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2. Introduction

ﬁorﬁcle suspensions in viscous fluids \
are widespread in nature and tech. Continuum Model

1. Absiract

m study focuses on the dynamics of capsules suspended in small-scale, slow-moving fluids (Stokes flow). VA

consider both deformable capsules (red blood cells, vesicles, drops, and bubbles) and rigid bodies in flows where T T, ,
the fluid's viscous forces are much larger than its inertial forces. Deformable capsules interact with the fluid through . PIERRUERod et PSSO
forces like bending, repulsion, adhesion, stretching, and tension, creating a strong two-way coupling between the % Sfokes  flow governs motion  af "
capsule shape and the fluid dynamics. Simulating these systems presents several challenges. One is resolving close microscales (neg.l|g|ble. mer’no) such o g
inferactions between membranes or with solid walls. Another is developing time stepping methods that minimize as b'QOd flow, microfluidics, and soft Py g\ﬂ n
numerical stiffness that arises from simulating deformable membranes, particularly when dealing with large materials. ® "
deformations. Simulating large systems also requires scalable methods, including parallel computing, : : \ 3 BN
HPC acceleration, and fast algorithms such as the Fast Multipole Method. We review key numerical methods * Modeling is hard due to large | 5
including Boundary Integral Equation methods, Phase-Field models, Finite Element Methods, and Lattice Boltzmann deformations, long  range -
Methods. Each method offers different advantages in terms of accuracy, stability, and computational cost. This interactions, and strong confinement. " "
survey helps guide the selection of appropriate strategies for modeling complex suspensions in low-Reynolds number . : : : S 0 T
QWS, with relevance to biomedical and microfluidic Gpp“COﬁOnS. / < This work sftudies pOrTICleS N slow- (;7’01;, %urnat’éfCinlputationaz’Ph)'sics) 201;?14]:::5 of Biomedical Engincering)
moving, small-scale flows, focusing on -
&orees and simulations. /

3. Capsules

Red Blood Cells

Soft, deformable cells
with a biconcave
shape that fravel
through capillaries.

4. Physical Properties

Vesicles

Closed lipid bilayer
membranes that
enclose fluid.

Semi-Permeable I i o
Membrane

No-Slip Condition
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Bubbles

Gas-filled particles
enclosed by thin liquid

Drops

Fluid-filled particles
surrounded by

immiscible fluids films.
Nematic Particles
| Confinement Effects
/. : \ /
Active Particles

Rigid-Bodies
Solid particles with

fixed shape and
volume.

Motile bacteria that
swim using energy-
driven flagella.

6. Numerical Challenges

Near-Contact High Computational Cost

s Occurs, when capsules are very close and strong

5. Forces

) % Simulating many interacting particles is
) confinement (at narrow gaps). EXDENSIVe
Force Usage Equation % Solved using adaptive quadrature and regularized - Sor\)/ed using Fast Multioole Method
S i . V-u=0 LI " Paralisization and HPC acceleratio
Pressure (p) Maintains incompressibility and contributes to arafielization an CEEEILe.
P fluid stress distribution. ~Vp+uViu=f Huijie Lu, Zhangli Peng
(2019, Physics of Fluids)
Bending Curvature-driven deformation in membranes Epending = K /F (H — Ho)?dS
RBCs, vesicles).
( ) fbending — _VEbending
: : B
Strain/Elastic Deformation ?;er?ucljés siiEIenig) eeraression o sl W= 2(‘,1 3) Narrow Gap
b ' oc=—pl+ uB
12 6
Steric Repulsion/Adhesion | Prevents particle overlap in dense suspensions. Vis(r) = 46[(%) — (%) ] Numerical Stiffness
% Bending and inextensibility constraints
: Enforces inextensibility and stabilizes membrane _ 2 infroduce numerical stiffness. [ Large Gradient ]
Tension (r) shape. / fr(%,7) = 1V,2 + Var < Solved using implicit adaptive time stepping
and preconditioned solvers.
7. Numerical Methods 8. Numerical Workflow
Boundary Integral Equation Method Phase Field Model g o h
Meshing / Geometry
—————————— P One-fime set
ui(zr) = AGij(xay)fj(y)dS(y) I L (One-fime setup) y
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Dimensionality reduction
Use boundary integrals
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% Accurate modeling of particle interactions N
% Dense linear systems ore 2
Initial Setup S |
- (Particle Types & Parameters) e [
: : I
N — 5 If deformation is large , |
remeshing needed ,
Skip step 2) |
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Compute Surface Quantities
(e.g. curvature, normal)
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Implicitly tracks fluid interfaces I
Naturally handles droplets and bubbles. :
|
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Modeled by the Cahn—Hilliard equation,
M : mobility, u : chemical potential
Diffuses interfaces

BIM: Solve only on surfaces.
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Finite Element method Lattice Boltzmann Method Updated Particle @ = f=-====-=-----—- . Velocity Interpolation to
Position & Shape Particle / Membranes
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% Divides the domain intfo elements to accurately \_ Y, : \_ Y.
compute stresses, pressures, and deformations |
I

¢ Resolves for complex domains = ‘
% Remeshing ™~ > ‘ /4
7 - N Ti 4 N
S~ 2> . 7 inTe;;Toe’rior:\
FEM: Discretizes the entire fluid domain. < Solve Fluid Equations 0 Accelergti F5 caleulati
e l (B|E / FEM/LBM) ccelerarion & Force Calculation
AR e s i e R e e R T A S e T o T SO e
. I / // / /// < Simulates fluid flows by evolving particle
. BEET T distribution functions on a discrete laftice
% Naturally captures particle-fluid interactions,
> { ideal for complex geometries and confined b
> | \ flows | - Force Spreading to Fluid Grid
- % Weak incompressibility (*Not needed in BIE)
= = — \_ Y
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