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In the present study, the combination of lattice Boltzmaand immerse
boundary methods is used to simulate the motion and deformation of a
body. Deformation of the body is studied in microchannel with stenosis a
effect of the flexibility changes on its deformation is investigated. The ob
results in the present manuscript show that by increasing the elasticity m
the deformation of the body and its speed decrease. In this case, the flow
around the body increase. When the body is initially located outsic
microchannel ceet, tanktreading motion occurs due to the difference in vel
of the shear layers. In addition, with a decrease in the size of microc
stenosis, the body is less deformed and goes faster and reaches to the €
microchannel in less time. Thiaster or slower movement of the biolog
membranes than the normal state causes the proper exchange of r

between the membrane wall and the surrounding flow and that disturbs i
important duty i.e. the exchange of materials with tissubg. dnalysis in th
study shows that the results of the simulation are in good agreement v
available results and demonstrates the efficiency of the combination of
Boltzmann and immersed boundary methods to simulate the dynamic beh
biological membranes, red blood cells and deformable particles inside the 1

1. Introduction dynamics methods for the simulatioof complex problems
including incompressible fluid flows, porous media flows, multi

Fluid-structure interaction (FSI) problems are of greatphase flows and bloofiow. When Mach number and Knudsen
important in fluid dynamicg]. It is also used in biomechanics i mper are small enough, the LBM equation is a good

problems(2,3]. The imnersed boundary method (IBM) is the annroximation for NavieBtokes (NS) equations. In LBM, fluid
most appropriate approach for solving such problems taking the considered as a combination of virtual particles, which can
advantage of a fixed uniform computational grid [4,5]. Thereforep,qye in 3 finite number of directions. This method comprises
the IBM can be easily used to simulate the medical angyq steps: streaming and collision. In the streaming step, the
pharmaceutical contexts including reébod cells motion, and  paticles move to the neighbor body lattice points. In the collision
blood flow in vessels and heart valves. IBM is both agien the particles arriving at the points, interact one another and
mathematical formulation and a numerical scheme. Thenange their velocity directions according to scattering rules.
mathematical formulation uses a combination of Eulerian anggn has been found to recover the-SN equation using
!_agranglan parameters. Theses parameters are Imk_ed togemeré’f‘l"i‘apmaFEnskog expansion [7]. The most important features of
interaction equations wher_e thg Dirac delta_l function plays athe | BM are: explicit updating, algebraic operation and easy
important role. In numerical implementation of IBM, the jplementation on curved boundaries. There have been many
Eulerian variables are defined on a fixed Cartesian grid and th&searchers who have combined the HBBM to solve the fluid
Lagrangian variables are defined on a curvilinear grid movingys involving rigid/elastic interfaces. Feng and Michaelides [8]
freely thiough the Eulerian grid. The basis of IBM is to add ayyere the firstd combine the LBM with the IBM and simulated
forcing term as a source term to the Nawéokes or lattice  g,spensjons of rigid disks in 2D. Le and Zhang [9] used in their
Boltzmann equationg]. In recent years, the lattice Boltzmann o 5 hybrid LBMIBM and noticed that the computed velocity
method (LBM) has developed into a promising numerical methogl sfiles can deviate greatly from theoretical ones even for very
for the simulation of complex fluid flows. Unlike conventional simple flow situatns, both in the immersed boundary layer and
numerical _schems_, which are based on dlscretlzatlon ofthe bulk region. Dupuis et al. [10] studied how the coupling
macroscopic continuum equations, the LBM is based ORnethod of the forcing term between the Eulerian and Lagrangian
microscopic models and mesoscopic kinetic equations. The LBMiqs could affect the results for the flow over an impulsively
is a reliable alternative to the conventional computational fluidi e cylinder at menlate Reynolds (Re) number.Wu and Shu
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[11] proposed a new version of IBMBM, which could well R
consider the effect of external force on the momentum flux as e - > ED)2 U
well as the discrete lattice effect. JiSeok and SangHwan [12f,°(X,t) =w, 7 él "?J(GE 2u) g(eEu) 3] 5
presented a numerical scheme for distructure interaction, g c 2 c 2c¢
especially for elastic structures. They employed a hybrid LBM  \ynerew, is theweightcoefficients given by,

IBM using an improved direct forcing scheme for the fluid, and a
finite element method with Euler beam elements for the elastic
plate. Zhang et al. [13, 14] also useda@nbination of the IBM

and the LBM to investigate the microscopic hemodynamic and
hemorheological behaviors of discrete RBCs in shear flow. They
noted that thredimensional simulation of RBCs is required to W,
attain accurate results. Cheng et al. [15] psepgoa model to
properly simulate the fast boundary movements and steep
pressure gradient occurring in the flidy interaction. They
simulated the mitral valve jet flow considering the interaction of ) ) ) )
leaflets and fluid. The combination of the LattBeltzmann and However theelasticforcein LBM is defined as Eq5j,
the immersed boundary method has been used extensively in . .

recent years in modeling biomechanics problefi$-19]. 1 S -0 9(elRf) - g-
Recently, this method has been used to simulate the flow aroud =1 —) W, §3(EE2 ) +(¢4 ) & -gf ©)
rigid bodies [2622], and to simulate the motion and deformation 2 - c o c ) _
of the flexible membrane (fluidtructure interaction problem)  Macroscopicfluid density is obtained by the following
[23-26]. Also recently, Boltzmann's method has been used fdi€lation,

multiphase flows [2731], non Newtonian fluid [32] and solution
of differential equations [33,34].
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In the present work, the effect efastic modulus changing i=0
and the initial location of the membrane and increasing the |n addition themacroscopiwelocity field% is defined as:
microchannel stenosis diameter on the dynamic behavior of the
flexible boundary are investigated using combination of lattice

Boltzmann and the immersed boundary methods. a =lea8 f & 4& f D @
f & =0 : 2

2. Mathematical formulations i Lo i
The Lagrangian forcdensityL comprises two components of

The discretized LBM equation is written in the form of Eq. stretching/compression forde and bending forcé, defined as

1) [23]:
f(X+& Dt +tD f (X, 1) L(s,t)=L.(s, 1) +,(s 1) ®

f (X, t)- £.59(X,t) (1) The Lagrangiarforce density is related to the elastic energy
- = / ' + 13, density using the virtual work theorem:

where fi(¥,t) is the density distribution function of a C(s.1) = ME  _WE, ) ©
particlewith speed& locatedat position at timet. Dt is the ’ X X

Therefore, the elastic energy density consists of
stretching/compressiofis and bendingE;, components, which
indicates therelaxation time andS; is the body force ofthe  are gven in discretized form as:
immersed bodyn the LBM equation It should be noted that, the

time step £°¥(%,t) is the equilibriumdistribution function

LBM equation can recover the-8l equations by the smlled ol . 2,
ChapmarEnskogexpansion.The velocities ofthe particlescan c 1 EN__-la 41" Xj ‘ 1 8 10
. - . =— S
bewritten in the form oEq. Q): <75 Ja:1 % Ds 5
8 ¢ i
TG i = o R ~
I(l )| ) 1 =0 ,\f-_laxjﬂ_ 2Xj +XJ 1‘ 8
= . . . =— & 11
&= (COS% ( -1),Sm§p( Dy S l‘:’?}zé@ (Ds)’ 8 D
i =

The discretized form of the Lagrangian force density
components is given by the following relations:

i 9yeinfi 2y i
I\/E(cos,’g( 2),sm§|( 2)§t SR

In Eq. (2),c = Ax/At and Dx is thedistance between two é( X - X ‘ - 3
adjacentodesin the Eulerian gridThe equilibriumdistribution - E N b i
function defined as follows, (L) =-—=ai X i X L (12

(DS) 1=1T = — (dj k 1k ) |
PP X ?
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and E are 0.04 and-0.4 respectiely. which are calculated by

(L), = E, ’\-'-'1IF(X jam 2X; X 4) 1| (13 the equationsG = "Eﬂ andEp = a?’g . G is dimensionless shear
b/k 4 5 £
(Ds) i=21 (2 dJ K - f/+1,k T q’k ) 1 rate, k is shear rate (1/s), a is initial capsule radiuss elastic

In Egs. (10) to (13% =1,2,...,N (N is the total number Mmodulus (N/m), E;, is bending modulus (N.m) andEg is
of Lagrangian nodes on the bodyljfs )k and (En)k are dlmenS|onIessbend|Ln_gBmodqus. Taylor deformation parameter
Lagrangian force density components associated with theinodelS defined ad., = ==. In Fig. 1b, the introduced variables are
on the body and; x is the Kronecker delta functioiteraction  shown.By increasing thévendingmodulus, the deformation of
betweerthefluid andbodycan beachieved by obtaining a proper the bodydecreased. In Figs.1c and 1d present results heae b
relationship betweethe Lagrangianparameters associated with compared with Sui and et.al [35] results. By increasiagding
the cellandEulerian parameters associated with the fltricthis modulus, Taylor defrmation parameter is decreaseshich
section,it is shown how to transfer the Lagrangian force to therepresents less deformation of capsule. In addition, it can be seen
Eulerian frame and also how to interpolate velocities fromyom Fig. 1 (d), by decreasingendingmodulus, dimensionless
Eulerian to Lagrangian coordinates. The Eulerian force densi

2 ) . : . . . ngleE is decreased. The result that isadbéd from this section
f(Z,t) is obtained by integrating the Lagrangian force density n

L(s,t) : is that by decreasingpending modulus, deformation obody
S increased and orientation of thedy to the horizon decreased

f X,t)= B s, t) d(X -X s 1) ds and its shape becomes oblique.fact, the circlehas become
(.0 f‘_( ) (s9) (14 ellipse, and with the further decreasing of bendingmodulus,

where T represents the immersed elastic boundary andhe ellipse becomes more elongated. Present results are in good
é (f — X(s, t)) is the Dirac delta function. agreement with Sui et 4B5] results.

To enforce the nglip condition on the fluicbody interface, 3.2. The behavior of a flexible body in passing through stenosis
the velocity of the body wall should be set equaihteadjacent

fluid velocity, i.e., A circular ody with a diameter of H=30 pm is considered in

the poiseuille flow. Length and height of microchannel are L=
300 pm and D= 60 um and in stenosis section (half oval in the

J =G(X HX (s, 1) middle of microchannel) is d= 20 pum (d/D=1/3Reynolds
U(s,t)=u(X(s ),

it (15) number is Re= 0.5 (Fig. 2)The bouncéback and periodic
Ai(X,t) d(x- X (s1) dx boundary conditions have been used on the walls and on the inlet
b ’ and exit of the microchannel and the boundary condition BFL has

It should be noted that in the present work, the fluid velocit)fj‘.p'oIied on curvil!near boundaries [36]. First, the. dynamics Of.the
fi(%,6) is obtained using the LBM. circular bodylwh|ch located a_iu.e.center of Fhe mu;rochanpel, in
two case of high and low flexibilitgre examined with elastic and
Mathematically the Dirac delta functi@(x) is discontinuous  pending 14x16° N.m, 1x10° N.m and 5x16 N.m, 19x10}
and hago be smoothed for numerical implementation. There argy m respectively.
different methods of smoothing this function. The following
smoothed delta function is proposed[6]: In Figs. 3 and 4, motion of the body, with high and low

flexibilities at dfferent times, is observewhile passing the

. 1 x stenosis. Pressure is considered in grid unit. One can see in Fig. 3
a(x) = F (F) ( h) that body with high flexibility is stretched more and reaches the
. ‘ end of microchannels in less time. The {fexible body (Fig.4),
Iel 1+ Cog’l ) : |r| ¢2!| (16) redgces smewhat the ef_fecti\_/e crosectional area qf _the_flgid
f(ry=14 2 i behind the body due to its high hardness. In fact, it is similar to
}0 : |r | >2 \| blocking a greater amount of flow path (relative to the body with

] } - ) ) high flexibility), which reduces the flow velocity behind the body
whereh is the distance between two Eulerian gooints 5 increases the flow pressure behind the immersed body

eLmd " d‘?”Otes. tthe distance between any two Eulerian anéiccording to Figs. 3b and 4b. In both cases, since the boundary is
agrangian points. located in the center of the microchannel and the axial flow is

3. Results symmetrical, a balance is occurred between the upper and lower
o lift forces acting on the body. Thus, the body is not displaced
3.1.Validation vertically. The difference in pressure created behind and in front

In this section, the motion of a circular elastic body in sheaPf the body causes it to move in the longitudinal direction of the
flow is studied. Length and width of the microchannel ismicrochannel. The greater pressure on the back side relative t

considered to & 16 times of the original radius of the body. Thefront, makes the rear side form concave sh_ape, while the front is
body is positioned at the center of microchannel and 166§ t F €t ched more and in after. T
Lagrangian points have been used. In Fig.la, capsufgefore stenosis.

deformation and tankteading movement are observedere G
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different times; dif / change for different times.
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Figure 2: The initial position of the immersed body located at the center of the microchannel

Figure 5 sbws that a body with a high elasticity modulus hastreading movement)This type of motion has been observed in
a lower rate of velocity than the body with a low elastic modulusthe experimental andumericalresults [3941]. In Figs. € and
This matter is also observed in the results of others researchéd the velocity vector of Lagrangian points of immersed body
[37, 38].1It should be noted that the acceleratiordezeleration ~ With high and low elasticity are observed at the exittehesis.
movemaeit of biological membranes than the normal state, result&"€ Pody with high elasticity adapts itself to the flow path and
in the lack of proper exchange of materials between thgasses stenosis with less energy.body with low elasticity .
membrane wall and the surrounding flow and interferes with its locks the outlet span of stenosis for a moment. The velocity

. . . I vector of the Lagrangian points in comparison to the ptevio
most important task, ie, the exchange of materials with issues, . cannot easilgi/ fitgitselfpwith the stregmline. this Caspe, a

The body with high flexibility, reaches the end of the nigher pressure is applied to the back of the body so that the flow
microchannel at a shorter time due to its faster velocity. In botpyn, pass the body from the steno$tsis behavior of body in the
cases, the body appears to be faster when it comes to stenosis gi8sing the stenosis leads to slowing down its motion

to increased flow velocity in this area. Figure 8 shows the effects of decreasing the height of the
. o stenosis for the body with low flexibility (Fig. 4Figure 8a
Figure 6 shows that the /B ratio is higier for more showsdeformation of body with low flexible for case d/D = 2/3

Qeformable body due to its IOW .?laStiCity modulus. When thEi?educing the stenosis causes reduction in the deformability of
immersed body reaches to stenpiis most deformed due to the the tody. The body has the least deformation in tase

increase in speed in this area. In this case, the body in thé, ot stenosigFigure &). It is seen from the Figure 8c that
moment of passing thorough stenosis is more stretched aihe velocity of the body increases with decreasitenosis
passes through the stenosis more easily with less energy from tl'i‘@ight By creating stenosis, the loss due to obstruction
fluid. After exiting from stenosis, the body reaches convex ajncreasesnd as a sult. the body velocity decreas&senosis

flexibility. While the body with low deformability, maintas$ its  and increases its velocity value when crossing the stenosis.
circular shape after exiting from stenosis.

4. Conclusion
In Fig. 7, the initial location of the body is placed under the

center of the microchannel. The body's rotation (me&ding) is In the present study, the combination of the lattice Boltzman
caused by the shear force of the fluid around it. Due to th&ethod and the imersed boundary method was used to simulate
rotational plenomenon, a liting force is applied to the deformedthe motion and deformation of a flexible body in a viscous flow.
membrane and directs it towards the center of the microchann&y increasing the elasticity modulus, the deformation and
In the rotational movement, after a change in the initial shape, thelocity of the body decreadeln this case, the pressure of the
shape and the movement direction of the body remain constaff@w around the body imeasesd. In addition, by decreasing the
during tre movement (after the stenosis); because the flow insidgize of stenosis of the microchannel, the body was less deformed
the microchannel is viscous, so it has shear layers. The sheardiad had higher velocity, resulting in less time to reach at the end
caused by horizontal component of the fluid velocity. It mean®f microchannel. Also, the results of the simulation were in good
that, the velocity in the vertical axis varies within the shea@greement with # available resultsBy performing this
layers Thereforewhenfluid collides to the boundary, the upper numerical study and study of a number of different parameters,
part of the boundary is affected by higher velocity than the lowe@ne can study the physics of flow and the effect of solid and fluid
part. This difference in momentum on the body causes it tdnteraction on each otheEach individual behavior of these
rotate. As a result of this rotation, an upward lift force from theParameters gives the e a view that does not feel the vacuum
fluid to the body is applied and directs it to the center of th®f experimental works in this field. Investigating various
microchannel. parameters affecting fluid flow and immersed membrane helps to
In this case, the maximum deformation of the body isunderstand biological systems.lt is also possible to observe the
observedvhenit passes through the stenosis. The body with highattice BoltzmanAmmersedbundary met hodds a
elasticity (Fig. 7a) is more stretched when passing threngh the dynamic behavior of biqlogicgl membranes, red blood cells,
stenosis compared to the body with low elasticity (Fig. 7b), whilend other deformable particles in the flow and compare the
the body with low elasticity blocks a greater pass of flow thagimplicity of programming and convergence rate of this method
reduces the velocity and increases the pressure around the bodith other CFD methods.
The red solid points are related to the rotation ofotbay (tank
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Figure 3. Motion of the body wit a high flexibility passing stenosis at the timesa) t =1.5ms, b) t =2ms, ¢) t=2.5ms, d) t=3.5msand e) t =6m
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Figure 4. Motion of the body with a low flexibility passing stenosis at the times a) t = 1.8ms, b) t = 2.4ms, ¢) t = 3ms, d) t = 4msa&mise) t
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