followed by annealing and their tensile strength is
comparable to the bulk metal. Secondly, microwires from 12 pum to several hundred
micrometers, with numerous material choices are commercially available. Thirdly, by
direct implementation of these high quality microwires, no other microfabrication

technique is required and greatly reduce the cost for microelectrode integration.

However, an efficient microwire electrode integration method is still needed. The position
of the microwire electrode has been precisely controlled by fitting the microwire into
prefabricated electrode microchannel as previously described. However, the fitting of the
microwire electrode into the electrode microchannel is manual and difficult because of the
small size of the microwire and the microchannel. Moreover, it is not a scalable process
and integration of multiple electrodes with curves or bends will be difficult as the wires

tend to pop out of the channels/grooves when bent.
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2.3  Xurography: low-cost rapid prototyping

Xurography, is also called razor cutting, is a rapid prototyping technique using cutting
plotters [6]. A typical xurographic process for microfabrication is shown in Figure 2.8: 1)
First, adhesive films are patterned by the cutting plotter. 2) Next, the unwanted areas are
removed. 3) Subsequently, application tape is applied on the remaining pattern. 4) The
remaining pattern is then peeled off by the application tape. 5) Next, the pattern on the
application tape is transferred to the desired substrate. 6) Finally, the the application tape is
removed leaving the pattern on the substrate. The cutting plotter was used to fabricate
microfluidic channel on polymer film [6-9], bulk polymer [98, 99], glass [100] and heat-
shrink film [101]. Minimum feature size that can be obtained from xurographically
patterned polymer film is 18 pm [6]. Xurography has been used to fabricate polymer
diffusion-based gradient generator [9, 102], cell culture devices [9, 99], centrifugal solid

extraction devices [103], centrifugal PCR devices [104], electrophoresis chip [100], etc.
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Figure 2.8 Xurographic microfabrication process. [6]

Cost of xurography is much lower than other forms of microfabrication, which is the most
significant advantage of xurography over other techniques. Cost for a cutting plotters can

be as low as 200 USD but high resolution cutting plotter for about 4000 USD is also
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available. The resolution of these cutting plotters are lower than other microfabrication
techniques but sufficient for many LOC applications. Films of various materials such as
polyester, vinyl, vinyl foam, rubber, nitrocellulose, aluminum [6], polyolefin shrink film
[101], cyclic olefin [105], polyimide [106] have been tested for prototyping with
xurography. 3D microfluidic structures can also be fabricated by assembling multilayer
polymer films [6]. These multilayer microfluidic layers could be made of different
materials to meet different requirements [107]. 3D complicated features on microchannel
wall for surface tension flow guide to avoid bubbles and slant grooves to enhance mixing

can also be introduced by cutting scratches on these films with low pressure. [105].

However, xurography has only been used to fabricate microchannels. It has also been used
to pattern shallow mask for sputtering [6], but has not been employed directly to integrate
electrodes into microchannels. Plotters has been used to cutting, writing, embossing,
debossing complicated patterns. It can also potentially be used to integrate and pattern
microwire electrodes to complicated patterns. The combination of microwire electrodes
and plotting techniques can reduce the cost for both microchannel fabrication and

microelectrodes integration.
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24 Summary

In this chapter the existing microelectrode fabrication techniques were reviewed.
Techniques used in semiconductor manufacturing, i.e. PVD require expensive equipment
and clean environment. Many of the microfabrication techniques rely on high resolution
but expensive lithography techniques, such as photolithography to pattern the
microelectrodes. Cleanroom working condition is needed to use photolithography and the
photolithography process is not compatible with many polymers. Moreover, the deposition
process for PVD, electroplating, electroless plating is long, especially for thick
microelectrodes. Alternative patterning methods such as inkjet printing and screen printing
together with nanoparticle-based conductive inks lower the cost of the fabrication
equipment and accelerate the process for microelectrode fabrication. However, the thick
film microelectrodes are difficult to be integrated into polymeric LOC device and the
resolution of these microelectrode patterns is low. Moreover, mechanical properties of these
film microelectrodes are also poor. Microelectrodes fabricated by low melting point alloy
casting and conductive polymer nanocomposite have better mechanical performance but
choices for the microelectrode material are limited and photolithography is also needed to

pattern these microelectrodes. Compared to these microfabrication techniques, microwires
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are commercially available with uniform diameter as small as 12.5 pm. Most of the
commonly used materials are available in microwire form. No expensive microelectrode
deposition equipment and high resolution lithography technique is needed to implementing
these microwires as microelectrodes but the microwire can only be integrated straightly
with the current techniques. A comparison between these microelectrode fabrication

techniques is listed in
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Table 3.

34



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

Table 3 Comparison of microelectrode fabrication techniques

Fabrication ] Minimum Mechanical Fabrication
hni Resolution d
technique Thickness property spee
PVD ~1 pm 1 nm Poor Low
Electroplating ~1 um ~500 nm Poor Medium
Electroless plating ~1 pm ~100 nm Poor Low
Nanoparticle sintering ~ ~ 100 um ~2-3 Poor Fast
L 1ti int
ow me mg, potr ~50 um 10 pym Good Fast
alloy casting
Conducti |
OnAUeHve bo ?fmer ~50 um 10 pym Good Fast
nanocomposite
Microwire 12.5 uym 12.5 Good Fast
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Table 3 Continued

Fabrication Photolithography Equipment Material Material
technique required cost choices waste
PVD Yes High Numerous High
Electroplating Yes Low Numerous High
Electroless plating Yes Low Numerous High
Nanoparticle sintering No Low Limited Low
L 1ti int
ow me mg. pomn Yes Low Limited Low
alloy casting
Conductive polymer o
: Yes Low Limited Low
nanocomposite
Microwire Yes Low Numerous Low

Microwire is an optimal candidate for microelectrodes integration into LOC devices but an

efficient technique to integrate these microwires into complicated patterns is needed.

Xurography is a recently developed technique for rapid and low-cost microchannel

fabrication but has not be used for microwire electrode integration. In chapter 3, a modified
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xurographic process is described to integrate microwire electrodes into PDMS elastomer
with a cutting plotter. Combination of xurography and microwire electrodes reduces the

fabrication cost for microelectrode-integrated LOC devices.
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Chapter 3: Xurographic microwire electrode integration for

PDMS

As discussed in chapter 2, integrating microelectrodes into LOC devices remains
challenging and the current techniques for microelectrode fabrication are either expensive,
time-consuming, low resolution, or limited in material choices. Integrating microwire
electrode can be effective in integrating high quality materials at low-cost. However, an

efficient technique to integrate microwires into complicated patterns is needed.

In this chapter, xurography is investigated as a cost effective and versatile technique to
integrate microwire electrodes into PDMS LOC devices. PDMS is one of the most popular
material used in laboratories because of its low-cost, elasticity, high optical transparency,
gas permeability, biocompatibility. However, due to the poor adhesion between PDMS and
metal, integrating leak-free microelectrodes into PDMS LOC devices is quite difficult.
Moreover, film electrodes deposited onto PDMS fail easily due to fracture cause by the
difference of mechanical properties between the elastic PDMS and metal. In this chapter, a
xurographic microwire integration process is proposed to overcome this problem. The

mechanism and process of the xurographic microwire electrode integration into PDMS are
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discussed and the parameters involved in the process are characterized. Finally, the
xurographic microwire integration process has been used to demonstrate some applications

in fabrication of components for PDMS LOC devices.

3.1 Mechanism

The microwire electrodes are ultrathin and flexible. To integrate these ultrathin microwires
into microelectrode patterns, a guiding path is required. In the conventional methods [3, 4,
95] discussed in 2.2.7, the microwire electrodes were fixed into prefabricated electrode
channels with dimensions that the same as the diameter of the microwire. In this case, the
microwire electrodes are only in gentle contact with the electrode channel walls and can be
pulled out of the channel easily due to any force on the electrode wires themselves. In order
to integrate the microwire electrodes into more complicated patterns, a better guiding path

that can hold the microwire in place is needed.

One way to achieve good insertion of microwires into PDMS is to open a guiding slit in
PDMS with a syringe needle. The sharp tip allows cutting of a guiding slit in PDMS and
its hollow structure enables insertion of microwire into the slit as shown in Figure 3.1. First,

the microwire was threaded into the lumen of the syringe needle (Figure 3.1a). The tip of
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the microwire was dragged out of the needle tip to keep in contact with PDMS. The needle
with microwire was then inserted into a PDMS substrate (Figure 3.1b). These syringe
needles were designed with beveled sharp end to penetrate skin easily in their medical
application. In a similar fashion, the sharp needle cut a slit in the PDMS without removing
any material. The syringe needle was subsequently withdrawn from the PDMS but the
microwire in contact with PDMS remained in the resulting PDMS slit closing on the
protruding wire as the needle is withdrawn. As no material was removed during the process,
the compressed PDMS around the microwire provided sufficient friction to prevent the

microwire from being dragged out of the slit (Figure 3.1c).

a b C

Needle

Microwire
Figure 3.1 “Sewing” microwire integration process a. The microwire was threaded into the syringe needle.

b. The syringe needle with microwire was punched through the PDMS. c. The syringe needle was

withdrawn and the microwire was held inside the PDMS.
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The process shown in Figure 3.1 is simple and the guiding slit can hold the microwire with
sufficient friction. However, it is obvious that only straight vertical microwires can be

integrated in this process.

An alternate process was developed as shown in Figure 3.2, where the needle is used to cut
the substrate instead of penetrating through it. In this modified scheme, the microwire was
threaded through the syringe needle. The syringe needle with the microwire was inserted
vertically into the PDMS until the microwire was inserted into the PDMS. Then the needle
was moved horizontally to cut an open slit on the PDMS surface. Ideally, the microwire
electrode would be buried into the slit simultaneously. By cutting the guiding slits with the

desired pattern, the microwire electrodes can be integrated with more complex patterns.

a b

C
Needle
Microwire

Figure 3.2 Needle-based microwire integration process a. The microwire was threaded into the syringe

needle. b. The syringe needle with microwire was cut into the PDMS. c. The syringe needle was moved

parallel to the PDMS surface cutting slits and writing the microwires into the slits.
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In reality, the beveled edge of the syringe needle causes several issues. First, the sharp edge
of the beveled tip is used as a blade to cut slits on PDMS. During cutting the reaction force
on the beveled tip, it is often pushed away from the original path. Secondly, the guiding slit
cut by the needle cannot be deeper than the vertical length of the beveled edge whereas it
has to be close to it to inserted the microwire into the slit. As a result the vertical position
of the microwire is not adjustable. Thirdly, the frictional force between the beveled edge
and the microwire is far stronger than that between the PDMS and the microwire. As a
result, the microwire was dragged along with the needle and withdrawn from the slit instead
of being written into the slit. Therefore, an alternate mechanism was needed to replace the
beveled edge as a cutting tool to cut the guiding slit with different depth into the PDMS
substrate. In addition, a hollow tool with lower friction between the microwire and the tool

itself is also needed to insert the microwire into the guiding slit.

In order to overcome these difficulties and to effectively cut guiding slits on PDMS,
xurography technique using a cutting plotter was implemented. The plotter controls a rotary
blade to cut guiding slits with complex patterns on PDMS. The insertion of microwires is
performed by a customized pen consisting of a flat needle modified with a polymer tube.
The pen can be installed on the cutting plotter to automate the microwire insertion process.

Details about the xurographic microwire integration process are discussed in the next
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section. Combining these microwire patterning and insertion process with xurography
based microfluidic device fabrication, a complete LOC device with integrated

microelectrodes can be fabricated with a low-cost cutting plotter.

3.2 Microwire electrode integration process

The microfluidic channels were xurographically patterned on polymer films as previously
described by Bartholomeusz et al. [6]. Figure 3.3 shows the detailed steps. The adhesive-
backed polyethylene (PE) films (560 pm in thickness) were purchased from McMaster-
Carr Supply Company. The PE films were fixed on the cutting mat of the cutting plotter
(Cricut Explore, Provo Craft & Novelty, Inc.). Vector graph of the microchannel pattern
was imported into the control software to cut the pattern on the PE film (Figure 3.3a). The
microchannel pattern was transferred to a clean silicon wafer or glass slide with a transfer
tape (M6-1F, Main Tape Company, Inc, US), which is laminated with an adhesive layer
with low adhesion. The transfer tape was trimmed to a size smaller than the size of the PE
film. The trimmed transfer tape was laminated on the PE film and peeled off together with
the microchannel pattern (Figure 3.3b). The transfer tape with the microchannel pattern
was then applied on the silicon/glass substrate (Figure 3.3c). The transfer tape was then

peeled off leaving the adhesive-back PE film bonded to the substrate. The substrate with
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the master pattern was used as the master mold for micromolding of PDMS. The PDMS
(Sylgard 184 kit, Dow Corning Corp., MI, USA) was prepared by mixing the silicone base
and the curing agent at ratio of 10:1. The prepared prepolymer was poured onto the master
mold and cured at 80 °C for 1 hour (Figure 3.3d). The cured PDMS substrate with
microchannel was then peeled off from the master mold for the subsequent microelectrode

integration (Figure 3.3e).

Adhesive-back
- vinyl sheet

b - 1
I = N
Release liner
- ‘l' Transfer tape

B silicon wafer

Uncured PDMS

e
L = oo

Figure 3.3 Schematic of xurographic microchannel fabrication process a. PE film patterning. b-c.

d

Microchannel pattern transfer. d. PDMS molding. e. Cured PDMS peeled off for electrode integration.
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Shallow slits were cut on the PDMS substrate to define the microwire electrode patterns.
During cutting, the PDMS has to be firmly attached to the substrate or it would be peeled
off under the cutting force. The original adhesive cutting mat doesn't have enough adhesion
to PDMS and a I mm poly (methyl methacrylate) (PMMA) sheet was trimmed to the same
size with the original cutting mat and used as a cutting mat appropriate to hold PDMS. The
vector graph of the designed microelectrode pattern was imported into the control software
to cut slits on the PDMS (Figure 3.4a). The microwire electrodes were “written” into these
slits through a customized pen (Figure 3.4b). The PDMS microchannel with integrated
microwire electrode was then bonded to another flat PDMS surface by wet bonding (Figure
3.4c). After the uncured PDMS adhesive was fully cured, the device became a monolithic
PDMS LOC device with integrated microelectrodes (Figure 3.4d). When the
microelectrode pattern is complicated or the spacing between the electrodes is too small,
manual microwire writing become difficult. For easier microwire writing, the customized
pen was also installed on the cutting plotter. Many commercial cutting plotters, such as
Cricut Explore series (Provo Craft & Novelty, Inc.) and Silhouette Curio (QuicKutz, Inc.,
Lindon, UT, USA), are equipped with dual carriage multifunctional features for cutting,
drawing, stripping, embossing. The dual carriage enables slit cutting and microwire

electrode writing at the same time without changing the machine tool. (Figure 3.5).
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Uncured PDMS

Figure 3.4 a. Slit patterning on the PDMS surface. b. Microwire electrodes written into the patterned slits. c.

Device sealing and bonding with uncured PDMS adhesive. d. Curing of PDMS adhesive.

Cutting
plotter

Microwire
electrode

ustomized pen

Figure 3.5 Cut-and-write integration process completed in the same cutting plotter.
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3.2.1  Guiding slit cutting

The guiding slits cut on PDMS defines where the microwires would be integrated. In this
section, the way to control the depth and pattern of the guiding slit and their effect on the

position of the integrated microwire electrodes are discussed.

3.2.1.1 Controlling the depth of the PDMS slit

The depth of the slits is a significant feature to be controlled. The position of the microwire
electrodes in the thickness direction is highly dependent on the depth of the slit.
Characterization of the depth of the slits at different cutting parameters can enable
development of a protocol to control the position of the microwire electrodes at different
depths inside the microfluidic devices. Conventional planar microelectrodes can only be
integrated at the bottom of the microchannel. Integrating microelectrodes other than at the
bottom of the channel can improve the performance of these microelectrodes [108-110].
By controlling the depth of the slit within the height of the microchannel, the integrated
microwire electrodes can be suspended in the microchannel. Such suspended

microelectrodes have never been made in other microelectrode fabrication methods.

The cutting force of the Cricut cutting plotter was controlled in the control software using
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settings from 0 to 333. The settings number represents the level of force instead of the real
force value. The real cutting force was measured by a spring scale (8011MN, Ohaus Scale
Corp., NJ, USA). The hook of the spring scale was hooked on the cartridge without the
blade on it to measure the force it applies to the blade during cutting. The cutting force was
measured under various settings during the cutting process. The relationship between the
real cutting force and these representative values is shown in Figure 3.6. The measurements
show that the cutting force is between 60-160 mN and a single increase in the setting level

results in an equivalent real cutting force increase of 2.33 mN.
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Figure 3.6 Real cutting force vs. cutting force setting value

The depth of the slits was simply characterized by measuring the depth of the slits cut under
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different cutting parameters using a microscope (S8APO, Leica). Repetitive cuts can
increase the depth of the slits. However, repetitive cuts at the same location resulted in
removal of material around the existing slits due to the poor positional repeatability of the
cutting plotter and the elastic deformation of the PDMS during cutting. Thus, repetitive
cutting is not recommended. In the case of the Cricut cutting plotter, the only cutting
parameter that can be controlled is the cutting force. In the case of the Silhouette SD cutting
plotter both the cutting force and the blade length can be changed. For each parameter set,
an array of 10 parallel slits was cut on a PDMS surface. The cross-section of the slits was
obtained by cutting the PDMS with a razor blade. The cross-section was imaged by the

microscope with a microscope scale.

The slit depths obtained under different cutting force are shown in Figure 3.7. The depth of
the slit increased linearly with the cutting force. The minimum slit depth was about 200 um
at 18 mN cutting force. Further lowering the cutting force cause large variation of cut slit
depth. Two linear regions were identified separated by a transition point around 270 mN.
Before the transition point the slit depth increases with the cutting force with a slope of
2.76. After this transition point, the slope decreased to 1.39. The transition point is possibly
the critical cutting force at which the blade holder first touches the PDMS surface. As

shown in the schematic in Figure 3.7, before the transition point, only the sharp blade tip
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was in contact with the PDMS cutting it. After the transition point, the holder of the blade
presses on the PDMS surface and the contact area between the blade, blade holder and the
PDMS substrate was larger. The slit depth obtained after the transition point was found to
be smaller than expected, likely because the area under the blade tip was pressed down
during cutting which prevented the blade tip from extending completely into the PDMS.
By further increasing the cutting force, the blade tip cut deeper into the PDMS, resulting in

a deeper guiding slit.
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Figure 3.7 Slit depth dependence on cutting force with Cricut cutting plotter

The depth of the slits cut by another cutting plotter (Silhouette SD, QuicKutz, Inc., Lindon,

UT, USA) was also characterized. The main difference between these two cutting plotters
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is that the silhouette SD cutting plotter was equipped with an adjustable blade, the length
of which can be controlled in 10 levels. The blades of these two cutting plotters were shown

in Figure 3.8.

Figure 3.8 Comparison of the cutting blade of Cricut explore cutting plotter (a) and Silhouette SD (b).

The characterization result of the Silhouette SD cutting plotter is shown in Figure 3.9. The
depth of the slits increases linearly with the blade number. Also, the cutting force does not
have a significant effect on the depth of the slit produced. The blade number basically
represents the length of the blade used for cutting. The larger the blade number, the longer
the blade length. The cutting force of the silhouette SD cutting plotter is higher than that of
the Cricut one, but the resulting slits can be made much shallower by selecting a shorter

blade length, possibly explained by the contact length between the blade holder and the

51



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

PDMS surface discussed above. The shallowest slit obtained was about 30 um deep.
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Figure 3.9 Depth of slits characterization on Silhouette SD cutting plotter

3.2.1.2 Slit spacing characterization

The size and dimensional accuracy of the microelectrodes depends on the diameter of the
microwire chosen. However, the resolution and accuracy of the microelectrode pattern
depends on the integration process. Because the microelectrode pattern is defined by the
PDMS slits, the minimum spacing achievable between two slits determines the resolution

of the microelectrode pattern.

The characterization of the spacing was similar to the slit depth characterization. Briefly,
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for each slit spacing an array of 10 parallel slits was cut on PDMS surface. The actual
spacing was measured from the micrograph captured by the microscope. The measured
results are shown in Figure 3.10. The actual spacing is linearly proportional to the setting
spacing at spacing above 150 um with slope of 0.9. The actual slit spacing is slightly
smaller than the setting slit spacing, likely caused by the non-uniform deformation of the
PDMS around a slit. The minimum spacing achievable by the Cricut cutting plotter was
about 150 um but occasional overlapping between the slits is to be expected and spacing

larger than 150 um would be recommended.

500

400

Actual Spacing/um
w
3
1

N

o

o
|

100 T T T T T T g 1
100 200 300 400 500
Setting Spacing/pym

Figure 3.10 Actual slit spacing vs. setting slit spacing. The minimum spacing between two slits is 150 pm.
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3.2.1.3 Flexible integration of microwire electrodes

The position of the microwire electrodes in the direction of the thickness of the
microchannel can be controlled by the depth of the slits. The in-plane microelectrode
pattern can be defined by the slit pattern. Therefore, these microwires can potentially be
integrated into any position inside the PDMS device. Figure 3.11 shows three common
microelectrode configurations used in many applications. The red microwire passes
through the microchannel and is exposed to the content of it in a format that is suitable for
in channel sensing or electrokinetic pumping. The blue microwire is integrated along the
sidewall of the microchannel but is insulated from the channel in a format that is suitable
for dielectrophoresis or magnetic particle manipulation. The yellow microwire was
integrated into the PDMS substrate that underneath the microchannel layer. This format

where the microwire is insulated from the microchannel is suitable for heating.

For a complete LOC device, these various configurations need to be integrated at various
locations into the device. Due to limitations of existing fabrication methods, ideal
configurations as depicted in Figure 3.11 are not possible or difficult to integrate and these
designs have usually been patterned at the bottom surface of the microchannels. With the

xurographic microwire electrode integration technique these microelectrodes can be easily
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integrated into any desired position inside the PDMS LOC device.

N\

\ Y

Figure 3.11 Schematic of 2.5D microwire electrode integration

3.2.1.4 In-channel microwire patterning

In other microelectrode fabrication techniques, the electrodes are either at the bottom of the
channel or on the sidewalls of the channel, limited by the fabrication process.
Microelectrodes integrated at the center of the microchannel can improve interaction

between the electrode and the solution or enhance performance of functions such as heating,
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mixing.

The xurographic microwire integration process allows the integration of the microwire
suspended in the middle of the channel. In order to integrate a suspended microwire
electrode into a microchannel, the guiding slit was cut through the microchannel with depth
shallower than the height of the microchannel. The microwire was then written into the
guiding slit and as a result written across the middle microchannel. Figure 3.12 shows a
suspended 50 pm copper microwire written across a 500 um wide microchannel imaged

by scanning electron microscope (SEM).
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Figure 3.12 A suspended microwire in the middle of the microchannel.

The length of the microwire electrode exposed inside the microchannel determines the in-
channel surface area of the electrode, which is an important parameter to control heating
efficiency, sensor sensitivity, etc. Therefore, a fabrication scheme has been developed to
precisely control the in-channel exposed length of the microwires. In this scheme, a series
of parallel slits with 1 mm spacing was cut on the PDMS surface. Various in channel
electrode length can be obtained by simply changing the pattern of writing the microwire
into slits with different spacing between them (Figure 3.13a). Using the same scheme,

multiple microwire electrodes of different in channel lengths can be integrated. For instance,
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three electrodes forming a electrochemical cell can be integrated using the same or different
microwires on opposite sides of the microchannel by suitably designing the slits and then

devising an appropriate pattern for microwire integration. (Figure 3.13b).

In some cases, such as in magnetic or electrical separations, the angle of the microelectrode
with the microfluidic channel is important. Using the same scheme where the slit cutting
pattern is decoupled from the microwire writing pattern, one can devise a scheme to create
precise angles between the microwire electrode and the channel. For instance, when two
slits are cut on both side of the microchannel and a microwire is written through them, both
the length and the angle of the microwire can be controlled by adjusting the distance
between these two slits along the microchannel. As shown in Figure 3.13c, three
microwires were written into slits with 0, 1 and 2 mm spacing. The angle of the microwire
electrode increased with enlarged spacing. These slanted microwire electrodes in the
middle of the microchannel can be used to apply electric/magnetic field at defined and

particular orientation.
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Figure 3.13 Microelectrodes of different length integrated into microchannel. a. Microwire electrodes with
length of 0, 1, 2, 3 mm. b. Microwire electrodes with different spacing on both sides of the microchannel. c.

Microwire electrodes with angle of 0, 45°, 80°.

3.2.2 Microwire electrode writing

3.2.2.1 Customized “pen” for microelectrode writing

The insertion process of the microwire into the guiding slit is similar to writing. During
writing, the section of microwire written into the guiding slit was held in place by friction
between the microwire and the PDMS slit which then enables the section of the wire

coming out of the tip of the “pen” to be drawn out. In order for that to happen, the friction
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between the microwire and the pen tip in the writing direction should be small and lower

than that between the microwire and the PDMS slit.

As mentioned in section 3.1, using a hard syringe needle to write the microwire into the
guiding slits would drag the microwire out of the slit (due to high friction between the
needle tip and the wire) or cut the microwire. Various substitutes for the guiding metal
syringe needle such as plastic syringe needles, plastic pipette tips, stainless steel blunt tip
syringe needles, were also tested by using them to write 50 um copper microwires into the
500 pm deep guiding slits. The friction between the plastic needles or the plastic pipette
tips and the microwires was found to be smaller than that between the microwire and the
PDMS slit and the microwires can be successfully written into the PDMS slits. The outside
diameter of 27 gauge plastic needle is about 410 pum making it suitable for insertion into
the slits. However, its tip bent easily during writing process making it unsuitable for this
purpose. Plastic pipette tips were stronger because their tips are conical in shape and larger.
However, the larger tip outside diameter (about 800 um) makes it difficult to insert the

pipette tips into shallow slits.

Stainless steel blunt tip syringe needles are available in 30 gauge with outside diameter of

about 300 um. The stainless steel tip is also strong enough to write the microwires. However,
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the microwires were pulled out of the slits after “writing” because of the friction between
the stainless steel tip and the microwires. To lower the friction, the stainless steel needle
was sleeved with a miniature heat-shrink-tube (6699T11, McMaster—Carr, Inc., Atlanta,
GA). The polyolefin heat-shrink-tube was slightly longer than the stainless steel needle and
heated with a heat gun to shrink. The after-shrunk diameter of the heat-shrink-tube was
similar to the inner diameter of the stainless steel needle, therefore forming a plastic tip at
the stainless steel needle tip (Figure 3.14). The modified stainless steel needle was used to
write the microwires into the slits. The stainless steel needle body and the small diameter
make it easy to be inserted into the slits. With the plastic tip encapsulated at the stainless
steel needle tip, the microwires were in contact with the polyolefin tube instead of the metal
body and could be easily written into the patterned slits. The customized pen is shown under
SEM (Figure 3.15) where it can be seen that after shrinkage the heat-shrink-tube forms a

tip with similar inner diameter ahead of the stainless steel needle tip.
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Figure 3.14 The schematic of the customized pen.

Wire electrode

Figure 3.15 SEM image of a stainless steel needle with (right) and without (left) the heat-shrink-tube.
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3.2.2.2 A diversity of microelectrode material choices

In order to demonstrate the versatility of the modified xurographic electrode integration
process a variety of microwires with different materials and varied diameters such as a 250
um unstriped optical fiber, a 125 um glass capillary tube, a 50 pm copper microwire and
a25 um insulated copper wire were written into 500 um deep slits and imaged under the
scanning electron microscope (Figure 3.16). The optical fiber was not striped of the
polymer coating as the striped fibers break easily during writing. It is clear that a variety of
materials with various thicknesses and surface coatings can be easily integrated using this
method. Optical fibers are useful as waveguides to route light or to collect it to various
locations on the microfluidic chip. Similarly, microcapillaries are useful to route fluids from
macroscale reservoirs to microfluidic devices. In addition, a variety of microwire types
including bare metal/alloy wires as well as insulated wires are available which can be
integrated directly. It is worthwhile to note that integration of insulation over
microelectrodes deposited by other microfabrication methods require multiple steps that

are often time consuming and expensive.
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Figure 3.16 SEM image of microwires with different material and different diameter written into 500 um

slits

3.2.3 Simultaneous PDMS device bonding/sealing

The guiding slit into which the microwires are inserted is enlarged when large diameter

microwires are inserted, as can be seen in Figure 3.16. This gap created due to the

enlargement of the slit can be a source of leakage in microwire-integrated devices. In order

to seal these gaps, droplets of sealants such as PDMS prepolymer can be added at the gap
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after bonding.

However, adding sealants is a post-processing step and not scalable. In order to efficiently
bond the PDMS device and seal the gaps simultaneously, the microwire-integrated PDMS
devices were bonded by the wet bonding technique [111]. Briefly, PDMS prepolymer was
spin coated on a silicon wafer at 1300 rpm for 30 s to form a thin prepolymer layer. The
PDMS slab with integrated microwires was then stamped on the spin-coated wafer and was
coated uniformly with a thin layer of uncured pre-polymer only in the regions that were on
the surface. The pre-polymer on the gaps wicked into the gaps effectively sealing it. The
prepolymer-coated PDMS slab was aligned and bonded to another PDMS surface enclosing
the microchannel. The aligned PDMS device was then baked to cure all the PDMS

prepolymer.

Even with this process, the small gaps were observable by microscope and were not fully
sealed by 10:1 PDMS prepolymer. Several modifications were made to the wet bonding
procedure to enhance the wicking of prepolymer into the slits. Firstly, the viscosity of the
prepolymer was lowered by addition of silicone oil to the pre-polymer in order to reduce
the resistance during wicking. Secondly, the PDMS with integrated microwires kept on the

silicon wafer with spin-coated pre-polymer for half an hour to leave enough time for
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wicking. Thirdly, the PDMS stamped on spin-coated prepolymer was placed in vacuum

during this half an hour wicking.

A microchannel with integrated 25 um insulated copper microwire was bonded with the
modified wet bonding process. The cross-section along the microchannel was imaged with
scanning electron microscope to observe the sealing performance. Before sealing, a gap
above the integrated microwire can be observed (Figure 3.17a). Without proper sealing the
fluids in the channel would leak from this gap. After sealing with the modified bonding
process, the gap was completely sealed (Figure 3.17b). For microwires with larger diameter,

the wicking time should be increased to ensure complete sealing.

Microwire

2 00 1M

Figure 3.17 SEM image of a 25 pm integrated microwire before (a) and after (b) sealing
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3.3 Application examples

In order to demonstrate the versatility of this method, various components requiring
integrated metallic microelectrodes have been fabricated and their performance

characterized in this section.

3.3.1 Microfluidic heater

The requirement for heating and temperature control for LOC applications such as PCR,
mixing, digital microfluidics and cell culture necessitate the integration of heating element
into the LOC devices. Early LOC devices employed external Peltier elements to control the
temperature of the whole device [112]. The heating components were not integrated into
the chip and the heating efficiency was low. Alternatively, in order to better control the
temperature of the fluid inside the microchannel locally, a side channel was fabricated near
the area to be heated/cooled. The temperature was controlled by injecting pre-heated fluid
and pre-cooled fluid [113, 114] or fluids that generate heat through chemical reaction or
adsorb heat by evaporation [115] into heater channel. Finally, metallic or conductive oxides
resistors have been integrated using lithography based microfabrication methods to

generate heat through Joule effect in LOC devices [22, 39]. In addition to the expensive
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microfabrication method, the need for an insulation layer between the heater necessitates

further microfabrication steps.

Microwire heater integrated through xurographic process can overcome the limitations of
the conventional methods as the heating microwires can be embedded into the PDMS
substrates and therefore are insulated from the microchannel by the PDMS itself. As a
demonstration, a microwire based heater design integrated into a PDMS microfluidic
channel is shown in (Figure 3.18a). The device consists of a microchannel layer and a heater
layer. In order to implement this design, a channel 1 mm in width and 20 mm in length was
fabricated xurographically using the procedure as described in section 3.2. The reservoirs
for inlet and outlet were punched out of the PDMS substrate with a 2 mm puncher. The 50
um heating microwire electrode was made of Ni-Cr alloy. The serpentine heater
microelectrode was designed with 2 mm spacing (Figure 3.18b). The heater microwire
electrode was written into 250 pm deep slits cut on a flat PDMS surface and then bonded
to the microchannel layer with uncured PDMS prepolymer. The prepolymer sealed the gap

upon the heater microwire electrode and insulated it from solution in the microchannel.
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a  Microchannel layer

Heater layer

b Topview

Figure 3.18 Design of the microfluidic heater pattern. Microchannel dimension: 1 mm in width, 20 mm in

length, 125 um in depth. The Ni-Cr microwire was written into a 250 um deep slit.

The PDMS device with integrated heater microelectrode is shown in Figure 3.19a. The
fabricated microwire heater under the microchannel was imaged using a microscope and is

shown in Figure 3.19b.
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Figure 3.19 a. A PDMS device with integrated microwire heater. b. Micrograph of the microwire heater

under the microchannel.

In order to test the performance of the fabricated heater, a thermocouple was introduced
into the middle of the microchannel to monitor the temperature inside. The microchannel

was filled with deionized water (DI water) and the heater was powered with a DC power
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source by applying voltage from 1 V to 4 V with 1 V interval. Temperature was monitored

from the moment the voltage was applied. The experiment setup is showed in Figure 3.20.

Thermocouple

I Microwire

Figure 3.20 Cross-sectional view (a) and top view (b) of the experiment setup

The temperature inside the microchannel was recorded for 13 min until the temperature
was steady, as shown in Figure 3.21. The heat generated by the microwire heater and that
dissipated by the channel to its surroundings quickly reached an equilibrium and the
temperature inside the channel reached steady state. The equilibrium temperature achieved

when the operating voltage was 1, 2, 3, 4 V was 25.6, 33.3, 45.7 and 60 °C respectively.
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The temperature also rose quicker with higher applied voltage. The higher voltage applied
to the heater, the more heat the heater would generate and the higher the equilibrium
temperature would be to dissipate more heat to the environment. The heating microwire in
this design is sparsely distributed along the microchannel and the size of the channel is also
large. The time required to reach the equilibrium is long but it provides a convenient way
to maintain a certain temperature with minimum instrumentation. Higher heating efficiency
can be achieved by optimizing the heater microwire distribution and the depth at which the
microwire heater was integrated. By integrating insulated heating microwires into the
middle of the microchannel it would be possible to obtain even more rapid heating of the

solution in the microchannels.
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Figure 3.21 Water temperature changes in the microchannel at different applied voltage.
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3.3.2 Electrochemical sensor

Electrochemical sensors have been integrated in some early LOC devices for on-chip
detection as an alternative to expensive laser-induced fluorescence [24]. Electrochemical
detection is sensitive, selective, inexpensive and the electrical signal can be processed by
conventional electronics. These electrochemical sensors are also highly compatible with
microfabrication techniques and can be integrated into LOC devices easily. Most of the
electrochemical microelectrodes are planar electrodes deposited by PVD or nanoparticle
sintering. These planar microelectrodes can only be integrated on the bottom or the top of
the microchannel. However, the response of these sensors are dependent on transport of the
analyte to the sensor surface which in the planar electrodes embedded at the bottom of the
channel will take significant amount of time [4]. Therefore, the capacity to integrate the

microelectrodes at different positions in the height direction can be useful.

With the xurographic microwire integration technique, microwire electrodes for
electrochemical sensing can be integrated at various positions at the height direction. As a
demonstration, an electrochemical sensor was fabricated with three electrode setup as
shown in Figure 3.22. The three electrodes setup includes a 15 pm diameter carbon

nanotube microwire working electrode, a silver/silver chloride electrode and a platinum
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counter electrode from left to right in the figure. The silver/silver chloride reference
electrode was inserted in close proximity to the carbon nanotube working electrode to
reduce the effect of solution resistance. These microwire electrochemical electrodes were
integrated at a depth of 250 pm into a PDMS microchannel which has a height of 560 pm
and width of 500 pm. The PDMS microchannel with integrated electrochemical electrodes
was bonded to a flat PDMS surface with uncured PDMS prepolymer. The silver/silver
chloride electrode was modified from a 50 pm silver microwire electrochemically in a
similar fashion as reported previously [116]. The microchannel was filled with 1 M KC1
solution and then 2 V anodic DC potential was applied to grow silver chloride on the silver
microwire electrode. After silver microwire modification, the microchannel was washed

with DI water.
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Figure 3.22 Schematic of the electrochemical sensor design. a. Cross-section view of the electrochemical

sensor. b. Top view of the electrochemical sensor.

The fabricated electrochemical sensor was tested using cyclic voltammetry of ferricyanide.
Potassium Ferricyanide (I mM) in 1 M KCIl was injected into the microchannel. The
applied potential was cycled between 0.2 V to 1.2 V with step voltage of 5 mV was applied
to the working and counter electrodes using a EmStat potentiostat (PalmSens Inc.) at scan
rates of 50, 100, 200, 300, 400 mV/s. The cyclic voltammetry was run 10 times for each
scan rate and the results were found to be repeatable. Electrochemical sensors with
microelectrode of I mm and 10 mm respectively were made for comparison. The result is

shown in Figure 3.23. Much higher signal strength was acquired with the electrochemical
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sensor with 10 mm microelectrodes.
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Figure 3.23 Cyclic voltammetry of ferricyanide in electrochemical sensor with different microwire

electrode length. The insert is results for device with 1 mm electrode.

3.3.3 Electro-osmotic Micromixer

Mixing is challenging in microfluidics due to the low Reynolds number flow in
microchannels. In laminar flows, mixing is achieved by diffusion, which is slow and
requiring a long mixing length. Complicated microchannel features such as grooves and
3D serpentine structure can introduce chaotic advection which increases contact area and

contact time between two fluids and enhance mixing. However, the mixing efficiency is
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low resulting in a long mixing length. In contrast, active mixing employs external forces to
mix the fluids. Electro-osmosis, which drives the motion of fluid by applying potential
across the microchannel, is a type of electrokinetic phenomenon and also a common active
microfluidic mixing technique. The potential is commonly applied through planar
electrodes integrated on the bottom of the microchannel. The mixing only occurs on the
surface of these planar electrodes and therefore cannot induce sufficient mixing especially
for high aspect ratio microchannels. Integrating microwire electrodes into the middle of the

microchannel can possibly induce better mixing in the middle of the microchannel.

The concept of the alternative current (AC) microwire induced charged electro-osmosis
(ICEO) mixer is shown in Figure 3.24. When a conductive microwire is placed in an electric
field, a double layer charge would be induced around the microwire. The electrical double
layer would then be driven to move under the electric field (Figure 3.24a). Bulk fluid
motion is also induced due to the viscosity of fluid. At reverse electric field direction,
electrical forces and the surface charge poles are reversed, resulting in unchanged fluidic

motion direction (Figure 3.24b).
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Figure 3.24 AC electro-osmosis around a microwire

The design of the ICEO microfluidic mixer is shown in Figure 3.25 The top layer is a Y-
shape microfluidic channel with width of 500 pm and height of 560 pm. Three 50 pm
copper microwire electrodes were integrated into 250 deep of the microchannel with 1 mm
spacing between them. The middle microwire electrode was left with no external electrical
connection. The PDMS Y-shape microchannel with integrated mixer microelectrodes was

bonded to a flat PDMS surface by wet bonding.
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Figure 3.25 A microfluidic electro-osmotic mixer design

DI water dyed with green and red food color respectively was continuously injected and
mixed in the two inlets of the Y-shape microchannel with flow rate of 5 pl/min. AC voltage
of 10 kHz from 50 to 200 V was applied to the two microwire electrodes on both sides to
generate electric field from 250 V/cm to 1000 V/cm to the region in between. The electric

field induced electro-osmotic flow around the microwire and mix the two dyed solution.

The mixing of these two dyed solution in the mixing region was imaged with the
microscope (Figure 3.26). It was observed that higher voltage led to greater mixing. It could

also be seen that the electro-osmotic mixing only occurred in the mixing region. Since the
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electrodes for the mixer is confined within a few mm's, the strong electric field applied for
mixing does not interfere with other parts of the device. Increase of electric field strength
to 750 V/cm by applying 150 V was sufficient to induce complete electrokinetic mixing of

the two solutions.

oV

50V

100V

150V

Figure 3.26 Mixing of DI water dyed with green and red food color at different applied voltage.

3.3.4 Optical waveguide

LOC devices with integrated light-emitting diode (LED), optical fibers, photodiodes and
other optical components have been fabricated to miniaturize traditional optical sensing

systems with high resolution microscope. These optical devices are highly sensitive with
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low limit of detection. Optical fiber is useful for light transmission into specific location.
These optical fibers have been used externally for illumination and detection [117].
However, it is difficult to align the external optical fibers to the microchannel accurately.
To accurately integrate the optical fiber into the LOC device, a technique similar to the
microwire integration technique discussed in section 2.2.7 was used. A fiber channel was
fabricated in the LOC device with the same dimension of the optical fiber. The optical fiber
was inserted into the fiber channel for illumination [118] or detection [119]. The insertion

process is manual and the optical fiber would come out of the fiber channel easily.

As shown in Figure 3.16, the xurographically patterned slit can hold the optical fiber in the
PDMS. In this section, an optical fiber was integrated into a 1 mm wide microchannel as a
optical waveguide for external light source. A 250 um optical fiber (FG105UCA, Thorlabs,
Newton, NJ, USA) was integrated in the same manner of microwire electrode integration.
About 5 mm of the optical fiber end was striped and cleaved to a final glass end of about 1
mm. The fiber is stripped only at the tip in order to prevent it from breaking when written
using the modified xurographic process. The optical fiber was written with a pipette tip
(ADI10EK, Diamed Lab Supplies Inc., Mississauga, Ontario) with inner diameter of 800
um. In order to demonstrate the versatility and the accuracy of this approach, the optical

fiber was written into a slit crossing the microchannel leaving the cleaved tip suspended in
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the microchannel (Figure 3.27a). The device was then bonded by wet bonding. The written
optical fiber was held by the guiding slit and stayed in position during subsequent alignment,

bonding and sealing.

The integrated fiber was used to illuminate the fluorescence dye to determine DNA
concentration. Lambda DNA samples with different concentration from 1 ng/ml to 1 pg/ml
in 1X TE buffer (10 mM Tris-HCI, I mM EDTA, pH 7.5) was dyed with picogreen (200-
fold dilution of the original reagent) and injected into the microchannel. Excitation light of
490 nm Nominal wavelength from a fiber-coupled LED (M490F2, Thorlabs, Newton, NJ)
was guide through the optical fiber into the microchannel. The emission light was detected

with fluorescence microscope (Figure 3.27b).
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Optical fiber

Channel

Optical fiber

Figure 3.27 a. An optical fiber written into the microchannel. b. Emission light from dyed DNA sample.

The emission light was imaged with the fluorescence microscope. Before turning on the
LED, no emission light was seen and the image is dark (data not shown). After turning on
the LED, a light beam can be seen coming from the tip of the optical fiber, indicating that
the dyed DNA sample along the excitation light beam was ignited. The fluorescence
intensity was measured in the image from the mean brightness of the beam. The
fluorescence is linear to the DNA concentration (Figure 3.28). The result is in consistent

with the quantification curve of picogreen reagent [ 120].
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Figure 3.28 Fluorescence intensity vs. DNA concentration

34 Summary

A modified xurographic microwire electrode integration technique was described in this
chapter. The microchannel fabrication and microelectrode integration was performed using
a low-cost (US$200) cutting plotter. A cutting plotter is more affordable than the equipment
required in other microelectrode integration techniques and can be implemented without

any special clean room facilities.
In addition to reducing the cost of microelectrode integration significantly, this technique
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demonstrated many advantageous features. First, micro-electrodes down to 25 um in size
has been successfully integrated in PDMS LOC devices. Secondly, the position of these 2D
microelectrodes in thickness direction can be controlled, which is a useful feature that the
other microelectrode fabrication techniques lack. This feature permit integration of
microelectrodes into almost any position inside the PDMS device. Integrating microwire
electrodes suspended inside the microchannel with locally controlled pattern was also
demonstrated. These suspended microwire electrodes enables better interaction with the
solution. Different microfluidic components including a microfluidic heater, an
electrochemical sensor, an electro-osmosis mixer and an optical waveguide were integrated
into PDMS microfluidic devices to demonstrate the versatility of the modified xurographic

method as well as the advantage of the additional microelectrode position control.

Despite the many advantages, the xurographic technique established in this chapter can
only be used to integrate microwire electrodes into PDMS LOC devices. In the next chapter,
another xurographic process would be developed to integrate microwire electrodes into

most of the polymeric LOC devices based on wet bonding.
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Chapter 4: Xurographic microwire electrode integration for

rigid polymers

In chapter 3, a xurographic microwire electrode integration method to integrate microwire
electrodes into elastomers microfluidic devices, typically PDMS LOC devices, was
established. In the integration process, the compressive force from the deformed
elastomeric slits and the resulting static friction between the microwire and the elastomer
holds the microwires in the slit. This method is only applicable for elastomers and not for
rigid polymers such as polyethylene terephthalate (PET), Polycarbonate (PC), PE and
PMMA. During mechanical cutting, the rigid polymers deform more plastically than
elastically. As a result, the resulting shape of the cut is an open V-shape grooves [105]
instead of closed slits. Microwires written into these open grooves are not held by friction
and would come out easily, in a fashion similar to the electrode microchannel used to
integrate microwires discussed in 2.2.7 [4]. Thus the mechanism described in 3.1 is not
applicable to materials other than elastomers. In order to solve this problem, a more
universal microwire electrode integration technique was developed and is characterized in

this chapter.
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4.1 Mechanism

As discussed above, an alternate mechanism to integrate the microwire in a defined position
is needed in the case of rigid polymeric substrates. Adhesives can be introduced between
the microwire and the rigid polymer to bond the microwire on the polymer. Considering
that adhesive bonding has also been used widely in polymeric LOC device fabrication, the

microwire integration can be completed together with device fabrication process.

Adhesive bonding is a bonding technique where two substrates are bonded with an adhesive
layer in between. Two types of adhesives are available: liquid adhesive and pressure
sensitive adhesive (PSA) tape. Liquid adhesives can be cured by evaporation of solvent,
mixing base material (such as epoxy or acrylate) with curing agent, or external ultraviolet
source. PSA is a viscoelastic polymeric material (e.g. acrylics and rubber) coated on a
supporting substrate and is commercially available in various sizes. After removal of the
supporting substrate, the PSA can be laminated between two substrates and bond them
together. A pressure would be applied on the substrates to force the adhesive to wet the

substrate and improve the bonding strength.

The mechanism for the integration of microwire electrodes into rigid polymer based
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microfluidic devices is shown in Figure 4.1. First, the microwire is written on top of the
adhesive film (Figure 4.1a). The microwire can be written as complex pattern because of
the adhesion from the adhesive layer which hold the microwire once it is written on it. Then
a rigid polymer substrate would be laminated on the adhesive film and the microwire is
partly pressed into the adhesive layer (Figure 4.1b). However, a gap would exist above the
microwire as shown in Figure 4.1b. Further application of bonding pressure on the polymer
film would force the adhesive to reflow and fill the gaps around the microwire and

strengthen the bonding between the substrates (Figure 4.1c).

'
b 1 Pressure
c 11 Pressure

. . . Polymer
B Adhesive Microwire

substrate
Figure 4.1 Principle of adhesive-based microwire electrode integration. a. A microwire is written on the
PSA film. b. A polymer substrate is pressed on the PSA film and the microwire was pressed into the PSA

film. c. Further applying bonding pressure forces the adhesive into the gaps.
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A complete microwire integration process based on PSA is shown in Figure 4.2. The PSA
films are laminated on the polymer film for the microchannel (Figure 4.2a). The polymer
film with laminated PSA was then patterned with the cutting plotter to obtain the
microchannel features (Figure 4.2b). The protective liner of the PSA is then removed to
expose the PSA film (The liner is not shown in the figure). The microwire electrode is
embedded on the PSA film by writing with a customized pen (Figure 4.2c¢). The
microchannel with integrated microwire electrode is then sealed with two other polymer
film (Figure 4.2e), one at the top and another at the bottom to form a closed LOC device

(Figure 4.2f).
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Figure 4.2 A simple example of PSA-based microwire integration process.

The embedding of microwires in the PSA film was further characterized by scanning
electron microscope. First, a PSA film patterned with a reservoir and bonded to a glass slide
and a 50 um copper microwire was written across the reservoir. A PDMS substrate was use
to apply pressure on the PSA film. Because of the weak adhesion between the PDMS and
the PSA film, it can be easily removed without peeling off the adhesive film. The resulting
microwire-integrated PSA film was imaged under the SEM (Figure 4.3). It can be seen that
the microwire written on the PSA surface was pressed and sealed into the PSA. The

microwire written into the reservoir was suspended in the reservoir.
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Microwire

Figure 4.3 Microwire-adhesive interface imaged with SEM

4.1.1  Partially cured liquid adhesive

The integration method above can also be applied to liquid adhesives. Liquid adhesive can
be partially cured into high viscous layer, e.g. B-stage epoxy and partially cured PDMS
adhesive. The partially cured adhesive is equivalent to the adhesive films and can be used

for microwire direct writing.

An example of a process flow using PDMS prepolymer adhesive is shown in Figure 4.4.
First, the uncured PDMS prepolymer was spin-coated on a silicon wafer at 1500 rpm for

30s to obtain a thin film with thickness about 50 um (Figure 4.4a) and baked at 60 °C for 3
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min to partially cure the prepolymer to a highly viscous film (Figure 4.4b). Next, a 50 pm
copper microwire was written on the partially cured prepolymer film (Figure 4.4c).
Subsequently, the partially cured prepolymer film with integrated microwire electrodes was
used to seal a PDMS microchannel. The PDMS microchannel was aligned and stamped on
the partially cured prepolymer film (Figure 4.4d). The microwires were embedded into the
prepolymer film except the region under the microchannel (Figure 4.4e). Finally, the
assembled device was then baked at 80 °C for half an hour to cure the prepolymer (Figure

4.4f).

The adhesive layer can also be selectively coated on the substrate with microchannel
features through microcontact printing. The substrate would be stamped on the partially
cured PDMS adhesive and the adhesive would only be coated on the areas to be bonded
excluding the microchannel regions. The microwire would be then written on this adhesive

layer.

92



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

a b
Uncured PDMS Partially cured PDMS

\ S

AN
__

ilicon wafer/” (85888

Heating

c Pipette tip

q
MlcrOW|re

_ —
e f

§65868

Figure 4.4 Partially cured PDMS adhesive-based microwire integration

A resulting microwire-integrated PDMS microchannel was imaged with microscope
(Figure 4.5). The thin PDMS adhesive was cured as a membrane on top of the microchannel.
The microwire was integrated between the membrane and the PDMS channel. The region

inside the microchannel was exposed to the microchannel.
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Figure 4.5 Micrograph of a 50 um copper microwire integrated into a PDMS microchannel through
partially cured PDMS.

4.1.2  Microwire writing

In chapter 3, the customized pen is a stainless steel syringe needle encapsulated with a heat-
shrink-tube to insert and write the microwire into the originally closed slits. To write the
microwires on adhesive surface, however, a stiff pen is not necessary. Instead, plastic
pipette tip (AD10EK, Diamed Lab Supplies Inc., Mississauga, Ontario) is used in this

chapter.

Microwires were first written on the adhesive manually for preliminary test. When the
pipette tip got in contact with the adhesive, it peeled off the adhesive easily. When the

pipette tip got too far from the adhesive film, the microwire wasn’t in contact with the
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adhesive and cannot be written on it. Therefore, the distance between the pipette tip and the

adhesive needed to be controlled.

Therefore, in order to control the position of the writing tip to the substrate as well as the
writing force, various designs for the pen were considered. The initial design of the pen is
shown in Figure 4.6. The pen body and the lid were 3D printed with thread on them for
assembly. A spring (9657K81, McMaster-Carr) with outside diameter of 4.75 mm and
spring constant of 0.03 N/m was placed into the chamber in the pen body with diameter of
5 mm. The pipette tip was subsequently inserted into the chamber and supported by the
spring. The lid was then screwed into the pen body and the spring pushed the pipette tip
against the lid and the position of the pipette tip can be adjusted by screwing the lid in and
out. Before writing the microwire electrode, the pipette tip in the customized pen was
adjusted down to be close to the adhesive layer with gap smaller than the diameter of the

microwire.
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Figure 4.6 Customized pen with adjustable pipette tip position.

However, the result of writing using a pen of this configuration was not repeatable when
the pipette tip position was fixed with respect to the substrate. This may be due to several
factors. The film thickness may be non-uniform. Alternatively, the cutting mat may not be
perfectly flat or the cutting machine may not have a smooth motion leading to vibration or
wobble of the tip. The distance between the pipette tip and the adhesive should be such that
it should not come in contact, but should be smaller than the diameter of the wire to embed

the wire firmly. If the pipette tip touches the adhesive during writing, the adhesive film it
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traverses through would stick with the tip and be peeled off. If the pipette tip is too far from
the adhesive film, the microwire cannot be embedded on the adhesive. Instead of adding
precise position control components to the machine, this problem was solved by a
modification to the customized pen with two springs on both side of the pipette tip (Figure
4.7a). The second spring provides room for the pipette tip to move up during writing. The
stiffness of the spring is small enough to lower the possible pressure on the adhesive film.

During writing, the force balance on the pipette tip would be Fgpring1 + Fopringz +

Fyyriting = 0 as shown in Figure 4.7b. Fpring1 = kAX and Fepringa = -kAx where k is

the stiffness of the springs and Ax is the variation of the position of pipette during writing.

With the soft spring used in the design (k = 0.03 N/m) and a large variation of 1 mm

(Ax = 1 mm), the pressure on the film would be Fyriting = 60 UN. The actual pressure
would be smaller as the whole film thickness is normally several hundred microns.
Therefore, the initial position of the pipette tip can be closer to the adhesive film to ensure
the contact between the microwire and the adhesive film. The pipette tip adjusts its position

automatically and the writing force generated is very small.
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Figure 4.7 a) Modified customized pen design with two springs. b) Force balance on the pipette tip during

writing.

4.1.3 Resolution

The resolution of the microwire writing was defined as the smallest spacing between two
parallel lines. Silver microwires (50 um in diameter) were written into serpentine
microelectrode patterns with spacing of 100 to 500 um between the lines on a PSA film.

Micrographs of the written microwires with spacing from 100 to 300 pm are shown in
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Figure 4.8. The adjacent lines of the serpentine pattern overlapped with each other when
the spacing was 100 or 200 um. At 250 pm spacing the microwires were not overlapping
with each other but the spacing between the wires varies significantly from that in the
design pattern. The spacing between the microwires become uniform and accurately

reproduced the design pattern above 300 um.
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Figure 4.8 Characterization of resolution of microwire writing. The pattern used to characterize resolution

(upper left) and the micrograph of microwires with different spacing.

The quantitative measure of the spacing between the microwire electrodes were measured

from the micrographs as shown in Figure 4.9. The spacing equal to or larger than 300 pm
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is repeatable and linear with slope of 1.04. Even though the microwires are not overlapping
with pattern designed with 250 pm spacing, the variation of the spacing is very large and
the average spacing of 281 um is also significantly different from the linear fitting. High
resolution cutting plotter or reducing pen nozzle size can help improve the resolution of

microwire writing.
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Figure 4.9 Actual microwire spacing vs. designed spacing in the microelectrode pattern
4.1.4  Writing electrode patterns with turning

It can be observed from Figure 4.8 that the designed right angle turnings are written as

circular turnings. The reason for this transformation can be possibly explained by the
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movement of the wire inside the writing tip as shown in Figure 4.10. The dotted red line in
this figure shows the intended path of the pipette tip at a sharp corner. During the writing
process, the microwire whose size is smaller than the nozzle of the pipette tip, is positioned
at the edge of the nozzle opposite to the moving direction. During a turn, the position of
the wire changes from the 9° clock position to the 12° clock position as the pipette tip does
not rotate. This translocation of the wire inside the pipette tip leads to a change in its

trajectory on the adhesive which is different from that of the pipette tip itself.

a
o
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Pipette tip path Pipette tip mmmmm Microwire

Figure 4.10 Formation of circular corner
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4.1.5 Multiple microwire electrode integration

As the microwires are written continuously, only one continuous microwire electrode can
be written at a time. However, for flexible LOC devices which are thin enough to be cut,
multiple independent microwire electrodes can be obtained by drawing a continuous pattern
with turns at a common region which can be subsequently cut to isolate the individual
electrodes from one another. As shown in Figure 4.11a, a microwire electrode was first
integrated as a continuous serpentine pattern. After integration, the turnings of the
serpentine pattern were trimmed, leaving an array of parallel microwire electrodes (Figure
4.11b). The image of the trimmed surface shows that the array of integrated microwires

(Figure 4.11¢).
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Figure 4.11 An array of microwire electrodes obtained by trimming the continuous microwire electrode. a.
The pattern of the written microwire electrode (Black) and the path for trimming (Red). b. The microwire

electrode pattern after trimming. c. Cross-section of the trimmed multiple microwire electrodes.
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Multiple microwires can also be obtained at different positions in the height direction.
Three 50 um silver microwires were written into three 125 pm PMMA films with laminated
PSA and assembled together. The microwires were aligned to be at the same location along
the microchannel but at different height (Figure 4.12a&b). The device was trimmed
perpendicular to the microwires to further show their relative positions (Figure 4.12c).
These microwire electrodes are useful for integrating multiple electrodes at the same

position or further enhancement of interaction between the electrodes and the solution.
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icrowires

Microchannel

icrowires

Figure 4.12 Three silver microwires integrated into the same location along the microchannel but different
layers of a multilayer device. a. Top view of the integrated microwires. b. Tilt-view of the integrated

microwires. c. Cross-section of the multilayer device with three integrated microwires.

4.1.6 Effect of microwire hardness

Other than diameter and material, the hardness of the microwire should also be considered

when selecting the microwire to be integrated. The hardness of the microwire represents its
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resistance to bending. Microwires that can be easily integrated using the xurographic
process generally have low hardness. As the microwire would be bent by the tip of the pen
during the writing process, soft microwires with low resistance to bending, would be easily
bent and embedded to the adhesive film and remain adhered to it (Figure 4.13a). For hard
microwires, the writing process was not strong enough to completely bend the microwire
and the adhesive force when it is embedded was in sufficient to retain it in its shape (Figure
4.13b). Commercially available wires do not have defined hardness values, therefore one

should select annealed microwire as opposed to hard microwires.

Soft microwire Hard microwire

“Pen” tip |, “Pen” tip

Figure 4.13 Soft microwire (a) vs. hard microwire (b) during microwire writing.
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4.2 Application examples

4.2.1 Microfluidic heaters

As discussed in 3.3.1, microfluidic heaters are important in many applications such as PCR
and cell culture. With the adhesive-based microwire integration technique, heater can be

integrated directly at the bottom or top of a closed microchannel.

A microfluidic heater was designed with a multilayer structure as shown in Figure 4.14a.
All the polymer film used in this design was 125 pm thick PMMA. PSA films were
laminated on the PMMA film before patterning as shown in the figure. From top to bottom,
it contains 4 layers. The first layer is the reservoir layer which is a PMMA/PSA film that
has been patterned with two circular reservoirs with diameter of 2 mm. The second layer is
the microchannel layer which is a PMMA/PSA film patterned with a U-shape microchannel
with width of 500 um. The third layer is the heater layer which is a PMMA/PSA film with
a 50 um silver microwire heater written on the PSA film. The bottom layer is the electrical
connection layer which is a PMMA film with two conductive tape (76555A711, McMaster-
Carr) on it. After assembly, both ends of the silver microwire was pressed on the conductive

tape and embedded into the PSA film.
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Figure 4.14 An assembled microfluidic heater.

Before experiment, the resistance of the microwire was measured to be 2 Q with MultiMate.
A DC power supply was connected to the two conductive tape to power the heater through
two alligator clips (Figure 4.15a). The temperature was measured with a thermal imaging
camera (Flir ONE, FLIR® Systems, Inc.). Before heating, the temperature in the heater
area is about 25 °C (Figure 4.15b). The heater was powered with 0.5 V voltage with current

of 0.25 A. After about 3 min when the temperature variation was within 0.5 °C, the
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temperature was measured again (Figure 4.15¢). The highest temperature of 60.6 °C was
measured at the heater area. The color in the heater area was roughly uniform, indicating a

relatively uniform temperature distribution. The average temperature on the heater area is

58.4 °C with standard deviation of 0.84 °C.

Experiment setup Before heating After heating for 2 min

Figure 4.15 a) Experiment setup to test the integrated heater. b) Thermograph before heating.
c)Thermograph after heating.

4.2.2 Electro-osmosis mixer

An electro-osmosis mixer with the same principle in Figure 3.24 is designed as Figure 4.16a.
The mixer contains a reservoir layer, two microchannel layer and a bottom layer. Similarly,

the polymer films used in the design were 125 pm PMMA films. On top was the reservoir
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layer with two circular reservoirs (diameter: 2 mm) patterned on a PMMA/PSA film. The
microchannel layers were 500 um wide Y-shape microchannels pattern on two PMMA/PSA
film. The electro-osmotic electrodes were written on the PSA of the first microchannel layer.
The bottom layer was a PMMA film with no pattern. After assembly (Figure 4.16b), the

microwires were embedded into the middle of the two microchannel layers (Figure 4.16c).
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Figure 4.16 Design of an electro-osmosis mixer with microwire electrodes integrated based on PSA.
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DI water with red and green food color were injected into the Y-shape microchannel and
mixed. 10 kHz AC voltage from 50 V to 200 V was applied to the microwire electrodes at
both ends. The mixing was observed with microscope (Figure 4.17). The observed result is
similar to the result in 3.3.3. The dyed water solutions tended to be fully mixed with
increased applied voltage. The boundary between the red and green solution was not

observable when the applied voltage increased to 200 V.

Microwire
electrodes

Y junction /I\
S0V
100V

150 V

200V

Figure 4.17 Electro-osmosis mixing under different voltage
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4.2.3 Electrochemical sensor

Electrochemical detection is low-cost, sensitive and can be easily integrated into
microfabrication processes. In 3.3.2 a microwire-based electrochemical sensor integrated
into PDMS LOC device was presented. In this section a microwire-based electrochemical

sensor is integrated into rigid polymeric device.

The design of the three electrode electrochemical sensor is shown in Figure 4.18a. From
top to bottom, it contains a reservoir layer, a microchannel layer and an electrical
connection layer. The reservoir layer was a PMMA film patterned with two circular
reservoirs with diameter of 2 mm. The microchannel layer was a PSA/PMMA/PSA film
patterned with a microchannel with width of 1 mm and length of 20 mm. A carbon nanotube
microwire working electrode, a 50 um silver microwire reference electrode and a 50 pm
platinum microwire counter electrode were written on the bottom PSA film with spacing
of 500 um between them. The electrical connection layer was a PMMA film 5 mm wider
than the other films. Three conductive tape was taped on the edge of the PMMA film to
provide electrical connection to the microwire electrodes. After assembly (Figure 4.18b),
the microchannel was filled with 1 M KCI solution and then 2 V DC anodization was

applied to grow silver chloride on the silver microwire electrode. After silver microwire
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modification, the microchannel was rinsed with DI water.
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Fluidic
channel

-

Microwire electrodes

10 mm

Figure 4.18 Design of the electrochemical sensor a) Before assembly. b) After assembly. ¢) Photography of

an assembled electrochemical sensor.

The electrochemical sensor was tested with cyclic voltammetry of ferricyanide. Potassium

ferricyanide (1 mM) in 1 M KCI was injected into the microchannel. Cyclic voltage

between 0 to 0.5 V with step voltage of 5 mV was applied to the working and counter

electrodes. The cyclic voltammetry was completed with EmStat potentiostat (PalmSens
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Inc.). The cyclic voltammetry was run at different scan rate of 50, 100, 200, 300, 400, 500
mV/s. The result is shown in Figure 4.19. The redox current increases with increased scan

rate as expected. For each scan rate the cyclic voltammetry was repeated 10 times with

similar results.
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24 ——200mV/s
— 100 mV/s
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Figure 4.19 Cyclic voltammetry of ferricyanide with the three electrode electrochemical sensor.

4.3 Conclusion

In this chapter an adhesive-based xurographic process for microwire electrode integration

for most of the polymer material was established. The microwires were written on the
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adhesive layer and integrated into the LOC device during adhesive bonding. The minimum
spacing between two microwires is 300 um. The position of the microwire in the height
direction can be controlled by overlapping multiple microchannel layers. Multiple

microwire electrode can be obtained by trimming a continuous microwire electrode.

The xurographic microwire electrode integration process established in this chapter can be
incorporated with original xurography techniques to fabricate microelectrode-integrated,
flexible, low-cost, polymeric LOC devices. Application examples including an integrated

heater, electro-osmosis mixer and electrochemical sensor were demonstrated.
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Chapter 5: Conclusion and future work

5.1 Conclusion

Integration of metallic microelectrodes into LOC devices has always been a challenging
issue. A diversity of techniques has been developed for microelectrode integration, such as
PVD, electroplating, electroless plating, and metallic nanoparticle sintering, which has
been briefly reviewed in chapter 2. These techniques, however, either require expensive
facilities, labor-intensive operation, time-consuming process or have limitations on
material and dimension of the microelectrodes. Microwires are promising candidates for
microelectrodes but the existing integration techniques for microwires can only integrate a
straight microwire into a LOC device. In this thesis, xurography was modified and used to
integrate the microwire electrodes into elastomers and rigid polymers. Low-cost cutting
plotter was used to fabricate the microfluidic channels and integrate the microwire
electrodes into the microfluidic devices. Microwires down to 15 pm have been successfully
integrated. Microwires of smaller diameter are commercially available and can be possibly
integrated into LOC devices. Numerous materials choices for the microelectrode are

commercially available with uniform diameter and purity. For the first time, suspended
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microelectrode with controllable position in the height direction can be integrated into

polymeric LOC devices.

Implementation of microwire solved many problems typical of other microelectrode
fabrication techniques. First, microwires with diameter from 4 pm to hundreds of um are
commercially available, which eliminated the need for expensive lithography based
fabrication methods for define high quality microelectrodes. Secondly, the quality of these
microwires, including purity and diameter, are well controlled and standardized, which
makes them of better quality as compared to some of the more experimental microelectrode
fabrication techniques that require careful parametric control to produce consistent high
quality microelectrodes. Thirdly, these microwire electrodes are manufactured by wire
drawing and subsequent annealing with excellent mechanical properties, e.g. tensile
strength comparable to bulk material. In contrast, the microelectrodes fabricated by other
microelectrode fabrication techniques especially on polymeric substrates are fragile

because they cannot be annealed at high temperatures.

The xurographic process for microchannel fabrication and microwire electrode integration
is both completed with a cutting plotter, whose price can be as low as 200 USD to about

4000 USD for high resolution. A 200 USD cutting plotter has been used in our experiment
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and demonstrated sufficient capability to complete these two process, which is affordable
to any laboratories, especially those without access to cleanroom facilities, PVD machine

and other equipment.

However, the xurographic process can only be used to integrate microwire/fiber
components into LOC devices. Because of the shape of the microwires, it is not easy to
have a microwire electrode with a large surface area. Increasing the diameter of the
microwire might partially or completely block the microchannel. Alternatively, a large
surface might be obtained by integrating a dense serpentine pattern. Nevertheless, a more
efficient technique is needed to provide electrical connection to the microwire electrodes,
especially when a number of microwire electrodes has been integrated or the microwire
electrodes are integrated closely. Furthermore, the xurographic process is based on adhesive
bonding but adhesive bonding might not be a good option for applications requiring high
bonding strength. The adhesive layer would also introduce unwanted material to the

microchannel wall.

5.2 Future work

Even though the versatility of the xurographic microwire integration process has been

119



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

demonstrated in the previous chapters, the fidelity of the microwire electrode pattern can
be further improved. Using higher resolution cutting plotter such as Graphtec professional
cutting plotters (FC5100A-75, Graphtec America, Irvine, CA, USA) can significantly
improve the resolution. Besides upgrading the cutting plotter, there are some aspects to be
optimized to further improve the fidelity of microelectrode pattern. In the case of microwire
integration into PDMS, the microelectrode pattern is defined by the slit pattern on PDMS.
The large deformation of PDMS during slit cutting, however, affects the fidelity of the slit
pattern. It can be solved by hardening the PDMS, i.e. increasing the ratio of silicone base.
The increased hardness can reduce the deformation of PDMS during slit cutting. In the case
of adhesive-based microwire integration, the microelectrode pattern is determined by the
direct writing process and the adhesion between the adhesive layer and the microwire that
kept the microwire at the written position. Therefore, optimization of the distance between
the pen nozzle and the adhesive layer as well as choosing the right adhesive type can help

improve the fidelity of the written microwire electrode pattern.

The xurographic process enables integration of suspended microwire electrodes inside the
microchannel for the first time. These suspended microwire electrodes enables better
interaction with the fluid inside the microchannel. These suspended microelectrodes can be

used to drive electrokinetic flow in the middle of the microchannel, which has been
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demonstrated in the electro-osmostic mixer in previous chapters. The microwire electrodes
in these designs can be optimized, e.g. by altering the direction of the middle polarizable
microwire electrode. A slanted microwire electrode can induce electro-osmotic flow
perpendicular to the boundary between the two solutions to be mixed and improve mixing
efficiency. The mixing efficiency can be further improved by integrating multiple

microwire electrodes at different height in the microchannel.

Moreover, as multi-layer microwire electrodes can be integrated, connecting these multi-
layer microwire electrodes and building 3D microwire electrodes with these xurographic
process would be one of the future work. One possible solution would be via holes. For a
multilayer device with integrated microwire electrodes on multiple layers, small holes
would be cut on all the layers at the location where the microwires in different layers should
be connected. After alignment and assembly, these small holes stack together to be a via
hole, with the microwires to be connected exposed inside the via hole. A small drop of
solder paste or low melting point metal would then be added to the via hole and
soldered/cooled down, connecting all the microwires in the via hole. This technique can be

used to fabricate 3D microelectrodes such as 3D microcoils for NMR [121].
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Appendix A : Xurographic microwire integration process for

PDMS

A.1 Xurographic PDMS microchannel fabrication

1) Laminate the adhesive-back polymer film with desired thickness on the cutting mat.
2) Feed the cutting mat into the cutting plotter.

3) Convert the designed microchannel pattern to vector format (usually .def. or .svg) and
import it into the control software of the cutting plotter.

4) Place the microchannel pattern at the position to be cut. If an array of microchannel is
wanted, duplicate it and array them correctly.

5) Set the cutting parameters and run the cutting plotter to cut the pattern on the adhesive-
back polymer film.

6) Trim a transfer tape to a size that covers all the microchannel patterns and laminate it
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on the microchannel patterns. Apply pressure to bond the transfer tape to the patterns firmly.
7) Peel off the transfer tape and the microchannel patterns should be peeled off together
with the transfer tape.

8) Laminate the transfer tape on a clean glass/silicon substrate. Apply pressure to bond
the microchannel pattern to the substrate then remove the transfer tape, leaving the
microchannel pattern (array) on the substrate as the master mold for PDMS micromolding.
9) Prepare PDMS by mixing silicone base and curing agent with ratio of 10:1, pour it on
the polymer film master mold and degas it for 30 min.

10) Cured the PDMS in oven at 80 °C for 1 h.

11) Peel off the PDMS slab from the master mold.

A.2 Xurographic microwire electrode integration

1) Laminate the fabricated PDMS with/without microchannel on the PMMA sheet
trimmed to the size the same with the original cutting mat.

2) Convert the designed microelectrode pattern to vector format and import it into the
control software of the cutting plotter. Duplicate and center the microelectrode pattern. One
of the pattern would be set to be written.

3) Align the microelectrode pattern to the position of the PDMS slab. The microelectrode

123



M.Sc. Thesis - J. Liu; McMaster University — Mechanical Engineering

pattern can be aligned by cutting an alignment mark on the PMMA sheet.

4) Set the cutting parameter according to the desired slit depth and run the cutting plotter
to cut the slit pattern on the PDMS slab.

5) Thread the microwire electrode into the customized pen with assistance of a capillary
tube. The microwire is adhered to the tip of the capillary tube with a small amount of
adhesive (or wiring the microwire electrode around the capillary tube). After inserting the
capillary tube through the customized pen, detach the microwire from the capillary tube
and withdraw the capillary tube from the customized pen.

6) Install the customized pen on the cutting plotter. If cutting plotter with 1 cartridge is
used, replace the cutting blade with the customized pen.

7) Run the writing microelectrode pattern to write the microwire into the slit pattern.

8) Cut the excess portion of the microwire outside the slit pattern.

9) Remove the PDMS slab with integrated microwire electrode from the PMMA sheet.
For cutting plotter with one cartridge, replace the cutting blade with the customized pen

replace after slit cutting. The microwire writing is completed by repeating the cutting path.

A.3 Device assembly

1) Prepare uncured PDMS adhesive by mixing silicone base, silicone oil and curing agent
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with ratio of 5:5:1.

2) Spin-coat the uncured PDMS adhesive on a silicon wafer or glass slide at 1300 rpm for
30s.

3) Stamp the PDMS slab with integrated microelectrode on the spin-coated uncured
PDMS adhesive for 30 min.

4) Place the PDMS slab with coated adhesive on another PDMS slab.

5) Cure the PDMS adhesive on a hot plate at 150 °C for 10 min.

Appendix B Adhesive-based microwire integration process

B.1 Xurographic polymer film microchannel fabrication

1) Choose the desired polymer film and PSA film with desired property and thickness.
2) Laminate the films with the same pattern together to avoid unnecessary alignment. It
could be a pure polymer film, a polymer/PSA film, PSA/polymer/PSA film,
polymer/PSA/polymer film according to the design of the microfluidic device.

3) Laminate the polymer film on a flat table. Remove the liner on one side of the PSA
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film from one of its corner and laminate it on the polymer film carefully (use a handheld
roller or laminator if available). Make sure no visible bubble is trapped between the
polymer film and the PSA film which would affect the flatness of the film. Laminate other
films in the same way if applicable.

4) Cut small pieces from each of the prepared film with a size of 10 cm x 10 cm. Laminate
them on the cutting mat. Feed the cutting mat into the cutting plotter.

5) Draw a rectangle with size of 0.5" x 0.5" and place it in the film area. Set the cutting
force at the value recommended by the manufacturer to cut vinyl films.

6) Run the cutting plotter to cut the rectangle on the film. If the blade fails to cut through
the film, increase the cutting force by 10 and cut another rectangle in a different location.
Repeat until the film is cut through. If the film cannot be cut through even with the highest
cutting force, increase the times the machine cuts. Test all the prepared films and record the
cutting parameters for each of them. The cut pressure setting in Cricut design space (Provo
Craft & Novelty, Inc.) is 333 for a 125 pm PMMA film with laminated PSA film (Scotch
7951, 3M, Inc., Minneapolis, MN) on both side and 311 for a 125 ym PMMA film with
laminated PSA film on one side.

7) Trim the prepared film to the size of the cutting mat (12" x 12") if the size of the film

exceeds the size of the cutting mat. Laminate the trimmed film on the cutting mat and feed
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the cutting mat into the cutting plotter.

8) Convert the designed microchannel pattern to vector format and import it into the
control software of the cutting plotter.

9) Arrange all the microchannel patterns to the position to be cut. If an array of
microchannel is wanted, duplicate it and align them correctly.

10) Set the cutting parameters as recorded in step 5. Run the program to cut the
microchannels on the film.

11) Peel off the pattern polymer film and remove the unwanted area with tweezers.

B.2 Adhesive-based microwire integration process

1) Thread the microwire into the customized pen as described previously and install it on
the cutting plotter.

2) Laminate an PSA film (or PSA laminated on polymer film) on the cutting mat and feed
the cutting mat into the cutting plotter. Remove the liner of the PSA film facing up.

3) Adjust the lid of the customized pen to the highest position.

4) Draw a simple line pattern and place it on the region with laminated film on it. Set it
to be writing pattern.

5) Run the writing pattern and pause the program once the pen goes down to write.
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6) Adjust the lid to lower the pipette tip until it touches the film. Exit the program.

7) Convert the microchannel pattern and microelectrode pattern to vector format and
import it into the control software of the cutting plotter. Set the microelectrode pattern to
be writing pattern.

8) Align the microchannel pattern and microelectrode pattern correctly and place them at
the desired position. It is recommended to run the cutting and writing in one project to avoid
alignment between cutting and writing.

9) Set the cutting parameter as recorded in Appendix B.1. Run the cutting pattern and cut
the pattern on the PSA film. Remove the unwanted area with tweezers.

10) Run the writing pattern to write the microwire electrode on the PSA film.

11) Protect the PSA film with integrated microwire with the liner removed in step 9).

12) Peel off the PSA film with integrated microwire.

B.3 Device assembly

1) Remove the liners of all the films. Align them correctly and apply pressure on top to
bond them together. For device requiring accurate alignment between layers, alignment
holes with diameter of a syringe needle should be cut on all the films. The patterned films

would be aligned together by the syringe needle inserted through these alignment holes.
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The films are taped together and the syringe needle would then be withdrawn from the
alignment holes.
2) For better bonding, the aligned films can be sent into a laminator. Alternatively, place

a heavy weight on it for 30 min.
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