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Transient fluid—structure coupling for simulation of a trileaflet heart valve

using weak coupling

Abstract In this article, a three-dimensional transient nu-
merical approach coupled with fluid-structure interaction
for the modeling of an aortic trileaflet heart valve at the ini-
tial opening stage is presented. An arbitrary Lagrangian—
Eulerian kinematical description together with an appro-
priate fluid grid was used for the coupling strategy with the
structural domain. The fluid dynamics and the structure as-
pects of the problem were analyzed for various Reynolds
numbers and times. The fluid flow predictions indicated that
at the initial leaflet opening stage a circulation zone was
formed immediately downstream of the leaflet tip and prop-
agated outward as time increased. Moreover, the maximum
wall shear stress in the vertical direction of the leaflet was
found to be located near the bottom of the leaflet, and its
value decreased sharply toward the tip. In the horizontal
cross section of the leaflet, the maximum wall shear stresses
were found to be located near the sides of the leaflet.

Key words Trileaflet heart valve Computational
fluid dynamics - Fluid-structure interaction - Arbitrary
Lagrangian—Eulerian method - Wall shear stress

Introduction

Prosthetic heart valves are commonly used to replace natu-
ral heart valves and are also widely adapted in ventricular
assist devices (VAD) as well as in total artificial hearts
(TAH). It is well understood that the clinical success of any
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valve design is based on many factors, including fluid flow
phenomena and structure analysis. In vitro, velocity pro-
files, shear stresses, regurgitation, and energy losses deter-
mine the valve hemodynamics performance with respect to
blood cell damage and thrombus formation.'? Structural
analysis ascertains the valve durability and leaflet failure
mode, including stress/strain-related calcifications.

The limitations of existing artificial heart valves are well
documented in the literature and a number of alternative
designs have been suggested and have been hydrodynami-
cally and structurally examined.** Although the results from
these studies revealed satisfactory correlations between in
vitro measurements and in vivo clinical and pathological
findings, they still highlighted the need for biocompatible,
hydrodynamically efficient, and cost-effective prosthetic
heart valves. Hemodynamic studies of various valve designs,
both experimentally and numerically, have been extensively
carried out, with some of the research focusing on stress
analysis and the dynamic structure of various prosthetic
valves. These studies were thoroughly reviewed in the re-
cent works of Morsi et al.>® and Yoganathan et al.” In early
structural analyses of aortic valves, leaflet models were
based on the bending curvature of the leaflets caused by the
pressure difference across the leaflet.

The emphasis of the aforementioned studies was either
on the hydrodynamics or the stress analysis of the valve
structure independently. However, it is essential to consider
both the fluid and structural dynamics of the valve simul-
taneously for the valvular motion and the blood flow to
be simulated correctly. This led to the inclusion of fluid—
structure interaction (FSI) in the modeling of heart valve
flow and was initially introduced by Peskin and McQueen,”
who studied various mitral valves in a two-dimensional
(2D) planar representation of the heart, including the left
atrium and ventricle. The laminar, Newtonian, and Navier—
Stokes equations were loosely coupled with equations de-
fining the boundary forces and movements and constitute
Peskin’s immersed boundary technique. This method has
been extended to simulate various valves and hearts.”' The
importance of FSI on the performance of heart valves was
further highlighted by Makhijani et al.,'"' who developed a
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three-dimensional (3D) coupled fluid-structure dynamics
model for a generic pericardial aortic valve in a rigid aortic
root graft. Blood flow was modeled as pulsatile, laminar,
Newtonian, incompressible flow and the structure model
accounted for material and geometric non-linearties. Finite
volume computational fluid dynamics code and finite ele-
ment structural dynamics code were coupled using an im-
plicit “influence coefficient” technique. The computational
predictions were in close agreement with corresponding in
vitro experimental data.

The significance of the wall movement on the blood flow
was also examined by Bathe and Kamm,"> who used the
finite element technique to model the pulsatile blood flow
through a compliant stenotic artery. The fluid response was
analyzed using an arbitrary Lagrangian—-Eulerian (ALE)
formulation for analyzing the fluid domain with moving
boundaries for the artery structure. The finite element
method (FEM) was used for the axisymetric modeling of
both the fluid flow and the artery structure. Research by De
Hart et al."* presented a fully coupled 3D model of an aortic
heart valve using the Lagrange multiplier-based fictitious
domain (FD) integrated within the FEM. The time-
dependent physiological flow and aortic pressures were
applied at the inflow and outflow plane, and the opening
and closing configurations were demonstrated to be signifi-
cantly different. This FD approach took into consideration
the fact that the solid domain was immersed in the fluid
domain with nonconformal meshes with respect to each
other. Such an approach has been widely utilized, as shown
by Baaijens and Glowinski et al."*'® and was successfully
applied to a stentless valve by De Hart et al."”

The current understanding seems to indicate that during
systole, the natural leaflet is subjected to a much lower
stress than a mechanical or prosthetic leaflet. Moreover,
unlike prosthetic valve membranes during systole, the natu-
ral leaflet is not subjected to compressive stresses during the
cardiac cycle. Recent modeling of the induced stresses and
the deformation of valve leaflets during coaptation and clo-
sure has been studied using FEM by incorporating shell and
solid elements. Furthermore, two factors need to be taken
into consideration: the interaction of the aorta wall with the
valve membrane, which influences the flow patterns in the
whole system, and the flexible structure of the leaflets. Note
that the disk of a mechanical valve can be modeled as a rigid
body because the stress and strain encountered is of less
significance to such a value than to tissue valves with a flex-
ible structure, for which the bending stiffness of the leaflet
is very low compared to the tensile strength along the leaflet
surface. In addition, the deformation of the leaflets results
in large geometrical changes. During the deceleration phase
(diastolic), the valve has to withstand the physiological
transvalvular pressure gradient. These issues become chal-
lenging and increase in complexity when applied to 3D
systems, such as the problem at hand.

The structure of the trileaflet valve being examined in
this study is a typical example in which the motion of a
thin-walled, leaflet-like structure is driven by the motion of
the blood flow. The large deformation of the physical (struc-
tural) boundary due to the fluid forces and the nonlinearity
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of the material greatly increase the numerical difficulty.
Such geometrically nonlinear structures are usually formu-
lated in a Lagrangian description, while the fluid is often
expressed in an Eulerian format due to the presence of
convective terms. Note that the presence of convective
terms in the case of moving boundary flow increases the
numerical complexity in the Eulerian description, whereas
the Lagrangian description for a structural moving bound-
ary is simpler. Moreover, due to the large flow distortions
and large structural deformations, element entanglement
leads to the use of the ALE technique. This technique is
now well recognized for the type of simulation in hand,
which involves mesh generation over a considerable time
span.'” However, in cases of large deflections, interpolation
techniques are required to update the variables for the
newly generated mesh. The updated mesh may introduce
an artificial diffusivity, which is a major concern regarding
the applicability of ALE in some circumstances. Thus, a
fictitious domain/mortar element (FD/ME) method has
been proposed,' in which the fluid is described using a fixed
mesh in an Eulerian setting with a Lagrangian formulation
for the solid. In the FD method, the velocity constraint as-
sociated with the rigid internal boundaries is imposed by
means of the Lagrange multiplier, while the ME method
allows the coupling of domains with dissimilar element dis-
tributions.'" The major advantage of the FD/ME method
is that it does not require any updating of the mesh of the
fluid domain. However, updating of the mesh becomes in-
evitable for very large deflections.

In this article, the development of a 3D transient
coupled-fluid structure computational model of a trileaflet
heart valve is presented. The overall aim was to examine
the hydrodynamic behaviour of a partially opened thin leaf-
let valve, which plays an important role in the deformation
and stresses of the flow, for various times and flow rates. A
linear relationship between time and flow during the accel-
eration phase would enable the analysis at 50us to be ex-
trapolated to the overall flow profiles.”® Additionally, as the
number of time steps increases, the computational analysis
becomes laborious. Thus, the analysis was constrained to
50ps. The ALE-coupled approach was used because it uses
physically correct governing equations in the respective
domains.

Materials and methods
The numerical approach

The present analysis was carried out in the ANSYS-
FLOTRAN (Ansys Inc., South Point, USA) multiphysics
environment and uses the sequential weak coupling method.
The computational domains were separately defined as
mathematical descriptions of the fluid domain (blood flow)
and the solid domain (leaflets) and then coupled in an itera-
tive sequential numerical algorithm. The leaflet motion was
transiently updated by the solution of the leaflet domain,
with the fluid domain solution providing fluid—structure in-
terface loadings.
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The equation(s) governing a viscous incompressible
Newtonian fluid flow in the spatial domain with fixed spatial
coordinates is as follows. Vector x (characteristic of the
Eulerian formulation) in general scalar transport form is
used, and T, and S, are the diffusion coefficient and the
source term respectively:

3, - 9, — 9, — 9., -
§(p¢)+g(pu¢)+a—y(pv¢)+a—z(pw¢)—

i(r¢a—¢)+itr¢a—¢)+i(r¢a—¢j+s¢
ox\ "dx/) ody\ "dy) 9dz\ "oz
Equation 1 reduces to a continuity and momentum equa-
tion by substituting ¢=1; T, =0; S, = 0; and ¢=u, v, or w
respectively.

The differential equation for homogeneous isotropic
elastic structures, a material domain with material coordi-
nates vector X, is employed in a Langrangian description:

2
p LG =ty R @

1)

where d; and p are the displacement vector and density of
the elastic medium, respectively, and T;; and F; are shear
stress and forces, respectively.

For the ALE description, a referential domain, with grid/
mesh coordinate vector Y is used. The spatial coordinate x
can be expressed as a function of material coordinates,
mesh coordinates, and time as:

x=f(x(X,1); x=f(x(x, 1)) ©)

The equations of Eq. 3 are the basis for obtaining the rela-
tionship between these three domains for ALE formula-
tion. By differentiating the material and mesh coordinates
with respect to time t, the material and mesh velocities can
be obtained as:

v ox(X.,t) 4= ax(y,t) @)
ot ot X

X
The difference between this material velocity and the refer-
ence (mesh) velocity defines the convective velocity. Thus,
the material time derivative of a passive scalar ¢ at a given
point y; in the fluid domain at time t can be expressed as
follows:

D¢(Xi’ t) — 8¢(X1’ t) +(V—<\/) 8¢(Xi’ t)
Dt ot Ox;

Substituting Eq. 5 into the unsteady convection—diffusion
transport equation for ¢ in the Lagrangian description, we
can obtain the following equation:

¢1+(u_‘71)¢x+(v_‘72)¢y+(w_{’3)¢z
+—%(@X+%y+@1)=0

)

(6)

The reference velocity ¥ can be chosen arbitrarily. If ¥ is
equal to zero, the above transport equation for ¢ becomes
an equation in the Eulerian description. Therefore, the con-
servation equations (continuity and momentum equations)
for the fixed grid can be transformed to their respective
moving grids by using the moving grid velocity vector:

u, +v,+w,=0 (7)

u+(u-u,)u +(v-vy)u +(w-w,)u,

H (8)
= _pr +E(uxx+ uyy+ uZZ)
Vit (u—u,) v, +(v=v,)v,+(W-w,)v,
=——py+E(VXX+Vyy+VZZ) ©)
p p
Wt (u—u)w,+(V=v,)w,+(w-w,)w,
(10)

= _Epz+%(wxx+wyy +sz)

By substituting Eq. 2 in the above Egs. 7-10, the Navier
equation for elastic material was obtained. Thus, the Navi-
er-Stokes equations and the continuity equation with elas-
tic materials are solved iteratively. A complete and detailed
description of the ALE formulation can be found in Huerta
and Liu.”!

Problem definition

Although the localized turbulence at the initial opening of
the valve can have an effect on the local shear stress and
fluid flow in general, for the time steps considered here
(0.025) the effect is consider to be negligible, and only lami-
nar, Newtonian, incompressible flow was considered in this
study.

Figure 1a shows a schematic representation of a trileaflet
valve inside a straight tube with an outer diameter of 26 mm.
The fluid domain started at 2D upstream of the valve
(Y = =58 mm) and ended at 1D downstream of the valve
(Y =26 mm); the origin of the Y-axis was at the bottom of
the valve. As the simulation was carried out based on the
assumption of a rigid wall, a Dirichlet boundary condition
was applied throughout the structure, including parts that
were joined to the wall. A uniform velocity was specified at
the inlet with zero pressure assumed at the outlet. More-
over, at the fluid-structure interface, the instantaneous
pressure was transferred from the fluid solution to the struc-
tural solution sequentially as the solution proceeded.

The geometry of the trileaflet valve was chosen based on
the design produced by Jiang et al.”? and the free form
surface of a leaflet with a thickness of 0.35 mm was created
using B-splines, as described in Penrose and Staples.” The
valve was placed in a straight duct without sinuses for sim-
plification of the model and the leafiet thickness was chosen
to accommodate the limitations of thin structures in the FSI
analysis. As shown in Fig. 1b, the valve leaflets were made
of polyurethane material with the properties of density, p =
954 kg/m?; elasticity modulus, E = 0.5 GPa; and a Poisson’s
ratio of 0.49. The material was considered isotropic and
linearly elastic. The blood analog fluid had a kinematic vis-
cosity of 3.5¢St.

The finite element discretization of the fluid domain
was carried out with tetrahedral elements (Fig. 2a), while
hexahedral elements (brick meshing) were used for the
discretization of the valve structural components, as shown
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Fig. 1a,b. Schematic of a (a)
trileaflet heart valve. a A X
Boundary conditions, b leaflet —vi=v.=0: w=u=0
details (8 is chosen arbitrarily) Vx= Vy= V2T Us WU e
V=0 1
vy~f(Re) Flow \
VZ:0 ,\ \‘__L Y -
u,=0 v 0% e
=
u,=0 i
u,=0 R
="
ux=uy,=u,=0
(b)
R=12.5mm

12.5mm

|

in Fig. 2b. In this study, the fluid and solid mesh were as-
sumed to be dissimilar along the fluid-leaflet interface,
which meant that the nodes of the fluid and the structural
domain did not coincide spatially along the interface. Hence,
a sequential weak coupling method was adopted, where the
load was transferred across a dissimilar mesh by using a
nonconservative interpolation technique. Depending on the
intersections of the solids with the fluid mesh, fluid elements
were either reshaped or added. Grid dependence studies
were carried out to optimise the CPU time and the constitu-
ency and the accuracy of the results. The convergence cri-
terion was less than 1%. All numerical simulations were
performed using the commercial software package,
ANSYS.

Results

Since this study was concerned with the initial period of
valve opening, only the results relating to the initial time
steps, i.e., from 0 to 0.05s, are presented here. Therefore,
only low Reynolds numbers ranging from 100 to 600 were
considered and the corresponding blood flow rate varied
from 0.445 to 2.671/min, respectively. Based on the experi-
mental conditions, laminar, Newtonian, incompressible
flow was considered in the analysis. The results are pre-
sented in terms of the axial velocity profiles along the valve
and the wall shear stress distributions in the vicinity of
the leaflets under the above-mentioned flow and time
conditions.

&

Figure 3 shows the geometrical views of the initial valve
opening at three times for a Reynolds number of 100. It can
be clearly seen that the open area of the valve orifice in-
creased significantly between 0.01 and 0.03s. However, a
less pronounced increase in the open area was observed for
the later time step 0.03-0.05s. Furthermore, a symmetrical
wavy structure was formed at the tip of each leaflet at the
initial opening stages, which suggests that the leaflet was
subjects to both compressive and tensile stresses on both
sides of the leaflet.

Figure 4 presents data which demonstrate the axial ve-
locity, Vy, profiles along the centerline of the tube for all
the Reynolds numbers investigated at different times (t =
0.01-0.05s). Two vertical grid lines at Y = 0mm and Y =
9mm indicate the central distance between the bottom and
the tip of the leaflet, respectively. Figure 4 shows that as the
flow approached the entrance of the valve, the axial velocity
increased rapidly toward the exit of the valve due to the
restraints of the orifice opening area at the tips of the leaf-
lets. All profiles indicate that the axial flow velocity reached
its peak just after the valve exit for all Reynolds numbers
and times investigated. Moreover, as expected, the peak
axial velocity increased significantly as the Reynolds num-
ber increased from 100 to 600. On the other hand, for a
constant Reynolds number, the axial velocity reached its
peak between 0.03 and 0.04s, and then decreased at 0.05s,
which indicated the further opening of the valve orifice area
as time progressed. It was also evident that the gradient of
the axial velocity deceleration downstream of the valve

Axial velocity distributions
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Fig. 2a,b. Fluid domain and valve structure discretization. a Tetrahe-
dral elements were used for the fluid domain and b hexahedral ele-
ments for the valve structure

= B

t=0.01 sec t=0.05 sec

t= 0.03 sec

Fig. 3. Valve opening at initial loading stages based on a Reynolds
number of 100

decreased significantly with increasing time and Reynolds
number. The above results and general trends are consis-
tent with the experimental findings of Woo et al.*

In Fig. 5, 2D velocity, V, and V,, vectors are plotted in
the symmetrical plane across the tube length at three times
for a Reynolds number of 600. The velocity vector length
was scaled to three times the original length to clarify the
flow fields. It was apparent that the region behind the leaflet

near the wall of the valve contained very low reversal ve-
locities, which was the main factor in the development of a
potential recirculation zone. The flow of this region was
essentially laminar and concentrated around the underside
of the leaflet. The center of this circulation tended to move
toward the tip of the leaflet as the time increased. The
majority of the flow was observed around the body of
the leaflet, dissipating as it reached the tip. Additionally,
the flow became detached from the leaflet over time and
this detachment pushed the circulation zone further down-
stream. The circulation zone on the topside of the leaflet
increased in intensity as the time (opening) increased.
Similar observations were reported by Stevenson and
Yoganathan.”” However, as observed in Figure 5, the rever-
sal flow diminished as the flow progressed further down-
stream of the valve, a phenomenon that was not observed
by Stevenson and Yoganathan.”

Wall shear stress distribution

The magnitude and distribution of the shear stresses de-
pended mainly on the size, shape, and orientation of the
valve leaflets. Figure 6 shows the wall shear stress distribu-
tion along the vertical central line, h, of the leaflet for dif-
ferent Reynolds numbers at a time of 0.05s. It was observed
that the wall shear stress increased gradually from the base
of the leaflet toward the tip, and reached its peak at ap-
proximately 1 mm before the edge of the leaflet tip, where
the maximum axial flow acceleration occurred. The peak
wall shear stress on the leaflet increased almost 900% as the
Reynolds number increased from 100 to 600, as shown in
Fig. 6.

Figure 7 shows the wall shear stress distribution along
the vertical central line, h, of the leaflet at different times
for a constant Reynolds number of 600. The peak wall shear
stress increased as the time increased, reaching its maxi-
mum at a time of 0.03s. Note that a similar trend was ob-
served for the axial velocity profiles along the centerline of
the valve (see Fig. 4). The increase in peak wall shear stress
at different times for a Reynolds number of 600 was ap-
proximately 130%. This shear stress effect became signifi-
cantly less as the Reynolds number increased.

Since a horizontal wavy structure formed in the leaflet
during the initial opening of the valve (Fig. 3), it was neces-
sary to investigate the wall shear stress along different hori-
zontal cross sections of the leaflet. Figure 8 demonstrates
the wall shear stress distributions along the horizontal span,
S, of the leaflet at four horizontal cross sections, A, B, C,
and D respectively. The vertical grid line at S = 0mm indi-
cates the location of vertical centerline of the leaflet. The
conditions were a time of 0.05s and a Reynolds number of
600. It can be seen that the maximum wall shear stress ap-
peared at the top horizontal section, D, toward the two
sides of the leaflet. This was mainly caused by the restrain-
ing of the orifice opening area near the sides of the leaflet
where the maximum axial velocity gradient occurred. At
section D, the maximum wall shear stress magnitude of
40N/m? was approximately 3.5 times higher than that at the
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Fig. 4. Axial velocity (V‘) (a) (b)
profiles along the centerline at
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vertical centerline. It was expected that the wall shear stress
would increase significantly as the horizontal level increased
toward the tip of the leaflet.

The wall shear stress distribution along horizontal cross
section D at different times is presented in Fig. 9, in which
the Reynolds number was 600. Small changes in wall shear
stress were observed at different times with approximately
40% variations in magnitude. This was also an indication
that the valve was still in the initial opening stages, and
there was no significant change with respect to the deforma-
tion of the leaflet.

Discussion

The existence of large pressure gradients during the short
duration of the opening phase may induce high-velocity
flow through the orifice opening, as shown by the results of
the present study. Hence, if the valve did not open or re-
spond to the fluid force during the opening phase, this
would lead to higher axial velocity gradients which may re-
sult in higher wall shear stresses. The maximum wall shear
stress was expected to occur during the opening phase
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Fig. 5. Velocity vectors around a leaflet at a Reynolds number of 600
and various initial time steps (a 0.01, b 0.03, and ¢ 0.05s)
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Fig. 6. Wall shear stress (t,,) distributions along the middle vertical line
of a leaflet at 0.05s and various Reynolds numbers ranging from 100
to 600. A, vertical centerline
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Fig. 7. Wall shear stress distributions along the middle vertical line of
a leaflet using a Reynolds number of 600 at various initial time steps
ranging from 0.01 to 0.05s
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Fig. 8. Wall shear stress profiles across horizontal sections of the leaflet
(A-D) at 0.05s and a Reynolds number of 600. S, the horizontal span
of the leaflet

because of the reduced orifice area. The same reasoning
applies during the closing of the valve, and various other
researchers have reported the existence of high wall stresses
during the closing period.””* Thus, the higher wall shear
stresses which cause platelet activation and subsequent
thrombus initiation may be associated with the opening
phase as well as the closing phase.

On the other hand, it was recognized that a fast response
from the structural parts (i.e., the valve) could reduce these
stresses to a large extent. The fluid forces together with



45 -
40
35F !
|- 1
r |
30F \
S F 1
< - !
s a
3 C :
l_) | U
20 — \
C A
|- I‘|
L L
L \
1011 - Re =600 1\ 1
L 0.01sec |\/r,
A 0.02sec| V'
54V — — —— 0.03sec
I — 0.04sec
- — 0.05sec
0 B T T L L T T
-10 -5 0 5 10

S (mm)

Fig. 9. Wall shear stress profiles across horizontal section D of a leaflet
at initial times of 0.01-0.05s and a Reynolds number of 600

structural deflection could play a major role in influencing
the initial value of the wall shear stress and the velocity
gradient near the solid structure. The wavy structure of the
leaflet resulted in a concentration of shear stress at the top
corners of each leaflet at the opening stage of the valve. This
stress concentration reduced with increasing time (Fig. 8),
highlighting the importance of understanding the develop-
ment of these stresses from the initial time (t = 0.01s) so
that the fatigue behavior of the leaflet can be analyzed. A
comparison of different Reynolds numbers (Re = 100-600,
i.e., 0.445-2.671/min) showed that the trends of shear stress
development were similar over this range of Reynolds num-
bers and over the leaflet profile and can be as high as 40N/
m? for a Reynolds number of 600.

Conclusions

The ALE technique was successfully applied to a 3D prob-
lem involving fluid—structure interactions typically found in
cardiovascular applications. Specifically, we demonstrated
the capability to model the coupled behavior of a leaflet
behaving as an elastic solid with an incompressible fluid.
Although few data were available for validation, confidence
in the current results was gained through qualitative com-
parison with our previous experimental results.® The results
presented in this study clearly showed complex stress devel-
opment patterns during the initial opening of the valve,
which is considered to be the most detrimental factor for
fatigue failure analysis. It is anticipated that the results from
such simulations will provide invaluable information for the
design of leaflets of prosthetic heart valves.
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