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Abstract: Capillary-tissue fluid exchange plays a critical role in maintaining tissue homeostasis, and
understanding the behavior of red blood cells (RBCs) in narrow vessels is fundamental to elucidating this process.
This paper explored the phenomenon of RBC deformation in constricted vessels and its clinical implications. This
study delves into the intricate dynamics of blood flow within narrow capillaries, particularly focusing on situations
where the diameter of these vessels is smaller than that of red blood cells (RBCs). In such confined spaces, the
proximity between RBCs and the vessel walls is minimal, allowing plasma to permeate through. This research
explored how various factors, including the shape of deformed RBCs, their velocity, and tissue permeability,
influence blood flow patterns. It reveals that in scenarios where tissues exhibit lower permeability, blood flow
tends to be more uniform, while faster-moving RBCs encounter less resistance. By comparing its findings with
existing models, this study underscores its significance in advancing our understanding of blood flow dynamics
in small vessels. Such insights hold promise for the development of novel diagnostic tools targeting a range of
diseases. Additionally, this paper discussed the clinical relevance of RBC deformability in various pathological
conditions, including microvascular diseases, ischemia-reperfusion injury, and inflammation. Understanding the
complex interplay between RBC deformability, microvascular function, and disease pathology has significant
implications for the development of novel diagnostic and therapeutic strategies targeting capillary-tissue fluid
exchange.
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1. Introduction

Comprehending the intricate mechanics of red blood cell (RBC) deformation within narrow capillaries is
essential for deciphering critical physiological processes and pathological conditions. A biomechanical approach,
blending principles from mechanics and biology, provides a comprehensive framework for studying such
phenomena. By investigating the mechanical responses of RBCs within confined spaces, this approach yields
valuable insights into microscale blood flow dynamics. Our study aims to delve into the biomechanics of RBC
deformation in narrow capillaries, aiming to elucidate the underlying principles governing their behavior.
Focusing on the complex interplay between cellular morphology, fluid dynamics, and tissue biomechanics, our
investigation seeks to unravel the intricacies of RBC motion in constrained microenvironments [13,18,24,44].
Through a synthesis of theoretical modeling, experimental observations, and clinical correlations, we endeavor to

decode the biomechanical characteristics of RBC deformation and its relevance to health and disease
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[15,25,36,46]. By elucidating the fundamental principles dictating RBC behavior in narrow capillaries, we aspire
to pave the way for innovative diagnostic and therapeutic interventions targeting microcirculatory disorders and
associated pathologies. Thus, this biomechanical exploration serves as a cornerstone for advancing our
understanding of microvascular blood flow dynamics, offering profound insights into the intricate interplay
between mechanical forces and biological phenomena within the circulatory system [6,29,37].

Blood consists of small red blood cells suspended in a fluid known as plasma, akin to fruits in syrup within
a fruit salad. Extensive scientific inquiry has been dedicated to understanding the workings of these red blood
cells. Typically, under normal circumstances, red blood cells exhibit a disc-like shape, resembling miniature
pancakes, with dimensions requiring microscopic observation. Enclosed within these cells is a viscous fluid, akin
to thick syrup. The outer layer of red blood cells comprises a resilient membrane, akin to the peel of a fruit but
notably thinner [9,23,33,42]. This membrane exhibits resistance to changes in size, akin to stretching or
compressing a balloon, owing to its molecular structure consisting of two layers resembling a sandwich. While
the molecules within these layers can slide past each other, they exhibit resistance to separation and bending,
rendering the membrane relatively stiff compared to other materials [2,20,27,30]. As red blood cells navigate the
bloodstream, this membrane resists alterations induced by external forces, analogous to the resilience of a rubber
band against stretching or twisting. Sophisticated mathematical models have been devised to elucidate the
behavior of this membrane when subjected to various forces. Such investigations contribute to our understanding
of how red blood cells maintain their shape and mobility within the body, essential for preserving overall health

[4,11,38,47].
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Figure 1. Deformation of Red Cells

Blood circulation is a fundamental process that serves as a vital transportation network within the human
body, comparable to trucks delivering goods and removing waste in a bustling city. In healthy blood vessels, the
flow of blood exhibits a seamless and steady movement akin to the gentle flow of water in a river [5,28,48].
However, any disruptions or irregularities in this circulation can lead to various medical conditions, including
heart disease, underscoring the critical importance of maintaining a healthy blood flow. Among the intricate
network of blood vessels, the minutest ones are the capillaries, which are even thinner than a single strand of hair.
Despite their diminutive size, these capillaries play an outsized role in the body's overall function [1,17,34,41,53].
To visualize the challenges blood cells encounter within these narrow passageways, one can imagine navigating
through a tight and narrow alley. Similarly, blood cells must negotiate tight squeezes within capillaries as they
traverse through them. As blood cells make their way through these narrow capillaries, they undergo remarkable
shape changes to fit through the constricted spaces. This process is akin to manoeuvring a large balloon through
a narrow gap, requiring the balloon to squish and stretch as needed to pass through. Such deformation of blood
cells is induced by the pressure exerted by the surrounding plasma, which is the fluid enveloping the cells
[7,16,26,31,51]. This pressure renders the blood cells pliable enough to navigate through the narrow passages
without causing damage to the vessel walls. Furthermore, a thin layer forms between the blood cell and the inner
lining of the capillary wall. This layer plays a crucial role in facilitating the exchange of essential nutrients, oxygen,
and waste products between the bloodstream and the surrounding tissues [3,19,35,52]. Additionally, it influences
the dynamics of blood flow within the capillaries. These intricate processes are vital for maintaining optimal
bodily function and ensuring the efficient distribution of essential substances throughout the body. They highlight
the remarkable adaptability and resilience of the human circulatory system in navigating through the complexities
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of the microcirculation to sustain life and health. Thus, understanding these processes is essential for advancing
our knowledge of human physiology and developing effective treatments for various medical conditions
[8,12,22,39].

2. Defining the problem statement

This model conceptualizes red blood cells as axisymmetric structures containing incompressible fluid. It
assumes a scenario where red blood cells flow singularly, without interactions between cells. In this framework,
'H' represents the thickness of the porous matrix, 'u' denotes the velocity of the cell at a specific point, and 'h'
indicates the thickness of the fluid film. Furthermore, 'a’ represents the focal length of the initially assumed
parabolic shape, while [10,14] depicts further deformation resulting from increased pressure within the wedge
formed between the parabolic shape and the capillary. The flow region is segmented into two distinct regions, and
governing equations are formulated separately for each region, as delineated below.

Within the capillary region, equation is as follows:

op' ou’
T + I3 2 =0 (1)
OX oy
the equation of continuity describes how the flow of fluid is conserved within a given system:
ou' ov'
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ox' oy
In the porous region, the velocity components within the matrix can be described using Darcy's law.
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The equation that governs the distribution of pressure within the porous matrix is given by:
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To solve the aforementioned equations, the following matching and boundary conditions are introduced:
u' = u, at u' =h'
dl,
u' = [(—0') (W)l at y' =0
op
P
u'= | (=K/u35) at y'=0
v’ =0 at y’ = h.’
8 N .
v'= | CK/ugD at  y' =0
i | (6)
ﬁ
<%> =0 at x'=0
- =0 at x'=1
p
_)
<g—;’,> =0 at y' =0
= =Py at x'=0
p

The slip parameter, denoted as , characterizes the degree of ease with which objects can move past each
other within a system. A higher p value implies smoother sliding between components, whereas a lower value
suggests greater resistance to movement. Moving on to the reference pressure, Py, it acts as a pivotal starting point
for discussing changes in pressure within a given context. It serves as the initial benchmark against which pressure
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alterations are measured and analyzed. Shifting focus to the radial compliances, Ar and A, these parameters
quantify the ability of the capillary and cell to stretch or deform sideways. When combined (Ar + AB), they offer
insight into the collective flexibility of the system under consideration. Furthermore, the effective length of the
capillary, represented as 21, doubles the actual length to encompass both ends for analytical purposes. Finally, the
initial gap at the point of intersection between the parabola and the capillary serves as a negligible space between
the two surfaces. Its insignificance relative to the thickness (H) of the porous layer allows it to be disregarded,
akin to overlooking a minuscule crack in a sidewalk.
The equations are solved using a non-dimensional scheme introduced as follows:
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To solve the aforementioned equations, the following boundary conditions and matching conditions are
applied:
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3. Problem Solution

We established that the blood flow is balanced, with the inflow equaling the outflow (as per the equation of
continuity), and we define the parameters governing blood behavior at the boundaries (boundary and matching
conditions), we can proceed to determine the precise velocity of blood flow at various locations within the
capillary by solving these equations [21,32,40].
PH o , (y-0) , -0

_PHdp . )h)+L )
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By solving above equation, we have

u

p = 2Encosh{a (H+y)}cos(a x) (10)
where o =(2n+1)7m/21)
1
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n
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We determine the Flow Resistance as:

R'= (/Q)[Zn(PA X +A Xx'+A x")]- 13
[Zn(o,*/2)(Px"(A,/6)+x°(2A,/5)+x (A, /6))] 13)

Where zn=[(3K/2H’6)S" Ena,’ sinha, (H+y)] (14)

A =((-306/2n")+(1/80)-(3/4n)) , A, =(-(3¢'0/121°)+(&'/480m)-(3€'/24n"))

A, =(-(c/2n’)*+(1/80m)-(3/81")) (15)

n=(HP (a+p)/pU,’)

4. Results and discussion

Understanding the intricacies of blood flow parametres in narrow capillaries is essential for comprehending
various physiological phenomena. To delve into this complex realm, we've developed sophisticated computer
programs. These programs serve as invaluable tools, allowing us to quantify the impact of critical parameters such
as cell shape and velocity on blood flow dynamics. By harnessing the power of computational simulations, we've
generated extensive datasets that offer insights into how blood flow parameters behaves under normal
physiological conditions. The utilization of these computer programs facilitates a meticulous evaluation of blood
flow patterns, ensuring that our analyses accurately mirror real-world scenarios. This rigorous process guarantees
that our computational models capture the nuances of blood flow within narrow capillaries with precision.
Through these simulations, we can dissect the intricate interplay between various factors and their influence on
blood flow resistance [43,49]. In Figure 2, the plotted data vividly illustrates the intricate relationship between
velocity and axial distance within the capillary. A notable observation is the inverse correlation between these two
parameters. As axial distance increases, there is a corresponding decrease in velocity. This phenomenon is
attributable to alterations in pressure gradients within the wedge-shaped region of the capillary. These pressure
differentials lead to deformations in both erythrocytes and the capillary wall, particularly near the narrowest part
of the interstitial space. These deformations directly impact velocity, with higher pressure levels inducing more
pronounced cell deformations, consequently resulting in a reduction in velocity. This observation is corroborated
by existing literature, underscoring the reliability of our findings. In Figure 3, the graph provides further insights
into the relationship between velocity and variations in the parameter H. As the values of H increase, there is a
discernible decrease in velocity. These findings are consistent with prior research, reinforcing the validity of our
observations [45,50]. Overall, our comprehensive approach, combining computational simulations with empirical
data, enhances our understanding of blood flow dynamics in narrow capillaries and provides valuable insights
into the intricate mechanisms governing physiological processes.
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5. Conclusion

This study utilizes computational techniques to investigate how fluids move between capillaries and tissues
when the capillary diameter is smaller than that of a red blood cell. The research focuses on understanding how
velocity changes in different scenarios, including variations in the shapes of deformed red blood cells, their
velocities, and the permeability of the tissues. The findings indicate a direct relationship between reduced
permeability and decreased resistance to flow, resembling behaviors observed with impermeable surfaces in tissue
environments. Additionally, the analysis reveals that velocity decreases within the gap as the velocity of the cells
increases. Through a comparison with existing models, the study emphasizes the importance of the proposed
computational approach, both in theory and practice. Notably, this model accurately predicts fundamental aspects
of fluid dynamics in physiological settings, offering valuable insights for biomedical researchers and medical
professionals.
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