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Abstract

Multiple-line particle focusing has been identified in a straight channel, while single-line
particle focusing has been only reported in previous works. By controlling the force balance
between elastic force and inertial force induced by geometric features of a channel, a new
focusing mechanism has been suggested. Also, another hypothesis has been emerged that
each normal stress component is acting on a particle traveling on the viscoelastic flow.
Applications of the multiple-line particle focusing have been focused on microfluidic logic
operations by developing a microfluidic logic device and a particle valve system.

In Chapter I1, we observed the transition between single-line and multiple-line particle
focusing in a microfluidic device. The elastic and inertial forces acting on suspended
particles were manipulated by tuning the concentration of dilute polymer solution and the
flow rate of a fluid. The finding showed that the confinement effects determined by the
channel aspect ratio and the inlet geometry lead to the multiple-line focusing of particles in
the microfluidic channel due to the fluid elasticity and hydrodynamic behavior of the fluid.
A microfluidic channel with high channel aspect ratio possesses broad minimal region of
the elastic force across the channel, which generates a wide particle focusing band rather
than a single particle focusing at the center. The multiple-line particle focusing occurs as
the inertial force outweighs the elastic force, resulting in the particle migration towards the
channel sidewalls.

In Chapter I1l, we investigated a microfluidic logic device that is built based on the
particle dynamics in viscoelastic fluid. A logic gate system employing a Boolean function
was implemented by utilizing multiple line particle focusing behavior in the microfluidic
channel. The device was designed and fabricated to hydrodynamically control the logic
operations of XOR, OR, AND, Buffer, and NOT under the fixed flow condition (e.g., flow
rate, particle size, and fluid elasticity~1.483). In addition, numerical simulation was carried
out to understand the fundamental physics of the particle and fluid behavior in viscoelastic
flow. Clear multiple particle focusing lines with high separation resolution (R;;~6.19)
were observed and the particle extraction at the outlets were analyzed by image-processing.

In Chapter 1V, we proposed an unique valve system for smart particle control by
employing a transparent shape memory polymer (SMP) as a constituent material of the

microchannel. The core of this strategy was to use SMP instead of poly(dimethylsiloxane)
. 1l O 1] &1
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(PDMS) to give the channel shape-programmable function. The magnitude of the hydraulic
resistance formed in the SMP microchannel could be selectively controlled according to
the deformation and recovery of the channel. Due to the pressure difference between the
two outlets, the path of the focused particles was determined depending on the channel-
shape. The pressure distribution and shape memory-recovery behavior of the SMP
microchannel were theoretically investigated by the numerical calculations. The operation
as a particle valve and its repeatability were confirmed by experimental observation.

In Chapter V, the lateral particle migration was investigated in a hydroxypropyl
cellulose (HPC) viscoelastic fluid with a negative first normal-stress difference. Unlike
common viscoelastic fluids with positive normal stress differences, double-line particle
focusing was identified in a microfluidic channel, which was caused by the negative first
normal stress difference. More importantly, unique particle migration with different sized
particles in a microchannel was observed in which bigger particles were double-line
focused along the channel walls while smaller particles were single-line focused at the
center. A new dimensionless parameter, the ratio of the normal force to the viscous drag
force, was defined to demonstrate this unique double line focusing behavior of particles in

the viscoelastic fluids.

Keywords: Multiple-line particle focusing, microfluidic particle logic device, viscoelastic
flow, shape memory polymer, first normal stress difference (V; ), normal stress component,

particle separation, flow analysis, structural analysis, heat transfer
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at the specific locations in the channel. The asymmetrical outlet is designed to
clarify the multiple-line particle focusing at the channel outlet. Scale bar = 100
um.
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Scale bar = 50 pm.
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¥ Y =)
viii Ad 2T '



at the two different positions in the channel. (c) The three inlet channel
generates the triple-particle focusing lines in the downstream channel. Scale
bar =100 um.

Figure 2.17.Particle focusing behavior in a single-inlet straight channel. (a - b) In 4:1
channel aspect ratio, particles are widely distributed at low flow rates (from
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particle focusing in the single-inlet straight channel is not as much obvious as
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Figure 2.18.Inlet number effect verification. (a) A food dye is injected into the upper inlet
channel. Molecular diffusion is completed at the channel outlet. (b)
Fluorescent and non-fluorescent PS particles are introduced into the upper and
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Figure 3.1. Basic logic gate for logic operation. (a) AND gate and truth table, (b) OR gate
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Figure 3.11.Common electronic logic circuit matched with the microfluidic logic device.
By using two input logic IC chips, logic operations (XOR, OR, and AND)
were compared to the outputs in a microfluidic device. (i) Inputs and Outputs

can be described as signal waves by using electronic system design tool
VIVADO® (Xilinx Inc., USA).

Figure 3.12.When [AB] is [11], the experimental results were compared according to the
particle concentration.

Figure 3.13.Particle size effect in a microfluidic logic device. (a) 3 sizes of particles are
injected into the microfluidic logic device when AB is [11]. The particles are
entering to the expansion chamber through the merging channel keeping their
focusing locations. (b) The output 1 is designed as XOR gate for only 6.42
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Figure 3.14.Logic operations implemented using multiple-line particle focusing. Fluor
escence images of particle migration in the outlets for 2 cases: (a) A [0]
and (b) A [1].

Figure 3.15.Superimposed normalized fluorescence intensity graph for NOT and Buff
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Figure 3.16.Logic circuits and truth tables implemented in the microfluidic device for NOT
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Figure 3.17.Common electronic logic circuit matched with the microfluidic logic device.
By using one input logic IC chips, NOT and Buffer operation were realized
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Figure 4.1. Chemical reaction scheme for SMCPAc synthesis. (a) Initiation of the reaction
by irradiation of UV light. (b) Extension of the prepolymer chains by the
generated free radical electrons. (c) Crosslinking reaction between the pre-
polymer chains and the crosslinker. (d) Suggested chemical structure of the

SMCPAc. (e) Schematic illustration of the SMCPAc consisted of the
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Figure 4.13.Smart particle manipulation by shape memory effect of the microchannel. (A)
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Double focused particles flow through both outlets with the same pressure
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particle focusing phenomenon is observed. At the relatively low polymer
concentration, all the particles are double-line focused close to the channel
walls. However, as the polymer concentration is increased, the large particles
are double-line focused, but the small particles are focused at the center.
Hundreds of images are superimposed for an enhanced observation of the
particle migration.

Figure 5.10.Particle focusing behavior in HPC solutions. (a) Particle focusing location
according to the polymer concentration and the particle size and (b) Particle-
separation resolutions (R;;) with respect to various polymer concentrations.
R;j = Ax;;/ (Si + Sj), where Ax;; is the distance between the i-th and j-th
particles, and s; is the standard deviation of the i-th particle’s location.

Figure 5.11.Typical particle focusing behavior in the PEO solution. All of the particles
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Figure 5.12.Schematic illustration of focusing mechanism of a particle in viscoelastic
fluids. (a) Particle behavior in the positive N; flow. The particle is focused at
the center when the 7,,, is negligible. (b) Particle behavior in the negative N;
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Figure 5.13.Focusing mechanism of particles induced by 7,,,,. (a) Dimensionless number,
paz‘ryy /u? as a function of the concentration and the particle size. The
dimensionless number is defined to figure out the effect of the ratio of the
viscous drag force to the normal force 7,, on the particle migration. (b)
Focusing location ratio as a function of the number.

Figure 5.14.Single-line and double-line particle-focusing regimes classified according to
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model and Zimm’s theory.

Rheological properties of the PEO solutions fitted with the Carreau—Yasuda

model and CaBER measurement.
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Chapter 1.

Introduction

1.1. Particle dynamics in a microsystem

Microfluidics has many advantages including reduced sample consumption, low cost,
precise and fast analysis, high throughput and accuracy.?? It is also called as lab-on-a-chip
(LOC) since complete laboratory protocols can be achieved on a single chip of few square
centimeters. Especially, particle manipulation in flowing liquids has been widely used in
biological, pharmaceutical, medical, chemical and industrial fields. The particles
suspended in a liquid flow are manipulated with several technologies such as focusing,
sorting and trapping, which is essential abilities in a microfluidic system.}® The
manipulation method of the particles can be categorized into two approaches as active and
passive. For the active approach, the particles are pushed by applied external forces such
as optical, magnetic, acoustic and electric forces.*’ In the passive way, the particles are
manipulated due to only hydrodynamic forces triggered by the flow and intrinsic properties
of fluids.812

Hydrodynamic forces are defined as inertial forces including shear-gradient lift force
and wall-repulsion lift force, drag force and elastic force dependent on the fluid properties.
Many fundamental studies of particle migration mechanism based on the hydrodynamic
forces have been carried out for both Newtonian and non-Newtonian fluids.®*® Unlike the
Newtonian fluids, non-Newtonian fluids exhibit no linear behavior of viscosity with
increasing shear rate. Viscoelasticity, one of the attractive properties of the non-Newtonian
complex fluid flow, affects to the particle manipulation by causing the imbalance of the
first normal stress difference (N = 7, — 7,,), Where 7, is the normal stress toward the
flow direction and 7,, is the normal stress toward the perpendicular direction of the
flow.212 In general, non-Newtonian properties such as shear-thinning, storage and loss
modulus, first and second first normal stress differences can influence the equilibrium

1 o |



locations of the flow system. It is worthwhile to investigate particle migration in non-
Newtonian fluids for understanding the particle dynamics and guiding the optimum process
for applications such as cell counting, separation, and uniform distribution. Complex fluids
such as dilute polymer and DNA solutions, animal blood, and biopolymer solution have
long chain molecules in a Newtonian base medium. As dilute polymer solutions, PEO
(Polyethylene oxide), PVP (Polyvinyl pyrrolidone), HPC (Hydroxypropyl cellulose), DNA
(DeoxyriboNucleic acid) and HA (Hyaluronic acid) have been commonly used for
microfluidic analysis. A microfluidic system was fabricated by using soft-lithography (i.e.,
PDMS (Polymethylsiloxane) molding methods). Soft-lithographic technigues have several
advantages such as low cost, simple process and outstanding accessibility and
repeatability.’* To generate micropatterns and microstructures with high replication rate,
pre-polymer of PDMS, which is a transparent elastomeric polymer, was poured over a
master. After degassing, the polymer was cured at high temperature near 70°C, then, peeled

off. The detail soft-lithography process is schematically illustrated in Figure 1.1.
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1.1.1. Hydrodynamic forces induce by viscoelastic flow

Particles suspended in viscoelastic fluids experience three hydrodynamic forces (i.e.,
inertial force (F}), elastic force (Fz) and drag force (Fp)) when they flow through a
confinement. The forces acting on the particle compete until the particle is located at the
equilibrium position in the flow. The particle focusing locations are mainly tuned by the
force competition between the inertial force and the elastic force under viscoelastic flow.
The direction of each force acting on a particle is schematically described in Figure 1.2.
By velocity gradient between the fluid and particles, the viscous drag force is induced
and the particle migration can be influenced. The drag force (Fp) allows the particles to be
accelerated until the particles flow under steady-state flow condition in the flow direction.?

When a spherical particle is in a uniform Stokes flow, the Stokes drag is defined as

Fp =3ma(U — Up) (1-1)

, where m is the fluid viscosity, a is the particle diameter, and U and U, is the
velocities of fluid and particle.

Two kinds of inertial force are acting on the particles suspended in a fluid. The inertial
force (F) is comprised of the shear gradient lift force (F; 5) and the wall repulsion lift force
(F.w)- The shear gradient lift force pushes the particle toward the channel sidewalls, acting

down the gradient in shear rate of the flow.!* The shear gradient lift force can be scaled as

F s :prU2a3/W (1-2)

, where p is the fluid density, W is the channel width, and f; is the lift coefficient. For
most microfluidic applications, the lift coefficient remains to be constant. The f; is
approximated as 0.5 at Re (= pUDp/n) < 100, where D, (=2WH/(W + H)) is the
hydraulic diameter and H is the channel height. The wall repulsion lift force pushes the
opposite direction of the shear gradient lift force which is toward the channel centerline.

Near the wall, the repulsion lift force can be scaled as



FLw = fpU?a®/W*. (1-3)

Therefore, the net inertial lift force can be expressed as

F, :fLPU2a4/Di%- (1-4)

The elastic force is induced by the intrinsic properties of a viscoelastic fluid. In a
viscoelastic fluid, Tyy, Ty, , and 7,, normal stresses are generated along the flow
direction, velocity gradient direction and vorticity direction, respectively. The difference of
the normal stresses are defined as the first normal stress difference (N = Ty, — 7y,) and
the second normal stress difference (N, = 7,,,, — 7,,). The first normal stress difference is
much larger than the second normal stress difference. Therefore, the first normal stress
difference a major driving force for the particle migration and the elastic force is expressed

as below, proportional to the gradient of first normal stress difference (N;).
Fg =~ a3VN,; (1-5)
The first normal stress difference can be numerically calculated to compare the

magnitude of the elastic force. By assuming incompressible steady-state viscoelastic flow

conditions, the governing equations of fluid dynamics? are defined as follows:

Mass balance (continuity): V-u=0 (1-6)
ou

Momentum balance: p (E +u- Vu) =V-o (1-7)

Total stress tensor: c=—pl+2n,D+T (1-8)

Here, u is the velocity vector, p is the dynamic pressure, 71, is the viscosity of
Newtonian solvent, I is the unit tensor, D is the rate of deformation tensor, defined as
(Vu+ (Vu)T)/2. T denotes the extra viscoelastic stress contribution and extra stress

tensor is defined by selecting a proper constitutive equation among several equations. In
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the researches, we used the upper convective Maxwell model (or Oldroyd-B model) for the

viscoelastic stress contribution. The model is defined as
T+2(5+@ VT = [(Vu) - T+T- (Vw)7) = 1,(Vu+ (Vw)")  (1-9)

, where A is the characteristic relaxation time and 7,, is the viscosity of the polymer. The
Oldroyd-B model is one of the simplest viscoelastic models that can be expressed in an
analytical way such that N; = 7, and N, = 0 in simple shear flows. The minimal N;
values are distributed around the flow center (i.e., Figure 1.2, blue region), therefore, the
region is the most stable location for the suspended particles.



Figure 1.2. A schematic illustration of hydrodynamic forces acting on a particle under the

first normal stress difference distribution.
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1.1.2. Normal stress measurement

Normal stresses in shear flow are the evidence of elasticity in liquids with storage modulus
(G") and loss modulus (G'") since polymeric liquids behave much like rubber at short times
and high strain rate due to their entangled coil. And the normal stress measurements can be
very useful to speculate micro-structural changes induced by the shear such as large scale
disentanglement of chains, phase change or molecular orientation. By using a conventional
bulk rheometer, the normal stresses can be measured.'> Each normal stress cannot be
measured without customized pressure sensors embedded in the accessories for the shear
flow measurement. Therefore, the difference of the normal stresses are defined with related
to the torque and normal forces.

The first normal stress difference (N;) of a viscoelastic fluid can be measured by using
a cone-and-plate geometry with relation of the normal force Fy. The Fy acting on the
upper cone surface is measured and the N; can be defined as below, where R is the radius

of the plate.

— 2N -
Ny =—3 (1-10)
When the parallel plates is used for the measurement, the difference between the N; and

N, can be obtained with definition as

VY dinFy i
Ny — N, = TTR2 [1 + 2dlnﬂ] (1 11)

, where (1 is the angular velocity.



1.1.3. Elasto-inertial particle focusing

For the particle focusing in a viscoelastic fluid, the fluid elasticity is a significant factor
leading the focusing behavior. The fluid elasticity (E/=Wi/Re) is a dimensionless number,
defined as the ratio of Weissenberg number (/i) to Reynolds number (Re). Wi (= Ay =
2AQ/HW?) is a dimensionless number representing the elastic effect of flow, where ¥ is
the shear rate, and Q is the flow rate. And, Re (= pUD;, /1) is a dimensionless number
indicating the relative importance of the inertial effect and viscous effect. By comparing
these two dimensionless numbers, a major force for the particle focusing phenomena can
be speculated. For examples, the single line particle focusing at the channel center in a
square microchannel is observed when £/ is larger than the unity (E/>1) as shown in Figure
1.3(a). Since the elastic force is overwhelming compared to the inertial force, the particles
migrate toward the channel center, where the first normal stress difference is the minimum.
When the inertial force is comparably larger than the elastic force (£/<1), the focusing
locations can be several (Figure 1.3(b)) or unstable focusing behavior can be observed.

In a rectangular channel, the inertial force is meaningful and the particles can be
considerably affected by shear-induced migration at even low Re.!> Also, even a small
magnitude of the second normal stress difference (N, ) induces a secondary flow in a simple
shear flow in a rectangular channel, while the N, is about 10 % of N; in general.!*!* The
secondary flow effect can be detected by using the particles with low blockage ratio (f =
a/H) about 0.02, where a is the particle diameter and H is the channel height. So far, the
elasto-inertial particle focusing in a shear-thinning fluid has been reported based on the N;

distribution with single line particle focusing.



® El>1

(b)

Figure 1.3. Probable focusing locations of particles in flow conditions. (a) When El > 1

and (b) When El < 1.
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1.2. Integration of electronics into microfluidics

The microfluidic devices have developed in the fields of analytical chemistry and
biomedical sciences. The miniaturized fluidic technologies with high accuracy are not
feasible since the devices are based on the non-linear behaviors, generating high driving
pressures. Many attempts have been made to improve the accuracy by integrating various
engineering technologies into microfluidic devices.!*?° As a typical integration, the
electronic engineering has been merged with the flow operation. A fluidic circuit has been
a popular research topic in 1960s to compete with electronics. The electronic devices were
smaller and faster than the fluidic circuit, therefore, the earlier work of fluidic circuit lost
the competition. However, the use of fluidic system to perform the logical calculation is
still important in micro-, nano-scale platforms. By using the nonlinearity of the fluids,
amount of applications have been reported with related to the electronics concepts such as
transistor, memory device, logic gate and cascaded systems. 72022

In order to merge the electronics into the microfluidics, we should understand the
logical concept which is the basic operation for all electronic devices. Boolean algebra
consists of the truth values, i.e., truth and false, and it is usually denoted 1 and O,
respectively. The Boolean functions are practically implemented by using logic gate. The
logic gate is an element for building a digital circuit and most logic gates have two inputs
and one output. Since the electronic gates require a power supply, every terminal is in one
of the two binary number driven by the voltages and logical values of 0 and 1 represent 0
V and 5 V, respectively. There are three basic logic gates, i.e., AND, OR, NOT, and the
false of the AND and OR is NAND and NOR. XOR (exclusive-OR) acts as the logical
“either/or,” the output is 1 only if the inputs are different. XNOR is the false of the XOR.
Each gate can be described as the truth table, symbols and the circuits. The simple logic

circuit of each gate is represented in Figure 1.4.
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A-B A+B
B B

Input(A) | Input(B) AND Input(A) | Input(B) OR
0 0 0 0 0 0
1 0 0 1 0 1
0 1 0 0 1 1
1 1 1 1 1 1

© A (d)
5 :)D—AB+AB A —Do— A

Input(A) | Input(B) XOR
0 0 0 Input (A) NOT
1 0 1 0 !
0 1 1 ! 0
1 1 0
(e) 6] 9]
4 :Do— (A B) 4 :Dw (A+B) 4 :)D (A'B + AB")
B B B
Input(A) | Input(B) | NAND Input(A) | Input(B) NOR Input(A) | Input(B) | XNOR
0 0 1 0 0 1 0 0 1
1 0 1 1 0 0 1 0 0
0 1 1 0 1 0 0 1 0
1 1 0 1 1 0 1 1 1

Figure 1.4. Truth table and circuit of logic gates. (a) AND, (b) OR, (c) XOR, (d) NOT,
(e) NAND, (f) NOR, and (g) XNOR.
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1.3. Objectives of present work

Most studies of viscoelastic particle focusing phenomenon has been reported as single-line
particle focusing due to the force balance between the elastic force related to the first
normal stress difference distribution and inertial force induced by the flow. In the elasticity-
dominant flow condition, the particles are aligned as a single line at the center in a radius
pipe or a square channel. However, the focusing locations of the particles can be tuned by
the additional inertial forces, the hydraulic pressure generation or the rheological properties
of the viscoelastic fluids. We manipulated the particles in both passive and active ways
based on the modification of viscoelastic particle focusing mechanism. In order to explore
and understand the particle dynamics in viscoelastic flow, four major topics are carried out
in present study.

To demonstrate the tunable particle focusing locations, we firstly investigated the
multiple-line particle focusing in a straight channel based on the viscoelastic particle
focusing mechanism. The additional inertial forces were generated by controlling the
microchannel geometry such as the number of channel inlets and cross-sectional aspect
ratio of the channel. By the numerical simulation, the minimal first normal stress difference
region of difference channel aspect ratios (1:1, 2:1, and 4:1) was compared to increase the
particle probability. To identify the tunable particle focusing locations, the number of
channel inlets were increased from one to three. Consequently, the particles were aligned
as double-line and triple-line along the channel width in a high aspect ratio channel. With
varying the flow conditions, a Re-Wi working space for the multiple-line particle focusing
was arranged from the experimental results with an illustration of the focusing mechanism.

To overcome issues of low accuracy and lack of analytical applications in a microscale
fluidic device, we secondly developed a binary microfluidic device including several logic
gates. By integrating of the electronics and microfluidics, the truth (binary number 1) and
the false (binary number 0) were assigned according to the existence of the particles in a
channel. Based on the multiple-line particle focusing mechanism, the basic logic gates
including AND, OR, NOT, Buffer and XOR were realized in one microfluidic device. The
particle streamlines and the normal stresses induced the fluid injection were expected by

using numerical calculation based on finite element method.
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Thirdly, we manipulated the path of multiple focused particles to structure a new
microfluidic logic device by substituting PDMS microchannel to an acrylic shape memory
polymer (SMP) microchannel. With the local deformation of the SMP microchannel, the
difference of the local hydraulic pressure and resistance increases and it induces the change
of the particle progress path. The deformed channel cross-section was experimentally
observed and the distorted shape was numerically verified by the structural analysis. By
the numerical flow analysis, the hydraulic pressure and resistance was calculated and
compared to the analytical calculation results. From the results, a microfluidic particle
valve was identified and a microfluidic logic circuit was also suggested as an application
of the valve system.

Meanwhile, the first normal stress difference (N;) of a viscoelastic fluid is defined
with the positive sign and the negative sign. Typically, most of polymeric fluids show a
positive N; under the shear flow. Some interesting complex fluids (e.g., liquid crystalline
polymer solution) exhibit a negative N;. To investigate the particle dynamics in the
negative N; solution, the particle migration was observed and the magnitude of the normal
stresses were experimentally estimated by assuming incompressible linear viscoelastic
fluid. The multiple-line particle focusing behavior was demonstrated in the negative N;
solution, while a single-line particle focusing was observed in the positive N; solution
when the solutions flow through the 2:1 aspect ratio straight channel. The interesting
migration behavior was verified with the dimensionless number and the schematic
illustration from the experimental evaluations. From these results, we aim to predict the
normal stresses acting on the particles in the viscoelastic flow and structure a new fluidic
logical operation in a microscale. We anticipate these researches help understanding the
particle dynamics under the viscoelastic flow based on the rheological properties and make

a guideline for designing a microfluidic platform for customized analysis.
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Chapter II.

Multiple-line particle focusing

2.1. Introduction

Passive manipulation of particles in a microfluidic platform has been widely explored in
recent years by using viscoelastic fluids since controlling particles or cells suspended in a
fluid becomes important in a wide range of applications such as biology', optics?, and
electronics®. Viscoelasticity, one of the most intriguing properties of complex fluids such
as diluted polymer and DNA solutions, animal blood, and biopolymer solution, represents
the combination of elastic and viscous features in various flow conditions.** The
viscoelasticity causes the imbalance of the first normal stresses of fluid (N; = Tyy — Tyy)
in a channel, which can allow particles suspended in the viscoelastic medium to migrate
towards a position with minimal hydrodynamic energy.®'" Here, Ty, and 7y, are the
normal stresses developed in the flow direction and the shear-gradient direction.

Since Segré and Silberberg first reported particle migration in a Newtonian fluid
flowing in a circular pipe, many fundamental studies related to the particle migration have
been carried out for both the Newtonian and non-Newtonian fluids.®'**!"2* This passive
particle manipulation technique harnesses mainly three factors such as hydrodynamic
forces, intrinsic properties of fluids, and channel confinement. Inertial focusing in the
microfluidic channel has been studied extensively for the Newtonian fluid in which
particles are driven into a specific position by inertial and viscous drag forces.??* Particles
in a pipe flow form an annular ring at the location of around 0.6R away from the center

t'20

(here, R is the radius of tube), which is well-known as the tubular pinch effect.”’ For a

square cross-sectional microchannel, suspended particles are focused at four symmetric
positions, which are face-centered on each wall due to high shear rate at the corners.?’

Because the non-Newtonian fluid possesses remarkable rheological behaviors such as

6,7,34-38

viscoelastic and shear thinning effects, particles are focused at four corners and at

the center of the channel cross-section when the fluid elasticity is larger than the fluid
= .



inertia.'® The multiple equilibrium focusing positions is reduced to single equilibrium
position (i.e., the centerline of channel) when Re is high enough meaning that the flow rate
of viscoelastic solution is high.

The geometry and structure of a channel play important roles in determining particle
migration. A number of studies regarding the particle migration and separation have been
investigated by changing the channel geometry, e.g., with the use of expansion contraction

29,31,32

array 12,19,30,33

, curved shape , and 3D hydrodynamic focusing®’. This deformed channel
geometry creates additional secondary forces that can lead particles towards different
equilibrium positions. In addition, the channel aspect ratio, width to height ratio, can affect
the equilibrium position of particles. Particles in a Newtonian fluid migrate towards two
long-face-centered positions of the high aspect ratio channel due to rotation-induced lift
force.*® However, the particle migration for the non-Newtonian fluid relies on not only the
competition between the elastic and the inertial forces but also the channel aspect ratio. 4!
To our best knowledge, the first study on this subject conducted by Liu et al.*? focused on
the application of different sized particle/cell separation in a straight channel with different
channel aspect ratios while little attention was paid to the fundamental mechanism of the
transition between single-line and double-line particle focusing dynamics over various
influencing factors.

In this study, we investigated particle migration under viscoelastic flow in a
microfluidic device depending on the inlet geometry and the aspect ratio of the channel. A
key finding is that we observed the multiple-line particle focusing induced by the combined
effect of the fluid elasticity and hydrodynamic behavior of the fluid by the confinement
geometry of the channel. We examined the particle focusing behavior controlling several
variables of geometry such as aspect ratio (e.g., 1:1, 2:1 and 4:1) and inlet number (e.g.,
double inlets and triple inlets). A Re — Wi diagram for the multiple-line particle focusing
was introduced to understand the underlying physics behind the phenomenon. Numerical
analysis was carried out to model viscoelastic and hydrodynamic forces acting on the

particles passing through different channel aspect ratios.
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2.2. Experimental

2.2.1. Design and fabrication of a microchannel

Straight microfluidic channels with different aspect ratios and inlet channel geometries are
fabricated for the particle focusing and design of the channel was described in Figure 2.1
(a). A channel height is fixed to 25 pum, and channel width is set to be 25, 50, and 100 pum.
The corresponding channel aspect ratios (AR = W/H) are 1:1, 2:1, and 4:1 (Figure 2.1 (b)).
Asymmetrical outlet channels are designed to clarify the multiple-line particle focusing in
the device. The microchannel has a length of 40 mm, which is longer than the calculated
focusing length to stabilize the position of the particles based on the focusing length
calculation. The focusing length of the particle at low Wi can be simply calculated by the
channel dimension, the blockage ratio (d, /H), and the Weissenberg number (W), which
is expressed as © = Wi(L/H)(d,/H)* ,*** where d,, is the particle diameter, H is the
channel width, and L is the focusing length. By substituting Wi = 1.67, H = 100 um, d,=
6.42 um ,and @ = 1 for the perfect particle focusing, the focusing length of the channel
is calculated to be 14.5 mm. A microchannel is fabricated with PDMS (Sylgard 184, Dow
Corning) by using a standard soft lithography method. The micropattern of a replica mold
is constructed on a silicon wafer with negative photoresist (SU-8, Microchem Corp.). A
PDMS solution composed of base and curing agents (10:1) is poured onto the SU-8 master.
The mold is degassed in a vacuum chamber for 1 hour and cured in an oven at 65 °C for 6
hours. The PDMS channels are peeled off and punched using a puncher with a 1.5 mm
diameter (Uni-Core, Harris) for tube connections. The channels are bonded onto a slide
glass by using a plasma cleaner and heated at 120 °C for 1 hour to enhance the bonding

strength.
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Figure 2.1. Design of a microchannel. (a) A microchannel consists of 2 inlets and 2 outlets
with y-shaped geometry and 40 mm of straight part. The outlets is designed to have
asymmetrical portion of flow for particle observation. (b) Channel cross-sectional aspect

ratio was varied from 1:1 to 4:1.
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2.2.2. Sample preparation

Viscoelastic fluids used in our experiments are PEO (polyethylene oxide, M,=2,000,000,
Sigma-Aldrich) solutions with 22 wt% aqueous glycerol. The concentrations of PEO in the
solutions vary in the range of 500 to 4000 ppm. Fluorescent polystyrene particles with a
diameter of 6.42 um (Nile red, Spherotech Inc.) and non-fluorescent PS particles of 10
um (Polysciences, Inc.) and 15 um (Polysciences, inc.) are suspended in the viscoelastic
medium with a small amount of Tween 20 (P1379-25ML, Sigma-Aldrich) to prevent
aggregation of the particles shown in Figure 2.2. The microchannel is first flushed with a
viscoelastic medium for the prevention of particle adhesion onto the channel wall. The
solutions are injected into the microchannel using a syringe pump (KDS 200, KD Scientific)
with flow rates ranging from 0.05 ml/hr to 0.6 ml/hr. An inverted optical microscope (IX
53, Olympus) and CCD camera (AcquCAM 23G, VISIONHI) are used to analyze the
particle migration. The lateral positions of particles are measured by using an Imagel

software.
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DI water 195g + Glycerol 55g at 70°C  Newtonian solution + PEO(2M) powder PEO(2M) aqueous solution
(22wt% aqueous glycerol solution) (0.05wt%~0.4wt%) at 70 °C + PS particle(0.01v%) + TWEEN 20
Figure 2.2. Sample solution preparation. By mixing DI water and glycerol, 22 wt %
aqueous glycerol solution is initially prepared as Newtonian solution. Polyethylene oxide
powder is resolved into the Newtonian solution with different weight fraction from 0.05 to
0.4 at high temperature. Finally, microparticles and surfactant are suspended into

viscoelastic solutions.
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2.2.3. Flow characterization

Dilute polyethylene oxide (PEO) solution is used as a viscoelastic medium due to its
viscous and elastic properties. The rheological properties of viscoelastic solutions such as
the steady shear viscosity (1) and the relaxation time (1) are measured by a rotational
rheometer (MCR-301, Anton Paar) and a capillary breakup extensional rheometer (CaBER-
1, ThermoHakke), respectively. PEO solutions with different PEO concentrations ranging
from 500 to 4000 ppm were prepared. It is observed that the viscosity and the relaxation
time increase with increasing the PEO concentrations in the medium (Figure 2.3 and Table
2.1). It is shown that the shear-thinning effects are clearly negligible as the PEO
concentrations are in the range of 500 to 2000 ppm. For 2500 and 3000 ppm solutions, the
shear thinning effect becomes obvious. Indeed, the significant shear-thinning behavior is
clearly observed for PEO concentrations exceeding 3500 ppm (Figure 2.3). We aim to
exclude any shear-thinning effects on particle migration so that 2000 ppm PEO solution
was mainly used in our experimental and theoretical studies. The relaxation times of the
PEO solutions were characterized by fitting with the Bird-Carreau viscosity model. The
Bird-Carreau model is defined as (1 — 7o)/ (Mo — Neo) = (1 + (AP)*) ™~ D/@ where 1,
is the infinite shear viscosity, 7, is the zero-shear viscosity, a is the dimensionless
parameter for the transition from zero-shear rate region to power-law region, and # is the
power-law index. The fluid relaxation time of the PEO solutions was measured by using a
CaBER instrument, and were compared with the Bird-Carreau model. The relaxation time
measured by the CaBER was listed in Table 1. Furthermore, the relaxation time estimated
by the Bird-Carreau model was provided with a 95% confidence interval for each

parameter,*3+4

and were compared with the fitting model of the concentration-dependent
relaxation time for dilute polymer solutions (Figure 2.4).4
In a dilute entangled polymer solution where the polymer concentration ¢ >

c*=3M/ 47TNAR93, the longest relaxation time A depends on the polymer concentration ¢

due to the polymer interactions between different chains as A = A¢[1 + cA — V2(cA)*® +
2(cA)?] 448 Here, M is the molar mass, N, is the Avogadro number, and Ry =
0.0215M0-58310.031 s the radius of gyration in a dilute solution,** A, is the longest
relaxation time at an infinite dilution, and A = 0.5[n] is a scaling parameter. For our PEO

solutions, R, is calculated to be 100 nm and ¢ is 790, and that the c_loncentratio_n- :
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dependent relaxation time model in a dilute polymer solution can be applied when the
polymer concentration ¢ > c*. It is found that the relaxation time fitting model shows good
agreement with the experimental values. The relaxation time tends to have wide error bars
as the polymer concentrations are below 2000 ppm due to the weak shear-thinning effect
(please see Figure 2.4).

The particle migration in the viscoelastic fluid is determined by the combination of
the elasticity and inertia of the fluid.*® The Reynolds number, Re, is a dimensionless number
that accounts for the relative importance of inertial and viscous effects, which can be
defined as

_puDbp _ 2pQ _
Re = n n(W+H) (2-1)

, where H is the channel height, W is the channel width, p is the fluid density, u is the fluid
velocity, and D, = 2WH /(W + H) is the hydraulic diameter of rectangular channel. The
elastic effect of flow is represented by the Weissenberg number, Wi, which encompasses

the relaxation time (1) and the characteristic shear rate (y.). Wi is defined as

2AQ
HW?

Wi =2y, = (2-2)
, where y,. = 2U /W = 2Q/HW?. The fluid elasticity is characterized by the competition

between Re and Wi. The elasticity number (El) is defined as

Wi _ An(W+H)

El=—= .
Re pW?2H

(2-3)

When the viscoelastic fluid has no apparent shear-thinning effect, EI becomes
independent of the flow rate and only depends on the viscosity of fluid and the relaxation
time in a specific channel. The elastic force becomes more dominant than the inertial force
as El becomes larger than unity. Since our experiments were carried out in the range of
0.35 < Re < 30.07 and 1.668 < Wi < 57.715, the resulting elasticity of the viscoelastic fluid
is described with 0.66 < El < 13.36. Typically, single-line particle focusing in a viscoelastic

fluid occurs when El > 1.51°
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Figure 2.3. Viscosities of diluted PEO viscoelastic solutions with respect to different PEO

concentrations.
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Table 2.1. Rheological properties of diluted PEO viscoelastic solutions. The fitting
parameters of a, n, and Amean for the Bird-Carreau viscosity model represent the mean
values of the transition from zero-shear rate region to power-law region, the power-law
index, and the mean value of relaxation time, respectively. The relaxation time is measured

experimentally by using a capillary breakup extensional rheometer (CaBER).

Polymer Bird-Carreau model CaBER
concentration
[ppm] a n Jmean [S] Amean [8]
500 0.00137 0.98817 0.01404 0.015
1000 0.02817 0.95559 0.01959 0.0184
1500 0.06303 0.93016 0.01918 0.0198
2000 0.94246 0.89214 0.02206 0.0217
2500 1.21754 0.68414 0.02302 0.0232
3000 2.19084 0.61134 0.02352 0.0243
3500 2.47148 0.58312 0.03296 0.0338
4000 2.63601 0.56314 0.04009 0.0432
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Figure 2.4. Relaxation time A as a function of solvent weight percent. Red symbols
represent the experimental data obtained by a CaBER instrument. The experimental data
was compared with the Bird-Carreau model (black symbols) derived from a viscosity fitting.
Error bars for the black symbols are derived from a 95% confidence interval. Dashed line
is a curve fitting from the concentration-dependent relaxation time model for dilute

polymer solutions.
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2.3. Numerical analysis

We carried out numerical simulation to analyze the effect of channel aspect ratios on the
first normal stress difference. Since the first normal stress difference (N; = Ty, — Tyy) of
the solution is much higher than the second normal stress difference (N, = 7,,,, — 7,,), the
first normal stress difference is a major driving force for the particle migration together
with the inertial force.**> For the simulation, the steady-state momentum equation is

expressed as
o (Z—’t‘ +(u- V)u) = V- (—pl +n,(Vu+ (Vw)) + T) (2-4)
and the extra stress contribution (upper convective Maxwell model) is defined as follow
T+A(S+ @ VT - [(Vu) - T+T- (Qw)']) = n,(Vu + (V)") ~ (2-5)

, where u is the velocity vector, A is the characteristic relaxation time, 1, and 7, are the
viscosities of polymer and solvent, and the total viscosity (n) is 1, + 7. These two
equations are solved along with the continuity equation to confirm the effect of N;
distribution according to channel aspect ratio. The normal stress 7,, was subtracted from
T,y to obtain N;, and then N; was normalized with its maximum value to compare the
values of N; with different channel aspect ratios.

Shear gradient lift forces acting on the particles for different channel aspect ratios were
also predicted numerically to understand the force balance between the inertial force and

the shear gradient lift force. The shear gradient lift force is defined as
F, = fipu*a®/W (2-6)

, where f; is the dimensionless coefficient, p is the fluid density, u is the fluid velocity, a
is the particle diameter, and W is the channel width.>! From the numerical calculation, the

lateral fluid velocity u is obtained. Then, the shear gradient lift force is calculated together

§ i i 5
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with the particle diameter = 15 pm, the channel width W = 25, 50 and 100 um, the
fluid density p = 1g/cm?®, and the dimensionless coefficient f; = 0.5. For most
microfluidic applications, the lift coefficient remains to be constant, which is approximated

as fi ~ 0.5at Re <100.%
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2.4. Results and Discussion

2.4.1. Multiple particle focusing behavior

It has been reported that particles were aligned along the centerline of a straight channel
under pressure-driven flow by adding the so-called elasticity enhancers such as polymers
and DNAs,!0-11:21:33°55 Particles in a 1:1 aspect ratio rectangular channel are focused at the
center and four corners when E/ is on the order of 10 for inertia-less flow. When El
becomes on the order of 10!, the number of the multiple equilibrium positions is reduced
to one equilibrium position at the centerline of the channel.

Here, we designed a rectangular channel with double inlets and 4:1 aspect ratio for the
formation of multiple-line particle focusing (Figure 2.5). The inertial and elastic forces are
altered depending on the channel aspect ratio, which may create different equilibrium
particle positions as a result of the force balance between them. 2000 ppm PEO aqueous
solution was injected into the double inlet channel with the flow rate of 0.3 ml/hr. Once the
particles are introduced, they start to migrate towards the centerline due to the fluid
elasticity. However, the two lines do not merge at the center due to the fact that the shear
gradient force pushes the particles away from the centerline of the channel. For a 1:1 aspect
ratio rectangular channel, the double-line focusing is not found because the elastic force
outweighs the shear gradient force. It should be noted that the particles are easily aligned
in double-line as they are introduced through two inlets since the shear gradient force at the
center becomes high when the flows from the two inlet meet at the straight channel.
Consequently, the particles introduced into the two inlets are aligned along the two different

equilibrium focusing positions.
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(a)

(b)

(c)

(d)

Figure 2.5. Particle focusing behavior in the 4:1 double inlet channel: (a) Bright field image
of the channel. 2000 ppm PEO solution with fluorescent PS particles was injected into the
channel with the flow rate of 0.3 ml/hr. (b) and (c) Particles are introduced into the upper
and lower channel inlets, respectively. (d) Particles are introduced into both channel inlets.
The particles are focused at the specific locations in the channel. The asymmetrical outlet
is designed to clarify the multiple-line particle focusing at the channel outlet. Scale bar =

100 pm.
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2.4.2. Channel aspect ratio effect

The elastic force acting on the particles can be estimated using the first normal stress
difference (N;) of viscoelastic fluids such as PEO and PVP solutions. The elastic force is
evaluated with use of Fz~a3VN;, where a and N; are the particle diameter and the first
normal stress difference, respectively. The scaling law of the elastic force is derived from
the gradient of the first normal stress difference Ny = Ty, — 7y, Particles suspended in
viscoelastic solutions can be affected by the gradient of 7, and the gradient of 7,,, along
the y-direction. Furthermore, the second normal stress differences N, = 7,,,, — 7,, is not
a trivial factor for lateral particle migration in Poiseuille flow.'>!” Due to the complexity,
many researchers neglect the N, contribution and assume the transverse elastic force
exerted on the particle is proportional to the gradient of N;.!*!® Here, we also used a scaling
law as Fz~a3VN;. We confirm that the normalized N; shows the lowest values at the
center of the cross-section (y/L = 0) for 1:1, and 2:1 channel aspect ratios (Figure 2.6). On
the other hand, the normalized N; for the 4:1 channel aspect ratio has a wide range of the
minimal value along the centerline in the y-direction range of -0.5 < y/L < 0.5. Therefore,
the particles in the 1:1 aspect ratio channel are focused preferably at the center compared
to the other channels. For the rectangular channel, it was already reported by other
researchers that the particles are focused at the center due to high elastic force of the fluid
(El ~ 0(2)).6184

We observed the transition from the single-line particle focusing to the multiple-line
particle focusing for the first time in this study, and demonstrated the effect of the gradient
lift force and the effect of particle sizes. It is shown that the gradient of the first normal
stress difference remains unchanged in the range of -0.5 <)/L < 0.5 at the centerline of the
cross-section as the channel aspect ratio becomes high, which can generate the broad in-
plane particle focusing (Figure 2.6 (b)). Whereas the shear gradient lift force is a parabolic
function along the centerline of the cross-section even though the channel aspect ratio
becomes high, the particles can migrate towards the side walls of the channel (Figure 2.7).
In addition, the particle migration towards the side walls is more obvious when the particle
size becomes larger since the shear gradient lift force depends on the volume of the particle

(Figure 2.8 (a) and 2.8 (b)). We measured the rheological properties of 2000 ppm PEO
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solution to calculate Wi and Re with different channel aspect ratios. The viscosity and the
relaxation time of the fluid are measured to be 27.4 mPa-s and 21.7 ms, respectively. The
normalized fluorescence intensity peaks represent the particle focusing locations along the
lateral position. For the 2:1 aspect ratio channel, a single-line particle focusing at the center
is detected when El is 6.77 (Figure 2.9). A large elasticity number indicates that the elastic
force is stronger than the inertial force in the rectangular channel. The double-line focusing
of the particles becomes visually discernible as the Wi reaches 77.078. For the 4:1 aspect
ratio channel, it is remarkable that the double-line focusing becomes more clear at low E/
(Wi/Re = 2.82) (Figure 2.10). From these results, we understand that the double-line
particle focusing is associated with the competition between the elastic and inertial forces
depending on the channel aspect ratio. In this sense, the effect of channel aspect ratio should
be considered to understand the mechanism of the multiple-line particle focusing in the

microchannel.
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Figure 2.6. Analysis of multiple-line particle focusing: (a) First normal stress difference
(N;) in the cross-sectional area was obtained by numerical simulation. (b) Higher channel

aspect ratio leads to broader plateau region of Nj.
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Figure 2.7. Normalized shear gradient lift forces with different channel aspect ratios,

assuming that the particle size is 15 um, the fluid density is 1 g/cm?, and the dimensionless

coefficient f_ is = 0.5.
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Figure 2.8. Particle migration in 2000 ppm PEO solution with the flow rate of 0.3 ml/hr
depending on the particle sizes of (a) 10 um and (b) 15 um. A hundred of images are
superposed for better observation of the particle migration.
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Figure 2.9. Particle equilibrium positions in 2:1 aspect ratio channel with double inlets.
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Figure 2.10. Particle equilibrium positions in 4:1 aspect ratio channel with double inlets.
The two peaks of fluorescence intensity are observed over the entire /i and Re ranges for
the 4:1 aspect ratio channel. The distance between the two lines increases with an increase

of the flow rate. Scale bar = 50 um.
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2.4.3. Polymer concentration effect

Polymer concentration in a non-Newtonian solution determines the viscoelastic properties
of the solution when it flows through the confinement. Generally, the elasticity (E/)
increases with increase of the polymer concentration. In this study, we demonstrated that
the flow is strongly influenced by the geometric effect. Although the particle suspension is
injected into the high aspect ratio microchannel, the multiple line particle focusing behavior
and gap between the focusing lines can be manipulated by the polymer concentration.

As shown in Figure 2.11 and Table 2.2, the location and the number of particle
focusing lines can be systematically tuned by changing the flow rate and the concentration
of fluid. Under the fixed flow rate, 0.3 ml/hr, the polymer concentration is varied from 1500
ppm to 4000 ppm in order to examine the elasticity effect of the medium for the multiple
particle focusing. When the concentration of the PEO solution is 1500 ppm, the double-
line particle focusing is observed near the channel sidewall. When the elastic force
generated by the elasticity of fluid is comparably smaller than the inertial force, the
particles tend to migrate towards the channel sidewall (Figure 2.12). The distance between
the two lines decreases with increasing the concentration of the PEO solution. When the
concentration increases to 2500 ppm (£7 = 3.322), the particles are double-focused with
shorter gap comparing to the double focusing in 1500 ppm solution (Figure 2.13). When
the concentration becomes 3500 ppm (E/ = 10.05), the single-line particle focusing is
observed (Figure 2.14). Focusing locations for each solution were evaluated by image
processing by using particle fluorescence intensity analysis. In addition, the two particle
focusing lines become estranged from each other as the flow rates increase as image
processing results in Figure 2.15. This demonstrates that the double-line particle focusing
occurs when the inertial force outweighs the elastic force at the same E/, resulting in the
particle migration towards the channel sidewall. On the contrary, as the fluid elasticity
further increases (i.e., El dominates), the particles move toward the centerline due to the
increased elastic force. This leads to the single-line particle focusing as shown in Figure
2.15. Indeed, the double-line particle focusing is quasi-stable, which can be tuned by the

elastic force of the fluid.
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Figure 2.11. Double line particle focusing behavior under different concentration and the
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Table 2.2. Double line particle focusing behavior according to the polymer concentration

(c [ppm]) and the flow rate (Q [ml/h]).
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Figure 2.12. Particle focusing location in 1500 ppm PEO solution and force competition

scheme in 4:1 microchannel. Scale bar indicates 100 pum.
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Figure 2.13. Particle focusing location in 2500 ppm PEO solution and force competition

scheme in 4:1 microchannel. Scale bar indicates 100 pum.
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Figure 2.14. Particle focusing location in 3500 ppm PEO solution and force competition
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Figure 2.15. Plot of the focusing location as a function of E/. As the fluid elasticity

increases, the distance between the particle equilibrium positions decreases.
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2.4.4. Channel inlet number effect

Previously, we explored the double line particle focusing behavior and mechanism by using
a 4:1 rectangular microchannel with double inlets. And the double inlets induces wall-
repulsion force and shear-gradient force at initial injected flow. These hydrodynamic forces
allow the double line particle focusing at the downstream. Similar to the double line particle
focusing experiment, another 4:1 rectangular microchannel with triple inlets was designed
in order to confirm the inlet number effect for the multiple line particle focusing. The
multiple-line focusing can be clarified as the particles are introduced at multiple inlets.
(Figure 2.16). The particles suspended in the upper inlet are prone to align close to the top
sidewall, creating a single-line particle focusing (Figure 2.16 (a)). When the particles are
introduced through the multiple inlets, the multiple-line particle focusing is identified
(Figure 2.16 (c)). The constriction of Y-shaped inlet bifurcates the streamlines of the
particles that are introduced through the inlet, which can facilitate the multiple-line particle
focusing in the straight channel. From these results, we confirm that the formation of the
multiple-line particle focusing can be facilitated by the inlet geometry, e.g., the number of
channel inlets. The double-line particle focusing can also be observed in the single inlet
channel with the 4:1 aspect ratio (Figure 2.17), meaning the inlet geometry is not a
prerequisite factor but enhances the double-line focusing efficiently. The particles are
pushed towards the channel walls due to the shear gradient lift force. When the shear
gradient force outweighs the elastic force, the particles are finally aligned along the channel
walls by the fluid elasticity at £/ ~ 2.82. The shear gradient lift force exerted on the particles
is dependent on their particle sizes.'>!8273842 We also observed that the particle migration
towards the side walls is more obvious when the particle size becomes larger (Figure 2.8

(a) and 2.8 (b)).
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Figure 2.16. Multiple-line particle focusing in the triple-inlet microchannel: (a) Particles
introduced into the upper inlet are aligned at a single position close to the top sidewall. (b)
Particles injected through the middle and lower inlets are focused at the two different
positions in the channel. (c¢) The three inlet channel generates the triple-particle focusing

lines in the downstream channel. Scale bar = 100 um.

47



, Flow direction

Figure 2.17. Particle focusing behavior in a single-inlet straight channel. (a - b) In 4:1
channel aspect ratio, particles are widely distributed at low flow rates (from 0.1 to 0.3
ml/hr). (c) The wide band is narrowed and becomes a double-line particle focusing when
the flow rate exceeds 0.4 ml/hr. (d) The double-line particle focusing is formed when the
flow rate is 0.5 ml/hr. The double-line particle focusing in the single-inlet straight channel

is not as much obvious as in the double-inlet straight channel. Scale bar = 100 um.
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2.4.5. Re — Wi working space for multiple focusing

Our experimental results re-confirm that the particles suspended in a viscoelastic medium
migrate towards the centerline of the channel due to the elastic force. However, if the
inertial force becomes more dominant than the elastic force in high aspect ratio channels
especially, the particles migrate towards the channel sidewalls, leading to the multiple-line
particle focusing. It is confirmed that the multiple-line particle focusing is mainly generated
by the force balance between the elastic and inertial forces, and can be facilitated by the
geometry effect. The flow conditions in the concentration ranges of 500 to 2000 ppm PEO
solutions do not occur any elastic or shear flow instability which may affect the equilibrium
positions of the particles. To confirm this, we introduced a food dye and fluorescent PS
particles through the upper inlet, and non-fluorescent PS particles through the lower inlet
(Figure 2.18). There is no elastic or shear flow instability at the interface while molecular
diffusion is achieved at the outlets (Figure 2.18 (a)). The fluorescent particles introduced
through the upper inlet are focused at the off-centered line close to the upper sidewall, while
the non-fluorescent particles introduced through the lower inlet are focused close to the
lower sidewall (Figure 2.18 (b)). This result convinced us that the mechanism of the
multiple focusing is based on the effect of channel geometry (e.g., number of inlets and
channel aspect ratio). An illustration of the focusing mechanism is described in Figure 2.19.

The relative importance of elastic and inertial forces in the flow can be captured
quantitatively with the elasticity number (Figure 2.20). Most of previous studies on the
particle migration in viscoelastic fluids focused on highly elastic fluids (E/>>1). Lim et al.
recently observed particle migration in weakly elastic fluids (£/~0.1) towards the channel
centerline over a wide range of 10 < Re < 10*.'* When E is larger than unity, the inertial
force is overwhelmed by the elastic force. In our study, the particle migration is observed
in the range of 10~ < El < 10 with different channel aspect ratios (Figure 2.20 (a) and
2.20 (b)). Interestingly, we observe the transition between the multiple-line and single-line
particle focusing within the flow conditions. Note that the multiple-line particle focusing
is generated even at a low fluid elasticity (E£/~1.483) by not only the channel geometry but
also the elasto-inertial force balance of a fluid. We anticipate that this study will help design
microfluidic platforms for the enrichment and separation of micro and nanoparticles

encountered in a variety of applications of biology, chemistry, and nanotechnology.
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Figure 2.18. Inlet number effect verification. (a) A food dye is injected into the upper inlet
channel. Molecular diffusion is completed at the channel outlet. (b) Fluorescent and non-
fluorescent PS particles are introduced into the upper and lower inlets, respectively.
Fluorescent particles (in red) are focused at the off-centered line close to the upper sidewall
while non-fluorescent particles (in dark) are focused at the off-centered line close to the

lower sidewall.
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Figure 2.19. Effect of the inlet geometry of channel and the force balance between inertial
and elastic forces for the multiple-line particle focusing: Schematic illustration of the
geometry effect and the force balance. The multiple-line particle focusing is generated

along with the molecular diffusion of the viscoelastic medium.
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Figure 2.20. Re — Wi working space for the multiple-line particle focusing in the straight
microchannels: (a) The red line represents that the elasticity number (£/) is unity. The
values of £l > 1 indicates elasticity-dominant flow, whereas the values of £/ < 1 indicates
inertia-dominant flow. The black lines correspond to the range of Wi and Re reported by
different researchers. The previous studies were mostly carried out in the elasticity-
dominant flow (£ > 1). The dashed line corresponds to the range of Wi and Re explored in
this study. (b) Magnified view of our experimental conditions. The blue dots and the red
dots represent single-line and double-line particle focusing in the microchannel,

respectively.



2.5. Summary

We investigated the multiple-line particle focusing by tuning elastic and inertial forces
acting on particles suspended in a viscoelastic fluid. The effects of the channel geometry
and aspect ratio on the particle focusing were examined. Numerical analysis was conducted
to understand the underlying physics behind the particle focusing in a viscoelastic fluid.
From the simulation we confirmed that the minimal region of the first normal stress
difference became wider as the channel aspect ratio became higher, resulting in a wide
distribution of the particle focusing in the mid-plane of the channel. The transition from the
single-line to the double-line particle focusing occurred when the inertial force
overwhelmed the elastic force in the high aspect ratio channel. However, the particles
moved towards the centerline of the channel when the fluid elasticity was dominant over
the fluid inertia (£ > 3.79), thus leading to the single-line particle focusing. The multiple-
line particle focusing was generated even at a low fluid elasticity (1.483 < El <3.79). The
multiple-line particle focusing can be facilitated by the inlet geometry, e.g., the number of
channel inlets owing to two reasons. First, the particles introduced through the channel with
multiple inlets follow their streamlines and be entrained in the streamlines in a converging
region of the straight channel, generating the multiple-line particle focusing along the
straight channel. Second, the particles close to the wall at each inlet are sparse due to the
wall repulsion force, which helps the rapid formation of the multiple-line particle focusing
rather than in the case when introducing the particles in a single inlet channel. We expect
this work will provide meaningful insights to understand particle focusing behaviors under
viscoelastic flows. We also envision that this fundamental study will help design
microfluidic platforms for the enrichment and separation of micro and nanoparticles

encountered in a variety of applications of biology, chemistry, and nanotechnology.
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Chapter II1.

Particle logic based on multiple focusing

3.1. Introduction

Recent advances in microfluidics are standing out technological challenges in a wide range
of applications such as biological, medical, sensor and optical areas. In particular,
microfluidic devices which are able to handle extremely small volume of fluid in the range
of micro-liters to pico-liters are used in biological and analytical chemical applications due
to the precise manipulation of fluid and particles in a microscopic environment. Moreover,
many attempts have been made to embed various engineering technologies into the
microfluidic platforms. On the other hand, digital electronics, which deal with discrete
bands of analog levels, have attracted a great deal of attention especially in computer
architecture due to their advantages over analog electronics, such as exact representation
of signal and easy storage of information. Digital electronic circuits are generally
constructed with logic gates based on the Boolean logic functions. Nowadays, they are
implemented with help of various material systems, e.g., quantum dot logic,"? synthesis
logic,** textile logic,> genetic logic,*® and so on. 17

Integration of microfluidics with electronics makes it possible to develop a new
platform with functions of logic operation, fluidic transistors/diodes, circuit, and memory
devices.'"®* Especially, the binary logic operation is capable of performing simple
calculations such as addition, multiplication and subtraction, which is the basis of the
arithmetic unit in electronics. Integration of logic to other studies has been tried for the
detection application or the explanation of peculiar property. Logic operation in electronics
is expressed with binary number (or Boolean operation), 0 and 1, given as input and output
value. For examples, AND operation is defined as multiplication of input A and B, which
is described in Figure 3.1 (a) with a logic gate and a truth table. If input A and input B is
added, the gate is defined as OR gate (Figure 3.1 (b)). Also, there is NOT gate indicating
the opposite binary value of input value (Figure 3.1 (c)). These three logic gates are the
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basic logic gate for adopting all logical calculation of inputs (e.g., NOR, NAND,
XOR...etc.).

For the logic operation in electronics, the control variable is only voltage in order to
assign the binary number of input and output. Likewise, the control variable should be only
one when the logical concept is integrated with microfluidics. For examples, existence of
droplets/particles in a channel or on/off of an external force can be set as a control variable
under the fixed flow conditions. Microfluidic computation has been fulfilled using an
electrowetting-on-dielectric (EWOD) fluid control system or electorheological fluids with
an external feedback.?*** Elastomeric pneumatic valves and switches employed for the
microfluidic computation allows one to control fluid precisely, but generally accompanies
complicated external systems as well.?>?°=3° On the other hand, droplet-based microfluidic
devices have implemented the operation of basic logics, flip-flop memory, and
cascadability with use of the hydraulic resistance relying upon the microfluidic droplet
dynamics.'®1%3173 However, it is not easy to precisely control the position and trace of
microparticles such as PS particle and blood cells in the microfluidic channel due to the
negligible interaction between particles. Here, we devise a microfluidic inertia-elastic
particle focusing system able to perform manifold logic operations with high accuracy.
Existence of particles is selected as only variable and the other conditions (e.g., particle
size, flow rate and fluid elasticity) are fixed for a designed microchannel. While particle
focusing has been vaguely explained as a method of particle manipulation in a continuous
flow, the integration of particle focusing for logic devices designs the particle control more
systematically for a facile sample treatment. By considering geometry of the microchannel,
the logical outputs are determined and the result can be predicted theoretically according
to the design of a device.

Passive particle manipulation has been widely investigated using viscoelastic
properties of polymeric solutions. The combination of elastic and inertial forces results in
the particle migration toward the equilibrium location based on the gradient of the normal
stress difference developed in non-Newtonian flow.*** In addition, nonlinearity of
viscoelastic fluid has been applied to a microfluidic memory device with electronic
functions.?!4
A new microfluidic logic device is introduced in this study based on particle dynamics

in viscoelastic flow using hydrodynamic forces, intrinsic properties of fluids, and channel
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confinement.*>*¢47 A binary number “0” or “1” is assigned at the input/output channels
depending on the existence of particles, and then basic logics including XOR, AND, OR,
Buffer, and NOT are implemented by using a combination of the binary numbers in the

input/output channels. Figure 3.2 shows a schematic illustration of the microfluidic logic

device.

(@ (b) (©) E
A — : A
X X A X

AND OR NOT
Input(A) | Input(B) AND Input(A) | Input(B) OR
Input (A) NOT
0 0 0 0 0 0
0 1
1 0 0 1 0 1
1 0
0 1 0 0 1 1
1 1 1 1 1 1
Y
X=A-B X=A+B X=A

Figure 3.1. Basic logic gate for logic operation. (a) AND gate and truth table, (b) OR gate
and truth table, (c) NOT gate and truth table.
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Figure 3.2. A schematic illustration of a microfluidic logic device.
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3.2. Experimental

3.2.1. Design and fabrication of a microchannel

The microchannel is fabricated using a standard soft lithography method with
Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) which was explained with
Figure 1.1 in Chapter I. A replica mold is prepared on a silicon wafer with negative
photoresist (SU-8, Microchem Corp.) The PDMS solution composed of base and curing
agents (10:1) is poured onto the SU-8 master. The mold is degassed in a vacuum chamber
for 1 hour and cured in an oven at 65 °C for 6 hours. The PDMS channels are peeled off
and punched using a puncher with a 1.5 mm diameter (Uni-Core, Harris) for tube
connections. The channels are bonded onto a glass slide by using a plasma cleaner and
heated at 120 °C for 1 hour to enhance the bonding strength.

The microfluidic device is designed to manipulate the particle focusing location in the
channel (Figure 3.3), hydrodynamically. The cross-sectional aspect ratio (AR=W:H) of the
microfluidic channel is 4:1, and 3 inlets are assigned as inputs A, B, and a supporting input,
EN. The width of the channels for inputs A and B is 100 pm, and the width of the channel
for the supporting input EN is 50 um such as Figure 3.3 (a). The channel length for the
particle focusing is calculated by a single dimensionless parameter, 6 =
Wi(L/W)(a/W)? where Wi (= Ay = 2AQ/HW?2) is the Weissenberg number, A is the
relaxation time, Q is the flow rate, W is the channel width, H is the channel height, and L
is the focusing length. When the viscoelastic fluid flows with a flow rate of 0.1 ml/hr, Wi
is 4.4035 and O is 1.>** This satisfies a condition necessary for the viscoelastic particle
focusing. As a result, the calculated particle focusing length is approximately 6 mm. Since
the length of the input channel is 25 mm, it is long enough to stabilize the position of
particles. The supporting input EN, acts as a modulator for the logic operation. The inlet
flows are converged, forming multiple particle focusing lines in the straight channel with a
width of 100 um and a length of 10 mm. The straight channel is referred to as a merging
channel in this paper. The merging channel is connected to the expansion chamber (W=
3100 pm, H=25 um, and L= 1 cm). The entire geometry and dimension of the microfluidic

channels are determined based on the numerical simulation. In particular, the width and
b . i ¥
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connection locations of the single inlet and the four outlets in the expansion chamber are

tested and determined numerically. More details of the device are illustrated in Figure 3.3

(b).
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(2)

1:2

asymmetry

expansion

chamber
50 um

(b)
01
Input A 100
[
25 mm \ | 100 um 2 mm 3.1 mm|
+

1 mm
10 mm
O * / 10 mm
Input B

Source input (EN) Merging channel Expansion chamber 04

Height: 25 um

Figure 3.3. Design of a microchannel for logic operation. (a) Expanded images of

microchannel segments (b) Detailed scale of a microchannel.
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3.2.2. Sample preparation

Aqueous solution of 1500 ppm Polyethylene oxide (PEO, Mw= 2,000,000, Sigma-Aldrich)
is prepared for the medium. Deionized (DI) water and glycerol are mixed at a ratio of 22
wt%. PEO powder is then added to the 22 wt% glycerol aqueous solution. Finally, 6.42 um
fluorescent polystyrene (PS) particles (1% w/v, Nile red, FP-6056-2, Spherotech Inc.) are
suspended into the PEO solution with a small amount of TWEEN 20 (P1379-25ML, Sigma-
Aldrich) to prevent aggregation of the particles.

We demonstrated multiple line focusing criteria with respect to Re and Wi in previous
study and the multiple lines are stably formed when 1.483<EI<3.79 based on the criteria.®®
If El of the fluid is higher than 1.483, the location of the focusing lines are close to each
other near the channel center and it affects the outputs. Therefore, a microfluidic logic
device has to be designed according to the fluid elasticity. The distance between the
focusing lines is manipulated by the flow rate control with fixed fluid elasticity. As the
flow rate decreases, the multiple lines become closer to each other in the merging channel.
The slight difference of the focusing locations affects to the particle path at the downstream.
Since the multiple lines have to be well-separated when they pass through the expansion
chamber, 0.1 ml/hr of the flow rate is properly selected for the best performance.

Concentration of the fluorescent particles is fixed as around 0.017 vol% which allows
enough fluorescence intensity to observe the particle migration. The microchannel is
flushed with a viscoelastic medium to prevent the adhesion of particles onto the channel
wall and air bubble generation. The solution is injected into the microchannel using a
syringe pump (KDS 200, KD Scientific) with a flow rate (Q) of 0.1 ml/hr. An inverted
optical microscope (IX 53, Olympus) and a charge-coupled device (CCD) camera
(AcquCAM 23G, VISIONHI) are used to observe the particle flow. The lateral positions of

the particles are measured by image-processing with Image J and an Image-Pro software.
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3.2.3. Rheological properties of the solution

The rheological properties of a viscoelastic solution are measured by using a rotational
(MCR-301, Anton Paar) and a Capillary Breakup Extensional Rheometer (CaBER-1,
ThermoHakke). The steady shear viscosity (n = 15.8 mPa-s) and the relaxation time
(A = 19.8 ms) are determined by the experiments. A diluted polyethylene oxide (PEO)
solution is chosen for the viscoelastic medium since the solution shows proper viscous and
elastic properties. For the viscoelastic fluid, the elasticity number (E/) is defined as El =
Wi/Re, which is the ratio of the Weissenberg number (Wi= Ay = 2AQ/HW?) and the
Reynolds number (Re= pUDy/n). Here, y = 2U/W = 2Q/HW? is the characteristic
shear rate, and D, = 2ZWH /(W + H) is the hydraulic diameter of the rectangular channel.
Since this dimensionless number includes the channel geometry information, it varies

across the microfluidic logic device.
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3.3. Numerical analysis

Numerical simulation is carried out to analyze the effect of channel aspect ratios on the first
normal stress difference by using the commercial program COMSOL Multiphysics based
on Finite element method (FEM). For the simulation, the steady-state momentum equation

is expressed as
ou _ T

p (3 + - Vu) =V (=pl +75(Vu+ (V") +T) (3-1)
and the extra stress contribution is given by

T ) _ T

T + )\(5 +@W-VT—[(Vu) - T +T - (V) ]) =20,(Vu+ (Vw)’)  (3-2)

, where u is the velocity vector, A is the characteristic relaxation time, 7, and 7, are the
viscosities of polymer and solvent, respectively, and the total viscosity (n) is 7, + 7.

These two equations are solved together with the continuity equation to confirm the effect

of the N; distribution.
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3.4. Results and Discussion

3.4.1. Mechanism of microfluidic logic operation

The Boolean operators in the microfluidic logic device are implemented according to the
presence and absence of particle suspension flow in a channel. For example, if a particle
travels through input/output channels, the logical value “1” is assigned to the channel.
Otherwise, the channel has the logical value “0”. In order to manipulate the particle
focusing locations, the inlet assigned as “1” is only under continuous flow. When an inlet
has the logical value of “0”, it means that particle suspension is not injected into the inlet.
And it can be interpreted that only the medium flows through the output channel without
particles. The focusing location of particles in the upstream channel is of great importance
since the existence and absence of the particles in the downstream channels is determined
by the location. Furthermore, multiple-line particle focusing in the channel is needed for
operating multiple logic gates simultaneously. Basically, the viscoelastic complex fluids
enable the generation of the multiple-line particle focusing in the microfluidic channel with
a high aspect ratio.*® In the current study, the PEO solution is employed for the particle
focusing. The elastic force acting on the particle (Fz~a3VN;) in the complex fluid is
estimated using the first normal stress difference (N; = Tyx — Ty,) of the fluid, where a
is the particle diameter, Ty, is the normal stress in flow direction and 7,,, is the normal
stress in velocity gradient direction in our coordinate system. The particles are likely to
migrate laterally towards the channel center with the minimal value of N; due to the
imbalance between the elastic force and the inertial force.*>* In a high aspect ratio
microchannel, the focusing location can be controlled more actively by using the shear-
gradient lift force (F; ) depending on the channel configuration and confinement, such as
the inlet number and injection location.*® High channel aspect ratio leads to broad plateau
region of minimal Nj, so as the stable region for the particle migration become wider than
that in the low aspect ratio channel. Also, the particles introduced through the channel with
multiple inlets follow their streamlines and be entrained in the streamlines in a straight
merging channel due to wall-repulsion force at each inlet and shear-gradient force enhanced
by the multiple inlets. By the balance of the elastic and inertial forces, the multiple-line ,
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particle focusing is generated along the channel. The microfluidic logic device consists of
4:1 aspect ratio and the 3 inlets for the multiple particle focusing lines. An expansion
chamber is an additional part in order to utilize the particle streamlines for logic operations
based on the focusing locations at the merging channel. For the proper operation of the
logic gates, 1500 ppm PEO aqueous solution is adopted as a medium in the microfluidic

device, of which the fluid elasticity (El = Wi/Re = An(W + H)/pHW?) is 1.483.

3.4.2. Multiple focusing for logic operation

Figure 3.4 presents the results of multiple-line particle focusing in the merging channel.
The distribution of N; in the channel is numerically calculated to explain the mechanism
of the multiple-line focusing as shown in Figure 3.4 (a). As the channel aspect ratio
becomes high, N; distribution can generate the broad in-plane particle focusing, which
facilitates the multiple-line particle focusing in the merging channel. The focusing locations
are changed according to the applied input condition [AB]=[00], [10], [01], and [11]. Since
particles are injected through EN constantly, a supporting single focusing line is generated
in the merging channel for all the experiments. The elastic and inertial forces that particles
undergo results in different particle focusing patterns in the channel according to the input
condition. When A and B are equal to “0” as shown in Figure 3.4 (b-i), a single focusing
line of the particles supplied from EN is located at the center of the merging straight channel
(Figure 3.4 (c-i)). When the particles are injected into the input, A or B (Figure 3.4 (b-ii)
and 3.4 (b-iii)), the double focusing lines are generated in the input channel and then co-
exist as a single line from EN in the merging channel. If the particle suspension is injected
into only one of input channels, the flow detours along the other input channel. That is why
the focusing band, i.e., double-line particle focusing can occur in the input channels. As
well as the distribution of N, the position of particle focusing line is determined by the
main streamlines. Once two different flows are converged, the resulting streamlines change
depending on the flow rate. As a result, the particles in the converging region migrate
towards the side wall close to the input channel. At the same time, the shear-gradient force
due to the channel confinement pushes the particles to off-centered locations. Since the

focusing line formation is also affected by wall-repulsion force entrained from the injection,
¥



the number of focusing lines is equal to the number of inlet flows. The shear-gradient force
and the wall-repulsion force are categorized as the inertial force and the competition
between inertial and elastic forces in the merging channel is schematically represented in
Figure 3.4 (a). When both A and B represent “1” implying the particle injection (Figure
3.4 (b-iv)), clear triple focusing lines are generated in the merging channel as shown in
Figure 3.4 (c-iv). In this sense, the double focusing lines generated in the input channel are
clearer and closer each other than the lines in the cases of [10] and [01] in the merging
channel. The focused particles from the inlets are constrained into the merging channel and
the final locations of the multiple focusing lines are determined at the merging channel

before reaching the expansion chamber.
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Figure 3.4. Multiple-line particle focusing developed in the merging channel. (a)
Numerical simulation results of the first normal stress difference distribution in the 4:1
aspect ratio microchannel and schematic of force competition for the multiple particle
focusing locations in the cross-sectional N; distribution. (b) Fluorescent images of particle

injection in the inlets, A and B and (c) particle migration in the merging channel.
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3.4.3. Particle migration at expansion chamber

The particles aligned in the merging channel go into an expansion chamber through the
entrance positioned at the third location of the lateral surface of the expansion chamber.
This asymmetric geometry is designed and fabricated to control the multiple particle lines
in the expansion chamber more efficiently based on the simulation results of the elastic
force distribution and streamlines as shown in Figure 3.5 (a). The streamlines indicate the
possible focusing region of the particles for each input and the calculated streamlines from
the inlets of EN, A, and B are colored in red, green, and blue, respectively. Particle
migration is identified by using fluorescent particles (Figure 3.5 (b)). The fluid elasticity
allows particles to be sorted in the chamber with high resolution depending on the size,
which is the so-called ‘elasto-inertial pinched flow fractionation (EiPFF)’. As well as the
particle sorting, the particle focusing efficiency is enhanced with increasing the elastic
force. Similar to EiPFF mechanism, the multiple focusing lines are manipulated in the
expansion chamber. The focusing locations of the particles are measured for each input

condition by using image-processing as shown in Figure 3.6 and the separation resolution
_ Axi]-
(RU - Z(Si+Sj)

) between the focusing lines is evaluated for the confirmation of multiple

focusing, where Ax;; is the distance between the focusing lines, and the s; and s; is the
standard deviation of the i-th and j-th focusing locations. The higher value in the Figure
3.6 (a) represents the better separation of the focusing lines.

Meanwhile, the merging channel length can affect the desired focusing locations for
logic operation. The length of merging channel is designed as 10 mm. In fact, the effect of
the merging channel length on the particle focusing is negligible since the inlet channel
length is significantly large for the particle focusing. The length of the inlet channels is set
as 25 mm, which is long enough to satisfy the essential condition for the particle focusing
and the focusing length is calculated as 6 mm by using the relation, @ =
Wi(L/W)(a/W)?, when the viscoelastic fluid flows with a flow rate of 0.1 ml/hr,
Weissenberg number (Wi) of 4.4035 and @ of 1. The parameter @ indicates the required
value to trap all the particles within the ‘inner band” when the particle suspension flows in
a pipe (@ = 1).* The focused particles from the inlets are constrained into the merging

channel and the final locations of the multiple focusing lines are determined at the merging
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channel before reaching the expansion chamber. The focusing locations at the end of the
channel might be influenced by the merging channel length. Due to the balance of the forces,
the focusing locations are more stabilized compared with those at the entrance of the
channel as shown in Figure 3.7. While the single focusing line keeps the initial location
along the straight channel when AB is [00], the triple lines are slightly gathered towards
the channel center by the fluid elasticity when AB is [01]. If the merging channel is too
short, the focusing lines might be scattered at the expansion chamber resulting in error or

low efficiency for the logic outputs.
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Figure 3.5. Multiple-line particle focusing developed in the expansion chamber. (a) N
umerical simulation results of the first normal stress difference distribution in the exp
ansion chamber using Multiphysics COMSOL and colored lines are stream lines from
inlets (EN: red, Input A: green, Input B: blue). (b) Fluorescent images of particle m

igration in the expansion chamber.
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Figure 3.6. Measured focusing locations by image-processing with (a) Image-pro software
and evaluated separation resolution of the multiple particle focusing lines for each input

condition. (b) Fluorescence intensity of the focusing lines obtained by ImageJ.
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Figure 3.7. Comparison of the focusing location at the entrance and end of the merging
channel. (a) When AB is [00], (b) When AB is [01].
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3.4.4. XOR, OR and AND gates

The viscoelastic fluid in the chamber exits through 4 outlets, which represent specific
outputs in the logic gate proposed in this study (Figure 3.8). The ranges of lateral positions
for outlets 1, 2, 3, and 4 are 0~557 um, 557~1550 um, 1550 ~2543 um, and 2544 ~ 3100
um, respectively. The locations and dimension of the outlets are optimized numerically.
Figure 3.8 shows fluorescent particle images of the outputs obtained when inputs [00], [01],
[10], and [11] are applied to the microfluidic device. Depending on the location of particle
focusing lines in the channels, the particles go out through the outlets. Indeed, the focusing
location generated in not only the input channel but also the merging channel plays a key
role in determining the output binary number. When particle suspension is introduced into
both A and B, i.e., [11], the triple focusing lines are slightly moved downwards due to the
relatively enhanced inertial force. As a result, the outputs of outlets 2, 3, and 4 are found to
be “1”. On the other hand, when the input A or B is “0”, i.e., [10] or [01], the outputs of
outlets 1, 2, and 3 become “1”. The outputs based on particle extraction in the outlets are
evaluated using the normalized fluorescence intensity (Figure 3.9 (a)). Also, we carried
out the uncertainty analysis for the scattered peaks of the normalized fluorescence intensity
(Figure 3.9 (b)). Scattered peaks of the intensity are rearranged by the mean values and
standard deviation within the 95 % confidence interval. The probability of the particle
appearance at each output was evaluated by the fluorescence intensity since it has
correspondence with the lateral positions of the particles at the end of expansion chamber.
With 95% of confidence interval, we obtained the representative value of the peaks for the
logic operation. For example, when [AB] is [01], the normalized fluorescence intensity is
0.63+0.05 and the lateral position is 308.39+14.28um at the output 1 (O1) which is within
the confidence interval of 280.41< u(um) <336.37. From this, logic gates are assigned to
the outputs and the corresponding logic circuit is finally established as presented in Figure
3.9 (b).

The three elementary logic gates, i.e., XOR, OR, and AND are implemented
simultaneously using a single microfluidic platform (Figure 3.10). It is identified that the
microfluidic logic gates can successfully perform logic operations, i.e., Boolean functions
yield a single binary output according to a pair of binary inputs. The results of microfluidic

logic operations are compared to electronic logic gates. Inputs A and B are controlled by
¥



toggle switches and connected to logic gate IC chips (XOR, OR, and AND) on a breadboard.
The outputs are identified with use of LED lights (Figure 3.11). The supporting input EN

corresponds to the operating voltage. By using electronic system design tool VIVADO®

(Xilinix Inc., USA), inputs and outputs are depicted as signal waves (Figure 3.11(i)).
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Figure 3.8. Logic operations implemented using multiple-line particle focusing. (a) Fl
uorescence images of particle migration in the outlets for 4 cases: AB [00], [10], [01]

and [11] and (b) measured fluorescence intensity of the particles.
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Figure 3.11. Common electronic logic circuit matched with the microfluidic logic device.
By using two input logic IC chips, logic operations (XOR, OR, and AND) were compared

to the outputs in a microfluidic device. (i) Inputs and Outputs can be described as signal

waves by using electronic system design tool VIVADO® (Xilinx Inc., USA).
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3.4.5. Particle concentration and size effect

Additional analysis on the experimental results was conducted with 0.017 wt% of the
particle concentration, which was sufficient weight fraction for the clear fluorescent images.
In order to confirm the particle concentration effect, we carried out an additional
experiment with 0.1 wt% solution. Although there might be a difference in focusing
efficiency, the microfluidic logic operation is insensitive to the particle concentration
(Figure 3.12). We anticipate that high concentration of the particles makes the focusing
line more clear and enhance throughput without change of the logic operation.

The microfluidic logic device is designed to have an expansion chamber, thus, the
pinched flow obviously affects the particles. Kang et al. has studied elasto-inertial pinched
flow fractionation (EiPFF) under DNA dilute solution flow.*® When the particles enter the
expansion chamber, the lateral migration velocity is different due to the particle size
resulting in size separation. Here, we designed the microchannel for hydrodynamically
generated multiple line particle focusing. The logic device in this study is specifically
designed only for 6.4 um particles (blockage ratio of about 0.25) to realize the XOR, OR,
and AND gates. For the various particle sizes, the logical outputs cannot be defined as the
same as that of the channel using 6.4 pm particles because of the particle size effect. The
particle size effect was investigated in the previous work.® As the particle size increases,
double focusing lines are located near the walls since the shear-gradient lift force is
enlarged by proportionality of a® under the viscoelastic flow, where a is the particle
diameter. In the microfluidic logic device, the larger particles are focused near the channel
walls before reaching the merging channel, therefore, the focusing locations in the merging
channel and expansion chamber are determined by their initial focusing position (Figure
3.13 (a)). Different from the pinched flow fractionation, the particles keep the initial
streamlines along the initially injected positions. Therefore, the focusing location of the
particles critically affects the outputs of logic operation. For the state of AB [11], particles
of three sizes are employed to investigate the size effect on the logic function. As shown
Figure 3.13 (b), particles of 10 and 15 pm in diameter pass towards the outlet 1 as
designed for XOR gate, although there should be no particle in the outlet 1 when AB is
equal to [11]. The logic device in the manuscript is specifically designed only for 6.4 pm
particles (blockage ratio of about 0.25) to realize the XOR, OR, and AND gates. Another
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microfluidic logic device can be designed according to the particle sizes by expecting the
multiple focusing locations.

(®)
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Figure 3.12. When [AB] is [11], the experimental results were compared according to the

particle concentration.
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Figure 3.13. Particle size effect in a microfluidic logic device. (a) 3 sizes of particles are
injected into the microfluidic logic device when AB is [11]. The particles are entering to
the expansion chamber through the merging channel keeping their focusing locations. (b)
The output 1 is designed as XOR gate for only 6.42 pum particles. However, the larger
particles are easy to be extracted out through output 1 since the focusing locations of 10
and 15 pm particles from input A is weighed to the upper wall of the merging channel.
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3.4.6. NOT and Buffer gates

In a continuous flow, it is a challenge to implement an NOT gate by using particle
movement. However, the microfluidic logic device using multiple-line particle focusing
shows remarkably enhanced performance and possibility. Figure 3.14 shows the NOT and
Buffer operations in the device. The logic operations of the outputs are dependent only on
input A, while input B is set as another supporting input, EN. When input A is “0”, the
particles move towards outlet 1, indicating output “1” (Figure 3.14 (a)). However, input
“1” leads to output “0” (Figure 3.14 (b)). With help of the same mechanism, outlet 4 can
act as a Buffer gate, which duplicates the input value. The particle locations near each
output were also measured by image-processing and clear peaks were obtained by adopting
95 % confidence interval (Figure 3.15 (b)). The relevant logic circuit and truth table of the
single input microfluidic logic gates are presented in Figure 3.16. The electronic logic gates
are also confirmed as the results of microfluidic binary operation (Figure 3.17). Basic logic
gates including AND, OR, XOR, Buffer and NOT are gained at each output depending on
inlet flow. Furthermore, another logic gate or calculation can be designed by using different
geometry of the channel. The further consideration is needed to realize the microfluidic

logic calculation (e.g., multiplexer, adder and etc.) based on viscoelastic particle focusing.
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Figure 3.17. Common electronic logic circuit matched with the microfluidic logic device.
By using one input logic IC chips, NOT and Buffer operation were realized by electronic

logic and 1) signal waves.
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3.5. Summary

We demonstrate a microfluidic logic device using particle dynamics in the viscoelastic flow.
Elementary logic gates are implemented in a microfluidic platform with use of multiple
line particle focusing. Numerical simulation of viscoelastic fluids in the device is carried
out to understand the mechanism of the multiple line focusing and to determine the
dimension and geometry of the microfluidic device able to operate the logic gates. The
particle migration in the microfluidic device is manipulated via the control of elastic and
inertial forces of fluid. The fluidic logic circuits proposed in this study are compared with
common electronic logic circuits. The findings show that the microfluidic logic gates based
on the inertia-elastic particle focusing enables a wide range of such operations as XOR,
OR, AND, NOT, and Buffer. We foresee that the microfluidic logic device introduced can
show a possibility of developing new fascinating platforms by merging different

engineering technologies.
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Chapter IV.

Smart particle valve for logic circuit

4.1. Introduction

Manipulation of microparticles using a microfluidic device is of fundamental importance
in biological, pharmaceutical, and medical sciences. Control methods of suspended
particles have been extensively studied for decades in passive and active ways. In a typical
passive control method, the particles are aligned or separated by size when experiencing

the balance of forces that occur in the flow of Newtonian'® and non-Newtonian fluids.’ "

Some researches for the active control of particles have been reported using acoustic,?*2*

25-29 30-33

dielectrophoresis, optical power, and microvalve systems.>*3® Especially, the
microvalves for the particle/flow control are operated by external stimuli, allowing precise
and local manipulation. The flow is generally switched by the fluidic resistance difference

1,3738 thermo-reversible

induced by transition of fascinating materials such as hydroge
gelation polymer,*® elastomer,**** and shape memory polymer.**** The smart materials
integrated into the microfluidic system remains challenging, with complex structure and
microfabrication issues being a precise particle path control.

Shape memory polymers (SMPs)*** own the functionality to recover their original
permanent shape after the shape is deformed. It operates by applying external stimuli such
as heating and light irradiation. Molecular chains of SMPs consist of fixing and switching
segments, which are related with shape-memory and shape-recovery, respectively. For
amorphous SMPs, molecular configuration of the switching segments is transformed
depending on the phase state, from glassy to rubbery and vice versa. Large modulus drops
due to molecular structure difference drives the shape memory-recovery behavior. Based
on this smart function, SMPs have been applied in many research fields such as micro-

49-51

optics,*’*¥ dry adhesion,*=! antireflection,* and biometrics.>®

If the ability of SMPs is integrated with the microfluidic system, the flow can be
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controlled using pre-entered shape programing, which has great potential for microfluidic
fields. So far, few studies about SMPs for a microscale application have been developed
with self-designed synthesis methods. Droplets/water wetting was controlled according to
the surface hydrophilicity change by the deformable microstructure.>*>" Also, one of SMPs
was used as a microchannel replica instead of poly(dimethylsiloxane) (PDMS). By local
heating of the polymer, the water flow was blocked by closing the channel.*

In the passive system, microparticles are focused at equilibrium positions by the force
balance of elastic force and inertial lift forces under viscoelastic flow. This phenomenon is
based on the normal stress difference gradient developed in polymeric solution flow. In the
previous works'¥, we have demonstrated the multiple-line particle focusing by
hydrodynamic mechanism with the forces acting on the particles. Since the rigid particles
have negligible interaction and their size is small compared to the channel dimension, it is
hard to control the focusing position and the flow path of the particles and as far as we
know, the related researches have rarely been reported.

In order to manipulate the path of focused particles as intended, we built the strategy
to replace a constituent material of the microchannel from PDMS to the transparent acrylic
SMP (Shape memory copolyacrylate, SMCPAc) which was chemically designed and
synthesized in our group.*® Near body temperature, one outlet branch of the SMCPAc
microchannel was programmed for the focused particle control. If the focused particles can
be adjustable by external stimuli, a microparticle in a fluid can be assigned as a logical
value while droplet based logic operation has been mainly addressed in the microfluidic
system. With the local deformation of the SMCPAc microchannel, the path of the particles
at the downstream was manipulated based on the difference of the hydraulic pressure. After
demonstration of the particle control, we suggest a microfluidic logic circuit as an

application of the particle valve principle.
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4.2. Experimental

4.2.1. Synthesis of SMCPAc

A shape memory polymer should be designed as a basic material of this study. We
employed SMCPAc (shape memory copolyacrylate, SMCPAC) developed in our previous
work.*® A precursor solution consisted of two monomers mixed at the same ratio (methyl
methacrylate (MMA, Daejung Chem., Republic of Korea) and butyl methacrylate (BMA,
Daejung Chem., Republic of Korea)) and a cross-linker (polyethyleneglycol dimethacrylate
(PEGDMA), Mw=525, Sigma-Aldrich, United States). The volumetric ratio of the
monomers to the cross-linker was 1:2. In the solution, 0.2 wt% of a photo initiator
(phenylbis(2, 4, 6-trimethylbenzoyl) phosphine oxide (BAPOs), Sigma-Aldrich, United
States) was incorporated into the precursor solution. The precursor solution was vigorously
mixed with a vortex mixer for 30 minutes and then used in the synthesis. The synthetic

scheme was described in Figure 4.1.
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Figure 4.1. Chemical reaction scheme for SMCPAc synthesis. (a) Initiation of the reaction
by irradiation of UV light. (b) Extension of the prepolymer chains by the generated free
radical electrons. (c¢) Crosslinking reaction between the pre-polymer chains and the
crosslinker. (d) Suggested chemical structure of the SMCPAc. (e) Schematic illustration of
the SMCPAc consisted of the monomers (‘A’ and ‘B’ indicate MMA and BMA,
respectively) and the crosslinker (‘C’ means PEGDMA).
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4.2.2. Design and fabrication of a microchannel

A SMCPAc microchannel was replicated using the negative poly(dimethylsiloxane), a
PDMS mold. The microchannel with a channel aspect ratio (AR=W/H) of 4 consists of two
inlets and two outlets. The fabrication process capable of multiple replication of the mold
was selected in order to prevent the damage of a SU-8 master. A prepolymer and a curing
agent of the PDMS were mixed together and poured onto the SU-8 master. After degassing
the mixture in a vacuum chamber for 1 hour, it was cured at 70°C for 4 hours. The negative
PDMS channel was peeled off from the master. In order to replicate the positive ultraviolet
(UV) resin channel, the UV resin (NOA 68, EO Edmund) was poured over the negative
PDMS replica and irradiated with UV light (A~365 nm) for 2 hours at room temperature.
Then the positive UV resin mold was peeled off and the surface was silanated for 6 hours
by vapor deposition of trichloro(1H,1H,2H,2H-perfluoro-octyl)silane to easily detach the
SMCPACc channel.

A mold for the fabrication of the SMCPAc channel was made of the positive UV resin
channel and a slide glass with 1 mm spacers. The precursor of SMCPACc was injected into
the gap and synthesized by UV irradiation (A=~365 nm) for 15 minutes at 40°C. The
transparent SMCPAc channel was detached from the mold and punched with the Harris
Uni-Core 1.5-mm-diameter puncher (Sigma-Aldrich, United States), enabling the
connection of the tubes to reservoirs. For the stability of the tubing, the PDMS was bonded
at the location of the reservoirs. The SMCPAc channel was bonded onto an ITO glass spin-
coated with PDMS using a plasma-treatment for stronger bonding strength. The thickness
of the PDMS film coated on the ITO glass was about 1 mm. The fabrication process of
SMCPAc channel and cross-section of the fabricated microchannel are schematically

illustrated in Figure 4.2 and Figure 4.3.
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Figure 4.2. A schematic illustration for fabrication of SMCPAc microchannel.

Hose

Flow direction

+

SMCPAc channel (1 mm) 1’.

Cu tape
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4.2.3. Experimental setup

Polyethylene oxide (PEO, Mw=2M, Sigma-Aldrich, United States) powder was dissolved
into 22 wt% aqueous-glycerol solutions to produce the diluted polymer solutions. 2500
ppm of the diluted PEO solution, which has high elasticity, was prepared to neglect the
shear-gradient lift force hydrodynamically induced in the microchannel. Fluorescent
polystyrene (FPS) particles (Polysciences, United States) with a 6.42 um diameter were
suspended in a viscoelastic medium with a small amount of the surfactant TWEEN® 20
(Sigma-Aldrich, United States). The solution was injected into the microchannel using a
KDS 200 syringe pump (KD Scientific, United States) with the flow rate of 0.1 ml/hr.

For the shape programming process, the SMCPAc channel has to be heated up to the
operation temperature of 40°C. For Joule heating, a power supply (APS 3005S, ATTEN
Ins.) was connected to the copper tapes attached at the both ends of an ITO glass. Silver
paste was used for reducing contact resistance between the copper tapes and the ITO glass.
Simultaneously, the PS particles suspended in the PEO solution were injected into the
SMCPACc microchannel by using a syringe pump.

By using an IX 53 inverted optical microscope (Olympus, United States) and a
AcquCAM 23G charge-coupled device (CCD) camera, the particle migration was observed
in the microchannel. Particle focusing location was analyzed using Image-Pro Plus (Media
Cybernetics, Inc., United States) and ImageJ (National Institutes of Health, United States)

software.
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4.2.4. Thermomechanical properties of SMCPAc

Thermomechanical property of SMCPAc was investigated by running a dynamic
mechanical analysis (DMA) machine (TA Q800 DMA, United States) as shown in Figure
4.4. The cut specimen to 1x5.3x40 mm?® was held in the tensile mode clamp. Storage and
loss modulus of the sample were examined under 0.2% strain, 1 Hz frequency, 125% force
track, 0.001 N preload, and 5°C/min heating rate.

A cyclic stress-strain-temperature curve was obtained using the same machine, TA
Q800 DMA. A 3-point-bending test was proceeded after holding the same specimen used
in the tensile test. After heating the specimen above transition onset temperature (Tpyset»
40°C in our case), 2% strain was applied at the center of the specimen. After then, the
specimen was cooled to 0°C for shape-fixing. After unloading, the specimen was heated up

to 40°C.

4.2.5. Rheological properties of flow

Dilute polyethylene oxide (PEO) solution is used as a viscoelastic medium due to its
viscous and elastic properties. The rheological properties of viscoelastic solutions, such as
the steady shear viscosity (1) and the relaxation time (1), are measured by using a rotational
rheometer (MCR-301, Anton Paar) and a capillary breakup extensional rheometer (CaBER -
1, ThermoHakke), respectively. In the previous study, the distance between the double
particle focusing lines was closer as the concentration increase of PEO solution from 1500
ppm to 3000 ppm. Due to the channel geometrical features of y-shaped inlets, the particle
equilibrium regions can be bifurcated. And it facilitates double-line particle focusing by the
additional shear-gradient force. In order to generate high elastic force outweighing the
inertial forces, 2500 ppm PEO solution was selected and the double line particle focusing
was observed with the short distance between the focusing lines in the channel. Since the
temperature of the deformed microchannel increased up to 40°C in the shape-recovery
process, the viscosity of 2500 ppm PEO solution was also measured at 40°C.

For the 2500 ppm PEO solution, the elastic force (Wi) is more dominant than the
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An(W+H)

inertial force (Re) as elasticity (E/=Wi/Re= oWEH ) becomes larger than unity. The

Reynolds number(Re) is a dimensionless number that indicates the comparison of inertial

puby _  2pQ

= , where H is the channel
n n(W+H)

and viscous effects, which is defined as Re =

height, W is the channel width, p is the fluid density, u is the fluid velocity, and D; =
2WH /(W + H) is the hydraulic diameter of the rectangular channel. The elastic force is

21Q .
awe Whereyc

described by the Weissenberg number, Wi, which is defined as Wi = Ay, =
is the shear rate. The fluid elasticity is characterized by the ratio of Re to Wi. In this study,
the elasticity of the solution was calculated according to the temperature increase. The
viscosities were measured by increasing the temperature by using a rotational bulk-
rheometer MCR 301 (Figure 4.5). At room temperature, £/ is above the unity as 1.366. As
the temperature increases up to 40°C, the elasticity decreased as 0.933 due to the decrease

of the solution viscosity.
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Figure 4.5. Viscosities of 2500 ppm Poly(ethylene oxide) aqueous solution measured at

different temperature (25°C, 40°C, 60°C, 80°C).

106



4.3. Numerical analysis

4.3.1. Shape memory-recovery simulation

Numerical analysis was performed to model the shape memory behavior of SMCPAc
theoretically and to confirm stress distribution of the material during deformation.
ABAQUS/CAE, a commercial finite element method program, was employed in the
simulation with codded subroutines UMAT and SDVINI. A hyperelastic model, Neo-
Hookean model, was a constitutive model of the material with assumptions that strain
energy exists as a form of Helmholtz potential during deformation of the material and the
material is isothermal and compressible.

The mechanism of a shape memory polymer is as follows. The strain energy is
generated on the region that receives stress and stored during glass transition. Due to the
increased stiffness of SMCPAC after the cooling process, SMCPACc maintains its deformed
figure even after unloading. The following heating process restores the original shape of
SMCPACc by lowering the stiffness through phase transition from glassy state to rubbery
state.

Khanolkar et al.%®%° proposed the hyperelastic model as follows and we referred their
works to simulate our material. The material properties should be varied with temperature
condition. Two parts of strain energy function (y), glassy phase parts (a) and rubbery
phase parts (1 — a), were simultaneously considered in modeling. Constitutive equations
of SMCPACc were defined as

Ye =1 -, + [ pgdr (@1)
¥ = Cro(l, = 3) +5- U, = 1)° (42)
¥y = L0 (I_'fg(t) - 3) + Diz(]'cg(r) - 1)2 (4-3)

, Where v, is the total stored strain energy function, i, is the stored strain energy

function at rubbery regions, 1, is the stored strain energy function at glassy regions, I_KT
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and I,

Koy Ar€ the first invariants of isochoric parts of the right Cauchy-Green deformation

tensor, and J,, and ],Cg vare the Jacobian matrices of material deformation. Subscripts ‘r’

and ‘g’ indicate the properties about rubbery phase and glassy phase, respectively.
Cro(= 1r/2), Cao(=ny/2) are the material input parameters for hyperelastic models
related to shear modulus (u), and D,(= 2/K,), Dz(: 2/Kg) related to bulk modulus
(K).

Above material functions are continuously updated following a change of phase states
relevant with temperature condition. In the subroutine code, it was assumed that phase
transition is linearly proportional to the glassy state fraction (a). Glassy region content (@)

is governed by temperature variation as

a= Trup—T
Tgla_Trub

(4-4)
, where Ty, is the temperature when fully rubbery state, T, is the temperature when
fully glassy state, and T is the current temperature condition.

The UMAT subroutine code was produced to model the non-linear material behaviors
of SMCPAc. Based on Kirchhoff stress-Newman strain rate, stiffness tensor matrix (C) was

developed as

1
Cy = E(Cijkl + Cijix) (4-5)

Jxa

c = = C = =
(Cijkl = {(1 - a) {(ﬂ) (SikBaij + Baiksjl) + (_§ﬁ> (6leaij + Baklaij) +

4 C = 2 2C = =
<gﬂ) (trB)Sudy + () (2, = 1)8us: ,.} + (@) {(]A) (8uBy,, + By, 81) +

Jxa Kg(t)

(=422) (3B + Bi) + (25 ) B 60y + (2) (2~ ) m}} (4-6)

g(t) Kg(t)

, Where §;; is Kronecker delta and B is the isochoric parts of deformation components
for glassy and rubbery state. The UMAT code is invoked to update the stress and phase
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states of each node with a use of the SDIVINI code at the end of every time step. The
material parameters required in the simulation were obtained from the experimental results
of isothermal tensile tests at different temperatures as tabulated in Table 4.1 and Table 4.2.

A 3-D model was built regarding the real channel geometry. SMCPACc rectangular
microchannel with aspect ratio of 4:1 was located above PDMS layer with the same
thickness along y-direction (Figure 4.6). Two layers were merged like as one domain and
8 node linear brick meshes were generated for the calculation. The finer mesh was
generated only along the edges of the channel in order to prevent time-consuming process.
An analytical rigid plate was described for loading boundary condition. The bottom of
merged domain was pinned for all directions. The steps for the simulation were consist of
loading, cooling, unloading, and heating. In the loading step, the glassy region content (a)
was 0.125 at the temperature of 40°C. When the analytical rigid plate pressed the upper
surface of SMCPAC part, 4:1 microchannel was distorted as the similar shape in the SEM
image. The deformed shape was fixed at the cooling step («=0.625). At the followed
unloading step, the plate was slowly removed from the SMCPAc and PDMS layer was
fully-recovered since it doesn’t have shape memory function. Finally, the deformed
SMCPACc microchannel shape was recovered at the heating step. The von Mises stress was

contoured in Results and Discussion section.
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Table 4.1. The employed hyper-elastic material parameters for SMCPAc.

SMCPAC
T,9[°C] 60
T, [°C] -20

C1o [MP3] 6

Cyo [MPa] 370

D, [1/MPa] 0.06

D, [1/MPa] 0.001
v O[] 0.35

Table 4.2. The employed linear elastic material parameters for PDMS.

PDMS
EY [MPa] 13.2
v [ 0.45

3 T,.: Temperature for fully rubbery phase;
®) T,: Temperature for fully glassy phase;
© v: Poisson’s ratio.

9 E: Young’s modulus;
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Figure 4.6. Geometrical design, mesh, and boundary condition for the structural analysis.
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4.3.2. Heat transfer analysis

In order to predict a temperature increase of the SMCPAc microchannel through the PDMS
film on the ITO glass, heat transfer between the materials was theoretically calculated by
using the commercial program COMSOL Multiphysics based on finite element method
(FEM). The PDMS film was designed to have thickness of 1 mm. To solve the temperature

distribution of the SMCPAC layer, the following governing equation was given.

pCyt =V (kVT) +Q (4-7)

, Where p is the density, C, is the heat capacity, k is the thermal conductivity, and Q
is the heat source. The input variables above were given as intrinsic material properties for
each layer. The heat source (Q) was defined as P, /A for the heating process, where P,
is the supplied power and A is the surface area of the layer. For the cooling process, the
heat source was defined as zero. The convective heat flux condition was set as the boundary

condition as follow.
qo = Ng* kVT = h - (Text - T) (4'8)

, where ng is the surface normal vector, h is the convective heat transfer coefficient, and

Toyt 1s the external temperature.
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4.3.3. Hydraulic resistance calculation

Numerical simulation was carried out to analyze pressure difference of the deformed
channel cross-section by using the commercial program COMSOL Multiphysics based on
finite element method (FEM). Since we used the polymer solution with viscoelastic
properties, the first normal stress difference distribution (N;) was also considered during
the calculation.

For the simulation, the steady-state momentum equation of Navier-Stokes equations

was expressed as
du T
p(3+ @ Vyu) =V (—pl +n,(Vu+ (Vu)") + T) (4-9)
And the extra stress source was given by
T+ (Z—: +@-VT—[(Vu) - T+T- (Vu)T]) = 2n,(Vu+ (Vw)™)  (4-10)
, Where u is the velocity vector, A is the characteristic relaxation time, 7, and 7, are the
viscosities of polymer and solvent, respectively, and the total viscosity (1) is defined as
np + Ns. These two equations are solved together with the continuity equation of Navier-

Stokes equations. The pressure and velocity fields were obtained for the cases of non-

deformed and deformed channel cross-section.
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4.4. Results and Discussion

4.4.1. Objective of the study

In previous study, we demonstrated double line particle focusing under viscoelastic flow
by using channel geometrical effects.!* The designed microchannel was used for focusing
particles suspended in polymeric solution based on the elasto-inertial force competition in
this study. Width and height of a used microchannel was 100 um and 25 pum, and it has 2
inlets and 2 outlets with y-shaped geometry. Here, the aligned particles with double lines
at the downstream was manipulated by the local shape programming causing the outlet
pressure difference and Figure 4.7 shows a schematic illustration. If a shape of channel
cross-section is deformed by the locally applied force and subsequently programmed, the
magnitude of hydraulic resistance in the channel can be changed comparing to that in the
original shape channel. The difference of resistance directly determines the particle flow
since the hydraulic resistance is related to the hydraulic pressure distribution in the
microchannel. As an application of the particle control using the SMP function, we
materialized the Boolean logic value on the microchannel system for the logical control of
the particles at microscale. Here, the existence of the particles in a channel indicates binary
logical number, 1, for the microfluidic logic operation. For example, the inlet A is assigned
as the binary number 1 when the PEO solution with particles is injected into an inlet A. If
the pure PEO solution without particles is injected into an inlet B, the inlet B indicates the
binary value 0. In this study, the shape deformation of the channel cross-section determines
the particle streamlines due to the difference of the local hydraulic resistance. Thus, the
status of the channel deformation is included as the input variable for the logic operation
and it is nominated as S. Consequently, the SMCPAc microchannel corresponds to the
integrated logic circuit of A+ S- B and the detailed description about logical operation
will be given later. By using Joule-heating, the microchannel was heated for the

deformation and the experimental setup is simply illustrated in Figure 4.8.
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Figure 4.7. Schematic description of particle path control by shape programming of a
SMCPAc-based microchannel. The particle path control of a microchannel by shape
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Figure 4.8. Experimental setup for operation of the shape programming and active logic

operation.
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4.4.2. Simulation results
4.4.2.1. Heat transfer

In order to predict a temperature increase of the SMCPAc microchannel through the PDMS
film on the ITO glass, heat transfer between the materials was theoretically calculated by
using the commercial program COMSOL Multiphysics based on finite element method
(FEM) (Figure 4.9). Detail simulation method is demonstrated in Numerical Analysis
section. The substrate consists of the ITO glass and the PDMS film. As a result of the
simulation, the upper surface temperature of the PDMS-ITO substrate was compared with
that of the ITO glass without PDMS film for verifying the heat transfer through the
SMCPAc microchannel. The thickness of the PDMS thin film was experimentally
measured as 1 mm. The power was given with 2.1 W (7 V, 0.3A) and applied for 2 minutes
for heating the microchannel. The applied voltage was removed right after the heating
process and the microchannel was cooled under the natural convection condition. As results,
while 7 V was applied, the surface temperature reached a maximum value about 317 K
(43.85°C) after 2 minutes as shown in Figure 4.9 (b). After removing the power source,
the channel was cooled down to room temperature, which is below the operation
temperature, for 2 minutes. The numerical analysis results were well matched

experimentally, so they were used as appropriate conditions in actual experiments.

4.4.2.2. Hydraulic pressure and resistance

Local hydraulic pressure and resistance were numerically calculated to analyze pressure
difference of the deformed channel cross-section, by using the finite element method. An
upper convective Maxwell (UCM) model was employed as a viscoelastic constitutive
model of the polymer solution and the simulation method is given in Numerical Analysis
section. Considering the effects by the stress development in viscoelastic flow, the pressure
and velocity fields in the channel were obtained as shown in Figure 4.10. The particles are

focused at the downstream by the force balance between the elastic force originated from
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intrinsic properties of the fluid and the inertial force induced by flow condition. The elastic
force acting on the particles is governed by the first normal stress difference (N; = 7, —
7,,,) of the flow, where 7,, is the normal stress along the flow direction and z,,, is the
normal stress along the perpendicular direction of the flow. The minimal value of the first
normal stress difference distribution is widely formed by the geometrical feature of the
channel, which corresponds to the equilibrium region of the particles. Also, the double
inlets induce the additional inertial forces. The particles introduced from the double inlets
are entrained in the initially injected streamlines and forced by the wall-repulsion force
(FLw) and the shear gradient force (F,s) for each inlet. When each streamline merges
to the straight channel, the particles are multiple focused at the channel center region due
to the force balance by the geometrical features.

In this study, we controlled the path of the double particle focusing lines by the
difference of the hydraulic pressure using a shape-programmable function of the SMCPACc
channel. When the channel outlets have a permanent shape, the pressure and velocity fields
symmetrically develop along the channel downstream. Thus, the double particle focusing
lines are bifurcated by the Y-shaped outlets. If the one outlet is deformed by the external
force, the hydraulic pressure of the deformed outlet becomes higher than that of another
non-deformed outlet. Consequently, the double focused particles flow through the non-
deformed outlet with a relatively lower pressure, and no particle flows through the
deformed outlet. In Figure 4.10, the change of pressure difference (Ap) after the channel
deformation was numerically calculated. It was confirmed that the pressure magnitude of

the deformed outlet is 1.099 times higher than that of the non-deformed outlet, resulting in

the maximum velocity. The local hydraulic resistance (Ry = %p) was also calculated for

each shape of the channel, where Q is the flow rate. By substituting the terms of the
pressure and the flow rate obtained from numerical calculation to the equation above, the
resistance of the deformed output is evaluated to be 1.83 times higher than that of the

original shape output.
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Figure 4.9. Numerical calculation results for heat transfer analyses of the SMCPAc
microfluidic system. (a) Temperature gradient of the PDMS-covered ITO glass with time

step (b) Comparison of the temperature gradient between the bare ITO glass and the PDMS-
covered ITO glass while Joule-heating.
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Figure 4.10. Numerical calculation results for hydraulic pressure analyses of the SMCPAc
microfluidic system. Pressure (Pa) and velocity field (m/s) distribution according to a
shape-state of the microchannel under the viscoelastic flow.
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4.4.2.3. Channel shape memory-recovery

Numerical analysis was carried out to theoretically figure out shape memory-recovery
behavior of the microchannel system by using ABAQUS/CAE with user subroutines. The
von-Mises stress contours of the system were visualized as simulation results and are
shown in Figure 4.11. A hyperelastic Neo-Hookean model®?5°%° which assumes the
existence of stored strain energy as a form of Helmholtz potential when deforming a
material, was employed as a constitutive model of the SMCPAc with temperature
dependent material variables. On the other hand, the PDMS was modeled as a linear elastic
model using only Young’s modulus. Details about the simulation method are explained in
Numerical Analysis section.

In the rubbery state at 40°C, the microchannel was deformed by applying a
compressive force (Fig. 4.11 (i=>ii)). In this state, the stiffness of the SMCPAC is higher
than that of the PDMS, so a larger stress is distributed in the SMCPAC region. The applied
stress was saved as entropic elastic energy by the cooling process which generates glassy
regions in the SMCPACc (Fig. 4.11 (ii=>iii)). This phenomenon was considered in modeling
by updating the glassy phase part (a) depending on temperature. The stored energy at the
SMAPCc region was not released even after the subsequent unloading step because it cannot
overcome the increased stiffness of the SMCPAC by the generated glassy regions (Fig. 4.11
(iili=>iv)). However, the elastic energy stacked at the PDMS region was easily released
immediately after the unloading step began. In heating up to 40°C again, the rubbery
regions were created by micro Brownian motion of polymeric chains and the shape
recovery to the permanent original state was triggered (Fig. 4.11 (iv2>1)).

The slight mismatch of the deformed channel shape between the observed and
simulated shapes is presumed to be due to the assumptions of linear proportional phase
transition and ignoring the viscoelastic properties of the material. Notwithstanding, the
numerical modeling successfully visualized the stress distribution in the system and

explained the underlying story for shape memory-recovery behavior.
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Figure 4.11. Numerical analysis results for the shape memory-recovery behavior of the
SMCPAc microchannel; Von Mises stress contours at (i) the initial state, (ii) the deformed

state, (iii) the cooled state, (iv) the unloaded state, and (iv — 1) the shape-recovery of the

microchannel.
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4.4.3. Analytical calculation of hydraulic resistance

The cross-sectional channel shape was measured by analyzing the taken SEM (scanning

electron microscope) images (Figure 4.12). The initial hydraulic diameter (D; = (;ZI;))

was measured as 41.489 um. After the microchannel was heated up to 40°C by using the
7 V power supply, it was pressed by a thin rectangular object with dimension of 4x0.8
mm?. After the shape fixing process by cooling the channel at room temperature, the
average deformed diameter (Dg) was examined as 31.526 um. Shape fixity (Sy) was
defined as

_ Da—D;

Sp = 24225 100 (4-11)

Ds—D;

, Where Dy is the hydraulic diameter at maximum deformation and it was evaluated to be
approximately 91.39 %. The deformed channel was recovered to its original shape by Joule
heating again. The channel heights after the shape programming process and recovery
process were compared by analyzing the SEM images. Shape recovery ratio (R,) was

defined as

D4—D
R, = ﬁ x 100 (4-12)

» Where Dy is the channel hydraulic diameter after the shape recovery step. The shape
recovery ratio of the SMCPAc microchannel was about 77.49%. This value is high enough
to be used repeatedly for shape-programmable devices. In particular, the high shape
recovery ratio is a very significant precondition of the basic material in this study because
it is directly related to the accuracy of the particle control.

The hydraulic diameter difference of outlets causes difference of the flow rate of fluids
flowing through each outlet. The flow rate of original channel (Q,) and the flow rate of

deformed channel (Q4) was simply calculated by the relation of Q < Dj*. The flow rate

ratio (%) was about 0.295 meaning that approximately 70% of streamlines in the straight

o

channel flow towards the non-deformed outlet when one of the outlets was deformed. By
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substituting the measured channel width and height from SEM images, the hydraulic
resistance (Ry) of original shape and deformed shape was analytically calculated. The
definition of Ry as follows was used,

Ap 12nL 12nL

= (4-13)

@ T s anh(5))) | e (i-06)

=

jas)
I
|
I

, Where @ is the flow rate, L is the unit length, w and h is the channel width and height,
and n is the fluid viscosity. The resistance of the cross-section with original rectangular
shape was calculated as 2564.79 GPa-s/m3, while the resistance of deformed channel was
6018.09 GPa-s/m3. Consequently, the resistance of the deformed output is evaluated to be
2.35 times higher than that of the original shape output. As a result of this mathematical
calculation, the quantitative difference of hydraulic pressure by shape programming could
be predicted theoretically.
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Figure 4.12. Shape memory-recovery behavior of the SMCPAc microchannel. Observed
SEM images on each shape-state and their hydraulic diameter. (a) Cross-sectional figures
at initial, after the shape-programming, and after the shape-recovery step. The scale bar
indicates 25 pum. (b) Evaluated hydraulic diameters for each shape of the microchannel

from the SEM images.
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4.4.4. Experimental verification

Finally, the path control of the double focused particles was experimentally verified as
shown in Figure 4.13. The particle solution composed of 6.42 pum diameter fluorescent
polystyrene (PS) particles and the 2500 ppm PEO solution were introduced into the inlets
with 0.1 ml/hr of the flow rate. The PS particles were randomly dispersed in the particle
solution through the inlets. By the force balance of the elastic force and inertia, the particles
were double focused at the downstream. Figure 4.13 shows optical images of the particle
flow in an original and a deformed microchannel. The particles were introduced into both
inlets. The injected particles through the upper inlet were aligned at the upper location of
the channel width near the outlets, while the particles from the lower inlet were focused at
the lower position at the downstream. As predicted in the numerical results, the double
particle focusing lines separately exited through each outlet due to the symmetrical pressure
distribution of outlets. When the outlet below was deformed by applying weight, the most
particles move towards the upper outlet which has relatively lower pressure.

In the previous works, the microchannel for the desired logic operations should be
custom designed at the initial step since the particles were passively controlled without
options after passive manipulation. In the meanwhile, in this study, an active microfluidic
logic system was realized by using the shape programmable polymer (i.e., SMCPAC),
which can be turned on and off by external stimuli and forces. The Boolean numbers, 0 and
1, are implemented according to the presence and absence of the flow with dispersed
particles in a channel. If the solution with the particles are injected into the A inlet, A is
assigned to the logical value 1. If the pure solution without the particles flows through the
B inlet, B inlet has the logical value 0. Here, the particle existence in an outlet is influenced
by the channel deformation, thus, the channel shape can be one of the logical variables. For
the logic operation, three logical inputs were defined as S for the channel deformation, A
and B for the particle presence. The output O (e.g., upper outlet in Figure 4.14) was
determined by the combination of inputs. The aligned particles from the lower inlet flow
were only influenced by the channel deformation causing the increase of hydraulic pressure.
Condition of A, B, and S was tabulated in Figure 4.14(b) by using a binary number. As a
result, the integrated logic circuit, A + S- B, corresponds with the microfluidic system
using SMCPAC.
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Due to the higher pressure and resistance of the shape-programmed output, particles
suspended in viscoelastic flow were pushed towards the other output, which retained its
original shape, even when the particles are hydrodynamically aligned. The path control of
the particles by local deformation allows a new microfluidic logic operation, resulting in
an integrated logic circuit in this study. We foresee that simple and sophisticated treatment
methods will be helpful in fields of Point-of-care (POC), Lab on a chip (LOC), and health-

medical care with logical functions.
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Deformed shape

Figure 4.13. Smart particle manipulation by shape memory effect of the microchannel. (A)
Double focused particles flow through both outlets with the same pressure distribution
when the channel is non-deformed. When the lower outlet (red dashed box) is deformed
and programmed, the double focused particles flow towards the upper outlet. The scale bar

indicates 100 pm.
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Figure 4.14. Logical operation by using shape memory effect. (a) Logical operation of the
upper outlet when the inlets (A and B) and the channel shape (S) are assigned as logical
values. (Particle existence:1, Deformed lower outlet (S):1, otherwise:0) (b) An integrated

logic circuit and a truth table for the upper outlet. The scale bar indicates 100 pm.
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4.5. Summary

We demonstrate a new smart method of the particle manipulation in a microfluidic system
by using a transparent shape memory polymer, SMCPAc. By replacing PDMS with
SMCPAc as a constituent material of microfluidic devices, the active logic system was
facile driven with only shape programming and recovery. The shape memory function of
the microchannel near body temperature was observed from the SEM images and its
underlying story was numerically figured out. The double particle focusing lines under the
viscoelastic flow were generated on each outlet when the channel is in its original shape.
However, when the shape programming occurred on one side, no particle line was formed
in the deformed side. The hydraulic pressure distribution was numerically calculated in
order to understand the control mechanism. The difference of the local hydraulic resistance
between the non-deformed outlet and the deformed outlet play a pivotal role for the control.
The designed microsystem corresponds to the integrated logic circuit, A + S - B, according
to the presence of the particles in a channel. We ensure that this smart particle control
method based on the shape memory polymer and viscoelastic flow can be a breakthrough

solution enabling both advanced particle separation systems and fluidic logic devices.
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Chapter V.

Particle focusing by normal stress

components

5.1. Introduction

Particle handling based on the viscoelastic fluid is an emerging technique that has been
developed over the past 10 years owing to its simplicity and high-quality focusing in a wide
range of flow rates."'* Since an early experimental work by Leshansky et al.'® introduced
the particle focusing in a slit channel that is due to an imbalance among the normal stresses
imposed onto particles, the particle-focusing behavior in viscoelastic fluids has received
substantial interest and widely been studied.? > - 113 15718 [ ater, Yang er al. demonstrated
the particle focusing in viscoelastic fluids at the centerline of a square channel and four
corners depending on the combination of the fluid elasticity and inertia.'”> The
viscoelasticity-induced particle migration can be realized even when the Reynolds number
(Re) approaches zero due to the presence of elastic stresses.

The viscoelasticity-induced particle-focusing technique is beneficial in a variety of
analytical and processing applications such as sorting of particles,®® 13 14 1927 flyid

8 measurement of the relaxation times of viscoelastic

transportation around particles,’
fluids,?® and efficient trapping and stretching of particles at a stagnation point.**3! In more
detail, an enhanced flow-asymmetry fluid transport around particles was demonstrated
using the Giesekus fluids.?® A chip-based rheometry was also developed by harnessing the
focusing behavior of particles to estimate the relaxation time of viscoelastic fluids.? This
enabled the measurement of relaxation time at the millisecond level without requiring a
calibration curve employed in conventional tests. In addition, cell stretching in the

microfluidic device was analyzed with use of the viscoelasticity-induced cell focusing and

trapping at the stagnation point of the cross-slot channel.** 3! In contrast to the inertial
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particle-focusing method, the particle-focusing method using viscoelasticity can prevent a
random lateral cell distribution and then guarantee rotation-free cell stretching along the
channel centerline.

Ho and Leal® initiated a theoretical work to understand the lateral-migration
mechanism of particles in viscoelastic fluids, in which the migration of particles in a
second-order fluid was caused by the spatial gradient of the first normal-stress difference,
defined as N; = T,y — Ty,. Here, the 7,, and the 7,,, are the normal-stress components
in the flow- and velocity-gradient directions, respectively. The particle migration in the
pressure-driven flow of viscoelastic fluids has been simulated considering a wide range of
factors such as the effect of inertia and elasticity, the shear-thinning viscosity, the secondary
flow, and the blockage ratio.> 2% 3 For most viscoelastic polymer solutions, the magnitude
of the second normal-stress difference N, = t,,, — 7,,, which produces a secondary flow
over the channel cross-section, is much smaller than that of N;, where the 7,, is the
normal-stress component in the rotational direction.*

The viscoelasticity-induced focusing of particles in slit flow and square-channel flow
were modeled by means of three-dimensional (3D) finite-element simulation.’*** The
simulation results showed that the particles migrated toward the channel centerline or the
closest corners depending on the initial particle positions. A single dimensionless number
that can help explain the migration dynamics of a particle in viscoelastic fluids at the low
Deborah number was proposed to offer a guideline for the particle focusing.> > In addition,
a potential energy concept was recently introduced by considering the integration of a net-
lift force composed of elastic and inertial forces acting on the particles.?® Typically, it is
assumed that Ty, is much larger than 7, in most complex fluids, resulting in a positive
N; . Basically, movement of particles in a flow is determined by a hydrodynamic stress field
imposed on the particle rather than the normal stress differences.

Interestingly, some complex fluids such as liquid-crystal polymer solutions*® and
nanotube suspensions®’ exhibit a negative N;. When the N; becomes negative, an
anomalous viscoelastic behavior can be caused by 7,,. For example, carbon nanotube
filled polymer shows unusual contraction properties after die extrusion due to the negative
N; %4 The networks of semiflexible biopolymer gels constituting the cytoskeleton of cells

and the extracellular matrix also induce compression of filament in the orthogonal direction
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to the shear direction.** Nonetheless, the effect of the negative Ny, i.e., Tyy has not been
fully understood thus far.

This study aimed at the observation of the particle migration in viscoelastic fluids with
the negative N;. The effect of the normal stress components, 7, and 7y, on the lateral
migration of particles in the viscoelastic fluid was analyzed. It was shown that the particles
in the viscoelastic fluid with the negative N; migrated in the opposite direction to the case
with the positive N;. Furthermore, the particles flowing in the solution with the negative
N; showed opposite focusing behavior compared with those in the solution with the
positive N; . The migration mechanism was investigated experimentally as well as
numerically in order to explain the physics behind the movement of particles in a

microfluidic channel.
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5.2. Experimental

5.2.1. Design and fabrication of a microchannel

The microchannels employed in this study were replicated using a standard soft-
lithography method. Straight microfluidic channels with a channel aspect ratio (AR = W:H
= 50:25) of 2 were fabricated. A poly(dimethylsiloxane) (PDMS) was mixed with a curing
agent and poured onto an SU-8 master mold. After the prepolymer was degassed in a
vacuum chamber for 1 hr, it was cured at 70 °C for 4 hr. The PDMS channel was peeled
off and punched with a 1.5-mm-diameter puncher (Harris Uni-Core, Sigma-Aldrich,
U.S.A.), enabling the connection of the tubes to reservoirs. The channel was bonded onto
a slide glass using a plasma-treatment device (BD-10A, Electro-Technic Products Inc.,
U.S.A.), and then heated at 120 °C for 1 hr to enhance the bonding strength as described in
Figure 1.1.

5.2.2. Sample preparation

Two kinds of polymers were dissolved into 22 wt% aqueous glycerol solution to prepare
dilute polymer solutions for experiments. Polyethylene oxide (PEO) solutions with the
molecular weight of 2,000,000 and Hydroxypropyl cellulose (HPC) solution with the
molecular weight of 1,000,000 were purchased from Sigma-Aldrich (U.S.A.), which have
apositive N; and anegative N; distribution due to the unique liquid-crystal structures of
HPC, respectively.*'** Molecular structure of PEO and HPC is schematically drawn in
Figure 5.1. To investigate the lateral particle migration in the microchannel, both diluted
PEO and HPC solutions were prepared with various polymer concentrations in the range
of 100 to 4000 ppm. For HPC solutions, HPC powder was dissolved at 0 ~ 10 °C due to
lower critical solution temperature (LCST) as shown in Figure 5.2. Polystyrene (PS)
particles (Polysciences, U.S.A.) with diameters of 5, 10, and 15 um and fluorescent PS
particles (Polysciences, U.S.A.) with a 6.42- um diameter were suspended in the
viscoelastic mediums. A small amount of the surfactant, P1379-25SML TWEEN 20 (Sigma-
Aldrich, U.S.A.), was used to prevent tlhe3 p;lrticle aggregation. The dilqlted_ _pollylr{l:er i



solutions were injected into the microchannel using a syringe pump (KDS 200, KD
Scientific, U.S.A.) with flow rates ranging from 0.1 to 2.5 ml/h. An inverted optical
microscope (IX 53, Olympus America Inc., U.S.A.) and a vision-hi charge-coupled device
(CCD) camera (AcquCAM 23G, JNOpTIC Co. Ltd., South Korea) were used to observe
the particle migration in the viscoelastic fluids. The particle-focusing behaviors were
analyzed using the Image-Pro Plus (Media Cybernetics, Inc., U.S.A.) and ImageJ (National

Institutes of Health, U.S.A.) image-processing software packages.
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Figure 5.1. Molecular structure of (a) Polyethylene oxide (PEO) and (b) Hydroxypropyl
cellulose (HPC).

DI water 1569 + Glycerol 449 at 70 °C Newtonian solution + HPC(1M) powder HPC(1M) aqueous solution
(22wt% aqueous glycerol solution) (0.01~0.4wt%) at 0~10 °C (Ice bath) + PS particle(0.01v%) + TWEEN 20

Figure 5.2. Preparation of HPC dilute solutions
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5.2.3. Rheological properties of solutions

The rheological properties of the diluted PEO and HPC solutions were measured using a
rotational standard rheometer (MCR 302, Anton Paar, Germany). The steady-shear
viscosities were determined by using a double-gap geometry (Figure 5.3). The rheological
characteristics of the diluted PEO and HPC solutions are different due to the different
molecular structures and responses to the applied flow. In particular, the HPC molecules in
the solution tend to align along the flow direction similar to liquid crystals.**" As a result,
the HPC molecules can generate a negative N;. The origin of the negative N, is unclear,
although it has been linked with a flow induced molecular orientation and a phase
separation in the direction perpendicular to the flow.* The N; of the viscoelastic solution
was generally measured using a cone and plate geometry with 50 mm diameter. In addition,
the difference between the first and second normal stress differences was obtained by
measuring the normal force with a parallel plate geometry. According to Zimm’s theory

for polymer solutions, the relaxation time of polymers is dependent on the structural

characteristics. It is expressed as A,inm =~

R . . . . .
P:Tg,where U is the solution viscosity, kp is
B

the Boltzmann’s constant, T is the absolute temperature, and R, is the radius of the
gyration of an entangled polymer chain. In this study, the R, of HPC (Mw = 1,000,000)
in the solution was approximately 124 + 24 nm, which is much larger than that of the
PEO (Mw = 2,000,000), i.e., R; ~ 65 nm.' 4736 Since the relaxation time of the
diluted HPC solution is very small, it is difficult to measure it with a conventional capillary
breakup extensional rheometer. Therefore, Zimm’s theory for the estimation of the
relaxation time was employed and the relaxation time was compared with that of the
Carreau—Yasuda model (see Table 5.1). In the case of the diluted PEO solution, however,
the relaxation time can be measured using a capillary breakup extensional rheometry. For
the measurement, the HAKKE CaBER-1 device (Thermo Fisher Scientific Inc., U.S.A.)
was used. The relaxation time of the diluted PEO solutions is listed in Table 5.2.* The
relaxation time of both the diluted HPC and PEO solutions was used to calculate the
elasticity number El. In viscoelastic fluids, the El is defined as EI = Wi / Re, which is the
ratio of the Weissenberg number (Wi = N;/t,, = 2uAy?/uy = 2AQ/HW?) to the
Reynolds number (Re= pUD,,/u). Here, D, = 2WH /(W + H) is the hydraulic diameter
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of the rectangular channel, u is the solution viscosity, A is the solution relaxation time,

and Q is the flow rate.

—&— HPC 100 ppm
—&— HPC 250 ppm
—&— HPC 500 ppm
—v¥— HPC 750 ppm
—&— HPC 1000 ppm
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Viscosity [mPa:s]

100 1000
Shear rate [1/s]

Figure 5.3. Viscosity of the HPC solutions according to the shear rates.
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Table 5.1. Rheological properties of the HPC solutions fitted with the Carreau—Yasuda
model and Zimm’s theory.

Polymer Carreau-Yasuda Model Zimm’s Theory
Confggrt;?tlon N Ao [5] Ao [5]
100 0.9864 0.00535 0.00879
250 0.9435 0.00857 0.01015
500 0.9232 0.00919 0.01386
750 0.9087 0.01218 0.02248
1000 0.8933 0.01754 0.02565

Table 5.2. Rheological properties of the PEO solutions fitted with the Carreau—Yasuda
model and CaBER measurement.

Polymer Carreau-Yasuda model CaBER
Concentration
[ppm] n Amean [S] Amean [S]
500 0.9882 0.01404 0.015
1000 0.9556 0.01959 0.0184
1500 0.9302 0.01918 0.0198
2000 0.8921 0.02206 0.0217
2500 0.6841 0.02302 0.0232
3000 0.6113 0.02352 0.0243
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5.3. Results and Discussion

5.3.1. Peculiar particle focusing in HPC solution

The particles in the viscoelastic fluid under the confined Poiseuille flow were placed at the
center and the four corners of the cross-section of the microchannel as a result of the
balance between the elastic and inertial forces. In many cases, diluted PEO and poly(vinyl-
pyrrolidone) (PVP) solutions with the positive N; are used for viscoelasticity-induced
particle focusing. The N; is considered as a main factor for the particle migration induced
by the elastic force Fz~a3VN;. It is usually assumed that the N; is positive since Ty, is
much larger than t,, for common polymer solutions. Thus far, viscoelasticity induced
particle focusing in a microfluidic device has been explained using the N;, but the
underlying physics has yet to be understood. For instance, while each normal stress
component in the viscoelastic flow plays a key role in determining the particle movement
in the channel, the effect of the normal stress component has not been addressed. In this
sense, this study investigates how each normal stress component affects the particle
focusing based on a force balance principle. It is surprising that polymer solutions with the
negative N; show unexpected behaviors such as material contraction upon the
confinement release.*®*° The diluted HPC solutions with the negative N; were used to
understand the influence of the normal-stress components, 7, and 7,,,, on the particle-
focusing behaviors. Interestingly, unusual particle-focusing behaviors were observed in the
diluted HPC solutions, as can be seen in Figure 5.4.

In the experiment, the particles suspended in the Newtonian fluid, the diluted PEO
solution, and the diluted HPC solution were supplied randomly into the microfluidic inlet
channel. Upon the occurrence of the flow with a large inertia (Re ~ 18.506), the particles
in the Newtonian fluid were randomly distributed throughout the channel. The particles in
the 2000 ppm PEO solution showed the center-line particle focusing in the channel, which
has been reported in the literature.? > - 1333 For the 100 ppm HPC solution, the particles
were focused at the double-equilibrium positions close to the channel walls. This is a very
unexpected and unique phenomenon which is caused by viscoelasticity rather than channel

geometry. The diluted HPC and PEO solutions with various concentrations were prepared,
. ;



and the N; and the first normal stress coefficient ¥y = (Tyx — Ty,y)/ y? were measured to
explore the effect of the fluid elasticity on the particle-migration mechanism, as shown in
Figure 5.5 (a) and 5.5 (b). The diluted PEO and HPC solutions showed the positive and
negative ¥, respectively. The magnitude of the negative N; value for the HPC solution
was increased with increase in the polymer concentrations, which means that the 7, is
larger than the 7,, in all the cases. Indeed, this finding enabled us to look into the

mechanism of particle migration from a different perspective.
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Direction of flow AR=W-H=2'1

! 3cm - e
- ’1‘ _ ~
50 pm
—
Inlet HPC 100 ppm PEO 2000 ppm Newtonian fluid
Re=0.412, Wi=0.078, EI=0.189  Re=2.852, Wi=19.304, EI=6.77 Re=18.506, Wi=0, E/I=0

Figure 5.4. Particle focusing in viscoelastic solutions. Particle focusing behavior in the
straight channel. The particles are double-line focused in the HPC solution with a negative
N;, whereas typical single-line focusing is observed in the PEO solution with a positive

N; . The particles in the Newtonian fluid are randomly distributed.
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Figure 5.5. Rheological properties of viscoelastic solutions. (a) First normal stress
difference as a function of the shear rate. The Measurement of N; is conducted
changing the concentration of the HPC and PEO solutions. (b) First normal stress

coefficient with respect to the shear rate.
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5.3.2. Discussion for focusing mechanism

The difference of particle focusing in PEO and HPC solutions is categorized into two major
behaviors. First, the double line particle focusing is observed in HPC solutions although
the particle suspension flows in a straight microchannel.

In general, the suspended particles are aligned at the centerline of the straight
rectangular microchannel along the flow direction as shown in case of PEO solution.
Second, the focusing locations are not influenced by the flow rate increase in HPC solutions
while the focusing position is varied when PEO solution is injected into a high aspect ratio
(2:1) straight channel. As shown in Figure 5.6 (a), the particles suspended in 100 ppm HPC
solution are double aligned near the channel walls without the change of focusing locations
according to the increase of the flow rate from 0.1 ml/h to 2.5 ml/h. However, the
concentrated particles at the channel center are unstably separated into two different
focusing lines when the flow rate increases to 0.5 ml/h from 0.1 ml/h in PEO solutions
(Figure 5.6 (b)). We tried to explore the mechanism causing these two obvious differences

of the focusing behavior.
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(a) HPC 100 ppm solution

2.5 ml/h

Figure 5.6. Flow rate effect for particle focusing location (a) in 100 ppm HPC solution,
and (b) in 2000 ppm PEO solution.
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5.3.2.1. Shear-thinning effect

Both the polyethylene oxide (PEO) solution and the hydroxypropyl cellulose (HPC)
solution are viscoelastic solutions which show shear-thinning behavior. In the shear-
thinning fluids, the particles migrate towards the off-centered region in a confinement due
to the wall-attraction. As the shear rate increases, meaning the flow rate increases, the
viscosity of the strong shear-thinning fluid gradually decreases, which follows that the
inertial effect becomes effective to particle migration. For the comparison of the shear-

thinning order of two solutions, viscosities of the solutions were curve-fitting with the

relation of Carreau-Yasuda model ( — 1y = %) as shown Table 5.1 and

Table 5.2, where 1, is infinite viscosity, 7, is zero-shear viscosity and y is the shear rate.
Here, n indicates the power-law index. For the viscoelastic fluids, the power law index n
is lower than 1 and the smaller the n, the greater the shear-thinning. 1000 ppm HPC
solution and 2000 ppm PEO solution have similar value of the power-law index about 0.89
while the double line particle focusing is observed in 1000 ppm HPC solution and the
particle migrate at the channel center as a single line in PEO solution. Therefore, the

peculiar focusing behavior of HPC solutions is not about the shear-thinning effect.

5.3.2.2. Molecular structure effect

The two polymers (PEO and HPC) are semiflexible and water-soluble polymer which have
been widely studied in polymer science. Also, HPC with low molecular weight has been
reported the liquid-crystalline behavior when it flows in a confinement.**’ The rod-like
structured molecules can be oriented along the flow direction in a high shear condition.
Although we selected high molecular weight HPC powder to exclude the liquid-crystalline
behavior, it was not easy to conclude that the molecular orientation is not occurred in the
flow. In order to verify the semiflexible molecular movement in the microchannel flow, the
heterogeneity of the solutions was confirmed by Cole-Cole plot (Figure 5.7). Cole-Cole
plot is defined by a logarithmic plot of the storage modulus versus the loss modulus and a

slope of 2 indicates the homogeneous solution without any physical structure. When the
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slope is close to 0, it means that the solution is heterogeneous with rod-like molecules
which can align to the flow direction. For the seamless experiment, PEO and HPC solutions
with high polymer concentration from 4000 to 10000 ppm were prepared. As a result, two
kinds of the solution have similar slope value which is close to 2, therefore, the liquid-

crystalline molecular behavior in HPC solution is not considerable in this study.
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Figure 5.7. Cole-Cole plot for evaluation of solution homogeneity.
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5.3.2.3. Normal stress component effect

Since the sign of the first normal stress difference (N;) of two solutions is different, we
thought that the magnitude of the normal stress component has the difference. By using a
bulk rheometer, the N; and the difference between the first and second normal stress
differences were obtained to experimentally calculate the normal stress component z,,,,.
The cone and plate and parallel plates were selected for the experiments. First, N; was
obtained from the cone and plate experiment.

The normal force Fy acting on the upper cone was measured as follows.

R? R?
Fy = HT [Uxx - Uyy] = HTNl (5-1)

In addition, the difference between the first and second normal stress differences was

obtained by measuring the normal force with a parallel plate geometry (Figure 5.8 (a)).

(5-2)

2F dinF
AN =Ny — Ny = Ty — 2Ty + T4, = [ ]

TR? 2dInQ

, where N, is the second normal-stress difference, R is the radius of the parallel plate, and
Q is the angular velocity,”® > and 7,,, is the normal stress in the transverse direction to
the shear-flow direction, i.e., the velocity-gradient direction.5?>* The measurement of 7,
is extremely difficult, whereas 7, can be evaluated by using the AN data as below. The
total stress tensor of a fluid, o;;, is composed of the normal stress components o;; (i =
1,2,3) and the shear stress components o;; (i,j = 1,2,3;i # j). For an incompressible
and linear viscoelastic fluid, the hydrostatic pressure p is defined as p = (1/3)(0xx +
Oyy + O'ZZ), and a deviatoric stress tensor 7;; is defined as 7;; = g;; — pd;;, where §;;

is the Kronecker delta.>* From these relations, the summation of the deviatoric normal stress

components becomes

Tux + Tyy + T4, = 0. (5-3)
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By subtracting Equation (5-2) from Equation (5-3), the normal-stress component 7, is

approximated by

Ny—N
Yy~ — % (5-4)

T

In our microfluidic system, the velocity gradient direction was defined as the direction
along the channel width. The deviatoric stresses, 7, ’s of the diluted PEO and HPC
solutions were obtained by using Equation (5-4) (Figure 5.8(b)). The incompressible
nonlinear viscoelastic fluids are often explained by the Oldroyd-B model due to its
simplicity. Equation (5-3) is true for incompressible Newtonian and linear viscoelastic
fluids.%-52 When the fluid becomes highly nonlinear, Equation (5-3) becomes invalid due
to the anisotropic stress conditions. Here, we assume that the diluted HPC and PEO
solutions are linear viscoelastic which allows one to use Equation (5-3), and can simplify
Tyy ~ (N1 — N;)/3. Since measuring t,, is impossible, we measured N; and (N; —
N,) of'the diluted polymer solutions, and then extracted the t,,,, values of the diluted HPC
and PEO solutions.

The 7,, was increased with increase in the shear rate, and the HPC solutions showed
higher 7,,, than the PEO solutions. As the solution concentrations were increased, the 7,,,
for the HPC solutions was increased. This was an anomalous behavior considering typical
polymer solutions including the PEO solution. From this finding, it was presumed that the
particle-focusing behavior in the viscoelastic fluid is not determined by the normal stress
differences but each normal stress itself. In other words, the double-line particle focusing
can be explained by considering all the normal stresses such as 7, and 7,,, acting on the

particle.
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Figure 5.8. Rheological characteristics of the HPC and PEO solutions. (a) N; — N, as a
function of the shear rate. The measurement is carried out changing the concentration of

the solutions. (b) 7,,,, as a function of the shear rate. The HPC solutions show much higher

Tyy than the PEO solutions.
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5.3.3. Particle size and polymer concentration effect

The viscoelasticity-induced particle focusing was analyzed by using particles with different
diameters of 5, 10, and 15 um in the diluted HPC solutions (Figure 5.9). The channel-
blockage ratio (S = a/H) is a critical factor for the particle-focusing behavior in
viscoelastic fluids. The critical value of  was 0.2 according to the literature. The particles
with f = 0.2 in the diluted PEO solutions were focused at the center, whereas the particles
with B < 0.2 moved downstream randomly.” This technique was used to achieve size-
selective particle separations.” '*2% 24 In the diluted HPC solutions, the particle motion was
different from that in the diluted PEO solutions as shown in Figure 5.9. In the figure, one
hundred images were superimposed for better observation of the lateral migration of the
particles in the 100, 500, and 1000 ppm HPC solutions as shown in Figure 5.9. The 5, 10,
and 15 um particles in the diluted 100 ppm HPC solutions showed the double-line particle
focusing even at low E/ values. It turned out that the double-line particle-focusing behavior
in the HPC solutions strongly depended on the polymer concentration. When the
concentration of the HPC solutions is 100 ppm, the double-line particle focusing is clearly
detected for all the particles. For the 5 um particles, the distance between the two focusing
lines was relatively short, and the particles tended to move toward the channel center as the
concentration of the HPC solution was increased from 100 to 1000 ppm (Figure 5.10 (a)).
For the particles of 10 and 15 um diameter, the double-line focusing was generated close
to the side walls of the channel regardless of the HPC concentration. That is, the small
particles were focused at the center, while the large particles were double-line focused close
to the walls, which is completely different from other results reported in the literature. This
is the first study which reports the double line particle focusing phenomenon solely induced
by applying the force balance principle onto particles that are suspended in a viscoelastic
fluid in the microfluidic channel.

To demonstrate the particle-sorting efficiency, the particle-separation resolution
R;j = Ax;j/ (si + sj) was calculated with respect to the particle size and the elasticity
number, where Ax;; is the distance between the i-th and j-th particles, and s; is the
standard deviation of the i-th particle’s location.!* The particle-separation resolution

showed the highest values at the 1000 ppm HPC solution using the 5 and 10 um particles



and at the 2000 ppm HPC solution using the 10 and 15 pum particles as displayed in Figure
5.10 (b). These unusual particle-focusing behaviors can be used to develop an efficient
particle sorter without employing any complex geometry.

From these experimental results, it was found that the large particles were more largely
affected by 7,,,, than the small particles, resulting in the close-wall double-line particle
focusing. On the other hand, the small particles were focused at the center. The
experimental observation can be explained with the help of the following assumption: the
particle focusing is determined by the normal stress components themselves but not their
differences. That is, when N; < 0 at high £/ values, the larger particles are focused along
double lines close to the side wall than the smaller particles. For the viscoelastic fluids with
N; > 0, all the particles, however, are focused at the center because Ty, > Ty, (Figure

5.11).
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Figure 5.9. Particle focusing behavior in the HPC solutions with a negative Nj .
Microscopic images of the particle focusing in the channel. The reverse particle focusing
phenomenon is observed. At the relatively low polymer concentration, all the particles are
double-line focused close to the channel walls. However, as the polymer concentration is
increased, the large particles are double-line focused, but the small particles are focused at
the center. Hundreds of images are superimposed for an enhanced observation of the

particle migration.
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Figure 5.10. Particle focusing behavior in HPC solutions. (a) Particle focusing location

according to the polymer concentration and the particle size and (b) Particle-separation
resolutions (R;;) with respect to various polymer concentrations. R;; = Ax;j/ (si + sj),
where Ax;; is the distance between the i-th and j-th particles, and s; is the standard

deviation of the i-th particle’s location.
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Figure 5.11. Typical particle focusing behavior in the PEO solution. All of the particles

with 5, 10, and 15 pm diameters are focused at the center.
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5.3.4. Mechanism & Dimensionless number based on the normal stress

Based on the experimental results, mechanisms of the particle focusing in viscoelastic
fluids with the positive and negative N; were suggested in this study (Figure 5.12). The
inertial forces including the shear-gradient lift force (F,s) and wall-repulsion force
(F.w) and the elastic force (Fg) are developed in the microfluidic channel. In many cases,
the inertial forces are negligible due to a low Re. In Figure 5.12, the elastic forces
developed by 7y, and 7, are expressed as Fg, and FE,Tyy, respectively. For typical
viscoelastic fluids, the shear stress (7yy) and the normal stress (), which are functions
of the shear rate, become stronger at the channel walls than the channel center (Figure
5.12). The strong formation of the 7, and 7y, at the channel walls causes the lateral
particle migration towards the centerline. In many polymer solutions such as the diluted

PEO solution, the 7,,,, is relatively small (i.e., negligible FE,Tyy). Hence, the only driving

force for the lateral particle migration is the Ty, and ty,, which results in the particle
focusing at the center (Figure 5.12 (a)). However, since the diluted HPC solution has a

remarkably large F, E/Tyy the particle movement is affected by not only the 7y, and 7y,

but also the 7,,, (Figure 5.12 (b)). Consequently, the particles are double-line focused
close to the channel walls when FE,TW is larger than Fg, + F,. Here, F, is the viscous

drag force that resists the lateral migration of particles. For better understanding of the
mechanism, a dimensionless parameter was defined and used, which can explain the ratio
between the normal and the drag forces. The F, leading to the particle for the lateral
particle migration is a function of the particle diameter a, the fluid velocity U, the fluid
density p, and the fluid viscosity p.

As a result of the dimensional analysis based on Buckingham m-theorem, the

2
paTtyy
Uz

dimensionless number was introduced, which represents the ratio of the elastic

force to the F,. Inour study, itis intended to illustrate the hydrodynamic situations occurred
on the particle (Figure 5.12) and to use 7,,, to obtain the scaling law that is derived by
dimensional analysis. The normal stress gradient, Vz,,,, acting on the particle induced the
lateral particle migration, however, 7,,, pushing the particle downward is assumed to be

physically negligible due to its small value so that 7,, is used to represent the
¥
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. . a’t . . .
dimensionless number % by balancing the elastic force and the viscous force. It was

2
shown in Figure 5.13 (a) that the % of the diluted HPC solutions decreased with

increase in the polymer concentration and decreasing the particle size. However, it was

2
found that the diluted PEO solution has a very low value of paﬂ# regardless of the

polymer concentration and the particle size. These results implied that the suspended
particles in the diluted HPC solution were subject to the larger normal force than the viscous
drag force, thus resulting in the particle migration. On the other hand, the effect of the
particle size on the normal force t,,, for the lateral particle migration is not meaningful in
the diluted PEO solutions, which leads to the center-focusing of particles rather than the
off-center focusing. This coincides with the particle-focusing results of Figure 5.13 (b).
The large particles in the HPC solution were double-line focused in all the cases, while
the small particles were either focused at the center or off-center depending on the value of

a’t . ., N Tyx—T . .
2y sz 2 In general, the Weissenberg number, Wi = T—l = %, is useful to explain the
Xy

particle focusing in viscoelastic fluids. In the case where 7, is dominant, e.g., the PEO
solution with the positive N;, the particles can be focused at the center. When the
contribution of 7y, becomes more significant for the particle migration than 7,, — 7,,,
as in the case of the HPC solution, the particle-focusing regimes between the single-line
and the double-line particle focusing could be distinguished by the ratio of 7y, t0 Ty, (=
uy) as demonstrated in Figure 5.14.

In the regime with a relatively low value of 7,,,/Tyy, all of the 5, 10, and 15 um
particles in the PEO solution were focused at the center. The particles in the HPC solutions
were double-line separated in the range of 10 < 7,,,,/7,, < 20, and become double-line
focused when 7,,,, /7, > 20. These results indicate that the ratio 7,,,, /7, proposed in this
study can serve as an effective indicator to understand the reversed particle-focusing

phenomenon.
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(a) Positive N; flow

Flow direction

(b) Negative N; flow
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Figure 5.12. Schematic illustration of focusing mechanism of a particle in viscoelastic
fluids. (a) Particle behavior in the positive N; flow. The particle is focused at the center
when the 7, is negligible. (b) Particle behavior in the negative N; flow. The particle is
double-line focused close to the wall when the Fge,, outweighs the ., +Fgq,,. Here
Fg,, and FE_Tyy are the elastic forces from 7y, and 7,,, respectively, and F, is viscous

force from T,,,.
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5.4. Summary

In this study, we investigated the lateral particle migration in viscoelastic fluids with the
positive or negative N;. The corresponding particle focusing mechanism was analyzed
changing the polymer concentration and the particle size. The findings showed that the
migration of particles in the microfluidic channel could be explained by considering all the
stress components separately (i.e., Tyy, Tyy and Ty, in the 2D case) rather than the only
normal stress differences. The viscoelastic solution with the negative N; showed the
reversed particle-focusing phenomenon compared with those with the positive N;, which
indicated that t,, plays a significant role in the particle migration. A dimensionless
parameter defined with the ratio of the normal force to the viscous drag force was used to
demonstrate the reversed particle focusing phenomenon. The ratio 7y, /7y, was employed
to divide the reversed particle-focusing regimes. Overall, it is anticipated that the reverse
particle-focusing based on the negative normal stress difference could be applied to a new
type of the flow cytometry which is able to separate and focus particles with different sizes

in a viscoelastic fluid.
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Chapter V.

Concluding Remarks

The present work was aimed to explore a new particle focusing mechanism and develop a
novel analytical platform integrating binary logic operations. Based on force balance of
inertial forces and elastic force under viscoelastic fluid flow, multiple particle focusing
locations were observed and controlled. Furthermore, a particle logic device was
introduced by using multiple-line particle focusing phenomenon. These accomplishments
were experimentally demonstrated with microparticles in a microfluidic channel, proving
by theoretical analyses from several perspectives such as flow, structural analysis and heat
transfer.

The multiple-line particle focusing was observed in two kinds of viscoelastic fluids
having the opposite sign of the first normal stress difference (N;) under shear flow. For the
particle focusing in a microchannel, the positive first normal stress difference fluids (e.g.,
polyethylene oxide (PEO), polyvinyl pyrrolidone (PVP) solutions) have been used and it
has been reported that the particles migrate towards the channel center which is the stable
region by the force balance of inertial force and elastic force. The elastic force is
proportional to the gradient of the N; and the channel center has the minimum values of
the N;. Contrary to the focusing behavior in the positive N; fluids, the particles are
double aligned in the negative N; fluid, hydroxypropyl cellulose (HPC) solutions. As the
particle size increases, the particles are focused near the channel walls and the distance
between the focusing lines increases, while all sizes of the particles are aligned at the
channel center as a single line in the positive N; solutions. We analyzed the focusing
mechanism in terms of the N; and the normal stress component effect acting on a particle.
The finding showed that the migration of particles in the microfluidic channel could be
explained by considering the normal stress components separately rather than the only Nj.
For the simple analysis of the normal stress component effect, the solutions were assumed
as a linear viscoelastic fluid and the normal stress 7,,,, which plays a significant role in the

particle migration was finally calculated by experimental measurements. In order to
¥
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effectively describe the 7y, effect on a particle, a new dimensionless parameter, the ratio
of the normal force to the viscous drag force, was defined and schematic illustrations of the
focusing mechanism by the normal force from 7y, were suggested for the two different
kinds of flow. Additionally, the ratio 7y, /7y, wasemployed to divide the reversed particle
focusing working regimes. The multiple-line particle focusing was also realized by
developing the general viscoelastic focusing mechanism in the positive N; fluid.
According to the viscoelastic particle focusing, the particles are typically focused at the
channel center and four corners of a rectangular channel by the force balance. The relative
magnitude of the elastic force and inertial forces can be altered by the channel cross-
sectional aspect ratio and the channel inlet geometry. The higher cross-sectional aspect ratio
channel has the wider stable region for the particles and the shear-gradient lift force at the
center becomes high when the flows from the two inlet meet. The aspect ratio effect and
the lift force were theoretically calculated by adopting Oldroyd-B model which is one of
the representative model for viscoelastic fluids. Consequently, the particles are double or
triple aligned by the effect of the shear gradient lift force and wall-repulsion force at the
entrance and the bigger particles are aligned closer to the channel walls. The transition of
the focusing locations from the double-line to single-line were demonstrated by increasing
the fluid elasticity and the working space for the multiple-line focusing was introduced by
using Reynolds number (Re) and Weissenberg number (Wi). It is anticipated that this
fundamental studies will help design microfluidic devices for the enrichment and effective
separation of the micro- and nano-particles developing a new concept of flow cytometry.
Integration of microfluidics with electronics makes it possible to develop a new
platform with functions of logic operation, fluidic transistors/diodes, circuit, and memory
devices. As applications of the multiple-line particle focusing, we suggested two novel
microfluidic logic devices based on the viscoelastic particle focusing. First, element
particle logic operations in a microchannel were demonstrated and a binary number “0” or
“1” was assigned at the input/output channels depending on the existence of particles. By
designing a microfluidic channel with 3 inlets, 1 expansion chamber and 4 outlets, 5
element logic operations including two-input logics and one-input logics were
simultaneously realized. For two-input logics, 2 inlets were respectively assigned as input
A and input B and another inlet was assigned as a supporting input where the particles are
always injected in the channel. The conditions of the inputs were sequenti_zlllly given as



AB[00], AB[10], AB[01] and ABJ[11]. By the injection of the particles according to the
input conditions, the forms of the particle focusing were varied from single-line to triple-
line. Finally, the particle logic operations which are XOR, OR and AND gate were
evaluated at the outlets. In order to get the one-input logics such as NOT and Buffer gate,
input B was altered as another supporting input. The particle streamlines from each inlet
were numerically calculated by using Oldroyd-B model. Second, we developed smart
particle valve system by alternating the microchannel material to shape memory polymer
(SMP). In case of a polydimethylsiloxane (PDMS) microchannel, the valve system to
control the flow and the particles has been operated by adopting the complex layered
structures or connecting the external devices. If the recoverable functions of SMPs are
integrated into a microfluidic system, the flow in the channel can be controlled in a
programmed manner. This can bring about a great impact on microfluidic fields. In this
study, a unique microfluidic valve was proposed for switchable particle control by
employing the SMP and simple control of the particle path was introduced. The local
deformation of the SMP microchannel changed pressure distribution in the microfluidic
device, and thus leading to altering the particle streamlines. The microchannel has 2 inlets
and 2 outlets, and one branch of the outlets were deformed by Joule-heating. When one
outlet channel was deformed, the particles in the channel traveled through the other outlet.
The particle path differed by the channel deformation could represent a logic circuit (Z.e.,
A + S - B) depending on the presence and absence of particles in the channel. The pressure
and velocity fields of the viscoelastic fluids were calculated numerically and structural
analysis and heat transfer by Joule-heating were also predicted theoretically. It is expected
that this programmable microfluidic system can offer a promising possibility for the
development of microfluidic based logic devices.

Despite the negligible interaction between the rigid particles, the control of the
focusing position and the traveling path of the particles were demonstrated. This new
particle focusing mechanism and particle logic devices based on the microfluidic platform
introduced in this work can guide a simple manipulation and analysis of the cell and the

flow for the applications in biomedical and pharmaceutical fields.
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