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Abstract This paper presents a novel numerical method
for simulating the fluid—structure interaction (FSI) problems
when blood flows over aortic valves. The method uses the
immersed boundary/element method and the smoothed finite
element method and hence it is termed as IS-FEM. The
IS-FEM is a partitioned approach and does not need a
body-fitted mesh for FSI simulations. It consists of three
main modules: the fluid solver, the solid solver and the FSI
force solver. In this work, the blood is modeled as incom-
pressible viscous flow and solved using the characteristic-
based-split scheme with FEM for spacial discretization. The
leaflets of the aortic valve are modeled as Mooney-Rivlin
hyperelastic materials and solved using smoothed finite ele-
ment method (or S-FEM). The FSI force is calculated on the
Lagrangian fictitious fluid mesh that is identical to the mov-
ing solid mesh. The octree search and neighbor-to-neighbor
schemes are used to detect efficiently the FSI pairs of fluid
and solid cells. As an example, a 3D idealized model of aor-
tic valve is modeled, and the opening process of the valve is
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simulated using the proposed IS-FEM. Numerical results
indicate that the IS-FEM can serve as an efficient tool in
the study of aortic valve dynamics to reveal the details of
stresses in the aortic valves, the flow velocities in the blood,
and the shear forces on the interfaces. This tool can also
be applied to animal models studying disease processes and
may ultimately translate to a new adaptive methods working
with magnetic resonance images, leading to improvements
on diagnostic and prognostic paradigms, as well as surgical
planning, in the care of patients.

Keywords Fluid—structure interaction - Immersed
smoothed finite element method - Fictitious fluid -
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1 Introduction

Valvular heart disease is a significant cause of morbidity and
mortality world-wide. Since the left heart bears a signifi-
cantly higher pressure load than the right heart, leading to
extremely large deformations, diseases of the left-sided aortic
and mitral valves are more common. The total annual mortal-
ity due to valvular heart diseases is more than 20,000 patients
per year in the United States alone [1-3]. Extrapolating cur-
rent trends, it is predicted that about 800,000 people world-
wide will require heart valve replacement annually by the
year 2020 [4], which creates substantial medical and finan-
cial burdens, including for example prosthetic mechanical
or biological valve production. One proposed solution to this
problem is that valves should be repaired rather than replaced
whenever possible [5,6], a practice currently reserved for a
minority of select cases. An effective repair strategy requires
a complete understanding on the cyclic stress level on the
valves and the aortic walls supporting the valves. Presently,
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these dynamics are poorly understood, and not taken into con-
sideration in a clinical context. Therefore, carefully devised
computational approaches capable of capturing the dynamics
of heart valves coupled with the hemodynamics, i.e., a fluid—
structure interaction (FSI) simulation enabled heart valve
solver, will advance clinical decision making paradigms and
ultimately improve valve disease treatments. In addition, it
enables engineers to design effective mechanical or biologi-
cal valves for replacement solutions [7].

A simplified simulation of aortic valve dynamics is a
purely structural analysis [8—11] which produces the defor-
mation and strain/stress distribution on leaflets by applying
a uniform pressure load on the appropriate surfaces. The
assumption of uniform pressure load ignores the distribu-
tion of the normal and shear stresses acting on the valvular
structures induced by the hemodynamics and its effects on
the valve dynamics. However, the leaflets of aortic valve are
very thin and soft, and hence the interaction between the
blood and valvular structures could be very intense and the
results obtained by purely structural analysis could be ques-
tionable in many cases. Therefore, the FSI analysis of aortic
valve is necessary to obtain more accurate pressure distribu-
tion during the dynamic cardiac cycle.

Currently, there are two kinds of method for the FSI sim-
ulations, moving-mesh method, which include the arbitrary
Lagrangian—Eulerian (ALE) schemes [12,13] and the space-
time (ST) method [14—17], and the immersed-type methods.
The moving-mesh schemes have been known to be accurate,
suitable for both compressible and incompressible flows, and
can be used for almost all the cases of FSI simulations. How-
ever, a mesh update method uses a mesh that is moving and
re-meshed. A number of mesh moving methods [18-21] that
reduce the frequency of remeshing have been developed for
FSI computations, including FSI problems with large dis-
placement [20]. Computations that involve contact between
structural surfaces, though challenging, can also be computed
with moving mesh methods, provided that the physics of the
problem does not require the precise computation of the flow
through the gap between the contacting surfaces (and bring-
ing that the flow to zero when there is the actual contact).
Examples of that are 3D fluid—particle interaction computa-
tions with 1,000 spheres falling in a liquid filled tube [22],
with a remeshing frequency that was only about every 10
time steps, and very complex parachute FSI computations in
3D [23], with large deformations of the parachute canopy,
and with contact between the parachutes of a cluster of para-
chutes. However, if the precise value of the gap is important
(which is the case of aortic valves), then the moving-mesh
method would be more difficult to use. Therefore, although
the moving-mesh methods are the most commonly used in
FSI studies [24,25], including the arterial FSI [26-29], it has
not yet been successfully applied to valve models due to the
frequent contact between the structural surfaces. Neverthe-
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less, the moving-mesh is still used in commercial software
for aortic valve dynamics, regardless the efficiency [29-31].

The most commonly used method for FSI simulations
of aortic valve is the immersed-type methods, including
immersed boundary method (IBM) [32-35] and fictitious
domain (FD) approach [36-38]. For the FSI problems, the
IBM couples an Eulerian description of the fluid (no body-
fitted mesh is needed) to a Lagrangian description of the
immersed structure. The interaction between fluid and struc-
ture variables is mediated by integral transformation with
Dirac delta function kernels at the interface. The structure
part is modeled as elastic fibers which resist extension, com-
pression, and bending. One major disadvantage of the IBM
is that the elastic fiber assumption limits accurate representa-
tion of immersed flexible structure within the fluid domain.
Thus, the FSI simulations using IBM emphasize more on the
fluid part to predict the blood flow across prosthetic mechan-
ical valves or natural valves.

The fluid and structure part are also solved independently
in FD method. This approach is based on the imposition of
velocity constraints associated with moving boundaries by
means of Lagrange multipliers [36]. The basic idea of the FD
method is to extend the fluid problem defined in real physical
fluid domain (exclude the immersed structure) to a problem
defined in the whole computation domain (the sum of real
physical domain of both fluid and structure), while still forc-
ing the velocity boundary conditions. However, similar as the
IBM, one major limitation of the FD method lies in the mod-
eling of structure part. Although the structure part is modeled
as the Neo-Hookean material in [37,38], the body forces and
the inertia terms are neglected during FSI computation.

The immersed finite element method (IFEM) [39-41] pro-
vides an approach to overcome the modeling problems of
structure part in both IBM and FD method. With finite ele-
ment formulations for both fluid and solid domain, the sub-
merged structure is solved more realistically and accurately.
The key idea of the IFEM is to regard the fluid and solid as one
continuum, leading to a unique way for deriving the physical
FSI force. The interaction is realized by interpolating the FSI
force from solid to fluid, and interpolating the velocity from
fluid back to solid. Unlike the IBM or FD methods where the
interaction occurs along the interface of the two domains, the
interpolation takes place on the whole overlapping domain.
A possible disadvantage of IFEM is that the accuracy may be
dependent on the mesh size ratio between the fluid and solid
domain since it could affect the interpolation of FSI force.

As inspired by the above mentioned immersed-type meth-
ods, a novel Immersed Smoothed Finite Element Method
(IS-FEM) [42,43] is developed for FSI simulation. In the IS-
FEM, the fluid and structure is discretized using T-type mesh
(triangular for 2D and tetrahedral for 3D) and solved inde-
pendently, and the fictitious fluid is introduced for evaluating
interaction between fluid and structure. Unlike the IFEM, the
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interaction is realized by interpolating velocity from struc-
ture to fluid, and interpolating pressure from fluid to fictitious
fluid which has the same configuration as structure to calcu-
late the FSI force. We will introduce the interaction process
in detail in the following sections.

There are several distinguished features of the newly
developed IS-FEM making it extremely suitable for FSI sim-
ulations of aortic valve, which has complex geometry and
very large movement of soft and incompressible tissues (leaf-
lets). First, the T-type mesh has much better adaptation to
complicated geometry than the other types of mesh. Second,
the use of S-FEM [44—46] improves the accuracy of standard
FEM by overcome the “overly stiff”” phenomenon and pro-
vides a stable and efficient way (named smoothing-domain-
based selective FS/NS-FEM-T4 model [45,46]) to remove
volumetric locking in nearly incompressible solids. Third,
the use of FD makes the interaction process more accurate,
robust and insensitive to the mesh size ratio between fluid
and structure.

In this paper, a 3D version of IS-FEM is developed for
the FSI simulation of aortic valves. The blood is modeled as
the isothermal incompressible viscous flow and solved using
the characteristic-based-split (CBS) algorithm [47—49]. The
leaflets of aortic valve are modeled as isotropic nearly incom-
pressible Mooney-Rivlin hyperelastic material and solved
using explicit time integration based on central difference
algorithm. The paper has five more sections. In Sect. 2, the
governing equations of the FSI systems with fictitious fluid
domain are briefly summarized. The structural solver based
on S-FEM and explicit time integration is described in Sect. 3.
The detailed procedure for IS-FEM is presented in Sect. 4.
In Sect. 5, an ideal aortic valve is modeled and its FSI simu-
lations are carried out using the proposed IS-FEM. The con-
clusions are drawn in the last section.

2 Governing equations of IS-FEM
2.1 Fictitious domain and FSI force

In this section, we will give the governing equations for
the general 3D FSI problems, which describe a moving and
deformable solid body with a finite volume fully immerses
in incompressible viscous fluid flow. As shown in Fig. la,
the function yx (X%, r) describes the solid changing from the
initial configuration °Q® at time ¢ = 0 to the current config-
uration ° at time ¢. The material and spatial coordinates of
the solid particles are denoted by X® and x*, respectively. The
real fluid domain is denoted by Qf, which is not overlapped
with Q° but attached at the fluid—solid interface I''S. '™ is a
part of the boundary of ' and is naturally identical to the
closed boundary I' of Q5. In the real FSI system, no fluid
exists in the volume which the solid ©2° occupies. Due to the
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(a) Configurations of fluid and solid domains
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(b) Configuration of fictitious fluid domain

Fig. 1 TIllustration of fluid, structure and fictitious domains

motion of the solid, Qf and ©° are time-varying domains.
In this paper, the superscripts “f” and “s” denote fluid and
solid/structure, respectively.

With the assumption of conventional non-slip condition
on the fluid—solid interface 'S, the equations of motion of
fluid and solid can be written as:

Do . o
P pr =divel + plgi, x € QF
IOS

Dy _ dive’, + pgi, x° € Q°

D: ij 8i» (D
vf = vis, on I'fs
fis,FSI _ _fif,FSI, on '

where p denotes the density, v; the velocity, and o;; the Cau-
chy stress. For three-dimensional problems, i, j = 1, 2, 3.
The boundary conditions for the fluid and structure unrelated
to the FSI are omitted for the sake of simplicity. The local
form of FSI force exerted on the fluid particles x! € I'Scan
be determined as follows,

f_f,FSI _ pr_vf

l th —divof; — p'gi, withvf = vfon '™ (2)
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where afj is calculated using the velocity vf = v; on FSI
boundary 'S, If I'S can be explicitly depicted for the fluid,
the calculation of FSI force is quite straightforward. How-
ever, I'S is implicit and time-varying in the immersed-type
methods, and thus require a proper way to evaluate the FSI
force.

In order to employ the numerical methods using Eulerian
mesh and coordinates to solve the fluid flow, we have to con-
struct a time-independent computational fluid domain, which
satisfies the governing equations in Eq. (1). For this purpose,
we introduce a fictitious fluid domain Q' = Q° with a closed
boundary I'® = I'S = I'S| as shown in Fig. 1b. Q is filled
with the so-called fictitious fluid, which is incompressible
viscous fluid in this research. During the FSI process, the
equations of motion of the fictitious fluid can be written in
the same form as Eq. (1):

fc

Dv
pfci — leU +/0 gi + fifc’ Xfc c ch (ch —

s
D )

3

Here, an additional body force fl.fC is given to balance the
momentum equation. In the above equation, the properties
of fictitious fluid and the continuous velocity field need to be
determined. Thus, we add two assumptions to the fictitious
flow:

(1) The fictitious fluid is assumed to have the same proper-
ties as the real fluid, i.e., we have pfC = pf for density,
and ¢ = uf for the dynamic viscosity. This assump-
tion makes the domain Q™ = Qf U @ filled with the
homogeneous fluid.

(2) The fictitious fluid particles are assumed to be
“bounded” to the solid particles all the time, as shown
in Fig. 1b. This assumption gives the velocity field

lfc = v; for the fictitious fluid in Qfe, Obviously, we
have vfc = = vl.f on the boundary I'®, leading to a
continuous velocity field in the domain €.

Under the second assumption, the motion of the fictitious
fluid particles is enforced to be consistent with that of the

bounded solid particles. Hence, a pair of action and reaction
forces arises, denoted by fif’FSI and fiS’FSI. fi LEST works as

a body force replacing filcc in Eq. (3) as follows,

fc
rEst_ e DY

1 o with vf¢ = v$ in @

—dlvalj — g,
“4)

It should be noted that the FSI force in Eq. (4) is defined in
Qf¢, which is different from the FSI force in Eq. (2) defined
only on I'®. The equation of motion of the fictitious fluid in
the integral form can be written as

{ Jore PF Dl Difho = Joe divafedQ + [or pfgid2 + FF FSI(S)

fc =}, in Qfe
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where

f,FSI f,FSI
F> = / f;i7dR (©)
Qfc

Combined with the integral form of equation of motion
for real fluid, we have

- Dof - Dofe
fildQ / f i
/ P Py

dQ = / divo/;dQ + / divo/dQ2

Qf Qfc Qf Qfc
+/ P gid2 +/ P gidg + FIFS! (7)
Qf Qfc

Since the two domains Qf and Q¢ are non-overlapping and
only attached at rfe, and filled with homogeneous fluid, the
motion of equations in Q™ can be expressed as

Duf
[ Jar o' Dv; dQ = [or. divo, *dQ + Jore P gid2 + Ff i (8)
in Qf°

'l)l-f = 'U
And the FSI force can be calculated as

f
prUi*

fFST
fi Dt

with vl-f* =} in Qf

©))

st f
- leUij* — P 8

2.2 Governing equations for FSI system

According to the above discussion, we can conclude that
there are three sets of equations of the proposed IS-FEM:
(1) the Navier—Stokes equations for incompressible viscous
flow; (2) equations of motion for nonlinear solid, which is
described by total Lagrangian in this research; (3) equations
for the calculation of FSI force. In the following text, the
superscript “f*” is replaced by “f”’.

For the incompressible viscous fluid, the differential form
of Navier—Stokes equations can be written as

QJ

f
t

=0

=8
~ )

X

(10)
B
,0f au; +p (vaj)

9
”f + o + p'gi
where p' represents the fluid pressure, and rifj is the devia-

toric stresses as

av;“ n
i M 3x§

where §;; is the Kroneker delta. The boundary conditions can
be described as

Y

gl () = vlf — ﬁl.f =0, on I'f for velocity 12
gf,bC (p)=p' —p' =0, 0n Ff, for pressure (12)
and the initial conditions are
ol =% pf =0 atr =0 (13)
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Fig. 2 Tllustration of
node-based and face-based
smoothing domain

o Field node
& Midpoint of edge
= Centroid of face
+ Centroid of element

(a) node-based

Here, the values with e denote the prescribed field variable
values for boundary and initial conditions.

For the nonlinear solid, the equations of motion can be
written as

sus 90
pu; =

+ g (14)
J

where P;i is the first Piola-Kirchhoff stress of the solid, and
u? and ii; are the displacement and acceleration of the solid,
respectively. The boundary conditions of the solid can be
written as

S S _ T8 S
[niaf"_g_ TS on FST for load/§tress (15)
v =1; on I'} for velocity
and the initial conditions are
P;l.:oﬁjl., andvf:of),‘-q atr =0 (16)

where I'}. is the natural boundary of the solid with outward
normal ni and the prescribed traction force 7;°, and ' is the
velocity boundary.

For the FSI force calculation, we have the conditions for
velocity and forcing as

vif =7, in Qf¢ for velocity a7
fl_f’FSI = —fl.s’FSI, in Q° for force
and fl.f’FSI is calculated as
. vl 9
f.ESI _ £ OU; f ff
i —p37+pa§@ﬂﬂ
P f Bf.f.
+ - Ll in QF (18)
0x; ij

In the numerical simulations, the fluid domain Qf and
solid domain Q° are discretized by two different sets of
meshes, respectively. These two sets of meshes are not
required to coincide. It is also not necessary to adopt the
same type of the element. In this work, only the simplest
linear element, 4-node tetrahedral (T4) element is employed
for both fluid and solid parts. Since the CBS algorithm for
incompressible fluid is quite standard, we will not elaborate

c e Field node
¢ Centroid of element
(b) face-based

on that in this paper. In the following section, we will briefly
introduce how to solve 3D nonlinear solid using S-FEM.

3 S-FEM for solving nonlinear solid dynamics
3.1 Overview of smoothing operation in S-FEM

For three-dimensional problems, we use 4-node tetrahedral
elements to discretize the solid domain. There are two kinds
of S-FEM for 3D problems: the node-based smoothed FEM
(NS-FEM) and the face-based smoothed FEM (FS-FEM).
The node-based smoothing domain is created by connecting
the midpoint of edges, the centroid of faces, and the cen-
troid of elements around the node of interest. A part of the
node-based smoothing domain around node A is shown in
Fig. 2a (the polyhedron AM|C{M,C>M3C30), where only
a partition of element ABCD is plotted for clearance. The
face-based smoothing domain is created by connecting the
nodes of the face and the centroids of the elements on both
sides of the face of interest, as shown in Fig. 2b (the polyhe-
dron O1BC D 0»).

For the IS-FEM, the calculation domain is discretized into
N3 elements with N} nodes, and a set of non-overlapping
smoothing domains are created based on the elements. The
material coordinates of the solid nodes are denoted by X3;.
In both FEM and S-FEM, the displacement «; and velocity
v are interpolated using the standard FEM procedure:

RIS TR ST (19)
1 1

where 0CI>§ is the shape function calculated at the initial con-
figuration. In S-FEM, the spatial derivatives are calculated
based on the gradient smoothing method. The smoothed dis-
placement gradient in OQ?d (which denotes the smoothing
domain at initial configuration associated with a material
point X3 _;) can be expressed as:

ﬁ?,j ( ?sd) =

0ysd
Qi

w (X)W (X5 X5 —X5,)d2 (20)
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where u} i = ou?/ BXj. is the gradient of the displacement
field. In this research, we use the piecewise constant (Heav-
iside) function for the gradient smoothing operation:

d 0ysd
17V, X € 0

s (21)
07 X5 $OQl$d

WO - Xiy) = |
where Vl.Sd is the volume of the smoothing domain 0(2?‘1. Inte-
grating Eq. (20) by part and considering Eqs. (19) and (21),
we have

_ 1
7 (%) = 3 | [ 003 (%) tar L
1  f

= 205)7,], (XFsa)u; (22)
1

where OCTD; j is the smoothed derivatives of shape function.

In the finite deformation analysis, the deformation gra-
dient, Fj; = u; j + §;j, is the primary strain measure. The
smoothing operation on the deformation gradient F;; yields
the following smoothed deformation gradient F; j:

Ey =00 ; (Xig)uy; + 8 (23)
1

Using F; j» one can easily construct the smoothed Cauchy-
Green deformation tensor, which will be shown in the fol-
lowing section.

Beside the smoothing operation over the strain field, the
other operations of S-FEM are almost the same as the stan-
dard FEM, we will not elaborate on that in this paper.

3.2 Calculation of hyperelastic materials using S-FEM

The leaflets of aortic valve are usually modeled as rubber-like
hyperelastic materials. The strain energy density function of
nearly incompressible Mooney-Rivlin materials can be writ-
ten as

W=cio(hh=3) +cor (b=3)+5 (= )? 24)

where cg and cq; are empiricglly_detern}ined (usually fitted
from experimental data), and Iy, I and I3 are three reduced
invariants of right Cauchy-Green deformation tensor C =
F'F:

L=ni;"? L=n1;*3 =1 (25)
with

|
I=uC, L= {(trC)2 Fir (Cz)}, I =det (C) (26)

k is the bulk modulus, which can be expressed as:

2 (c10 + co1)
K= ——

1 —2v &7
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The Cauchy—Lagrangian strain tensor is defined as
1
E = > (c-1 (28)

The second Piola-Kirchhoff (PK2) stress can be calculated
as:

ow ow
0 Eij 3Cij
Using the strain energy density function in Eq. (24), we have

—-1/3 —-2/3 —-2/3
Sij =2 (C10[3 / + co1 15 / 11) dij — 2co11;5 / Cij
2 _ 4 _
—(Fen 7 + Zewbiy ) (c7!)
3 3 ij

+ic (J—l)J(C_l)“ (30)
ij
The first line in the above equation denotes the deviatoric
component of the stress tensor, and the second line denotes
the volumetric component. For incompressible materials, the
third term would vanish because I3 = 1. For nearly incom-
pressible materials, the “volumetric locking” will appear
since v &~ (.5.

We have known that the NS-FEM is naturally immune
from volumetric locking but is overly soft. Therefore, we use
the smoothing-domain-based selective FS/NS-FEM, which
combines the immunity of NS-FEM and the “stiff side” of FS-
FEM, to overcome the volumetric locking problem of nearly
incompressible materials. In this research, we use the face-
based smoothing domain to calculate the deviatoric stress in
the first line of Eq. (30) and use the node-based smoothing
domain to calculate the volumetric stress in the second line
of Eq. (30).

The internal nodal force can be calculated from the PK2
stress in Eq. (29) as

[a—

fint — [ OBT(S}dQ (31)

0ysd
Qi

where 9B is the smoothed strain-displacement matrix, and
can be written as

'B; =" By +B; (32)

We can see that "By is the sum of two parts: OB, denotes

the initial state and °B; denotes the increment during defor-

mation. Both °B 70 and 0B, are block matrices with the fol-
lowing forms:

°Bjo = [°Bfj. ... °B |

0 0 Ji 0 Jns (33)

By =B}, °B]7]

where J; denotes the ith supporting node of the smoothing
domain, and ns is the number of supporting nodes. If the
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. T
strain is denoted as & = {8x €y &; Eyz Exg sxy} , for the
ith block, we have

fluid domain is unvarying during computation. The temporal
discretization of CBS for incompressible fluids can be sum-
marized as following.

ao(j)sj Step I: on the intermediate momentum calculation
0 d 0
S - .
0 8;/ 3005, M, ol vl _net
. : At - i
Ji
OBIO - 30(58], aqu:sj 4 Atn fon f n of nefit | onfg
o —Jfi i —— K vy = E T A
0z v 2
G = “RHS); +" f;* (37)
Z8 _ X"
agqjsj,- a()q)sji 0 Step II: on the pressure calculation
L 9Ys XS -
XL 3003 95, 30®3 925, )
gxs 9x® aXs 9Xs dXs 9Xs
Vs dx 303 9y}, 30ds 9z,
% 7L i o i I
07 Py dxj, 7Py dyy 075 9z,
Og’i — | 9Z% 9Z* _ CYAREVA _ LYAREVA _
Bri 3008 dxj 900 ax§ 9V@s dy).  30@s ayy  aVds 0z, N 30®3 9z 33)
N S S S S S N N N S S N
ey 85, v by abay 8y VG By Ve 84 b 82y
aXs 978 qZs 9Xs  aXS 9Z° * 9Z° aX®  dXS 9Z° * aZs 9X*
0@ oxy 9% dxy Vs dy)  aVes dy)  aVads 9z Ve 9z,
L 0XS 9Ys aYs aXs 9Xs 9ys aYs 9Xs d9Xs 9Ys aYs 9xs
with x5, yj and 2§ denote the displacement of supporting HE 1t _LQf ot (38)
node J; in x-, y-, and z-direction, respectively. 1J J Ap <10 T
Step III: on the momentum correction
4 Procedures for IS-FEM
nlyf  _ngf
. o Mj,——L =" RHS], (39)
There are three major steps for the FSI simulation using At
IS-FEM, the fluid solver, the structure solve, and the FSI ¢ *vl;. — ”v’;. ¢
. . . . . _pmt S gt n+1pf
force calculation. In this section, we will give the sketches 1J At 1Ji J
of the three parts.
where
4.1 CBS for incompressible fluid flow
f fof &f f f fa(nv§®f])
There are three steps in CBS method. In the first step, the Miy = /p ®r@, e TC _/'0 i oxt 4@
f f
pressure term from the momentum equation will be dropped ¢ R
and an intermediate velocity will be calculated. In the second it / 3 ("vfel) 0 (nU§<Df1) iQ. "Ffo— ﬂntf 4o
step, the pressure will be updated in an implicit form. In the e i axf p ax] o : axy Y
third step, the intermediate velocity will be corrected using ¢ ¢
the pressure terms. In CBS, the velocity vlf and pressure pf ! lfir = /(bﬁ"rf/.ni.dl‘, " lfir = / @l pfgidQ,
are interpolated using the standard FEM procedure rf of
f £of £ of Hf, = 29} 00 b= fcbfmffdsz
v} :Zq)lvli’ pf ZZ(DIPI (36) 1= : Txlfaixlf Qui—[ﬂ 137xif ,
1 1 Q Q
adh
where @ is the shape function of the fluid node I. Since Gy = / o axfj e (40)
the immersed S-FEM is used, the spatial discretization of o '
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The matrices M ; yand HIf ; are invariant during computation
and only need to assemble once at the beginning. The mass
matrix Mf 7 in the above equations is lumped. The pressure
in step II is solved using preconditioned conjugate gradient
(PCG) scheme. The above semi-implicit CBS algorithm is
conditionally stable, and the critical time step is determined
by

. (h h?
Aty = min { —, — (41

lu|” v

where £ is the size of the smallest element and v is the kine-
matic viscosity.

4.2 Dynamics of nonlinear solids

In this research, the central difference method is used for
the explicit time integration for nonlinear solids. For the FSI
simulation of aortic valves, the equations of motion at time
step n for leaflets can be written as

MSii = fext (us’ nt) _ fim (us’ nt) (42)
where £t and '™ denote the nonlinear external and internal
nodal force. For the aortic valve, we have

feXI (uS nt)

where £5¢01¢t (yS "¢y denotes the contact force due to the
interaction between leaflets during moving. It should be
noted that contact force considered here is only used to pre-
vent penetrations between leaflets. Therefore, only the nor-
mal contact force is calculated, and the tangential contact
force (friction force) is neglected.

The implementation of central difference method is quite
standard and simple, and we will not elaborate on that here.
We can see the most critical parts of explicit solid dynam-
ics are the calculations of the internal and external nodal
forces. The calculation of internal nodal forces is introduced
in Sect. 3.1 (see Eq. (31)), and the calculation of external
nodal forces, i.e., the FSI forces, will be introduced in the
following section.

— fs,FSI (us nt) + fs>contact (us nl) (43)

4.3 FSI procedure

In Sect. 2, we have made it clear that the interaction between
fluid and structure is realized via the fictitious fluid domain,
which is identical to the current configuration of the struc-
ture. Thus, the solution scheme for IS-FEM could be divided
into three main modules: (1) solving solid part with FSI force
conditions, i.e., f;" SEST _ _ i FLFSI, ; (2) solving fluid part with
FSI velocity conditions, i.e., vlf = v,., for x € Qf¢: and 3)
identifying the FSI conditions.
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4.3.1 Calculation of FSI forces

According to Egs. (3) and (18), the FSI force can be obtained
by solving the fictitious fluid domain "+ Qf¢ which uses the
same spatial discretization as the solid part at current con-
figuration "+1QS. Since the fictitious fluids have the same
properties as real fluids, we can use the same CBS scheme
to solve the N-S equations. In standard CBS, we calculate
the fluid variables at "'z from the variables at "¢ and the
corresponding boundary conditions. But when we calculate
fi EFST from Eq. (18), the fluid variables at both "z and "7 in
nt1 Q¢ are already known from the calculation of the whole
fluid domain ©*. The nodal velocities are determined from
the assumption that the fictitious fluid particles are always
bonded to the corresponding solid particles, thus we have
nlyle = ntlys and "Floufe = n+1ys. For pressure variable
+1 pﬁc, since the meshes of Q* and w1 Qf° are not coinci-

dent, we have to interpolate the pressure from the fluid mesh
to the solid mesh (also the mesh of fictitious mesh).

When we solve the fictitious fluid using CBS from "¢ to
n+1¢ without fif’FSI, the three steps becomes as following.

Step I: Calculation of the intermediate momentum keeps
the same form as Eq. (37), and we have

* . fc n,,fc

pfe Yo = Vi _ et myfe At an myfe
1 At 2
Iflq_'_ ffcr+ fng
= *RHSS +" fo (44)

Step II: Calculation of pressure. The pressure is interpo-
lated from "*! pg calculated on the fluid domain Q™ using
standard FEM interpolation as following.

n+1 fC Zq)f (l’l+1 fC) n+1p1 (45)

where <I>fj is the shape function of fluid node J in the element
which covers the fictitious particle (solid node). Therefore,
we need to find the interaction pair from fluid to solid at each
time step, and we will introduce that in the following section.

Step III: The momentum correction also keeps the same
form as Eq. (39)

fe n+lUth_ vtjl n-‘rlRHSfC
Y Alfc *v%* U‘fll fc n+l (46)
=M/ At G p J
In the above equation, ntl f)gcl is the calculated nodal velocity

without FSI force f; f,FSI . Apparently, "1 ~f° - is different from

nlyfe = n+lys . and thus the FSI force f ALFSI take effects
to en%orce the velocity condition (gravity force is ignored):
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n+lvfc _ n+lﬁfc
n+1ff,FSl _ M}CJ Ji Ji
JIi -

At
n+l fc _n fc) _ (n+lxfc _ n fc
_ e ( VJi ”Ji) ( VJi ”Ji)
- At
(n+1U5cl _nvgc.)
_ agyfc ! ! * fc fc n+1 fc
= Mp; —"RHS;; +G;;" " py (47)

At

The FSI force on the solid part which serves as the external
nodal force can solved explicitly as following:

n+1fs,FSI __n+1 (£ FSI
1i - f]i
n+1 . .fc n, fc
pi€ — nyle
_ fc ( Ji J’) n~f n_fc
=My~ Cui
A

t
B T O @

4.3.2 Search the FSI pairs

Since the leaflets driven by blood move in a large range within
the aortic valve, we need to find the FSI pairs for interpola-
tion at every time step. During the computation, we have to
find two types of FSI pairs: (1) the FSI pairs used to inter-
polate velocity from solid to fluid, i.e., find the fluid nodes
covered by solid elements, denoted as S-F FSI pairs; and (2)
the FSI pairs used to interpolate pressure from fluid to solid
(fictitious fluid), i.e., find the solid nodes covered by fluid
elements, denoted as F-S FSI pairs. For the FSI simulations
of aortic valve, there are a large number of modes for both
fluid and solid part, therefore, it will take extremely long time
to search the FSI pairs if only the simple brute-force search
is used.

The most distinguished feature of IS-FEM is that the fluid
mesh keeps unchanged during the computation. This feature
can greatly improve the searching efficiency since the data
structure of the fluid mesh is also unchanged and only need
to generate once at the beginning.

For the searching of F-S FSI pairs, we use the fast-
est known vicinity algorithm, named neighbor-to-neighbor
scheme [50]. The shape functions (volumetric coordinates)
are used to make the search jump from one element to its
neighbor in a definite path. First, we need to get the adja-
cency information for each face in each element, i.e., to find
the element indices on both sides of each face. In the IS-FEM,
the fluid part is discretized using the tetrahedral elements, and
thus for a solid node x,, the shape function CIDE (xi,) can be
calculated as

() = )

v (49)

where V is the volume of fluid element, and V; (X}) is the
volume of the tetrahedral constituted of solid node and the
fluid nodes of the element except node /. If the solid node is
within the fluid element, we have

> @ (xp) =1land ] (x}) =0 (50)
a=I1,J,K,L

If the solid node is not within the current fluid element, the
verification will be carried out for the next element which
shares the face / — K — L with

®} (x}) = min (®} (xp) @ =1/, L, K) 51)

The above equation indicates that the next element shares
the face opposite to the node with minimal shape function.
In the IS-FEM, the solid is fully immersed in the fluid (that
means every solid node is covered by a corresponding fluid
element) and moves in a continuous pattern, therefore, if we
choose the element set in the previous step as the initial status
for the search of F-S FSI pairs, it only needs 1 or 2 steps to
find the next fluid element.

Although the neighbor-to-neighbor scheme is extremely
fast, there are some limitations of this method. First, the adja-
cency information must be available. So it is suitable for the
mesh with fixed topology or we have to design algorithm
and data structure to update the adjacency information. Sec-
ond, the method is especially suitable for the convex search
domain. When the domain become concave or has gaps or
holes, the method need a lot extra operations and become
less efficient. Therefore, this method is not suitable to detect
the S-F FSI pairs for the aortic valve simulation since the
leaflets in the valve are concave, thin, and much smaller than
the fluid domain.

In this research, we use a more general method, the octree
search, to find the S-F FSI pairs. First, the octree is created
using the coordinates of fluid nodes. The cube size at the fin-
est level of the tree is determined by the size of the minimal
fluid element to obtain an appropriate number of nodes in
the cube. Then we loop all the solid elements to detect which
fluid node is covered by the current element. For a fluid node
x;, we still use the Eq. (50) as the criterion. However, the
shape function should be changed to @3 (x%,) in the solid
element at current configuration.

After the FSI pairs are obtained, the value at the covered
node can be obtained using the standard FE interpolation as
following:

T1,f Tl gy (of \ntl.s
"o = IzJ:KLn @, (XP)n Vai
a=l1,J,K,
1f £ (o 1.f (52)
n+p}<):= Z q)a(xjn)n+ P,
a=1J,K,L

4.4 Full procedure of FSI simulation using IS-FEM

Now, we can summarize the procedure of IS-FEM as follow-
ing.

(1) Preprocessor of IS-FEM

(1.1) Import mesh data of fluid and solid domain;
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Fig. 3 Geometric model of an

Leaflets
ideal aortic valve e

L Tt
T

Commisure

(a) Full valve

(1.2) Calculate FE matrices for fluid: ME, Hf, &f and
<I>i-;

(1.3) Calculate FE matrices for solid: M*® and "B o;

(1.4) Create octree from fluid nodes for FSI searching;

(1.5) Obtain adjacency information from fluid elements
for FSI searching;

(2) Set initial and boundary conditions for both fluid and
solid.
(3) For each time step:

(3.1) Solid solver using central difference method with
total Lagrangian description:

I. Update velocity and displacement at 1+1/2
V"2 = ()" B @)
W12 = " + At (v¥)" (53)
()" = (9 + )2

II. Calculate internal nodal forces F&I" at current

configuration using equations in Sect. 3 (S-FEM
for hyperelastic materials).

III. Detect contact and calculate contact force F$-¢ontact,

The external nodal forces can be written as

Fs,ext — Fs,contact + Fs,FSI (54)
IV. Calculate acceleration and velocity at "+!

(aS)n+1 — (MS)*] (Fs,ext _ Fs,im)

(Vs)n+1 — (VS)l’l+1/2 + % (aS)n+l (55)

V. Apply boundary conditions.

(3.2) Find FSI pairs at current configuration (xs)"“

I. Find F-S FSI pairs using neighbor-to-neighbor
scheme;
II. Find S-F FSI pairs using octree search.
(3.3) CBS fluid solver

I. Interpolate FSI velocity conditions from solid
results based on S-F FSI pairs;
II. Apply velocity and pressure boundary conditions;
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Sinus
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—Sinus

Left ventricle _
Commisure

(b) 1/3 of the valve

Table 1 Geometric parameters of aortic valve [9] (dimensions in mm)

Tp te h T'sm hsm hy Ly L, W

11.75  9.10 178 133 100 1833 160 03 1.0

rp radius at the base of the valve, r. radius at the commissures, 4 valve
height, g, maximum radius of aortic sinus, g, height at ry,,, L, leaflet
height, L, leaflet thickness, W; valve wall thickness

III. Calculate (Vf)"—H and (pf)n—irl using CBS intro-
duced in Sect. 4.1.
(3.4) Calculate FSI force
I. Prepare fictitious fluid mesh from solid mesh at
current configuration;
II. Interpolate FSI pressure conditions from fluid
results based on F-S FSI pairs;
III. Calculate FSI forces using Eq. (48) in Sect. 4.3.1.

(3.5) Update data for next time step.

(3.6) Postprocessor and write intermediate results if nec-
essary.

(4) End of computation.

This is a weakly-coupled FSI coupling algorithm. Although
strongly-coupled algorithms such as block-iterative cou-
pling, quasi-direct coupling, or direct coupling algorithms
(see [51] for the terminology and the algorithms), might be
needed depending on how light the structure is compared to
the fluid masses involved in the FSI dynamics, in our case
here we find the weakly-coupled algorithm sufficient.

5 FSI simulation of aortic valve
5.1 FE model of aortic valve

An 3D ideal model of aortic valve is shown in Fig. 3. The
ideal aortic valve is modeled as three identical leaflets with
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Fig. 4 Unstructured tetrahedral
mesh of leaflets and valve. There
are two layers of solid elements
for each leaflet including 23,391
nodes and 121,576 elements,
and 185,679 nodes and 986,893
elements for the fluid domain

e

b\

AY

AY
Constrained

edges i

(a) Leaflets at initial configuration

Table 2 Parameters for FSI simulation of aortic valve opening

Free edges
e

(b) Fluid mesh of valve

S

P €10 €01 K

1) w

f f

pinleta poutlel'd

1,000kg/m> 1,000 Pa 200Pa 50c10

1,000kg/m>

0.1Pas 120mmHg 80mmHg

4 The pressure load is simplified as constant

uniform thickness and their corresponding sinuses. Since
contact between leaflets may occur during moving, we still
have to use the full model to carry out the simulation. The
modeling method is the same as in [9,52]. The size parame-
ters are listed in Table 1.

Since the IS-FEM is used here, there is no need to gener-
ate the body-fitted meshes. The leaflets (solid part) and the
valve (fluid part) are separately discretized using tetrahedral
elements as shown in Fig. 4. In this paper, the valve wall is
treated as solid wall, and thus its thickness is ignored, and
the fluid domain is bounded by its inner surfaces. The inlet
face is defined as connecting to the left ventricle, and the
outlet face is defined as connecting to the aorta. The leaflets
are fixed to the valve wall using Dirichlet conditions imposed
over the constrained edges. To better simulate the large bend-
ing deformations, we use two layers of tetrahedral elements
to discretize the leaflets.

5.2 Simulation of aortic valve opening

The aortic valve opens and closes according to the blood
pressure difference between the left ventricle and the aorta.
During ventricular systole, pressure rises in the left ventri-
cle. When the pressure in the left ventricle rises above the
pressure in the aorta, the aortic valve opens, allowing blood
to exit the left ventricle into the aorta. In this paper, the
opening of aortic valve is numerically simulated using the
IS-FEM. The material parameters for leaflets and blood, and
the pressure load for the simulation are listed in Table 2. It

should be noted that we focus here on the development and
application of IS-FEM to study the FSI phenomena in aortic
valve rather than on the accurate approximation of the physi-
ological situation, which will be investigated in another paper
in the near future.

At the initial state, both the blood and the leaflets are
stationary, and the blood is driven by the pressure differ-
ence between inlet and outlet faces. The time step length for
non-contact situation is 5.0E—6s, and when contact occurs
between two leaflets or between leaflets and the valve wall,
the time step length becomes 2.5E—6s.

The fluid results on a symmetry plane of the valve and
corresponding opening positions of leaflets of five successive
time points are shown in Fig. 5. The slender light blue stripe in
the figures denotes the immersed leaflet at current configura-
tion, and the leaflets are colored by the magnitudes of veloci-
ties of solid nodes. Figure 6 shows the stream lines within 1/3
valve and deformations of one leaflet. The Reynolds number,
defined as Re = 2p/v/r. /', reaches 700 at peak veloc-
ity at t = 1.9E—2s, the final opening position. This num-
ber is much lower than the physiological value which reads
Re =~ 4000 (turbulent flow). The reason for this difference
is that a larger viscosity coefficient and coarse meshes are
chosen such that the computational time is resonable and
keep the flow as laminar (since there is no turbulence model
considered in the current version of CBS) to demonstrate the
proposed IS-FEM.

From computational results shown in Fig. 5 (2D presen-
tation) and Fig. 6 (3D presentation), we can see
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Fig. 5 Velocity (with stream lines on slice) and pressure contours of a symmetry plane of the valve and their corresponding opening positions at

different time steps

(1) The leaflets are driven aside to the sinuses under the
pressure difference between the inlet and outlet faces.
And therefore the blood in the sinuses are pushed out
due to the movement of the leaflet, see Fig. 5c, d.

(2) The streamlines of blood curves more severely at both
sides of the leaflets since the velocity at the nodes
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3)

covered by the solid elements are interpolated from
solid nodes to impose the FSI conditions rather than
computed from the fluid equations.

The pressure distribution near the leaflets is less smooth
than the other area also since the FSI conditions are
imposed. Moreover, the pressure distributions on the
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Fig. 5 continued

leaflet surfaces are obviously non-uniform. Therefore,
only applying uniform pressure loads is not accurate
enough to obtain the stresses and deformations of leaf-
lets.

(4) It seems like the leaflet becomes longer during the
opening process. However, the leaflet does not actu-
ally become longer, it only drifts forward and becomes
flat during movement.

(5) Since the contacts between the leaflets and between the
leaflets and rigid fluid wall are considered, no penetra-
tion is observed in the simulation results.

Figure 7 shows the deformations of one leaflet during the
opening process at the six successive time points same as
in Figs. 5 and 6, and the leaflet is colored by the magni-
tude of displacements. In this figure, it is clearly shown that
the leaflet drifts forward with the blood flow and move out-
ward in the radial direction. The curvatures of the leaflets
reverse gradually from the bottom to the top, and the three

leaflets form a non-concave geometry at the final opening
position.

6 Conclusion

A 3D IS-FEM is developed and applied to the FSI simula-
tions of aortic valves. The interactions between the blood
and the hyperelastic leaflets are realized by calculating FSI
forces based on a set of Lagrangian fictitious fluid mesh,
which is coincides with the moving solid mesh, and there
is no need to use a body-fitted mesh. The fluid and solid
domains are solved separately. In this work, the fluid domain
is solved by CBS method on a fixed mesh. According to
the general formulations of IS-FEM introduced in Sect. 2,
we can solve the fluid domain using the other numerical
schemes. The solid domain is solved using smoothed finite
element method, which is extremely suitable for solving
the hyperelastic materials with large deformation. Both the
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(c) t=1.0E-2s

Fig. 6 Streamlines of 1/3 valve

fluid and the solid domains are discretized using tetrahe-
dral elements, which greatly simplify the mesh generation
process.

An ideal aortic valve model is constructed and its opening
process is simulated using the proposed IS-FEM. Although
some data for the simulation are non-physiological, the
valve deformations and blood velocities (magnitude and
distribution) are comparable with numerical investigation
previously done. This means IS-FEM is capable of simu-
lating the aortic valve dynamics coupled with hemodynam-
ics, and could provide accurate results if the physiological
data are available. This method can be potentially used as
an efficient numerical tool to provide surgical plan based
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Fig. 6 continued

Fig. 7 Deformations of one of the leaflets (the numbers denote the
time points same as in Figs. 5 and 6)

on the detailed valve dynamics of the patient-specific aortic
valve.
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