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Abstract: The deformation behavior of an artificial heart valve was analyzed using the explicit
dynamic finite element method. Time variations of the left ventricle and the aortic pressure were
considered as the mechanical boundary conditions in order to reproduce the opening and closing
movements of the valve under the full cardiac cycle. The valve was assumed to be made from a
medical polymer and hence, a hyperelastic Mooney–Rivlin model was assigned as the material model.
A simple formula of the damage mechanics was also introduced into the theoretical material model
to express the hysteresis response under the unloading state. Effects of the hysteresis on the valve
deformation were characterized by the delay of response and the enlargement of displacement. Most
importantly, the elastic vibration observed in the pure elastic response under the full close state
was dramatically reduced by the conversion of a part of elastic energy to the dissipated energy due
to hysteresis.

Keywords: artificial heart valve; explicit finite element method; hyperelastic material; hysteresis;
cardiac cycle

1. Introduction

The aortic valve of the heart is one of the most important organs in our body system.
The position of the aortic valve is in between the aorta and the left ventricle, which
distributes blood to our body system. The aortic valve is made of three moving thin flaps
of tissue called cusps or leaflets that come together in the center of the valve to close it [1]
and to ensure only one-directional blood flow through the cardiovascular system [2]. Every
year, over 100,000 patients in the United States have to go through surgical procedures to
replace their malfunctioning heart valves with artificial heart valves [3].

At present, prosthetic heart valves (PHV) have widely been available commercially in
the field of cardiac surgery, including mechanical heart valves (MHV) and bio-prosthetic
heart valves (BHV). MHVs are usually made from pyrite carbon (artificial carbon), and
the performance is relatively durable but patients are likely to get thromboembolic (blood
clotting) problems [4]. Therefore, patients who are using MHVs always need to take an
anticoagulant drug, which may cause life-threatening hemorrhages if poorly managed [5].
On the other hand, the natural BHVs have excellent hemodynamic properties (no need for
anticoagulant drugs) but they are less durable compared with MHVs [5]. The patients who
are using BHVs generally need to experience another surgery after 15 to 20 years. Khan
et al. conducted a 20-year post-operation follow-up study on 2533 cases of patients aged
18 years or older who had used MHVs or BHVs [6]. Their study exhibited that in general,
there were no survival rates for both types of valves, with similar complications. From this
perspective, it is concluded that both types of PHVs have still been suffering from several
drawbacks, and an ideal PHV with high durability without thrombotic problems has not
been developed yet.
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In contrast, polymeric valves (PVs) have been investigated and developed as an al-
ternative artificial value that may potentially address the limitations of both BHVs and
MHVs. PVs ideally have a similar advantage to BHVs whose leaflets are flexible. Such flex-
ibility can enhance blood flow and improve blood disruption as well as lifelong biostability.
One of the most important characteristics of PVs is their high durability. Actually, PVs
have been studied since the 1950s [7–11], and in the 1960s, the first PVs were implanted
in aortic [7] and human mitral locations [11]. However, based on the clinical outcomes,
these initial trials were not successful because the polymers available at the time did not
provide sufficient biostability and durability. However, currently, as a result of advanced
technology in polymer engineering, excellent biostable polymers that may fulfill the clinical
requirements of PVs have extensively been developed. These include a new generation of
polytetrafluoroethylene [12], polyurethane urea [13], polyurethane with a poly (dimethyl-
siloxane) soft segment (Elast-Eon) [14], poly (styrene-b-isobutylene-b-styrene) (SIBS) [15],
and Bionate polycarbonate urethane (PCU) [16].

Gharaie and Morsi analyzed an optimized PV design made from Bionate using the
fluid structure interaction analysis and concluded that the optimized valve demonstrated
high hemodynamic performance with no sign of damaging stress concentration in the
entire cardiac cycle. In their analysis, they used the hyperelastic Mooney–Rivlin model
for the Bionate valve. However, the experimental study conducted by Ghaill and Little
clearly exhibited a viscoelastic mechanical behavior of Bionate, which included a hysteresis
response in the stress-strain relation [17]. The Mooney–Rivlin model is a well-known and
frequently chosen model because it has a reputation for accurately predicting the reaction
of hyperelastic materials [18]. The inclusion of linear dependency in the strain energy
function is what causes such improved accuracy. This means that the first and second
invariants specify the deviatoric response. Other than that, the third-order approximation
of the Mooney–Rivlin model for incompressible systems is well recognized to be more
appropriate for describing shear deformations in elastomers [19].

The aim of this study was therefore to develop a three-dimensional finite element
(FE) model of the tri-leaflets aortic polymeric valve with a nonlinear hyperelastic model
including hysteresis response. The PV was designed on the basis of the optimized design
developed by Gharaie and Morsi [7]. The Mooney–Rivlin model was used to express the
hyperelastic mechanical response, along with a hysteresis model in which a damage factor
was introduced to control the hysteresis response. Dynamic finite element analysis was then
performed to examine the open-close response of the PV under a time-dependent pressure
condition imitating a full cardiac cycle. Effects of hysteresis on the dynamic deformation
during the closing motion were then carefully analyzed.

2. Methods
2.1. Development of 3D FE Model of Artificial Heart Valve

A 3D CAD model of an artificial heart valve was constructed using the computer-
aided design software Autodesk Fusion 360 by referring to the substantial details of
the geometry given by the earlier work done by Gharaie and Morsi [7]. The external
appearances of the 3D model having asymmetric tri-leaflet are shown in Figure 1. The
height, diameter, and thickness of the 3D model are 8.5, 25.0, and 0.5 mm, respectively. The
3D CAD model was then exported to the explicit dynamic finite element code LS-DYNA
(Liverware Software, Livermore, CA, USA), and then the finite element meshes were created.
Eight-node hexahedral elements were used and the numbers of element and node were
5670 and 9036, respectively. It was assumed that the valve was made from an engineering
polymer whose mechanical properties are similar to those of biological tissue used for
BHVs. Therefore, the Mooney–Rivlin hyperelastic model was used as the material model
for the FE model. A hysteresis model was also introduced into the hyperelastic model to
express the nonlinear behavior under unloading conditions. The density and the Poisson’s
ratio were set to be 1190 kg/m3 [20] and 0.4924 [17], respectively.
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Figure 1. External appearances of artificial human heart valve with asymmetric tri-leaflet. (a) Top 

view, (b) Isometric view, and (c) Side view. 
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Figure 1. External appearances of artificial human heart valve with asymmetric tri-leaflet. (a) Top
view, (b) Isometric view, and (c) Side view.

To increase the model’s dependability and confidence, 3D FE models must be verified.
Additionally, the verification of a 3D FE model of asymmetric tri-leaflets with linear and
non-linear material properties was done in this study in order to compare the findings
from earlier studies. For the linear material properties, the density, Young’s modulus, and
Poisson’s ratio were set to 1020 kg/m3 [21], 5.0 MPa [21], and 0.45 [21], respectively. For
the non-linear properties, the density and Poisson’s ratio were adjusted to 1000 kg/m3 [20]
and 0.495 [17], respectively.

2.2. Hyperelastic Material Model

The strain energy density function of the three-term Mooney–Rivlin model is given
by [17]:

W = C10(I1 − 3) + C01(I2 − 3) + C11(I1 − 3)(I2 − 3) (1)

where the strain invariants are given by:

I1 = λ2
1 + λ2

2 + λ2
3, I2 = λ2

1λ2
2 + λ2

2λ2
3 + λ2

3λ2
1 (2)

as the functions of the principal stretch ratios λ1 and λ2. The constitutive equation is then
obtained from:

S =
∂W
∂E

(3)

where S and E are stress and strain tensors, respectively. In the present analysis, the values
of C10, C01, and C11 were chosen to be −0.55, 1.338, and 0.23 MPa, respectively.

2.3. Hysteresis Model

A typical nonlinear stress-stretch response with hysteresis is illustrated in Figure 2.
The loading path is expressed by O-a-b, following the unloading path b-c-O. This inelastic
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nonlinear response is called “hysteresis”. The area surrounded by the hysteresis loop can
be understood as the dissipated energy by microstructural damage formations such as the
plastic flow of macromolecules in viscoelastic polymers and rubbers [21,22].
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Figure 2. Stress-stretch behavior with hysteresis under simple tension.

Such hysteresis behavior can be expressed theoretically by introducing the damage
mechanics. It is assumed that under unloading condition, the constitutive equation can be
derived [22]:

S = D
∂W
∂E

(4)

where D is called the damage factor. It is defined that D varies from 0 at W = 0 to 1 at
W = Wmax where W = 0 expresses the original state of deformation (no loading) and
W = Wmax is equivalent to the maximum strain energy density at the end of the loading
state. In the present analysis, D was assumed to be simply expressed as a linear function
of W:

D = kW, 0 ≤ W ≤ Wmax (5)

Wmax was determined from the maximum internal energy of the valve model with-
out hysteresis at the fully opened condition. The constant k can be calculated from
the relationship:

k =
1

Wmax
(6)

Dynamic finite element analysis of simple tensile testing was conducted to examine
the effects of the hysteresis model. It was related to the stress-stretch behavior under a
loading and unloading condition during the simple tensile testing. In the simple tensile
testing, the material of the tensile specimen was assumed to be the same polymer used for
the artificial valve. The stress-stretch response is shown in Figure 3. It can be seen that a
hysteresis loop was successfully created using the theoretical model described above.

2.4. Boundary Conditions

By considering the real movement of the human aortic valve and in order to obtain
smooth opening and closing behavior, all the nodes along the side edges of the asymmetry
leaflet were fixed in all directions. Such a geometric boundary condition is shown in
Figure 4a.
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Prosthesis 2022, 4 516

The asymmetry tri-leaflets were constructed with two layers of element for each
leaflet. The inner and outer layers were classified as the ventricular and the aortic surface,
respectively. Then, the left ventricle and the aortic pressure were assigned to the inner
ventricle and the outer aortic surface, respectively, as shown in Figure 4b. The time
variations of the left ventricular and the aortic pressure were assumed for one cardiac cycle
with a nominal rate of 75 beats/min, and are shown in Figure 5 [7].
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3. Results and Discussion
3.1. Verification of 3D FE Model of the Asymmetry Tri-Leaflet

The stress on the valve in the cardiac cycle was examined in earlier studies of the
linear material properties. According to Ranga A. et al., the top of the attachment line
between the leaflets and the aortic root wall, called the commissures, is where the leaflets
are discovered to exert the maximum stress on the root wall during diastole, as seen in
Figure 6 [23]. In this study, we also observe at the same location to compare the simulation
result (Figure 7) with the referenced result as shown in Figure 8 [23]. The value and pattern
are not significantly different between these two results, as can be observed. Consequently,
the 3D model of the asymmetric tri-leaflets for the linear material model was verified
and validated.

The displacement result of the position at the B node was observed in earlier research
for the non-linear material properties as shown in Figure 9a, and it was also observed in this
study as shown in Figure 9b. A comparison is then made between the study’s displacement
at node B result, shown in Figure 10, and the reference result, shown in Figure 11. The value
and pattern are not significantly different between these two outcomes, as can be observed.
As a result, the 3D model of the asymmetric tri-leaflets was verified and validated for the
non-linear material model as well.
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3.2. Dynamic Deformation Behavior of the Asymmetry Tri-Leaflet

During the full cardiac cycle in the FE analysis, the tri-leaflet valve started to open just
before t = 0.05 s when the left ventricle pressure exceeded the aortic pressure and reached
the fully open state at t = 0.08 s (the point (b) in Figure 5). The valve tended to slightly
close up to t = 0.32 s (the point (d)). Then, the valve showed rapid closing behavior up
to t = 0.34 s (the point (f)). The deformation behaviors of the tri-leaflets were observed
at the six points shown in Figure 5. The deformed images observed from the front are
shown in Figure 12 without hysteresis and Figure 13 with hysteresis. It can be seen that
the deformation behaviors with hysteresis were similar to those without hysteresis during
this opening state ((a) and (b)) and slightly closing state ((c) and (d)) with minor hysteresis
effect. On the other hand, the deformation behaviors with and without hysteresis were
very different at points (e) and (d) under the rapid closing state. Especially, the edges of the
leaflets were deformed unnaturally with curved shapes without hysteresis, suggesting that
the elastic vibration of the membrane structures took place during the closing condition.
Those curved deformations were dramatically reduced with hysteresis. Especially, the
leaflets were fully closed along the straight lines at point (f).
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(c) t = 0.2 s, (d) t = 0.32 s, (e) t = 0.33 s, and (f) t = 0.34 s.

3.3. Effects of Hysteresis on Internal Energy and Displacement

Time-dependent behaviors of the internal energy with and without hysteresis are
shown in Figure 14. The “internal energy” implies the elastic energy stored in the body
without hysteresis, while it corresponds to the sum of the elastic energy and the absorbed
energy by damage formation with hysteresis. The internal energy started at 1.29 mJ, which
was the elastic energy due to the deformation by the initial constant aortic pressure (see
Figure 5). Then, the energy decreased as the left ventricle pressure increased and reached
the minimum level (t = 0.04 s) at which the valve fully closed. It is noted that the energy
with hysteresis was higher than that without hysteresis at this minimum level, indicating
that some amount of energy was absorbed by hysteresis during the unloading condition
up to t = 0.05 s. The energy increased from point (a) to (b) (the fully open condition shown
in Figures 12b and 13b under the opening state). The energy without hysteresis tended
to decrease from point (b) to (d) where the leaflets slightly closed and then rapidly closed
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from point (d) to (f). On the contrary, the energy tended to remain almost constant from
point (b) to (e) where the elastic energy was thought to decrease due to the slight closing
condition, while the dissipated energy by the hysteresis tended to increase.
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Figure 14. The stored energy of the leaflet with hysteresis and without hysteresis vs. time.

The time variations of displacement were also evaluated at the three points A, B,
and C shown in Figure 15. The measured displacements are shown in Figure 16. The
displacements at points A and C well expressed the opening state (t = 0.05 to 0.1 s), the
slight closing state (t = 0.1 to 0.32 s), and the rapid closing state (t = 0.32 to 0.34 s), while
the displacement at the point B was very different from A and C because B is located close
to the fixed edge. By comparing those graphs with and without hysteresis, the effects
of hysteresis on the displacements have two characteristics: one is the delay during the
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opening state as seen from t = 0.05 to 0.1 s and another is the enlargement observed from
t = 0.2 to 0.32 s.
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4. Conclusions

Explicit dynamic finite element analysis of the artificial polymeric heart valve was
conducted by introducing the hyperelastic model with hysteresis. The opening and closing
states of the tri-leaflets of the valve during the full cardiac cycle were successfully simulated
using this valve model. The hysteresis model affected the deformation behavior dramati-
cally. Especially, the unusual full close form of the pure hyperelastic model with the waved
lines was adjusted to the standard straight lines by introducing the hysteresis model. It is
thus concluded that the hysteresis model must be introduced into the dynamic analysis of
the artificial polymeric valves in order to obtain more realistic deformation behaviors.
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