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Abstract

Aortic mechanical heart valves (MHVs) have been implanted for decades to treat aortic valve
disease and remain a viable option when valve durability is prioritized. However, the non-
physiological hemodynamics induced by MHVs may lead to adverse clinical outcomes. Fluid—
structure interaction (FSI) simulations enable the analysis of the biomechanical interaction
between MHVs and blood flow. This study presents a strongly coupled, boundary-fitted FSI
framework for aortic MHVs, used to assess the impact of MHV design and aortic curvature on
hemodynamics. Nine simulation scenarios were investigated, considering three commercially avail-
able MHVs and three idealized aortic geometries (one straight and two curved models). Overall,
the framework proved to provide results for flow-rate waveforms, velocity fields, and leaflet kin-
ematics aligning well with previous experimental and computational studies. The framework high-
lighted that: (i) MHV design influences velocity fields and large-scale vorticity transport in the
aorta, with systolic differences among the three devices of up to 41% and 133% in average swirling
strength and stretching, respectively; (ii) the straight aortic model underestimates systolic swirling
strength (up to 56%) and stretching (up to 91%) compared to curved models. This FSI framework
can support MHV development by analyzing different device designs and anatomical scenarios.

1. Introduction

Aortic valve replacement is an established clinical practice for treating severe aortic valve disease,
involving the implantation of either a surgical or a transcatheter prosthesis (Head et al 2017, Otto et al
2020). Aortic mechanical heart valves (MHVs) featuring rigid leaflets represent the preferred option
for patients under 50 and were used for 30% of aortic valve replacement procedures in the United
States between 2009 and 2018 (Otto et al 2020, Hiltner et al 2022). The clinical outcomes of MHVs are
markedly influenced by the non-physiological hemodynamics they induce. In particular, flow patterns
downstream of aortic MHVs are characterized by altered vorticity transport and elevated shear stress,
which promote platelet activation and aggregation thereby increasing the risk of thromboembolic events
(Bluestein et al 2000, Yoganathan et al 2004, Sotiropoulos et al 2016, Zakaria et al 2017).

The hemodynamics of aortic MHVs has been extensively investigated through both experimental and
computational approaches (Sotiropoulos et al 2016, Abbas et al 2022, Arminio et al 2024). In accordance

© 2026 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd.


https://doi.org/10.1088/1873-4030/ae1e76
https://crossmark.crossref.org/dialog/?doi=10.1088/1873-4030/ae1e76&domain=pdf&date_stamp=2026-1-9
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0000-0906-8317
https://orcid.org/0009-0004-0807-4538
https://orcid.org/0000-0002-3242-265X
https://orcid.org/0000-0002-6935-4021
https://orcid.org/0000-0001-6242-4288
https://orcid.org/0000-0003-1242-6650
https://orcid.org/0000-0002-7409-7111
https://orcid.org/0000-0002-9854-1619
https://orcid.org/0000-0003-2070-6142
mailto:claudio.chiastra@polito.it
mailto:mariachiara.arminio@polito.it
mailto:dario.carbonaro@polito.it
mailto:valentina.mazzi@polito.it
mailto:karol.calo@polito.it
mailto:Rodrigo.Paz@ansys.com
mailto:Facundo.DelPin@ansys.com
mailto:diego.gallo@polito.it
mailto:umberto.morbiducci@polito.it
https://doi.org/10.1088/1873-4030/ae1e76

10P Publishing

Med. Eng. Phys. 147 (2026) 015008 M Arminio et al

with international standards (International Organization for Standardization 2021), in vitro studies com-
monly utilize pulse duplicator systems to assess hydrodynamic performance and visualize flow fields. In
silico models offer an effective tool for the biomechanical assessment of MHVs, complementing experi-
mental tests by providing high-resolution four-dimensional flow analyses and enabling the exploration of
various operating conditions with reduced time and costs compared to in vitro investigations (Arminio
et al 2024). Specifically, fluid—structure interaction (FSI) simulations allow for a comprehensive eval-
uation of MHV biomechanics by capturing the complex interaction between the valve and blood flow
(Sotiropoulos and Borazjani 2009, Arminio et al 2024).

Numerous studies have developed FSI frameworks to analyze aortic MHV hemodynamics, but
relatively few have employed simulations to compare different MHV designs (Arminio et al 2024).
Additionally, the majority of FSI models have replicated experimental set-ups involving idealized, straight
aortic geometries. This simplification may limit the capability of FSI simulations to replicate the in vivo
hemodynamics of MHVs. In this context, studies by Borazjani et al (2010) and Annerel ef al (2015)
employed FSI simulations to evaluate MHVs implanted in both idealized (straight) and patient-specific
aortic geometries. Their findings highlighted differences in flow jet characteristics and vortex shedding
behavior between the two aortic models, underlining the importance of anatomical realism in MHV
hemodynamic investigation. This is further supported by a study by Kuan et al (2014), which involved
FSI simulations of a MHV implanted in both straight and curved idealized aortic models, revealing dif-
ferences in flow patterns within the hinge regions.

This study presents an FSI framework for simulating aortic MHVs, used here to investigate the
impact of both MHV design and aortic curvature on hemodynamics. After comparison against findings
from a previous study that included both experimental and computational analyses (Nobili et al 2008),
the FSI framework was applied to investigate the hemodynamic behavior of three commercially available
MHYVs implanted in an idealized straight aortic model. Additionally, the framework was used to assess
the effects of aortic curvature by simulating the three MHV designs within idealized aortic models fea-
turing different curvature.

2. Methods

2.1. MHV models

Three geometric models of aortic bileaflet MHVs with nominal size of 27 mm were created using
SolidWorks (Dassault Systemes, FR). The MHV models were designed to replicate three commer-

cially available MHVs: the St. Jude Hemodynamic Plus (HP) (Abbott Laboratories, IL, USA), the On-X
(Artivion, GA, USA), and the Carbomedics (CM) Standard (Corcym Srl, IT) (figure 1(A), upper panel).
Shape and dimensions were retrieved from manufacturer datasheets. To reduce computational costs, the
hinge mechanism connecting MHV leaflets to the housing was neglected and the blocking mechanism
of the hinge was replaced by a frictionless angular constraint on leaflet rotation (De Tullio et al 2009).
Leaflet maximum opening angles were set to 85°, 90° and 78° with respect to MHV plane for the HP,
On-X and CM valves, respectively, based on manufacturer datasheets and previous studies (Nobili et al
2008, Hatoum et al 2020).

2.2. Aortic models

A model replicating the aortic root of the ViVitro Pulse Duplicator system (ViVitro Labs Inc., BC, CA)
was reconstructed in HyperMesh (Altair Engineering, MI, USA) (Nobili et al 2008). In this model, the
three sinuses of Valsalva were shaped as semispherical domes with 120° anatomical symmetry (Nobili

et al 2008). An 80 mm-long ventricular conduit was positioned upstream of the aortic root model. To
examine the impact of the aortic curvature on MHV hemodynamics, one straight and two curved con-
duits were placed downstream of the aortic root. The resulting aortic model with a straight aortic con-
duit is hereafter referred to as ‘straight, while the models with curved aortic conduits are referred to

as CU1 and CU2 (figure 1(A), lower panel). The aortic conduits (30 mm diameter) were generated

in SolidWorks, with the geometry of the curved conduits derived from morphometric data (Sugawara

et al 2008, Redheulil et al 2011). Specifically, the conduit used in model CU1 features an arch width of
73.3 mm, an arch height of 41.4 mm, and an ascending aorta length of 75.6 mm. For model CU2, the
corresponding values are 62.1 mm, 35.5 mm, and 57.6 mm, respectively. These dimensions were selected
based on data reported by Redheuil et al (2011) and Sugawara et al (2008), which provide age-specific
values for arch width, arch height, and ascending aorta length for patients aged 50-59 (CU1) and 30-39
(CU2). However, due to the large anatomical variability, models CU1 and CU2 should not be considered
strictly representative of these age groups. The resulting arch height-to-width ratios were 0.565 for CU1

2
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Figure 1. Geometric models and boundary conditions for fluid-structure interaction simulations: (A) Geometric models of the
Hemodynamic Plus (HP), On-X and Carbomedics Standard (CM) mechanical heart valves (MHVs) (leaflets in purple, hous-

ing in orange, and sewing cuff in green) and the aortic conduit (W: arch width; H: arch height; L: ascending aorta length); the
straight aortic model replicates the aortic root of a ViVitro Pulse Duplicator system. (B) Fluid—structure interaction MHV model:
Hemodynamic Plus valve assembled with the straight aortic conduit model, including inlet and outlet boundary conditions,
along with magnified images of the meshes. The gray box in the transvalvular pressure drop graph indicates the period of the
cardiac cycle during which the pressure drop is positive. For improved visualization, the aortic and fluid domain representations
depict only portions of the complete geometry.

and 0.572 for CU2. In the absence of age-related data on aortic torsion, a twist angle of 24.2° was adop-
ted for both curved models (Conti et al 2010), while the aortic tilt angle was not included (Conti et al
2010). The outflow sections of the straight and curved aortic conduits were positioned to ensure the
same systolic flow rate across the three models when subjected to an identical pressure drop between
the inflow and outflow sections. This resulted in the outflows being positioned at an equal curvilinear
distance of 110 mm distal to the sinotubular junction.

2.3. Simulation domain and discretization

The simulation domain consisted of the fluid volume with embedded MHYV leaflets and was obtained
subtracting MHV housing and cuff from the aortic model (figure 1(B)). The aortic wall was assumed
to be rigid and fixed over time. The MHV leaflet movement was modeled as a rigid body rotation. The
MHYV orientation and implantation height within the aortic model reproduced the configuration adop-
ted by Nobili et al (2008), with one of MHV leaflets facing the right coronary sinus, corresponding to
the orientation recommended for maximizing left coronary flow (Kleine et al 2002).

The domain was meshed using HyperMesh in conjunction with LS-DYNA (Ansys Inc., PA, USA).
Specifically, the MHV housing and cuff were discretized using tetrahedral elements with a size of 1 mm,
while MHV leaflets were discretized with triangular shell elements with a size of 0.25 mm (figure 1(B)).
The fluid domain was meshed with approximately 5 million tetrahedral elements (figure 1(B)).
Throughout the simulation, the fluid domain was automatically remeshed by LS-DYNA ICFD solver to
prevent element quality deterioration or inversion due to MHV leaflet rotation. The element sizes were
determined based on the mesh independence study detailed in the supplementary data.

To activate the fluid-MHV leaflets interaction, fluid counterparts for MHV leaflets were embedded in
the fluid domain. The geometry and the mesh of the ‘fluid’ leaflets were identical to those of the struc-
tural leaflets, except for a gap along the edges of the ‘fluid’ leaflets, modeled to prevent them from con-
tacting each other and the wall boundaries during MHV closure. The gap size was set to 0.15 mm along
the opposing sides of the leaflets and 0.30 mm elsewhere. To prevent flow through the artificial gap, a
gap closure treatment was activated in the ICFD solver (Huang et al 2021).

2.4. Material properties

MHYV leaflets were modeled as rigid, with densities of 2200 kg m~3, 2100 kg m—3, and 2000 kg m—> for
the HP, On-X and CM valves, respectively (Nobili et al 2008, Annerel et al 2015, Sadipour et al 2020).
Blood was modeled as homogeneous, incompressible, Newtonian fluid, with a density of 1060 kg m~—?>
and a viscosity of 3.7 cP (Nobili et al 2007, 2008).
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2.5. Boundary conditions

To enable comparison of results with those reported by Nobili et al (2008), a Neumann boundary con-
dition was applied to the inflow and outflow sections of the fluid domain. Specifically, a transvalv-

ular pressure drop and a zero reference pressure were prescribed at the inflow and outflow sections,
respectively. The systolic pressure drop was the same as in Nobili et al (2008), and the diastolic pres-
sure drop was derived from Wu et al (2019). The resulting pressure drop curve (with a period of

0.833 s, figure 1(B)) complies with ISO 5840:2021 standards regarding peak differential pressure across

a closed valve for in vitro testing of surgical aortic valve substitutes (International Organization for
Standardization 2021). The no-slip boundary condition was imposed at the fluid wall and fluid—structure
interface.

2.6. Solver set-up
Simulations of the two-way interaction between MHYV leaflets and blood were conducted by coupling
LS-DYNA ICFD and structural implicit finite element solvers. Technically, the governing equations
of fluid motion were approximated with a boundary-fitted method—arbitrary Lagrangian-Eulerian
approach, which effectively manages high mesh deformations and accurately represents the pressure dis-
continuity between aortic and ventricular sides (Oliveira et al 2024). The variational multiscale (VMS)
method combined with the orthogonal subgrid stabilization (OSS) technique was used to prevent
numerical instabilities (Codina et al 2004, Bazilevs et al 2007). A strong coupling between the fluid and
structural domains was adopted, thereby ensuring results convergence at the fluid—structure interface
(Oliveira et al 2024).

Simulation time step was fixed to 10™* s (Zhou et al 2023). Two cardiac cycles were simulated to
guarantee cycle-to-cycle reproducibility (see supplementary data), and results were extracted from the
second one.

2.7. Numerical experiments

2.7.1. Comparison with previous experimental and numerical results

To support the reliability of the proposed FSI framework, the results for the HP valve in a straight aor-
tic model, specifically the flow-rate waveform, leaflet kinematics, and peak systolic velocity field, were
compared with both experimental and numerical data from Nobili et al (2008). To ensure consistency,
the same geometric model, material properties, rheological characteristics as in Nobili et al (2008) were
used, and the systolic transvalvular pressure drop from the same study (Nobili et al 2008) was prescribed
as a boundary condition. The ventricular and aortic conduit lengths were adjusted so that the inflow
and outflow were positioned at the same distance from the valve as the pressure sensors in the study by
Nobili et al (2008).

2.7.2. Impact of MHYV design and aortic curvature

To analyze the impact of MHV design and aortic curvature on MHV-related hemodynamics, nine scen-
arios were simulated, where each valve model was combined with the three aortic models. Results were
analyzed in terms of velocity fields, large-scale vorticity transport, coherence of large-scale fluid struc-
tures and effective orifice area (EOA), as detailed in section 2.8.

2.8. Analysis of MHV hemodynamics

Vortex structures were analyzed using the A, criterion for vortex identification. The A, criterion enables
vortex visualization by identifying vortex cores (Jeong and Hussain 1995), and it is based on the cal-
culation of the eigenvalue X, from the three eigenvalues of tensor S? + Q? (sorted so that A\ =\, >
A3), where S and 2 are the symmetric and the antisymmetric parts of the velocity gradient tensor,
respectively.

Furthermore, vorticity transport was analyzed in terms of stretching and swirling strength. Vorticity
stretching measures the rate at which the vorticity vector is amplified due to the deformation and tilt-
ing of vortex tubes in the flow field. For an incompressible fluid, it can be quantified from the vorticity
transport equation:

Oow

§+(u~V)w:(w~V)u+yAw (1)
where u and w are the velocity and the vorticity vectors, respectively, and v is the kinematic viscosity.
The first term at second member in equation (1), the so-called stretching term, represents the rotational
acceleration resulting from the rate-of-strain parallel (or anti-parallel) to the vorticity vector (Petitjeans
2003, Corso and Obrist 2024).
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The swirling strength quantifies the local swirling rate inside a vortex, and it is defined as the ima-
ginary part of the complex conjugate eigenvalues of the velocity gradient tensor (Zhou et al 1999).

Volume-averaged swirling strength and stretching were computed over the entire fluid domain as well
as over the aortic segment distal to the sinotubular junction. Volume-averaged vorticity-based quantities
were also averaged over the entire systole.

Large-scale hemodynamic coherence was evaluated applying the recently proposed ‘one-to-all’ net-
work approach to fluid velocity data (Calo et al 2023a, 2023b, 2024). Specifically, the impact of MHV
design and aortic curvature on the coherence of large-scale fluid structures was assessed in terms of
length of persistence of the correlation between the flow-rate waveform at the sinotubular junction and
the local fluid axial velocity waveforms distal to the junction, quantified through the average weighted
curvilinear distance (AWCD) (Calo et al 2023a, 2023b, 2024). The approach is based on describing the
aorta as a network comprising a reference node located at the sinotubular-junction cross-section linked
with N nodes distal to the sinotubular junction. The reference node is characterized by the flow-rate
waveform Q (#), while each distal node is characterized by the blood axial velocity waveform wu,y ; (t). For
each distal node, the Pearson correlation coefficient between Q(#) and u,y ; (¢) is used as a measure of
the dynamic similarity between the driving flow rate and the nodal axial velocity waveforms along the
cardiac cycle. Consequently, the AWCD is calculated as:

AWCD =

— =
z|

LN
> RE-sery (2)
i=1

where [ is the length of the aorta, N is the number of nodes in the aortic fluid domain, RY is the cor-
relation coefficient between Q(#) and u,y ; (t) waveforms, and sgrj_; is the difference between the cur-
vilinear abscissa values defining the cross-section containing node 7 and the sinotubular junction cross-
section.

Finally, the EOA of MHVs was computed according to ISO 5840:2021 (International Organization for
Standardization 2021) as:

FOA= — Dmws (3)

T 516 x Ap/p

where the EOA is expressed in cm?, g,,,, is the root mean square forward flow during the positive dif-
ferential pressure period (expressed in ml s~1), Ap is the mean pressure difference (measured during
the positive differential pressure period and expressed in mmHg), and p is the density of the test fluid

expressed in g cm ™.

3. Results

3.1. FSI model comparison with literature data

The flow-rate waveform calculated from the FSI simulation replicating the experiment for the HP valve
in a straight aortic model reported in Nobili et al (2008) compared satisfactorily with the experimental
flow-rate waveform measured in that study (figure 2(A)). Minor differences were related to an underes-
timation of the experimental peak flow rate (~6%) and of the stroke volume (~7%), as well as to the
presence of oscillations shortly after MHV closure. MHV leaflet kinematics was also in good agreement
with experimental and numerical results by Nobili et al (2008) (figure 2(B)), with the leaflet opening
angle reaching the nominal value of 85°, as in the computational analysis in the reference study. The
leaflet closing time was 0.3224 s and matched experimental data (0.3324 £ 0.0058 s) (Nobili ef al 2008).
Additionally, a qualitative comparison of the axial velocity field at peak systole between the proposed
FSI model and that of Nobili et al (2008) (figure 2(C)) revealed a close similarity, with comparable
velocity distributions in the three forward flow jets and in the low-velocity recirculation region in the
aortic sinus.

To further support the reliability of the proposed FSI model, velocity magnitude and swirling
strength results (figure 3) were qualitatively compared with previous studies (Dasi et al 2007, Ge and
Sotiropoulos 2007, Abbas et al 2025). In agreement with the literature, vortex structures emerged at
the edges of the MHV housing, as well as near the upper edge of the sinuses as the valve opened
(figures 3(A) and (B)) (Dasi et al 2007). The A, criterion also revealed vortex shedding in the wake of
the MHYV leaflets, as expected. As previously reported (Dasi ef al 2007, Ge and Sotiropoulos 2007), these
shed vortices interacted with the downstream vortex ring formed beyond the MHV housing (figures 3(B)
and (C)). Flow recirculation characterized by low velocity magnitude was observed within the aortic
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Figure 2. Comparison between the proposed FSI framework and the results reported by Nobili et al (2008): (A) flow-rate wave-
form, (B) leaflet kinematics, and (C) axial velocity color maps on a longitudinal section at peak systole for the proposed fluid—
structure interaction model (Hemodynamic Plus valve in the straight aortic model) and from Nobili et al (2008). The left picture
of panel C is adapted from Nobili et al (2008), Copyright 2008, with permission from Elsevier.

sinuses, consistent with earlier findings (Abbas et al 2025). These flow features result from the com-
bined effects of sinus geometry, forward flow, and the bileaflet configuration of the MHV. Additionally,
the three systolic jets generated by the valve diffused rapidly downstream of the valve annulus, in line
with previous observations (Abbas et al 2025). During the rapid deceleration phase of systole, large
coherent vortex structures broke down into smaller ones, filling the aortic root and proximal conduit
(figure 3(D)) (Dasi et al 2007, Abbas et al 2025).

3.2. Impact of MHV design on hemodynamics

The cardiac output (CO) values for the simulations of the three MHVs assembled with the straight
aortic model are reported in table 1. The HP valve simulation was characterized by the highest CO
(4.62 1 min~!), while the CM valve simulation was characterized by the lowest (3.44 1 min~!). Color
maps of velocity magnitude, A, criterion and swirling strength iso-surfaces for the three MHVs at peak
systole are presented in figure 4, depicting the three flow jets and flow recirculation in the aortic sinus
upstream of the straight aortic conduit. For completeness, visualizations of velocity magnitude on axial
cross-sections and of vorticity stretching are provided in figures S7 and S8 of the supplementary data,
respectively. The On-X valve exhibited the most similar values in jet velocity, followed by the HP and
CM valves. While HP and On-X valves exhibited similar velocities, the CM valve displayed higher velo-
city values due to its smaller geometric orifice area and leaflet opening angle. Regarding vortex struc-
tures, A, color maps and swirling strength iso-surfaces highlight MHV vortex shedding and indicate that
the CM valve exhibited a vorticity budget at peak systole richer than HP and On-X valves.

The volume-averaged (distal to the sinotubular junction) values of swirling strength and stretching
along the cardiac cycle are presented in figure 5 (see figure S9 in the supplementary data for averages
over the entire fluid domain). For all MHVs, swirling strength and stretching increased rapidly during
early flow deceleration, reaching a peak, and then gradually decreased during late flow deceleration and
MHYV closure. Regardless of the MHV model, stretching peak value occurred earlier than the swirling
strength peak value, highlighting that vortices were shed by MHYV leaflets, elongated in the fluid domain,
and subsequently increased their swirling rate. The CM valve presented the highest peak values, followed
by the On-X and HP valves. Since flow-rate oscillations at closure artificially impacted on diastolic vor-
ticity transport, time-averaged swirling strength and stretching were compared among the three valves

6
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Figure 3. Hemodynamics of the Hemodynamic Plus valve: velocity magnitude and X, color maps on a longitudinal section

of the model and swirling strength iso-surfaces (swirling strength 80s~!) for the simulation replicating Nobili et al (2008)
(Hemodynamic Plus valve in the straight aortic model) at five different time instants of the cardiac cycle: (A) and (B) during
flow acceleration, (C) at peak systole, (D) during flow deceleration and (E) during diastole. For enhanced visualization, only the
central portion of the domain is displayed.

Table 1. Cardiac output (CO) for the three mechanical heart valves assembled with the three aortic models.

CO (Imin™")
Straight CU1 CU2
HP valve 4.62 4.23 4.28
On-X valve 4.41 4.06 4.14
CM valve 3.44 3.57 3.34

CO: cardiac output; CUL: curved aortic model 1; CU2: curved aortic model 2;
HP: Hemodynamic Plus; CM: Carbomedics Standard.

only over the systole (figure 5(D)). Marked differences, reaching 41% for swirling strength and 133% for
stretching, were observed between the HP and CM valves.

The AWCD was 0.50 for the On-X valve and 0.48 for the HP and CM valves, indicating a similar
impact of MHV design on disrupting large-scale flow coherence distally (figure 6(A)). Additionally, the
three devices exhibited similar EOA values (table 2).

3.3. Impact of aortic curvature on hemodynamics
The CO values for the simulations of the three MHVs assembled with the three aortic models are repor-
ted in table 1. For each valve, the CO varied minimally in the curved aortic models compared to the

7
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Figure 4. Impact of MHV design on hemodynamics: velocity magnitude and A, color maps and swirling strength iso-surfaces
(swirling strength 80s~!) at peak systole for the (A) Hemodynamic Plus (HP), (B) On-X and (C) Carbomedics Standard (CM)
valves assembled with the straight aortic model. For enhanced visualization, only the central portion of the domain is displayed.
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straight one, with percentage differences remaining below 10%. Color maps of velocity magnitude, A,
criterion and swirling strength iso-surfaces at peak systole for the three MHVs assembled with the three
aortic models are shown in figures 7-9. For completeness, visualizations of velocity magnitude on axial
cross-sections and of vorticity stretching are provided in figures S7 and S8 of the supplementary data,
respectively. As expected, in both curved models, the flow field in the ascending aorta presented higher
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Figure 5. Impact of MHV design and aortic curvature on swirling strength and stretching: temporal evolution over the cardiac

cycle of flow rate, average swirling strength and average vortex stretching for the (A) Hemodynamic Plus (HP), (B) On-X and

(C) Carbomedics Standard (CM) valves assembled with the straight aortic model, curved model 1 (CU1), and curved model 2

(CU2); (D) average swirling strength and average vortex stretching during systole for the nine simulations. Averaged quantities

are calculated downstream of the sinutubular junction.

velocity values on the intrados, partly ascribable to the presence of the near-wall MHYV lateral jet gener-
ated by the valve’s side orifice. Furthermore, aortic curvature had some impact on the swirling strength,
which was dependent on the valve model. In the cases simulated in this study, the lateral valve jet inter-
acted with the aortic wall at the intrados (giving rise to an increase in vorticity caused by the interaction
between flow separation at the curvature and the resulting shear layer effects) only for the HP and CM
valves with CU2 aortic model (figures 7(C) and 9(C)).

From a quantitative perspective, the simulations with curved aortic models revealed higher volume-
averaged swirling strength and stretching in the vorticity field compared to the straight aortic model,
irrespective of MHV design (figures 5(A)—(C)). This can be attributed to the vortex structures gen-
erated by the aortic curvature and to their potential interaction with the vortices shed by the MHV.
Specifically, aortic curvature is known to contribute to the generation of counter-rotating, large-scale,
helical fluid structures that mitigate transition to turbulence (Morbiducci et al 2009b, 2011, Dyverfeldt
et al 2023). These helically shaped structures interact with the vortex structures generated by MHVs in
different ways, depending on valve design and aortic curvature profile. During flow acceleration and
early flow deceleration, a higher arch height-to-width ratio was associated with higher swirling strength
and stretching for all the three MHV designs. Swirling strength and stretching at closed MHV exhibited
similar values in the two curved aortic models for the On-X valve, while higher values were observed
for the HP valve in CU2 model and for the CM valve in the CU1 model. As the flow-rate oscillations
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Figure 6. Impact of MHV design and aortic curvature on large-scale hemodynamic coherence: average weighted curvilinear dis-
tance (AWCD) for the Hemodynamic Plus (HP), On-X and Carbomedics Standard (CM) valves assembled with (A) straight aor-
tic model, (B) curved model 1 (CU1) and (C) curved model 2 (CU2). For enhanced visualization, only a portion of the ventricu-
lar conduit and of the straight aortic conduit is displayed.

Table 2. Effective orifice area (EOA) for the three mechanical heart valves assembled with the three aortic models.

EOA (sz)
Straight CU1 CU2
HP valve 1.71 1.74 1.74
On-X valve 1.67 1.67 1.69
CM valve 1.49 1.57 1.51

EOA: effective orifice area; CU1: curved aortic model 1; CU2: curved aortic model 2;
HP: hemodynamic plus; CM: Carbomedics Standard.

affecting valve closure might have hampered the reliability of results in the diastolic phase, the follow-
ing quantitative analysis focused on the systole only. Differences between the straight aortic model and
the CU2 model reached up to 56% for average systolic swirling strength and 91% for average systolic
stretching (figure 5(D)).

Aortic curvature determined moderately lower AWCD compared to the straight models for the three
MHYV designs (figure 6). In detail, the three MHV designs induced very similar AWCD values when
implanted in the same aortic model (in the range 0.43-0.46 for CU1, 0.41-0.45 for CU2), with our find-
ings suggesting that aortic curvature has a greater impact on large-scale flow coherence disruption than
valve design.

EOA values are reported in table 2 and highlight a negligible impact of both MHV design and aortic
curvature.

4. Discussion

Computational models can support the development phase of cardiovascular devices, and specifically of
MHVs, by complementing and refining in vitro experimentation (Arminio et al 2024). In this study, an
FSI framework for the in silico assessment of MHV performance was presented and applied to analyze
the hemodynamics of MHVs with different designs in aortic models characterized by varying curvatures.
The analysis focused on the transport of large-scale vorticity, encompassing both instantaneous visualiza-
tions and the integral quantification of vorticity field richness throughout the entire cardiac cycle, which
has not been deeply examined in previous studies on MHVs (Arminio et al 2024).

The proposed FSI framework was evaluated by comparing its results with those from previous exper-
imental and computational studies. Specifically, the simulation replicating a test performed on the HP
valve using the ViVitro Pulse Duplicator system closely matched experimental measurements (Nobili
et al 2008). The main difference observed from experimental data was the presence of oscillations in
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Figure 7. Impact of aortic curvature on Hemodynamic Plus (HP) valve hemodynamics: velocity magnitude and X, color maps
on a longitudinal section of the model and swirling strength iso-surfaces (swirling strength 80s™!) at peak systole for the HP
valve assembled with (A) the straight aortic model, (B) curved model 1 (CU1), and (C) curved model 2 (CU2). For enhanced
visualization, only a portion of the ventricular conduit and of the straight aortic conduit is displayed.

the FSI simulated flow-rate waveform during valve closure. This behavior was also reported in previ-
ous studies (Hsu et al 2014, Baylous et al 2024, Oliveira et al 2024), and can be attributed to two main
factors: (i) the adoption of a Neumann boundary condition by prescribing a transvalvular pressure drop,
which fails to fully capture the complexity of experimental set-ups that include components dampening
flow-rate oscillations (Oliveira et al 2024); (ii) the rigid-wall assumption, which has been shown to amp-
lify the intensity of flow-rate oscillations, compared to models with deformable walls (Hsu et al 2014).
Additionally, the simulated velocity fields confirmed the well-known three-jet systolic flow pattern char-
acteristic of bileaflet MHVs (Yoganathan et al 2004), with the predicted velocity magnitude color maps
matching a previous study (Nobili et al 2008). The evolution of large-scale vortex structures in the aortic
root showed good agreement with previous findings (Dasi ef al 2007, Ge and Sotiropoulos 2007). Minor
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Figure 8. Impact of aortic curvature on On-X valve hemodynamics: velocity magnitude and A, color maps on a longitudinal
section of the model and swirling strength iso-surfaces (swirling strength 80s™!) at peak systole for the On-X valve assembled
with (A) the straight aortic model, (B) curved model 1 (CU1), and (C) curved model 2 (CU2). For enhanced visualization, only a
portion of the ventricular conduit and of the straight aortic conduit is displayed.
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discrepancies were observed in the MHV region during diastole, likely due to an inhomogeneous activa-
tion of the gap closure feature.

The proposed FSI methodology is suited for investigating how MHV design influences large-scale
hemodynamics. In this study, it was specifically used to analyze three different MHV designs resembling
commercial valves commonly used in clinical practice, each featuring a distinct leaflet opening angle.
The three MHVs exhibited differences in the shape and stability of their systolic flow jets. Specifically,
the HP valve with its 85° leaflet opening angle exhibited limited boundary layer separation at leaflet
surface, consistent with findings reported in the literature (Gross et al 1988). Differently, the CM valve
promoted greater mixing in the distal flow field, with fluttering of the central flow jet (Gross et al 1988,
King et al 1996). The On-X valve, featuring a 90° leaflet opening angle, encouraged more organized
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Figure 9. Impact of aortic curvature on Carbomedics Standard (CM) valve hemodynamics: velocity magnitude and X, color
maps on a longitudinal section of the model and swirling strength iso-surfaces (swirling strength 80s~!) at peak systole for the
CM valve assembled with (A) the straight aortic model, (B) curved model 1 (CU1), and (C) curved model 2 (CU2). For enhanced
visualization, only a portion of the ventricular conduit and of the straight aortic conduit is displayed.
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flow patterns (Jawitz et al 2020). As previously reported (Lu et al 2004), the CM valve generated lateral
jets that deviated from the axial flow direction, a hemodynamic feature that may alter tissue growth in
regions where the jets impinge (King et al 1996). In contrast, the On-X valve produced symmetric, semi-
circular lateral jets (figure S7) that were nearly aligned with the axial flow direction (Hatoum et al 2020,
Ferrari and Obrist 2024). The HP valve exhibited an intermediate lateral jets orientation, falling between
those of the CM and On-X valves.

The FSI approach proposed in this study also allowed for a detailed investigation of how aortic geo-
metry affects hemodynamics, with a particular focus on the role of aortic curvature, which has not been
systematically studied before. Although idealized aortic geometries were considered, the results suggest
that the shape of the aorta has a minor impact on jet velocity immediately downstream of the MHYV,
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consistent with previous findings (Borazjani et al 2010). However, curved aortic models can result in
different large-scale vorticity transport, with increased swirling strength and vorticity stretching com-
pared to straight aortic conduits. This behavior arises from the combined effect of two factors: vorticity
induced by aortic arch curvature and contribution given by the vortex structures generated by the MHV.
While the individual contributions of these two mechanisms were not isolated, the distinct increases in
swirling strength and vorticity stretching observed across the three MHVs in curved versus straight mod-
els suggest that the interaction between curvature-induced and MHV-generated vortices is influenced by
the specific MHV design. This interaction is also likely affected by the rotational orientation of the MHV
leaflets, which governs the alignment of lateral jets relative to the aortic arch. Since previous studies have
highlighted a possible connection between large-scale vortex structures and mechanically-induced blood
damage (Bluestein et al 2000, Morbiducci et al 2009a), the current findings on vorticity transport suggest
that MHV hemodynamic performance tests should be extended to include aortic conduits with different
curvature profiles. Additionally, the impact of the shape of the aorta was further explored by compar-
ing the hemodynamics in two aortic curved models with different height-to-width ratio. The two differ-
ent aortic models exhibited minimal differences in swirling strength and stretching of the vorticity field,
suggesting that, within the examined range, variations in aortic arch height-to-width ratio may have a
limited effect on MHV-related hemodynamics.

This study is subject to several limitations. The comparison of the proposed FSI framework with
in vitro experiments was conducted for only one valve design in a straight aortic model and was limited
to integral quantities, following a common practice in aortic MHV FSI research, which typically evalu-
ates simulation reliability based on leaflet angular motion and flow velocity fields (Arminio et al 2024).
Further validation is advisable, ideally through dedicated experiments involving particle image veloci-
metry to capture vorticity dynamics. Additionally, FSI simulations were conducted under the assump-
tion of rigid aortic wall, a common approach in aortic MHV FSI studies. This idealization is based on
earlier observations reporting that aortic compliance does not markedly impact on MHV leaflet kinemat-
ics (Nobili et al 2008) and flow-field pressure waveforms (Abbas et al 2025). Moreover, assuming aortic
rigidity does not compromise the validity of the comparative analysis among different MHV designs
and aortas with distinct curvature profiles. To simulate valve closure an artificial gap was introduced
along leaflet edge. However, uneven activation of the gap closure feature during diastole led to artifi-
cial backflow, preventing realistic quantification of the regurgitant fraction. Another limitation stems
from the use of Neumann conditions in terms of pressure drop prescribed between inflow and outflow
sections, which did not allow direct control of the CO. As a result, the lengths of the aortic conduits had
to be adjusted in both straight and curved aortic models to ensure identical peak flow rates under the
same driving pressure drop. This boundary set-up also introduced flow oscillations following MHV clos-
ure, thereby impacting diastolic hemodynamics and complicating the analysis of flow patterns during
this phase. Future work could address these issues by implementing a flow-rate inlet boundary condi-
tion combined with either a pressure-type or Windkessel-type outlet boundary condition. Lastly, this
study focused on large-scale fluid structures only, without studying turbulence. In this regard, max-
imum and mean systolic Reynolds numbers for the nine simulation scenarios fall in the range 3470—
4160 and 2120-2600, respectively. Therefore, the Taylor microscale, delimiting the inertial subrange of
the flow and defined as A\=D- (IO/Re)l/z, is in the order of 1.5 mm and 1.9 mm for the maximum
and mean Reynolds numbers, respectively. This is more than twice the average cell size of the selected
meshes (0.63 mm). Consequently, the selected mesh size allows for fully resolving the inertial subrange
of the flow, despite not resolving small eddies down to the Kolmogorov scale. Specifically, resolving the
Kolmogorov scale (0.06 mm and 0.09 mm for the maximum and mean Reynolds numbers, respect-
ively) would require a tenfold decrease in mesh size, with a significant increase in computational costs.
Such resolution would have been unjustified in the present study, since the proposed results analysis did
not encompass the evaluation of turbulent quantities. Additionally, the adopted approach is suitable for
investigating large-scale fluid structures, given that previous heart valve FSI studies (Baylous et al 2024,
Oliveira ef al 2024) showed that the VMS method with OSS offers sufficient accuracy for comparative
analyses, particularly since MHV leaflet dynamics is governed by integral flow scales (Nobili et al 2008).
Future work would explore small-scale flow features, incorporating turbulence in the FSI framework,
such as through Large Eddy Simulation or Direct Numerical Simulation approaches.

Despite these limitations, the proposed FSI framework proved to be a reliable and efficient tool for
investigating MHV hemodynamics, particularly to explore different scenarios under consistent working
conditions. This framework can be expanded to evaluate MHV performance under different implant-
ation positions and in pathological aortic geometries. For instance, testing various orientations would
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help assess how MHV lateral jets interact with the curvature profile of the aorta. Additionally, the frame-
work allows for the evaluation of different valve sizes and alternative designs, including trileaflet and
prototype MHVs, as recently explored experimentally by Ferrari and Obrist (2024) and Goode et al
(2024). Finally, the insights gained from these simulations could be deepened by integrating blood dam-
age models, helping to clarify the complex relationship between flow dynamics and the thromboembolic
potential of MHVs (Morbiducci et al 2009a).

5. Conclusions

This study presents a reliable FSI framework for the hemodynamic assessment of MHVs, which was used
here to investigate the impact of both MHV design and aortic curvature profile on the hemodynamic
performance of the device. The findings confirm that MHV hemodynamics is influenced by device
design features. Specifically, larger leaflet opening angles lead to more organized flow patterns. Among
the tested valves, the On-X demonstrated the highest level of systolic flow organization, while the CM
valve showed the lowest. Additionally, aortic curvature was found to impact large-scale vorticity trans-
port. Specifically, testing MHVs in straight aortic models may result in less realistic vorticity dynamics,
quantified here in terms of swirling strength and vorticity stretching. This highlights the importance of
evaluating these devices in curved aortic conduits, enabling a more accurate assessment of how aortic
arch curvature influences valve performance. While significant differences were observed between straight
and curved aortic models, no substantial differences emerged among the curved models with varying
degrees of curvature. Nevertheless, testing MHVs in conduits with a range of representative curvatures
could help address the need to evaluate their hemodynamic performance in the light of inter-subject
anatomical variability.
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