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Abstract. Despite being associated with an increase in calcification, fatigue, hemolysis and thrombus formation of
biological aortic valve prostheses, flutter has barely been studied in the dynamics of these valves. The present study
aims to evaluate the influence of leaflets thickness on the dynamics behavior of heart valve bioprotheses using the
Finite Element technique. For this purpose, the geometry of the aortic valve prostheses was developed, based on
geometrical models available in the literature, and only the thickness was changed for each simulation. Transvavular
pressure was applied on the side facing the left ventricle, and a fixed support was considered on the sides of the
leaflets. The mesh was constituted by quadrilateral shell elements. The first order Ogden hyperelastic constitutive
model was used to calculate the deformation energy function of the valve material. The results indicate that the
oscillatory behavior of the leaflets depends on their thickness. It was observed that thicker valves had higher
amplitudes and lower frequencies compared to thinner valves. Furthermore, other quantities, such as stress and strain,
are influenced by this oscillatory behavior. With the present work, it is possible to observe that numerical studies can
be a viable alternative to evaluate and quantify the processes responsible for the deterioration of prosthetic heart
valves.
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1. INTRODUCTION

Aortic valves are structures formed by flexible leaflets constituted of fibrous tissue with the function of ensuring
that the flow between the left ventricle and the aorta is predominantly unidirectional (Johnson et al., 2020, Xu et al.,
2020). These valves are characterized by low flexural stiffness, allowing a rapid opening and closing movement, and
also have a complex structural organization, so that these elements can tolerate the high cyclic loads during the cardiac
cycle (Chen and Luo, 2020).

Dysfunction of the aortic valves, such as congenital, rheumatic, and degenerative heart diseases, is among the main
causes of death among the group of adversities that affect the cardiovascular system (Hasan et al., 2014). In addition, in
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economically developed societies, it is estimated that more than 30 million people live with valvulopathies, and the
incidence increases with age (Oveissi et al., 2020).

Replacement of damaged native valves with mechanical or biological prostheses is the main strategy for treating
patients affected by heart valve dysfunction (Borazjani, 2013, Bhagra et al., 2016). Worldwide, more than 290,000
patients undergo valve replacement surgeries each year, and this number is estimated to reach 850,000 patients in the
year 2050 (Hasan et al., 2014, Avelar et al., 2017, Coulter et al., 2019).

Biological prosthetic valves, as they are similar to natural valves, do not interfere with hemodynamics and reduce
the possibility of rejection by the patient. However, they are characterized by having a low lifetime, mainly due to
leaflet calcification and structural failures (Tayama, 2022, Rahmani et al., 2019).

The low lifetime of biological prosthetic valves, comprising 10-15 years, is related to the occurrence of valve leaflet
oscillations, a phenomenon known as flutter (Avelar et al., 2019). Although the flutter is related to calcification,
hemolysis, thrombus formation, and leaflet fatigue of biological heart valve prostheses, this phenomenon is not
frequently studied in the dynamics of theseprostheses (Zhu et al., 2023).

Studies indicate that the geometric parameters of prosthetic heart valves directly impact the vibrational
characteristics of leaflets (Lee et al., 2020, Johnson et al., 2020, Johnson et al., 2022). Lee et al. (2020) analyzed the
influence of valve diameter and leaflet thickness on flutter behavior using an in-vitro methodology and numerically.
Bioprotheses manufactured from bovine pericardium with 0.2, 0.4 and 0.6 mm in thickness and 21, 25 and 27 mm in
diameter were tested. The authors have found that the smaller the diameter and the greater the thickness, the more
oscillations occurred during the period in which the valve was open, that is, the greater the flutter frequencies for these
cases. In addition, it was evident that the flutter is more sensitive to variation in thickness.

In other two studies that also focused on geometric parameters of prosthetic heart valves, Johnson et al. (2020) and
Johnson et al. (2022) performed fluid-structural simulations to investigate the effect of varying leaflet thickness on
flutter. The authors noticed that thinner leaflets are more susceptible to flutter, and this may be caused by a flow-
induced instability that excites the valve bending vibration in these cases. Finally, due to the occurrence of leaflet
oscillations, variables such as forces applied to the leaflets and strains revealed an irregular and oscillatory behavior,
thus being a critical factor in the increase of the inherent fatigue caused by the cyclic loading during the cardiac cycle.

Numerical simulations appear as a powerful tool for the investigation, in a non-invasive and low-cost way, of the
parameters that govern the flutter phenomenon in heart valves, since evaluating such characteristics by experimental
means is hardly feasible (Siguenza et al., 2018). Simulations based only on the Finite Element Method (FEM) are
simpler to perform and are sufficient to qualitative analyzes, however, they are focused only on the dynamics of the
leaflets, reducing the interaction with the blood to a constant pressure term along the cusp (Grosh et al., 2018, Cai et al.,
2021). Hou et al. (2021) investigated the effect of the protrusion height of aortic valves on the opening and closing
movement of these valves to select the most appropriate protrusion height range for the total closure of the
bioprostheses using the FEM technique. Sadrabadi et al. (2021) evaluated, using the FEM technique, the effect on the
dynamics of the aortic valves due to advancing age and calcification. Qiu et al. (2021) analyzed the stress field and the
dynamics of the leaflets of two different models of bioprostheses, considering the effect of the eccentricity of one of the
models, using the finite element method.

The present work aims to evaluate the effect of thickness variation on the vibrational parameters of the leaflets
using the finite element method. In this way, our aim is to contribute to the advancement of prosthetic biological heart
valvedesigns, mainly by improving the understanding of the flutter phenomenon in these valves to contribute to the
advancement of the durability of the biological prostheses.

2. METHOD AND MATERIALS
2.1 Geometry

In order to perform the simulations proposed in this work, it was necessary to develop a representative geometric
model of the systemstudied. A geometric model available in the literature present in Abbasi and Azadani (2020) was
considered, where the detailed step-by-step for obtaining this geometry is described. SolidWorks software (SolidWorks,
Inc., Concord, MA, USA) was used to develop the CAD (Computer Aided Design) model of the aortic valve prosthesis.
Figure 1 indicates some views of the valve geometry and a scheme that represents the positioning of the valve.
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Figure 1.Some views of the valve geometry used and a scheme of the valve. (a) Frontal view. (b) Superior view. (c)
Scheme representing the valve positioning.

The diameter of the valve and the height of the protrusion were considered fixed for all simulations with values of
25 and 15 mm, respectively (Chen and Luo, 2020, Lee et al., 2020, Kadel, 2020, Tango et al., 2018). To evaluate the
relationship between thickness and flutter parameters, the following values for thickness were considered: 0.20, 0.25,
0.30, 0.35 and 0.40 mm (Chen and Luo, 2020).

2.2 Equation of motion

The equation of motion for deformable bodies in the Lagrangian framework can be written as (Sadrabadi et al.,
2021):

pLi—V-(FS)=pb, @)

where p is the density of the deformable body material, u is the displacement vector, F is the deformation gradient
tensor, b is the body force vector, S is the second Piola-Kirchhoff stress tensor determined from the strain energy

function Was S = 2 Z—VCV where C is the Cauchy-Green deformation tensor.

2.3 Valve material

The isotropic hyperelastic model was adopted as constitutive behavior of the valve material, in which the strain
energy function was modeled according to the first order Ogden model, Eq. (2). The model was adjusted according to
the experimental data of the stress-strain curve obtained from an axial stress test of porcine aortic valve prostheses.

W=E0%+2§ +2¢ - 1) +5K(J - 1)?, @)

where, W is the strain-energy function per unit undeformed volume, A;, A, and A5 are the principal stretches in the three
directions of Cauchy-Green deformation tensor, K is the bulk modulus, ] = A;A,A; is the ratio of the deformed elastic
volume over the reference (undeformed) volume, and p and a are the empirical model constants. In the present work, it
was considered that the valve material was incompressible, and p = 59,782.4 and o = 12.97 were adopted (Joda et al.,
2016). The incompressible was set considering the incompressibility parameter, d = 2/K, equal to zero. For the valve
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material density, the value of 1100 kg/m® was used (Borowski et al., 2022, Ma et al., 2022, Morany et al., 2023, Lavon
etal., 2021).

2.4 Numerical solution

Simulations to obtain the vibrational parameters of the biological prosthesis leaflets were performed using the
ANSYS-Mechanical® 2022R2 software (ANSYS-Mechanical Inc., Lebanon, NH, USA).

Transient simulations comprising only the systolic phase of 0.23 s were performed, because the flutter occursonly
during the moment that the valve is open. A time step of 1x10* s was adopted, totaling 2300 time steps to complete the
calculations, to ensure that the simulations are able to record flutter during the systolic period (lasbeck, 2019).

Frictionless contact was defined between the leaflets on the faces orientated to the left ventricle, since the coefficient
of friction between the leaflets is negligible for the current analysis (Pasta et al., 2020, Emendi et al., 2020, Borowski et
al.,, 2018, Wald et al., 2018). The Augmented Lagrange formulation was selected because it is recommended for
frictionless contacts and when there are large displacements, and a value of 0.1 was used for the normal stiffness, since
bending is dominant in the considered problem (Ansys, 2022). Furthermore, the symmetric contact behavior was
selected because, in this case, there is no possibility of determining which face is the target and which is the source of
the contact (Ansys, 2022).

The Newmark and Newton-Raphson methods were used to perform the temporal discretization of the governing
equation of the analyzed physical problem and to linearize and solve the discretized equation, respectively.

2.5 Boundary conditions

Wherein the deformations on the faces of the leaflets that are fixed to the support ring of the valve are small and
there are no values available in the literature, displacements and rotations of theses faces were disregarded, that is, they
were used fixed support to model this behavior (Saleeb et al., 2013).

As a physiological boundary condition, it was applied the transvalvular pressure curve, obtained in the work of
Tasbeck (2019), to the faces of the leaflets orientated to the left ventricle. Figure 2a illustrates the transvalvular pressure
curve, and Figure 2b represents a scheme that shows a resume of the boundary conditions.
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Figure 2. (a) Transvalvular pressure. (b) Scheme of the boundary conditions.
2.6 Mesh test convergence

For the mesh test, static structural simulations were performed, in which all the previously described boundary
conditions and set-up were adopted. However, a constant pressure load of 400 Pa was applied on the leaflets (fasbeck,
2019), a value corresponding to the systolic peak of transvalvular pressure. The grids were refined by doubling the
number of elements. The displacements of the leaflet tips (Figure 3) and the maximum principal stress developed in the
valve were monitored, and the meshes are made up of quadrilateral shell elements to reduce the computational cost.
Table 1 describes the parameters generated for the three meshes tested and the relative errors between the meshes.
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Figure 3. Locations where displacements were monitored for the mesh test convergence.

Table 1. The parameters of the meshes tested and the relative errors between the meshes.

Meshes
Mesh 1 Mesh 2 Mesh 3
# Nodes 11628 22641 44826
# Elements 7322 14492 29036
Maximum Skewness 0.57661 0.59859 0.62379
Minimum Ortogonal Quality 0.73005 0.71262 0.69097
Relative Error
Mesh 2 — Mesh 1 Mesh 3 — Mesh 2
Displacement F1 (%) 0.47 0.40
Displacement F2 (%) 0.63 0.23
Displacement F3 (%) 0.58 0.11
Maximum Principal Stress (%) 1.49 1.32

The present work considered a relative error between the meshes below 5% for all monitored quantitiesas sufficient
to eliminate the mesh dependency in the simulations. Thus, mesh 1 was selected to perform the simulations, since this

mesh has the lowest computational cost and met the criteria established for the relative error.

2.7 Flutter analysis

To perform the analysis of the flutter variables, such as frequency and amplitude of oscillations, a Fast Fourier
Transform (FFT) of the radial displacements of the tips of the leaflets was performed using the MatlabMathworks®

software.

3. RESULTS AND DISCUSSION

Figure 4 indicates the radial displacement of the cusps tips of the aortic valve prosthesis during the systolic period

for the five thicknesses considered.
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Figure 4. Radial displacement during systole.

First, regarding the dynamics of the opening and closing movement of the valves, it can be observed that with the
increase in the thickness of the leaflets, there is an increase in the time for complete opening of the valve, 0.0065 s,
0.008 s, 0.01 s, 0.013 s and 0.016 s, respectively, as also, it is evident the decrease of the time of the complete closing,
0.015 s, 0.0135 s, 0.0075 s, 0.0055 s and 0.003 s, respectively, evidencing, in this way, that the thinner valves remained
open for greater intervals of time. In addition, it is noticed that the thicker valves had a smaller mean opening area
compared to the thinner valves, since the mean positions during systole were smaller, 10.2 mm, 10.1 mm, 10.0 mm,
9.94 mm and 9.92 mm, respectively. All these indicated facts can be explained by the increase in the flexural stiffness
of the valve cusps due to the increase in thickness, making the valve opening process more difficult. This tendency was
also observed in the works of Chen and Luo (2020).

With respect to the flutter behavior of the valve leaflet tip, it is possible to observe that oscillations occurred for the
five simulated valves. From Figure 4, it can be seen that the greater the thickness of the cusps, the greater the amplitude
of the tip vibration of these elements, 0.14 mm, 0.19 mm, 0.43 mm, 0.51 mm and 0.52 mm, respectively. This occurs
because the thicker valves, due to their greater inertia and lower average values of opening at which vibration occurs,
have greater space and capacity to move until reaching the maximum permissible opening level of the valve. As a
consequence of this fact, the frequencies of oscillations decrease with increasing thickness, 628.4 Hz, 523.4 Hz, 433.6
Hz, 368.3 Hz and 322.6 Hz, as thinner valves are able to complete the cycle faster. These results are in contradiction
with the results of Lee et al. (2020) and Johnson et al. (2020). In these two works, the authors performed experimental
studies and computational calculations based on fluid-structure interactions (FSI), and concluded that the frequency of
oscillations increases while the thickness of the leaflets also increases. It was expected that thicker leaflets would
vibrate at a higher frequency and lower amplitude, since frequency has a direct relationship while amplitude has an
inverse relationship with stiffness. This may indicate that, or a purely structural analysis is not correct for the study of
flutter, and therefore it is only recommended to perform FSI calculations and experimental observations, or flutter in
prosthetic heart valves is still a poorly understood phenomenon with low predictability of their behavior.

Finally, it was observed that for the valves with smaller thicknesses, the oscillations damped more quickly, and for
these cases, due to the lower inertia, the exponential decay factor is greater, thus causing greater vibration damping.

Figures 5a and 5b illustrate the distribution of maximum principal stress and maximum principal strain that
developed in the geometry over the systolic period, until time 0.2 s.
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Figure 5. (a) Maximum Principal Stress during systole. (b) Maximum Principal Strain during systole.

Due to the occurrence of leaflet oscillations during the period that the valve is open, the maximum principal stress
and strain developed in the geometry also exhibit an oscillatory and irregular behavior. In addition, it can be seen that
the two quantities had a qualitatively similar distribution over time. For the same pressure loading for the five cases, the
thinnest cusps developed higher mean strain values, 0.188, 0.180, 0.168, 0.155 and 0.141 respectively, and as a
consequence, these valves also showed higher mean stress values, 0.719 MPa, 0.629 MPa, 0.516 MPa, 0.411 MPa and
0.325 MPa, respectively, having values of the same order of magnitude that the works of Tasbeck (2019), Luraghi et al.
(2019), Luraghi et al. (2018), Cao and Sucosky (2017).

The oscillatory behaviors of stress and strain were similar to those of radial displacements illustrated in Figure 4.
The thinner leaflets had higher frequencies for the two variables, as well as the magnitudes damped more quickly, while
the thicker leaflets had greater amplitudes and the oscillations occurred for a longer time. Thus, some points can be
highlighted regarding the fatigue caused by flutter. The fatigue of a component dependsmainly on two factors: number
of cycles and the value of the alternating stress (half the amplitude of the stress). In this case, for thinner leaflets, more
cycles occurred, however, the alternating stress showed lower values, while for thicker leaflets, fewer cycles were
observed with lower values of alternating stress. Therefore, there was a balance between the two factors with the
thickness variation, so it is necessary to perform additional calculations to determine in which of the thicknesses the
resistance to fatigue caused by flutter is more attractive.

The present work has the limitation of having only performed structural simulations, that is, it restricts the
interaction of the valves with the blood to a constant pressure term along the leaflets. However, flutter is a more
complex phenomenon and has a fluid structurenature, and it is necessary to perform FSI simulations and in-vitro bench
tests to compare with the results presented here and verify their validity, since quantities that have an influence on
flutter, such as velocity and pressure fluctuations (Becsek et al., 2020, Lu et al., 2020, Liu et al., 2020), are not
considered here. Another factor that was removed from the analysis was the anisotropic behavior of the biprostheses
material, and this condition may influence both the vibrational parameters of the leaflets and, mainly, the stress and
strain distributions along the valves.

4. CONCLUSION

The present work proposes the study of flutter in aortic valve bioprostheses using structural simulations using the
finite element technique, with the aim of increasing the understanding of this phenomenon to improve the design of
these prostheses. The results indicated that the flutter phenomenon in heart valves is closely related to the variation in
the geometric parameters of these valves, mainly in relation to the leaflet thickness variation. Valves with thinner cusps
had higher vibration frequencies and lower amplitudes compared to valves with thicker leaflets. These results are in
contradiction with the results available in the literature, therefore, further investigations on the subject are needed to
increase the understanding and predictability of this phenomenon responsible for accelerating the process of
deterioration of biological heart valve prostheses. Techniques based on fluid structure simulations are recommended,
since the model considers important variables for the phenomenon, for example, the turbulent effects of local
hemodynamics. Flutter also influences other variables, such as stress and strain, which exhibited oscillatory and
irregular behavior during the systolic period, thus resulting in an additional term capable of accelerating the fatigue
process of the prostheses. It was observed that thicker valves showed greater amplitudes of the alternating stress term
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and smaller complete cycles during systole. However, more meticulous investigation is necessary to indicate which
thickness is more attractive in terms of fatigue.
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