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Abstract

Vascular stenosis is the localized narrowing of blood vessels resulting
from plaque accumulation along the vessel walls. Such constriction
reshapes local flow patterns and alters local hemodynamics, promoting
platelet activation and aggregation downstream. Over time, these
disturbances can lead to the development of mural thrombus. In this
study, we investigated the effect of geometrical variations within
stenosed microvessels, including severity of stenosis, angular topology,
curvature, and post-stenotic dilatation (PSD), on blood flow
characteristics governing thrombus initiation. To investigate these
effects, a combined experimental and computational approach was
adopted. Microchannels were fabricated using stereolithography based
3D printing and soft lithography processes. The fabricated high-
resolution, leak-proof microdevices were used for flow characterization.
Subsequently, experiments were conducted on fabricated microchannel
to validated the computational blood-flow model and accuracy of the
computation approach. Following validation, extensive numerical
simulations were performed over a wide range of geometrical
configurations and flow conditions (bulk shear rates ranging from 100-
30,000 s™!) to examine flow behaviour. The analysis revealed that higher
bulk shear rates intensified wall shear distribution and strengthened
downstream recirculation. These behaviours resulted from increased
inlet momentum, enhancing velocity gradients near the constriction and
transferring greater tangential stress to the fluid layers adjacent to the
wall. The resulting pressure drop across the stenosis induce flow
separation and recirculation zones, increasing platelet residence time
near the vessel wall. Prolonged exposure to such disturbed flow
conditions increases the likelihood of platelets activation and
aggregation. A three-quarters increase in stenosis severity creates nearly
a 12-fold rise in velocity gradients at the throat. Consequently, platelets
experienced extreme shear stresses capable of deforming their
membranes and initiating activation pathways. Combined exposure to

high shear at the throat and prolonged residence in post-stenotic low

il



shear regions established a hemodynamic environment favourable for
thrombus initiation. Angular topology and curvature extend strong
effect on local flow patterns and thrombogenic potential. Variations in
inlet angle resulted minimal effect on mean shear, whereas sharper exit
angles disrupted downstream flow. This strengthens vortices and shear
gradients, leading to platelet trapping and adhesion. Smaller exit angles
enabled smoother reattachment of streamlines, stabilizing downstream
flow. A larger curvature radius at stenosis throat reduces abrupt velocity
changes and shear, limiting platelet activation. However, outward
displacement of recirculation zones toward the outer wall may still
favour localized platelet deposition, suggesting curvature geometry
governs the spatial distribution of thrombosis-prone regions.

In addition, analysis of complex vascular geometries, including multiple
stenoses and post-stenotic dilatation (PSD), demonstrated repetitive
flow acceleration and deceleration resulting in alternate high and low-
shear regions. Platelets exposed to these oscillatory stresses experience
cyclic deformation. Such mechanical loading increases platelet
sensitivity to activation and adhesion. High intensity recirculation zones
within the dilated downstream region extend platelet residence time,
further promoting platelet aggregation under low-shear environment.
The simultaneous exposure to elevated shear in the throat and prolonged
residence in downstream low shear regions significantly enhances the
risk of mural thrombosis.

Overall, this study provides a comprehensive understanding of the
interplay between microvascular geometry and hemodynamic
disturbances in mural thrombus formation. These findings can aid in
developing predictive models for thrombotic risk analysis in
cardiovascular diseases and improving the design of blood wettable

medical devices.
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Chapter 1

Introduction

Microfluidics is the science of manipulating fluids at small scale. It had
transformed various scientific fields through its ability to precisely
control small volumes of fluids, preferably in the range of 10 to 10"
liters. This technology has found its applications in areas such as
analysis, chemical synthesis, separation, environmental monitoring, and
biomedical diagnostics [1, 2]. Microfluidic devices have been widely
used in various biomedical applications, including point-of-care
diagnostics, drug discovery, and personalized medication. One notable
application of this technology is in the investigation of circulatory
disorders. By replicating the complex biological environment and flow
conditions of the human vasculature, the microfluidic platform provides
a controlled environment to study cardiovascular diseases, particularly

atherosclerosis and thrombosis [3].

Thrombosis is the formation of blood clots within blood vessels. It is the
leading cause of cardiovascular mortality worldwide, representing one-
third of all global deaths. It often results from atherosclerosis, a
condition characterized by the buildup of plaques within arterial walls.
This development of atherosclerosis can cause vascular stenosis, the
narrowing of blood vessels, which disrupts normal blood flow and

contributes to thrombus formation [3, 4].

Vascular stenosis develops through a series of complex processes which
is primarily initiated by endothelial dysfunction. This gradually leads to
plaque formation, which narrows the blood vessels and disrupts normal
circulation, as can be seen from Figure 1.1 [5, 6]. This narrowing alters
hemodynamic parameters, such as velocity, flow patterns, formation of
recirculation zones, pressure gradient, and shear stress. These abnormal
flow conditions create an environment that promotes platelet activation
and their aggregation at sites of disturbed flow [7]. High shear rates,

particularly in stenotic regions, enhance the secretion of prothrombotic



agents like adenosine diphosphate (ADP) and thromboxane A2 (TXA2)
and enhance their interaction with von Willebrand factor (vWF). This
facilitates platelet aggregation and initiates thrombus formation [8].
Similar effects can also be experienced by medical implants such as

heart valves, stent placement, or injury in the vascular network.

Healthy blood vessel ¢ ,:6"‘ &/fj Endothelium

Stenosed blood vessel

Multiple stenosed blood vessel

Figure 1.1: Illustration showing healthy and stenosed blood vessels
comparing normal blood flow with disturbed flow due to plaque

buildup.

The growing use of blood-wetted medical devices drives the need for a
better understanding of thrombus formation. These devices often create
an environment of non-physiological shear, disturbed flow patterns, and
bring blood in contact with foreign surfaces. Such factors can lead to
complications such as haemolysis and thrombosis, presenting a complex
challenge for the designers of such devices [9]. The scale of severity
increases with the presence of multiple stenosed regions. A few studies
in the literature [10-12] have explored the effect of fluid dynamics and
geometrical features influence in cases involving multiple stenoses and
post-stenotic dilatation (PSD) regions, which results in the development
of thrombus. Therefore, in this thesis, we have investigated the

combined effect of geometrical and hemodynamic parameters in various
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stenosis geometries and further investigated the blood flow dynamics of
single, multiple stenosed microvessels and microvessels with post-
stenotic dilatation on the development of mural thrombosis, in detail.
The outcomes of the present study will make a foundation for modelling
vascular stenosis, drug development, and designing better medical

devices and implants.

We have structured this thesis to systematically investigate the effect of
varying severities of vascular stenosis. The following sections detail the
computational and experimental setup, followed by the analysis
performed, and a summary of the key findings. In chapter 2, the
background of thrombosis, along with a review of existing research,
forms the foundation of the problem statement. Chapter 3 outlines the
fundamental equations and simulation methodology used in further
study. Chapter 4 provides a comprehensive overview of different
materials and methods used in microfluidic device fabrication, with the
focus on implementing three-dimensional (3D) printing method for the
present work. In chapter 5, we investigated the hemodynamic variations
due to changes in the geometry of the stenosed region. Chapter 6 focuses
on hemodynamic effects of healthy, single stenosis, multiple stenoses,
and PSD regions occurring in series, offering insights into their impact
on flow disturbance and the possibility of clot formation. Lastly, chapter
7 highlights the key findings of the present work, and suggests future
research directions that could help to enhance the understanding of

vascular disorders.



Chapter 2

Review of Literature

2.1 Overview of thrombosis and the key cause of clot formation

Haemostasis is a natural physiological process through which the body
prevents excessive blood loss by forming clots at the site of vascular
injury. It plays an essential role in controlling bleeding and tissue repair.
In a healthy state, this mechanism is regulated to ensure rapid clot
formation at the site of injury, while minimizing the risk of unnecessary
clot development [13]. When this balance is disrupted, it can result in
thrombosis, abnormal formation of a blood clot, commonly known as
thrombus, within the blood vessels of the circulatory system. This often
leads to obstruction in normal blood flow, which could potentially give
rise to life-threatening conditions such as myocardial infarction (heart
attack), ischemic strokes (blockage of blood flow to the brain), deep vein
thrombosis (typically in legs, thighs, or pelvis), or pulmonary embolism

(blockage in the arteries of lungs) [14].

Among the various factors associated with the thrombus formation,
lifestyle-related factors such as smoking, diabetes, hypertension, or
physical inactivity are widely recognized as major contributors [5].
These factors are commonly known to induce endothelial dysfunction
and chronic inflammation within the blood vessels. Damaged or
inflamed endothelium loses its ability to regulate blood flow,
inflammatory responses, and prevent abnormal clot formation, which
creates a pro-thrombotic environment [15]. The underlying mechanisms
of thrombus formation are commonly described by Virchow’s triad, a
fundamental concept named after the German physician Rudolf
Virchow. This triad describes the three broad categories of factors that
contribute to thrombus formation: endothelial injury/dysfunction,

hypercoagulability, and hemodynamic changes [4]. These mechanisms

4



often work together with lifestyle-related factors, initiating vascular
damage and inflammation, giving rise to disturbed flow conditions and
promoting clot formation. Understanding these interconnected
processes is essential for improving the prevention, diagnosis, and

treatment of thrombotic diseases.
2.2 Virchow’s triad

In 1856, Rudolf Virchow introduced the foundational principle for
studying thrombus formation, which is now referred to as Virchow’s
triad [16]. The triad interlinks the dysfunction of surface bounding the
flow (endothelial injury/dysfunction), to the chemical and cellular
components of blood associated with clot formation
(hypercoagulability), and the abnormalities in the blood flow
(hemodynamic changes), as shown in Figure 2.1 [17]. These elements
often work together, which creates conditions favourable for clot

formation within the circulatory system [4].

-

-

Hemodynamic
Changes

Hypercoagulability . Endothelial Injury
/Dysfunction

Figure 2.1: Virchow’s triad showing the bridge between three major

factors contributing to thrombus formation [17].
2.3 Endothelial injury or dysfunction

Among the three principles of Virchow’s triad, endothelial injury or
dysfunction plays a critical role in the process of thrombus formation.

Blood vessels, which include arteries, veins, and capillaries, form a



network responsible for transporting blood and nutrients through the
body. Structurally, both arteries and veins share a common arrangement
consisting of three distinct layers: the adventitia (tunica externa), the
tunica media, and the tunica intima [18], as shown in Figure 2.2 [17].
The adventitia, which is the outermost layer, consists of connective
tissue, provides mechanical strength. Then is the intermediate layer -
tunica media, which is composed of extracellular matrix and smooth
muscle cells, allowing vessels to stretch and contract to regulate blood
flow and varying pressure. Finally, the innermost layer, the tunica

intima, comprises of monolayer of endothelial cells [19].

Venous Vessel Arterial vessel

Tunica externa

Tunica media

Subendothelial
matrix

Tunica intima

Figure 2.2: Schematic representation of different layers of venous and

arterial vessels [17].

The endothelial cellular layer is not only a passive lining of blood
vessels but an active interface which forms a barrier to provide
unobstructed blood flow. It also mediates the exchange of nutrients
between blood and surrounding tissues and plays a central role in
maintaining vascular inflammatory responses, inappropriate clot
formation [20]. Endothelium dysfunction occurs when this protective
balance is disrupted due to an increase in free radicals. This can disrupt
the balance of nitric oxide (NO), injure the endothelial lining, and allow
toxins to pass into body tissues. Various factors contribute to elevated
production of free radicals in the body, such as smoking, high glucose
intake, obesity, microbial infections, exposure to metals, and

environmental pollutants [5].



As the endothelial layer becomes permeable, allowing inflammatory
mediators and circulatory proteins to pass into the surrounding tissue,
causing local inflammation and disruption of endothelial function [5].
This process further attracts different immune cells like monocytes, T
cells, and platelets to the affected area. Monocytes further migrate into
the sub-endothelium and transform into foam cells, forming fatty
streaks, which further promote the deposition of lipids and proteins
within the arterial wall, gradually leading to plaque formation [21]. As
plaques grow, they progressively narrow the vessel lumen and disturb
the normal flow, leading to formation of recirculation regions and
disturbed hemodynamic conditions. These disturbances further damage
the endothelium and promote platelet activation. Understanding how
these altered flow patterns affect clot formation and growth is essential
for comprehending the complex interplay between vascular pathology
and thrombosis [22]. The following section explores the underlying fluid
mechanics of blood clot formation and examines the contribution of

hemodynamic parameters in thrombus initiation and propagation.

2.4 Fluid mechanics of thrombus formation

As the atherosclerotic plaque develops within the arterial wall, it
gradually changes the geometry of the blood vessel, which causes
significant disturbances to the normal flow of blood. When the vessel
lumen narrows, the available cross-section area for blood flow reduces,
which increases the blood velocity as per the principle of conservation
of mass. This increase in velocity results in amplification of shear stress
acting on the vessel wall and edges of the plaque. Additionally, this
abrupt geometric narrowing creates adverse pressure gradients, which
lead to flow separation and formation of recirculation zones in the
downstream of stenosis. These localized disturbances in flow create
areas of low or oscillating shear, which are well known to promote pro-

thrombotic conditions [23, 24].

Another phenomenon which affects the thrombus formation is platelet

margination. Under normal flow conditions, red blood cells (RBCs),



which are deformable in nature, migrate towards the center of the blood
vessel, causing the platelets to move towards the vessel wall. This
phenomenon ensures that the platelets remain in close proximity to
vessel lining and can readily respond to vessel wall injury or dysfunction
[25, 26]. In the narrowed region, the increased shear further enhances
platelet interactions with the vessel wall and plaque surface, assisting
their adhesion to injured or activated endothelium. Among the various
mediators of platelet adhesion in high shear conditions, vVWF plays a key
role [27]. Under low shear conditions, vVWF remains in a compact,
globular form with limited interaction. However, when exposed to high
shear conditions, they undergo unfolding and transport towards the
vessel wall through diffusivity. This high shear condition leads to
formation of elongated vVWF net near the plaque surface. Upon
unravelling, vVWF exposes certain binding sites where platelet receptors
such as GPIb-IX-V complex interact, thus initiating platelet adhesion
under disturbed flow conditions. As time progresses, this vVWF forms a
multilayer fibrous network that helps in trapping circulating platelets

and further supports thrombus growth [28].

Following adhesion, platelet undergoes activation, a process through
which platelets transform from smooth disc-like cells into irregular-
shaped structures. This morphological transformation increases the
surface area of platelets, allowing for more adhesion receptors to
become exposed and facilitating enhanced attachment to both vessel
wall and nearby platelets [29]. Activated platelets also secrete various
chemical mediators such as ADP, TXA2, and additional vWF. These
mediators recruit additional circulating platelets at the site of injury, thus
facilitating thrombus growth. Moreover, this platelet activation induces
a structural change in platelet integrins (receptor proteins found on
platelet surface) such as allbfs, which promotes platelet-platelet

interaction and stabilizes the clot formed [30].

As the thrombus grows, it distorts the local flow field, producing shear
gradients, creating stagnation flow and recirculation zones around its

structure. These altered flow patterns increase the residence time of
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clotting factors, thus promoting additional platelet activation. The
development of thrombus in areas of plaque-induced narrowing results
from the combined influence of vascular geometry changes,
hemodynamic disturbances, and flow-responsive biological processes
[31, 32]. This interplay of fluid mechanics, biochemical signalling, and
cellular interaction is crucial in understanding the mechanism of
thrombus formation for development of improved blood-wettable

medical devices, drugs, personalized mediation, etc.

2.5 Comprehensive review of existing research on vascular stenosis

and thrombus formation

Several studies [7, 10, 33-50] have highlighted the role of various flow
dynamic parameters including pressure gradient, flow velocity changes,
shear rate and its gradient variation, wall shear stress, and recirculation
zones in initiating and progression of thrombus. Young et al. (1973)
experimentally investigated steady flow through stenosed models,
focusing on pressure difference, flow separation, and turbulence. They
found that severity of stenosis greatly affects these parameters, with
severe narrowing causing more turbulence and pressure drop. Bluestein
et al. (1997) investigated the relationship between disturbed flow
dynamics in stenosed arteries and the development of mural thrombus
using computational simulation and experimental validation. This is
done using an axisymmetric stenosed model with 84% area reduction at
the Re ranging from 300 to 3,600. Their results demonstrated that high-
velocity jets formed at the narrowed region create recirculation zones
with low and oscillating shear downstream. They showed that platelet
activation occurs at high shear stresses at the stenosis throat, whereas its
adhesion predominantly occurs in the low-shear recirculation zones.
Schneider et al. (2007) showed that vWF factor undergoes a structural
change from a collapsed compact shape to stretched form when exposed
to high shear rates. Through experiments and simulations, the authors
demonstrated that this unfolding promotes VWF to support platelet
adhesion in high shear environments. Nesbitt et al. (2009) showed that

platelet aggregation during thrombus formation is not only driven by
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soluble agonists but also depends on blood flow dynamics. By using
high-resolution intravital imaging techniques and flow analysis, the
authors found that platelets adhere in a low-shear region downstream of
the stenosed region. The stability of these aggregates depends on
membrane tether restructuring. Their finding highlights the central role
of shear gradients in driving thrombus growth and platelet aggregation.
Tovar-Lopez et al. (2011) developed a computational model to simulate
blood flow in stenosed arterioles of mice. They investigated the role of
local shear gradients and flow acceleration or deceleration in platelet
activation, demonstrating that platelet activation depends not only on
chemical activators but also on the mechanical effects of microscale
shear gradients. Their study also identified a correlation between vessel
wall property and hemodynamic flow, suggesting that critical
acceleration and deceleration of blood flow at the site of stenosis are
influenced by tissue elasticity. Westein et al. (2013) used a semi-circular
channel of varying degree of stenosis to demonstrate how plaque
geometries affect local blood flow patterns, particularly in the
downstream of the stenotic region that promotes platelet aggregation.
This is due to increased accumulation of VWF at these sites. They
showed that thrombus formation is more noticeable in the outer region
of stenosis. Their findings highlighted that vWF is a key mediator which
links altered shear environments to pathological thrombus formation in
stenosed blood vessels. Ha et al. (2013) experimentally examined the
effect of disturbed flow caused by stenosis on platelet aggregation in an
85% stenosed microchannel with trapezoidal geometry. Using micro
particle image velocimetry (uPIV), they mapped flow patterns and
identified recirculation zone formation in the downstream of stenosis
across the flow rate range of 10 mL/hr to 50 mL/hr. Platelet aggregation
was found to occur at the interface between central jet and recirculating
flow, highlighting the relation between local hemodynamic disturbances
and platelet aggregation patterns. The recirculation zones coincide with
the platelet-rich and RBC-deficient regions. Ciciliano et al. (2015)
developed a microfluidic system to investigate how ferric chloride

(FeCl3) induces thrombosis. They showed that FeCls triggers blood
10



component aggregation through charge-based interactions, not through
traditional biological receptors. At first positively charged iron ions bind
to negatively charged cells and proteins, causing initial aggregation,
followed by the typical clotting processes of platelet activation and
fibrin formation. This study showed that FeCl3 concentrations are key to
clot formation. Jain et al. (2016) developed a microfluidic device to
mimic a stenosed arteriolar network. This device monitors the whole
blood coagulation and platelet function under physiologically relevant
shear gradients. The device integrates shear-activated clotting
mechanisms and uses a mathematical model to quantify clotting time
from pressure changes due to channel occlusion. It enables real-time
assessment of haemostasis using low volume of blood, proving its
potential for personalized diagnostics and monitoring of antithrombotic
therapy. Brazilek et al. (2017) have developed a microfluidic device
designed to generate strain rate gradients to initiate platelet aggregation
for von Willebrand disease (vWD) screening. Their platform provides
rapid and high-throughput for diagnosing vWD and other shear-
dependent disorders. Costa et al. (2017) developed a 3D-printed
microfluidic model that closely mimics the real structure of human
arteries, both healthy and stenotic. This device was created using
computed tomography (CT) angiography data and stereolithography
(SLA). These realistic vessel geometries were cast into
polydimethylsiloxane (PDMS) to create transparent microfluidic chips,
which were lined with human endothelial cells. Blood perfusion
experiments showed that thrombosis occurred only in the stenotic
models, especially near and downstream of the narrowed regions. Ting
et al. (2019) introduced a microfluidic method to measure the contractile
force generated by platelet aggregates under shear conditions. Their
results showed that platelet force decreases with antiplatelet drugs,
particularly in patients taking aspirin. Their work also provides an
insight into developing an approach for monitoring antiplatelet therapy
and assessing the risk of traumatic bleeding. Receveur et al. (2019)
utilized a stenosed channel to demonstrate the influence of shear rate

gradients in transforming weakly adhesive proteins into thrombogenic
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surfaces. Menon et al. (2020) presented a circular stenosed model
mimicking the arterial narrowing to study disturbed hemodynamic and
endothelial dysfunction. They demonstrated the presence of high shear
stress in the stenosed area and recirculating flow formation in the
downstream of stenosis. Drug testing with antithrombotic agents
validated the clinical relevance of this platform. Berry et al. (2021)
developed a microfluidic device that generates occlusive thrombi under
arterial shear using human whole blood. This device features a
branching channel with pressure relief and an
ethylenediaminetetraacetic acid (EDTA) quenching system to prevent
downstream coagulation. They introduced a robust approach to measure
occlusion time by monitoring flow rate. The platform allows dose-
dependent assessment of platelet inhibitors and offers a robust tool for
preclinical screening of antithrombotic therapies using human blood.
Zhao etal. (2021) developed a refined CFD approach to model the effect
of bulk flow rate on hemodynamic parameters such as shear rate gradient
and wall shear stress for low flow rate (i.e., 1.84 pulL/min to 36.77
puL/min). Zainal Abidin et al. (2022) developed a microfluidic model to
study how platelets respond to rapid changes in blood flow, especially
under conditions like severe vessel narrowing. Their findings revealed
that platelets can sense and respond to extensional strain, a stretching
force in the flow, without physical contact with vessel walls or binding
to adhesive proteins. This response is mediated by a newly identified
mechanosome inside platelets, which initiates calcium entry in platelets,
an early step in clot formation. Unlike traditional views, this activation
does not depend on adhesion or chemical agonists. Flores Marcial et al.
(2022) visualized thrombosis formation in microchannels containing
one, two, or three stenoses using whole blood where thrombus growth
was consistently initiated at the first stenosis. Ham et al. (2023)
combined multiphase CFD and microfluidic experiments to examine
thrombus formation. They simulated blood as a two-phase mixture of
plasma and RBC, focusing on the distribution of shear stress and plasma,
highlighting critical regions that affect clot growth. Zhang et al. (2023)

designed a microvasculature-on-a-post chip to model how blood clots
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form in vessels with partial stenosis. The chip contains 3D micro posts
of varying sizes that disturb blood flow and simulate different degrees
of vascular blockage. These structures were coated with endothelial cells
and perfused with human blood to mimic real vessel conditions. The
study showed that disturbed flow and inflammation significantly change
endothelial behavior and promote clot formation in downstream regions.
Thrombus composition (platelets and fibrin) varied depending on the
post size and flow disturbance. This chip replicates all three aspects of
Virchow’s Triad (hemodynamic changes, hypercoagulability, and
endothelial dysfunction) and offers a new approach for studying

thrombosis and testing antithrombotic therapies.

The preceding literature survey provided a comprehensive overview of
the influence of various hemodynamic factors such as pressure
difference, velocity distribution, wall shear stress, shear rate, and its
gradient on thrombus development. While limited studies have
investigated the effect of blood flow dynamics and geometrical
configuration of stenosed region on the wall-induced thrombus
formation. The present work further examines flow behavior in healthy,
multiple stenosed, and stenoses with PSD microvessels that may lead to
mural thrombus formation. A comprehensive understanding of the
hemodynamics in such microvascular conditions can significantly
enhance the existing literature for various applications in the biomedical
fields, such as the development of improved blood-wettable medical

devices, drugs, personalized medication, etc.
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Chapter 3

Methodology of Investigation

This section outlines a detailed overview of the methodology used in our
study. It involves the formulation of fundamental governing equations,
and the application of appropriate boundary conditions to investigate the
blood flow dynamics in stenosed microvessels. The computational
approach used is validated by comparing the simulation result with
analytical and experimental data. This has been done to establish the
accuracy and reliability of our computational methodology for further
analysis in various microvascular geometries. All numerical

investigations have been done using COMSOL Multiphysics software.
3.1 Numerical methodology
3.1.1 Governing equations

In this study, we have performed numerical investigation of blood flow
on the microvascular geometries. The blood flow is mathematically
described by using two fundamental equations, the continuity equation
(Eq. 1), which is associated with conservation of mass, and the Cauchy
momentum equation (Eq. 2), which accounts for the balance of forces
acting on the fluid and is fundamentally associated with conservation of
momentum [51]. The momentum equation is further expressed in its
component form along the x, y and z directions as shown in Eq. 2a, 2b
and 2c respectively. Throughout our simulations, we have assumed the

blood flow to be laminar and incompressible across the entire domain.

u v ow

a+5+520 (Eq. 1)
du |, ) _ _ 9P 0%

X momentum:

ou ou u
p(—+u—+v5+w

au) 0P | 0Tyyx | OTxy | 0Ty,
at ax -

0z ox 0x dy 0z (Eq. 2a)
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y momentum:

v v v v 0P | 0Tyx | 0Tyy = 0Ty
—tu—tv—-—t+tw—-)|=——+——+—>+— Eq.2
P (at t ox t ady T 62) dy ox oy 0z ( ! b)
Z momentum:
ow ow ow ow OP | 0Tz |, 0Tzy | 074
—tu—t+tv—tw—|)=——+—+—"+— Eq. 2
P (6t T 0x t ady T az) 0z ox dy + 0z ( q C)

where u, v, w represents the velocity components (m/s) in Xx,y,z
direction respectively, p is the density (kg/m®) with the value of 1060
kg/m® for blood, P is the blood pressure (Pa), and T; j 1s the viscous
stress tensor as per Eq. 3:

B d i ou;
7 = u(y) (a_z:, + ﬁ) (Eq.3)

axi

so explicitly:
N0 Ny Ny
Txx = 2 u(Y)ﬁ’Tyy =2 ru(y)ﬁ:rzz =2 ﬂ(y)%
.\ (0u | 9 NG NG
Ty = 0O (5o + 52) Ty = KO (G2 +52) T = (D) (52 +57)
where p indicates the dynamic viscosity (Pa s), and y reflects the shear

rate of flow.

Blood is a highly complex fluid; accurate modelling of its flow using
any standard computational platform presents significant challenges.
Some of these challenges include high computational costs and
complexity in capturing intricate properties between cells and other
components. In general, blood consists of various cellular components
such as red blood cells (RBCs), white blood cells (WBCs), and platelets
suspended in protein-rich plasma fluid. Among these, RBCs particularly
influence the rheological properties of blood. They account for about
45% of blood by volume, a measure commonly referred to as
haematocrit [52]. Unlike other cells, RBCs are deformable in nature, and
this behavior under various flow conditions plays a crucial role in
altering the viscosity of blood. According to literature, when blood flows

through vessels, which typically have a diameter of less than 300 pm, a
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phenomenon of Féhraeus-Lindqvist effect comes into play. Due to this
phenomenon, RBCs tend to move towards the center of the vessel,
which creates a cell-free plasma layer near the vessel walls [53]. This
redistribution of RBCs results in a reduction of the apparent viscosity of
blood; therefore, the blood shows both Newtonian and non-Newtonian
behavior where viscosity decreases with an increase in bulk shear rate,

and it later approaches a constant value of infinite-shear rate viscosity.

We have explored a variety of viscosity models based on fitting
constants to commonly known equations. These models have been used
to simulate the shear-thinning behavior of blood flow. A few of the
commonly used models are Power Law [54], Generalized power law
[55], Casson model [56], Cross model [57], K-L model [54], Carreau
model [58], Carreau Yasuda model [59], Population balance-based
thixotropic model [60], Population balance blood model [61],
Viscoelastic models [62, 63], Mixture theory model [64] etc. The
relationship between viscosity and the shear rate, and values of

coefficients from different literature are listed in Table 1.

Table 1: Different viscosity models for blood taken from the literature.

Model Equation Coefficients
Power Law =k k=0.017
[54] n=0.708
Generalized w= k@) ks, = 0.0035Pas
p(o(g’e)r[lg?]w k= ky+ Skexp|— (1 + Z) exp (_—b) ok = 0_.025
© a ]/ N = 1

on =045

nmne=one(~(1+ Bew () | 0200

Casson u= (\/H_c+ m)z U, = 0.00414 Pa s
model [56] 7. = 0.0038 Pa

Ue = 0.0035 Pa s

Cross B= po+ (o= M)+ AND™ | 1, =0.0364Pas
model [57] 1=038,n=145
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7. = 0.005 Pa

K-L model 1 - . =
mode u= —,(Tc+ Hc(a1\/)7+ az}/)) U, = 0.0035Pas
[54] Y a; = 1.19523
az = 1

Ue = 0.00345 Pa s

Cameau |y = b o — DA+ GNA'T | Ho= 0056 Pas
model [58] 1=3313s
n=10.3568

Ue = 0.0035 Pa s

n-—1
Carmean |y = o+ (o - w1+ APO@ | Ho=016Pas

Yasuda A=82,n=0.2128

model [59] a=0.64

In this work, to accommodate and compare the effect of Newtonian and
non-Newtonian behavior in computational simulations of microvessels,

we have considered Carreau viscosity model, as given by Eq. 4.

H= o+ (o — o)1+ ()2 T (Eq. 4)

where u is the viscosity as a function of the shear rate ¥ (s™), to, is the
viscosity at high shear rate (low viscosity limit) (0.00345 Pa s), pg is the
viscosity at low shear rate (high viscosity limit)(0.056 Pa s), 4 is the
characteristic time constant (3.313 s), and # is the flow behavior index
(0.3568). The Carreau model is a generalized form of a Newtonian fluid
model that effectively captures the shear-dependent viscosity variations.
At low shear rates, the fluid exhibits shear-thinning behavior, and later
for higher shear rates, the fluid approaches a constant viscosity. This is
particularly the case when the power-Law index n < 1. As reported in
literature [65-69], several researchers have used the Carreau viscosity
model to study blood flow through constricted microvessels. Further, we
applied a fully developed volumetric flow rate Q (m?/s) [Eq. 5] at the
inlet. This assumes that the velocity profile of the fluid remains steady
and well defined upon entering the domain. A no-slip boundary
condition is applied along the inner wall of vessels, and a zero-gauge
pressure boundary condition is implemented at the outlet. Together,
these boundary conditions help in simulating blood flow within the

microchannels.
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_ Q2

where 4 is the cross-sectional area at the inlet (m?), Dy is the hydraulic
diameter (m), Y is the bulk shear rate (s, and 4 is the shape factor of

the microvessel [70], [71].

24 Zo
> for—<1 (Eq. 6)

[(1-0.351Z,/Y o) (14+Z/Y )] Yo
where Y, = 200pum represents the width of the microchannel. Z, =

100pm corresponds to channel depth.

In addition, as platelets travel through stenosed regions of microvessels,
they are subjected to compression and stretching. This is due to
acceleration of fluid particles in converging regions and deceleration in
diverging regions. We have used elongational rate (€) to quantify this
mechanical deformation [34], which measures the stretch of fluid
element along the flow direction. Mathematically, this quantity can be
calculated as the velocity gradient along the length of the microvessel as
shown in Eq. 7. This parameter plays a crucial role in understanding

platelet activation levels, particularly under disturbed flow conditions.

. Ou
&= ax (Eq 7)

where u is the velocity along the length of the microvessel.

As the flow rate increases in the stenosed microvessel, altered geometry
can cause the fluid streamlines to separate in the downstream of the
narrowed region. This leads to the formation of recirculation zones,
where the flow reverses and circulates in vortices. In this study, these
zones are of particular interest because they can act as a trapping region
for platelets and other blood components. This promotes local
interaction that may lead to their activation. We have quantified the
strength of these recirculation zones by calculating circulation ('),
which measures the total rotational motion of the fluid over a defined

surface. Here we are calculating circulation at the surface passing
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through the middle of height (Zo) of the microvessel. This parameter is

mathematically expressed as per Eq. 8.
. dv _ du
r=[f (a ay) dA (Eq. 8)

3.1.2 Computational methodology

To begin with the establishment of computational methodology, we
performed simulations on a straight channel with a rectangular cross-
section, having dimension 200 um % 100 pm and length 36.5 mm, as

show in Figure 3.1.

The flow behavior within the channel was analyzed by solving the
governing equations, along with the application of boundary conditions
as we have discussed in section 3.1. These simulations were performed
across a range of flow rates, each corresponding to different bulk shear
rates as given in Table 3. For each case, we have calculated the pressure
drop between the inlet and outlet, and the results are plotted in Figure

3.2 (a).

Top wall (No slip) \1.00 Hm
Inlet \ § Outlet
7I 8
L: Fully developed flow a
; N Bottom wall (No slip)
36.5 mm

Figure 3.1: Illustration of computational domain highlighting the

channel geometry and associated flow conditions.

To verify the accuracy of the computational model, we performed
analytical calculations of pressure drop using the established fluid

mechanics correlations for channels with rectangular cross-section.
3.1.3 Analytical validation

When analyzing the fully developed laminar flow in channels, the

general principle remains similar to those applied in circular pipes or for
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noncircular cross-sections such as rectangular or elliptical geometry.
However, the algebra involved becomes significantly more complex due
to the asymmetrical shape and variation in boundary conditions [72]. We
can solve continuity and momentum equations for laminar flow and the
head loss due to friction (hy) for noncircular channels is defined by Eq.
9[72].

_ p _ TaAL

where Ap is the pressure drop (Pa) over the length of AL(m), Az is the
vertical distance between two ends of the channel (m), 7, is the average
value of shear stress integrated around the perimeter (Pa), A is the cross-

sectional area (m?), P is the wetted perimeter (m).

For horizontal channels, the elevation head term (Az ) becomes zero,
this simplifies the head loss to depend on pressure variation over the
length of channel. Since the cross-section is not circular, the concept of
pipe radius (R) is replaced by the hydraulic radius (Ry,). This hydraulic
radius is defined as the ratio of the cross-sectional area (A) to the wetted

perimeter (P), as given by Eq. 10.
A
Ry =3 (Eq. 10)

In the fluid flow analysis, shear stress along the channel walls is
generally considered as an average value. This helps provide a practical
approximation of frictional effects. The friction factor in terms of

average shear (7,) is shown by Eq. 11.

f= > (Eq. 11)

Substituting the value of friction factor from Eq. 11 in Eq. 9, we get the
relation between head loss and friction factor, which is defined as by Eq.

12

(Eq. 12)
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In engineering practice, the hydraulic diameter (Dy,) is frequently used,

it is defined as:

Dy, = ﬁ _ 4 Xcross—sectional area — 4R, (Eq. 13)

P wetted perimeter

This definition standardizes the analysis of noncircular ducts by
equating them to circular pipes of equivalent hydraulic behavior
fLV?

Ap
hy= =2 = Eq. 14
T~ pg ~ Dp2g (Eq.14)

For channels with a rectangular cross-section, friction factor and flow
characteristics depend on the aspect ratio (b / a), where a and b represent

the height and width of the rectangular cross-section [72]. Table 2
represents the product of friction factor and Reynolds number for
various values of aspect ratio. We can use these values to compute
pressure drops and head losses in rectangular microchannels under

laminar flow conditions.

Table 2: Laminar friction constant f Rep, for rectangular cross-

section.
aspect ratio (b/ a) f Rep,
0.0 96.00
0.1 84.68
0.25 72.93
0.5 62.19
0.75 57.89
1 56.91

Considering a rectangular microchannel with an aspect ratio of 0.5, the

Reynolds number is defined as:

(Eq. 15)
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where V = Q is the average velocity

A

Substituting these expressions into Eq. 14, we get the resulting pressure

drop across the microchannel of length L as:

_31.095uQL

= Eq. 16
Ath (Eq. 16)

This formulation captures the dependence of pressure drop on geometric
parameters (such as aspect ratio), flow rate, and fluid properties. We
have calculated the pressure drop across the rectangular channel using
Eq. 16 for various flow rates listed in Table 3. The results are illustrated

in Figure 3.2 (a).

To experimentally validate the computational methodology adopted in
this study, we fabricated a microfluidic device and measured the

pressure drop across the channel length.
3.2 Experimental methodology

The experimental procedure began with the fabrication of a
microchannel designed to replicate the computational geometry, having
a rectangular cross-section of 200 pm % 100 pm with a length of 36.5
mm. We explored a few cost-effective fabrication methods to fabricate
the microfluidic device. Initially, we used CO; laser machining to create
the channel on a silica glass slide and PDMS block. Although this
method provided quick prototyping, we found limitations in precision
and resolution of fabricated channels. To overcome these issues we

adopted vat-polymerization based SLA 3D printing.

In the first phase, we printed microchannel mold design using a 3D
printer with XY resolution of 51 um. Later to improve the dimensional
accuracy and surface finish, we switched to a higher-resolution printer
with XY resolution of 19 X 24 pm. Additionally, we incorporated
reservoirs at both the inlet and outlet of the channel to promote steady
and uniform flow conditions at the entrance, minimizing entrance effects

and aiding the development of fully developed flow. Once the mold was
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successfully printed, we used it for softlithography to cast a PDMS
microchannel. After curing, the PDMS replica was carefully peeled off
and bonded to a glass slide forming a leak proof and fully functional
microfluidic device. A detailed discussion on the fabrication of these

microchannel is provided in Chapter 4, Section 4.3.

After successfully fabricating the microchannel, we have performed
experimental validation to ensure the accuracy and reliability of
computational methodology. For this, we carried out a series of tests at
various flow rates using a KD Scientific syringe pump. The values of
flow rate and Reynolds number (Re) corresponding to various bulk shear
rates considered in our experiments are given in Table 3. We monitored
the pressure drop across the microchannel using Keller digital pressure

gauge. An image of experimental setup is shown in Figure 3.2 (b).

The pressure drop values obtained from these experiments were then
compared with those values computed by the computational fluid
dynamics simulations and analytical calculations. As seen from Figure
3.2 (a), we observed a close agreement between the data obtained from
computational, analytical, and experimental runs. This confirms the
validity of our computational methodology, establishes reliability for its

use in further numerical studies.

Table 3: Details of inlet flow conditions, including bulk shear rates,

corresponding inlet flow rates, and associated Reynolds number of the

flow.
S. No. Bulk shear rate Flow rate Q Reynolds number
Vg (s (ml/min) (Re)
1 100 0.0020394 0.069622
2 500 0.010197 0.34811
3 1000 0.020394 0.69622
4 2500 0.050985 1.7406
5 5000 0.10197 3.4811
6 10000 0.20394 6.9622
7 15000 0.30591 10.443
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8 20000 0.40788 13.924
9 25000 0.50985 17.406
10 30000 0.61182 20.887

Pressure difference (kPa)

100 500 1000 2500 5000 10000 15000 20000 25000 30000
( ) Bulk shear rate 7, (s)

Figure 3.2: (a) Pressure differences analysis in a microchannel:
analytical, computational, and experimental comparison. (b) Image of

the experimental setup.
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Chapter 4

Fabrication of Microchannel

The fabrication of microchannels plays a key role in the development of
a microfluidic device, with precision in fabrication serving as a
fundamental architecture for controlling and manipulating fluids at the
microscale [73]. The early development of microfluidic devices
happened with the advancement of the electronics industry. In the year
1947, physicists from Bell Labs, Walter. H. Brattain, John Bardeen, and
William Shockley invented the transistor to fulfill the requirement of
reliable mechanical relay systems [74]. Later in the year 1952, the US
military was interested in exploring options to reduce the size of
electronic circuits, such to make it capable of fitting inside proximity
fuses. Jay W. Lathrop and Jim R. Nall were tasked to find possible ways,
inspired by the application of photoresist, and they created the
miniaturized hybrid integrated circuit (IC) with the transistor. In the year
1958, during the IRE Professional Group on Electron Devices (PGED)
conference, they presented their first paper describing the process of
transistor fabrication using a photographic technique named
“photolithography” [74]. Photolithography later contributed to the
development of the first IC prototypes and microchips. Later,
researchers began to implement these techniques, exploring problems in
molecular analysis, biodefence, molecular biology, etc. Stephen C.
Terry in 1979 presented the study of a miniaturized gas chromatograph
created on a silicon wafer, reducing the size of conventional equipment
to one-third [75]. As the year passes, various projects contributed to
progress in the field of microfluidics. One such project is the Human
Genome Project, where scientists studied nucleic acids, creating devices
that could handle tiny samples [76]. In 1986, Charles W. Hull introduced
stereolithography, the process that creates 3D objects from ultraviolet
light focused on photocurable polymer. In the same period, various
microfluidic structures such as micropumps and microvalves were

created using silicon micromachining [73]. Soft lithography, introduced

25



in the 1990s by George M. Whitesides and his research group at Harvard
University, created a major shift in microfabrication. Through the use of
elastomeric polymers such as PDMS, the replication of microfeatures
from the mold became simple, yet provided high-quality patterns and
structures. However, this method still requires the initial mold to be
fabricated through cleanroom-based techniques, such as SU-8
photolithography. This maintains a reliance on traditional infrastructure
[72, 76]. In recent years, with the advancement of technology in multiple
areas, microfluidics fabrication has embraced digital manufacturing
approaches as scalable, rapid, and cost-effective alternatives to
traditional methods. Technologies using micro cutting, laser machining,
and 3D printing are the prime focus in this digital manufacturing
approach. These technologies allow for the fabrication of complex
microchannel geometries with minimal infrastructure. The current trend
in microfluidic research, including our work, aims to streamline the
fabrication process by reducing the need for a cleanroom and improving
rapid prototyping, which are critical factors for academic and

translational research [77, 78].

In this chapter, we provided a comprehensive overview of various
aspects of microchannel fabrication. First, we provided a brief review of
the various materials used in microchannel fabrication, highlighting
their suitability for different applications. This is followed by a
discussion of different fabrication techniques, from conventional
photolithography to digital manufacturing methods. Finally, we
explored the low-cost fabrication methods used in our work for the

fabrication of microfluidic devices.
4.1 Commonly used materials for microchannel fabrication

The choice of materials plays an important role in the design,
functionality, and manufacturing of microfluidics devices. At the
microscale, properties such as optical clarity, chemical resistance, and
biocompatibility are more amplified. Over the years, various kinds of

material have been used to accommodate these properties [80].
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4.1.1 Silicon

In the early stages of the microfluidics platform development, silicon
was among the first material of choice. This is due to its availability,
chemical compatibility, thermal stability, and its established use in
semiconductor industries [81]. However, several limitations such as
optical transparency, brittleness, and high cost of microfabrication were
not in favour of silicon. This prompted researchers to explore alternate

materials suited for broader microfluidic applications [82].

4.1.2 Glass

Following silicon, glass was preferred as an alternative in microfluidic
device fabrication due to its superior optical transparency, chemical
inertness, and thermal stability. These properties made the glass well
suited for applications involving fluorescence imaging, high
temperature chemical reactions, and biocompatibility [82]. Glass also
offers excellent compatibility with surface modification techniques.
Despite these advantages, the microchannel fabrication in glass typically
requires harsh etchants (e.g., hydrofluoric acid) and high-temperature
bonding, which increases the cost of production and imposes highly
regulated safety and equipment requirements. The brittle nature of glass
also limits its use in flexible microfluidic systems [79, 80]. As a result,
it lacked in its adoption in mass-produced or low-cost platforms in

comparison with polymers and hybrid materials.

4.1.3 Polymers

The limitations of rigid, inorganic substrates have led to the widespread
adoption of polymers, which now dominate microfluidic device
fabrication. This is due to their low cost, ease of processing, and
flexibility in designing devices from nanoparticle synthesis to fluid
manipulation. They also provide good optical transparency and bonding
compatibility with the glass surface, thus making them ideal for creating

microfluidic platforms with enhanced performance and versatility [80].
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PDMS has become one of the most widely used elastomers in the field
of microfluidics. This is due to its biocompatibility, optical
transparency, low autofluorescence, gas permeability, and compatibility
with soft lithography techniques. PDMS is particularly valued for
biological compatibility, such as biochemical assays, ease of cell
culture, sorting and patterning of cells/ proteins, and various
applications, including Lab-on-a-Chip (LoC) platforms [83]. However,
PDMS presents challenges such as pH-dependent molecules absorption,
water evaporation through the matrix, and deformation under
mechanical stress or high temperatures. Some of these properties act as
barriers to its effective use in organic synthesis processes. These
limitations have led to the exploration of alternative polymeric materials

depending on the specific properties and targeted applications [81].

Thermoplastics such as Polymethyl methacrylate (PMMA) [84],
Polycarbonate (PC) [80], and Cyclic olefin copolymers/polymers
(COC/COP) [85] have become popular choices in microfluidics due to
their excellent mechanical properties, optical transparency, and
compatibility with high-throughput fabrication techniques like injection

molding and hot embossing.

Epoxy resins, such as SU-8, bisphenol-based formulations, etc., are
widely used for producing high-aspect-ratio microstructures and durable
master molds. SU-8 is a negative photoresist, is structured using
ultraviolet (UV) photolithography, and is known for its strong chemical
resistance, mechanical robustness, and good adhesion to substrates [78].
It plays a crucial role in soft lithography processes, particularly when
working with PDMS. However, once cured, SU-8 becomes highly inert,
making it difficult to remove or modify, and it can be prone to cracking
or delamination under mechanical stress. Despite these limitations,
epoxy resins are still widely used for the fabrication of high-resolution

microscale features.

Hydrogels are water-rich, porous, 3D polymerized networks that support

the diffusion of small molecules and biological particles. Their
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biocompatibility, biodegradability, and extracellular matrix (ECM) like
structure make them ideal for 3D cell culture, drug delivery, and
biosensing. They promote cell adhesion and growth, mimicking natural
tissue environments [81]. However, due to their mechanical weakness,
they are rarely used as the main material in microfluidic devices. Instead,
they are integrated into microfluidic devices as membranes, or

functional layers [86].

The diverse range of fabrication materials discussed above can be
compared based on their properties and fabrication compatibility for the

development of microfluidic systems as summarized in Table 4 below.

Table 4: Overview of common materials used in microfluidic device

fabrication.
Material Type Properties Compatible
fabrication
methods
Silicon Inorganic High thermal Photolithography,
stability, chemical Etching [78]
stability
Glass Inorganic Optical clarity, Etching, Laser
chemical machining [86,
resistance, 87]
biocompatibility,
thermal stability
PDMS Elastomer Biocompatibility, | Soft lithography
polymer optical [89]
transparency, gas
permeability,
flexibility
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PMMA | Thermoplastic Rigidity, Hot embossing,
polymer transparency, Laser machining
solvent resistance, [90]
mechanical
strength
COC/COP | Thermoplastic Chemical Injection
polymer resistance, low molding, Hot
water absorption, embossing [89,
high optical 90]
transparency
SU-8 Epoxy High-aspect-ratio | Photolithography
polymer patterning, [80]
chemical stability,
rigidity
Hydrogels | Hydrophilic | Biocompatibility, | 3D printing [92]
polymer permeability,
biodegradability

4.2 Fabrication techniques for microfluidic devices

Fabrication of microfluidic devices requires precise methods to build
features such as microchannels, pillars, valves, etc., that control fluid
flow. Since these devices can be made from different materials such as
glass, polymers, or hydrogels, each material needs a specific fabrication
approach depending on its properties and end-use application. Low
fabrication cost is another essential factor, as most microfluidic devices
are designed for single use. Over the years, various fabrication
technologies have evolved from traditional cleanroom-dependent
processes to more accessible digital manufacturing approaches. Each
method has its own advantages in terms of resolution, throughput,

design flexibility, and compatibility with various materials [93].
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4.2.1 Photolithography

Photolithography is a foundational microfabrication process that uses
light to transfer patterns from a photomask to a photoresist, typically
applied on a silicon or glass substrate. This technique offers sub-micron
resolution and is widely used for creating master molds or direct
patterns. At first, a thin layer of photoresist is spin-coated onto a clean
silicon or glass substrate. The coated surface is then exposed to UV light
through a photomask on which the desired pattern is defined. Depending
on the type of photoresist, positive or negative, these exposed areas
become either soluble or insoluble. After development, the unprotected
regions of the substrate are subjected to etching. This process creates
precisely patterned microstructures, which can be directly used as

master molds for further device fabrication [93].
4.2.2 Soft lithography

Soft lithography is a widely used technique for replicating
microstructures, often used with photolithography. It is preferred for its
cost-effectiveness, ease of replication with various materials. The
process begins by creating a negative master mold using
photolithography. To replicate these features, a PDMS prepolymer is
mixed with a cross-linking agent, degassed to remove air bubbles, and
poured onto the mold [77]. The setup is then cured at elevated
temperatures (preferably at 60-70 °C) to solidify the elastomer. Once
cured, the PDMS replica is peeled off and processed further, resulting in

a flexible and functional microfluidic device.
4.2.3 Etching

Etching is a subtractive microfabrication process used to selectively
remove material from a substrate. It begins with applying an etch-
resistant mask, followed by the removal of exposed areas using either
wet or dry etching methods. Wet etching involves chemical solutions
like potassium hydroxide (KOH), sodium hydroxide (NaOH), or

hydrofluoric acid (HF), which dissolve unmasked material through
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chemical reactions [93, 94]. Whereas dry etching uses plasma or ionized
gases such as oxygen (0Oz), carbon tetrafluoride (CF4), or sulfur
hexafluoride (SFs) to etch the surface [96]. Reactive ion etching (RIE)
is a combination of both wet and dry etching and is widely used for its
anisotropic etching nature. RIE helps in high-resolution pattern transfer
with vertical sidewalls. These techniques are the essential part of
forming high-aspect-ratio microchannels and complex structures in

microfluidic devices, particularly for silicon, glass substrates [97].
4.2.4 Hot embossing and injection molding

Hot embossing is a replication-based technique used to fabricate
microchannels in thermoplastic substrates. It involves heating the
polymer material until soft, then pressing a master mold into it under
high pressure and temperature. Once cooled and solidified, the patterned
structure is released from the mold, resulting in precise microchannels.
The process is cost-effective and offers high reproducibility, making it

suitable for prototyping and batch production [97, 98].

Injection molding is another high-throughput manufacturing process
ideal for large-scale production. It involves clamping pre-fabricated
mold halves, followed by injection of molten polymer, cooling of parts
within the mold, and then ejection of the final product. Process
parameters such as pressure, temperature, and cooling time are finely
tuned for optimal results. This fabrication process has enabled the mass
fabrication of complex, miniaturized devices with quality and

dimensional accuracy [99, 100].
4.2.5 Laser machining

Laser machining is a fabrication technique that enables rapid and
flexible patterning of microchannels on a wide range of materials.
Though lasers can be costly, they are often accessible and cost-effective
in maintenance. The process relies on laser-induced thermal
degradation, where short, high-energy pulses break chemical bonds,

causing localized material ejection. This technique avoids the use of
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hazardous chemicals and supports direct writing without masks.
However, limitations include variation in feature quality,

reproducibility, and surface irregularities [101, 102].
4.2.6 3D printing

3D printing is gaining popularity in microfabrication, offering the ability
to build complex, multilayered microfluidic structures that are difficult
to achieve using conventional methods like photolithography or etching.
It is an additive manufacturing process that builds devices layer by layer
from digital models such as computer-aided designs (CAD). This
enables rapid prototyping and design flexibility. The system comprises
a 3D printer, specialized print materials, and software to control layer
deposition across X, Y, and Z axes. Among the popular techniques,
stereolithography (SLA) stands out for microfluidics due to its high
resolution, smooth surface finish, and dimensional control. It uses a UV
light source to cure photosensitive resins. This capability makes SLA
suitable for fabricating microchannel devices for biomedical and

analytical applications in cost cost-effective manner [103, 104].
4.3 Fabrication approach used in the present work

In this work, we have explored low-cost rapid manufacturing techniques
aimed at simplifying the microfluidic device fabrication process. At
first, we used laser machining to fabricate the microchannel on silica
glass slide and PDMS block. Later, to improve the precision, resolution,
and design flexibility, we adopted SLA based 3D printing. These
methods enabled rapid and cost-effective fabrication of microfluidic

devices.

4.3.1 Microchannel fabrication using CO: laser

Initially, the microchannels were fabricated using a carbon dioxide
(CO2) laser, which operates at the wavelength of 10.6 um. This type of
laser is effective for silica-based glass substrates, as it absorbs infrared

radiation at this wavelength, enabling material ablation without
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requiring complex etching processes. During the laser machining, we
regulated specific process parameters to influence the shape of
machined microchannels, this includes the repetition rate (rep rate)
which defines how frequently laser pulses are emitted, the duty cycle
which influences the energy applied per unit time, the focal length or
standoff distance (SOD) which affects beam focus and spot size, and the
travel speed which determines how quickly the laser moves over the

surface.

We performed laser machining on silica-based microscopic glass slides,
which were positioned at a fixed focal distance of 11.5 cm. During the
first trial, we used a repetition rate of 10 Hz, at 60% duty cycle, and
maintained the SOD of 11.5 cm while varying the travel speed to study
its effect on the dimensions of machined microchannel. Details of these
parameters are listed in Table 5. To evaluate the machined features, we
conducted microscopic characterization, and the results are shown in
Figure 4.1. It can be observed from Figure 4.1 that as travel speed
increased from 60 mm/min to 110 mm/min, it resulted in a reduction in
the width of machined microchannels, decreasing from approximately

0.868 mm to 0.800 mm.

Table 5: Process parameters of CO: laser machining on glass with

varying travel speed.

Figure Reprate | Duty cycle | SOD (cm) Speed
(Hz) (%) (mm/min)
a 10 60 11.5 60
b 10 60 11.5 70
c 10 60 11.5 80
d 10 60 11.5 90
e 10 60 11.5 100
f 10 60 11.5 110
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Figure 4.1: Optical characterization of laser-machined microchannels
on glass surface under different travel speeds: (a) 60 mm/min, (b) 70
mm/min, (¢) 80 mm/min, (d) 90 mm/min, (¢) 100 mm/min, and (f) 110

mm/min.

This trend can be due to the reduced interaction time between the laser
beam and the substrate at higher speed, which limits the amount of
energy delivered per unit length and results in narrower ablation paths.
However, during the visual inspection of the machined channels, we
observed irregular and uneven edges along the sidewalls. This
irregularity is likely due to the brittle nature of glass, which is prone to
microcracking and uncontrolled fracturing when subjected to localized
thermal stress from high-energy laser pulses. To address this issue, we
deposited a thin sacrificial layer of aluminium (Al) onto the surface of
the glass slide prior to machining. This can absorb and redistribute some
of the laser energy, thus reducing thermal stress at the glass surface, and
it also minimizes crack propagation, resulting in smoother and more
uniform channel edges. In this second set of experiments, we varied the
duty cycle from 20% to 60%, while keeping other parameters constant.
With this, we can analyze the effect of energy delivered on the quality
of the machined features. The complete set of process parameters is
given in Table 6, and the optical characterization of the resulting
microchannels under different duty cycles is presented in Figure 4.2.
The results presented in Figure 4.2 show that increasing the duty cycle
from 20% to 60% led to a gradual increase in the width of the machined

microchannels, ranging from ~0.710 mm to ~0.784 mm. This occurs

35



because a higher duty cycle increases the thermal energy transferred to

the substrate, which enlarges the ablation area.

Table 6: Process parameters of CO: laser machining on glass with

varying duty cycle.
Figure Reprate | Duty cycle | SOD (cm) Speed
(Hz) (%) (mm/min)
a 10 20 11.5 80
b 10 40 11.5 80
c 10 60 11.5 80

Figure 4.2: Optical characterization of laser-machined microchannels
on glass surface under different duty cycles: (a) 20 %, (b) 40 %, and (c)
60 %.

Figure 4.3 shows a comparison between uncoated and Al-coated glass
slides, highlighting that channels formed on the coated surface were
slightly narrower. This is due to the sacrificial aluminium layer, which
absorbs and dissipates part of the laser energy, reducing direct thermal
stress on the brittle glass, which limits the extent of material removal.
We also observed that the surface quality of channels on Al-coated glass
slide was improved, exhibiting fewer microcracks and smoother edges
compared to the uncoated glass slide. However, despite improved edges,
visual inspection revealed that the surface finish of the laser machined
glass microchannels remains unsuitable for biological applications
involving blood flow, such as vascular stenosis studies. The presence of
abrupt surface irregularities can cause local disturbances in shear stress,
which may trigger unwanted platelet activation and clot formation.
Additionally, we also observed that the laser-machined glass slides

became more fragile, with an increased tendency to crack or shatter

36



during handling and transportation. This mechanical instability makes
them less suitable for developing reliable and durable microfluidic
devices, especially in applications requiring repeated handling or
integration with external components. Due to the challenges
encountered during laser micromachining of glass, such as edge
irregularities, surface cracks, and increased fragility post-fabrication, we
next performed CO> laser machining on cured PDMS blocks, a soft,
elastomeric material widely used in microfluidics for its optical clarity,

flexibility, and biocompatibility.

Similar to glass, an inverse relationship between travel speed and
channel size was observed where higher travel speeds resulted in
narrower channels, as can be seen from Figure 4.4. However, during
PDMS machining, we noticed laser-induced pyrolysis. This was evident
from dark residues near the edges as seen from Figure 4.4 (a, b). Such
deposits may interfere with biological compatibility, as they could
chemically react with biomolecules introduced into the channel. Process

parameters used for machining PDMS are given in Table 7.

Figure 4.3: Comparison of machining on aluminium (a) coated and (b)

uncoated glass side.

Additionally, when we machined more complex geometries such as T-
shaped (Figure 4.4 (c)) microchannel junctions, we observed
dimensional irregularities around the intersection regions, which make
these fabricated PDMS microchannels unsuitable for bifurcation
studies, where precise geometrical accuracy and smooth transitions are

essential.
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Table 7: Process parameters of CO; laser machining on PDMS block

with varying speed.
Figure Rep rate Duty cycle SOD (cm) Speed
(Hz) (%) (mm/min)
a 10 60 11.5 60
b 10 60 11.5 100

Figure 4.4: Optical characterization of laser machined microchannels
on PDMS block. (a, b) Channels fabricated by varying travel speed
while keeping repetition rate, duty cycle, and stand-off distance

constant. (¢) Machining of T shaped microchannel junction.

As we explored CO; laser machining on both silica-based glass slides
and cured PDMS slabs. The resulting microchannels exhibited
significant limitations, including poor surface finish, dimensional
irregularities, material damage such as microcracks, and pyrolysis
residues. Additionally, laser machining posed challenges in creating
variable-width channels and complex geometries, such as T-shaped
junctions. These shortcomings make laser-fabricated microchannels less
suitable for experimental studies involving vascular stenosis, where
smooth, precise channel geometries are critical. To overcome these
fabrication challenges and achieve higher resolution, better surface
quality, and more consistent channel profiles, we shifted our focus to 3D

printing based on vat photopolymerization systems.
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4.3.2 Microchannel fabrication using SLA 3D printing

Initially, we used a Creality LD-002H 2K LCD 3D printer with an XY
resolution of 51 um to print straight and serpentine microchannel
patterns, as shown in Figure 4.5 (a, d). This geometry was modelled
using Autodesk Fusion 360. The digital model was then exported in
stereolithography (.stl) format to a slicing software (Chitubox) for
generating the 3D printable file. We printed these molds on Kapton
polyimide sheets, both with (Figure 4.5 (a)) and without raft support
(Figure 4.5 (d)). In this setup, we studied the effect of the base layer
exposure time, which affects the adhesion between the printed part and
the build plate, as well as evaluating the influence of raft support on
dimensional stability, print adhesion, and overall surface flatness of thin,
detailed microchannels. From Figure 4.5 (b, c, e, ), we can see that both
printed channel dimensions were approximately 5-7 times larger than
the original design dimensions. However, molds printed without raft
support exhibited greater dimensional variation and minor warping
compared to those printed with raft support. We also observed that the
mold printed directly on Kapton polyimide without raft support was not
suitable for soft lithography, as it underwent distortion during
detachment from the build plate after printing. This behavior limited
their mechanical integrity and usability as master molds, suggesting that
raft structures help to stabilize the initial layers and reduce distortion

during the post-printing process.

Despite these dimensional discrepancies, we observed that the printed
molds showed visually smooth surface finishes, or resin residue. This
proof-of-concept demonstrated that even with a mid-range 3D printer
and standard resin, the process could yield reliable mold features.
However, as we have used clear resin in this trial, it posed challenges
during optical characterization, such as the transparency-limited edge
definition under the microscope. Additionally, the printed channels
showed limited accuracy in reproducing fine dimensions, and curved

geometries lacked smooth surface profiles, making them less suitable
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for applications requiring precise and complex microchannel paths. To
improve these dimensional inaccuracies and surface quality, we
proceeded with a better resolution SLA printer, the Phrozen Mighty
12K, with XY of 19 x 24 um. Using this setup, we fabricated straight
microchannels of 200 x 100 pm cross-sections and 36.5 mm in length.
At the layer exposure of 2.2 s, the required microchannel dimensions
were obtained. Upon optical inspection (as shown in Figure 4.6 (a)) of
the fabricated microchannel, we observed significantly improved
dimensional accuracy and smoother surface finish compared to previous
attempts. These observations demonstrate that enhanced resolution has

helped us in replicating fine microchannel features.

Figure 4.5: 3D printing and characterization of microchannel molds. (a-
¢) Mold printed directly on Kapton polyamide sheet (without raft
support) and corresponding characterization of serpentine and straight
channels. (d-f) Molds printed with raft support and corresponding

characterization of serpentine and straight channels.

Later, we used this mold as a master template for the soft lithography
process. A curable elastomer of PDMS was poured onto the mold along
with its curing agent in the ratio of 10:1. We then degassed the mixture
to remove any trapped air bubbles and subsequently cured it in an oven
at 65°C for 2 hours to solidify. Once cured, the elastomer has the
negative imprint of the 3D printed microchannel. We carefully peeled

this cured PDMS from the mold and examined its dimension under a
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microscope, as shown in Figure 4.6 (b). The replicated microchannel
structure was then prepared for bonding to a flat glass substrate. To
achieve this, we spin-coated a thin layer of PDMS along with its curing
agent (5:1) onto a clean glass slide to ensure uniform thickness. This
coated slide was then partially cured by placing it in an oven for a

specific pre-curing time of 20 minutes at 65°C.

(a)

\ = e
el

Figure 4.6: Microscopic characterization of (a) 3D printed mold and (b)

PDMS replica showing well-defined microfluidic channel.

Once the coating reached a partially cured state, the replicated PDMS
microchannel was then gently pressed on the coated glass slide to initiate
bonding. This assembly was then returned to the oven for a final curing
cycle (50 minutes at 65°C), which completed the bonding process,
resulting in a sealed microfluid device. The entire microchannel
fabrication process is illustrated in Figure 4.7. This method helps in
building a strong adhesion between the microchannel and the glass slide,

creating a leak-proof, optically transparent device. We later used this
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fabricated microfluidic platform for the experimental validation of the

computational methodology, as discussed earlier in Chapter 3, Section

3.2
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Figure 4.7: Fabrication process of microfluid device: showcasing mold

fabrication, soft lithography-based replication, and device bonding
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Chapter 5

Study of Hemodynamic Changes Resulting

from Variations in Stenosis Geometry

5.1 Geometrical model

In this work, we have explored the hemodynamic effects of
microvascular narrowing using a set of idealized stenosed geometries.
These variations allowed us to examine the effect of different stenosis
shapes on local flow dynamics, and their effects on platelet activation,

aggregation, and further thrombus formation.
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Figure 5.1: (a) Schematic of converging diverging geometry
representing microvascular stenosis, with key dimensions labelled. The
channel height Z;, is 100 um. (b) 3D view of CFD simulation showing

inlet and outlet flow.

In the present study, we employed a converging-diverging section to
mimic the localized narrowing. The following parameters were varied
across different models:

Bulk shear rate (yg): Flow conditions were simulated over a range of
bulk shear rates (100 s! to 30,000 s™!), capturing both low and high shear
environments relevant to microcirculation. Details of which are briefed
in Table 3 of Chapter 3.

Degree of stenosis (width variation): The stenosed throat width was
varied from 25 pm to 100 pm, representing different levels of luminal

blockage.
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Contraction and expansion angles: The transition angles at pre- and
post-stenosed regions were adjusted between 30° and 90°, allowing
investigation of flow patterns.

Curvature of the throat: The curvature of the stenotic region was
modified from radius of 0 um to 50 um to study how sharp versus

smooth transitions influence recirculation zones and shear distributions.

Figure 5.1 presents the dimensions of geometry used in this study. By
systematically modifying specific geometrical parameters, the study
aims to uncover how subtle changes in stenosed architecture can
influence blood flow dynamics and provide insights into thrombosis

formation.
5.2 Grid independence study

A grid independence study was carried out to ensure that the results are
not affected by the number of mesh elements used. This step is important
to make sure that the simulation outcomes remain accurate, even if the
mesh size is changed. We used a convergence criterion of residuals less
than 107% to confirm the stability of the solution. The boundary
conditions used in the simulations are explained in chapter 3, section

3.1.

—a— Velocity —8— Pressure
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Figure 5.2: Grid independence analysis showing (a) velocity and (b)
pressure variations with different mesh elements, evaluated at a point

located 1 pm above the stenosed wall.

To test grid independence, we observed velocity and pressure at a fixed

point located 1 micron above the wall of the stenosed region (as shown
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in Figure 5.2). Several mesh densities were tested, and six key cases are
discussed as given in Table 8. Results from Figure 5.2 showed that Mesh
5 showed consistent values of velocity and pressure, while also keeping
the simulation time reasonable. As a result, we chose Mesh 5 as the final

mesh setup and used its configurations for all further simulations.

Table 8: Mesh refinement parameters for grid independence study of

stenosed geometry.

Mesh Number of elements in the No. of degrees of

type entire mesh freedom solved
Mesh 1 161835 149013
Mesh 2 419186 356249
Mesh 3 1193808 973661
Mesh 4 2717156 3711213
Mesh 5 3915745 4688093
Mesh 6 4305755 5508793

5.3 Results and Discussions

5.3.1 Effect of bulk shear rate (¥g) on hemodynamic parameters in

microvascular stenosis

We performed a series of numerical simulations across a range of inlet
bulk shear rates (as listed in Table 3) to investigate their influence on
blood flow behavior. The analysis focused on the streamline passing
1 um above the stenosed region. This region has been chosen as an area
of interest because platelet margination is more likely to occur in small
blood vessels; this unique flow characteristic favours the movement of
platelets towards the vessel wall. From Figure 5.3, we can observe a
sharp increase in shear rate at both the entrance and exit of the stenosed
region, corresponding to positions near -50 pm and 50um, respectively.
At lower bulk shear rates (100 s to 2,500 s!), the difference between
these peak values remains modest. However, as the bulk shear rate

increases (ranging from 5,000 s to 30,000 s™), the difference between
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these peaks becomes more prominent, as shown in Figure 5.3(a, b).
Notably, at a bulk shear rate of 30,000 s!, the peak shear rate near the -
50 pm location is nearly 2.5 times higher than the corresponding peak
near 50 um. This localized increase in shear rate at the onset of the
stenosis is particularly significant in the context of platelet dynamics.

Platelets are known to be highly responsive to variations in shear stress
[106].
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Figure 5.3: Variation of shear rate along the streamline near the wall of
the stenosed microvascular geometry. (a) Comparison across bulk shear

rates yg = 100 - 30,000 s”'. (b) Magnified view for yz = 100 - 2,500 s™'.

Exposure to elevated shear can lead to initiating intracellular signalling
pathways associated with their activation. High shear conditions
enhance the unfolding of vWF, which facilitates binding to platelet
receptors, which is an early step in platelet adhesion [32]. Consequently,
the sharp increase in shear stress at the entrance of the stenosis may act
as a trigger for platelet activation, increasing the likelihood of adhesion
to the vessel wall or to already adherent platelets. Furthermore, as
platelets continue to traverse through the stenosed region, they are
subjected to sustained elevated shear rates. Prolonged exposure to such
conditions can increase activation signals and promote aggregation. This
sustained mechanical stimulus, coupled with the disturbed flow patterns
within the stenosis, may significantly enhance the prothrombotic
potential of the microvascular environment. Figure 5.4 shows the
velocity distribution as blood flows through a stenosed microvessel,

where each subplot provides an insight into how velocity varies across
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the domain. The streamline distribution in Figure 5.4 shows the regions

of flow recirculation.
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Figure 5.4: Velocity field distribution for different bulk shear rates on
a plane passing from Z = 50 um from base. (a) yz 1,000 s, (b) ¥p 2,500
s (c) ¥ 5,000 s, (d) ¥ 10,000 s, (e) ¥ 20,000 s, (D ¥ 30,000 s°
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In all cases, as the flow enters the stenosed region, it undergoes
noticeable acceleration. This is visually represented by the shift in
colour gradients from green in the wider upstream sections to red within
the constricted area, indicating elevated velocity magnitudes. In the
downstream of the stenosis, flow separation leads to the formation of
recirculation zones, indicated by vortices in the flow profile. As the bulk
shear rate increases, these recirculation zones become more prominent
and well defined. At lower shear rates (Figure 5.4 (a-c)), recirculation
zones are small and relatively weak. However, for the bulk shear rate of
10,000 s and above, these zones expand significantly and become more

intense, particularly near the edges of the post-stenosed area as seen in
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Figure 5.4 (d-f). Platelets near the vessel walls are prone to becoming
trapped in recirculation zones, where low or reverse flow facilitates their
activation and aggregation. For high bulk shear rates, the risk of
thrombus formation is not limited to the stenosed region itself but also
extends to the post-stenosed region, where activated platelets may
accumulate. This increases the possibility of thrombus growth beyond

the stenosis, potentially obstructing the flow downstream.

5.3.2 Hemodynamic effects of varying stenosis width in

microvascular flow

Narrowing of blood vessels due to stenosis is a critical geometric factor.
As stenosis progresses over time, the degree of narrowing increases,
making it essential to understand constriction's effects on local
hemodynamics and platelet behavior. To evaluate this, we studied the
effect of width variation in stenosed region on flow behavior and
hemodynamic parameters. Results indicate that as the stenosed region
narrows, the average shear rate increases drastically, as shown in Figure
5.5 (a). Specifically, a reduction in stenosis width from 100 um to 75 um
led to a 1.5 to 2-fold rise in shear rate across varying bulk shear
conditions. Further narrowing to 50 um and 25 pm amplifies this effect,
producing roughly 3.5-fold and 12-fold increases respectively (as shown
in Figure 5.5 (b-d)). This exponential rise in shear rate reflects the
increasing mechanical stress that blood cells, particularly platelets, are

subjected to within the constricted vessel segment.

Progressive narrowing not only raises the local shear but also increases
the likelihood of flow separation and vortex formation. We can see from
Figure 5.6, when the stenosis width is reduced to 25 pm, pronounced
recirculation zones form even at lower bulk shear rates (yg ~ 5,000 sh.
These zones are significantly less developed in wider stenosed
geometries, such as in width of 100 um under the same conditions. The
presence of these recirculation regions creates disturbed flow areas
characterized by low or reverse velocities and longer residence times for

blood cells. Platelets circulating near the vessel wall are especially
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Shear rate (s™')

affected by these disturbed flow conditions, as high shear rates,
particularly in the entrance and throat of the stenosis, are known to
trigger platelet activation. Additionally, in the post-stenotic region,
platelets trapped in recirculation zones are exposed to prolonged shear
and flow disturbances, further enhancing their likelihood of becoming
activated. These activated platelets may begin to aggregate and adhere
to the endothelial surface or to each other, initiating early thrombus
formation. Therefore, as stenosis progresses, it not only changes the way

blood flows but also creates conditions that strongly favour blood clot
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Figure 5.5: Effect of stenosis width (25 - 100 pm) on shear rate along a
streamline near the microchannel wall. (a) Variation across bulk shear

rates yg = 100 - 30,000 sl (b-d) Profiles at ¥ = 1,000, 10,000, and
30,000 s™.
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Figure 5.6: Effect of stenosis width variation (25 pm, 50 um, 75 um,
and 100 pm) on the velocity field at varying bulk shear rates (i.e. yp

1,000 s, 75 5,000 5™, 75 10,000 5!, 75 30,000 s).

Narrowing increases the magnitude of mechanical stimuli experienced
by platelets and introduces complex flow features that favour platelet
accumulation. Over time, this can escalate into significant thrombus

formation, potentially leading to partial or complete blockage of the
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vessel. In the context of microvascular systems, such blockages can

severely affect downstream flow, affecting endothelial health.

5.3.3 Influence of angular topology of stenosed microvessels on

hemodynamic behavior

The angular topology of a stenosed vessel is defined by the inlet and
outlet angles of the constriction. It plays a crucial role in shaping local

flow dynamics and environment experienced by circulating blood

components.
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Figure 5.7: Effect of inlet angles (30° - 90°) on shear rate along a
streamline near the microchannel wall. (a) Variation across bulk shear
rates yg = 100 - 30,000 s'!. (b-d) Profiles at ¥g = 1,000, 10,000, and
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In microvascular systems, where the geometry is highly confined and
flow is sensitive to small structural changes, angular variations can
significantly affect shear distribution, streamline behavior, and vortex
formation. These factors, in turn, influence how platelets respond to
mechanical stimuli, particularly in regions prone to disturbed flow and
high shear gradients. Over time, stenotic geometries may evolve not
only in severity but also in their angular profiles due to irregular plaque
deposition. Therefore, understanding the effect of angular variation on
hemodynamics is essential to assess platelet activation mechanisms and

the risk of thrombosis in complex microvascular stenoses.

7p L000sT 75500051 751000051 7530.000 s

Figure 5.8: Influence of inlet angle geometry (30° and 90°) on the

velocity distribution across various bulk shear rates (i.e. yg 1,000 s 173

5,000 s, ¥p 10,000 s, ¥ 30,000 s).

To investigate the influence of angular topology on the flow field and
hemodynamic behavior in the stenosed microvascular region, we carried
out simulations across various inlet and exit angles at multiple bulk

shear rates. From Figure 5.7, we can see that the inlet angle plays a
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significant role in shaping the local shear rate distribution. Specifically,
as the inlet angle decreases from 90° to 30°, a general trend of reduced
peak shear rates is observed at the entrance of the stenosed region (~ -
50 um). This trend remains consistent across all evaluated bulk shear
rates. Interestingly, at an inlet angle of 45°, a localized increase in peak
shear rate is observed, deviating from the otherwise consistent reduction

seen with 60° and 30° angles, as shown in Figure 5.7 (b-d).
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Figure 5.9: Effect of exit angle (30° - 90°) on shear rate along a
streamline near the microchannel wall. (a) Variation across bulk shear

rates yg = 100 - 30,000 sl (b-d) Profiles at ¥p = 1,000, 10,000, and
30,000 s7!.
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45°, 60°, 75°, and 90°) at different bulk shear rates (i.e. yg 1,000 s, 1Z:
5,000 s, ¥p 10,000 s ¥ 30,000 sh.

As the flow progresses through the stenosed region, shear rates rapidly
decline and stabilize, maintaining a relatively high local shear rate
within the constriction. However, inlet angle variation does not
significantly affect the average shear rate within the stenosed zone. As
the flow reaches downstream of stenosed region, the inlet angle
variation has minimal influence on the formation of recirculation zones,
as shown in the velocity distribution from Figure 5.8. This trend holds
true across all inlet bulk shear rates, suggesting that inlet angle alone
does not substantially alter flow separation or vortex generation in the
post-stenotic regions. In contrast, the exit angle of the stenosed region
appears to have a more direct impact on downstream flow stability. As
the exit angle decreases from 90° to 30°, we observed a noticeable
reduction in the tendency for vortex formation, regardless of the applied

bulk shear rate, as shown in the velocity distribution in Figure 5.10.

Narrower exit angles promote smoother flow reattachment and reduce
the likelihood of flow reversal, which helps in reducing the recirculation
zones. This minimizes platelet residence time in disturbed flow zones.
This can be beneficial in reducing the risk of platelet accumulation and
subsequent thrombus formation. Figure 5.9 shows that despite these
changes in flow structure, the overall shear rate distribution along the
flow path remains largely unchanged. From Figure 5.9 (b-d), it can be
seen that only a slight decrease in peak shear rate is noted at the outlet
as the exit angle is reduced. This suggests that while the flow becomes
more stable, key factors influencing platelet activation such as high
shear gradients are not significantly altered. Therefore, platelet
movement and adhesion in such geometries are likely governed more by
global flow dynamics and cell-to-cell or cell-to-wall interactions than by

localized shear rate variations alone.
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5.3.4 Role of radial curvature in shaping hemodynamics within

microvascular stenosis

In stenotic vessels, the curvature of the throat region determines how
abruptly or gradually blood flows through the narrowed section.
Variations in this curvature directly influence key hemodynamic
parameters such as shear rate distribution, vortex formation, and the

formation of recirculation zones, all of which are closely linked to

platelet motion, activation, and aggregation.
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Figure 5.12: Velocity distribution showing the effect of radial curvature
(0 pm, 30 pm, 50pum) on flow dynamics of stenosed microvessel at
various bulk shear rates (i.e. Yz 1,000 st ¥ 5,000 st ¥p 10,000 s, 17
30,000 s7).

As illustrated in Figure 5.11, increasing the radius of curvature from 0
um (RO pm) to 50 um (R50 pm) results in a substantial reduction in
peak shear rate at the throat of the stenosis. A sharper (RO um) curvature
introduces higher shear gradients, while a smoother (R50 pm) curvature
facilitates a more gradual shear distribution. Figure 5.11 (b-d) shows that
this transition leads to a more uniform shear stress distribution,

minimizing localized spikes. Furthermore, as shear gradients reduce
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with increasing curvature, the risk of sustained platelet stimulation
decreases. This reduction in continuous mechanical loading reduces the
likelihood of vWF-mediated platelet adhesion and aggregation.
Moreover, from Figure 5.12, we can see that an increase in radial
curvature correlates with a shift in recirculation zones present in the
downstream of the stenosed region. This trend is observed consistently
across a wide range of bulk shear rates. The overall velocity field and
downstream flow behavior play critical roles in influencing platelet
transport and residence time. As the curvature radius increases, the flow
through the stenosed region becomes smoother. Post stenotic zones are
typically characterized by low or reverse velocity and are known to trap
platelets near the vessel wall. In sharply curved stenoses, flow separation
occurs more easily, resulting in large and persistent vortices
downstream. These disturbed flow regions prolong platelet residence
time near the endothelium, thereby increasing the probability of platelet
interactions that can initiate clot formation. A smoother curvature (R50
um) reduces flow separation and shifts the recirculation zones towards
the vessel wall, thus minimizing areas of low shear and stagnation, as

shown in Figure 5.12.

This may reduce the contact duration of platelets with the vessel wall
and decrease the chances of localized aggregation. Together, the
modifications in the shear and velocity field due to changes in radial
curvature directly impact platelet behavior. Increased shear at the throat
can serve as a primary activator of platelets, while recirculation zones
downstream provide the environment for platelet accumulation and
aggregation, which creates the favourable environment for clot
formation. The radial curvature of microvascular stenosis has a profound
effect on local hemodynamics and the resulting biological response of
platelets. A larger curvature radius leads to reduced shear gradients and
more uniform stress distributions. Understanding and optimizing these
geometrical parameters are essential in both computational modelling
and clinical device design aimed at mitigating thrombotic risk in

microvascular systems.
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5.4 Conclusion

This study comprehensively examines the effect of variations in both
flow conditions and geometric features of microvascular stenosis on the
hemodynamic environment, with a particular emphasis on
understanding flow features that influence platelet activation and
thrombus formation. The results highlight that changes in bulk shear rate
have a sound influence on the local hemodynamic behavior. As the bulk
shear rate increases, the velocity through the stenosed region rises
sharply. This results in elevated shear stresses, especially at the entrance
and exit of the constriction. These regions experience steep shear
gradients, which are known to act as potent mechanical triggers for
platelet activation. Moreover, higher bulk shear also increases the
strength and extent of downstream recirculation zones, where platelets
may remain trapped for longer durations, further enhancing their

potential for aggregation and thrombus formation.

In addition to flow rate, the width of the stenosed region is another
critical factor shaping the local flow dynamics. As the width reduces,
both the magnitude of shear and the size of recirculation zones increase.
These disturbed regions not only prolong platelet residence time near
the vessel walls but also generate a mechanical microenvironment that
favours their activation, adhesion, and downstream accumulation. The
angular geometry of the stenosed section further regulates flow
behavior. Inlet angles influence how sharply the flow accelerates into
the stenosed region, with steeper angles (90°) producing higher local
shear peaks. Interestingly, intermediate angles showed nonlinear
behavior. Meanwhile, the exit angle plays a more dominant role in
regulating downstream flow behavior. Smaller (30°) exit angles reduce
the tendency for vortex formation and recirculation, potentially reducing
the entrapment of activated platelets. Lastly, the radial curvature of the
stenosis throat influences both shear profiles and downstream
recirculation. A sharp curvature (RO pm) results in abrupt changes in
flow direction, high shear distribution, and large recirculation zones. In

contrast, increasing the radius of curvature to more gradual profiles (R50
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pm) smoothed out shear gradients and shifted vortex formation towards
the vessel wall. The reduction in both shear distributions and
recirculation zones contributed to a hemodynamic environment less
conducive to platelet activation and thrombus initiation. These benefits
were consistent across a range of shear rates, demonstrating the effect of

curvature on hemodynamics of stenosed microvessels.

Overall, the findings from this study establish that both flow rate and
geometrical configuration significantly alter the mechanical cues within
a stenosed microvessel. Elevated bulk shear, narrow constrictions,
steady angular transitions, and sharp curvature all amplify platelet-
relevant shear fields and disturbed flow patterns, which are known for
pro-thrombotic environments. Whereas, smooth geometric transitions,
wider throats, gradual inlet and outlet angles, and increased curvature
reduce pathological flow behavior and thrombogenic potential. These
insights have direct implications for vascular biology research, such as
cardiovascular disease modelling, and the design improvement of blood-
wettable medical devices such as stents, vascular grafts, and
microfluidic platforms. By carefully regulating these parameters, it is
possible to replicate pathological flow conditions, offering new ways for

the study of thrombosis at the microscale.
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Chapter 6

Hemodynamic Analysis of Single,
Multiple Stenoses and Post-Stenotic

Dilatation Microvessels

6.1 Geometrical model

In this study, we have considered various geometrical configurations
representing different conditions of microvascular narrowing, including
a healthy vessel with no obstruction, vessels with a single stenosis,
vessels with multiple stenosis, especially double and triple stenosis, and
advanced configurations where each stenosis (single, double, and triple)
is followed by a PSD region. PSD is the region of vessel widening that
typically occurs downstream of a stenosed region. This widening occurs
due to increased pressure, formation of recirculation zones, abnormal
shear stress, etc., resulting from disturbance caused by the stenosed

region, which can lead to weakening and remodelling of vessel wall.

The dimensions of various stenosed sections in microvessels with or
without PSD conditions are shown in Figure 6.1. For all models, the total
axial length of microvessel (Xo) is 4.6 mm, while the depth (Zp) was kept
uniform at 100 pm. In geometries involving multiple stenosis, the
narrowed regions were placed at uniform intervals of 1 mm along the
axial length of the vessel. This range of configurations enables a
comprehensive assessment of how different stenosis patterns influence
blood flow dynamics at the micro level and promote formation of mural

thrombosis.
6.2 Grid independence study

To ensure accuracy and reliability of computational results, a grid
independence analysis has been carried out. This has been done to
confirm that the results are not influenced by mesh resolution. A

standard residual criterion of 107® was implemented to ensure
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convergence and numerical stability during iterations. The boundary
conditions applied in the computational simulations are detailed in
section 3.1 of chapter 3. Here, to evaluate grid independence, we
monitored the velocity and pressure at a location 2 um above the vessel
wall of the stenosed region. This region was chosen because it reflects
the flow conditions experienced by platelets travelling near the vessel

wall, where hemodynamic forces significantly affect their behavior.

Multiple mesh densities were examined for two distinct configurations:
(1) a microvessel with single stenosis, and (ii) a single stenosed
microvessel with PSD region. Out of total configurations tested, five

representative cases are given in Table 9.
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Figure 6.1: Schematic representation of microvessels showing (a)
healthy vessel without stenosis, vessel with (b) single stenosis, (c)
double stenosis, (d) triple stenosis, (e) single stenosis followed by
PSD, (f) double stenosis with PSD, and (g) triple stenosis with PSD.

All dimensions are given in micrometers ((m).
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Table 9: Mesh refinement parameters for grid independence study of

single stenosis and single stenosis with PSD geometry.

Mesh Number of elements in | Number of elements in the
type the entire mesh (Single | entire mesh (Single stenosis
stenosis) with PSD)
Mesh 1 263975 284494
Mesh 2 439657 516854
Mesh 3 1207523 1376883
Mesh 4 2977030 3161830
Mesh 5 13199502 13933819
11200 — 11100 —
11504 (1656 ]
111004
11000+
2 110504 z
; 11000 % 10950 4
E 109504 = 10900 4
10900 4
10850
10850
10800 1— . . . . 10800 1——— - - T
263975 439657 1207523 2977030 13199502 284494 516854 1376883 3161830 13933819
(a) Mesh element number in entire mesh (b) Mesh element number in entire mesh
19.50 =TT 200 —— Velocity
= 19.25 4 19.5
E 19.00 4 \ 3 19.04
g 18.75 4 = 18.5
18.50 L— . . : . 18, : : ; - :
263975 439657 1207523 2977030 13199502 284494 516854 1376883 3161830 13933819
(C) Mesh element number in entire mesh (d) Mesh element number in entire mesh

Figure 6.2: Grid independence analysis for pressure variation with
varying numbers of mesh elements in (a) single stenosis, (b) single
stenosis with PSD microvessel. Corresponding variation of velocity for

(c) single stenosis and (d) single stenosis with PSD microvessel.
The results from Figure 6.2 show that Mesh 4 exhibits stable velocity

and pressure magnitude, providing an optimal balance between accuracy

and computational time for both cases. Therefore, we selected Mesh 4
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as the optimal mesh configuration and used it for all subsequent

simulations.
6.3 Results and Discussions

6.3.1 Analysis of velocity distribution in stenotic and post-stenotic

dilatation (PSD) microvessels

A wide range of numerical simulations were carried out across different
stenosed microvessel geometries, each subjected to various inlet bulk
shear rates (as per Table 3), with a primary goal to closely examine flow
patterns through the regions of vascular stenosis and post-stenotic
dilatation. These geometrical features significantly alter flow
characteristics. The velocity distribution from Figure 6.3(a) shows no
change in core and surrounding streamlines as the flow passes through
a healthy vessel, indicating a stable and uniform flow field. In contrast,
as the blood passes through the stenosed microvessels with and without
PSD, symmetrical recirculating zones can be observed as shown in
Figure 6.3(b-d). These high-strength recirculation vortices form in the
region immediately downstream of the stenosis, particularly in PSD
zones, as can be seen in Figure 6.3(e-g). These recirculation zones
indicate low velocity and reversed flow direction, which can increase

residence time of platelets.

The narrowing of the vessel leads to a considerable rise in the flow
velocity at the stenosis core, greatly exceeding the inlet flow, and
indicating a strong acceleration through the constricted region. This
rapid change in velocity over a small spatial region gives rise to a steep
velocity gradient, particularly near the vessel walls. It is well-established
in the literature that platelet activation is directly linked to elevated shear
stresses [106]. Under pathological conditions, it acts as a mechanical
stimulus which can initiate the activation, adhesion, and aggregation
process. Elevated shear stresses are primarily associated with the high-
velocity gradient, particularly in the transition region between the core

and downstream recirculation zone of stenosis. Figure 6.3 represents the
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quantitative velocity gradients across various stenosed geometries. The
data includes velocity distribution for single and multiple stenosed
microvessels at inlet bulk shear rate of only 500 s™ and 30,000 s™'. As
platelets predominantly migrate near the vessel walls in microvessels,
this region becomes critically important when studying factors that
influence their physiological behavior. Therefore, to accurately capture
the flow characteristics, a streamline passing 2 pum above the bottom
wall has been considered to evaluate the velocity and stress effects. This
approach allows for a more precise assessment of the mechanical cues
that platelets are exposed to, which plays a key role in their activation

and aggregation.

. [ e eet—— ]
(a) No stenosis 3 0.3367 06733 101 13367 16833 202 m/s

Figure 6.3: Surface velocity profile at an inlet bulk shear rate of 30,000
s’ presented for different geometries: (a) healthy vessel, (b) single
stenosed, (c) double stenosed, (d) triple stenosed, (e) single stenosis-

PSD, (f) double stenosis-PSD, (g) triple stenosis-PSD.
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Figure 6.4: Velocity variation along the streamline passing close to the
vessel wall for different stenosis configuration: (a, b) single stenosis and
single stenosis with PSD at an inlet bulk shear rate of 500 s™!, (c, d) single
stenosis and single stenosis with PSD microvessels at an inlet bulk shear
rate of 30,000 s, (e, f) multiple stenosis and multiple stenosis with PSD
at an inlet bulk shear rate of 30,000 s™'. (x/Y, represents the non-
dimensional axial length, where x is the distance along the channel and

Yy =200 pm is the channel width used for normalization.)

The distribution of velocity is illustrated in Figure 6.4, providing insight
into how different stenosis geometries and flow conditions affect
platelet dynamics. Referring to Figure 6.4(a-d), the quantitative data

shows that in a healthy vessel, the variation of velocity near the wall
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remains constant at all inlet flow conditions. Meanwhile, a drastic
change in the flow can be observed near the wall for cases of stenosis.
The graph shows a steep velocity gradient between the throat of the
stenosed region and the adjacent recirculation zones. Within these
recirculation zones, the local shear stress experienced by the trapped
platelets tends to be relatively low but has a long residence time,
meaning that platelets remain in these zones for extended durations. This
combination of low shear and long residence time creates favourable
conditions for already activated platelets to adhere to the vessel walls,
thereby promoting thrombus formation. These results are in good
agreement with the literature [34], where numerical and experimental
studies have shown similar platelet behavior in gradual constriction
expansion geometry. Additionally, in configurations involving multiple
stenosis, platelets are subjected to repeated loading conditions as they
traverse through successive constriction and expansion zones, as shown
in Figure 6.4(e, ). This cyclic exposure enhances the likelihood of
platelet activation and deposition along the vessel walls. Graphs from
Figure 6.4(a, b) show an interesting trend, considering PSD geometries
under low inlet flow conditions. These geometries trap platelets in high-
strength vortices for a very long time as compared to stenotic geometry

without PSD.

6.3.2 Distribution of elongation stress on platelets in stenosed and

PSD microvessels

Convective acceleration occurring at the stenosis throat has been
identified as a key factor imposing significant elongational stresses on
passing platelets, which can contribute to their activation levels [34].
According to experimental findings of Purvis et al. (1991) [106], when
platelets’” membranes are subjected to elongational stretches, their
activation levels increase due to higher ion permeability and improved
ligand binding tendency. Therefore, our study quantitatively assessed

elongational strain experienced by platelets, particularly near the vessel
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Figure 6.5: Elongation rate distribution on platelets along different
stenosed geometries: (a, b) single stenosis and single stenosis with PSD
microvessels at an inlet bulk shear rate of 500 s\. (c, d) single stenosis
and single stenosis with PSD microvessels at an inlet bulk shear rate of
30,000 s. (e, f) multiple stenosis and multiple stenosis with PSD at an
inlet bulk shear rate of 30,000 s™'.

walls, where such effects are most pronounced, as discussed in Section
6.3.1. To capture this effect, we have computed elongational strain
across multiple inlet bulk shear rates (as given in Table 3). From Figure
6.5, it can be observed that for bulk shear rate of 30,000 s, the
elongational rate reaches a peak just before the flow enters the stenosis

throat, reaching a negative value of -89,138.78 s’!, and a positive
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elongation of 29,672.16 s! as the flow reaches the beginning of
expansion zone.

These findings suggest that platelets are subjected to strong compression
as they accelerate through the narrow region and are stretched again in
the expanding section of the vessel. In case of vessels exhibiting
multiple stenoses, as platelets travel through each narrowing,
mechanical stress exposure is repeated multiple times. This repeated
sequence of compression and elongation cycles increases the likelihood

of platelet activation and wall deposition, leading to thrombotic risk.

Interestingly, in geometries that include PSD regions, while there may
not be a significant increase in elongational stress levels, the prolonged
residence time within the dilatation region creates a favourable
environment for platelet aggregation along the vessel wall, as shown in

Figure 6.5.

6.3.3 Wall shear stress analysis on platelets in stenosed and PSD

microvessels

The influence of wall shear stress across various geometries is illustrated
in Figure 6.6. As observed from the figures, shear stress shows a rapid
increase as flow approaches the throat of the stenosis, reaching its
maximum value at the narrowest section. This peak in shear stress
becomes stronger with increasing inlet flow rates. Previous studies [34]
have reported that the increase in local shear stress elevates the
activation potential of platelets, particularly at the site of stenosis where
abrupt change in shear occurs.

Elevated shear condition induces platelet activation leading to changes
in the morphology of platelets, including alterations in the shape and
texture of the membrane [106]. These promote their interaction with
surrounding cells and surfaces, thus promoting aggregation. In addition
to elevated stress, the recirculation zones that form in the immediate
downstream of the stenosis act as a favourable region for platelet
aggregation as they provide prolonged residence time, allowing

activated platelets to stay near to vessel wall.
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Figure 6.6: Surface distribution of shear stress for different geometries
at inlet bulk shear rate of 30,000 s™': (a) healthy vessel, (b) single
stenosed, (c) double stenosed, (d) triple stenosed, (e) single stenosis-

PSD, (f) double stenosis-PSD, (g) triple stenosis-PSD.

Moreover, as the blood moves through the constriction region of the
vessel, the frequency of hydrodynamic collisions increases between the
platelet-platelet and other blood cells. These collisions, driven by the
high-velocity gradients, displace the platelets from the central core of
the flow towards the streamlines nearer to vessel walls and further push
them into the recirculation zones [34, 105]. A similar phenomenon is
observed in vessels with PSD. In these cases, vortex formation in the
dilated region leads to extended trapping of platelets, further promoting
their aggregation and deposition along the vessel walls. These combined
mechanical and hydrodynamic effects provide a deeper understanding

of how complex geometries and varying flow conditions contribute

70



towards the development of the thrombus in stenosed microvessels.
Quantitative analysis of distribution of shear stress is shown in Figure
6.7.

As outlined in section 6.3.1, we also calculated the effect of wall shear
stress at a vertical distance of 2 um above the vessel wall to better
capture the stresses experienced by the platelets travelling close to the
boundary layer. Simulations were conducted for a wide range of flow
rates, each corresponding to different inlet bulk shear rates (as given in
Table 3). From the Figure 6.7 (a), it can be seen that at inlet bulk shear
rate of 500 s™! as blood flows into the stenosed segment (x/Yo~-0.25), a
sharp rise in shear stress is observed at the entrance of the narrowing,
and platelets moving close to the vessel wall experiences a high shear
stress over a distance of about 100 pm. Beyond the stenosed throat, at
the point of flow separation, the shear stress drops rapidly, reaching
values below those found in healthy vessels and remains low throughout
the separation until flow further reattaches (x/Yo~1.05).

Platelets that are activated by the intense shear stress in the stenotic
region subsequently enter the expansion zone, where flow deceleration
and low shear conditions allow them to become trapped within
recirculation vortices. In these zones, blood velocity is greatly reduced,
enabling platelets to maintain extended contact with the vessel wall. The
overall effect of these shear stresses on platelets enhances their
deposition at the walls.

As the inlet flow rate increases, corresponding to a bulk shear rate of
30,000 s, a noticeable rise is observed in both the magnitude of wall
shear stresses and the intensity of the recirculation zones, as illustrated
in Figure 6.7(c, d). It has also been noticed that the point at which the
separated flow reattaches to the vessel wall shifts further downstream,
reaching x/Yo~ 2.68 at 30,000 s™'. This shift in reattachment zone with
increased flow rate, indicates extension of low shear recirculation zone,
thus creating a region particularly favourable for platelet trapping and

aggregation.

71



124 124
= =
& &
7 104 7 104
2 — 2
g 4
-] i £
2 84 i 2 89
g il s b
£ i B
= 61 t = 67
= i s
= i =
44 i 44
ii
it
2] ) 2
Y \ U
0 T T T T T 0 T T T T T
-5 0 5 10 15 20 -5 0 5 10 15 20
(a) XY, (b) /Y,
1600 e 1600
~-=- Single stenosis . |
1400 4 . : 1400
1200 4 1200
5 g
2 1000 7 1000
I I I o o e g
; 800 2 800
2 ! 8
Z 600 II Z 6004
= =
z | z
400 Vi 400
"
il
2004 il 2004
il
: L B e e
0 T T T T T 0 T T T T T
-5 0 5 10 15 20 -5 0 5 10 15 20
(¢) Y, (d) /Y,
1000 1000
800 300
= ' =
& &
2 600 2 600
2 2
Z Z
g g
S ! s
% 400 F 400
= =
B B
200 200
N N B N N N
0 T T T T T 0 T T T T T
-5 0 5 10 15 20 -5 0 5 10 5 20
(e) XY, ) Y,

Figure 6.7: Wall shear stress distribution on platelets for various
stenosed geometries: (a, b) single stenosis and single stenosis with PSD
at an inlet bulk shear rate of 500 s™!, (c, d) single stenosis and single
stenosis at an inlet bulk shear rate of 30,000 s™', (e, f) multiple stenosis

and multiple stenosis with PSD at an inlet bulk shear rate of 30,000 s™.

In the case of vessels with multiple stenoses, platelets experience
repeated cycles of mechanical stress as they travel through successive
constrictions. This cyclic exposure leads to increasing activation, which
promotes aggregation and adhesion. A similar pattern is observed in
microvessels featuring multiple stenoses combined with PSD, where the
strength of recirculating vortices is even more significant than that of
stenosed vessels. To quantitatively assess these effects, we have

calculated the strength (ability to trap platelets) of the vortices at all inlet
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bulk shear rates (as given in Table 3) for both stenosed vessel and
stenosed vessel with PSD. As shown in Figure 6.8, vortex strength is
consistently higher in the PSD vessels than in those without dilatation,

highlighting their enhanced thrombogenic potential.
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Figure 6.8: Plot representing the strength of vortices forming in the

expansion zone for stenosis and stenosis with PSD microvessels.

6.4 Conclusion

In this study we have explored the influence of various hemodynamic
factors affecting activation of platelets and their involvement in
potential deposition at the vessel wall. We have analyzed the flow
dynamics across three types of vascular configuration: healthy vessels,
vessels with stenosis, and vessels with stenosis followed by post-stenotic
dilatation region.

The presence of a stenosed region significantly disrupts the normal flow
behavior leading to alteration in velocity fields and shear distributions.
As the blood flows, it experiences transition from high shear near the
stenotic throat to low shear in the downstream recirculation zones. This
changes surface morphology of platelets and elevates activation
potential, thereby increasing the possibility of their adhesion to vessel

wall. Additionally, both stenosed and PSD microvessels exhibit steep
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velocity gradients in the downstream sections, exposing near-wall
platelets to elevated shear, which further contributes to platelet
activation. The formation of recirculation zones at the immediate
downstream of stenosis creates localized environments that favours
platelet-platelet interactions. These interactions promote aggregation
and enhance the likelihood of platelet deposition along the vessel wall.
Quantitative analysis showed that the velocity at the stenotic throat
increased by 1.6-fold relative to inlet, followed by a drop of 3.2-fold in
the downstream of the throat, leading to formation of recirculation
zones. Additionally, elongational stress analysis indicated compression
of platelet at the throat entrance by decrement in elongational rate by
~560-folds, whereas they experience stretching as they leave the throat
by a sudden increase in elongational rate by ~570-folds, when subjected
to an inlet bulk shear rate of 500 s™'. Further, the wall shear stress
analysis suggested an 8-fold increase in shear force along the vessel wall
within the stenotic segment. However, in the downstream, the wall shear
stress decreases by ~14-fold in the recirculation zone, eventually
approaching baseline near the reattachment region. Numerical results
also indicate that microvessels with PSD have stronger recirculation
zones compared to stenosed vessels, leading to longer platelet
entrapment and increasing the risk of thrombus formation. These
variations in wall shear stress, elongation rate, and velocity collectively
enhance the platelet activation and aggregation. High shear stress at the
stenosis entrance can trigger initial platelet activation, while the low
shear and flow reversal within the recirculation zones at the downstream
create ideal conditions for platelet adhesion and thrombus development.
These hemodynamic disturbances around stenosed and PSD regions
offer valuable insights into the flow mechanisms that facilitate mural

thrombus formation.
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Chapter 7

Conclusion and Future Scope

7.1 Highlights of new concepts and innovations

In this thesis, we have conducted a comprehensive investigation to
understand the effect of microvascular geometries and flow conditions
on blood flow behavior that leads to mural thrombus formation. One of
the key highlights of this study is our use of low-cost SLA 3D printing
to create microfluidic device molds, followed by PDMS soft lithography
to fabricate the microfluidic device. This approach enabled us to
fabricate the device in cost effective manner, which was later used to

validate our computational methodology.

Another important aspect of our work is systematically exploration of
geometrical variations of stenosed geometry on local hemodynamics
using CFD simulations. Stenosis severity, angular variation, curvature
radius alters shear distribution, recirculation strength, and platelet
residence time, all of which are key contributors towards thrombus
initiation and growth. We also compared healthy, stenosed, and post-
stenotic dilatation (PSD) blood vessels. The PSD configurations showed
more intense and prolonged recirculation, posing a higher risk for

platelet accumulation and thrombus formation.
7.2 Summary of key findings

From our detailed numerical investigation, we arrived at several key

findings:

o Effect of shear and recirculation - We observed that higher bulk
shear rates significantly elevate the local shear distribution and
enhance the strength of recirculation zones, both of which favour
platelet activation.

e Impact of stenosis severity - As the degree of stenosis increased from

50% to 87.5%, the local shear rate sharply elevates by ~12-folds in
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the stenosed region. This led to stronger downstream recirculation,
thereby increasing platelet residence time and adhesion potential.
Influence of geometry - Our simulation showed that angular
topology significantly affects inlet and exit flow behavior, with
smoother exit angles minimizing vortex formation, thus decreasing
the likelihood of platelet trapping, while larger curvature radius at
the stenosis throat was found to reduce shear distribution and shift
the recirculation zone closer to the vessel wall, potentially lowering
thrombosis risk.

Post-stenotic dilatation (PSD) effects - The PSD geometries
exhibited prolonged low-shear recirculation regions, making them
highly thrombogenic compared to healthy or stenosed vessels. When
multiple stenoses were considered, we found that velocity peaks
occur at each constriction, resulting in alternating high- and low-
velocity zones that amplify flow instability and recirculation.
Elongational strain and platelet mechanics - We also found that
platelets undergo abrupt changes in deformation forces, including
compression before the stenosis, and stretching post-stenosis. These
mechanical fluctuations can lead to platelet deformation and initiate
activation pathways. The coexistence of high shear near the throat
and low shear downstream provides favourable conditions for
platelet adhesion and aggregation thus leading to formation of mural

thrombosis.

Through these analyses, we have gained a better picture showing the

effect of geometric variations on flow structures and stress environments

within the vessels. This study has deepened our understanding of the

mechanical aspects of platelet activation and offers insight into the

formation of mural thrombus in stenosed vessels.

7.3 Key improvements from the literature

Previous studies have primarily used microfluidic devices with stenoses

to investigate platelet activation, aggregation, and thrombus formation

under disturbed flow conditions. These investigations have established
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that hemodynamic factors such as wall shear stress, shear rate and its
gradients, recirculation zones, and velocity variations play a critical role
in thrombus formation. Most of these works have used idealized stenosis
shapes, such as circular or trapezoidal constrictions. However, the
influence of geometrical variations of stenosed region on local
hemodynamics, which is key to governing platelet behavior has not been
extensively explored despite its fundamental importance in vascular

pathology and blood-wetted medical devices.

In our work, we have extended this understanding by systematically
studying the interaction between microvascular geometry, flow
conditions, and their possible effect on platelet behavior. We found that
increased bulk shear rates and narrower stenoses amplify local shear and
downstream recirculation, directly affecting platelet activation and
aggregation. Angular topology and radial curvature were found to
influence flow stability and vortex formation, modulating platelet
residence time and thrombotic potential. In cases involving multiple
stenoses and PSD regions, repeated compression-elongation cycles and
prolonged platelet trapping in downstream vortices significantly
enhance thrombus growth and deposition. PSD geometries are
comparatively more prone to thrombosis than single stenoses, as the
downstream vortices trap platelets in low-shear zones, promoting
aggregation and deposition despite lower shear than at the stenosis

throat.

Through this study, we have providled a more comprehensive
understanding of flow-driven thrombus formation by bridging the
relationship between microvascular geometry, hemodynamics, and
platelet mechanics. Our findings offer insights into the flow physics

underlying thrombus formation through microfluidic platforms.
7.4 Vision for future work

This study offers valuable insight into the mural thrombosis mechanism,
it also lays the groundwork for exploring new directions in future

studies. In the present study, we have modelled blood as a continuum
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fluid to simplify the simulation process and maintain computational
feasibility across a wide range of microvascular geometries. While this
approach is commonly used and effective for capturing general
hemodynamic trends, we believe that considering cell-resolved
simulations or multiphase modelling in future studies can provide a
better representation of flow dynamics, particularly in regions of

disturbed flow, such as recirculation zones.

Additionally, incorporating advanced rheological models such as
population balance or viscoelastic (like Generalized Oldroyd-B), or
mixture theory-based approach could enhance our understanding of the
complex rheological behavior of blood constituents in thrombus
formation within stenosed geometries. This can help build better
simulation to predict the risk of clot formation in blood vessels and
improve the design of medical devices like stents, grafts, etc. to
minimize stagnation zones and recirculation that often promotes

thrombosis.
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