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Abstract

This thesis presents a detailed numerical investigation into the behavior of microparticles in
viscoelastic fluid environments within microfluidic channels of varying geometries. The study
aims to understand how channel design and fluid properties influence particle migration,
focusing particularly on passive manipulation strategies driven by elastic lift forces. Using
COMSOL Multiphysics 6.0, a simulation model was first developed and validated by
replicating results from a previously published, experimentally verified study. The replicated
outcomes closely matched the reported experimental trends, establishing the reliability of the

simulation framework.

Following this validation, the channel geometry was systematically altered to explore the
effects of various symmetric and asymmetric well configurations—such as rectangular,
triangular, and curved cavities—on particle deviation and focusing efficiency. Simulations
were conducted across a range of flow rates (2040 pL/min) and PEO (polyethylene oxide)
concentrations (500 ppm and 1000 ppm), with fixed particle size (4.8 pm) to mimic red blood
cells. Results showed that increasing polymer concentration enhanced viscoelastic lift forces,
leading to more pronounced lateral particle migration. Moreover, complex geometries,
particularly those with sharp transitions like double-sided triangular wells, produced stronger

elastic focusing effects compared to simpler or smoother designs.

The results reveal a strong quantitative relationship between polymer concentration, channel
geometry, and particle migration. For instance, in channels with symmetric rectangular wells,
increasing the PEO concentration from 500 ppm to 1000 ppm boosts the average particle
deviation at the channel exit from around 15.4 um to 16.0 pm at the highest flow rate. The
number of wells also plays a decisive role: as the count rises from 11 to 26, the average
deviation grows from about 7 um to 15 um at 500 ppm, and up to 16 pm at 1000 ppm. However,
this effect begins to plateau beyond 26 wells, with only modest increases in deviation observed
up to 36 wells. Pressure drop analysis further underscores the advantages of symmetric well
shapes, which consistently produce lower hydrodynamic resistance (2.8 kPa at 500 ppm 20
pL/min and 5.5 kPa at 1000 ppm 40 pL/min) compared to asymmetric configurations which
shows 3.1 kPa and 5.75 kPa, respectively.
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Chapter 1

Introduction

The manipulation and control of microparticles in confined microfluidic environments
represents a rapidly evolving field that bridges fundamental fluid mechanics with practical
biomedical applications. This research explores the complex flow physics governing
microparticle behavior when suspended in viscoelastic fluids within microchannel geometries,
where the interplay between elastic forces, inertial effects, and channel confinement creates
unique opportunities for precise particle manipulation [1, 2]. The study reveals how non-
Newtonian fluid properties fundamentally alter particle migration patterns compared to
conventional Newtonian systems, enabling enhanced focusing and separation capabilities that
are increasingly vital for lab-on-a-chip applications, medical diagnostics, and biological

research platforms [3].
1.1 Understanding Microfluidics: Foundation and Applications

Microfluidics represents both the science that studies the behavior of fluids through micro-
channels and the technology for manufacturing microminiaturized devices containing
chambers and tunnels through which fluids flow or are confined. This multidisciplinary field
involves the manipulation and control of very small fluid volumes, typically ranging from
microliters to femtoliters, within channels or devices with dimensions on the microscale[4].
The fundamental principle underlying microfluidics centers on the integration of multiple
laboratory operations into a simple micro-sized system, effectively creating what researchers

commonly refer to as "lab-on-a-chip" devices [4].

At the microscale, fluids exhibit dramatically different behaviors compared to their
macroscopic counterparts, presenting unique opportunities for scientific innovation and
experimentation. These distinctive characteristics arise from the dominance of surface forces
over bulk forces, altered mixing mechanisms, and modified heat and mass transfer properties

that emerge when characteristic lengths approach the micrometer scale [4].

The precise control afforded by microfluidic systems enables researchers to manipulate
individual cells, particles, and molecules with unprecedented accuracy while consuming

minimal reagent volumes.



Contemporary microfluidic applications span diverse fields, demonstrating the technology's
versatility and transformative potential. Organ-on-a-chip systems represent one of the most
promising applications, recreating organ functions to accelerate pharmaceutical research while
reducing reliance on animal testing [5]. These devices enable researchers to study human organ
responses to drugs, toxins, and diseases in controlled environments that closely mimic
physiological conditions. Additionally, microfluidic cell sorting and separation technologies
have achieved significant commercial success, operating on the basis of cellular parameter
differences to achieve highly effective, modular, and cost-effective separation processes [6, 7].
Gene delivery applications further showcase microfluidic capabilities, where devices transfer

genetic or chemical cargo into cells at higher efficiencies than traditional bulk methods [7].

1.2 Viscoelastic Fluids in Microfluidic Systems

The integration of viscoelastic fluids into microfluidic platforms has emerged as a
transformative approach for particle manipulation, offering distinct advantages over
conventional Newtonian fluid systems [1,8]. Viscoelastic materials exhibit both viscous and
elastic characteristics when undergoing deformation, creating time-dependent strain responses
that fundamentally alter fluid flow patterns and particle dynamics. In microfluidic contexts,
these fluids typically consist of polymer solutions, such as polyethylene oxide (PEO) or
polyvinylpyrrolidone (PVP), dissolved in aqueous media to create non-Newtonian flow

characteristics [2].

The unique properties of viscoelastic fluids arise from their ability to store part of the energy
transferred through deformation as elastic energy, resulting in materials that demonstrate
intermediate behavior between liquid and solid states. This dual nature manifests through
specific rheological properties characterized by storage and loss moduli, relaxation times, and

normal stress differences that govern particle migration patterns within confined channels.

When viscoelastic fluids flow through microchannels, they generate non-uniform stress
distributions that create lateral forces capable of manipulating suspended particles in ways

impossible with purely viscous fluids.

Recent advances in viscoelastic microfluidics have demonstrated remarkable capabilities for
single-stream three-dimensional focusing in simple channel geometries, eliminating the need

for complex sheath flow systems or external force fields. The manipulation of cells and



particles suspended in these fluids has drawn increasing attention due to the field-free nature
of the focusing mechanism, fast and simple operation procedures, and minimal sample
consumption requirements. Multiple factors actively interact and compete to govern the
intricate migration behavior of particles and cells, including driving forces arising from fluid
elasticity and inertia, fluid rheology effects, physical properties of particles and cells, and

channel geometry considerations [8].

1.3 Particle Focusing and Separation Applications

The application of viscoelastic fluids for particle focusing and separation represents a
convergence of fundamental fluid mechanics and practical microfluidic technology, offering
unprecedented control over microscale particle manipulation. In viscoelastic flows, particles
experience elastic lift forces that arise from non-uniform normal stress distributions within the
channel cross-section, driving particles toward specific equilibrium positions. These forces,
governed by the first and second normal stress differences, create focusing effects that can be

precisely controlled through fluid properties, flow conditions, and channel geometry [2,8].

The focusing mechanism in viscoelastic microfluidics operates through the balance of multiple
competing forces, including elastic forces that drive particles toward the channel centerline,
inertial forces that can create equilibrium positions near channel walls, and Dean forces in

curved channels that provide additional lateral migration components [1, 2].

The relative magnitude of these forces, characterized by dimensionless parameters such as the
Weissenberg number and Reynolds number, determines the final focusing positions and
separation resolution achievable for particles of different sizes [2, 8]. Recent research has
demonstrated that particles can be efficiently focused into single streams with focusing

positions predictable through force balance analysis.

Enhanced separation capabilities have been achieved through optimized channel designs and
operating conditions, with reported separation resolutions reaching 100 nanometers for
synthetic particles and successful separation of biological entities such as extracellular vesicles
[3]. Innovative approaches utilizing gradually contracted channel geometries have shown
significant improvements in focusing efficiency, reducing required channel lengths while

maintaining excellent focusing performance [8].



The versatility of viscoelastic particle manipulation extends to complex particle mixtures,
where ternary separations of 100 nm, 200 nm, and 500 nm particles have been achieved with
purities above 70% for each size fraction [9]. Furthermore, the technique has been successfully
applied to biological samples, including the focusing and separation of white blood cells, red
blood cells, and cancer cells, demonstrating its potential for clinical diagnostics and biomedical
research applications. The combination of viscoelastic focusing with secondary separation
mechanisms, such as magnetophoretic, has shown promise for achieving enhanced separation

specificity and throughput [9].



Chapter 2

Literature Survey and Problem Formulation

2.1.1 Definition and Nature of Viscoelastic Fluids

Viscoelastic fluids represent a unique class of materials that exhibit both viscous and elastic
properties when subjected to deformation or flow. These fluids demonstrate memory effects,
where their response to applied stress depends not only on the current conditions but also on
their deformation history [10]. Zhou and Papautsky define viscoelastic materials as those
possessing elasticity due to the first normal stress difference (N:) and/or shear-dependent
viscosity, which can give rise to focusing of particles in such media [10].The elastic nature of
these fluids arises from their molecular structure, particularly in polymer solutions where long-
chain molecules can store and release elastic energy during deformation. This fundamental
characteristic distinguishes viscoelastic fluids from simple Newtonian fluids and creates unique
flow phenomena that have attracted considerable research attention in microfluidic applications

[11,12].
2.1.2 Components and Composition of Viscoelastic Fluids

Viscoelastic fluids are commonly formulated using two essential components: a solvent phase,
which behaves in a Newtonian manner, and a polymer phase, which introduces the fluid’s
characteristic elasticity. Among the various polymers used in experimental studies,
polyethylene oxide (PEO) is frequently chosen due to its well-documented rheological
properties, ease of preparation, and excellent biocompatibility — making it suitable for a wide

range of biological and microfluidic applications [10,11,12].

In a detailed experimental investigation, Yuan et al. explored the behavior of PEO solutions at
varying concentrations — specifically between 500 to 5000 ppm — dissolved in deionized
water. Their results highlighted the emergence of distinct viscoelastic characteristics as the
polymer concentration increased [11]. The contribution of the polymer to the fluid's overall
behavior is quantified through polymer viscosity (1,), while the solvent contributes via solvent
viscosity (ns). Together, these combine to yield the total viscosity of the viscoelastic fluid,

described by the simple relationship:
n=ns+n (1.



This equation captures the cooperative role of both components in determining the flow
response of the fluid under various shear conditions. However, viscosity alone does not fully
describe a viscoelastic fluid's behavior. Its properties are also heavily influenced by polymer
molecular weight and concentration, which govern the fluid's elasticity and flow-induced stress
responses. In this context, Hazra et al. performed an extensive study using polymer solutions
with varying molecular weights: PEO at 1 and 4 MDa, polyacrylamide (PAM) at 5-6 MDa,
and polyacrylic acid (PAA) at 4 MDa[12]. Notably, these polymers were tested at
concentrations well above the critical overlap concentration (c*), a threshold at which polymer
chains begin to interact and entangle. This strategic selection allowed the researchers to fine-
tune viscoelastic properties, enabling more precise control over particle behavior within

microfluidic flows - a key requirement for designing efficient separation and focusing devices.

2.1.3 Viscoelastic versus Newtonian Fluid Behavior

A core difference between viscoelastic and Newtonian fluids lies in how they respond when
subjected to mechanical stress - a response governed by their constitutive relationships. In the
case of Newtonian fluids, such as water or air, this relationship is simple and linear: the shear
stress is directly proportional to the shear rate, and the viscosity remains constant regardless of
how fast or slow the fluid is deformed. This predictability is what makes Newtonian fluids

mathematically convenient and intuitively easy to work with.

However, viscoelastic fluids behave quite differently. These fluids, often containing flexible
polymer chains, exhibit complex rheological responses that evolve over time and vary with
flow conditions. Instead of a constant viscosity, they often display shear-dependent viscosity -
typically decreasing as the shear rate increases, a phenomenon known as shear-thinning. More
importantly, viscoelastic fluids develop normal stress differences, which are stresses that act
perpendicular to the direction of applied shear. These normal stresses have no equivalent in
Newtonian systems and are a hallmark of elasticity in flowing polymer solutions [10].This
unique combination of viscous damping and elastic memory makes viscoelastic fluids highly
valuable in microscale applications, particularly in particle focusing and separation, where
forces arising from these normal stress differences can be harnessed to manipulate particles

without the need for external fields.

2.1.4 Rheological Characteristics

In its simplest form, a Newtonian fluid follows Newton's law of viscosity, which states that the



shear stress (1) exerted by the fluid is directly proportional to the velocity gradient (du/dy) -
the rate at which the fluid layers move past each other. The constant of proportionality in this
relationship is the dynamic viscosity (p), which remains unaffected by changes in flow

conditions. Mathematically, this behavior is described as: T = p(du/dy).

This linear and predictable nature makes Newtonian fluids straightforward to analyze,
especially in engineering and physics applications where steady and uniform fluid behavior is
desirable [10]. By contrast, viscoelastic fluids deviate from this simplicity in several important
ways. One of the most prominent differences is their non-constant viscosity, which can vary
significantly with shear rate. Some viscoelastic fluids exhibit shear-thinning behavior, where
viscosity decreases as shear rate increases - a common trait in polymer solutions and biological
fluids. Others may show shear-thickening, where viscosity increases with shear rate, though
this is less common. These behaviors arise from the internal structure and dynamics of polymer
chains suspended in the fluid, which stretch, align, or entangle depending on the flow
conditions [10]. Another defining feature of viscoelastic fluids is the presence of normal stress
differences, which are entirely absent in Newtonian fluids. These include the first normal stress
difference (N1 = T« - Tyy) and the second normal stress difference (N2 = 1,y - T55). These stress
components act perpendicular to the flow direction and are responsible for many of the elastic
phenomena observed in microfluidics - such as particle migration, rod climbing, and die swell
effects. Importantly, the first normal stress difference (N1) plays a dominant role in generating
elastic lift forces, which are central to particle focusing mechanisms in viscoelastic

microflows [10, 12].

Together, these characteristics — nonlinear viscosity and normal stress development - form the
rheological signature of viscoelastic fluids, setting them apart from their Newtonian
counterparts and making them uniquely suited for advanced fluid manipulation in microscale

environments.

2.1.5 Constitutive Models

To understand and predict how viscoelastic fluids behave under flow, researchers rely on
constitutive models - mathematical frameworks that relate stress and deformation in complex
fluids. Among the most widely used is the Oldroyd-B model, which serves as a foundational
tool in viscoelastic fluid mechanics [13]. This model captures the essence of elastic effects by

predicting the development of the first normal stress difference (Ni), a key driver of particle



migration in microfluidic systems. However, it assumes that the fluid’s viscosity remains
constant, meaning it does not account for shear-thinning or shear-thickening behavior - a

limitation when dealing with many real-world polymer solutions [10].

To address these complexities, more advanced models have been developed. The Giesekus
model, for instance, extends the capabilities of Oldroyd-B by incorporating shear-dependent
viscosity, thereby enabling the prediction of more realistic flow behavior in strongly shear-
thinning viscoelastic (STVE) fluids. Importantly, the Giesekus model also accounts for the
second normal stress difference (N2), which plays a role in secondary flow effects and becomes

relevant in certain channel geometries or at higher concentrations [12].

Another widely used framework is the Phan-Thien-Tanner (PTT) model, which also includes
shear-thinning effects and is particularly known for its numerical stability at high Weissenberg
numbers. This makes it well-suited for simulating microscale flows where elastic effects
dominate. Together, these models allow researchers to tailor their simulations according to the
specific rheological characteristics of the fluid being studied, enhancing the accuracy and

predictive power of numerical analyses in viscoelastic microfluidics.
2.1.6 Forces Acting on Microparticles in Viscoelastic Media

The dynamics of microparticles suspended in viscoelastic fluids are governed by a complex
interplay of forces that can be categorized based on their relative strength and mechanisms of

action. Understanding these forces is crucial for predicting and controlling particle behavior in

[ i i 1

_

Fig. 2.1: Classification of forces in microfluidic systems.

microfluidic systems.

Secondary Flow
Effects




Elastic Force (F.)

Among the various forces acting on particles in microfluidic viscoelastic flows, the elastic force
stands out as the primary mechanism responsible for lateral particle migration. This force arises
due to an imbalance in the distribution of normal stresses across the surface of a suspended
particle - a phenomenon that is directly linked to the first normal stress difference (Ni).
According to Yuan et al., this stress imbalance - expressed as N1 = (T« - Tyy) - varies across the
particle surface, generating a net lateral force that pushes the particle away from regions of

high shear toward areas of lower shear rate [11].

In practical terms, this means that particles suspended in a viscoelastic fluid are naturally driven
toward equilibrium positions, which depend on the channel geometry and the flow profile. For
example, in rectangular channels, particles often migrate toward the centerline or channel
corners, where the shear rate is minimized and the elastic stress gradients create favorable
migration pathways [10,11,12]. This migration occurs passively, without the need for external
fields or complex device structures, making viscoelastic focusing an attractive strategy for

applications such as cell sorting, bioparticle concentration, and label-free diagnostics.

The strength and direction of the elastic force depend on several factors, including polymer
concentration, particle size, and flow rate, all of which influence the magnitude of N: and the
degree of asymmetry in stress distribution. As such, understanding and harnessing this elastic
force is central to designing efficient microfluidic systems that rely on the intrinsic properties

of the fluid for controlled particle manipulation.

Shear-Thinning Induced Lift Force (Fst)

In the context of strongly shear-thinning viscoelastic (STVE) fluids, particle migration
becomes more complex due to the emergence of an additional lift force - one that arises not
from elasticity, but from gradients in viscosity across the particle surface. As these fluids flow,
regions near the channel walls typically experience higher shear rates, leading to localized
drops in viscosity. This uneven viscosity distribution creates a viscosity-induced lift force that

tends to push particles toward the channel walls [10].

This force often acts in opposition to the elastic lift force, which usually drives particles toward

regions of lower shear, such as the centerline. As a result, in STVE fluids, the net migration of



a particle depends on the balance between elastic and shear-thinning-induced forces. Under
certain conditions - especially at moderate flow rates and higher polymer concentrations - the

shear-thinning effect can dominate, leading to wall-directed migration.

Understanding this competing dynamic is critical in applications where precise particle
positioning is essential. By tuning the fluid rheology and flow parameters, researchers can
exploit or suppress this force to steer particles toward desired equilibrium positions, allowing
for more nuanced control in microfluidic platforms used for cell sorting, particle separation,

and diagnostic assays.

Inertial Forces

In microfluidic systems, the characteristic small dimensions and low flow velocities usually
result in very low Reynolds numbers (Re « 1), where viscous forces dominate and inertial
effects are minimal. In this creeping flow regime, fluid motion is highly predictable and
laminar, making it ideal for applications that require precise control. As a result, inertial forces
are often considered negligible when designing and analyzing microfluidic devices.
Specifically, in viscoelastic microfluidic studies, the particle Reynolds number - a measure of
how inertia affects individual suspended particles - typically ranges between 10® and 1073,

confirming that viscous and elastic forces overwhelmingly govern particle dynamics [11,12].

However, the picture begins to change as the Reynolds number increases, especially when it
enters the intermediate range of 1 to 5. In this regime, inertial lift forces start to play a noticeable
role, influencing particle trajectories in ways that are not observed in purely viscous flows.
These lift forces, arising from velocity gradients and particle-wall interactions, can cause
particles to migrate laterally toward specific equilibrium positions - even in Newtonian fluids.
This shift introduces new dynamics into the system, enabling more complex and tunable

particle behavior.

This moderate Reynolds number range is particularly significant for the development of elasto-
inertial microfluidic platforms, where both viscoelastic and inertial forces are leveraged in
tandem. Devices operating in this regime can achieve enhanced focusing efficiency, faster
response times, and higher throughput, making them well-suited for clinical diagnostics,

biological sample processing, and other high-performance microfluidic applications. Thus,

10



while inertial effects are often negligible in standard microscale flows, understanding their

influence becomes essential when pushing the boundaries of microfluidic design.

Secondary (Moderate) Forces

Drag Force (Fp)

The drag force is a fundamental interaction that arises whenever there is a velocity difference
between a particle and the surrounding fluid. As the fluid flows around the particle, this relative
motion creates a resistive force - commonly known as drag - that acts in the direction opposite
to the particle’s movement. This force is always present, regardless of the fluid type or flow
regime, and plays an important role in determining how quickly a particle can respond to

changes in the flow field [11].

However, in the context of low Reynolds number viscoelastic microflows, the influence of drag
on lateral particle migration is generally secondary compared to the much more dominant
elastic lift forces. While drag can affect the speed and stability of a particle's movement, it does
not directly determine its migration direction or focusing position. Instead, it serves more as a
damping force, modulating how rapidly a particle reaches its equilibrium location under the

influence of other forces like elasticity, shear gradients, or inertial effects.

Understanding drag is still important, especially in transient flows or during the initial stages
of particle entry into a microchannel, where velocity mismatches can be more pronounced. But
in most viscoelastic systems operating at low Reynolds numbers, drag is a background actor,

ensuring smooth particle motion while elasticity leads the way in shaping migration patterns.

Weak Forces

Secondary Flow Effects

While elastic and drag forces play primary roles in particle migration, certain weaker forces
can also influence flow behavior - particularly in specific geometries or under finely tuned
conditions. One such effect arises from the second normal stress difference (N2), a lesser-
known but still meaningful aspect of viscoelastic stress distribution. In microchannels with

non-circular cross-sections - such as rectangular, triangular, or asymmetrical geometries - this

11



N2 component can give rise to secondary flows, which occur perpendicular to the primary flow

direction [10].

These secondary flows, although typically subtle, can impact particle migration patterns,
especially for smaller particles that are more sensitive to local flow disturbances. Unlike larger
particles, which may be governed by dominant elastic lift forces, smaller particles can
experience noticeable deviations under the influence of these transverse flow components.
However, in many practical cases - particularly when using dilute PEO solutions - the
magnitude of Nz is relatively small, and its effects are often negligible compared to the much
stronger influence of the first normal stress difference (N1) [11]. Nevertheless, in finely tuned
systems or when extreme precision is required, these weak forces should not be entirely

dismissed.

2.1.7 Dimensionless Numbers in Viscoelastic Flow

To fully understand and predict particle behavior in viscoelastic microflows, it is essential to
rely on dimensionless numbers. These parameters help characterize the relative importance of
different physical effects and offer valuable insight into the dominant mechanisms in a given

system.

Weissenberg Number (Wi)

Among the most critical of these is the Weissenberg number (Wi), which quantifies the relative
strength of elastic forces in comparison to viscous forces. It is defined as the product of the
fluid’s relaxation time and the characteristic shear rate. This number serves as a key indicator
of how significantly elasticity will influence the flow. When Wi « 1, the fluid behaves much
like a Newtonian fluid, with viscous forces dominating. When Wi >> 1, the system enters an
elastic-dominated regime, where polymeric stresses have a strong influence on particle

migration and flow characteristics.

In microfluidic applications, the Weissenberg number can span a remarkably wide range - from
as low as 0.01 to values exceeding 6000, depending on factors such as polymer concentration,
molecular weight, channel geometry, and flow rate [10,12]. This wide variability makes Wi an

indispensable parameter for tailoring fluid performance in different devices, allowing
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researchers to design systems that either maximize or minimize viscoelastic effects, depending

on the intended application.
Reynolds Number (Re)

The Reynolds number is a fundamental dimensionless quantity that captures the balance

between inertial and viscous forces in a fluid flow. It is defined as:

UL
v

where p is the fluid density, U is a characteristic flow velocity, L is the characteristic length
(such as channel height or width), and p is the dynamic viscosity of the fluid. This ratio helps
determine the nature of the flow: whether it is laminar and stable (dominated by viscous forces),

or turbulent and unstable (dominated by inertia).

In the realm of viscoelastic microfluidics, maintaining a low Reynolds number - typically Re
<1 -1is essential to ensure viscous-dominated laminar flow, which enables precise control over
particle dynamics and flow symmetry [12]. Under these conditions, the influence of inertial
effects is minimal, allowing researchers to focus on the more subtle interactions such as elastic

forces and shear gradients.

To further understand how inertia affects individual particles suspended in flow, the particle

Reynolds number (Re;) is used. It is defined as:

_ pUpD

Re
P

Here, U, is the particle velocity, D is the particle diameter, and 1 represents the dynamic
viscosity (sometimes interchanged with p). This formulation quantifies the degree to which

inertia influences a particle's motion relative to the surrounding fluid.

In most microfluidic systems involving dilute polymer solutions and micron-scale particles,
Re, values are extremely low — often ranging from 10-# to 10~ — indicating that viscous and
elastic forces overwhelmingly dominate, with inertia playing only a minor role [11].
Nevertheless, in some intermediate Reynolds number regimes, these inertial effects can
become relevant and understanding Re and Re, is crucial for accurately modeling flow behavior

and designing advanced particle manipulation systems.
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Blockage Ratio ()

Another important dimensionless parameter in viscoelastic microfluidics is the blockage ratio
(B), which plays a key role in determining how particles behave as they travel through
microchannels. It is defined as the ratio of the particle diameter (D) to the hydraulic diameter

of the channel (Dh):

This ratio essentially quantifies how much of the channel cross-section is occupied by a
particle, and it strongly influences both the magnitude of forces acting on the particle and the

efficiency of particle migration.

In general, a larger blockage ratio results in a stronger elastic lift force acting on the particle.
This is because larger particles experience greater variations in the viscoelastic stress field
across their surface, particularly in regions of steep shear gradients. As a result, the elastic
forces responsible for lateral migration become more pronounced, allowing the particle to

move more rapidly toward its equilibrium position [10,12].

However, increasing the blockage ratio also introduces greater sensitivity to flow disturbances
and can affect the stability of the particle’s final focusing position. While larger particles may
achieve faster migration, they are also more susceptible to instabilities caused by changes in
flow rate, channel geometry, or polymer concentration. Therefore, selecting an optimal
blockage ratio is a balancing act — one that depends on the desired speed, precision, and
robustness of the focusing behavior in a given microfluidic design. Understanding and
appropriately tuning B is especially critical in applications such as cell sorting, size-based
separation, and single-particle analysis, where precise control over particle position is essential

for achieving high resolution and throughput.

2.1.8 Migration Regimes and Flow Phenomena

Recent research has identified multiple distinct migration regimes for particles in viscoelastic
flows, depending on the interplay between the dimensionless parameters discussed above.
Hazra et al. identified five primary regimes: original streamline (OS), bimodal (BM), center

migration (CM), defocusing (DF), and wall migration (WM) [12]. These regimes emerge from
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the synergistic effects of viscoelastic lift forces and shear-thinning induced forces, with their
occurrence dependent on the STVE parameter (o) and average strain rate (y). The transition
between these regimes provides valuable insights into the underlying physics and offers
opportunities for controlled particle manipulation in microfluidic devices. The ability to predict
and control these transitions represents a significant advancement in the field of viscoelastic

microfluidics.

2.1.9 Passive Particle Transfer in Viscoelastic-Newtonian Interfaces

Yuan et al. (2016) conducted an experimental study to understand particle lateral migration
behavior in a sample—sheath microfluidic system where fluids of different rheological
properties—viscoelastic and Newtonian—co-flowed in a straight microchannel. The primary
goal was to demonstrate how particles suspended in a viscoelastic fluid (PEO solution) migrate
laterally into a Newtonian (DI water) sheath flow, a phenomenon not typically achievable in

laminar flows without external forces or complex channel geometries.

The microchannel used was a simple straight rectangular design, and 4.8 pm polystyrene
particles were suspended in various concentrations of PEO (500, 1000, and 5000 ppm). The
particle-laden viscoelastic fluid was introduced alongside DI water as the sheath flow. Notably,
particles consistently migrated from the viscoelastic stream to the Newtonian stream, but not
in the reverse direction, confirming the directional selectivity of the migration process driven

primarily by elastic lift forces [13].

The study systematically investigated the influence of channel length, flow rate ratios, and PEO
concentration on particle migration. Results showed that increasing the channel length and the
sheath-to-sample flow rate ratio enhanced particle migration and focusing. Among the tested
concentrations, 1000 ppm PEO offered optimal performance, balancing elastic force strength
and manageable viscosity. At higher concentrations (e.g., 5000 ppm), particle migration
efficiency decreased due to diffusion effects and increased viscosity, which hindered lateral

movement [13].

Comparative experiments with Newtonian—Newtonian and Newtonian—viscoelastic sample-

sheath configurations confirmed that the lateral migration observed was unique to particles
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initially suspended in a viscoelastic fluid. These findings open up possibilities for
implementing simple and effective passive solution exchange techniques in microfluidic
platforms, particularly for biomedical tasks like cell washing and staining, without relying on

external fields or complex device structures [13].

2.1.10 Enhanced Viscoelastic Focusing via Gradual Channel Contraction.

Fan et al. (2020) proposed a novel microchannel design to enhance particle focusing in
viscoelastic fluids using a passive method. The study introduced a straight microchannel with
a gradually contracted geometry, which significantly improved lateral particle migration
through a combination of elastic lift force, viscous drag, and Saffman lift force. This geometric
configuration altered the local shear rate distribution and introduced lateral flow components,

enabling particles to rapidly migrate toward the channel center [14].

The research employed both numerical simulations and experimental validation. Three
different channel types were fabricated: a straight rectangular channel, a gradually contracted
channel, and one with a small orifice to isolate the influence of outlet geometry. Particles of
various sizes (4, 7, and 10 pm) suspended in viscoelastic fluids—1000 ppm PEO and 8 wt%
PVP—were tested at flow rates ranging from 1 to 50 pL/min. Results indicated that the
gradually contracted channel achieved significantly tighter focusing in much shorter lengths
(~1 cm) compared to traditional straight channels (~4—10 cm), making it ideal for compact lab-

on-a-chip devices [14].

Notably, the study found that fluid rheology played a critical role: the PVP solution, having a
higher elastic-to-inertial force ratio, enabled more efficient focusing at lower Weissenberg
numbers than the PEO solution. Particle size also influenced focusing performance, with larger

particles responding more effectively to elastic and drag forces.

Overall, the study demonstrated that a carefully designed channel geometry can enhance
viscoelastic particle focusing performance without external forces or complex device
architecture. The findings provide a solid foundation for developing efficient, compact, and

high-throughput microfluidic platforms for biomedical and diagnostic applications [14].

2.1.11 Numerical Modeling of Viscoelastic Focusing in Cavity-Structured Channel.
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Wang et al. (2023) conducted a comprehensive numerical study to investigate microparticle
manipulation in viscoelastic microfluidic flows using a microchannel embedded with
asymmetrical triangular cavities. The motivation behind the study was to better understand
particle lateral migration mechanisms in complex channel geometries, which had previously

been examined experimentally but lacked in-depth theoretical interpretation [15].

A two-dimensional numerical model was developed using COMSOL Multiphysics 6.0 to
simulate the viscoelastic fluid behaviour and particle dynamics. The simulations incorporated
the Phan-Thien/Tanner (PTT) constitutive model to handle large Weissenberg numbers and
achieve numerical stability. The study considered a range of flow rates (10-80 pL/min) and
PEO polymer concentrations (500-2000 ppm) to examine their influence on flow

characteristics and particle focusing [15].

The model was validated against prior experimental results and showed strong agreement. Key
findings revealed that the first normal stress difference (N:) is the primary driver of lateral
particle migration, with elastic lift forces pushing particles away from the cavity side toward a
stable focusing position. It was observed that higher flow rates enhanced elastic forces and
improved particle focusing, while higher polymer concentrations decreased the magnitude of

elastic force due to increased viscosity.

Additionally, the study evaluated the combined effects of drag, inertial lift, and elastic forces,
offering a detailed explanation of how geometry and fluid rheology interact to guide particle
behaviour. Grid independence analysis and flow field validation further strengthened the

model’s reliability.

Overall, the work by Wang et al. provides a validated numerical framework to analyse particle
migration in non-standard microchannel geometries and serves as a reference for optimizing

passive viscoelastic microfluidic systems used in biomedical and lab-on-a-chip applications.

2.1.12 Selective Lateral Particle Migration in Viscoelastic—Newtonian Co-flows

Yuan et al. (2016) explored a unique form of particle manipulation by leveraging the distinct
rheological properties of viscoelastic and Newtonian fluids in a sample—sheath flow
configuration. The central objective was to achieve passive lateral migration of particles across

streamlines — a task typically requiring complex channel designs or external force fields. In
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their approach, 4.8 um fluorescent polystyrene particles were suspended in a polyethylene
oxide (PEO) viscoelastic solution and introduced alongside a Newtonian sheath flow of
deionized water in a straight microchannel. Remarkably, the particles migrated from the
viscoelastic stream into the Newtonian stream, but not in the reverse direction, indicating a

directional migration behaviour driven by elastic forces [16].

Through systematic experimentation, the authors evaluated the impact of channel length, flow
rate ratios, and polymer concentration on migration performance. It was observed that
increasing the sheath-to-sample flow rate ratio resulted in a more confined viscoelastic stream
and improved particle focusing. Similarly, longer channels allowed more time for particles to
traverse the interface, resulting in tighter focusing downstream. Among the tested
concentrations, 1000 ppm PEO provided the most effective balance between elastic force
strength and manageable viscosity, facilitating efficient particle transfer. In contrast, at higher
concentrations (e.g., 5000 ppm), increased fluid viscosity and enhanced diffusion disrupted

migration and focusing performance [16].

To validate the phenomenon, the researchers conducted comparative experiments using other
fluid pairings, such as Newtonian—Newtonian and Newtonian—viscoelastic flows. In both cases,
lateral migration did not occur, confirming that elasticity must be present in the particle's initial
medium for migration to take place. This reinforces the idea that the elastic lift force, generated
by first normal stress difference (N1) within the viscoelastic stream, is the dominant mechanism

behind the migration.

Furthermore, their findings revealed that after particles exited the viscoelastic region, they
continued to migrate laterally for a short distance within the Newtonian flow. This was
attributed to the inertial carry-over of motion, although the particle Reynolds number was very

low (Rp = 0.03), confirming that the contribution from inertial lift forces was negligible [16].

2.1.13 Migration Dynamics of Droplets in Shear-Thinning Viscoelastic Media

In an effort to better understand droplet transport in rheologically complex fluids, Hazra et al.
(2020) carried out a detailed experimental and analytical investigation into the lateral migration
behaviour of Newtonian and viscoelastic droplets in shear-thinning viscoelastic (STVE)

microflows. While most prior work focused on particle migration in either purely viscoelastic
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or Newtonian fluids, this study sheds light on the nuanced dynamics introduced when shear-

thinning and elasticity coexist in the medium [17].

The experiments were conducted using polymeric STVE liquids-including polyethylene oxide
(PEO), polyacrylic acid (PAA), and polyacrylamide (PAM)-with varying molecular weights
and concentrations. PDMS and castor oil droplets of different sizes were generated in T-
junction and flow-focusing microchannels, allowing observation of droplet behavior under a
wide range of flow conditions. The system was maintained at low Reynolds numbers (Re < 1),
where inertial effects are minimal, and elasticity dominates, with Weissenberg numbers (W1i)
ranging from 0.01 to 7.4. This experimental regime closely mimics the physiological conditions

relevant to biological fluid applications [17].

A key observation was that smaller droplets (blockage ratio § < 0.2) tend to migrate toward the
channel center, while larger droplets (B > 0.28) follow their original streamlines. This size-
dependent behavior was attributed to a delicate balance of multiple forces: the non-inertial lift
force (FNIL), the viscoelastic lift due to the continuous phase (FVM), and-when applicable-
the discrete-phase viscoelastic lift (FVD). Interestingly, the study found that existing models
based on these forces alone could not explain the behavior of larger droplets, particularly their
resistance to centerward migration in STVE media. To address this, the authors introduced a
novel concept: the shear-thinning-induced lift force (FSM), which acts toward the channel wall

and counterbalances other migration-inducing forces [17].

Another key takeaway was the independence of migration behavior from interfacial tension
(IFT) and the dominant role of fluid rheology and droplet deformability. The study also
confirmed that internal droplet properties, like viscosity and elasticity ratios (k and &),

significantly impact migration velocity and trajectory, especially for smaller droplets.

Overall, this work not only introduced a new force mechanism (FSM) into the existing
viscoelastic microfluidic paradigm but also provided a validated model that can be extended to
both rigid and deformable particles in diverse shear-thinning environments. The findings are
particularly relevant for size-based droplet sorting, single-cell encapsulation, and biomedical
assays, where rheology-driven migration can be leveraged for passive, label-free microfluidic

separation strategies.
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2.1.12 Summary

The literature reveals that viscoelastic fluids present a rich and complex medium for
microparticle manipulation, offering unique advantages over conventional Newtonian fluid
systems. The elastic forces arising from normal stress differences provide the primary
mechanism for particle migration, while shear-thinning effects introduce additional complexity
that can be exploited for enhanced control. The interplay between various dimensionless
numbers determines the flow regime and particle behavior, enabling precise manipulation of

particles ranging from submicron to tens of microns in size.

Understanding these fundamental principles is essential for advancing applications in cell
sorting, particle separation, and biomedical diagnostics. The continued development of
theoretical models and experimental techniques will further enhance our ability to harness the

unique properties of viscoelastic fluids for practical microfluidic applications.

2.2 Literature Gap

Despite significant advancements in the field of viscoelastic microfluidics, several gaps remain
unaddressed in current research. Most existing studies focus on standard microchannel
geometries—typically straight channels or simple expansions—when evaluating particle
migration in viscoelastic fluids. However, the influence of more intricate and varied cavity
designs, such as asymmetric or periodic well patterns, on particle focusing has not been

thoroughly explored.

Furthermore, while many studies report experimental findings or rely on idealized assumptions,
limited attention has been given to systematically evaluating the cumulative effect of channel
geometry, the number of geometric features (e.g., wells), and varying polymer concentrations
on particle deviation in a unified simulation framework. Also, the majority of research targets
binary particle separation, with less emphasis on fine-tuning geometric structures for
maximizing focusing performance or minimizing pressure drop in passive systems. There is a
need for a deeper understanding of how localized flow disturbances—introduced by specific
geometric modifications—interact with viscoelastic properties to influence particle migration.
Addressing this knowledge gap can enhance the design of more efficient microfluidic devices

for practical applications, especially in biomedical diagnostics and lab-on-a-chip systems.
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2.3 Objectives of the Present Work

The primary aim of this study is to investigate the role of microchannel geometry in influencing
microparticle behavior in viscoelastic flows using a simulation-based approach. The specific

objectives are as follows:

1. Model Validation: To validate a viscoelastic particle migration model by replicating
results from a previously published, experimentally verified study, thereby establishing
the reliability of the simulation framework.

2. Geometric Variation Analysis: To systematically study the effects of various well
geometries—such as symmetric and asymmetric rectangular, triangular, and curved
cavities—on particle focusing and lateral deviation.

3. Effect of Polymer Concentration: To evaluate how changes in polymer concentration
(PEO at 500 ppm and 1000 ppm) impact viscoelastic lift forces and particle migration
patterns across different channel designs.

4. Influence of Well Count: To analyze how increasing the number of embedded wells
affects the cumulative particle deviation and to determine if there exists a saturation
point beyond which further wells offer diminishing returns.

5. Pressure Drop Evaluation: To compare the pressure drops associated with different
channel geometries and identify configurations that offer a balance between effective

particle manipulation and operational efficiency
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Chapter 3

Methodology

3.1 Schematics of channel Geometry

The schematic figure of the microchannels used in this study is shown in Figure 1. The
microchannel domain is a straight channel with a cross-section of 100 pm x 40 um (width X

height) with a range of additional cavities.

This study covers 4 distinct cavity designs covering both symmetric and asymmetric patterns.
1. Single side Rectangle with height of 450 um and length of 900 um.

2. Single side Curved well with radius of 450 um taken from the channel center axis.

3. Both side Rectangle with height of 450 um and length of 900 um.

4. Both side Isosceles triangle with base length of 900 pm and height of 450 pm.

Figure 3.1.1: The Schematics of the microchannel with array of symmetric wells in the form
of a) velocity distribution at the inlet of the geometry b) dimensions of the symmetric

rectangular well ¢) meshing at the outlet of the channel.
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900 um

Figure 3.1.2: Variation in well shapes, a) symmetric channel with rectangular wells on each
side, b) asymmetric channel with rectangular wells, ¢) symmetric channel with triangular wells,

d) asymmetric channel with curved wells.

Along with this variation, a range of wells is also taken in consideration for symmetric channels
Ranging from 11 to 36 with increments of 5The microchannel design includes 26 cavity
structures, with each pair of adjacent cavities spaced 900 um apart, resulting in a total channel
length of 48 mm. Given that the channel height is significantly smaller than both its length and
width (H << L and H << W), the problem was simplified to a two-dimensional model for

computational efficiency.

The simulation was carried out using COMSOL Multiphysics 6.0, where the fluid behavior
was first analyzed under a stationary study using the viscoelastic fluid module. Because the
Reynolds number across the domain was well below 2000, the flow was assumed to be steady
and laminar. The steady-state fluid field results were then used as inputs for the particle tracing
module, allowing for the tracking of microparticle positions and velocities over time as they

migrated through the channel.
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The dynamic viscosity of the PEO (polyethylene oxide) solutions was estimated based on
concentration, with values of approximately 2 x 1072 Pa-s for 500 ppm, 3 x 1072 Pa-s for 1000
ppm, and 5 x 1073 Pa-s for 2000 ppm [15]. Corresponding relaxation times were calculated as
9.1 ms, 12.4 ms, and 19.5 ms for the 500 ppm, 1000 ppm, and 2000 ppm solutions, respectively.
[15]

For the simulation setup, a fully developed velocity profile was applied at the inlet, while the
outlet pressure was set to 0 Pa to ensure proper flow control. The computational geometry was
discretized using a refined mesh, with locally dense elements near the outlets to capture flow

behavior accurately, as illustrated in Figure 3.1.1(c).

3.2 Forces involved.

The viscoelastic behavior in the fluid arises from the presence of dissolved polymer chains.
When these viscoelastic fluids are subjected to shear flow within a confined channel, the
polymer chains are stretched along the primary flow direction, disrupting their equilibrium state

and causing an anisotropic stress distribution throughout the fluid.

In the presence of suspended microparticles, this uneven stress distribution results in a
difference in normal stress on either side of each particle. This imbalance generates lateral
elastic forces that drive the particles across streamlines, typically toward regions of lower shear
rate. As a result, microparticles in viscoelastic fluids tend to migrate toward specific

equilibrium positions—a phenomenon known as viscoelastic focusing.

To analyze this behavior quantitatively, the stress distribution around a fluid micro-element is
commonly described using two normal stress differences: the first normal stress difference N
=Txx—Tyy, and the second normal stress difference No=ty,—1,,. In most polymer solutions,
including PEO-based fluids, N is positive and tends to decrease with increasing polymer
concentration, whereas N is typically negative and increases in magnitude with concentration.
However, for dilute PEO solutions, N> is significantly smaller than N; and can often be

neglected in practical analysis.
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Therefore, the lateral elastic force Fg acting on the microparticles is primarily governed by N
, and it plays a key role in directing particles toward stable positions within the microchannel

[18].:

Fg ~ a®VN; = a3(Vt, — Viyy)

The viscoelastic strength of a fluid can be quantitatively described using the Weissenberg
number (Wi), a dimensionless parameter that represents the ratio of elastic to viscous effects
in a flow [1]. It is defined as:

A 2AU 2A

Wi=—=Ay=—F = 29

te w hw?
Here, A is the relaxation time of the fluid, Uy, is the average flow velocity, Q is the volumetric
flow rate, and w and h are the width and height of the channel, respectively. The characteristic
time tris inversely related to the average shear rate y’, which can be approximated as 2Uw/w or
2Q/(hw?) for rectangular channels. A higher Weissenberg number indicates stronger elastic

effects relative to viscous forces.

On the other hand, the inertial effects in the fluid are captured by the Reynolds number (Re),

another dimensionless quantity used to characterize the flow regime [19]. It is given by:

_PUmDn _ — 2pQ

Re =
W u(w + h)

where p is the density of the fluid, Uy, is the flow rate of the fluid, Dy is the hydraulic diameter
of the flow channel, p is the dynamic viscosity. Dh of the flow channel is related to the type of
flow channel cross-section; for a rectangular cross-section flow channel commonly used in
microfluidic control, the value of the hydraulic diameter can be estimated as D = 2wh/(w + h),

in which w and h are the width and height of the flow channel cross-section, respectively

The vector of wall lift force and shear-gradient lift force are combined to be the net inertial lift

force, which is used through a available module in COMSOL. It is governed by the equations
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L = p5 B(BG(9) + Y6, ())n

B=[D(n- V)
DZ
y = |5 (@02
y=(-n®n)u

s is the normalized distance to the first parallel boundary
n is the unit vector from the nearest point on the first parallel boundary
D is the distance between the walls

A drag force arises when an object moves through a fluid or when the fluid flows past an object,

due to a velocity difference between the particle and the fluid [16], which can be estimated by:
Fp = 31ma(vf - Vp)

where vrand v, are the velocities of the fluid element and particles, respectively

3.3 Governing Equations

Assuming that the viscoelastic fluid behaves as an incompressible and continuous medium, its
motion can be described using two fundamental governing equations: the continuity equation,
which ensures mass conservation, and the momentum conservation equation, which accounts
for the balance of forces acting within the fluid. These equations form the basis of the control

equations used to simulate viscoelastic fluid flow in microfluidic environments [15,20].
pV-u=20

p(u-VYu=V-[—pl+ K+ T]

26



Ae
AVTer + exp (u_ tr(Tem)> Tem = 2Hpp
p
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VTem = (u : V)Tem —Vu- Ty — Tem - (VU)T

where Te = Y'm Tem is the viscoelastic component of the stress tensor, which can be described
by a different constitutive model [21,22,23]. In this study, particular emphasis is placed on the
first normal stress difference, as it plays a significant role in shaping the flow field within
viscoelastic fluids. To accurately capture the relationship between this stress difference and
flows with high Weissenberg numbers, the Oldroyd-B model was modified by introducing an
additional parameter €, resulting in the Phan-Thien/Tanner (PTT) model. This modification
improves the model’s numerical stability and ensures convergence under high elasticity
conditions [20]. In the governing equations, u represents the fluid velocity vector, p denotes
the pressure field, and I is the identity tensor, which appears in the formulation of the stress
and deformation relationships., K = 2usD is the Newtonian component of the stress tensor, us
and up are solvent viscosity and polymer viscosity, which sum to u, and the retardation factor
B 1s defined as B = us/(us + up). D is the strain velocity tensor, € is the rheological parameter of

the PPT model [20].
3.4 Boundary Conditions

At the inlet of the microchannel, a fully developed flow condition is applied, characterized by
a parabolic velocity profile that reflects the steady-state distribution of velocity typically
observed in laminar flow through a confined channel:

vy =0, vyisparabolic profile

In channel flow, symmetry exists along the centerline, which implies that both the normal
velocity component and the tangential shear stress vanish at this boundary. This condition is a

direct result of the flow’s symmetrical nature about the centerline:

dvy

a—y:O, V. :0, ny:()
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Since the velocity profile and stress tensor components play a crucial role in accurately
resolving the flow behavior—especially when these quantities stabilize at a sufficient distance
from the inlet—the initial stress tensor is explicitly defined at the channel entrance to ensure

consistent and realistic simulation results:
* —_— * —_ * —_
Oyxx = Oyxy = Oyyy = 0

The model applies a no-slip boundary condition along the channel walls, ensuring that the fluid
velocity relative to the wall is zero. Additionally, a pressure outlet condition is implemented at
all three outlet boundaries to represent fully developed flow, allowing the fluid to exit the

domain smoothly without introducing backflow or artificial constraints:
[-pl+ K+ Te]Jn = —pgy, po =0

To simulate the behavior of viscoelastic fluids, the process begins with a stationary solution,
which provides a stable initial condition for solving the problem. The simulations are conducted
using COMSOL Multiphysics 6.0, which employs the finite element method (FEM) to
numerically solve the governing equations. To ensure numerical stability and convergence,
particularly at high Weissenberg numbers, the Phan-Thien/Tanner (PTT) model is

implemented.

Among the available solvers, the PARDISO solver is selected over MUMPS due to its better
performance in this context. The solver settings are configured with relative and absolute
tolerances of 107 and 10°¢, respectively, and a time step of 0.001 seconds. Convergence is
achieved by iteratively adjusting the residual values until they drop below the predefined

tolerance thresholds.

The stationary fluid simulation is executed for approximately 120 seconds, yielding a steady-
state flow field. This result is then used as the initial condition for the particle tracking
simulation, which predicts the migration paths of suspended particles over time. Each operating

condition is simulated for about 20 minutes to ensure sufficient data resolution for analysis.
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3.5 Grid Independence Test:

Table 3.5 Mesh types and corresponding number of elements used in numerical simulations

Normal 18795
Fine 29448
Finer 101147
a) b)
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Figure 3.5: Grid independence analysis with a) velocity profiles at different mesh densities and

b) nature of channel outlet at different mesh densities.

The grid independence test was carried out to ensure that the simulation results are not
influenced by the choice of mesh density but instead reflect the true physics of the flow. Three
different mesh types were tested: normal (18,795 elements), fine (29,448 elements), and finer
(101,147 elements). By comparing the velocity profiles across the channel height for each
mesh, it was observed that all three mesh densities produced nearly identical results, as shown
by the overlapping curves in the velocity plot. This close agreement indicates that further
refining the mesh does not significantly change the solution, confirming that the simulation is

grid independent. As a result, the Fine mesh was selected for subsequent analysis, as it offers
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a good balance between computational efficiency and accuracy. This approach ensures that the
numerical findings are robust and reliable, providing confidence in the simulation outcomes

for the viscoelastic microchannel study

3.6 Extensibility comparison
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Figure 3.6: Velocity profiles at the microchannel inlet for different fluid extensibility values at

a flow rate of 20 pL/min.

The figure presents velocity profiles at the inlet of a microchannel for a flow rate of 20 pL/min,
comparing the effects of different fluid extensibility values (E = 0.1, 0.4, 0.7, 1). The profiles
for each extensibility value overlap almost perfectly, indicating that changes in the extensibility
parameter have negligible influence on the velocity distribution across the channel at this flow
rate. This result demonstrates that, under these conditions, the fluid's extensibility does not
significantly affect the inlet velocity profile. As a result, a fixed extensibility value of 0.5 is

chosen for all subsequent simulations to simplify the analysis without compromising accuracy.
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3.7 Validation

To ensure the accuracy and reliability of the simulation model, the same geometrical
configuration used by Tiao Wang (2023) was replicated [15]. This model was then tested to

see if it could reproduce the experimental observations reported in Wang's study.

The validation process involved simulating particle flow under two different flow rates—30
ul/min and 40 pl/min—with a polyethylene oxide (PEO) concentration of 1000 ppm. The

simulation outcomes were then compared with the experimental data.

e At 30 pL/min, the simulation showed that the particle stream split at the outlet, with
particles exiting through two separate channels. This behaviour matched the
experimental observations, confirming the model's accuracy at this flow rate.

e At 40 pl/min, the simulation revealed that the particle stream converged and exited

through a single outlet, again in agreement with the experimental results.

This comparison, illustrated in Figure 3.7, demonstrates that the simulation model can reliably
replicate the behaviour of particle streams under varying flow conditions, thereby validating
its use for further analysis.

a) b)

Q=30ul/min . 4 i

1000 ppm PEO
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Q=40uV/min |
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Figure 3.7: Comparison between a) experimental and b) simulation results for a flow rate of 30
ul/min and c) experimental and d) simulation results for a flow rate of 40 ul/min at 1000 ppm

PEO concentration [15].
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3.8 Inverted Geometry.

To further validate the robustness and generalizability of the simulation model, the same flow
simulation was conducted using an inverted version of the original geometry. The goal was to
determine whether the model could still accurately predict particle behavior under altered
structural conditions. The results from the inverted geometry closely mirrored those from the
original configuration. This consistency suggests that the deviation of suspended particles is
not solely dependent on the geometry's orientation but is also significantly influenced by shear-
induced lift forces. These forces arise due to velocity gradients created by the presence of

microstructural features such as wells.

To explore this phenomenon further, the study examined a variety of well geometries,

including:

e Rectangular wells
o Curved wells
e Double-sided triangular wells

e Double-sided rectangular wells

Each of these geometries was analyzed to observe how their unique shapes affect the behavior
and deviation of suspended particles in the flow. The simulation was conducted at a flow rate
of 40 pl/min using a 500 ppm PEO (polyethylene oxide) solution, providing a controlled

environment to assess the influence of geometry on particle dynamics.

‘ 4 d 0.06
0.04

0.02
Inverted Geometry Original Geometry
0 m/s

Figure 3.8: Comparison between particle deviation at original profile[15] and inverted profiles

at a flowrate of 40 pul/min at 500 ppm PEO solution.
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Chapter 4

Results and Discussion

In this study, we explore the effects of geometrical variation on the flow of micro particles
suspended in a Viscoelastic medium. Building on the previous work by Wang et al. (2023), the
channel geometry, more specifically, the shape of wells, had been altered, ranging from
symmetric channels with both sides rectangular and both sides triangular wells to asymmetric
channels with rectangular and curved wells. To study the effect of geometry and the
viscoelastic lift force on the suspended particles, all particles are released from the center of
the straight channel with a frequency of 1 micro particle per 0.001 sec. This study is restricted
to a flow rate of 40 L/min due to constraints provided by the simulation model. Therefore, the
fluid is fed at 3 different flow rates ranging from 20-40 pL/min with a step of 10 pL/min. The

particle size is fixed at 4.8 um to mimic the behavior of a red blood cell.

4.1 Flow development across different well shapes.

0.16

0.14
— | — — | —
i 0.12
0.1
0.06
0.04
— | — —:- S—
0.02

Figure 4.1: Velocity contour for all channel geometries at 30 pL/min.

The figure presents a comparison of velocity contours for different well shapes embedded
within a microchannel, illustrating how the geometry of these wells influences the fluid
dynamics and particle behavior in such confined environments. Across all the geometries, the

highest velocities are consistently observed at the channel inlets and outlets, as indicated by the
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red and yellow regions on the contour plots, while the velocity drops markedly within the well

regions themselves, especially in areas where the channel expands and the fluid has more space

to spread out.

Rectangular wells and both side rectangular wells tend to generate broad zones of slow-moving
fluid in their centers, and the velocity profile recovers rapidly as the fluid exits the well and
moves back into the narrower channel, resulting in a sharp transition between low and high
velocity regions. In contrast, semi-circular wells create deeper, more pronounced zones of low
velocity at their bases, while both side square wells, due to their sharp corners, produce
localized pockets of very low velocity in those corners, leading to more complex flow patterns
and recirculation zones.Low shear rate zones, which are regions where the velocity gradient is
minimal, are predominantly found in the center and corners of the wells, particularly in larger
or more rounded cavitiesl. These zones are significant in viscoelastic microfluidics because
particles suspended in the fluid tend to migrate and accumulate there, driven by elastic lift
forces that are maximized in areas of low shear. This phenomenon is especially beneficial for
applications such as particle focusing and separation, where precise control over particle

positioning is require.

4.2 Deviation of particles at different flow rates in different channel shapes

Geometry

20 plfmin 30 pl/min 40 pl/min Flow rate

500 ppm PEO

Figure 4.2.1: Channel outlets at 500 ppm PEO solution
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Figure 4.2.2: Channel outlets at 1000 ppm PEO solution

The figures 4.2.1 and 4.2.2 present a comparative analysis of the exit behavior of 4.8 pm
particles at the end of microchannels featuring four distinct geometries-both side rectangle
channel, rectangular channel, curved channel, and both side triangular channel-under two
different concentrations of PEO solution: 500 ppm and 1000 ppm. The flow rates examined are
20, 30, and 40 pL/min, providing insight into how these parameters affect particle migration

and focusing within viscoelastic microfluidic environments

For the 500 ppm PEO solution, the distribution of particle exits across the different channel
geometries is relatively broad, indicating that the elastic forces present at this concentration are
not strong enough to induce sharp particle focusing. In both side square channel and both side
triangle channel, the complexity and sharp corners of the geometries create localized regions
of low shear rate, which can guide particles toward specific exits, but the effect remains
moderate at this lower PEO concentration. The square channel, with its more regular geometry,
shows less pronounced particle migration, resulting in exits that are more evenly distributed.
The curved channel, characterized by its smooth transitions, tends to produce a more gradual
focusing effect, with particles displaying a slight preference for certain exits as the flow rate
increases. When the PEO concentration is increased to 1000 ppm, the viscoelastic properties
of the fluid become more prominent, leading to a marked enhancement in particle focusing
behavior. In the both side square channel and both side triangle channel, the presence of strong

elastic lift forces, especially at higher flow rates, results in a much narrower distribution of
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particle exits, with most particles being directed toward specific outlets. This behavior is
attributed to the intensified elastic effects in the low shear rate zones created by the channel
geometry, which effectively steer particles along preferred streamlines. The square channel
also exhibits improved focusing at 1000 ppm, but the effect is less dramatic compared to the
more complex geometries. The curved channel, while still promoting some degree of particle
migration, demonstrates a smoother and more continuous transition in exit distribution as the

flow rate increases, reflecting the interplay between channel curvature and viscoelastic forces.

Overall, the figures clearly demonstrate that both the geometry of the microchannel and the
concentration of the viscoelastic solution play critical roles in determining the exit path of
suspended particles. Higher PEO concentrations and more intricate channel shapes, such as the
both side square and both side triangle channels, significantly enhance particle focusing,
resulting in more predictable and controllable exit distributions. This understanding is essential
for the design of microfluidic systems aimed at efficient particle sorting, focusing, and
manipulation, as it underscores the importance of tailoring both the fluid properties and channel

architecture to achieve desired outcomes in lab-on-a-chip applications

4.3 Particle deviation at the end of straight channel.
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Figure 4.3 Average particle deviation at the end of straight channel with change in well shapes

for a) 500 ppm PEO solution and b) 1000 ppm PEO solution.
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When examining the average deviation of particles at the end of the straight section of the
microchannel, the influence of both PEO concentration and well geometry becomes clear. At
a lower PEO concentration of 500 ppm, as shown in Figure 4.3a, the data reveal that the
rectangle symmetric and triangle symmetric wells consistently produce the highest average
deviations, with values hovering around 15.4 to 15.7 um across all tested flow rates. This
suggests that these symmetric geometries are particularly effective at promoting lateral
migration of particles, likely due to the formation of pronounced low shear rate zones and the

generation of secondary flows within the channel.

In contrast, the rectangle asymmetric wells display a noticeable decrease in deviation as the
flow rate increases, dropping from 12.67 um at 20 uL/min to just under 10 um at 40 puL/min.
The curved wells also show a slight reduction in deviation with increasing flow rate, ranging
from 13.98 um down to 13.07 um. These trends indicate that, at 500 ppm, the elastic forces
present in the system are not yet strong enough to cause significant changes in particle
trajectories as the flow rate increases. Instead, the geometry of the well plays a more dominant

role in determining the extent of lateral migration.

When the PEO concentration is increased to 1000 ppm, as depicted in Figure 4.3b, the average
deviation of particles rises for all channel geometries. The rectangle symmetric and triangle
symmetric wells continue to stand out, with deviations remaining above 15 um and reaching
up to 16.02 pm in the rectangle symmetric case at the highest flow rate. This increase in
deviation with higher PEO concentration highlights the enhanced viscoelastic effects at play,
where stronger elastic lift forces are able to drive particles more effectively toward specific

streamlines, resulting in greater lateral displacement.

Interestingly, the rectangle asymmetric wells at 1000 ppm show a peak deviation of 12.44 um
at 30 uL/min, but this value drops to 10.11 pm at 40 pL/min, mirroring the trend observed at
the lower concentration. The curved wells also experience a modest increase in deviation,
peaking at 13.83 um at 30 pL/min before slightly decreasing at the highest flow rate. These
results underscore the importance of both polymer concentration and channel geometry in

shaping particle behavior within microfluidic systems

Overall, increasing the PEO concentration from 500 ppm to 1000 ppm amplifies the
viscoelastic effects within the channel, resulting in greater and more consistent particle

deviation, especially in the rectangle symmetric and triangle symmetric wells. The geometry
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of the channel remains a crucial factor, with symmetric designs consistently yielding higher
deviations and thus proving more effective for lateral migration and focusing of particles. Flow
rate, on the other hand, has only a minor influence on deviation at both concentrations, as the
deviations remain relatively stable across the tested range. This stability suggests that, under
these conditions, viscoelastic forces are the dominant mechanism governing particle migration,

overshadowing the effects of inertial forces.

4.4 Pressure variation across different channel geometries
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Figure 4.4: Pressure drop across different channel geometries for a) 500 ppm PEO solution and

b) 1000 ppm PEO solution.

A closer look at the pressure drop data for the various microchannel geometries, as illustrated
in Figures 4.4a and 4.4b, reveals how profoundly the shape of the wells influences the
hydrodynamic resistance encountered by the viscoelastic fluid. At a flow rate of 20 pulL/min,
the pressure required to drive the fluid through the rectangle symmetric channel is
approximately 2.8 kPa, while the rectangle asymmetric channel shows a slightly higher value,
just above 3.0 kPa. The curved channel, with its smooth transitions, maintains a pressure drop
similar to the rectangle symmetric case, also around 2.8 kPa. In contrast, the triangle symmetric
channel matches the rectangle symmetric channel, reinforcing the trend that symmetric designs

consistently yield lower pressure drops.

As the flow rate increases to 30 uL/min, the pressure drop rises across all geometries, but the

differences between them become more pronounced. The rectangle symmetric and triangle
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symmetric channels both exhibit pressure drops just under 3.5 kPa, while the rectangle
asymmetric channel climbs to nearly 4.0 kPa. The curved channel remains close to the
symmetric designs, with a pressure drop slightly above 3.5 kPa. At the highest tested flow rate
of 40 uL/min, the rectangle symmetric and triangle symmetric channels maintain their lower
pressure drops, both just above 3.5 kPa, whereas the rectangle asymmetric channel reaches
nearly 4.5 kPa. The curved channel, again, stays in line with the symmetric geometries, with a

pressure drop just under 4.0 kPa.

When the PEO concentration is increased to 1000 ppm, the overall pressure drops are higher,
but the same pattern persists. At 20 pL/min, the rectangle symmetric and triangle symmetric
channels both require about 5.5 kPa to sustain the flow, while the rectangle asymmetric channel
demands a higher pressure, close to 6.0 kPa. The curved channel, as before, aligns with the
symmetric designs, with a pressure drop of approximately 5.5 kPa. At 30 uL/min, the rectangle
symmetric and triangle symmetric channels reach around 6.0 kPa, while the rectangle
asymmetric channel peaks at nearly 6.5 kPa. The curved channel shows a slight increase,
maintaining a pressure drop just above 6.0 kPa. At 40 pL/min, the rectangle symmetric and
triangle symmetric channels both settle at about 5.5 kPa, while the rectangle asymmetric
channel remains elevated, just under 6.0 kPa. The curved channel, consistent with previous

observations, stays close to the symmetric designs.

These quantitative results make it clear that symmetric well shapes—whether rectangular,
curved, or triangular—consistently facilitate smoother, more balanced flow paths, which in
turn minimize abrupt expansions, contractions, and sharp corners. This design advantage
reduces localized regions of high resistance and elastic stress, resulting in lower operational
pressures. On the other hand, asymmetric channels disrupt the flow, leading to increased energy
dissipation and a higher overall pressure drop. For microfluidic applications, this distinction is
crucial: selecting symmetric well shapes not only reduces the pressure required to operate the
device but also enhances the efficiency of particle manipulation in viscoelastic fluids, making

these designs especially attractive for practical use.
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4.5 Deviation across symmetric wells (rectangles and triangles) for variation in number

of wells
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Figure 4.5: Deviation of particles at symmetric channel with change in number of wells and

flow rate for - a) both side rectangular wells and 500 ppm PEO solution, b) both side rectangular

wells and 1000 ppm PEO solution, ¢) both side triangular wells and 500 ppm PEO solution,

and d) both side triangular wells and 1000 ppm PEO solution.
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When examining the data for symmetric microchannels with rectangular and triangular wells
on both sides, a clear pattern emerges regarding how the number of wells influences particle
deviation, especially when considering different PEO concentrations. As more wells are added
along the channel, particles experience a greater cumulative effect from the repeated geometric
disturbances, which leads to a more pronounced lateral migration by the time they reach the
end of the channel. This effect is evident in both rectangular and triangular well configurations,
but the magnitude and rate of increase in deviation can differ based on the well shape and the

viscoelasticity of the fluid.

For channels with symmetric rectangular wells, each additional well acts almost like a gentle
nudge, incrementally steering the particles further away from their original streamline. At lower
PEO concentrations, these nudges are relatively subtle, and the overall deviation remains
modest even as the number of wells increases. However, as the PEO concentration rises, the
viscoelastic forces within the fluid become much stronger, amplifying the influence of each
well. This means that with a higher number of wells, especially at elevated PEO concentrations,
the particles are guided more effectively toward the channel periphery, resulting in a much

larger average deviation.

The effect is even more pronounced in channels with symmetric triangular wells. The sharper
geometry of these wells creates more intense regions of low shear and secondary flows, which,
when combined with the viscoelastic properties of the fluid, act to push the particles even
further laterally. Here, the increase in deviation with each additional well is steeper, and the
cumulative effect is quite dramatic at higher PEO concentrations. It’s almost as if each
triangular well gives the particles a stronger push, and with more wells, this effect compounds

rapidly, leading to significant lateral migration by the time the particles exit the channell.

In essence, the number of wells in a microchannel act as a powerful lever for controlling particle
deviation, especially when working with viscoelastic fluids. The more wells present, the greater
the opportunity for the fluid’s elastic forces to interact with the channel geometry, resulting in
enhanced particle migration. This relationship is particularly valuable for microfluidic
applications where precise control over particle positioning is required, such as in cell sorting
or particle focusing. By thoughtfully increasing the number of wells, researchers can achieve
higher levels of particle deviation, tailoring the system to their specific needs and making the

most of the unique interplay between channel design and fluid mechanics
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4.6 Particle deviation at the end of straight channel for increasing number of wells
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Figure 4.6: Deflection versus number of wells. a) symmetric channel with rectangular wells at
500 ppm PEO solution. b) symmetric channel with rectangular wells at 1000 ppm PEO
solution. c¢) symmetric channel with triangular wells at 500 ppm PEO solution. Figure d)

symmetric channel with triangular wells at 1000 ppm PEO solution.

The influence of the number of wells on particle deviation at the end of the straight
microchannel is distinctly captured in the data for symmetric channels with rectangular and
triangular wells on both sides, under two different PEO concentrations—3500 ppm and 1000
ppm. For channels featuring rectangular wells (Figures a and b), the trend is clear: as the
number of wells increases, the average lateral deviation of particles also rises. At the lower
PEO concentration of 500 ppm, this increase is steady but relatively moderate. Specifically,
when the number of wells grows from 11 to 31, the average particle deviation increases from
approximately 7 um to about 15.5 um across the tested flow rates (20, 30, and 40 pL/min). This
gradual rise suggests that each additional well contributes incrementally to pushing particles
further from their original streamline, but the viscoelastic forces at this concentration are not

yet strong enough to cause dramatic shifts in particle trajectories.

When the PEO concentration is elevated to 1000 ppm, the effect of increasing the number of

wells becomes much more pronounced. The data show that as the number of wells increases
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from 11 to 31, the average deviation climbs more sharply, reaching values close to 16 um at
the highest flow rates. This steeper increase reflects the enhanced elasticity of the fluid, which
amplifies the cumulative influence of multiple wells. The stronger viscoelastic forces at this
concentration more effectively drive particles laterally, resulting in significantly greater

migration by the time they exit the channel.

A similar but even more striking pattern emerges in channels with triangular wells on both
sides (Figures ¢ and d). The sharper geometry of the triangular wells appears to intensify the
effect of each additional well, especially at the higher PEO concentration. At 500 ppm, the
average deviation increases from around 7 pum with 11 wells to nearly 16 um with 31 wells,
showing a more substantial rate of increase compared to the rectangular wells. This suggests
that the triangular shape, with its sharper angles and more pronounced flow disturbances,

enhances the lateral displacement of particles even at moderate viscoelastic forces.

At 1000 ppm PEO, this effect becomes dramatically more evident. The average deviation rises
steeply as the number of triangular wells increases, reaching values slightly above 16 um at the
highest flow rates and well counts. The data indicate that each additional triangular well
significantly boosts particle deviation, leading to a much steeper and more pronounced rise in
lateral migration compared to the rectangular well channels. This highlights the combined
impact of well geometry and fluid elasticity in shaping particle trajectories within microfluidic

systems.

In summary, the number of wells plays a crucial role in determining particle deviation, with
more wells leading to greater lateral migration. This effect is amplified by higher PEO
concentrations, which strengthen viscoelastic forces, and by the sharper geometry of triangular
wells, which more effectively disrupt flow and enhance particle displacement. These insights
are vital for optimizing microchannel designs aimed at precise particle focusing and separation,
emphasizing the importance of both structural and fluidic parameters in achieving desired

outcomes.
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4.7 Effect of further extension of the number of wells on a Symmetric channel
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Figure 4.7: Effect of well count on particle deflection at 500 ppm PEO for varying flow rates.

The simulation results provide a detailed picture of how both the number and geometry of wells
influence particle deviation in symmetric microchannels under viscoelastic flow conditions. As
the number of rectangular wells increases from 11 to 26, the simulations show a steady and
almost linear increase in average particle deviation. For example, at a flow rate of 20 pL/min
and a PEO concentration of 500 ppm, the simulated average deviation rises from around 7 um
with 11 wells to approximately 15 um with 26 wells. This upward trend is consistent at higher
flow rates, with deviations approaching 16 um at 40 pL/min for the same number of wells.
When the PEO concentration is increased to 1000 ppm, the simulations predict an even steeper
climb in deviation as additional wells are introduced, highlighting the significant role of

enhanced viscoelastic forces in promoting lateral particle migration.

However, when the simulations extend the number of wells beyond 26-up to 36 the increase in
deviation continues but at a noticeably reduced rate. For instance, at 500 ppm and the highest
tested flow rate, the deviation grows from about 15 um at 26 wells to just over 20 pm at 36
wells. This slower rise suggests a saturation effect within the simulated system: while each new

well still contributes to lateral migration, its incremental impact diminishes as particles
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approach the microchannel boundaries or reach equilibrium positions where elastic, viscous,
and inertial forces balance out. The viscoelastic focusing effect, while still present, becomes

less efficient with each additional well past this threshold.

This simulated plateau in particle deviation has important implications for microfluidic design.
The results indicate that increasing the number of wells is an effective strategy for enhancing
particle migration up to a certain point, but beyond roughly 26 wells, further additions yield
only marginal gains. This insight is valuable for optimizing channel designs in silico, as it
suggests there is an optimal range for the number of wells that balances efficient particle

focusing with practical considerations such as device complexity and simulated pressure drop.

These trends from the simulations are consistent with observations in recent computational
studies, where similar saturation effects have been reported in microchannels featuring periodic
geometric disturbances, especially at moderate to high polymer concentrations. In summary,
the simulation data demonstrate that increasing the number of rectangular wells in a symmetric
microchannel significantly enhances particle deviation up to about 26 wells, after which the
effect plateaus. This behavior reflects the interplay between channel geometry and viscoelastic
migration forces in the simulated environment, and should guide the computational

optimization of microfluidic devices for particle focusing and sorting applications
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Chapter S

Conclusion and Future Scope

Through a detailed series of simulations, this thesis paints a comprehensive picture of how
microparticles behave in viscoelastic flows within microchannels of varying geometries. The
data make it clear that both the shape and number of wells, as well as the viscoelastic properties
of the fluid, are pivotal in determining the extent of particle migration. Symmetric well
geometries—especially rectangular and triangular designs-consistently facilitate greater lateral
deviation, with average values reaching up to 16.0 um at 1000 ppm PEO and 40 pL/min. In
contrast, asymmetric geometries lag behind, with deviations dropping to as low as 9.99 um

under comparable conditions.

The influence of the number of wells is equally significant. Up to about 26 wells, each
additional well contributes meaningfully to particle deviation, but beyond this threshold, the
effect begins to saturate. For example, at 500 ppm and 40 pL/min, the deviation rises from 15
um at 26 wells to just over 20 um at 36 wells, indicating diminishing returns for further
geometric complexity. This plateau suggests that there is an optimal range for the number of

wells, beyond which additional features do not substantially enhance focusing performance.

Pressure drop analysis adds another layer of insight, showing that symmetric channels
consistently require less energy to operate, maintaining pressure drops in the range of 2.8 kPa
at 500 ppm and 20 pL/min and 5.5 kPa at 1000 ppm and 40 pL/min, while asymmetric channels
can demand nearly 3.1 kPa and 5.75 kPa, respectively, at the highest flow rates. Taken together,
these findings underscore the importance of thoughtful microchannel design in applications
where precise particle focusing and sorting are required. By carefully tuning the number and
geometry of wells and selecting the appropriate polymer concentration, it is possible to achieve
efficient, passive particle manipulation without incurring unnecessary pressure losses. The
quantitative trends uncovered in this thesis not only deepen our understanding of viscoelastic
microfluidics but also offer practical guidelines for the next generation of high-performance

microfluidic devices in biomedical and analytical fields.

Future Scope:
While this study successfully demonstrates the influence of microchannel geometry and

viscoelastic fluid properties on microparticle migration through numerical simulations, there
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remains considerable scope for further research. A key next step would be to fabricate the
proposed channel geometries and conduct experimental validation of the simulated results.
This would not only confirm the predictive accuracy of the current model but also provide
insights into any discrepancies arising from real-world factors such as fabrication tolerances,

particle variability, or flow instabilities.

In addition, future work could explore a wider range of particle sizes and shapes, including
deformable biological cells, to assess how these parameters influence migration patterns in
viscoelastic media. Investigating the combined effects of multiple forces—such as
electrokinetic or magnetophoretic forces in conjunction with viscoelastic flows—may also

open new avenues for enhancing separation efficiency and selectivity.

Moreover, optimizing channel designs for high-throughput applications and integrating them
into complete lab-on-a-chip platforms could significantly advance their practical utility in
clinical and diagnostic settings. Finally, extending the simulations to three-dimensional models
and transient flow conditions would help in better understanding complex particle trajectories

and improving the overall robustness of the microfluidic system design.
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