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1. Introduction
Calcific aortic stenosis (AS) is the most com-
mon pathology affecting the heart valves in the
Western world. As highlighted by multiple stud-
ies [1], there is an incidence near to 2% in indi-
vidual aged between 70 and 80 years, but this
number increases with the age, reaching 3-9%
after 80 years. AS is characterized by an ob-
struction of blood flow through the valve dur-
ing the ventricular systole, causing an increase
in the pressure that the left ventricle must win.
This results in increased valve stiffness and in a
progressive narrowing of the valve opening. The
first solution was surgical aortic valve replace-
ment (SAVR). The first successful open heart
valve replacement took place in 1960, and since
that time this operation saw a rapid increase in-
side the surgery rooms. The main problem of
this approach is that one-third of the patients
are not indicated for SAVR: according to Iung
et al.[2] surgery in the first years of the century
was denied in 33% of patients, due older age or
left ventricular dysfunction. This can lead to
an operative death risk during the operation as
high as 10%, and there is another 10% of risk
when the patient suffers from chronic renal dis-
ease. To solve this problem, a new operation

had been implemented: the transcatheter aor-
tic valve implantation (TAVI), a less invasive
method to replace heart valves. In this way also
high-risk patients can be treated. The aim is to
reach the heart with an antegrade catheter with
a valve over it, inserted inside the body from a
low invasiveness spot (like the femoral artery for
example).
One of the newest devices is Boston Scientific’s
ACURATE neo2 valve (Figure 1.a). It has been
designed to reduce the post-TAVI complications
and it presents three stabilization arches, that
allow the axial self-alignment of valve within the
native annulus. The valve is comprised of a self-
expanding nitinol frame.
To understand this procedure and the associated
biomechanics, computational simulations have
become increasingly important. Those models
allow to study complex problems and they can
be applied to a wide variability of implant sce-
narios. In silico models can therefore speed up
the introduction of new devices and procedures,
reducing at the same time in vivo experimenta-
tion with all its limitations. However, compu-
tational methods are still less used due to the
difficulty in the reproduction of a biological en-
vironment. The solution lies in the application
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Figure 1: a) Acurate neo2; b) Complete CAD model of the device; c) Mesh of the valve.

of simplifications that are inevitably reflected in
the results.
In the context of TAVI, different types of anal-
yses can be conducted. The first is the struc-
tural one, based on the finite element method
(FEM), in order to study mechanical quantities
during the crimping and the deployment of the
device. The FEM is based on the discretization
of the domain into sub-volumes called finite ele-
ments, which define some specific points, called
nodes, where the equations governing the sys-
tem are solved. Usually, this method is used to
find the displacements of the nodes under cer-
tain load and boundary conditions and to derive
the deformations and the stresses. After FEM,
the fluid dynamics can be evaluated by a com-
putational fluid dynamic (CFD) analysis. This
sequential approach is easy to implement and re-
quires a limited computational time but CFD is
based on the assumption that the structures are
rigid.[3] An alternative to this sequential method
is the fluid-structure one (fluid-structure inter-
action, FSI), in which the fluid model is cou-
pled with the structural one. FSI simulations
are more complex than CFD and FEM, but they
are the most effective in reproducing TAVI.[4]

In literature, in silico models are used to assess
all the complications associated with this pro-
cedure and to study TAVI applied in different
pathologies, such as bicuspid aortic valve, mi-
tral regurgitant, and in patients with previously
implanted bioprosthetic valves.[3]

In this framework, this study aims to de-
velop a structural computational model with
the Acurate Neo2 device and the patient-specific

anatomies of six patients who underwent TAVI
surgery. The simulations should reproduce
closely the actual positioning of the valve within
the anatomies. From the results of these simu-
lations, the main quantities of interest will then
be highlighted, in order to better understand the
procedure, the device and its interaction with six
different anatomies.

2. Materials and methods
2.1. Prosthesis Model
A three-dimensional model of Acurate neo2 has
been developed using SolidWorks (Dassault Sys-
tèmes SolidWorks Corporation, Waltham, Mas-
sachusetts, USA). Three sizes of the valve are
available on the market: size medium has been
reproduced in SolidWorks, while sizes small and
large have been scaled in LS-DYNA. A constant-
diameter metal frame was obtained by replicat-
ing some basic units. The real profile of the de-
vice was recreated deforming the latter. The
skirt and the leaflets have been created as sur-
faces. In order to reproduce the actual geom-
etry, the valve leaflets were then cut (Figure
1.b). The valve has been then discretized us-
ing ANSA Pre Processor v22.1.2 (BETA CAE
Systems, Switzerland). The stent was meshed
with 103908 hexahedrons with reduced integra-
tion and Puso hourglass control. The skirt
was instead discretized with 16335 Belytschko-
Tsay triangular membrane elements. Finally,
the leaflets were meshed with 6486 fully inte-
grated quadrilateral shell elements (Figure 1.c).
The sewing sutures were not modeled, which is
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why the stent and the pericardium parts were
fixed together with a node-to-node connection.
The stent structure was considered as Nitinol,
with the characteristics obtained according to
Morganti et al.[5] The skirt and leaflets were in-
stead modelled as linear elastic, with a Young’s
modulus E equal to 3.20 MPa, Poisson ratio µ
equal to 0.30 and density ρ equal to 1100.00
kg
m3 .[6]

2.2. Patient-Specific Models
To develop patient-specific simulations, the aor-
tic geometries of the six patients (including
the native aortic valves and the calcifications)
were segmented starting from pre-intervention
contrast-enhanced CT images. All the com-
ponents were then discretized in ANSA. With
regard to the aorta, starting from a triangu-
lar shell mesh, three tetra layers were obtained
with the ANSA Batch Mesh, a tool which per-
forms automatic mesh generation on geometries
through customizable meshing sessions.The for-
mulation of the elements was chosen as tetra-
hedron with one integration point (Figure 2.a).
The native aortic valves were created follow-
ing reference points identified by the shape of
the sinuses and they were discretized with tri-
angular elements following the Belytschko-Tsay
membrane’s formulation. In order to obtain a
more realistic geometry, the native valves ob-
tained in ANSA were subjected to an initial
computational simulation in LS-DYNA consist-
ing of applying pressure to the leaflets, while the
commissural edges were deprived of all degrees
of freedom (Figure 2.b). The segmented calcifi-
cations were smoothed in ANSA and meshed us-
ing tetrahedron with one integration point (Fig-
ure 2.c). As for the materiales, the aorta was
modelled as isotropic, incompressible, nonlinear
hyperelastic, starting from a study by Azadani
et al.[7] The values of the coefficients used in the
simulations were chosen and applied to the Yeoh
hyperelastic model:

W = C10(I1 − 3) + C20(I1 − 3)2 + C30(I1 − 3)3

where I1 is the first invariant of the Left Cauchy-
Green tensor and C10, C20 and C30 are mate-
rial model coefficients indicative of the mechan-
ical properties. The value of the coefficients are
shown in table 1.

Coefficient Value [MPa]
C10 0.0417
C20 0.1186
C30 0.4550

Table 1: Values of the coefficient for the material of
the aorta.

The density ρ was set at 1060.00 kg
m3 and Pois-

son ratio µ was equal to 0.48. The native valves
were assumed to be linear elastic, with a low
Young’s modulus E, equal to 0.10 MPa. This
assumption is reasonable because the interaction
between the device and the native valve is always
easily won by the metallic stent in reality. The
density ρ was set at 1100.00 kg

m3 and Poisson ra-
tio µ was equal to 0.30.[6] For the calcifications,
the material was modelled as linear elastic, with
a density ρ = 2000.00 kg

m3 , Young’s modulus E
= 12.60 MPa, and Poisson ratio µ = 0.45, ac-
cording to Holzapfel et al.[8] The native valves
and the aortas were fixed together with a node-
to-node connection.

2.3. FE simulations
To reproduce accurately the real implant of the
device, the simulations can be divided in two
phases:

1. crimping phase;
2. deployment phase inside the aortic root.

The anatomies were imported and the right
stent size was optimally placed for every pa-
tient. The correct orientation of the anatomies
was obtained when the most distal points of
the natural valve leaflets were aligned with the
catheters needed for the deployment of the de-
vice. The implantation depth was reproduced
thanks to the availability of the angiographies of
the six patients, obtained during implantation.
The crimping process was reproduced using 12
rigid concentric planes, placed outside the en-
tire device. A prescribed radial displacement of
11.75 mm was imposed on these planes, in or-
der to meet the valve and push it to close until
it reaches the diameter of the catheters, which
is approximately 12 mm. This first phase lasts
350 ms. At this stage, the contacts between the
stent and the other components (calcifications,
natural valve, aorta) are not activated. The sub-
sequent deployment phase is modelled with the
aid of two catheters, on which upward and down-
ward translations are imposed, respectively. In
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Figure 2: Example of the anatomies’ components: a) Aorta; b) Natural valve; c) Calcifications.

Figure 3: Evolution of the deployment starting from the crimped configuration.

this way, the device is released within the aortic
root (Figure 3). In this second phase all contacts
involving the patient’s anatomy are activated.

3. Results
For all analysed quantities, their distribution
was similar in all six patients, except for a few
particularities, due to the different anatomical
geometry of the various simulations. First, the
first principal stresses on the aorta’s wall have
been analysed. It was possible to understand
that the most stressed areas were the lower parts
of the sinuses of Valsalva. This is due to their
morphology and the fact that the lower cage of
the stent, which is also the one with the most
cells, adhered to the wall of the aorta precisely
at this anatomical point. In one case the area

involved was larger than the others, due to the
presence of a calcification of considerable size. In
the same patient, the highest value out of the six
simulations of first principal stress was observed
due to the compression of a portion of the aorta
between two lateral hooks (Figure 4). Then the
deformation of the aorta was analysed: it was
established that the most deformed area is also
in this case the lower sinuses area, due to the
presence of the lower stent cage. A less intense,
but larger area of deformation was also found in
the upper part of the aorta due to the presence
of the upper device’s cage (Figure 5). The third
analysis looked at the Von Mises stresses on the
stent. It was possible to observe the presence
of two great stress areas, i.e. the characteristic
curvatures of some of the cells of the lower cage
and the upper area of the lateral hooks. This
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Figure 4: First principal stress in one patient’s aorta along 4 planes.

Figure 5: Deformation of one patient’s aorta along 4 planes.
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Figure 6: Von Mises stress on three patients’ stents.

can be reconducted to the geometry of these two
areas, which are very small and particular, and
will therefore reasonably be subjected to very
high stresses in order to ensure the correct open-
ing and adhesion of the device within the aor-
tic root (Figure 6 b,c). One patient, instead,
suffered from the geometry of the aortic root.
Due to the limited space available, the open-
ing of the prosthetic valve was more difficult,
which resulted in greater stresses at the lower
cage, in correspondence of a connection between
two cells, and in a slight distortion of the latter
(Figure 6 a). Finally, the distance between the
stent and the aorta was assessed. In all patients
the lower part of the prosthesis is fully adhered
to the wall of the patient’s anatomy, while the
upper part exhibits different behaviours accord-
ing to specific anatomies. In some cases, in fact,
the three upper crowns adhere almost perfectly
to the curvature of the aorta, while in others the
resulting distance is greater (Figure 7).

4. Conclusions
This thesis work showed the importance of ac-
curately reproducing patient-specific geometries
and the correct positioning of the device in order
to obtain correct structural computational sim-

ulations of the TAVI procedure, as different ge-
ometries and placements are associated with dif-
ferent stress and deformation responses. Impor-
tance of carrying out patient-specific research
was emphasised in the course of the work, so that
the particularities of different anatomies can be
understood more specifically, to achieve a more
precise and safe result for every patient.
However, the work done is not without limi-
tations. Most of the measurements of the ac-
tual device, the basis of CAD development, were
made using a software and not on the actual
valve. In the future, it might be interesting to
develop a parametric model of this CAD.
In addition, the patients’ natural valves were
reconstructed following reference points on the
aortas as they could not be obtained from CT
images, thus being probably different from the
real ones.
The positioning of the device inside the aortic
root could also be inaccurate in some cases be-
cause some angiographies did not allow to obtain
clear information.
Finally, the mechanical properties of some com-
ponents could be improved by using more com-
plex and accurate models, and data from patho-
logical aortic roots.
The simulations developed in this thesis could
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Figure 7: Distances between the stent and the aorta for one patient.

eventually be simplified by creating a one-
dimensional model of the device, discretized
with beam-type elements. This would also
make possible the natural continuation of struc-
tural simulations, i.e. the development of fluid-
structure models.
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