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A Numerical Analysis on the Curved Bileaflet
Mechanical Heart Valve (MHV): Leaflet Motion
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In blood flow passing through the mechanical heart valve (MHYV) and elastic blood vessel,
hemolysis and platelet activation causing thrombus formation can be seen owing to the shear
stress in the blood. Also, fracture and deformation of leaflets can be observed depending on the
shape and material properties of the leaflets which is opened and closed in a cycle. Hence,
comprehensive study is needed on the hemodynamics which is associated with the motion of
leaflet and elastic blood vessel in terms of fluid-structure interaction. In this paper, a numerical
analysis has been performed for a three-dimensional pulsatile blood flow associated with the
elastic blood vessel and curved bileaflet for multiple cycles in light of fluid-structure interaction.
From this analysis fluttering phenomenon and rebound of the leaflet have been observed and
recirculation and regurgitation have been found in the flow fields of the blood. Also, the
pressure distribution and the radial displacement of the elastic blood vessel have been obtained.
The motion of the leaflet and flow fields of the blood have shown similar tendency compared
with the previous experiments carried out in other studies. The present study can contribute to
the design methodology for the curved bileaflet mechanical heart valve. Furthermore, the pro-
posed fluid-structure interaction method will be effectively used in various fields where the
interaction between fluid flow and structure are involved.
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1. Introduction

The human heart has four valves ; the aortic,
mitral, tricuspid and pulmonary valves. The heart
valves open to allow blood to be pumped for-
ward, and they close to prevent blood from flow-
ing backward. Human heart valves are formed by
flaps of tissue called leaflets or cusps. Heart valve
diseases are classified as congenital when some
factor during fetal development causes the valve
to form abnormally, and acquired if malfunction
occurs in a valve that was structurally normal at
birth. For congenital heart valve disease, many
researchers suppose that many cases are caused by
inherited factors. Some common causes of acquir-
ed heart valve diseases include that rheumatic
fever (an inflammatory illness that may follow an
untreated streptococcus throat infection), endo-
carditis (inflammation and infection of the heart
valves) and idiopathic calcific aortic stenosis
(degenerative condition seen in the elderly, in
which the aortic valve cusps become thickened,
fused and infiltrated with calcium). As calcium
deposits accumulated, they can restrict the motion
of the leaflets. Therefore, either stenosis where the
leaflets can no longer open suitably, or regurgita-
tion where the leaflets can no longer close prop-
erly and some blood leaks back into the atrium
with each beat is caused.

In these cases, surgical procedure called valvo-
tomy, valvuloplasty, or valve repair is performed.
Nevertheless a valve is so seriously deformed or
diseased, it has to be replaced with an artificial
heart valve (Choi et al., 2001 ; 2003). When a
patient requires a heart valve replacement, there
are two types of available artificial valves. One is
a mechanical heart valve (MHV) and the other is
a bioprosthetic heart valve (BHV). A mechanical
heart valve which is most commonly used MHV
in the aorta is shown in Fig. 1.

Here, mechanical heart valves have merits of
nice performance and reliable durability. Me-
chanical heart valves usually last throughout the
lifetime of patient and do not required valve
replacement. On the other hand, as mechanical
heart valves are made of metal or plastic, patients

Jin Seok Bang, Choeng Ryul Choi and Chang Nyung Kim

Fig. 1 The MHV model (a) components of bileaflet
mechanical heart valve (Edward TEKNA™)
(b) side view of installed MHYV in the aorta

are required to take anticoagulation medication
throughout their lifetime to prevent the throm-
bus formation. One aspect of particular concern
with the normal function of mechanical heart
valve is that they can generate turbulence in the
blood flow, since it has been related to thrombus
formation (Stein et al., 1974 ; Edmunds, 1982 ;
Mauro et al., 2001). The second problem entailed
by the mechanical heart valve yielding alteration
of the cardiovascular environment’s fluid dy-
namics is hemolysis, which has been studied ex-
tensively with regard to the critical value of Rey-
nolds shear stress which may cause red blood cell
damage or platelet activation (Paul et al., 1999 ;
Mauro et al., 2001).

Many important aspects of hemodynamic aor-
tic blood flow have been investigated in experi-
mental studies (Skalak, 1982 ; Farahifar et al.,
1985; Chandran et al., 1985; Rosseau et al.,
1984 ; Sallam et al., 1976 ; Tillman et al., 1984 ;
Yoganathan et al., 1979 ; Woo et al., 1986), but
sometimes these studies lack spatial resolution,
have problems analyzing transient phenomena
or partially lack the detailed observation of theo-
retical modeling because the pressure and the
velocities of the blood are hard to measure
(Krafczyk et al., 1998). Numerical analysis has
indeed led to a better understanding of the char-
acteristics of blood flow and has allowed medical
hemodynamicists to gain an improved under-
standing of the motion of containing structures
(vessel and leaflet) as well as the contained blood
flow (Krafczyk et al., 1998).
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In this study, investigation on the flow fields of
the blood flowing through the curved bileaflet
mechanical heart valve has been performed with
fluid-structure interaction method, and the short-
comings of previous MHV studies where the leaf-
let motion has been ignored or simplified, have
been overcome. A numerical analysis with the
fluid-structure interaction between the blood flow
and the motion of leaflets in an elastic blood
vessel has been carried out in order to calculate
the blood flow through the curved bileaflet me-
chanical heart valve.

2. Mathematical Modeling

2.1 Governing equations for blood flow

The governing equations for a blood flow of a
Newtonian-fluid (Krafczyk et al., 1998 ; De Hart
et al., 2000) are the continuity equation and the
Navier-Stokes equation for an incompressible
fluid, which can be written in a strong conserva-
tion form in curvilinear coordinates as follows :

()
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where, u; is the Cartesian velocity component, x;
the Cartesian coordinate, Uj; the velocity compo-
nent in the & direction (contra-variant velocity
component), and J the coordinate transformation
Jacobian. Further,

N=Xx, X2=Y, x3=2, §'=§, &=y, £=¢ (3)
aEJ as;
U= of +5 % u:;=0 (4)
o0&’ . .
where, o represents the grid velocity, so that the

above formulation is in an Eulerian-Lagrangian
frame.

2.2 Governing equations for structural dy-
namics
The finite element formulation of the structural
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dynamics equation can be generally written in a
linear form follows :

(Mg} +[CHat+[K{qg}={F} (5
where, {¢q}, [M], [C], [K] and {F} are the

displacement vector, the mass matrix, the damp-
ing matrix, the stiffness matrix, and the force vec-
tor caused by the fluid dynamic load and shear
stresses, respectively.

(M) =% m=3 [ NiosNsdv (6)
[C)=% C5=3 [ NiuNidv (7
[K1=3 k=3 [ BDuBsdv (8)
(F)=3{£)*=3 [ Nipdv (9)

where, N;, ps, (s and D;; are the shape function,
the density of the structure, the damping para-
meter and the elasticity matrix. B; is related to N;
through a linear operator L;;:

Bi:Lij]vj (10)

Newmark’s scheme is applied to solve the above
Eq. (5). For the known values of ¢, ¢, ¢ at (n-1)

th time step, we have

(@Y= | K+ M+ 27O (FIH(E} (1)

n—1

where, { £} comprises all the terms of ¢"7!, ¢
and "'

2.3 Coupling of fluid and structure
In Eq.
effect comes into play only through the grid

(2) of fluid dynamics, the structural

velocity term. This section will discuss the im-
plicit coupling procedure. It is known that at the
fluid-structure interface, fluid velocity is always
equal to the structure velocity and the contra-
variant velocity component in the Eulerian-La-
grangian formulation is zero :

' agj 851
U= 8t+8 u;=0 (12)

If {q}, is the velocity of structure at the fluid
-structure interface, then
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(a)=2 =2, (13

On the other hand, Eq. (8) can be expressed in
the following perturbation form :

{q},=LICI{p}s (14)

In view of Eq. (9), we have

J
G5 wi=LICHp) (15)
where, [IC] and {p}, are the influence coeffi-
cient (Yang et al., 1994; Choi, 2003) and the
pressure at the fluid-structure interface, respec-
tively. When Eq. (15) is substituted into the pres-
sure gradient term of the pressure correction equa-
tion, the resulting equation depends only on flow
variables.

3. Numerical Analysis

Using the fluid-structure interaction method,
the blood flow, the motion of the leaflet and the
elastic blood vessel have been analyzed concur-
rently. In modeling fluid-structure interaction,
the fluid domain is most conveniently described
with respect to an Eulerian reference frame (ma-
terial moves through the computational domain)
while a Lagrangian formulation (computational
domain moves with the material) is more appro-
priate for the structure domain (De Hart et al.,
2000) . To consider both fluid and structure dom-
ain concurrently, in this study, Eulerian-Lagran-
gian formulation has been used. A finite volume
computational fluid dynamics code and a finite
element structure dynamics code have been used
for the flow and structure equation respectively.
To solve these equations, upwind differencing
SIMPLEC scheme has been used in the flow sol-
ver and a commercial software package CFD-
ACE+ version 6.4 and FEMSTRESS which is a
finite element structural analysis module have
been adopted.

The model of the mechanical heart valve
(Edward TEKNA™) used for the current calcu-
lation is shown in Figs. 2 and 3.
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Fig. 2 The geometry drawn in x-z plane used in the
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Fig. 3 Configuration of the calculation model
(a) front view (b) bird-eyes view
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The blood has been assumed to be a Newtonian
fluid, and the density o is 1,000 kg/m? and the
dynamic viscosity gis 3.5X 107 kg/m-s. The dia-
meters of a ventricular and an aortic blood vessel
have been assumed to be 25 mm and 33.48 mm,
respectively. For mechanical heart valve the
thickness of the leaflet is 0.65 mm and the inside
diameter is 22.3 mm. Opening angles of the leaflet
have been set to be 25°< #<85° (Fig. 2). The
geometry of the downstream region of mechani-
cal heart valve includes the Sinus of Valsalva
model. The pressure waveforms, measured in
vitro (Thubrikar et al.,, 1996a; 1996b) in the
ventricle and the aorta with 75 beats per minute,
have been used as pressure boundary conditions
for the numerical calculation (Fig. 4).

At the vessel surface, no slip condition has been
employed for the blood flow and the velocity of
the blood at the leaflet surface is identical to that
of the leaflet surface. Sewing cuff region which is
not related with the blood flow has been regarded
as the blood vessel which only connects the ven-
tricle and the end region of aorta and this region
is fixed without any displacement in the calcula-
tion.

In the numerical calculation of the current
formulation, a grid system of 28512 grids have
been chosen after many times of test running for
different grid systems with different grid number,
when the choice of the time step size is to be
under consideration together. The time step size
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Fig. 4 Transient pressure waveforms adopted as
boundary conditions

of At=0.0005 s has been used when the structure
(the leaflet) is moving while the time step size of
At=0.01 s has been employed when the structure
is not moving. However, when the leaflet is
rebounding from the seat and the blood velocity
is very high (at the end of the closing phase of
the leaflet) the time step size of A#=0.00005s
has been adopted. Of course, a smooth change of
the time step size has been used in the transition
between different phases.

4. Results and Discussion

4.1 Motion of a curved bileaflet mechanical

heart valve

Transient variation of the leaflet opening angle
with the interaction model between the blood
flow and the leaflet motion is obtained and plott-
ed in Fig. 5.

The motion of the leaflet can be divided into
four phases ; fully closed phase (10~1), opening
phase (1~35), fully opened phase (5~6), closing
phase (6~10). In the opening phase, according to
the systole, pressure of the ventricle is increased
and the blood flows into the aorta. Here, the
leaflet is opened slowly at the beginning, but as
the time goes on opening velocity of the leaflet
becomes faster increasingly than it is at the be-
ginning and then at the end stage of opening
phase the leaflet arrives at the maximum opening
angle (time position (5) at t=0.209s, §=85°).
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Fig. 5 Transient variation in the opening angle of
the leaflet
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Though fluttering phenomenon is detected in-
finitesimally, the leaflet maintains generally maxi-
mum opening angle in the fully opened phase.
The ventricular diastole starts at £=0.25s, but
actually the closing phase starts at #=0.35s.
Hence, it can be noted that there is a time delay.
When considering the period of time for the
opening and closing phase, it takes 0.055 s for the
opening phase and 0.03 s for the closing phase.
When the leaflet starts to contact with the valve
ring, rebound of the leaflet takes place because of
the inertia effect of the motion of the leaflet and
water hammer effect. The general characteristics

Vel o
|

Time position (5) at £=0.209s, §=85°
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of the motion of the leaflet are similar to the result
obtained by CFD analysis using fluid-structure
interaction method for the case of inelastic vessel
wall by Choi et al.(2003).

4.2 Flow fields for a curved bileaflet me-
chanical heart valve

Velocity vector profiles in the different time
positions at the mid plane are shown in Fig. 6.

In the opening phase, the blood flows mainly
through side orifices between the leaflet and valve
ring. In the fully opened state (time position (5)
at $=0.209s, §=85°), in the valve (Fig. 6(c))

Time position (4) at £=0.175s, §=70°

Time position (9) at £=0.379s, §=40°
(e)

Time position (10) at £=0.380s, §=26°
(f)

Fig. 6 Transient velocity vectors of the blood flow in the mid plane
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Fig. 7 Streamlines in the fully opened phase (time
position (5) at £=0.209's, §=85°)
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observed are three flows of high velocities ; two
flows through the side orifices, one flow through
the central orifice. Also, some streamlines are
shown in Fig. 7 at this moment.

In this figure, recirculation flows are shown
in the sinus region and higher velocities are found
in between the two leaflets (i.e., in the central
orifice). The closing motion of the leaflet is
generated by reverse pressure gradient which is
caused by diastole. During the closing phase (Fig.
6(d) ~(f)), the reverse flow is formed in the
region close to the leaflet, ring, and sinus wall.
As a whole, flow fields shown in this paper are

I jasligi
] a4

Fmmllg]

g 105

1ind
[TH

Flmmlig]
1 139

pLL

Time position (10) at £=0.380s, §=26°
(f)

Fig. 8 Transient pressure distribution profiles in the mid plane



1768

similar to that of the experimental study perform-
ed by Woo et al.(1986) for a pulsatile flow.

4.3 Pressure fields for a curved bileaflet

mechanical heart valve

Pressure distributions in the different time posi-
tions in the mid plane are shown in Fig. 8.

During the opening phase of the leaflet shown
in Fig. 8(a) ~ (c), the pressure of ventricular re-
gion is higher and that of aortic region is lower.
Though the pressure gradient is relatively small
in the beginning of the opening phase, pressure
drop is increased in the flow direction when the
opening angle grows larger. When the leaflets are
fully opened (time position (5) at £=0.209 s, =
85°), because of higher velocities observed in the
three jets together with the geometrical charac-
teristics of the sinus, lower pressures are found in
the central orifice and in the upstream region of
the sinus. The variation of pressure profiles along
the center line (along the line A-B in Fig. 3(b))
is shown in Fig. 9 for different opening angles of
the leaflet.

When the leaflets are fully closed (time posi-
tion (10), #=0.380s, @§=26°), velocity vectors
and pressure distribution are shown in Fig. 10.
In this state, higher pressure is formed in the
vicinity of aortic side of the leaflet while lower
pressure is formed in the vicinity of ventricular
side of the leaflet. For one cycle (#=0.8s), when
the leaflet is almost closed, the largest pressure
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Fig. 9 Pressure profiles along the axial distance at
different time positions
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gradient is detected in the ventricle region and the
lowest pressure is observed near the seat in asso-
ciation with the fact that the blood regurgitates
rapidly from the aorta region toward the ventricle
through the narrow gap between the edge of
leaflet and the seat. It can be expected that red
blood cells may be damaged by large shear stress
caused by high velocity in the narrow gap at this
time, with higher possibility of the cavitation at
lower pressure (Giersiepen et al., 1984).

4.4 The characteristics of the motion of an

elastic blood vessel

In this study, the radial displacements of the
elastic blood vessel are calculated along the four
lanes of the vessel. As the aortic and the ven-
tricular boundary surface located at both the ends
of the elastic blood vessel are fixed and the sewing
cuff region is of solid domain, the radial dis-
placements are zero at both the ends and in the
sewing cuff region.

The radial displacements of the elastic blood
vessel at different time positions are obtained and
plotted in Fig. 11 and the maximum radial dis-
placements (MRDs) at the time positions along
the lanes (a) ~ (d) denoted in Fig. 3 are listed in
Table 1.

Both the lanes (a) and (d) are laid along the
z-direction (chord length) of the elastic blood
vessel (in Fig. 3), but because of the sinus on the
lane (a), the MRD of the two lanes are detected

Fig. 10 Velocity vectors and pressure distribution
(time position (10) at t=0.380s, §=26°)
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differently. The MRDs of lanes (b) and (c), the
position of which are rotated by ¢=60° and ¢=
120° from the lane (a), respectively, are similar to
those of the lane (d) and (a), respectively.
Though on the ventricular blood vessel region
(upstream region), the radial displacements of the
lanes (b) and (c) are approximately larger about
two times than those of the lanes (a) and (d), but
in the aortic blood vessel region the radial dis-
placement of the lanes (b) and (d) are larger
about three times than those of the lanes (a) and
(c). The radial displacements of the upstream
region are expected to be characterized by the
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direction of the pivots of the leaflets. Therefore,
the displacement characteristics along the lanes
(b) and (c) are very similar and those along the
lanes (a) and (b) are almost the same, respec-
tively. However, the radial displacement of the
downstream are expected to be characterized by
the existence of the sinus. Therefore, the radial
displacement of the lanes (b) and (d), which do
not pass through the sinus, are larger than those
of the lanes (a) and (c).

While the opening angle of the leaflet grows
up, the radial displacements of each lane are in-
creased as shown at the time positions (1) ~ (5)
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Fig. 11 Radial displacements of the blood vessel along the lanes (a) ~ (d)
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Table 1 Maximum radial displacements (MRDs) at
different time positions

. Maximum Radial Displacements (MRDs)
Time -5

o [X1075m]

Position
Lane (a) |Lane (b) |Lane (c) |Lane (d)

(1) 0.534 1.279 0.540 1.308
(2) 0.594 1.476 0.601 1.511
(3) 0.610 1.523 0.618 1.558
(4) 0.640 1.561 0.648 1.597
(5) 0.721 1.775 0.731 1.811
(6) 0.771 1.784 0.777 1.828
(7) 0.729 1.720 0.735 1.763
(8) 0.706 1.733 0.711 1.776
(9) 0.759 1.535 0.767 1.570
(10) 0.751 1.713 0.755 1.751

in Fig. 11. Before the leaflet gets into closing
phase, the maximum radial displacement of the
elastic blood vessel is observed (at the time posi-
tion (6), #=0.350 s, MRD(4,=1.828 X 10~ m) and
the MRDs of the lanes (b), (d) and the lanes (a),
(c) are observed at the position of 17.32 mm and
31.42 mm downstream from the valve ring, re-
spectively. In the closing phase (time positions
(7) ~(9)), the MRD(,,) and MRD(q are decreas-
ed. But when the leaflet is fully closed (time posi-
tion (10)), the MRD(,, and MRD g are increased
again in association with the increase of the local
blood pressure with the closure of the leaflets.
Although the displacement of the lanes (a) and
(c) are increased slightly at the time position (9),
they are decreased at the time position (10).

The configuration and position of valve have
an effect on the features of the radial displace-
ments. And the structural characteristics of me-
chanical heart valve is different from those of
tissue valve, it can be expected that the radial
displacements of the blood vessel with mechanical
heart valve are different from that with tissue
valve. The MRDs are caused in association with
the pressure distribution mainly.

5. Conclusions

In this paper, a numerical analysis has been

performed for the blood flow which interacts with
the motion of the leaflet and the blood vessel in
the curved bileaflet mechanical heart valve with
fluid-structure interaction method. Here, the de-
tailed features of the blood flow and the leaflet
motion have been obtained together with the
characteristics of the radial motion of the blood
vessel. This study has overcome the shortcomings
of previous MHYV studies where it has been as-
sumed that the blood vessel was non-elastic and
the motion of the leaflet has been ignored or
simplified. In the current study adopting fluid-
structure interaction method, in other to solve the
flow and the structure equations simultaneously,
a finite volume computational fluid dynamics
code and a finite element structure dynamics code
have been used concurrently.

When the leaflet is fully opened, fluttering phe-
nomenon has been detected in association with
the blood flow. And when the leaflet starts to
contact with the valve ring, the rebound of the
leaflet takes place. Also when the leaflet is fully
opened, recirculation flows have been observed
in the sinus region. During the closing phase,
regurgitation has been formed between the ring
and the edge of the each leaflet. In consideration
of the entire domain, the pressure drop occurs
mainly in the valve region. While the opening
angle of the leaflet grows up, the radial displace-
ments of the vessel increases and just before the
leaflet starts closing phase, the MRDs of the
elastic blood vessel have been observed.

The present results have shown similar tenden-
cy to those obtained by previous experiments for
flow fields, and can contribute to the design
methodology for the curved bileaflet mechanical
heart valve. Furthermore, the proposed fluid-
structure interaction method will be effectively
used in various fields where the interaction be-
tween fluid flow and structure is involved.
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