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ABSTRACT

Dissertation Title: INERTIAL FOCUSING MICROFLUIDICS:

SINGLE CELL ENCAPSULATION, PARTICLE
DYNAMICS STUDY, AND RAPID
PROTOTYPING TECHNIQUE

Xiaoxiao Zhang

Dissertation directed by: Dr. David Garmire
Department of Electrical Engineering

University of Hawai‘i at Manoa

Inertial focusing microfluidics studies particle self-assembly in channel under certain
fluidic conditions. It has been applied in cell/particle sorting, filtering, concentrating and
separating. In this dissertation, a new application of inertial focusing microfluidics has
been explored, particle focusing dynamics has been extensively studied under different
fluidic conditions, and a novel microfluidic device rapid prototyping process has been

presented.



A straight channel microfluidic device designed and fabricated for cell encapsulation
is presented. The device has the ability to continuously produce monodisperse
microcapsules with controlled cell loading. Droplets of poly(ethylene-glycol)-diacrylate
(PEGDA) containing 10.3-um-diameter fluorescent polystyrene beads with a 60-70 um
diameter were generated and photopolymerized by UV. Production rate is higher than
200 capsules per second.

Such straight channel device for cell encapsulation can be downsized by a curved
inertial focusing channel. The curvature of the channel also introduces a secondary Dean
vortex resulting in particle size-based sorting functionality, which is needed when cell
samples have a finite size distribution. Particle dynamics is studied in a curved channel of
different fluidic conditions. We investigated the continuous transition of particle behavior
from the inertial force dominated regime (IFDR) to the Dean force dominated regime
(DFDR). Close attention is paid to an intermediate range of Re (12.8 — 36.7), where novel
observations were made along with numerical computations. Our research results
potentially provide design and operation guidelines to achieve more accurate modeling of
focusing and separation of particles.

The current fabrication process of microfluidic devices is faced with several
problems. The polymer material is incompatible with many common organic solvents and
the fabrication process requires a physical mask and cleanroom facilities. To address
these issues, a simple and cost-effective dynamic maskless on-chip microfabrication

process is presented. The idea of multiple exposures utilizing Photoshop image



processing technique enables scaling-up capacity (cm or larger) without compromising
device resolution (sub-hundred pum). This process dramatically decreases design and
fabrication time and cost. A solvent resistant material is used as the channel structural
material. The bonding strength of devices thus made is 10 times higher than that of

conventional polymer devices.
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Chapter 1. Introduction

1.1 Microfluidics and Its Success

One of the fastest growing areas of the Microelectromechanical Systems (MEMS)
industry is microfluidics (McWilliams 2011), which creates “chips” with integrated
channels/chambers instead of circuits on glass or polymer substrates, for fluids to flow,
intermix, catalyze and register indications. It has come a long way since its emergence in
the late 1970s with the development of inkjet printer heads. (Bassous et al. 1977) After
that, it has found a wide range of application areas in chemistry(Ohno et al. 2008),
molecular biology(Fan et al. 2009; Manz et al. 1992; Bontoux et al. 2009), evolutionary
biology (Keymer et al. 2006), microbial behavior(Ahmed et al. 2010, Seymour et al.
2010), cellular biophysics (Socolov et al. 2010; Wheeler et al. 2003; Werdich et al. 2004;
McClain et al. 2003), optics (Grilli et al. 2008; Chiou et al. 2005), and fuel cells (Ferrigno
et al. 2002; Choban et al. 2004; Jayashree et al. 2005). It has revolutionized many
traditional chemistry and biological lab protocols in miniaturizing the experiments
conducted in hundreds of test tubes to a single chip of fingernail size.

At the microscale, fluid behavior differs from that at the macroscale in that surface
tension, viscosity, and energy dissipation become more prominent compared to inertia-
related properties. Microfluidics usually has a very low Reynolds number, which is the
ratio of fluid inertia to viscosity. Based on these unique properties, many unique devices
have been invented to create results unique to the microscale. Flow focusing devices

(Huebner et al. 2008), for example, utilize the fluid surface tension and viscosity to
1



generate monodisperse microdroplets which enabled digital microfluidics (Chiou et al.
2003) and droplet-based bioassays (Giinther and Jensen 2006; Zheng et al. 2004).

In this author's opinion, the success of the field of microfluidics is a result of many
factors, among which its wide range of application areas and the relatively convenient
fabrication technique are most significant. As fluid is the media for numerous
experiments in chemistry, biology, medicine and environmental sciences, the
miniaturization of fluid-based experiments can impact a number of disciplines by
significantly decreasing system size, sample size, response time and enabling massive
parallelization. (Beebe et al. 2002) The soft lithography fabrication technique (Duffy et
al. 1998) is more accessible compared to traditional microfabrication techniques, which
makes it easy for users of other disciplines to adopt the technique. Efforts contributing to
the future development of microfluidics fall in three main directions: the exploration of
new applications, furthering the understanding of microfluidics and the improvement of

its fabrication techniques.

1.2 The Relation of Microfluidics, MEMS and
Microelectronics

Some may question the relation of microfluidics to Electrical Engineering based on
its applications mostly in chemistry, biology, and environmental sciences. As a matter of
fact, microfluidics is closely related to Electrical Engineering (specifically
microelectronics and MEMS) in its origin, current development and future.

The dependence of microfluidics on microelectronics dates back to its origin. "The

field of microfluidics has four parents: molecular analysis, biodefence, molecular biology
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and microelectronics,"” stated Whitesides (2006). The first three parents were motivating
factors, while the last parent, microelectronics, contributed in the fabrication technology
of the microfluidic field. The original hope is that the photolithography along with other
microfabrication techniques that have been successful in semiconductor microelectronics
and MEMS can be applied directly to microfluidics. It is the same fabrication technology
that has been used by microelectronics, MEMS, and microfluidics.

At present, microfluidics has successfully miniaturized some lab procedures on a
chip, but the fluidic chip still needs external pumps to input liquids and an optical
microscope to visualize the results. Further miniaturization of the entire system onto a
chip is very a crucial step before microfluidic devices are ready to be commercialized for
non-expert users. And the completion of this step relies on the development of
microelectronics and MEMS in conjunction. Throughout decades a synergy has
developed among microfluidics, microelectronics and MEMS. MEMS systems have been
successfully integrated with microfluidic systems for droplet, cell, particle sorting and
manipulation. Chiou et al. has realized optical actuation of liquid droplets by
optoelectrowetting (2003), a device integrating optics, electronics and microfluidics for
digitalized droplet manipulation. The same group also developed optoelectronic tweezers
(OET) for massive cell manipulation (Chiou et al. 2005). Shi et al. fabricated a
microfluidic channel with embedded piezoelectric acoustic standing wave generator to
manipulate particle positions with "acoustic tweezers". (2009) Heng et al. created an
optofluidic microscope with on-chip sensor arrays to monitor objects in a microfluidic
channel, which is big step toward the miniaturization of the entire system. (2006)

Microfluidics also can potentially serve microelectronics in return. Prakash and
3



Gershenfeld has created a bubble logic circuit with bubble logic AND/OR/NOT gates, a
toggle flip-flop, a ripple counter, timing restoration, a ring oscillator, and an electro—
bubble modulator. (2007) Along with CPU chip miniaturization, the problem of uneven
heat dissipation on chip, or "hop spot", is becoming more and more acute. To address this
problem, many researchers have designed and investigated on-chip microfluidic heat
exchangers for CPU cooling. (Paik et al. 2008; Dang et al. 2010; Kim et al. 2010)

On one hand the development of microfluidic technology cannot be carried out
without the development of microelectronics and MEMS, and on the other hand, the
growth of microfluidics will also further stimulate the development of microelectronics

and MEMS.

1.3 Inertial Focusing Microfluidics

Among many interesting areas in microfluidics, one emerging research area is
inertial focusing microfluidics. Inertial focusing phenomenon is a unique particle self-
assembly behavior in fluid first observed in a macroscale pipe by Segre and Silberburg
(1962). It was not until thirty years later with the emerging of microfluidics that it was
also implemented in microfluidic channels. Inertial focusing microchannels have evolved
into curved channels to introduce an additional Dean force to manipulate the particle
position for size-based sorting purpose. (Gossett and Di Carlo 2009; Kuntaegowdanahalli
et al. 2009; Russom et al. 2009) Researchers have applied it to sorting , filtering, and self-
assembly of microscale particles and biological cells. (Russom et al. 2009; Bhagat et al.
2008; Kuntaegowdanahalli et al. 2009; Edd et al. 2008; Di Carlo et al. 2008 and 2007,

Gossett and Di Carlo 2009)



As a subset of the general field of microfluidics, the development of inertial focusing
microfluidics also lies in three directions: exploring novel applications, understanding
thoroughly inertial focusing microfluidics, and improving the fabrication techniques.
Aligned with these three directions, in this dissertation, three inter-related research topics
will be presented.

In Chapter 2, a manufacturing bottleneck in cell encapsulation was addressed with an
inertial focusing microfluidic device. The lack of uniformity in cell capsules has been
holding up the development of cell encapsulation technology. To generate cell capsules
of uniform size and cell concentration, a novel straight channel device for cell
encapsulation is designed based on inertial focusing microfluidics combined with flow
focusing mechanism and photopolymerization.

The straight channel device presented in Chapter 2 has a 7-cm-long inertial focusing
channel, which can be made curved to decrease the device size. The curvature of the
channel also introduces a secondary cross-sectional Dean flow which can be utilized for
particle size-based sorting. Sorting functionality is needed when the cells for controlled
encapsulation have a wide size distribution. However, the understanding of particle
behavior in curved channels is yet to be completed. Many types of curved microchannels
have been designed and investigated under certain limited fluidic conditions, but there is
still inconsistency among the observations and a systematic study is needed to connect
existing studies into a bigger picture through a broad fluidic regime. It is crucial to
investigate particle behavior at different fluidic conditions for more thorough
understanding of the underlying physics, which will enable better modeling of the

particle/cell dynamics in the fluid. A systematic study of particle behavior across
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different fluidic regimes in a curved channel is presented in Chapter 3. Characteristics of
different fluidic regimes are identified experimentally. Novel observations of particle
behavior at previously overlooked fluidic regime are reported with supporting hypothesis.
This work will further the understanding of inertial focusing microfluidics for more
successful device design and operation in particle/cell sorting and encapsulation.

In the experiments of the inertial focusing microdevices, many typical
inconveniences and hurdles have been encountered. The relatively weak bonding strength
of the device poses a great limitation on the maximum flow rate operable in a channel. At
higher flow rate, device rupture often occurs. Some common reagents such as silicone oil,
cannot be used, because it swells the device material, poly(dimethylsiloxane) (PDMS),
and hence deforms the channel structure. Aquapel, a hydrophobic treatment for the
channel wall, also causes a swollen channel structure, which requires an hour to relax. It
has been reported that many common organic solvents such as hexane and toluene are
incompatible with PDMS material. (Bartolo et al. 2008; Cygan et al. 2005) At present the
most prevailing device fabrication technology is soft lithography technology that
produces PDMS devices. This technology utilizes wafer process in a cleanroom that is
not available to many research labs.

To address the bonding strength, material and fabrication issues that have been
encountered, a projector-based dynamic rapid prototyping technique for direct on-chip
channel fabrication is presented in Chapter 4. This work involves only non-professional
image processing, and automatic fabrication process that takes less than 10 minutes. All
design and fabrication can be done in any lab with no need of outside foundries and

cleanroom facilities. Device bonding strength with the novel process is 10 times stronger
6



than PDMS devices bonded with plasma facilities. This work will be presented in

Chapter 4.



Chapter 2. Rapid Monodisperse Microencapsulation
of Single Cells

2.1 Introduction

Cellular therapeutics (Sun et al. 1996; Xu et al. 2002; Dove et al. 2002) is a potential
treatment method for many hormone, enzyme, and factor related diseases. It involves the
use of cells that are transplanted or injected in patients. The cells function as in vivo
“factories,” continually producing therapeutic agents. Cell-based treatments can be more
effective than drug or protein-based treatments, which are one-time delivery methods.
Furthermore, drug treatment concerns are minimized, such as overdosing due to the
rupture of delivery capsules. However, one issue with cellular therapeutics is the
protection of the implanted cells from the patient’s immune response. Cell encapsulation
is a technology that uses semipermeable microcapsules for the immunoprotection of
transplanted cells while allowing the exchange of nutrients and waste, and the release of
therapeutic agents. Encapsulation for cellular therapeutics is a promising alternative
approach for the treatment of numerous diseases including diabetes (Sun et al. 1996),
cancer (Xu et al. 2002), central nervous system diseases (Yasuhara and Date 2007), and
endocrinological disorders (Richardson et al. 2001).

Since cell encapsulation was first proposed by T. Chang (1964) in the 1960s, a
significant amount of research has been done to bring microencapsulation both
biologically and technologically closer to clinical applications. However,

microencapsulation still remains an “in-lab” procedure, partially due to the lack of a
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standardized technology that is capable of producing uniform capsules with repeatability
both within and between batches in terms of size and number of encapsulated cells. The
most common methods of microencapsulation are droplet extrusion and emulsification
(Goosen 1992; Kuhtreiber et al. 1999). The former technique produces capsules in the
millimeter-size-range, which are too large for single-cell encapsulation. Both methods
suffer from uncontrolled capsule size distribution the number of encapsulated cells,
because the governing mechanism of the traditional extrusion/emulsification is Poisson
statistics. As such, the maximum theoretical yield of single-cell capsules is limited to
36.7% (Figure 2.1). Microfluidic technology has been employed to produce
monodisperse microcapsules of diameters as small as 100 pm (Oh et al. 2006; Shintaku et
al. 2007; Eorkman et al. 2008), but the number of cells per capsule remains uncontrolled.
This lack of control of the amount of encapsulated cells significantly reduces the number
of usable capsules and causes a large uncertainty in subsequent biological experiments,
jeopardizing the reliability and repeatability of the research results. Therefore, an
immediate need is the capability to produce monodisperse microcapsules with controlled
cell loading. In our design theoretical yield of usable capsules is up to 100%, due to the
inertial focusing of the cells, resulting from having the suspension flowing in the curved
channel with a Reynolds number significantly larger than zero.

Another emerging area that has drawn increasing research interest is the study of cell
behavior at the single-cell level. For this purpose, much work has been done to create cell
arrays for carrying out single-cell bioassays, including measurement of single-cell
respiration rates (Dragavon et al. 2008), drug screening down to single-cell levels

(Khademhosseini et al. 2005), viability studies with micro-environmental control (Revzin
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et al. 2004; Di Carlo et al. 2006), monitoring of cellular gene expression (Kuang et al.
2004), and intercellular interactions (Kim et al. 2006). This requires the ability to
manipulate and tag cells with single-cell resolution and high throughput without
interfering with cellular functions.

Currently, manipulation and tagging of cells is achieved by adding functional
elements, like proteins, which bind to the surface or are dispersed internally in a cell.
These proteins could contain fluorescent tags, micro-acoustic markers, and other
functionalized elements. The main issue with these approaches is determining the right
chemistry of the proteins to bind to the cell and marker material. Experimentation is
required to prove the desired properties are present in the tags. Moreover, the cell is

usually discarded after tagging.
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Figure 2.1 Theoretical yield of single-cell capsules when the cells are inertially focused (black curve) or

randomly distributed according to Poisson statistics (red curve).
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To address these issues, a simple system was designed for producing microcapsules
of controlled uniform size, as well as a controlled number of cells per capsule, down to a
single cell. This approach is based on a combination of inertial-focusing microfluidic
devices and photopolymerization of hydrogel for the encapsulation material. The
hydrogel can be loaded with many different materials to allow for cell tagging and
preparation for later cell manipulation. This approach has created a consistent and

reliable system for future applications in cell encapsulation.

2.2 Design and fabrication

2.2.1 Inertial Focusing Mechanism

Microfluidic devices are capable of producing monodisperse microscale droplets
(Huebner et al. 2006) which are amenable to cell encapsulation. However, the cell-
loading dynamics in droplet-generating microfluidic devices reduce the yield of usable
capsules, as the amount of cells per capsule varies according to Poisson statistics. As a
result, single-cell encapsulation is only attainable at low cell loading densities, meaning
that a significant fraction of the capsules contain no cells at all. For example, the yield of
usable cell-containing droplets will be less than 10% if the average number of cells per
dropletis 1.1.

The loading of cells in droplets can be made more controllable and repeatable by
controlling the rate at which single cells enter the droplet generation section of a
microfluidic device. This loading can be achieved by using inertial focusing within
microfluidic channels, which uses inertial lift forces to focus particles into predictable

spatial locations within a channel (Di Carlo 2009; Di Carlo et al. 2007). In microfluidic
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devices employing both straight and spiral channels, inertial focusing phenomena can be
observed when the channel length and flow rate fulfill certain criteria (Di Carlo 2009;
Russom et al. 2009; Edd et al. 2008). As a result, randomly dispersed particles or cells at
the inlet will start to arrange themselves into a few relatively narrow streamlines at a
certain distance from the inlet, in a pattern determined by the channel cross section
symmetry. The interplay of several different forces also causes the particles/cells to be
evenly spaced within the streamline. This means that single particles or cells will pass
through a junction serially, at repeatable fixed intervals, a property that is crucial in
single-cell encapsulation (Figure 2.2). Droplet generation can occur at such a junction,
and by simultaneously adjusting the droplet generation rate and the cell flow rate, the
number of cells loaded per droplet can be reliably controlled. Adjustments can be

performed by changing the pump rate.

Side view
Microchannel (o15) o . Microchannel
inlet ... © 00 © 6 6 0o outlet
Liquid flow ‘
Top view
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Figure 2.2 Randomly dispersed particles at the inlet of an inertial-focusing microfluidic channel become
self-organized into an evenly spaced array at the outlet. The ellipses represent a long (approximately 1

cm) microfluidic channel.
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2.2.2 Microfluidic Devices

The microencapsulation devices consist of three parts. (1) The inertial focusing
section immediately after the inlet, which is a long straight channel, enabling control over
the spacing of the cells. (2) An emulsifying junction allows the introduction of an oil
phase and the creation of separated prepolymer-encased cells. (3) A photopolymerization
section that slows down linear flow rate of the coated cells and exposes the cells to UV
light, polymerizing the encasing prepolymer. We created a device geometry using a
straight-channel design in order to realize inertial focusing. As shown in the left side of
Figure 2.3, the straight geometry is a rectangular microchannel 27 um wide x 50 um high
x 6 cm long. Downstream of the inertial focusing stage is a flow-focusing junction which
emulsifies the suspension of 10.3-um polystyrene beads. The operation of the system is
as follows. A photosensitive hydrogel prepolymer suspension containing the particles to

be encapsulated flows first into the inertial focusing part of the device.

Oil UV light
source

Hydrogel/ cell Encapsulated
mixture cells at output

) RPo ¢ 5%25%0 0 0 0 0 0 m

— —
Inertial focusing Hydrogel polymerization
section (notshown) I (cell encapsulation)
Qil

Figure 2.3 A schematic drawing of the microencapsulation devices. The inertial focusing section causes
the particles or cells to self-arrange into an evenly-spaced array. The junction causes the suspension to
emulsify. The UV light source at the output channel causes the cell-containing droplets to

photopolymerize.
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The channel dimensions are designed such that inertial focusing occurs, and the
particles are stably self-organized before they reach the droplet-generation junction. At
the junction, the hydrogel prepolymer will form an aqueous-droplet emulsion, as oil is
added via the side inlets. The number of the particles per droplet is determined by the
frequency of the cells reaching the junction relative to the frequency of the droplet
generation. A single particle is encapsulated when the droplets are generated at the same
(or higher) frequency as the frequency that the particles reach the junction. Both
frequencies are controlled by the relative flow rates through the hydrogel and oil
channels. The particle-containing droplets are then photopolymerized by UV light as they

enter the output channel.

2.2.3 Fabrication

A standard soft lithography technique was utilized to fabricate the microfluidic
devices. SU-8 50 (MicroChem, Newton, MA) was spin-coated at 2000 rpm for 30
seconds to create a 50-um-thick layer on a 4" silicon wafer. After photolithography and
development, PDMS (Sylgard 184; Dow Corning, Midland, MI) was poured onto the SU-
8 master with an 8:1 ratio of base to crosslinker. PDMS substrates with a 12:1 ratio were
made at the same time. After degassing in a vacuum chamber and curing at 65°C for
around 4 hours, the devices and the substrates were released from the molds; holes were
punched to create inlets and outlets and the devices were bonded to PDMS substrates and
cured at 65°C overnight. Rain-X (Rain-X Original; Sopus Products, Houston, TX) was
forced through the channel to ensure hydrophobic surfaces throughout the channel.

Hydrophobicity can be increased by allowing the Rain-X to evaporate.
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2.2.4 Materials

Fluorescent polystyrene microspheres (10.3-um-diameter) were purchased from
Polysciences, Inc (Warrington, PA). 20% (wt%) of poly(ethylene-glycol)-diacrylate
(PEGDA, Mn 575, Sigma Aldrich) in DI water was mixed with the microspheres and
stabilized by the addition of 0.1% w/v Tween 20 (Sigma Aldrich, St. Louis, MO).
Irgacure 2959 (BASF, Florham Park, NJ) was then added to the suspension in a 1% w/w

ratio. Fluorinert oil (FC-40, 3M, St. Paul, MN) was used as the continuous phase.

2.2.5 Experimental Setup

The hydrogel prepolymer suspension and oil were driven at different flow rates by
two separate syringe pumps (KDS-210, KD Scientific, Holliston, MA). A 0.2 um syringe
filter (Dow Corning, Midland, MI) was used for the oil inlets. The PDMS devices were
mounted on a microscope (BX45, Olympus, Center Valley, PA) with a high speed
camera (GE680C, Prosilica, Newburyport, MA). UV exposure of 365 nm at 10 mW/cm?

was generated by a UV light source (LC8, Hamamatsu, Bridgewater, NJ).

2.3 Results and discussion

2.3.1 Viscosity Characterization

In order to achieve inertial focusing of particles and cells in PEGDA suspension as
have been successfully demonstrated in aqueous solution, an important factor is the
Reynolds number

Re = % (2.1)
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where p is the liquid density, Uy is velocity of the liquid in the channel, Dy is the
hydraulic diameter of the channel, and x is the liquid viscosity. Dy, = 2wh/(w+h) is the
hydraulic diameter of a channel of width w and height h. The kinetic viscosity of water at
25°C is 1 cSt, yet for pure PEGDA it is 50.89 cSt. Inertial focusing starts to occur as Re
is within certain range. It has been found in a similar system that the mimimum Re
required for particle inertial focusing in DI water is 3.7, corresponding to a flow rate of
10 pL/min. (Edd et al. 2008) According the definition, the value of Re is proportional to
flow velocity and inversely proportional to viscosity. Therefore, to maintain the value of
Re under increased viscosity, flow velocity also has to be increased proportionally.
However higher flow velocity increases pressure on the channel wall, hence chances of
device rupture. In fact, in our experiments, device rupture always occurs at flow rates
above 22 upL/min. Therefore, it is necessary to dilute the PEGDA to achieve the
appropriate viscosity for inertial focusing to take place.

The viscosity of the mixture of PEGDA and water at different mixing ratio was
estimated through calculating the viscosity blending index (VBI) of water and PEGDA
using Refutas equation (Maples 2000):

VBI = 14.534 x In[In(v + 0.8)] + 10.975, (2.2)
where v is the kinetic viscosity of the component. The VBI of the mixture is

VBlyeng = ; W,VBI; , (2.3)
where W; and VBI; are the weight percentage and viscosity blending index of each
component. And the Kkinetic viscosity of the mixture is

VBI —10.975)/14.534
Vplend = & plendTH0TTRI_ g8 (2.4)
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Figure 2.4 The estimated Kinetic viscosity of PEGDA water solution at different PEGDA weight
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Figure 2.5 Demonstration of inertial focusing (a) at the inlet (irregular and unfocused), (b) through the
center of the channel (increasing focus from left to right), and (c) at the outlet of the channel (focused). The

flow rate is 8 pL/min in all images. Arrow sign represents flow direction. The scale bar is 100um for all

images.
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A plot of the estimated kinetic viscosity of the mixture vs. percentage of the PEGDA
is shown in Figure 2.4. It is clearly shown that by mixing PEGDA with water at 1:1
weight ratio, the kinetic viscosity of the mixture is dramatically lowered to 3.785 cSt.
20% PEGDA in PBS solution has been reported successful in cell encapsulation (Cho et
al. 2009). The viscosity of 20% PEGDA in water is estimated to be 1.564 cSt, which is
similar to that of water.

Inertial focusing of the polystyrene beads was demonstrated in 20% PEGDA
aqueous solution for the fabricated microdevices. In these devices, inertial focusing has
been observed at flow rate between 8 pulL/min and 22 pul/min. Figure 4 shows images
taken at the inlet, middle section, and outlet at a flow rate of 8 uL/min. At the inlet
(Figure 2.5a), the beads were not uniformly distributed. As the beads progressed down
the channel, they became more focused (Figure 2.5b). It is interesting to note that beads
missing from the standard alternating pattern (Fig. 2, bottom) do not affect the bead
separation and the beads maintain a uniform spacing. It is then possible to load one side
of the channel such that all the beads are focused to one side of the channel (the lower
wall in Figure 2.5a-c). At the outlet of the channel (Figure 2.5c), the beads have a regular
order, with spacing apparently independent of the flow velocity for flow velocities in the
8-22 ul/min range. Just before the droplet-generating junction, the beads were focused
with a center-to-center separation of 26 £ 3 um and maintained focusing on the lower

part of the wall in Figure 2.5c.
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2.3.2 Particle Encapsulation

(a)

t= Oms t= 5704 ms

t= 1.426 ms t= 7.130 ms

t= 2.858 ms t= 8.556 ms

t= 9.982 ms

Figure 2.6 Generation of monodisperse microcapsules encapsulating single particles. (a) Microcapsule
generation process. When particles arrive at the junction at the same frequency of droplet generation,
single particle loading in each capsule can be achieved. The scale bar represents 100 um. (b)
Photopolymerized monodisperse microcapsules zoomed out view, and (c) zoomed in view, each with a
diameter of approximately 70 um. The scale bar represents 500 pum in (b) and 70 pum in (c).

The mass-production of monodisperse microcapsules encapsulating single particles
was achieved in the same devices. A hydrogel mixture of PEGDA, photoinitiator, Tween
20, DI water, and a suspension containing 10.3-um particles was prepared as the
discontinuous phase. Fluorinert oil and a biocompatible oil-phase surfactant were
prepared as the continuous phase. The droplets generated at the junction were exposed to
UV light (365 nm) at 800 mJ/cm? to solidify the droplets. Both the concentration of the
photoinitiator (Cho et al. 2009; Albrecht et al. 2005), the UV wavelength (Sumaru et al.

2007) and the UV dosage (Cho et al. 2009; Albrecht et al. 2005; Sumaru et al. 2007; Liu
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and Bhatia 2002) are within the safe range for different cells according to cell viability
tests under similar conditions.

Our devices can generate monodisperse PEGDA capsules in oil of 65+5 um in
diameter (Figure 2.6), depending on the flow rate, which is significantly smaller the
average size of those produced by emulsification. The microcapsule generation rate is
controlled by the flow rates of the oil and the hydrogel mixture. In this case, the droplet
generation rate is more than 200 droplets per second. Optimization of the flow rates
should allow a more tightly packed and evenly spaced particle array, increasing this rate

to thousands of droplets per second.

2.3.3 Considerations for Cell Encapsulation

Most eukaryotic animal cells are 10-50 um in diameter. To treat different diseases,
different cells should be chosen for encapsulation. For example to treat Parkinson's
disease fetal nigral cells are encapsulated, and to treat Type 1 diabetes much larger
porcine islets (200-500 um) instead of single cells are encapsulated. The channel cross
section geometry can be modified to accommodate different size of subjects for
encapsulation. Straight channels of different cross sections have been utilized to focus
particles as small as 5 um, and larger particles are easier to focus due to increased inertia.
Therefore, eukaryotic animal cells are good candidates to be inertially focused. Some
objects to be encapsulated may come with a wide distribution of size, such as the porcine
islets. In this case, size-based sorting and separation prior to encapsulation will be needed
to achieve uniformity of cell capsules. The size-based sorting function can be introduced

by curved channel, which will be discussed in detail in Chapter 3.
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When cells are to be encapsulated instead of particles, cell buffer is to be mixed with
hydrogel prepolymer instead of DI water. The difference of viscosity between cell buffer
and DI water is negligible; therefore the fluidic condition shall remains similar when
focusing cells. Occasional adhesion may occur among cells, which interferes with the
focused array, but it can be alleviated by a filter structure near the input of the channel.

Another concern related to cell is viability. Different cells will have different
tolerance to the toxicity of the prepolymer solution and UV dosage if UV-curable
hydrogel is to be used. Although the materials and the UV dosage used in this chapter
have been proved to have minimum harm to cells (Cho et al. 2009; Birdick et al. 2002,
Cruise et al. 1998, West et al. 1995), a viability test is still needed to prove the

biocompatibility of the entire process.

2.4 Conclusion

A microencapsulation system that is based on a combination of inertial focusing
microfluidics and photopolymerization of hydrogel was developed to generate
monodisperse microcapsules containing a controllable number of encapsulated cells,
including single cells. Inertial focusing has been observed with particles at flow rates
between 8 pL/min and 22 pL/min. Hydrogel droplets of 65 + 5 um diameter have been
generated in oil with a production rate of more than 200 droplets per second. The vyield
of capsules containing single cell is less than 30%, which is lower than theoretical
prediction. The main issue resulting in low yield is particle inhomogeneity in the mixture
at the inlet due to relatively higher mass density of particles than liquid. Because the

particles are not homogeneously distributed upon entering the channel, broken arrays of
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focused particles with short array lengths are often observed at the outlet. Such issue can
potentially be addressed with density matching liquids or different particle materials,

which will be explored in the future.

22



Chapter 3. Particle Dynamics at the Transition
between Inertial and Dean Force Dominant Regimes

3.1 Introduction

Inertial focusing mechanisms in microfluidic channels have been studied and applied
to devices for high-throughput sorting, concentration, and separation of particles and cells
(Russom et al. 2009; Bhagat et al. 2008; Kuntaegowdanahalli et al. 2009; Edd et al. 2008;
Di Carlo et al. 2008 and 2007; Gossett and Di Carlo 2009). A crucial factor in improving
the performance of these devices is improving the engineering of the equilibrium
positions of the particles which is dependent on the properties of the flow in the
microfluidic channels. Two numbers used to characterize flow properties in curved
channels are the Reynolds number, Re, and Dean number, De. The Reynolds number
represents the ratio of inertial force to viscous force and is defined in Section 2.3.1. The
Dean number measures the magnitude of a secondary Dean flow and is defined as
De = (Dp/2r)2.Re, where 1 is the radius of the curved channel. Particle equilibrium
position is a complex function of Re, De, particle size, and channel geometry. As far as
we know, there has not been a comprehensive study specifically on particle equilibrium
positions across a wide fluidic regime. In Fig. 3.1 we have summarized in a De-Re space
existing studies on the equilibrium positions of particles. The earliest study of the
equilibrium positions in a straight channel was done by Segré and Silberberg (1962,
Reference 1 in Figure 3.1) who first observed inertial focusing (1961). They found that

the equilibrium positions of the particles migrate from the epicenter to the wall of a
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cylindrical pipe as Re increases and the smaller particles are closer to the wall than the
larger particles. It was confirmed later by Matas et al. (2004, Reference 2 in Figure 3.1)
with Re up to 2400 in a straight pipe. In these straight channels the curvature induced
Dean force does not exist, which makes the inertial force the dominant force. We define

regimes where inertial force is dominant as inertial force dominant regime (IFDR).
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Figure 3.1 Existing work in the study of equilibrium position of particles marked out in De-Re space.
Inertial force dominant regime (yellow): 3. Segré and Silberberg 1962, 4. Matas et al. 2004. Dean force
dominant regime (green): 1. Kuntaegowdanahalli et al. 2009, 2. Russom et al. 2009. Study joining the two
regimes(blue): 5. Our work. See Results and Discussion section for details.

The design of inertial microfluidic devices has evolved into serpentine (Di Carlo et
al. 2007; Di Carlo et al. 2008), and spiral configurations (Gossett and Di Carlo 2009;
Bhagat et al. 2008; Kuntaegowdanahalli et al. 2009; Russom et al. 2009; Seo et al. 2007).
The curvature of such devices introduces a secondary cross-sectional flow field (called
the Dean flow) (Dean 1927 and 1928) which results in a variation of the focusing
behavior of the particles. It was reported that the multiple particle trains can be reduced to
a single train under the balance of inertial force and the Dean force. Noticeably, under
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certain conditions particles of different sizes in a spiral channel can migrate across the
flow to different equilibrium positions. Separation and filtration according to size were
recently demonstrated in spiral channels with the larger particles focused closer to the
wall than the smaller particles which is opposite to the configuration exhibited in a
straight channel (Russom et al. 2009; Bhagat et al. 2008; Kuntaegowdanahalli 2009). It
was also found that unlike the case in a straight channel, the equilibrium position moves
away from the wall with increasing Re from 84 to 252 for particles of 10 um diameter
(Russom et al. 2009, Reference 3 in Figure 3.1). Kuntaegowdanahalli et al. found that the
drifting of equilibrium position is affected by both De and particle diameter/channel
height (d/h) in a complex way (2009, Reference 4 in Figure 3.1). Such disparate
characteristics indicate a stronger influence of Dean force to the particles
(Kuntaegowdanahalli et al. 2009). We define the fluidic regimes where Dean force is
dominant as the Dean force dominant regimes (DFDR).

Therefore, one reason for the difficulties in predicting the equilibrium positions is
that in a curved channel the coexisting inertial force and the Dean force pose entirely
opposite effects on the dynamics of particle behavior. It is hence important to know how
the particles behave when either force is dominant and to find out the boundary of the
two regimes so that the equilibrium positions can be more accurately predicted. Yet as far
as we know, all reported focusing results are either in one regime or the other, and a
systematic study to join the majority of the existing observations under various flow
conditions is still lacking.

The intermediate region between the two regimes has been overlooked due to

unclear potential applications. However, this region should be interesting due the
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comparable influence of both the inertial force and the Dean force. Therefore, particle
behavior in this region should bear unique characteristics and disclose a variety of
information about the interplay of the two forces.

In order to fill the gap in the current research and investigate the interplay of the
forces in the intermediate region, we designed and fabricated a spiral channel device
having heights of 50 and 100 um and varying width from 250 to 1100 um. Particles of
10 and 20 um diameters have been investigated in our systems. Our work is the first
demonstration of a continuous transition of particle behavior from IFDR to DFDR for d:h
(in um throughout the paper unless otherwise specified) = 10:50 and 20:100. A boundary
of the two regimes is thus defined to guide the prediction of particle focusing dynamics.
As shown in Figure 3.1, the range of our work (marked in green) fills the region in
between the existing studies marked with black symbols. In the study of the interacting
inertial forces and Dean force, factors such as Re, d/h, and d/Dy, are analyzed in detail.
Furthermore, unlike other research in curved channels that focuses on a higher Re or De
range (Russom et al. 2009; Kuntaegowdanahalli et al. 2009), we have paid close attention
to an intermediate range of Re (12.8 — 36.7). In this range both the inertial force and the
Dean force compete with each other so that we have observed complex phenomena
including particle train twisting, size-based sorting in single streams, particles of different
sizes being focused in the same hybrid array, and the tendency of the smaller particles
leading a hybrid array. These observations have been coupled to analytic and numerical

simulations to further the quantitative understanding of the underlying physical systems.
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(a) (b) SU-8 patterned on Si

PDMS molded on SU-8

PDMS bonded to PDMS

Figure 3.2 (a) The top view of the designed spiral channel device The channel has 8 turns with increasing
radius r (1.68 mm to 9.46 mm) and channel width w (250 um to 1100 um). Two outlets at the end of the
spiral focusing region with widths of 150 um and 950 um are prepared for particle separation; and (b) The
soft lithography fabrication process of the device which includes SU-8 patterning, PDMS molding, and

device bonding. The bottom photograph shows a fabricated device.

3.2 Design and Fabrication

Figure 3.2 shows (a) schematic configuration of spiral microfluidic device and (b)

fabrication processes.

3.2.1 Microfluidic Devices

The spiral microfluidic device with 8 spiral turns is designed to have increasing
radius (1.68 mm to 9.46 mm) and channel width (250 um to 1100 um) as shown in Figure
3.2(a). Two outlets at the end of the spiral focusing region with widths of 150 um and

950 um are prepared for particle separation.
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3.2.2 Fabrication

The microfluidic devices were fabricated using a standard soft lithography technique
as shown in Figure 3.2(b). SU-8 50 (MicroChem, Newton, MA) was spin-coated at 2000
rpm for 30 seconds to create a 50-um-thick or 100-um-thick layer on a 4" silicon wafer.
After the photolithography process, Polydimethylsiloxane (PDMS) (Sylgard 184; Dow
Corning, Midland, MI) was poured onto the SU-8 master with an 8:1 ratio of base to
crosslinker. PDMS substrates with a 12:1 ratio were made at the same time. After
degassing in a vacuum chamber and curing at 65°C for 4 hours, the devices and the
substrates were released from the molds; holes were punched to create inlets and outlets
and the devices were bonded to PDMS substrates overnight. Aquapel (Pittsburgh Glass
Works LLC, Pittsburgh, PA) followed by air was forced through the channel to increase

the hydrophobicity of the channel wall (Edd et al. 2008).

3.3 Materials and Methods

3.3.1 Materials

Polystyrene microspheres (of diameters 10.3 and 20 pum) were purchased from
Polysciences, Inc (Warrington, PA). 20% (w%) of poly(ethylene-glycol)-diacrylate
(PEGDA, Mn 575, Sigma Aldrich, St. Louis, MO) in deionized water (mixture viscosity
1.564 cSt) was mixed with the microspheres and stabilized by the addition of 1% Tween

20 (Sigma Aldrich, St. Louis, MO).
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3.3.2 Experimental Setup

The PEGDA suspension was driven at a controlled flow rate by a syringe pump
(KDS-210, KD Scientific, Holliston, MA). The PDMS devices were mounted on a
microscope (BX45, Olympus, Center Valley, PA) with a high speed camera (GE680C,
Prosilica, Newburyport, MA) having a frame rate of up to 300 frames per second. The

depth of field of the 4x/0.16 objective used in all the videos is 43.35 um.

3.4 Results and Discussion

3.4.1 Transition from the Inertial Force Dominant Regime to the Dean
Force Dominant Regime

3.4.1.1 Inertial Force Dominant Regime and Dean Force Dominant Regime

In a curved channel, the dominant forces are the inertial force and the Dean force. It
has been widely accepted that inertial lift forces including wall lift, Saffman inertial
force, and the Magnus force, play a significant role in micron-scale particle focusing in

straight channels (Seo et al. 2007). The net inertial force exerted on a particle of diameter

_ 2,44 2
R ="fpU°d" /Dy , Where fi is a parameter that varies with Re and the

d is formulated as
relative particle position within a channel (Asmolov 1999). Such force will cause
randomly distributed particles to migrate into several confined streamlines within a
certain range of Re. In a low aspect ratio rectangular straight channel with width much
greater than height, particles under the influence of the net inertial force will migrate to

two laterally broad focusing positions (near top and bottom of the channel in Fig. 3.3 top

panel).
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Figure 3.3 (a) Schematic illustration of particle focusing positions in a straight channel. (b) Schematic

drawing of the Dean vortices in a cross section (w x h) of a curved channel resulting in a double
recirculation (indicated by arrows, not drawn to scale) which bring particles to equilibrium positions closer
to the inner channel wall (left). The fluid in the channel is coming out of the plane of the page.

The curvature in a curved channel introduces a Dean flow in the channel cross
section which is characterized as a symmetric-counter double recirculation in the top and
the bottom halves of a channel cross-section, as illustrated in Figure 3.3 (Dean 1927,

1928). The magnitude of the Dean flow is measured by De. Such flow results in an

additional drag force called the Dean force to the particles, Fo ~ pU*dDy /1 , Where r is
the curvature of the channel loop (Squires and Quakes 2005).
As briefly mentioned in the introduction, particle behavior in the IFDR and DFDR
bears disparate characteristics.
In IFDR, the characteristics are:
1. the equilibrium position drift toward the wall as Re increases;

2. smaller particles focus to positions closer to the wall than larger particles;
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3. there are multiple or singular particle trains coexisting depending on the
channel geometry. (Segré and Silberberg 1962; Matas 2004; Di Carlo 2007;
Bhagat et al. 2008)

In DFDR, the characteristics are:

1. the equilibrium positions drift away from the inner channel wall with
increasing Re;

2. larger particles are focused closer to the wall than the smaller particles;

3. there are singular particle trains or no trains as in particle mixing. (Russom

2009; Kuntaegowdanahalli 2009)

3.4.1.2 Transition Observed from Change in Equilibrium Position and Peak Width
for 10 pm and 20 pm Particles in 50 pm and 100 pm High Channels

In order to identify the above-mentioned characteristics, image processing
techniques were used. Up to 1000 frames from the videos taken by the camera are
stacked and average intensity on each pixel is calculated to produce a composite image as
show in Figure 3.4(a). The image is inverted to calculate the average intensity along the
short side of a 1100 um x 500 um window, marked in yellow in Figure 3.4(b), and the
normalized intensity is plotted as a function of dimensionless distance, x/w, where X is
the particle distance from the inner wall, as shown in Figure 3.4(c). The profile of Figure
3.4(c) is then analyzed using Origin Lab (Northampton, MA, USA) to identify the
positions of the peak and the high and low ends of the full width of half maximum

(FWHM).
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Figure 3.4 Imaging process procedure: (a) One of the hundreds of frames taken from a video by a high
speed camera. (condition: d:h=20:50, Re=18.3) (b) Up to 1000 frames like (a) are stacked and average
intensity on each pixel is calculated to produce a composite image followed by inversion in ImagelJ. (c)
intensity ina 1100 pm x 500 pm square window (yellow square in (b) is averaged along the flow direction
and plotted across the channel width. The profile is then analyzed in Origin Lab to indentify the positions
of the peak, the high and low end of the FWHM.

The positions of the peak and the high and low ends of the FWHM are then plotted
in "High-Low-Close" chart versus Re and De using Origin Lab, as shown in Figure 3.5.
We adopted the "High-Low-Close" chart because it is amenable to represent both the

peak position and the width of the peak, both being a function of Re and De.
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The overall trends of the particle focusing behavior are examined in terms of the
dimensionless equilibrium positions x/w and the peak width versus Re for varied particle
size and channel height in Figure 3.5. For both the particles of d:h = 10:50 (Figure 3.5(a))
and 20:100 (Figure 3.5(b)), we observed a continuous transition from IFDR to DFDR.

For the 10:50 particles in Figure 3.5(a), Re from 5.5 to 12.8 can be identified as
IFDR where the equilibrium position of the particles moves toward the wall. In this
regime, the peak width decreases with increasing Re. When Re is in the range of
12.8 ~ 36.7, the equilibrium position remains stable with no obvious trend of change, and
the peak width remains relatively narrow. This is an intermediate range in the transition.
As Re further increases to the range of 36.7 ~ 82.5, the system starts to be dominant by
Dean force with characteristics such as the drifting of the equilibrium positions away
from the wall and the peak width increases. Similar regimes can be identified for 20 pm
particles in 100 pm high channel in Figure 3.5(b) with IFDR from Re being 8.8 to 21.1,
intermediate regime from 21.1 to 43.9, and DFDR from 43.9 to 79.1. The DFDR shrinks
as the IFDR expands from the upper bound of Re = 12.8 for 10:50 case to Re = 21.1 for
20:100 case. The width of the intermediate transition regions seems to be invariant. The
absence of the DFDR is observed in 20:50 case as shown in Figure 3.5(c). The IFDR
appears more clearly, but its boundary with the intermediate region is not as clear as
Figures 3.4(a) and (b). Overall Figure 3.5 indicates that the presences of dominant force

regions are highly dependent on the d:h ratio as well as the absolute particle size.
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Figure 3.5 (a) The peak, high and low positions at each Re/De are plotted in "High-Low-Close™ chart for

d:h=10:50 (a), 20:100 (b), and 20:50 (C). The data on the curve represent the peak positions in Figure 3.4

(c), and the high-low bar represents the FWHM of the peak

Such transition is consistent with other existing studies (Segré and Silberberg 1962;

Matas et al. 2004; Russom et al. 2009; Kuntaegowdanahalli et al. 2009). It can be

understood by analyzing the ratio of inertial lift force and Dean force Rf=FI/FD ~
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2 3
fd*r/D; (Gossett and Di Carlo 2009). The absolute value of f; was reported to decrease

with Re near the channel wall and increase with Re near the centerline of the channel
(Asmolov 1999; Di Carlo et al. 2009). In the curved channel, the equilibrium positions
are mostly near the channel wall. Therefore the general trend of Rf should decrease with
Re in our device which implies a stronger influence from the inertial force at lower Re

and Dean force at higher Re.

3.4.1.3 Transition of Particle Behavior Observed from Individual Snapshots for
10 pm Particles in 50 pm High Channels

The image-processing techniques used in Figure 3.4 convey statistical significance
in the particle focusing behavior; however, by overlaying all of the images, one loses the
details of the individual particle arrangement in the train at any given time. By studying
each snapshot, we have identified unique behavior of the particles in different regimes
and interesting hybrid behavior during the transition.

As stated in section 2.5.1.2, when Re increases from 5.5 to 82.5 in Figure 3.5(a), the
peak width goes from wide to narrow and wide again. Here we show a shapshot of
dynamic particle configurations in a wide range of Re in Figure 3.6(a) — (h).

1. At lower Re range (5.5-9.6) of Figure 3.5(a), the wide peak is due to multiple
particle trains under stronger influence of inertial force, shown in Figure 3.6 ()
and (b) for Re = 6.8 and 9.6, respectively. Similar trends are found at very high
Re =55 and 82.5 (in this study), shown in Figure 3.6 (g) and (h), respectively.

2. Multiple particle trains shown in Figure 3.6(a) and (b) merge into a singular train
as Re increases to 12.8 and 18.2 of Figure 3.6(c) and (d), respectively, due to the

fact that the Dean force has stronger influence as Re increases.
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3. Further increase of Re to 23.8 and 36.6 in Figures 3.6(e) and (f), respectively,
introduces a second intermediate region of twisted particle trains. From the
intermediate singular train (of Figures 3.6 (c) and (d)) to complete mixing (of
Figure 3.6s (g) and (h)), transition occurs in a periodically overlapping manner.
Gradual increase in the width of the singular trains was expected as the mixing
effect is enhanced, but it was not observed. Instead, the singular train breaks into
many short chains; and head and tail parts of spatially aligned short chains start
overlapping. Visual inspection indicates that the broken chain length decreases as
Re increases (from 23.8 of Figure 3.6(e) and 36.6 of Figure 3.6(f)). Inertial forces
in the direction of fluid flow determine the equilibrium positions from the inner
wall surfaces. As De increases with Re, the lateral fluid flow (shown in Figure
3.3) locally breaks the equilibrium positions, generating the twisting
configurations. It is therefore natural to understand that the mixing at higher Re
range that has been reported in fact transpires first through twisting of the particle
arrays, and the mixing is only a higher degree of twisting. As far as we know, this
twisted array is an unprecedented observation.

4. At higher Re range (55-82.5), the wide peak is due to mixing predominantly

influenced by the Dean force, as shown in Figures 3.6(g) and (h).
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Figure 3.6 The behavior of particles under different Reynolds number for d:h = 10:50. (a)(b) Particles
focus in multiple streamlines. (c)(d)Particles focus in single streamlines. (e)(f) Streamlines are twisted
by the increased influence of the Dean force. (g)(h) the streamlines of the 10 pum particles are further
twisted to be unrecognizable. Scale bars in all images represent 250 um.

3.4.2 Particle Size Effect

In our study, the d:h we tested includes 10:100, 20:100, 10:50, and 20:50, for which
the value of R¢ had the ratio of 1: 4 : 8 : 32. For d:h =10:100, particles remain mixed

throughout the entire range of Re we tested, showing that Dean force is dominant for the
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whole range of study, consistent with the results of lower Rf (DFDR). For d:h = 20:50,
only inertial force dominant regime was observed within the range of Re (8.8-79). As
shown in Figure 3.5 (c), the equilibrium position drifts toward the wall, stabilizes with

the peak width decreases as Re increases, consistent with the results of higher R¢ (IFDR).

10um: 50um
I 20pm:100um| 1

Figure 3.7 (a) Comparison of equilibrium position trend for a/h=10 um:50 pm and 20 um:100 um. The
particles of a/h=20 pum: 100 um are focused further from the inner wall, as a result of stronger influence
from Dean force compared to particles of a/h=10 um:50 um. (b) Particle array at Re=10.2, in the inertial
force dominant regime. (c) Particle array at Re=60.1, in the Dean force dominant regime. The particle
arrays appear twisted throughout the entire Re range, without obvious change in array configuration as in

Figure 6, due to perturbation from Dean force. Scale bars are 250 um
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For the particles of d:h = 10:50 and 20:100, they showed a similar trend in the "high-
low-close" chart in Fig. 5(a) and (b), respectively. But when we put the two graphs
together in Figure 3.7(a), the equilibrium positions of the 20:100 particles generally have
larger distances from the wall than those of the 10:50 particles. This observation indicates
stronger influence of Dean force on the 20:100 particles. It is in agreement with the
following results from individual snapshot studies of the particle array configuration.
Different from the 10:50 particles, we observed neither the multiple or the single particle
trains for the 20:100 particles. The particles stay focused in twisted arrays within a
constricted region in the 100 um high channel for the entire range of tested Re, as shown
in Figure 3.7(b) and (c) for Re=10.2 (in the IFDR) and 60.1 (in the DFDR),

respectively. This result is consistent with force ratio parameter, Rf analysis. As defined

2 3
above, Ry cd /D“, so that the Rf of the 20:100 particles is 0.57 times the 10:50

particles, therefore the former experiences more influence from the Dean force.
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Figure 3.8 Particle size effect. Each of the Dean vortex in a h =50 um channel has a size of h/2 = 25 um.

For particles smaller than h/4, e.g. 10 um particles in this figure, they are more likely to be entrained in
one direction of the Dean flow. Determination of the dominant force using Ry is accurate. But for particles
of diameters close to h/2, e.g. the 20 um particles in this case, it experience forces from opposite directions

which contribute more to rotation. The dominant force is determined by both the R; and the size effect.
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Although the analysis of Rf matches with our experimental results very well and has
been used by other researchers (Kuntaegowdanahalli 2009; Di Carlo 2007) to explain
their results, we would like to point out that the ratio of the magnitude of the two forces
has its limitation in predicting the dominant influencing force. First, in the formulation of
Fl, the particle's influence on the fluid field is ignored based the assumption of particle
Reynolds number (Re, = pUd/p) < 1. However, error will occur as particle size becomes
larger. Second, as defined before, the FD is the drag force induced by the vortex,
therefore its effect on a particle will transfer more into rotation than translation when the
particle size, d, increases to be comparable to the vortex length scale, i.e., half height, h/2,
as shown in Figure 3.8. To be more specific, when the particles are much smaller than
h/4, it is more likely to experience unidirectional drag force, and the drag force contribute
more to its translational movement. In this case, the prediction using Rf is more accurate.
However, when particle size is comparable to the size of a vortex (h/2), such as d/h=0.4
in our case, the particle is likely to experience Dean drag force from both direction, thus
the actual influence from the Dean force in the particle equilibrium position will
weakened, as the energy contribution to rotational movement of particles is enhanced
from that of translational movement. Therefore, we believe that the strong inertial force
dominant behavior of the 20:50 particles is a complex result from both the increase of Rf

and the particle size effect.
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3.4.3 Application in Particle Separation
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Figure 3.9 Separation of the 10 um and 20 pum particles in a 50 um high channel. (a) Equilibrium position-
Re curve of the 10 pm and 20 pum particles in a 50 um high channel. Starting from Re = 55, separation of
the two particles can be achieved. (b) A snapshot at the end of the channel with the 20 um particles going
to the left branch and the 10 um particles going to the right at Re = 82.5. (c) Composite image with 700
overlaid snapshots showing the particle trajectory statistically. The scale bars represent 250 um in both (b)
and (c)
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According to the above study of the particle focusing behavior, in order to achieve
optimal particle separation results, it is important to avoid both the strong inertial force
dominant region where multiple particle trains exist and strong Dean force dominant
region where particles spread out and mix. The easiest separation is between particles that
are in different flow regime under the same flow rate. In our case, the 20:50 and the
10:50 particles can be easily separated because after Re reaches ~27.5, the 20 um particle
train approaches the wall, and 10 pum particles moves away from the wall. The
equilibrium distances of 10 and 20 pum particles are shown in Figure 3.9(a). As Re
increases over around 60.0, separation of the 10 um beads and 20 pum beads is
transparent. We took a snapshot of dynamics of the mixed suspension of Figure 3.9(b)
with Re = 82.5, which shows a single train of 20 um particles and mixed state of 10 um
particles, flowing parallel. Overlaid 700 snapshots of the same condition are shown in
Figure 3.9(c). As the channel branches into two at the outlet, a large portion of the 20 um
particles enter the (left) narrow channel and a small portion of the 20 um particles and all
the 10 um particles enter the (right) wide channel. Note that 20 um particles are near the
channel wall and 10 pm particles flow near the channel epi-center, being separated from

the 20 pum particle streams.
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3.4.4 Interaction of coexisting particles of different sizes when Re=18.2

Figure 3.10 Individual snapshot study of 10 and 20 um particle focusing dynamics near the outlet of a 50
um channel when flow rate is ImL/min (Re = 18.2). (a) Longer array of particles composed of both the 10
um and 20 pm particles with a tail of 10 pm particles. (b) Short arrays of particles with the 10 um
particles forming a tail leading the array. (c) 10 um and 20 um beads focus in different arrays. (d) Only 10
um particles exist in the channel. All scale bars represent 250 um
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As shown in Figure 3.4, particles of different sizes inertially focus and the
equilibrium positions largely overlap at an intermediate range of Re (18.2 to 36.7). Such
overlap causes the particles to have stronger interaction and many diverse phenomena of
interest have been observed. By carefully investigating the individual snapshots within
this Re range, we found that when both 20 pm and 10 um particles are present in the
channel, they not only both inertially focus, but even can coexist in the same focused
array as shown in Figure 3.10(a). This is unprecedented observation that is contradictory
to existing theories. Present theories for inertial focusing indicate strong particle-size
dependence of the inertial forces (Fy~d*; and to the best of our knowledge from
literature, when particles of different sizes inertially focus, each focused array always
consists of equal-sized particles. Figure 3.10 (a) implies the presence of unequal-size
particles in a train is due to complex hydrodynamic interactions through inertial and Dean
forces with specific size ratios between particles and channel geometry. In addition to the
longer focused arrays near the inner wall of the channel, we observed a plethora of short
arrays spreading out the channel width as shown in Figure 3.10(b). Interestingly, most of
the short arrays consist of a tail group (yellow lines in Figure 3.10 (a) and (b)) of several
10 pum particles and a head group of one (or two) 20 um particles (within blue circles in
Figure 3.10 (b)). As the flow direction is vertically down in Figure 3.10, head groups are
following the front tail groups.

Figure 3.10(c) shows that 10 and 20 pum particles form separately focused arrays in
parallel. Among cases of Figure 3.10 (a), (b) and (c), this is the most frequently observed
case. Figure 3.10(d) shows that when only 10 um beads exist in the channel, they are

focused within a much more constricted array.
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Figure 3.11 Simplified model to study hydrodynamic force of the edge particles of an array under
different configuration. (a) A particle array of homogeneous particles, (b) A hybrid array of different
particles, and (c) An array with a missing particle. Flow direction is indicated by the arrow. (d) The bars
show the computed magnitude of the hydrodynamic force exerted on the two edge particles corresponding
to the three scenarios. Based on the hydrodynamic force calculation, the stability of the three configuration
follows an order of S(a) > S(b) > S(c)

The above described phenomena in Figure 3.10(a) and (b) at Re =18.2 is a strong
indication of particle-particle interaction, which cannot be explained by current theory
due to its assumption of point-sized particles. We calculated drag forces acting on aligned
particles as shown in Figures 3.11(a)-(c). It is conjectured that an array of larger particles
with equal center-to-center spacing (of Figure 3.10 (a)) provide the smallest drag force on
the edge particle, followed by a heterogeneous particle array (of Figure 3.10(b)) and the
homogeneous array of larger particles with a missing center (of Figure 3.10 (c)). This
hypothesis has been confirmed by the calculation of hydrodynamic forces regarding the
three cases of particle arrays aligned parallel to the flow direction. Figure 3.11(d) shows

the calculated hydrodynamic force of the edge particles for the three cases. It is found
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that the two particles on the edge of the array experience weakest force in case (a) when
the array is consisted of same particles and strongest force in case (c) when there is an
empty space in the array. (See Appendix 1 for detailed calculations.) For numerical
calculation, we used the standard Stokesian dynamics, assuming the near-field lubrication
does not play an important role. The drag forces depend only on the particle
configuration so that all the calculations show symmetric values about the center of the
arrays. In reality, inertia must be also important, but requires a full-scale computational
fluid dynamics simulations followed by particle hydrodynamics calculation. This will be
part of our future work. The presence of the center particle reduces drag forces on edge
ones, which implies that the linear particle configuration of equal-sized or binary
particles can be partially understood as a reduction process of hydrodynamic drag forces.
As a result, when there is empty space in an array of sufficiently separated particles, the
particle array may pick up other particles from the suspension to reduce the

hydrodynamic drag and hence forming solid aligned structures.

3.5 Conclusion

In this chapter, phenomena disclosing the interplay of inertial force and Dean force
have been investigated under varied Re (5.5~82.5), De (0.5~8.4), and d:h (10:100, 10:50,
20:100, 20:50). For particles of d:h = 10:50 and 20:100, we have identified different
ranges of Re, each bearing disparate characteristics unique to different fluid regimes.
They are an inertial-force dominant regime, a Dean-force dominant regime, and the
intermediate regime bearing mixed characteristics. We also analyzed the limitation of

solely using Rf to predict the dominant influence at d/h higher or comparable to 0.5. It is
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due to the error of FI that occurs at Rep >1 and the enhanced likelihood of rotational
movement over translational movement of larger particles under Dean drag. Our findings
have provided more guidelines to the separation of different particles which may lead to
more successful device design for size-based particle/cell separation and filtration.

Within an intermediate range of Re where the inertial force and Dean force are
equally important, some interesting observations were first reported in this paper, such as
the twisting of particle arrays, particles of different sizes being focused in the same
hybrid array, and the tendency of the smaller particles forming a "tail" group leading a
hybrid array. Such behaviors contain much information of the interplay of the forces.
Moreover the hybrid array poses a question on the current theory that is strongly

dependent on particle size (F; ~ d*).
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Chapter 4. Dynamic Maskless Rapid Prototyping
Microfabrication Technique Ready for Scaling-Up

4.1 Introduction

Traditional soft lithography for poly(dimethylsiloxane) (PDMS) microfluidic devices
have been the most prevailing fabrication technique in most bio-microfluidic device due
to the transparency and oxygen permeability of PDMS. However, PDMS has been found
incompatible with a myriad of common organic solvents including toluene, hexane,
tetrahydrofuran, etc. The incompatibility of PDMS has limited the application of
microfluidics in areas such as chemical synthesis (especially organic and medicinal
chemistry). The soft lithography technique includes steps of mask fabrication, mold
generation, molding, and overnight bonding, which requires clean room facility,
expensive equipment such as a plasma, and long wait time. (Duffy et al. 1998) It is worth
the time and cost when the device needs to have extremely fine features. But more often,
time and flexibility in modifying the design are more of the concern for initial proof-of-
concept experiments, and that's when a more cost-effective rapid prototyping method is
needed.

In this paper, we present a novel rapid prototyping method using a solvent-resistant
material for direct channel fabrication. Such method eliminates the requirement for a
physical mask, mold developing, PDMS molding procedures, costly cleanroom facilities,
etc. Most importantly our method is capable of large area fabrication with

uncompromised resolution.

48



4.2 Maskless Rapid Prototyping

4.2.1 Maskless Rapid Prototyping Mechanism and Its Limitations

(@) LCD Panel or DLP chip (b) g is:;:;;:m

Substrate e
Fabrication Platform

Figure 4.1 (a) Schematic drawing of a typical stereolithography optical path. Each pixel on the panel
(LCD or DLP) emits light that is transmitted through a beam delivery system and reflected by a beam
splitter to the substrate and form a minimized image. The maximum cone of light that can enter the beam
delivery system is different for pixel A on the edge and pixel B at the center of the panel (a<f), which
causes less light transmitted from the edge than the center of the panel. This results in weaker intensity on

the edge of the projected image, referred to as the "edge effect". (b) The actual setup used in this chapter.

DLP and LCD technologies are the two types of core technologies of modern
projectors. They use different mechanisms to achieve the same goal, dynamic image
generation. Moreover, both DLP projectors and LCD projectors have long been adopted
for dynamic mask generation in low cost rapid micro-prototyping of 3-D structures with
resolution down to 0.6 um. (Sun et al. 2005) Its working principle is shown in Figure 4.1.
A pattern is designed in a PC connected to a projector, where the LCD panel or DLP chip
generates the actual light pattern. An objective lens transfers the light pattern into a
minimized image which is further delivered to a fabrication platform by a beamspliter

positioned 45° to the platform. The minimized image triggers photochemistry of the
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photosensitive liquid resin and turn it into solid upon exposure.(Sun et al. 2005)
Commonly used resins are typical photosensitive resins used in rapid prototyping
industry.

However, the applications of the dynamic maskless technology have by far been
limited to small-scale fabrication (mm foot print) (Ikuta et al. 1998; Sun et al. 2005;
Bertsch et al. 1997), but microfluidic devices are usually much larger (cm). The main
hurdle is the "edge effect” of the projected image as illustrated in Figure 4.1(a). The
intensity of light emitted immediately from the DLP or LCD chip is extremely even
(<5%), however, the center pixels and the edge pixels have different maximum cone of
light that can enter the finite-sized aperture of the beam delivery system (0<p in Figure
4.1(a)). As a result, the edge pixels suffer much more loss than the center pixels (Figure
4.1) through the light delivery system and the edges of the image projected on the
fabrication platform always have much lower intensity than the center area of the image
(referred to as the "edge effect” in this paper). Such a fact renders uneven curing results
because the conversion of the liquid resin to solid is a logarithm function of the light
intensity. Figure 4.2 is an example of the curing result under the influence of the edge
effect. The pattern in Figure 4.2(a) produces after 3s of cure time a good resolution at the
center but large uncured area on the edges. The same pattern after 6s of cure time
increases the cured area on the edges, but the resolution at the center is lost (Figure

4.2(b)). Therefore, the actual useful pixels are limited to those in the center area.
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Figure 4.2 Demonstration of the "edge effect”. A pattern in (a) is projected on a substrate covered with

(b)

photosensitive resin. (b) Curing result after 3 seconds. Center region nicely cured with resolving ability of
the third narrowest line, while the edge remains uncured. (c) Curing result after 6 seconds. The edge region

is more completely cured, but the resolution at the center drops to the fourth narrowest line.

Another limitation resulting from the edge effect is that the technology is not readily
upgraded to large-area microfabrication. The size of a DLP chip or LCD panel is
typically about 2" by 1" (1080P) with each pixel size of 13.68 um. In order to cover a
large area, one can increase its image size by adjusting the optical path, however, the
minimum feature size also increases with image size in a fixed proportion. Increasing
image size means compromising resolution, which results in pixelated image. One way
around it is "step and project” method, which divides a large image into sub-images and
illuminate and photopolymerizes one section of the material at a time with the aid of a
precise motion controller to move the fabrication platform (Itoga et al. 2008). However,

the edge effect results in gaps in the polymerized resin pattern on the edges of the sub-
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images. To decrease the gaps on the edges, exposure dosage can be increase, but it will

compromise the resolution in the central region.

4.2.2 Multiple Exposure Method and Its Limitation

Recently "multiple exposure” method has been developed in dynamic
photolithography of g-line photoresist using a LCD projector.(Itoga et al. 2010) This
method involves dividing the pattern in multiple different ways and performing multiple
exposures of each set of sub-images consecutively with the total exposure time kept
constant. (Itoga et al. 2010) The multiple exposures cover most (not all) of the dead zones
on the edges of the sub-images that are inevitable in traditional single exposure method.

Itoga’'s method successfully replaced the foundry-based mask fabrication and
cleanroom-based photolithography procedures in generating a photoresist mold. Yet, in
order to fabricate a microfluidic device, following PDMS procedures were still needed
after the mold generation. We have endeavored to use Itoga's method to directly define
channel structure out of photosensitive resin between glass slides. However, we found
that his method does not produce satisfactory result in liquid photosensitive resins as it
does in much more viscous (solid) photoresists. The main reason is the difference in
diffusion coefficients of the photochemically generated product (PGP). In the solid
photoresist, the diffusion coefficient of the PGP is much lower than that in the liquid
photosensitive resin. It has been found that it takes two hours for the PGP of SU-8(a
negative photoresist) to diffuse to a length scale of 50 um (Chen et al. 2011), but only
minutes for that of the liquid resin according to our experience. Therefore, when

patterning solid photoresist, the PGP remains at the exposed region and builds up
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throughout the multiple exposures. But for liquid resin, the conversion happens only after
the light dosage reaches certain threshold energy. Below the threshold dosage, curing
does not occur and the radicals only diffuse out and are consumed by the surrounding
oxygen. Therefore the PGP concentration cannot be built up in liquid resin through
Itoga's multiple exposure as it does in solid photoresist.

We have adopted the multiple-exposure concept, and designed a novel fabrication
process based on the characteristics of liquid resin as the channel structural material for
direct microfluidic device fabrication.

Because the PGP does not build up in liquid resin, we cannot divide the total cure
time in multiple exposures as Itoga did. In our multiple exposures, we perform a full cure
in each projection, and instead of re-dividing the entire image, the pattern in the uncured
region from previous exposures is re-divided to avoid overexposure at fully cured region

in previous exposures.

4.2.3 Dosage Selection Based on Curing Depth and Resolution
Characterization

The time need for full cured result is first characterized. Resolution is negatively
related to exposure dosage (mJ/cm?), hens exposure time (s) and light intensity (mW/
cm?) and the depth of curing is positively related to dosage (Sun et al. 2005). So the
dosage is within a range with upper bound limited by required resolution and lower
bound limited by required object height. We characterized the depth of curing with a
experiment illustrated in Figure 4.3 (a). By curing a pattern of different line widths
(300pum, 240 pm, 200 um, 160 wm, 120 um) with even spacing (787 um) using different

dosage (2s, 3s, 4s, 5s, 6s), different depths of curing are generated. The curing result is
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plotted in x-y-z space in Figure 4.3(b). This will be used as a guideline in selecting the
dosage needed for structure of certain height and line width. Typical microfluidic
channels have height from 50 to 200 um, and due to the parabolic shape of the cured
structure, we need a curing depth that is twice the channel heigh to ensure good
mechanical strength and vertical side wall. For example to fabricate a 160 pm structure, if

the structure line width is 240 pm, a minimum dosage of 2s is required.

(a) (b)
Projected ' EE—
pattern

E
8
a
2
Cover Glass €
[&]

0

PDMS substrate
Figure 4.3. Curing depth characterization. (a) Curing depth is characterized by projecting a pattern

with different line widths to a glass slide suspended in photosensitive resin. PDMS is used as substrate
layer due to its nonstick property. (b) The height of the cured objects (curing depth) are plotted as a

function of dosage (represented by time in seconds) and the designed line width.

We also characterized the resolution of both channel width (dark region between
white, bottom image of Figure 4.4(a)) and line width (white region between dark, bottom
image of Figure 4.4(b)) in relation to dosage and channel/line width. It is found that with
increased dosage cured channel width decreases while cured line width increases (green
curves in Figure 4.4(a) and (b)). It is found that under same dosage thin lines are easier to

resolve than thin channels. For example, at 4s the channel resolution is 96 um and the
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line resolution is 28 um. It is also found that the threshold dosage increases with

decreasing line width. It means the finer the line is, the more minimum energy is needed

to polymerize it.

(a) (b) _ |
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Figure 4.4 Resolving ability characterization. (a) Channel width (dark region in white screen) and (b) line
width (white region in dark screen) as a function of dosage and designed channel/line width are plotted.
An estimation of the minimal resolvable feature size of channel structure and line
structure for varied structure height is summarized in Table 4.1 based on the results
plotted in Figure 4.3 and 4.4. In order to ensure a steady and vertical channel side wall,

all the structure heights are taken as 1/3 of their corresponding curing depths.
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Table 4.1 Minimal resolvable feature size at varied structure height.

Channel resolution

Line width resolution

Structure height (um)

Minimal feature (um)

Structure height (um)

Minimal feature (um)

300 25 555 19
466 45 791.6667 28
553 62 1093.333 38
786 96

1309.333 43
1209 324

4.2.4 Photoshop Mask Creation

The above characterizations provide a range of dosage for desired structure height
and resolution. Within this range, we choose the highest dosage allowed by the resolution
so that a maximum area of the image can be cured in one projection. As shown in Figure
4.5, once a dosage is chosen, a whole white screen with cross alignment mark is projected
on the liquid resin sandwiched between a piece of cover slip and a PDMS substrate. The
cured structure after rinsing is analyzed in Adobe Photoshop in comparison with the

designed pattern. The shape of the polymerized region is cut out and a mask is generated

to the prediction of the result of a single exposure.
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1. Select a Dosage 2.Cure a whole screen

3. Create a mask

Figure 4.5 Mask creation process in the following steps. 1. With given thickness, a dosage that renders
decent resolution and very small area of uncured edge region is chosen. 2. A whole white screen with
cross hair alignment mark is projected to create a layer of the corresponding pattern of the given
thickness. 3. The cured object is analyzed in Adobe Photoshop in comparison with the designed pattern.

The cured region is cut out to create a mask channel in Photoshop.

4.2.5 Multiple Exposure Process

We define that the black area in mask of Figure 4.5 as the effective area. The
principle of our method is that all the area of the image to be projected has to be covered
by the effective area once and only once with the full dosage throughout the whole
process of multiple exposure. Such principle is realized by the following steps as
illustrated in Figure 4.6.

1. The first exposure. A 3840x2160 image is divided into four sub-images (2x2),

each 1920x1080 and projected sequentially. The result after the four projections is
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predicted using a 2x2 inverted array of mask previously created, as shown in
Figure 4.6 step I.

2. The second exposure. The remaining uncured pattern from the first exposure is
created in Photoshop using the 2x2 array of mask and plotted in a 5760x3240
image. The This image is divided into 9 sub-images (3%3), each 1920%1080. The
result of the second exposure is predicted using a 3x3 inverted mask array. One
can see that there are still bits and pieces of uncured area (spreading in 12
regions) that has not been covered by the effective area from the first two
exposures.

3. The remaining uncured pattern spreading in 12 regions from the first two
exposures are separated into two groups and each plotted in a 5760x3240 image
and divided into 9 sub-images (3%3), each 1920x1080. After 12 projections, the
entire image has been covered with effective area once and only once.

The sequence of the projections in the three exposures and be rearranged according
to the convenience of substrate movement. A total 25 projections are needed to complete
a 3840x2160 image. The actual number of projections can be fewer depending on the
pattern design. All the images for projections are created in Photoshop (Adobe Incorp.)

and loaded into a PowerPoint file (Microsoft Inc.).

58



Projected Images Curing Result # of projections

6+6

Figure 4.6 An example of the multiple exposure process. I. The whole image (3840%2160 ) is first divided
into 4 sub-images (each size 1920x1080) and the result of the four projections is a predicted with a 2x2
array of the previously acquired mask. Il. The predicted uncured region from the first exposure is divided
into 9 sub-images (each size 1920x1080) and the result of these nine projections is predicted with a 3x3
array of the previously acquired mask. Ill. The remaining uncured region from the second exposure is
separated into two sets, each divided into 9 images of which 6 are projected. A total 25 projections will

cover the entire image.

4.3 Fabrication Procedure and Materials

The projection system is shown in Figure 4.1(b). The fabrication platform is

connected to a motion controller (ESP 301, Newport Inc.) for precise positioning in the x-
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y plane. The detailed fabrication process is described in Appendix 2. A total time less
than 10 minutes is needed to finish the multiple exposure, the movement of substrate
between projections, and the rinsing after exposure. The device can be connected to
tubing, sealed and used immediately. The resin improves with age with optimum
adhesion reached after room temperature aging for one week. This optimum adhesion can
be accelerated by aging at 50° C for 12 hours. (www.Norlandprod.com)

The materials used for channel fabrication are trimethylolpropane triacrylate
(TMPTA, Sigma Aldrich) and a UV-curable glue (NOA81, Norland Inc.) as monomers
and Irgacure819 (Ciba Inc.) as photoinitiator, which has good response to blue light.
NOAS8L1 itself is responsive to UV but not to visible light emitted by LCD projectors. UV
light is filtered out of the light transmitting through the LCD panel to prevent damage to
liquid crystal. But it is found that the presence of Irgacure819 in NOA81 enables its
photo-response to visible light.

NOAS81 has excellent bonding ability to glass, metal and plastic filled with glass. It
has been used in channel fabrication using a printout mask by other researchers due to its
superior solvent resisting property compared to PDMS (Cygan et al. 2005; Bartolo et. al.
2008). However this chemical alone cannot render a crisply defined structure due to its
gluey nature. TMPTA, on the contrary renders good resolution but has inferior bonding
strength. In order to have both good resolution and bonding strength, we use a mixture of
49% NOAS81, 49% TMPTA and 2% lrgacure819 as the channel structural material and a
mixture of 98% NOAS8L and 2% Irgacure819 as the priming material to smear on the

glass prior to the exposure.
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4.4 Results and Discussion

Such a procedure produces satisfactory preliminary results as shown in Figure 4.7. In
Figure 4.7, results of singlular exposure (only the first step in the multiple exposure) and
multiple exposure is compared. In Figure 4.7(a), the gaps along the dividing line present
in singular exposure results are well covered in the multiple exposures. In Figure 4.7(b)

The corner region of a honey cone array that is underexposed in singular exposure is fully

exposed in multiple exposures.

(b)

socoscees

I

R606000906¢

Figure 4.7 Comparison of the result of singular exposure (4 projections) and multiple exposures (25
projections). (a) The zoomed out images show that the gaps between adjacent projections in singular
exposure are well covered by multiple exposures. The cured pattern is 2cm x1cm. Scale bars represent

5mm. (b) Underexposed corner region after singular exposure is fully exposed in multiple exposures.

Scale bars represent 1mm.
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Figure 4.8 shows a range of different designs that are created through our process.
All the devices have a footprint of about 2cm x1cm, which is typical size of microfluidic
devices. As stated in last section that the resolution for channel structure can go down to
~30 pum, but due to the difficulty of flushing out highly viscous remaining resin, the

smallest channel fabricated is 167 um as seen in Figure 4.8(a).

Figure 4.8 Various channel structures created directly with the multiple exposure process. (a) A lamb and
flower pattern with channel size of 167 um. Scale bar represents 5mm in the whole device picture and 300
um in the zoomed-in view. (b) A flow focusing junction followed by serpentine channel. (c) A gradient
generator structure. (d) A device demonstrating laminar flow. (e) A grid structure with grids about 50 pum
wide and space of 100 um in both x and y directions. All devices in (a)-(d) are 20.100 mm x 11.304 mm.

Scale bars represent 5 mm in (b)-(d) and 1 mm in (e).

62



Boding strength of the resin is characterized by rupture test as illustrated in Figure
4.9. It is a similar test as performed by Eddings et. al. for PDMS to PDMS bonding
characterization. (2008). A chamber of air is sealed between two primed glass slides by
the resin mixture along with a syringe needle connecting to the air chamber. The volume
of the chamber is estimated (V) and room pressure is assumed to be its initial pressure
(Po). A certain amount of air (V1, Po) is pushed into the air chamber by an airtight syringe
until rupture occurs. The bonding strength is then calculated using ideal gas law.

Upon rupture, the pressure in the chamber Pr satisfies PV, = PV, + F,V,, (1)
The bonding strength P,=P, - Py, so B, = PV, /V, (2)

The bonding strength of the resin to glass is measure to be 7200 kPa, 10 times stronger

than 690 kPa of PDMS to PDMS permanent bonding (Eddings et. al. 2008).

Sealed air chamber (P, V)

/ Syringe (Py, V4)

Glass slides

£
/\‘*

Cured liquid Resin

Figure 4.9 Bonding strength characterization. An air chamber of volume V, and air pressure P, (of
atmosphere) is sealed between two pieces of glass slides using the liquid resin with a syringe needle
connected to the chamber. Air in the syringe with initial pressure Py and volume V; is pushed into the

chamber until rupture occurs.
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4.5 Conclusion

In this chapter, we have developed a simple and cost-effective microfabrication
method for scaling up device area and complexity without compromising device
resolution. Microfluidic devices can be fabricated within 10 minutes without the need of
cleanroom facilities, mask fabrication foundries and complicated lengthy soft lithography
procedures. The use of a projector to produce computer generated pattern also brings high
flexibility in design modification and hence greatly decreases the turnaround time and
effort for initial proof-of-concept trials. Our method is capable of fabricating large device
(cm) without compromising the resolution (25 um resolution and 19 pum line width
resolution). Moreover, the bonding strength of the structural material is 10 times stronger
than traditional PDMS devices. Such direct fabrication technique is a very good

candidate in replacing the traditional soft lithography technique in some applications.
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Chapter 5. Conclusion

In this dissertation, application of inertial focusing microfluidics on cell
encapsulation, investigation of particle behavior under the influence of inertial focusing
coupled with Dean flow, and a low-cost rapid prototyping technique that improves the
chemical resistance and device durability have been presented.

In Chapter 2, a microencapsulation system is designed based on a combination of
inertial focusing microfluidics, flow focusing mechanism and photopolymerization of
hydrogel. This system potentially is capable of generating monodisperse microcapsules
containing a controllable number of encapsulated cells, including single cells. Inertial
focusing has been observed with particles at flow rates between 8 pL/min and 22 pL/min.
Hydrogel droplets of 60 - 70 um diameter have been generated in oil with a production
rate of more than 200 droplets per second. The yield of capsules containing single
particle is currently limited by the inhomogeneity of particle distribution upon entering
the device. Future work includes increasing the yield of single-cell capsules by using
different particles or density-matching liquid. Moreover, this universal encapsulation tool
can accommodate different cell type and encapsulating materials with suitable viscosity.
Ingredients and tags can be added into the capsules along with the cells without
biological specific tagging procedures. Tags with monitoring function and manipulation
function can further facilitate the observation and control of the implanted cell capsules.

Cell capsules with versatile functionalities will also be part of our future work.
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The straight channel encapsulation device can be further downsized by adopting a
curved inertial focusing channel. However the lack of thorough understanding of particle
behavior in a curved channel causes difficulties in the control of particle focusing and
size-based separation. To address this issue, in Chapter 3 particle dynamics across
different fluidic regimes have been studied, and phenomena disclosing the interplay of
inertial force and Dean force have been investigated under varied Reynolds number and
Dean number, and particle diameter d: channel height h (10:100, 10:50, 20:100, 20:50).
For particles of d:h=10:50 and 20:100, we have identified different ranges of Re, each
bearing disparate characteristics unique to different fluid regimes. They are an inertial-
force dominant regime, a Dean-force dominant regime, and the intermediate regime
bearing mixed characteristics. We also analyzed the limitation of solely using R; to
predict the dominant influence at d/h higher or comparable to 0.5. It is due to the error of
F, that occurs at Rep>1 and the enhanced likelihood of rotational movement over
translational movement of larger particles under Dean drag. Within an intermediate range
of Re where the inertial force and Dean force are equally important, some interesting
observations were first reported by us, such as the twisting of particle arrays, particles of
different sizes being focused in the same hybrid array, and the tendency of the smaller
particles forming a "tail" group leading a hybrid array. Such behaviors contain much
information of the interplay of the forces. Moreover the hybrid array poses a question on
the current theory that is strongly dependent on particle size (F, ~ d*). Our findings have
provided more guidelines to the separation of different particles which may lead to more
successful device design for size-based particle/cell separation and filtration, as well as

encapsulation. Future work includes force analysis of particles with different sizes
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focused in the same streamline, particle-particle interaction under varied fluidic
conditions, particle dynamics study in a broader fluidic regime with different
combinations of Re, De, particle size and channel dimensions.

In all the study of inertial microfluidics, devices are made out of PDMS material
with soft lithography technique. The PDMS material has long been reported incompatible
with many common organic solvents. The high flow rates needed in inertial focusing
experiments also greatly challenge the PDMS durability and bonding strength. The soft
lithography technique is time-consuming and cost-ineffective due to its dependence on
cleanroom facilities and wafer procedures. To address these problem, a dynamic
maskless rapid-prototyping microfabrication technique has been presented in Chapter 4,
where we have developed a simple and cost-effective microfabrication method for
scaling up device area and complexity without compromising device resolution using a
solvent-resisting channel material. Microfluidic devices can be fabricated within 10
minutes without the need of cleanroom facilities and foundries for mask fabrication. The
use of a projector to produce computer generated pattern also brings high flexibility in
design modification and hence greatly decreases the turnaround time and effort for initial
proof-of-concept trials. Our method is capable of fabricating large device (cm) without
compromising the resolution (sub-hundred um). Moreover, the bonding strength of the
structural material to glass is 10 times stronger than traditional PDMS devices. Such
direct fabrication technique is a very good candidate in replacing the traditional
complicated soft lithography technique. Our rapid prototyping technique possesses a
great potential in expedite the commercialization of microfluidics as it can accommodate

many more applications that are previously incompatible with PDMS devices and brings
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in a leap toward microfluidic fabrication freed from the cleanroom and expensive
facilities. Future work to improve our current technology includes precise Photoshop

mask design using grey scale adjustment and increasing channel/structure resolution.
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Appendix 1. Hydrodynamic Force Calculation

To calculate the hydrodynamic drag forces acting on the particle configuration shown
in Figure 11, we used the standard Stokesian dynamics simulation method (Durlofsky et
al. 1987), which represent the far-field many-body hydrodynamic interactions as

U-U,=M-F
where U is the translational/rotational velocity of particle in the fluid flow moving with

velocity U,, M is the far-field grand mobility matrix of 6N, x6N  (where N, is the
number of particles, which is 2 or 3 in our study), and F is the force/torque vector of
6N, elements. Each particle has 6 degrees of freedom for translation and rotation. In
dimensionless form, the relative velocity of each particle to the fluid velocity is set as
(+1,0,0), the grand mobility matrix was built based on relative positions of particles, and
the force/torque for each particle is calculated by solving the linear equation. Due to the
symmetry, particles do not undergo any rotation perpendicular to the flow direction, and

force values are scaled by Stokes’ drag coefficient of the larger particle.
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Appendix 2. Fabrication Process of the Rapid Prototyping Technique

The fabrication process of the rapid prototyping technique is shown in Figure A2.1. A
piece of glass slide and a piece of cover glass are first smeared with priming mixture
composed of 98% NOAS81 and 2% Irgacure819. Both the glass slides and the cover glass
are used directly from the package without any cleaning or treatment procedure. Cover
glasses (160 um in thickness) are used as spacers to provide the desirable height of the
cured structure. The cover glasses can be stacked for rough height adjustment. For a more
precise control of the height, a z-stage with motion controller is needed. Resin mixture
containing 49% NOAS81, 49% TMPTA and 2% Irgacure819 is sandwiched between the
primed glass slide and cover glass with the support of the spacers. After exposure, a 30-
1/2 gauge syringe needle is inserted into the inlets and outlets to flush out the remaining
resin with Acetone followed by 2-propanol. The device is dried and exposed to UV for a
dosage of 2000 mJ/cm? for full cure and sealing. For narrower channel structure, the high
viscosity of the residue resin may cause difficulty in flushing. In this case, prior to
flushing, devices are sealed along with syringe needles with NOA81 cured by UV. A

piece of aluminum foil is used to cover the unflushed device region.
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Priming material:
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Figure A2.1 Fabrication process flow of the rapid prototyping technique. Two pieces of glass are primed

Resin mixture

with priming material before the resin mixture is sandwiched between the two pieces of glass with spacers.

Acetone was used to rinse the residue resin after exposure.

The x-y stage connected to a motion controller is carefully aligned with the length
and width of the projected image on the substrate. The size of the projected image is
precisely characterized with a high definition camera (GE1910C, Proscilica,
Newburyport, MA). The actual size of the projected screen on the imaging plane in our
system is 10.050mmx5.652mm.

The multiple exposure is coordinated with the substrate position control. During the
exposure, the projections are ordered based on the convenience of the substrate
movements. As shown in Figure A2.2(b) images from the first division (yellow squares
in (a)) are named as F1-F4; images of the second division (blue frames in (a)) are named
as S1-S9; images of the third division (red and green frames (a)) are named as T1-T12.
As shown in Figure A2.2(a), the top left corner of S1 is located at the origin where x=0,
y=0. The substrate is first moved to x=15.075 mm, y=0 mm for T2 to be projected. Then
it moves to x=20.100 mm, y=0 mm, a distance of half image length in the x direction for

S3 to be projected. After that, it moves to x=20.100 mm, y=2.826 mm, a distance of half
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image width in the y direction for T9 to be projected, and so on so forth according to the

order indicated by the arrows in Figure A2.2(a), until F4 is projected.
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Figure A2.2 Sequence of the images to be projected and their actual locations on the substrate. (a)

Locations of each projected images in an x-y plane. The top left corner of each image is used to

represents the location of each projected image. The top left corner of S1 is defined as origin. The

projection follows the order indicated by arrow signs, starting from T2 at x=15.075 mm, y= 0 mm,

ending at F4 at x=15.075 mm, y=8.478 mm. (b) The way all the projected images are named using the

"lamb on the grass" example (refer to Figure 4.6).
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