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ABSTRACT

The increasing interest for dedicated analysis of single particles at microscopic scales,
such as biological cells, has led researchers to create micro-fluidic systems capable of
trapping particles in a liquid flow. The present study tests a device that employs a pressure
difference trapping mechanism to isolate suspended micro-particles. The studied micro-
fluidic device was fabricated using typical soft lithography and consists of parallel canals that
are linked by small apertures that function as localized pressure-gradient traps. Experiments
to characterize the functionality of the trapping sites of the device were conducted using
polystyrene beads. These experiments consisted of using 20 um polystyrene beads suspended
in PBS, which were introduce using a syringe pump, while one outlet port of the device was
controlled to produce an outflow rate of 25%, 50%, 62.5% and 75% of the inflow rate.
Another case in which the outlet remained at atmospheric pressure was also studied. The
experiments performed with 20 um beads demonstrated that the apertures were capable of
trapping and retaining the beads. A micro-PIV was used to characterize the flow and the
velocity profile in different parts of the device. The results from the micro-PIV experiments
were used to validate a computational fluid dynamics model using COMSOL Multiphysics.
The experiments show that the trapping efficiency is a strong function of the controlled
output flow suggesting that the functionality of the device could be manipulated with a
variable fluidic resistance. It was also found that the velocity profile of the computational
model agrees well with experiments carried out with the micro-PIV, but only when there is

slip at the PDMS walls. We suspect that the velocity slip is due to the surface treatment of
i



the microchannel walls (air plasma followed by bovine serum albumin functionalization).
However, the evidence is not conclusive. The validated computational model presented in
this study will serve as a stepping stone for the development of high-density cell isolation
micro-devices for high-throughput single-cell electroporation applications and the detection

of circulating tumor cells.



RESUMEN

El creciente interés para el analisis dedicado de particulas individuales a escalas
microscopicas, tales como las células bioldgicas, ha llevado a los investigadores a crear
sistemas micro-fluidicos capaces de atrapar particulas suspendidas en un flujo. El presente
estudio coloca a prueba un dispositivo que utiliza una diferencia de presiébn como mecanismo
para aislar micro-particulas suspendidas. El dispositivo micro-fluidico fue fabricado
utilizando litografia blanda y consiste de canales paralelos que estan unidos por pequefias
aberturas que funcionan como trampas de gradiente de presidn. Los experimentos para
caracterizar la funcionalidad de los sitios de captura del dispositivo se realizaron utilizando
esferas de poliestireno. Estos experimentos consistieron en utilizar esferas de poliestireno 20
pm suspendidos en PBS, que se introducen mediante una bomba de jeringa, mientras que un
puerto de salida del dispositivo fue controlado para producir una razén de flujo de salida de
25%, 50%, 62.5% y 75% de la razon de flujo de entrada. Ademas se estudio un caso en el
que la salida se mantuvo a presion atmosférica. Los experimentos realizados con esferas de
20 um demostraron que las aberturas eran capaces de atrapar y retener las esferas. Un micro-
PIV se utilizd para caracterizar el flujo y el perfil de velocidad en diferentes partes del
dispositivo micro-fluidico. Los resultados de los experimentos de micro-PIV fueron
utilizados para validar un modelo computacional para el cual se utiliz6 COMSOL
Multiphysics. Los experimentos muestran que la eficiencia de captura es una fuerte funcion
del flujo de salida controlado que sugiere que la funcionalidad del dispositivo podria ser

manipulado con una resistencia fluidica variable. También se encontré que el perfil de
\Y



velocidad del modelo computacional concuerda bien con los experimentos llevados a cabo
con el micro-P1V, pero sélo cuando hay deslizamiento en las paredes de PDMS. Se sospecha
que el deslizamiento de velocidad es debido al tratamiento superficial de las paredes de los
micro-canales (plasma de aire seguido por funcionalizacion con suero albumino de
bovino). Sin embargo, la evidencia no es concluyente. EI modelo computacional validado en
este estudio servird como un trampolin para el desarrollo de micro-dispositivos de alta
densidad de celdas de aislamiento para aplicaciones de alto rendimiento de electroporacion

de una sola célula y la deteccion de células cancerigenas suspendidas en un fluido.
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CHAPTER1

In the past ten years, the scientific community has seen an increasing interest in the
research of Lab-on-a-Chip devices. Lab-on-a-Chip is a device that integrates one or several
laboratory functions on a single chip. The interest is due to the prospective benefits that Lab-
on-a-Chip devices can offer to the fields of biological and medical sciences. Some of the
benefits are the ability to manipulate large number of cells simultaneously, analysis of living
single cells, miniaturization of analytical systems, minimization of reactive compounds
required for analysis, and the promise of having a complete laboratory setup in small-
footprint apparatus [1-3]. All of those benefits are incorporated in an experimental set-up that
can be coupled with an optical system for real-time monitoring. In order to monitor the
activity, the devices are made translucent to visible light for observation under transmitted or
reflected light microscopy.

Polydimethylsiloxane (PDMS, Sylgard 184) has been the material of choice for
biological micro-fluidic Lab-on-a-Chip applications for several reasons. PDMS is an
inexpensive, flexible and optically transparent material [4]. It is also suitable for biological
studies because it is permeable to certain gases but impermeable to water and is non-toxic to
biological entities [4]. The PDMS is used in a fabrication process called soft lithography
which is a fabrication technique that replicates structures using elastomeric stamps (see
section 3.1.2 for more information). Soft lithography is an easier and less expensive

fabrication method than wet bulk micromachining or ion milling. For those reasons, the



scientific community has employed PDMS soft lithography extensively for the fabrication of
Lab-on-a-Chip devices.

Most Lab-on-a-Chip devices have a main purpose. Researchers have fabricated
devices to perform DNA sequencing, polymerase chain reaction (PCR), electrophoresis,
DNA separation, enzymatic assays, immunoassays, cell counting, cell sorting and cell culture
[4-6]. The main purpose for our micro-fluidic device is to create a smart platform for the
trapping and release of cells from a bulk stream using a pressure differential trapping
mechanism. Some research groups have developed devices with a conceptual operation that
is similar to our platform but most of them present serious limitations.

The outcome of this study should allow us to find design parameters to fabricate a
densely packed system to capture hundreds or thousands of micro-scale particles (e.g.
biological cells) that are suspended in a bulk solution. This densely packed design will allow
the acquisition of data from multiple particles at the same time, but with the option of
controlling the microenvironment of each particle individually [7]. In addition, this platform
is intended to be resettable by allowing the particle removal from the trap site by reversing
the flow, and reusable due to the reversible nature of the PDMS/glass bond.

This study focused on the parameter of velocity ratio (see sections 2.1.8 and 5.3 for
more information) between the flow through the trap and the flow in the main channel. In
order to perform this analysis, we needed to rely on mathematical models and experimental
data. COMSOL was the tool of choice for the computational modeling. Experiments with a
micro-particle image velocimetry (micro-PIV) and mass conservation experiments were used

to validate the mathematical models. We found that by restricting the outflow at one of the



exit of the channels, we obtained different velocity ratios at the point of interest. The
restriction induced was equivalent to a variation in the fluidic resistance of the channel.
Various studies have demonstrated that the fluidic resistance is responsible for the

distribution of the flow in the micro-fluidic channels [8-13].

1.1 Motivation

Cancer is a disease in which cells grow in an unregulated manner. These cells form
malignant tumors and invade nearby organs. Cancer is a serious disease that can cause death
if not treated in an early stage. Each year millions of people are diagnosed with cancer and
hundreds of thousands die due to that disease. There is an evident need for tools that allow
early cancer detection and treatment. Researchers have worked on devices that provide single
cell isolation to study or manipulate biological cells. These devices are limited in cell
entrapment capacity.

This work consists on the design, fabrication and characterization of a micro-fluidic
device that will serve as a step toward high-throughput high-density cell isolation for single
cell electroporation, suspended tumor cell detection, and other medical applications. The
characterization of the device is crucial to develop a mathematical model and determine
design parameters that will help in the design of the next generation of micro-fluidic devices.
Hopefully, this next generation of micro-fluidic devices can be used to save lives with an

early cancer detection system.



1.2 Literature Review

In the past decade, there has been a remarkable increase in the number of publications
whose main topic is the fabrication of micro-fluidic devices for manipulation and trapping of
micro-particles and biological cells. Most of the devices encountered in the literature, which
focus on the hydrodynamic control of the fluid, use a physical obstruction or a pressure
differential mechanism to trap and retain the micro-particles or biological cells in designated
areas. In this section, some of the devices encountered in literature will be presented.

One of the first of such devices, published in 2003, used a stagnation point to isolate a
single cell within a micro-channel (see Figure 1.1). The device employed the laminar flow
characteristics of micro-fluidic devices to manipulate the medium flow and trap the cell at the
stagnation point [14]. The stagnation point is created at the T-junction where the main stream
divides into two streams [14]. Placing a dock with small drain channels at the stagnation
point allows the cell to land in the dock where it gets trapped [14]. Figure 1.1 demonstrates
the actual micro-fluidic device with a particle trapped inside the dock. This system is capable
of trapping and retaining a particle but does not provide an easy mechanism to release the

particle from the trap.

Figure 1.1: The particle arrives at the T-j-uhhction where a stagnation point is formed
and the particle is trapped in the dock [14].



A 2007 review shows a schematic of multiple manipulation and trapping mechanisms
for micro-particles and biological cells. Figure 1.2a presents a device where particles are
hydrodynamically focused in a single file at an intersection point for interrogation [15].
Figure 1.2b is the schematic of a device that hydrodynamically transports cells to an
intersection where the cells are lysed [15]. In the next micro-fluidic device, the cells are
added into an aqueous solution within an immiscible fluid and transported to an interrogation
point [15], as shown in figure 1.2c. In figure 1.2d and 1.2e the cells are trapped at the
interrogation region using pillars or weirs [15]. Figure 1.2f shows the schematic of a device
that traps cells creating a stagnation point at one of the walls of the channel [15]. Also, a
system that uses filters to trap the cells at the interrogation point is presented in figure 1.29g
[15]. Finally, figure 1.2h shows dielectrophoretic trap for cells [15]. The first three (a, b and c)
systems presented in this review are only for manipulation of the micro-particles. This
manipulation is performed by directing the particles to an interrogation point via bulk flow
transport. However, in these three cases no micro-particle was trapped at a specific site.
Systems d, e and g are used to trap micro-particles but none of them is designed to release the
micro-particles without reversing the flow, thus, prompting the mixing of examined
specimens with new specimens. The system presented in figure 1.2h uses non-mechanical
means of trapping cells at specific sites but it requires high frequency electrical fields to

move the cells to the trapping sites.



p
€3

=3
w—
L |

AL
o
O
==

Figure 1.2: The image shows a cartoon of several systems for manipulation and
isolation of micro-particles and biological cells [15].
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The following micro-fluidic device was introduced in 2007 and it uses fluidic
resistance to trap the particles while the bulk stream remains in its path. The micro-fluidic
channel was designed as a serpentine with the traps at one wall of the serpentine connected
through a small passage to the wall of the next section of the serpentine. The device can be
seen in figure 1.3. This micro-fluidic device was designed to have the lowest fluidic
resistance through the trap and the highest in the serpentine part of the channel [10].
Therefore, the particles are directed to the trapping site. Once the trapping site is occupied
the resistance increases and the particles in the bulk stream follow the serpentine until they
reach the next trapping site and the same mechanism traps the next particle. This repeats until
all the trapping sites are full. This device also presents a novel but expensive particle release
mechanism in which individual particles can be released to the bulk stream by the creation of

a micro-bubble at the trapping site using a focused laser beam [10].



Figure 1.3: Particles are trapped in sequential order while the remaining particles exit
the system through the main stream [10].

A 2009 review paper presented two other micro-fluidic devices for biological cell
entrapment. The first micro-fluidic device encountered in the literature presents a two
channel structure divided by a dam that has 5 um opening along the length of the channels
[8]. The main channel transports the biological cells and the other channel remains with a
fluid medium [8]. Part of the main channel flow is aspirated through the opening in the dam,
thus, trapping the cells [8]. One advantage of this system is that the flow can be injected
through the secondary channel to release the cells to the main stream [8]. However, this

system does not provide single cell isolation. The system is presented in figure 1.4.



Figure 1.4: Biological cells are trapped in small apertures along the dam that divides
both channels [8].
The second device uses physical obstructions as the trapping mechanism (see figure

1.5). This system consists of slanted rows of pillars with a semicircular cavity in a flow-
through chamber [8]. The small cavity in the pillars was designed to trap a single cell or a
small group of cells [8]. This system demonstrated that 55% of the pillars trapped a single
cell, 22% trapped multiple cells and the other pillars remained empty [8]. The release of cells
into the bulk stream is difficult because the cells are pinned down against a physical
obstruction in the direction of the flow. This means that the flow must be reversed to release

the cells, eventually, losing track of the cells that have been trapped and the remaining cells
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A serpentine device was presented in a 2010 article which was capable of trapping
and retaining biological cells using a pressure difference trapping mechanism [7]. A
schematic of the device can be seen in figure 1.6. The device has a unique geometry with one
inlet and one outlet that simplifies the system [7]. Also, it is resettable with the introduction
of a backflow [7]. The results showed that the trapping efficiency of the device was greatly
influenced with the geometry of the upper and lower channel [7]. The device had the best

trapping efficiency when both channels had the same geometry [7].

a § Forward Flow b 4 Backward Flow
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Figure 1.6: Schematic of the serpentine device working in the forward and backward
flow format [7].

A sequential trapping system was presented in a 2011 paper that resembles one of the
designs explored for this study. This micro-fluidic device uses a serpentine design with 20
pm traps at the smallest curvature radius of each semicircular section of the serpentine where
each trapping site has a small drain channel [16]. The authors studied linear channels but

reported that they had 0% of capture ratio compared with an 87.5% capture ratio with the
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serpentine design [16]. The device is shown in figure 1.6. This design showed good results

but due to the large spacing between traps a high-density packaging platform is unlikely.

Figure 1.7: Micro-particles trapped in sequential order in a serpentine design system
[16].

1.3 Objectives

The main objective of this research project was to characterize a micro-fluidic device
designed to trap and retain suspended polystyrene micro-beads. The specific aims needed to
achieve the main objective of the research project were the following:

e Generate and validate a mathematical model for the micro-fluidic device using
COMSOL Multiphysics (commercial FEM software package).

e Identify a parameter that increases the probability of trapping 20 pum
polystyrene beads.

e Find optimal operating conditions to produce single micro-particle entrapment

at each trap site.
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1.4 Summary of Following Chapters

Chapter 2 explains the background theory and calculation of some important
parameters. The third chapter describes the design of the micro-fluidic device and the
fabrication techniques used. Chapter 4 is a complete explanation of the experimental
procedures and the parameters used in the finite element analysis. Results and discussion are

presented in Chapter 5. The final chapter encloses the conclusion of this work.
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CHAPTER 2

2.1 Theoretical Background and Calculations

2.1.1 Flow Regimes

It is always important to determine the flow regime of the fluid flow under study.
Knowing the flow regime can simplify the analytical equations to be used. In order to
determine the flow regime of the fluid flow it is important to explain the parameter that
identifies each flow regime. The Reynolds number is a dimensionless number that represents
the ratio of the inertial forces to viscous forces in a fluid and is employed to determine the
dominant effect between these two forces [17-18]. The Reynolds number (Re) is an indicator

of the flow regime of a fluid flow.

_ pPVDp
Re = — 1)

where p is the fluid density, V is the fluid mean velocity, Dy, is the hydraulic diameter of the
channel, and p is the dynamic viscosity of the fluid.

ﬁ_ dwd  2wd (2)
P 2w+d) W+d)

Dh:

where A is the cross sectional area of the channel and P is the wetted perimeter of the
channel. For a rectangular channel, Dy, can be rewritten in terms of w (channel’s width) and d
(channel’s depth).

The flow regimes can be classified into three groups laminar, transitional, and
turbulent [17]. Laminar flow is a viscous dominated flow in which the fluids move in orderly

sheets [17]. If the boundary conditions are steady the laminar flow is steady. The Reynolds
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number maximum limit of the laminar flow regime in circular cross section channels is 2300
[17-18]. The turbulent regime is flow that is dominated by random fluid motions that are not
predictable from the boundary conditions [17]. A turbulent flow is always unsteady even
when the boundary conditions are steady. A flow is considered turbulent when the Reynolds
number is above 4000 for a circular cross section channel [17-18]. The transitional regime of
a flow has inherent instability and is an unstable flow that is not common in practice. The
Reynolds number lower and upper bound for this flow regime in circular cross section
channels is 2300 and 4000, respectively.

In micro-fluidic devices the Reynolds number is almost always below 1. In the device
studied in this thesis, the Reynolds number varies depending on the area under study and the
volumetric flow rate. Figure 2.1 shows a graph of the different possible Reynolds number in
the micro-fluidic channel. As it can be seen the largest Reynolds number occurs at the
smallest cross section of the channel which is the neck of the traps. It is worth mentioning
that the volumetric flow rate used in the experiments is 50uL/hr which yields a Reynolds
number minor to 1 in any part of the channel. This is extremely important because if the
Reynolds number is less than 1 the Stokes flow approximation can be use. Using the Stokes
flow approximation simplifies the analysis consuming less computational resources for the

finite element analysis model.
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Figure 2.1: Reynolds number at different parts of the micro-fluidic channel with
different volumetric flow rates.

2.1.2 Navier-Stokes Equation

The Navier-Stokes equations are used to describe the motion of a Newtonian fluid
[17-18]. The Navier-Stokes equations can be simplified depending on many conditions. The
first simplification that can be made to the Navier-Stokes equations is the incompressible

flow assumption. The following equation results from that assumption.
6ﬁ - - 2=
p§+pu-Vu:—Vp+qu 3)
where p is the fluid density, p is pressure, p is the dynamic viscosity of the fluid, and u is the

fluid velocity vector. The left part of the equation contains the inertial terms and the right
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side contains the divergence of stress terms. The first term of the left part of the equation is
the unsteady acceleration term and the second term is the convective acceleration term. The
first term of the right side of the equation is the pressure gradient and the second term is the
viscosity term.

There are cases in which the inertial terms of the Navier-Stokes equation can be
neglected and the equation reduces to the Stokes equation. If the equation is rewritten in a
nondimensional form it can be seen how a small Reynolds number simplifies the Navier-

Stokes equation.

3}

ReZ5 + Rell” - V'i' = —V'p" + V200" 4)

If Re<<1, then the unsteady and convective terms can be neglected yielding the
following equation.
Vp = uVv2i (5)
A rule of thumb to consider this a good approximation is that the Re<0.1 [17]. This
equation is much simpler to solve than the Navier-Stokes equation because both the velocity

and pressure terms are linear.

2.1.3 Boundary Conditions

Commonly, there are two types of boundary conditions that describe the liquid-solid
behavior at geometrical boundaries. One is the no-slip boundary condition and the other is

partial slip or slip length boundary condition.
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No slip boundary condition is the most accepted boundary condition. The no slip
condition states that at a solid boundary, the fluid will have zero velocity relative to the

boundary [19]. Figure 2.2 shows a schematic of the no slip boundary condition.

D777

Figure 2.2: Schematic representation of the no-slip boundary condition [19].

Contrary to the no slip condition the slip length boundary condition states that the
relative velocity between the fluid and the boundary is not zero [19]. The term of slip length,
b, is the distance between the fluid velocity at the boundary and the zero velocity if the
velocity profile is extended beyond the boundary [19]. Figure 2.3 illustrates the slip length

boundary condition.

V77 5

Figure 2.3: Schematic representation of the slip length boundary condition [19].
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There are many possible causes for a slip condition at the boundary. Some of these
conditions are:

e Surface wettability: Liquids are more likely to slip on poorly wetted surfaces. A high
contact angle is indicative of a weak interaction between liquid and solid causing the
fluid molecules to slide across the solid creating slip conditions [19-21].

e Surface roughness: Boundary slip is also linked to surface roughness, particularly to
corner flow. Corner flows are flows that occur in surfaces with high curvature. Corner
flows are responsible for slip conditions in channels [19, 22-23].

e Nanobubbles or gaseous films: Several authors believe that the presence of small
amounts of gas trapped on rough and/or hydrophobic surfaces can create an apparent
slip. The apparent slip length then provides a means to average the flow over a
heterogeneous surface, where regions of perfect slip exist over the nanobubbles and
no-slip on the surface [19, 24-28].

e Adsorption of species from solution: Slip has also been shown to be simply enhanced
when surfactants are adsorbed on the surface [19, 29-30].

e Curvature: A few publications have highlighted that the curvature of the solid
boundary may also affect dramatically the liquid slip behavior [19, 31].

e Viscosity: Apparent slip could arise in a thin stratum of liquid of lower viscosity
formed next to the wall of a smooth solid surface. This is thought to occur for highly

hydrophobic surfaces [19, 32].



18

2.1.4 Micro-Particle Image Velocimetry(P1V)

Particle Image Velocimetry (PIV) is used in microscale systems to visualize fluid
flow [17]. The PIV procedure is: First, a fluid flow is seeded with particulate fluid tracers,
most of the time the particles are fluorescent polystyrene beads. Then two images of the fluid
tracers are rapidly recorded. The setup usually involves mating a dual-pulse laser to a
microscope and recording the fluorescence from the beads with a charge-coupled device
(CCD) camera. Finally, the two images are correlated (see section 4.2 for more information
about P1V) [17, 33]. There three important parameters to determine the size of the particles to
be used. The Stokes number determines the particle lag time and this number has to be
minimized. The Brownian motion error which is random movement of the particles and this
error can be minimized by selecting larger particles. The depth of correlation which indicates
the distance from the focal plane at which particles contribute to the image correlation. This
last parameter also increases the errors in measurements but it is limited to the equipment.
All of these parameters will be explained in the next sections and a brief analysis to

determine the particle size will be demonstrated.

2.1.5 Stokes Number

An important parameter to verify if the particles are in a steady state within the local
velocity field is the Stokes number. The Stokes number is the ratio of the particle lag time to
the characteristic time over which the flow changes [17, 33-34]. If the Stokes number is
much smaller than 1 then it can be assumed that the particles travel at a similar velocity as

the fluid flow. Since we are using fluorescent particles to study the flow with a PIV tool, the
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Stokes number for the seed particles has to be less than 1 in order for the micro-PIV results to

be valid.

_ 2appUp
Sk == (6)

where a is the radius of the sphere, p, is the density of the sphere, U, is the velocity of the

particle and p is the dynamic viscosity of the fluid.

Stokes number for different particle diameters
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Figure 2.4: Stokes number in the region of interest for different particle diameters.

Figure 2.4 demonstrates the variation of the Stokes number for two different particle
diameters. As it is shown, the stokes number is smaller for the particle of 0.5 pum in diameter,
but both are well under unity (Sk <<1). It follows that both particles satisfy the criterion and

can be used to study our micro channel flows with the PIV technique. The particle of 1 pm
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presents the advantage that since it is larger it reduces the error due to Brownian motion,

which discussed in the next section.

2.1.6 Brownian Motion

Brownian motion is the random motion of particles due to the stochastic nature of
fluid forces under certain conditions [17, 33, 35]. This motion is more important when the
particle size decreases because individual particle-fluid collision becomes larger. The
Brownian motion is related to the particle diffusivity D:

_2b ©)
(Au)* = At

Where D is particle diffusivity and At is time between exposures. The diffusivity of the
particle is defined as:

kpT (8)

D =
érua

where k;, is Boltzmann's constant, T is the temperature, a is the radius of the particle and p is

the dynamic viscosity of the fluid.
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Brownian motion error
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Figure 2.5: Brownian motion velocity error for different particle diameters.

The previous graph (figure 2.5) shows the Brownian motion error for both particle
sizes. It is appreciable that the error is greatly reduced using the particle of 1 um especially
for small time between exposures. The particle selected for the micro-PIV analysis was the 1
pm diameter particle because it reduces the Brownian motion error and it is below the Stokes

criterion.

2.1.7 Depth of Correlation

The two-dimensional measurement plane has a thickness that is determined by the
depth of field of the objective lens and the seed particle properties [33, 36]. This thickness of
the measurement volume is an important experimental parameter in uP1V and it is referred to

as the depth of correlation [33]. The depth of correlation is the depth where the seed particles
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still contribute usable information for the image acquisition system, even if they are not in
the focal plane. Figure 2.6 shows the schematic of the thickness of the two dimensional plane.

The equation commonly accepted to determine the depth of correlation is shown below.
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Figure 2.6: Schematic of the thickness of the two dimensional plane[33].
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where d, is the particle diameter, A the light wavelength, M the image magnification, no is the
refractive index of the lens immersion fluid (air in our case), NA is the numerical aperture of

the lens and ¢ is the relative threshold below which the defocused particle images no longer

contribute significantly to the displacement-correlation peak, normally set to be equal to 0.01
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The results of this analysis are shown in table 2.1 for different magnification and
numerical apertures used in experimentation. As it can be see there can be an error in
measurement due to the contribution of out of focus particles. These particles can be at a
distance as small as 1.8 pum or as large as 6 um from the focal plane. The larger the depth of

correlation, the larger the possible error in the measurements of the PIV.

Table 2.1: Depth of correlation for different magnifications and numerical apertures.

Particle diameter (um) 1 1 0.5 0.5
Maghnification 20x 40x 20x 40x
Numerical aperture 0.45 0.6 0.45 0.6
Depth of correlation (um) 12.10 5.75 10.63 3.78

2.1.8 Dimensional Analysis
Dimensional analysis is an important tool that allows researchers to determine

important parameters that govern the behavior of a fluidic system without the need for
experimentation. This method uses non-dimensional combinations of system variables to
determine the important parameters that control the fluidic system [18]. The following steps
are a methodological procedure that helps to determine the non-dimensional (pi) terms [18].

1. List all the variables that are involved in the problem.

2. Express each of the variables in terms of basic dimensions

3. Determine the required number of IT terms

4. Select a number of repeating variables, where the number required is equal to the

number of reference dimensions
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5. Form a II term by multiplying one of the non-repeating variables by the product of
the repeating variables, each raised to an exponent that will make the combination
dimensionless.

6. Repeat step 5 for each of the remaining non-repeating variables.

7. Check all the resulting IT terms to make sure they are dimensionless.

8. Express the final form as a relationship among the IT terms, and think about what it

means.

Now that the steps to produce the dimensional analysis have been mentioned we can

find the IT terms that define the system.

Fpeaa = f(D: P U Vchannel,Vtrap) (10)
1. Dimensional parameters
Fpeaa, D, p, 14, Vchannel,Vtrap n==o6
2. Primary dimensions
MLt r=3
ML
D=1 (12)
M
pP=1 (13)
M
n=— (14)
L
Vehannet = ? (15)

Virap = % (16)



3. Require number of IT terms

4. Repeating variables

p,D, Vtrap
5. The IT terms
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(30)
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(32)

The second IT term obtained is the inverse of the Reynolds number and the last IT

term is the inverse of the velocity ratio (which will be define later) that is part of the analysis

of this thesis. It will be proven in chapter 5 that the velocity ratio plays an important role to

predict if a bead will be trap in the micro-fluidic device.
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CHAPTER 3

In this section a detailed description of the fabrication process of the device will be
presented. This description comprehends the design of the micro-fluidic device, the
fabrication of the chrome mask, SU-8 mold and the PDMS-glass device. The surface

modification of the micro-fluidic channel is also explained.

3.1 Design and fabrication of the micro-fluidic device

3.1.1 Device Design

The purpose of this section is to determine all of the required parameters to
fabricate a micro-fluidic device that works successfully. As stated before, the main goal of
the micro-fluidic devices is to capture and retain micron seized particles (e.g. biological cells,
polystyrene micro-beads) in isolated sites, but still have the option to easily release the
particles to the main stream. Figure 3.1 is a schematic of the micro-fluidic device. This
device is intended for biological applications but during the characterization process
polystyrene micro-particles were used to mimic biological cells movement when suspended
in a fluid medium. Using non-living particles facilitated the experimental process. It can be
found in literature that polystyrene beads are the micro-particle of choice for experimenting
with micro-fluidic devices. The particles are a good model to mimic movement behavior but
not physical changes of the biological cells because the polystyrene particles are rigid
compared to living cells.

The device was designed based on the fact that the fluid flow in the channel will be a

laminar flow due to its low Reynolds number (Re<1). This low Re states that the fluid flow is
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dominated by the viscous forces and the fluid moves in orderly sheets. This means that the
particle that is trap in the path of these sheets will remain in that path or streamline. If the
particle is moving in a streamline near the traps it will be trapped if the streamline is
completely diverted to the trap due to the mass ratio (related to the velocity ratio) between
the fluid of the upper channel and the fluid through the trap. Also, the device has small
obstruction in the upper wall of the upper channel to divert the flow near the traps. If the path
of the particle is not completely diverted to the traps the particle will exit the device through
the upper channel. This provides space for other particles to be trap without particle
agglomeration in the device. The device operation is explained next.

The suspended beads enter the device through port 1. The lower channel is filled
with the same medium used to suspend the beads. Port 3 and 4 remain under atmospheric
pressure. The upper and lower channels are linked by 3 pm apertures at the trapping sites. A
pressure difference is created between both channels. As the micro particle (polystyrene
beads with 20 um in diameter were used in this study) flow through the upper channel, this
pressure difference redirects the closest bead to a 25 um semicircular cavity that is in the
upper part of the 3 um apertures. The beads will be trapped at each isolated site (as illustrated
in the figure with the dark blue circles) and once all the sites are occupied the remaining
beads in the main stream will exit the device through port 2 (as illustrated with the light blue
circles). The pressure difference will keep the beads in the trapping sites. If a flow with no
beads is entered through ports 3 and 4 the beads will be removed from the trapping sites into
the main stream and exit the device through port 2. The upper and lower channels illustrated

in the figure have a width of 60 pum to prevent cell cluttering and the out-of-plane dimension
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(height) of the device is 30 um. Figure 3.2 illustrates the most important dimensions of the

area of interest of the micro-fluidic device.
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Figure 3.1: Schematic of a functional linear micro-fluidic device.
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Figure 3.2: CAD drawing of the micro-fluidic device.
3.1.2 Device Fabrication

Once the preliminary design of the device was obtained, the fabrication process was

initiated. The fabrication flowchart of the micro-fluidic device is shown in figure 3.3. The
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micro-fluidic device was fabricated using soft lithography and consists of parallel canals that

are linked by small apertures that function as localized pressure-gradient traps. Figure 3.4

shows an image of a micro-fluidic device.
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The fabrication process flowchart of the micro-fluidic devices.
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Figure 3.4: Micrograph of the micro-fluidic device.

The first step in the fabrication process was to draw the proposed micro-fluidic device
using CAD software. This drawing was used to fabricate the chrome masks for the
photolithography procedure. Most commercially available CAD softwares are useful, but the
most commonly used for the design of MEMS and micro-fluidics are Tanner L-Edit and
AutoCAD. The CAD file obtained was used to fabricate the chrome masks. The fabrication
of the chrome mask consists in writing a pattern with a laser (Heidelberg Mask Writer
DWL2000, Cornell Nanoscale Science and Technology Facility) onto a square fused quartz
substrate covered with chrome and photoresist. The photoresist was exposed by the laser into
the desired shape and was used as a mask for the chrome etching step. Once the exposed
photoresist was developed, the exposed chrome was etched away and the pattern drawn in
the CAD software was transferred to the chrome. The function of the chrome was to avoid
ultraviolet light to pass through the quartz substrate during the photolithography process.
Therefore, etching the pattern in the chrome allows for the transfer of the micro-fluidic
device pattern to a photo-sensitive material in the photolithography process with remarkable
resolution. Figure 3.5 shows an image of a mask employed in the fabrication of the micro-

fluidic devices.
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Figure 3.5: Image of the pattern of a micro-fluidic device in a chrome mask.
Photolithography is a process used in micro-fabrication to remove parts of a thin film.
It uses ultraviolet light to transfer patterns from the chrome mask to a photo-sensitive
material on the substrate. Usually, the size of the features of the patterns is in the micrometer
scale and to avoid any damage during the transfer of the pattern to the photoresist this
process is performed in a clean environment. Therefore, the photolithography process is
carried out in a room where the size and the quantity of the particles in the air can be
controlled. For the fabrication of our devices, we used the Class 100 (ISO Class 5) cleanroom
available at the Micro and Nanoscale Devices Research Laboratory in UPRM. Also, the
wavelength of the illumination is controlled to avoid undesired exposure of the photoresist.

Figure 3.6 is a schematic of the photolithography process for the fabrication of the device.
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Figure 3.6: Schematic of the photolithography process.

The photo-sensitive material used is SU-8 which is an epoxy-based negative
photoresist. It is photo-sensitive in the ultraviolet light range (UVA, 400nm - 315nm
wavelength). It is commonly used in the fabrication of molds for soft lithography. An SU-8
thin film of approximately 30 pum was necessary to fabricate the SU-8 mold. In order to
obtain such a thickness, a spin coater was required. First, SU-8 was deposited on top of a
clean silicon substrate by pouring it directly from the bottle. Then the resist was evenly
distributed over the surface of the substrate by rotating the substrate at high rotational speed
with a spin coater. The spin coating parameters were divided in two steps. In the first step,
the substrate rotated for 10 seconds at 500 rpm with an acceleration of 110 rpm/sec. In the

second step, the substrate rotated for 60 seconds at 1000 rpm with an acceleration of 330
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rpm/sec. The spin coater used was a Laurell Model WS-400B-6NPP/LITE at the Micro and

Nanoscale Devices Research Laboratory in UPRM.

~—

Figure 3.7: Laurell Model WS-4OOB-6NPP/LITE spin coater.

The SU-8 was then soft baked to eliminate the excess of solvent and harden the SU-8
thin film. This soft bake was a two step process. The first step was at a temperature of 65 °C
for 1 minute and the second step was carried out at 95 °C for 7 minutes.

The SU-8 is a negative photo-sensitive resin which means that the SU-8 that is
exposed to ultra-violet light (UVA, 400nm-315 nm wavelength) becomes insoluble. This
property of the photo-sensitive resin makes possible the fabrication of devices with features
in the micro-scale. To expose the SU-8 to ultra-violet light a mask aligner was needed. The
function of the mask aligner is to align and create contact between the chrome mask and the
substrate with the SU-8. The chrome mask was placed in direct contact with the wafer coated
with SU-8 to have a near perfect pattern transfer from the mask to the photoresist. The other
parameter was the exposure time which was 19.5 seconds. The mask aligner used was a

SUSS MicroTec MA-6 at the Micro and Nanoscale Devices Research Laboratory in UPRM.
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Figure 3.8: SUSS MicroTec MA-é Mas Aligner.

A post exposure bake was performed to harden the exposed SU-8. The parameters of
the post exposure bake were the same as the parameters for the soft bake. The soluble SU-8
was removed with a chemical agent in a process called developing. The substrate was
submerged in SU-8 developer until the patterns were well defined. Afterwards the substrate
was rinsed with isopropyl alcohol, to stop the developing process, followed by distilled water.
Hard bake was a heating process performed after the developing to solidify and extend the
life of the SU-8 pattern on the silicon (Si) substrate. The process was carried out at 175 °C

for 15 minutes. An Olympus BX-41 reflected light microscope was used to verify the

integrity of the SU-8 patterns and the size of the critical features of the pattern.

A profilometer (shown in figure 3.9) was used to measure the height of the SU-8 thin
film. Measurements were taken at multiple parts of the SU-8 patterns to verify that the height

was uniform. The height of the SU-8 pattern was found to be between 28 um and 30 pm.
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Figure 3.9: KLA Tencor Stylus Profiler Model P-6.

The previous fabrication process only describes the fabrication of the SU-8 mold. The
soft lithography process consists in the transfer of the structures on the SU-8 mold to a
Polydimethylsiloxane (PDMS, Sylgard 184) film. A schematic of the process is shown in
figure 3.10. The PDMS is a liquid polymer that hardens once it is mixed with a curing agent
and this allows transferring of the SU-8 pattern to the PDMS while it hardens.

Trichlorosilane
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Figure 3.10: Schematic of the soft lithography process.



37

The first step in the soft lithography process was the silanization of the SU-8 mold
and the purpose was to avoid the adhesion between the PDMS and the SU-8 mold during the
PDMS casting. The process consisted of the deposition of a thin film of Trichlorosilane
(HCI3Si) in vacuum environment. The deposition time was 1 hour.

The second step was the PDMS casting and curing. The PDMS consist of two
chemical agents, the PDMS elastomer and the PDMS curing agent, which are both in liquid
state. To create a PDMS film with thickness of approximately 5 mm, a total of 100 grams of
both chemical agents was needed. The ratio was 10 parts of PDMS elastomer (90.9g) and 1
part PDMS curing agent (9.1g). The components were mixed until a white paste was attained.
This solution contained bubbles that were removed by a process known as degassing. The
degassing process consisted of placing the solution in a vacuum environment. Then the
PDMS solution was poured on top of the SU-8 mold and cured on a hot plate at 65 °C for 4
hours. Once cured, the PDMS was peeled off from the SU-8 mold. The opening ports were
fabricated with a biopsy punch.

Before experimentation the micro-fluidic device had to be thoroughly cleaned and the
PDMS glass surfaces had to be functionalized with bovine serum albumin (BSA). The BSA
main purpose is to avoid cell adhesion to the walls of the channel as suggested by previous
experiments [37-39]. The PDMS film and the glass slide were cleaned by gently rubbing a 5%
solution of Contrad 70. Both pieces were rinsed with distilled water for approximately 1
minute to remove the solution and particles from the surfaces. The PDMS and the glass slide

were sprayed with compressed nitrogen to remove the distilled water from the surfaces. Once
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cleaned, the PDMS and the glass slide were reversible bonded enclosing the micro-pattern in
the PDMS. Air Plasma was used to briefly convert the hydrophobic surfaces of the PDMS
and the glass to hydrophilic surfaces for ease introduction of the BSA though the channel.
The assembled micro-fluidic device was placed in an air plasma chamber (Harrik Plasma) for
10 minutes at the highest plasma intensity. The plasma chamber is shown in figure 3.11. The
micro-fluidic device was extracted from the air plasma chamber and BSA was injected
through one port. The hydrophilic property at the surfaces of the PDMS and the glass helped
to rapidly distribute the BSA through the micro-fluidic channel. The device was allowed to
rest for at least 2 hours in a refrigerated environment to avoid evaporation. Flexible tubing
was added to connect the device with the syringes. All micro-fluidic devices were flushed
with PBS just before experimentation to extract the BSA. Figure 3.12 shows how the micro-

fluidic channels were flushed with PBS.

Figure 3.11. Air plasma chamber (Harrik Plasma, Ithaca, NY).
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Figure 3.122. PBS flushing of the micro-fluidic device.
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CHAPTER 4

4.1 Device Experimentation
This section is dedicated to the description of the experimental procedures and

mathematical analysis used for the characterization and study of the micro-fluidic devices.
The flowchart in figure 4.1 shows the different experiments and mathematical analysis
proposed in this research project.

Experimentation and
Mathematical Models

Charg:t\gg:ation Chargci\gggation e Finite Element
without beads with beads Experiments Analysis

Figure 4.1: Flowchart of the experimental approaches carried out in this project.
4.1.1 Device Characterization without Beads

During experimentation, the fluid medium had to be controlled with precision to
determine the optimal operating parameters of the micro-fluidic devices. In order to achieve
the desired control, two syringe pumps (New Era Pump System NE-1000, see figure 4.2)
were employed.. The pumping accuracy of the two syringe pumps was near 98% of the

specified pump/withdraw rate.
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T aw e+
Figure 4.2: New Era Syringe Pump model NE-1000 (photo courtesy of New Era Pump
Systems, Inc.).

The syringe pumps were employed to control the Phosphate-buffered saline (HyClone
Dulbecco's Phosphate Buffered Saline) flow rate during the characterization of the device
without beads. One of the syringe pumps infused a 50 pl/hr flow rate through port 1 (figure
3.4) and the second syringe pump was used to control the flow rate at the exit of that channel
in port 2. Port 2 was controlled to produce 4 different outflow rates which are 25%, 50%,
62.5% and 75% of the inflow rate. A case in which port 2 remained at atmospheric pressure
was also studied. The two apertures of the lower channel, port 3 and port 4, were kept at
atmospheric pressure. The PBS that exited the device through the different ports was
collected and weighed to determine the flow rate through each port. These results helped us
understand the flow distribution inside the channels and the results were used to validate

computational models.
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Figure 4.3: Pictures of the experimental set-up.

4.1.2 Device Characterization with Beads

Polystyrene beads with a diameter of 20 + 0.500 um (Polysciences, Inc.) were used
for these experiments. PBS was used as the suspension medium and it was preferred over
distilled water because it diminishes the polystyrene beads susceptibility to adhere to the
walls of the channel during experiments with PDMS micro-fluidic devices [40]. The particle
concentration of the solution used for the experiments was 5.68x10° beads/mL. In these
experiments, the suspended polystyrene beads were introduced using the syringe pump at
port 1. The inlet and outlet conditions in these experiments were the same as in the device
characterization experiments without beads. The suspended particles were introduced into the
channel until all of the traps were filled. In the case when traps remained empty the
experiments were stopped after 30 minutes of unsuccessful particle entrapment. A Nikon 80i
reflected light microscope was used to qualitatively determine the functionality of the

trapping sites of the micro-fluidic devices. The results allowed us to determine if the
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geometry of the traps was adequate to trap and retain the beads and the percentage of

functional traps for each inlet and outlet condition.

4.2 Micro-Particle Image Velocimetry (PIV)

Micro-PIV experiments required fluorescent markers (seed particles) suspended in a
liquid flow to visualize the behavior of the flow. The marker chosen for these experiments
was nile red fluorescent polystyrene beads with 1pum in diameter (Invitrogen Inc.). The dye
of the particle was chosen based on the current optical limitations of the experimental setup.
The size of the particle was chosen based on the Stokes number criterion, the Brownian
motion error and the depth of correlation (see sections 2.1.4-2.1.6 for more information). The
particles were excited with a frequency doubled Nd:YAG laser (neodymium-doped yttrium
aluminum garnet) at a wavelength of 532nm. The suspended solution has a concentration of
approximately 1mL of particles (2% solids) for 10mL of PBS which vyields a particle
concentration of 3.31x10° beads/mL. This concentration yields approximately 5 particles per
interrogation volume for the micro-P1V studies.

The micro-devices were prepared in the same manner as in the other experiments.
The micro-fluidic device was placed on the inverted microscope and the syringe pump was
used to induce the inlet flow rate of 50ulL/hr. The suspended particles were introduced
through port 1. The computer controlled laser was triggered to excite the particles and at the
same time a high speed camera grabs double frame images of the particles flowing through
the channel. The time between the frames was varied to obtained better results for the

correlation. The times used varied from 125us to 2000us. 150 double frame images were
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captured in each experimental run. The set of double frame images used varied depending on
the velocity of the particles flowing through the channel. These images were processed with
the tool software, Dantec Studio (Dantec Dynamics, Skovlunde, Denmark). Figure 4.4 shows
the process flow of the experiment analysis. First, the data was analyzed using adaptive
correlation which yielded velocity vectors for each seed particle from the double frame
images. Then a vector masking tool was used to only consider the area of the channel for the
subsequent analysis. A statistical analysis was performed to find the average velocity vector
per interrogation area. Each interrogation area is composed of 32x32 pixels. The actual
dimension of each interrogation area depends on the magnification of the objective in the
microscope. Figure 4.5 demonstrates the double frame images obtained from the micro-PI1V
and the velocity field from the correlation of those images. The data was then examined
using a MatLab script to determine the velocity profiles in different parts of the micro-fluidic
device. The results obtained from these experiments were used to validate a mathematical
model from COMSOL. Figure 4.6 shows the three of the most important parts of a micro-

PIV system.

Double Frame Adaptive Vector Vector

Images Correlation Masking Statistics

Figure 4.4: Process flow of the analysis of the experimental data from the micro-PIV.
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Frame 1 Frame 2

Figure 4.5: Double frame images and vector velocity field results from a micro-PIV
experimental run.
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Figure 4.6: (Left) PIV control unlt(Dantec Dynamlcs) (Center) The 532nm Nd:YAG
laser (Dantec Dynamics). (Right) An inverted microscope (Nikon Eclipse Ti-U) with a
lateral camera (Dantec Dynamics).

4.3 Finite Element Analysis

COMSOL Multiphysics (COMSOL, Inc., Burlington, MA) was the computational
software used for the finite element analysis of the micro-fluidic channel under the various
operating conditions. The software has predefined modules for various types of analysis. This
software is very versatile and powerful, but at the same time easy to use. This section
describes the complete procedure used for the finite element analysis.

The first step was to specify the module used for the analysis. Figure 4.7 shows the
GUI to specify the module, the model to be solved and the space dimension. The micro-
electro-mechanical systems modules (MEMS modules) contains a submodule for micro-
fluidic analysis. The Stokes flow model was chosen because it serves as an approximation for
the system analyzed. The Stokes module simplifies the Navier-Stokes equation and it uses
less computational resources to run the mathematical analysis. The second step was to

specify the dimension type of the analysis (e.g. 1D, 2D, 3D). For our purposes, a 2D
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geometry was imported from AutoCad 2011 (Autodesk, San Rafael, CA) and a 3D geometry
was created for the analysis by simply extruding the 2D geometry with a distance of 30 um.

Figure 4.8 shows the 3D geometry in COMSOL.
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Figure 4.7: Initial COMSOL GUI to specify the module, the model and the geometry to
be analyzed.
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Figure 4.8:3D geomef'ry of the micro-fluidic channel in COMSOL.
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Once the 3D geometry was defined, the subdomain properties were specified. The
only material in the entire domain of the geometry (the insides of the micro-channel) is PBS.
The properties of PBS are very similar to that of water, hence, the density and the dynamic
viscosity used for the analysis were that of water at room temperature (p = 998.08 kg/m® ,
= 0.78x10™ Pa-s). The next step was to specify the boundary conditions. Three types of
boundary conditions were used inlet, outlet and wall. In the inlet boundary condition, the
laminar inflow option was selected. The volumetric flow rate varied depending on the case
under study. The values of the volumetric flow rates as a function of case study are depicted
in table 4.1. There were also 8 outlet boundary conditions specified for port 2 and the values
can be seen in table 4.1. The remaining outlet ports were set at atmospheric pressure. The
boundary condition at the PDMS walls was varied from no slip to slip lengths up to 15 pum.
The boundary condition at the glass wall was also varied from no slip to slip lengths of a few
microns. These models were then compared to the experimental values obtained from the
micro-PIV to find the best fit.

Table 4.1: Port 1 and port 2 boundary conditions for each mathematical model.

Case / Boundary Conditions Inlet (Port 1) Outlet (Port 2)
Case 1 (unrestricted) 1.3889e™" m*/s (50 uL/hr) 0 Pa
Case 2 (25% restriction) 1.3889¢™ m*/s (50 uL/hr) 3.47225e™ m*/s (12.5 uL/hr)
Case 3 (50% restriction) 1.3889¢™ m*/s (50 pL/hr) 6.9445¢"? m%/s (25 uL/hr)

Case 4 (75% restriction) 1.3889e-11 m3/s (50 uL/hr) | 1.04168e-11 m3/s (37.5 uL/hr)

Case 5 (62.5% restriction) 1.3889e™ m*/s (50 uL/hr) 8.68063e™? m*/s (31.25uL/hr)

Case 6 (29.6875% restriction) | 1.3889e™ m®/s (50 uL/hr) | 4.1233e™ m?®/s (14.84375 pL/hr)

Case 7 (29.6875% restriction) | 2.7778e™ m%s (100 uL/hr) | 8.24659e™ m%/s (29.6875 uL/hr)

Case 8 (29.6875% restriction) | 6.9445e™ m®/s (25 uL/hr) | 2.06165e¢™* m%s (7.421875 uL/hr)




49

Subsequently, the domain was meshed using the free mesh parameter which creates a
volumetric mesh of tetrahedrons. The mesh was composed of almost 85,000 volumetric
elements in the entire domain. Figure 4.9 shows an example of a meshed domain of the

micro-fluidic channel.
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Figure 4.9: Volumetric mesh of the 3D geometry of the micro-fluidic channel.

Finally, the computational model was solved using the built-in solver. The results
were plotted as slice plots of pressure and velocity field in the domain. Graphs of velocity
profiles were plotted to compare with micro-PIV results. Flow rates at the traps and ports
were determined using boundary integrations. Figure 4.10 shows the velocity field slice for
the mathematical model of the studied micro-channel at a height of 15 pm.

Different geometries were studied in which traps were obstructed with 20 pum spheres
(see figure 4.11) to inspect the effects in the flow when beads are captured at the trapping

sites.
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Figure 4.10: Velocity field slice plot of the studied micro-fluidic channel.
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Figure 4.111: Pressure plot and streamlines of studied micro-fluidic channel with 20 um
sphere.
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CHAPTER 5

This chapter presents and discusses the results of the experiments and finite element
analysis discussed in chapter 4. The main purpose of the experiments was to validate a
computational model and from that model obtain a design parameter that assures successful
bead entrapment. This parameter will be helpful in the design of high-throughput devices in

the near future.

5.1 COMSOL models comparison

Earlier in this document it was stated that for simulation purposes the Stokes flow
model could be used instead of the Incompressible Navier-Stokes model to save
computational resources and time. This section proves that the results obtained from both
models are identical and that the time to solve the simulations using Stokes flow model was
10% of the time required using the Navier-Stokes model. All the simulations were solved
using the same COMSOL version and the same hardware.

Figure 5.1 and 5.2 demonstrate that both models yield an identical pressure plot for
the same boundary and physical conditions of case 1. The highest pressure in the
incompressible Navier-Stokes model was 277.411 Pa and the highest pressure in the Stokes
flow model was 277.302 Pa. Table 5.1 shows the results for the volumetric flow rate at the
traps and the ports of the device for both models. There is no appreciable difference between
the results of the volumetric flow rates of the models. A comparison of the velocity profile in
the longitudinal direction is also included in figure 5.3. These velocity profiles were obtained

from the red line demonstrated in figure 5.1 and 5.2. The graphs show that the velocity
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profiles of both models are identical. It is clear that the Stokes flow model and the
incompressible Navier-Stokes model have identical results. The difference between the
models is the time consume by each model to obtained a solution. The incompressible
Navier-Stokes model required 390 seconds to solved the problem while the Stokes flow

model only needed 44 seconds.
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Figure 5.1: Case 1 (port 2 unrestricted) pressure plot using the incompressible Navier-
Stokes model.
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Figure 5.2: Case 1 (port 2 unrestricted) pressure plot using the Stokes flow model.

Table 5.1: Volumetric flow rate results of the incompressible Navier-Stokes model and
the Stokes flow model.

Volumetric flow rate Incompresible Navier-Stokes Stokes flow
Q Port 1 [m”3/s] 1.39E-11 1.39E-11
Q Port 2 [m”3/s] 4.58E-12 4.58E-12
Q Port 3 [m~3/s] 5.83E-12 5.82E-12
Q Port 4 [m”3/s] 4.14E-12 4.14E-12
Qtrap 1 [mA"3/s] 3.13E-12 3.13E-12
Qtrap 2 [m"3/s] 2.24E-12 2.23E-12
Qtrap 3 [m"3/s] 1.56E-12 1.55E-12
Qtrap 4 [m"3/s] 1.12E-12 1.12E-12
Qtrap 5 [mA"3/s] 5.27E-13 5.26E-13
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Figure 5.3: Velocity profiles in the longitudinal direction for the incompressible Navier-
Stokes model and the Stokes flow model.

5.2 Micro-PIV experiments vs. COMSOL results

The micro-PIV experiments were essential to completely validate the mathematical
model obtained from COMSOL. The experimental parameters are shown in table 5.2. These
experiments suggest that the micro-channel has a slip condition at the PDMS wall. In chapter
2, the no slip and slip length theory was discuss and some publications have shown that fluid
slip can occur at PDMS walls while a no slip is expected in at the glass wall. The
experiments were performed in an area just before the first trap (see figure 5.4). Figure 5.5
shows the micro-PIV experimental results and the COMSOL results of the velocity profile in

the longitudinal direction of the upper channel before the first trap for a model with slip of 13
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pm at the PDMS wall and no slip at the glass wall, a model with 20 um slip length at all the
walls and another model with no slip at all the walls. It is clear that the velocity profile has a
parabolic shape. It also demonstrates that the best fit for the micro-PI1V data is the model that
has a 13 pum slip length at the PDMS walls and no slip at the glass wall. The best fit was also
determined using least squares method. The sum of the squares of the residuals was 268 for
the no slip model, 80 for the 20 um slip length model and 0.024 for the 13 pm slip length and
no slip model. Remember that the best fit is determined by the smallest sum of the squares of
the residuals. The results of this method showed that the best fit was the model with 13 pm
slip length at the PDMS and no slip at the glass wall. This is congruent with a previous study
that showed that slip velocity can occur at PDMS walls [41]. This study also demonstrated
that the glass wall has no slip [41]. This velocity profile is at the middle point of the channel
height but it is not the velocity profile with the highest velocity. This is the result of
asymmetrical boundary conditions at the walls of the channel. Figure 5.6 through 5.8 show

contour plots of the COMSOL models in the same plane of the velocity profile of figure 5.5.

Table 5.2: Volumetric flow rate results of the incompressible Navier-Stokes model and
the Stokes flow model.

fluorescent marker 1 um nile red polysterene beads
Fluidic medium DPBS
Port 1 volumetric flow rate 50 uL/hr
Objective magnification 20x
depth of correlation 12.1 um
Time between pulses 1000 us
Number of double frame images 150
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Figure 5.4: Region of interest for the micro-PIV experiments and the cross-sectional
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Figure 5.5: Graph of velocity profile in the longitudinal direction from the micro-PIV
experiments (blue diamonds) compared to the corresponding velocity profile from the
COMSOL model for case 1 (port 2 unrestricted) with 13 um slip length at PDMS walls
and no slip at glass wall (green plus sign), 20 um slip length at all the walls (violet cross)
and no slip at all the walls (red line).
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Figure 5.7: Contour plot of the region of interest for the COMSOL model with 20 pm
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lines represent the depth of correlation.
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Figure 5.8: Contour plot of the region of interest for the COMSOL model with 13 pm
slip length at the PDMS wall and no slip at the glass wall. The centerline represents the
focal plane and the other two lines represent the depth of correlation.

These contour plot demonstrates that the maximum velocity profile is at the center of
the channel at the region of interest if the boundary conditions are symmetrical. If the
boundary conditions are asymmetrical like in the case of 13 pum slip length at the PDMS
walls and no slip at the glass wall the maximum velocity profile shifts toward the PDMS wall.
The depth of correlation was superimposed on the contour plots to show the extent of the

depth of correlation. This shows that the micro-PIV measurements can deviate from the true
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velocity profile and this deviation will produce errors in the measurements. This errors can
be an important factor for the error bars shown in figure 5.5.

Figure 5.9 through 5.11 are surface plots of the same region of interest. These plots
illustrate the symmetry of the velocity profile when the boundary conditions are symmetrical
and also confirm the shift of the maximum velocity profile toward the top PDMS wall when
the boundary conditions are asymmetrical. plane which clearly shows the asymmetric
boundary conditions at the PDMS and glass walls. This velocity field distribution affects
only the particles that are at different depths of the channel and not in different position with

respect of the height of the channel.
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Figure 5.9: Surface plot of the region of interest for the COMSOL model with no slip at
all the walls.
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Figure 5.10: Surface plot of the region of interest for the COMSOL model with 20 pm
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Figure 5.11: Surface plot of the region of interest for the COMSOL model with 13 pm

slip length at the PDMS wall and no slip at the glass wall.
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The results presented in this section confirmed the presecense of slip length at the
walls. The best fit for the micro-PIV data is a COMSOL model with asymmetrical boundary
conditions at the walls. The PDMS walls have a 13 pm slip length and the glass wall has a no
slip condition. The asymmetrical boundary conditions is responsible for the shift of the

maximum velocity of the fluid in the region of interest toward the top PDMS wall.

5.3 Experiments without beads vs. COMSOL results

These experiments were essential in the validation of the mathematical model. The
results of the COMSOL model demonstrated that the mass conservation and mass
distribution had a similar value when compared to the experimental data. The comparison for
cases 1, 2, 3 and 4 can be seen in figure 5.12 through figure 5.15. The standard deviation for
some experiments was large but one factor that could have contributed to experimental errors
was the environment particulate. This could have been an error because PBS was collected in
small beakers and then weighted to determined the difference in mass from the beginning to
the end of the experiments. During this process ambient particulate could have accumulated
on the beakers. The mass extracted through each port was the size of a water drop, therefore,
any dirt particle introduced in to the collected PBS mass was going to affect the
measurements. Another factor that contributed to a large standard deviation was that three
different SU-8 molds were used to fabricate the channels and the heights and feature
dimensions of the molds varied. The last possible factor for the standard deviation could be

that particles partially obstructed the channel changing the flow distribution in the channel.
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The graphs show that the simulations using the asymmetrical slip length model predicted
similar outflows compared to the outflows obtained during experimentation. These results
help confirm that the asymmetrical slip length model is the best model to describe the

operation of the micro-fluidic device.
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Figure 5.12: Graph of outflow rates from experiments of characterization without
beads compare to outflow rates of COMSOL model for the case 1 (port 2 unrestricted).
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Figure 5.13: Graph of outflow rates from experiments of characterization without
beads compare to outflow rates of COMSOL model for the case 2 (port 2 restricted to
25% of inflow rate).
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Figure 5.14: Graph of outflow rates from experiments of characterization without
beads compare to outflow rates of COMSOL model for the case 3 (port 2 restricted to
50% of inflow rate).
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Figure 5.15: Graph of outflow rates from experiments of characterization without
beads compare to outflow rates of COMSOL model for the case 4 (port 2 restricted to
75% of inflow rate).

5.4 Characterization experiments with polystyrene beads and
COMSOL results

The characterization experiments with polystyrene beads were essential to determine
if the geometry of the channel was capable of trapping and retaining the beads. Also, these
experiments determined the operating parameters at which the beads were trapped. Based on
these experiments and the data collected from the validated COMSOL model, we were able
to see a tendency in one of the non-dimensional terms derived in Chapter 1, the velocity ratio
(Virap/Venanner). The data suggests that we can predict when the beads are going to get captured

in the designated cavity, based on this non-dimensional parameter.
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Figure 5.16 shows a micrograph of the micro-fluidic channel in which all the traps
successfully trapped 20 um beads. This micrograph is for the conditions of case 1 specified
in table 4.1. The results of case 2 are demonstrated in figure 5.17. In this case it can be seen
that multiple beads were trapped in the last trap site. This bead agglomeration could be
caused by the restriction of the outflow in the upper channel. This restriction is 25% of the

inflow rate.

Figure 5.16: Micrograph of the experiment of the characterization with 20um beads for
case 1.

Figure 5.17: Micrograph of the experiment of the characterization with 20um beads for
case 2.

Case 3 results are shown in figure 5.18. The result of this case is very similar to the
results of case 1 and it is because the unrestricted flow rate at port 2 in case 1 is

approximately 42% of the inlet flow rate and in case 3 the restricted flow rate is 50% of the
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inflow rate. The results were expected to be comparable because the outflow rates are

similar.

Figure 5.18: Micrograph of the experiment of the characterization with 20um beads for
case 3.

Figure 5.19 illustrates the results of case 4. In this case the port 2 restriction is 75% of
the inlet flow rate. As it can be seen the last 2 traps are empty. Apparently, since 75% of the
flow is leaving through port 2, there is not enough flow going through the last two traps,

hence they remained empty during the experiments.

Figure 5.19: Micrograph of the experiment of the characterization with 20um beads for
case 4.
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In case 5, the outflow rate at port 2 was selected to be in the middle of case 3 and case
4. The restriction in this case is 62.5% of the inflow rate and this condition yields a result in

which only the last trap site remained empty. Figure 5.20 shows the micrograph of this case.

Figure 5.20: Micrograph of the experiment of the characterization with 20um beads for
case 5.

The following graph (figure 5.21) illustrates experimental data from the
characterization with beads experiments. This data recollects the results of multiple
experimental runs (n=8). The value of the bar plot is the median number of beads trapped in
the experiments and the error bars represents the maximum and minimum number of beads
trapped in experiments. The results of the case in which port 2 was restricted to 25% show
that up to 11 beads were trapped during experimentation. The device has only 5 traps, the
fact that 11 beads were trapped during experiments means that more than 1 bead was trapped
at different trap site. Usually when this happens the beads start to agglomerate in the channel

obstructing the movement of other beads until the experiment is finished.
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Figure 5.21: Experimental results of characterization with 20 um beads for 5 different
cases.

Mathematical models were performed using COMSOL for all of the conditions used
during the characterization of the micro-fluidic device with 20 um beads. The data collected
from these models comprehends the pressure difference and the velocity ratio at the first
available trap site assuming the beads are trapped in sequential order. The term first available
trap site maybe confusing but this term refers only to the next vacant trap. If all traps are
empty the first available trap site is the first trap, if there is a bead in the first trap the first
available trap site is the second trap. The same happens for the remaining four traps. The first
available trap site was very important in the research because we wanted to predict the
behavior of the fluid inside the channel when the geometry of the channel changed. This is
important because all the traps will not be fill at the same time most likely the traps will fill
one by one and the conditions at the traps will vary when beads are trapped. Knowing how

the conditions change we can have a better understanding of the operation of the channel.
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The velocity ratio obtained from the data was defined as the ratio of the velocity
through the available trap site (Vwap) and the velocity at the upper channel before the
available trap site (Vchannel). Figure 5.22 illustrates where the data was measured. Equation 33

shows the mathematical relation.

Vchannel

Vtrap

Figure 5.22: The region of the channel where Virap and Vchannet Were measured.

Velocity ratio = Jirap (33)

channel

Figure 5.23 is a graphical representation of the modeled pressure difference between
the upper channel and lower channel at the first available trap site for the condition of case 1.
The results showed that the pressure difference between channels at the trapping sites
decreases proportional to the distance between the first available trap and port 1. Figure 5.24
demonstrates that this trend is repeated in all of the cases that port 2 is controlled. It can be

concluded that the pressure difference between the channels will always decrease and this
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can represent a problem if the fluidic resistance of the channel at port 2 is too small. If the
resistance is too small the pressure difference is not favorable to trap beads at the end of the

channel.
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Figure 5.23: COMSOL results of the pressure differential (AP) at available trap site for
case 1.



72

Pressure Differential at Available Trap Site

B Port 2 12.5 uL/hr (25% inflow
rate)

M Port 2 25 uL/hr (50% inflow rate)

AP (Pa)

M Port 2 31.25 uL/hr (62.5% inflow
rate)

i Port 2 37.5 uL/hr (75% inflow
rate)

-20

Trap Position

Figure 5.24: COMSOL results of the pressure differential (AP) at available trap site for
cases 2, 3, 4 and 5.

The information of the velocity ratio at the first available trap site plus the
micrographs of the experiments allowed deducing important functionality parameters. The
graph of the velocity ratio at the first available trap site for case 1 (Figure 5.25) along with its
corresponding micrograph (figure 5.16) showed that the trend of this ratio under these
conditions tends to decrease. Although, the velocity ratio at available trap site is decreasing
all the traps are filled with single particles. This means that the threshold to trap a 20 um
polystyrene bead is below the lowest value of the graph which is approximately 2.4. Figure
5.26 shows the trend of the velocity ratio for the other experimental conditions. The only
case that has a different trend is when the flow through port 2 is restricted to 12.5uL/hr (case
2). In this case, the velocity ratio trend increases as the first available trap gets far from port 1.

Comparing this case results to the micrographs (figure 5.17) it is possible to see that all of the
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traps were filled but the last trap has multiple polystyrene beads. When the flow at port 2 was
restricted to 25uL/hr (case 3), the micrograph (figure 5.18) showed single bead entrapment in
all the trap sites and the trend of the velocity ratio is similar to case 1. Case 4 showed a
decreasing trend with smaller values than the other cases. In fact the last trap has a negative
velocity ratio which means that the flow at that trap is going upwards. The micrograph
(figure 5.19) of this case shows that the 2 last traps are empty. A last case was studied in
which the last bead was not retained (see figure 5.20) and the velocity ratio is near 1.37. This
could imply that the threshold for single 20 um polystyrene bead entrapment in this device is
1.5. The information obtained from the COMSOL data and the micrographs it can be deduce
that the minimum velocity ratio to trap a bead is near 1.5 and the maximum velocity ratio to
avoid agglomeration is near 6. This parameter can hold the key to ensure bead entrapment

without agglomeration in new and larger devices.
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Figure 5.25: COMSOL results of the velocity ratio (Vtrap/Vchannel) at available trap
site for case 1.
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Figure 5.26: COMSOL results of the velocity ratio (Vtrap/Vchannel) at available trap
site for case 2, case 3, case 4 and case 5.

Previous graphs showed the velocity ratio and pressure difference conditions of the
cases studied. Figure 5.27 shows the velocity ratio at the first available trap site for a
condition in which all the velocity ratio are similar. This theoretical condition was attained
with a COMSOL model. It was determined that to attain this condition a flow restriction at
port 2 of approximately 14.84uL/hr (29.7 of inflow rate) is necessary. Results show that this
condition seems to be independent of the inflow rate. If a similar trend can be reach in a
design with thousands of trap sites it is possible to induce 20 pum polystyrene bead
entrapments in all the trap sites. Figure 5.28 shows that the pressure difference at the trap

sites has a decreasing trend just like in the other cases.
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Figure 5.27: COMSOL results of the velocity ratio (Vtrap/Vchannel) at available trap
site for case 6, case 7 and case 8.
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Figure 5.28: COMSOL results of the pressure differential (AP) at available trap site for
case 6, case 7 and case 8.
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CHAPTER 6

6.1 Conclusions

The experiments showed that the trapping efficiency is a strong function of the
controlled output flow suggesting that the functionality of the device could be manipulated
with a variable fluidic resistance. It was also found that the velocity profile of the
computational model agrees well with experiments carried out with the micro-PI1V, but only
when there is a slip length of 13 pum at the PDMS walls and no slip at the glass wall. We
suspect that the velocity slip is due to the surface treatment of the micro-channel walls (air
plasma followed by bovine serum albumin functionalization). However, the evidence is not
conclusive. The mass conservation experiments also helped confirmed that the asymmetrical
slip length model is the best fit to describe the behavior of the fluidic medium inside the
micro-fluidic device. There is evidence that due to the asymmetrical boundary conditions at
the walls of the channel the maximum velocity of the fluid is shifted from the center of the
channel to the top PDMS wall. Results from experimentation and COMSOL models indicate
that the minimum velocity ratio to capture particles is approximately 1.5 and that the
maximum ratio to avoid particle agglomeration is near 6. COMSOL data demonstrates that
there is an operating condition that can yield similar velocity ratios in each trap site. This
operating condition is independent of the inflow rate which means that only variations in the
geometry of the channel will affect the operating condition. The validated computational

model presented in this study will serve as a stepping stone for the development of high-
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density cell isolation micro-devices for high-throughput single-cell electroporation

applications and the detection of circulating tumor cells.

6.2 Future Work

In order to make an impact in single cell entrapment and research this study has to be
extended to larger systems of high-density cell isolation. The next step in the course of this
investigation is to design new geometries for micro-fluidic channels for high density cell
isolation. These geometries will be analyzed with the mathematical model proposed in this
thesis and the optimal operating parameters will be evaluated. Once fabricated, these new
generation of micro-devices will be tested for single-cell electroporation and detection of
circulating tumor cells. Figure 6.1 shows a prototype of such devices. Also, output condition
can be varied with an array of micro-fluidic resistances that can be activated with pneumatic

valves to produce different operating conditions.
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Figure 6.1: Prototype of micro-fluidic device for high-density cell isolation.
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