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ABSTRACT

This paper discusses about the thickness effects on the structural durability of a bileaflet mechanical heart
valve (MHV). In the study on the design and the mechanical characteristics of a bileaflet mechanical heart valve,
the fluid mechanics analysis on the blood flow passing through leaflets, the kinetodynamics analysis on the rigid
body motion of the leaflet induced by the pulsatile blood flow, and the structural mechanics analysis for the
deformed leaflet are required sequentially and simultaneously. Fluid forces computed in the fluid mechanics
analysis on the blood flow are used in the kinetodynamics analysis for the leaflet motion. Thereafter, the
structural mechanics analysis for the deformed leaflet follows to predict the structural strength variation of the
leaflet as the leaflet thickness changes. Analysis results show that structural deformations and stresses increase as
the fluid pressure increases and the leaflet thickness decreases. Analysis results also show that the leaflet becomes

structurally weaker and weaker as the leaflet becomes thinner and thinner.
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1. Introduction

This paper addresses the structural analysis required
in the structural design of a bileaflet mechanical heart
valve. Especially, this paper discusses the thickness
effects on the structural strength of a bileaflet mechanical
heart valve. Structural optimization techniques, which
have evolved integrating engineering design method-
ologies and computer aided engineering systems and have
been applied to save the weight of structures in the fields
of mechanical engineering, aeronautical engineering and
civil engineering etc., used one numerical expression
which defined the objective function, constraint function
and design variables together with analysis softwares.
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However, multidisciplinary analysis and design tec
hniques which may integrate design conditions
conflicting with each other and manage simultaneously
various engineering principles like structural mechanics,
fluid dynamics, kinetodynamics, heat transfer and electro-
magnetics etc., are required to develop products. Multi-
disciplinary design optimization methodology is an
emerging new technology to solve such a complicate
structural analysis and design problem with a large
number of design variables and constraints (J., Sobies-
zczanski-Sobieski'). Multidisciplinary design optimiz-
ation methodology is a design automation tool which
considers simultaneously various engineering principles
and optimizes the structural design. In the classical
structural design methodology which separates the
complicate structural design problem and treats each
separated unit problem, it is very hard to evaluate
meanings of optimum design results, because most

structural design variables are related to a large number
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of engineering phenomena. And also, all design variables
sometimes converge to certain values before they reach
optimum design values. Perhaps the first analytical work
in structural optimization was done by Maxwell® in 1869,
followed by the better-known work of Michell® in 1904.
These works provided theoretical lower bounds on the
weight of trusses, and, although highly idealized, offered
considerable insight into the structural optimization
problem and the design process. Large scale engineering
design problems are often characterized by multidisci-
plinary interactions in which participating disciplines are
intrinsically linked to another. Recent interest in the
problems associated with multidisciplinary design
optimization is evidenced by an increased number of
conferences, journals, and publications devoted to the
subject. Numerous papers have been published recently
which deal specifically with multidisciplinary design
optimization applications in such diverse areas as naval
structural design, spacecraft design, automobile design,
and aircraft design, etc. The intuitive practice of breaking
a large task into smaller, more manageable tasks was
applied by Sobieszczanski -Sobieski'. Two review papers
in the field of multidisciplinary synthesis are particularly
noteworthy. The requirements and opportun- ities
available in muitidisciplinary analysis and synthesis
applications are reviewed by Tolson® (1985). The
potentials and achievements of multidisciplinary design
optimization are reviewed by Sobieszczanski-Sobieski’
(1996). Complexities of the geometry models are
increasing ; in today's preliminary design environment,
it is not unusual for a computer aided design (CAD)
model to use over 20,000 curves and surfaces to represent
an aircraft. This level of complexity underlines the import-
ance of automation, which enforces the use of computer
aided engineering systems like CAD, CAE, Mesh
Generator and Solid Modeller, etc. in multidisciplinary
design optimization methodology application.

When the aortic valve in a human body is in
malfunction, a mechanical heart valve (MHV) can be
installed. Downstream of the MHV, elastic artery wall
with sinus is located. In blood flow®" passing through
the leaflets of a mechanical heart valve and elastic artery,
hemolysis and platelet activation causing thrombus
formation''"'? can be seen owing to the shear stress in
the blood. Also, fracture and deformation of the leaflets
can occur depending on the shape and material properties

6

of the MHV. Therefore, a comprehensive study is needed
on the motion of leaflets associated with the blood flow
and on the hemodynamics associated with the behaviour
of leaflets and elastic artery wall in terms of fluid-solid
interaction problem for the design of the MHV. In the
present study, the characteristics of the behavior of leaflets
in conjunction with the blood flow is to be investigated
in the light of structural analysis. Here, a numerical
analysis of deformation and stress in the leaflet is to
be carried out in association with reaction force at the
hinge, leading to the establishment of design optimization
fora MHYV. Intrinsically, the design problem of a bileaflet
mechanical heart valve is characterized by multidiscipl-
inary interactions in which fluid mechanics, kineto-
dynamics, and structural mechanics are linked to another.
The interdependency of these discipline analysis modules
in such application contributes to difficulties in success-
fully implementing a holistic design synthesis strategy
to require the multidisciplinary design optimization
methodology. Furthermore, such integrated implementat-
ion is also subject to complexities introduced as a result
of an increased number of design variables and
constraints. Hence, the computer aided engineering
systems like CAD, CAE, Mesh Generator, and Solid
Modeller etc. should be used for the structural analysis.

Recently, the multidisciplinary design optimization
methodology using computer aided engineering systems,
is efficiently applied to solve a complicate large scale
structural design problem (Giesing, Agrawal, and
Bharadvaj”; Charmis'*; Rowell, Braun, Olds, and Unal'®;
Jameson'®). Consequently, computer aided engineering
systems are used in the present study. They are CFD-ACE
for fluid mechanics analysis of blood flow, ADAMS for
kinetodynamics analysis of the leaflet motion, and NISA
for the structural mechanics analysis of deformed leaflets.

2. Blood fluid force applied on the leaflet of
a bileaflet MHV

In this section the fluid mechanics analysis results
of the blood flow passing through the leaflet of a bileaflet
mechanical heart valve are presented to calculate the fluid
force applied on the leaflet surface.

The mechanical hieart valve used for the analysis is
the St. Jude Medical bileaflet mechanical heart valve(see
Fig. 1). The diameter of the mechanical heart valve is
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Fig. 1 Model of a bileaflet mechanical heart valve used
in the analysis

22.5 mm and the thickness of the leaflet is 0.65 mm,
The maximum opening angle of the valve is 85° and
the closing angle of the valve is 25° . The material of
the valve is pyrolytic carbon over graphite substrate for
housing and leaflets. The leaflets are flat and impregnated
with tungsten for radio-opacity. The two semicircular
leaflets open to 85° , resulting in a central, near laminar
flow. Leaflets are orifice oriented and closing forces are
supported by the pivot system. The pivot guards are raised
above the housing, and leaflet motion is performed by
rotation. Relatively high velocity blood jets and
approximately 10-15 percent regurgitant flow wash the
pivot recesses. The St. Jude Medical bileaflet heart valve
has been designed to rotate within the housing and to
radio-opacify the annular rotating mechanism.

Downstream of the mechanical heart valve, an elastic
artery wall with sinus is located. The artery wall is
assumed to be a circular tube with 25.0 mm diameter.
The blood flow is assumed to be an incompressible steady
pulsatile laminar two-dimensional flow. The fluid
dynamics analysis for the blood flow is performed using
the computational fluid mechanics analysis code,
CFD-ACE. The geometry of the mechanical heart valve
and the artery wall used in this calculation is shown in
Fig. 2. Also the coordinate system used in the analysis
is shown in Fig. 2. Fluid forces and other constraint
conditions needed in the kinetodynamics analysis and
the structural mechanics analysis stages are computed
through the present fluid mechanics analysis.

Fig. 2 Geometry of the mechanical heart valve
and the artery wall, and coordinate system
used for the analysis

2.1 Blodd material properties and boundary
conditions for blood flow

The replaced mechanical heart valve is opened
periodically by the pulsatile blood flow generated by the
heart beating. The density of blood is assumed to be
1,000 kg/m®, and the viscosity coefficient is assumed
to be 4.0 X 10° m%/sec. The pressure profile measured
for each time through in vitro experiment is used as the
boundary condition in the ventricle and the aortic valve.
The number of heart beating is 75 beats/min. The blood
velocity on the aortic valve wall is zero. The blood
velocity on the interface between the valve and the blood
is as same as the valve velocity. The valve movement
is divided into four stages, i.e., the opening stage, the
completely opened stage, the closing stage and the
completely closed stage. In this research, three valve
movement stages, i.e., the opening stage, the completely
opened stage and the closing stage are studied.

2.2 Hemodynamic analysis results and

discussions

As the heart ventricle shrinks, the valve starts to
open and the opening angle of the valve becomes the
maximum value of 85° when the time reaches t=0.056
seconds. The maximum opening angle of 85° is main-
tained between t=0.0565 seconds and t=0.145 seconds.
The closing stage of valve starts from t=0.145 seconds.
After t=2 seconds the valve closes rapidly. The valve
movement in the closing stage is faster as twice as that
in the opening stage. Time variation of the Y direction
force applied on the top surface of the leaflet of a
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Fig. 3 Transient variation in the Y direction force

mechanical heart valve is shown in Fig. 3. The force
is negative during opening and opened stages of valve
movement. After the time reaches t=0.144 seconds, the
force increases into positive value and the valve starts
to close. Forces and moments computed in this section
are used as the constraint condition in the next
kinetodynamics analysis and the structural mechanics

analysis.
3. Kinetodynamics analysis of the leaflet motion

In this section, the velocity and acceleration of the
leaflet of St. Jude Medical bileaflet mechanical heart valve
are computed, and also reaction forces at joints are
computed to understand the dynamic characteristics of
the bileaflet MHV. The kinetodynamics analysis for the
leaflet motion of a bileaflet MHV is executed using
ADAMS.

3.1 Kinematic model of the leaflet

The mechanical heart valve consists of three parts,
i.e., the leaflet which controls the blood flow, the orifice
ring which supports the leaflets and the sewing cuff which
attaches and fixes the orifice ring to the tissue of the
heart muscle. The kinetodynamics analysis for the leaflet
motion of a mechanical heart valve is performed under
the condition that the opening angle of the valve is
between 25° and 85° to get the reaction force at each
joint. The kinematic model of the mechanical heart valve
consists of three links and four joints. And the mobility
of the valve movement is two. The kinematic diagram
of the leaflet is shown in Fig. 4.

X

Ay

Fig. 4 Kinematic diagram of St. Jude Medical
bileaflet mechanical heart valve

3.2 Kinematic analysis results and discussions
Velocity and acceleration of the leaflet, and reaction
forces at joints should be computed to understand the
dynamic characteristics of the mechanical heart valve.
For this purpose, the kinematics analysis for the mech-
anical heart valve movement induced by the fluid force
of the blood flow should be executed. Fluid forces
computed in the previous section 2 are applied and the
kinetodynamics analysis follows under the opening angle
and closing angle. The velocity and the acceleration of
the leaflet tip are zero between t=0.056 seconds and
t=0.145 seconds. And velocity and acceleration of the
leaflet tip change rapidly after t=0.2 seconds when the
valve starts to close rapidly. The reaction force during
0.056 seconds between the beginning opening angle 25°
and the maximum opening angle 85° changes very
roughly. The reaction force at the joint increases rapidly
after t=0.2 seconds when the valve starts to close. The
structural deformation at the leaflet is expected at the
closing position of the valve where the maximum reaction
force occurs at the joint. These constraint conditions may
be used for the structural mechanics analysis of the

mechanical heart valve in the next section.
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4. Structural stress analysis for the deformed
leaflet

The position of the leaflet and the fluid force applied
on the leaflet at the position where the structural
deformation of the leaflet is expected to occur should
be known in order to execute the structural mechanics
analysis of the leaflet. In this section, the interactive
refations between the result of fluid mechanics analysis
and of kinetodynamics analysis executed in the previous
sections are considered.

The position of the leaflet where the blood fluid force
applied on the leaflet becomes maximum was computed
to be the closing angle of the leaflet through the previous
fluid mechanics analysis and the kinetodynamics analysis.
Hence, the structural mechanics analysis of the leaflet
is carried out at the closing angle of the leaflet according
to the leaflet thickness variation to get the thickness
effects on the structural strength of the leaflet. NISA,
a commercial finite element code, is used for the structural
mechanics analysis.

4.1 Structural model and boundary conditions

The finite element model for the structural mechanics
analysis of the leaflet is shown in Fig. 5. The half of
the leaflet is modelled due to the symmetric geometry
of the leaflet. The model consists of the eight node
hexahedron elements, Finer finite element meshes will
give more accurate analysis results. Hence, eight elements
along the leaflet thickness are used in the analysis model.
The orifice ring is neglected in the analysis, because it
does not affect the analysis results. The orifice ring is
assumed as a rigid body. Three degrees of freedom
(us,liy ;) are constrained at the hinge point and on the
outer surface of the leaflet which contacts the rigid orifice
ring. The symmetric boundary condition (u,=0) is applied
on the symmetric surface (z=0) of the half model. Also
the symmetric boundary condition (u,=0) is applied on
the symmetric surface (y=0), since both two leaflets
contact on this symmetric surface. The fluid force which
is the external force applied on the leaflet is exerted as
normal uniform pressure onto the leaflet surface. The
material of the leaflet is assumed to be Si-Alloyed PyC.
The total number of elements and the total number of
nodes generated in the model are 72,446 and 81,526,
respectively. The Young's modulus, the Poisson's ratio

]

Fig. 5 F.E. model and constraint conditions for the leaflet
(half model, thickness = 0.65 mm)

and the density of the material used are 30.5GPa, 0.3
and 2,1 16Kg/m3, respectively.

4.2 Structural stress analysis results and
discussions

The structural deformation and stress distribution
results which are obtained from the structural mechanics
analysis of the leaflet are shown in Fig. 6 and Fig. 7.
The maximum deformation occurs at the lower central
part of the leaflet and the maximum stress occurs at the
upper central part of the symmetric plane (y=0) of the
leaflet. And a large stress also occurs at the hinge and
the lower part of the leaflet end surface. Figure 8 indicates
relationships between the maximum deformation and the
maximum stress as the leaflet thickness increases from
the 0.5 mm to 0.75 mm.

As indicated in the figure, the maximum stress are
smaller than the yield stress 407.7 MPa of the material.
Hence, the leaflet is structurally safe, but the internal
stress and deformation values increase as the leaflet
thickness decreases. Therefore, the structural strength of
the leaflet decreases as the leaflet thickness decreases.
According to figure 8, as the pressure increases, the stress
and the deformation also increases for all leaflet thick-
nesses. However, the stress and deformation becomes
much larger and larger as the pressure increases when
the thickness becomes smaller and smaller. This
phenomenon suggests that the leaflet structure becomes
unstable and unsafe when the leaflet becomes thinner
and thinner.
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5. Conclusions

In this paper the structural analysis required in the
design of a bileaflet mechanical heart valve is executed.
The structural analysis requires the complicate several
analyses like the fluid mechanics analysis, the kineto-
dynamics analysis, and the structural mechanics analysis.
The blood fluid pressure forces which are calculated using
the fluid mechanics analysis of the blood flow passing
through the leaflet of a bileaflet mechanical heart valve
are used as the external load constraint for the kineto-
dynamics analysis of the leaflet motion of a bileaflet
mechanical heart valve to get the reaction force at the
hinge of leaflet. The angular position of the leaflet where
the reaction force at the hinge is maximum is identified
through the kinetodynamics analysis. The closing angle
of the leaflet is identified as the right time when the

reaction force becomes maximum. Hence, the leaflet in

the closing angle 25° is used for the structural mechanics
analysis to get deformation and stress which occur in
the leaflet on which the blood fluid force is applying.
The structural mechanics analysis is performed as the
leaflet thickness increases from 0.5 mm to 0.75 mm.
The analysis result shows that the leaflet becomes
structurally weaker as the thickness decreases.
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