MODELLISTICA E CALCOLO SCIENTIFICO

MODELING AND SCIENTIFIC COMPUTING

MOX-Report No. 29/2023

Design of innovative self-expandable femoral stentsusing inverse
homogenization topology optimization

Carbonaro, D.; Mezzadri, F.; Ferro, N.; De Nisco, G.; Audenino, A.L.; Gallo,
D.: Chiastra, C.; Morbiducci, U.; Perotto, S.

MOX, Dipartimento di Matematica
Politecnico di Milano, Via Bonardi 9 - 20133 Milano (Italy)

mox-dmat@polimi.it https://mox.polimi.it



Design of innovative self-expandable femoral stents
using inverse homogenization topology optimization

Dario Carbonaro!, Francesco Mezzadri?, Nicola Ferro?,
Giuseppe De Nisco!, Alberto Luigi Audenino!, Diego Gallo!,
Claudio Chiastral, Umberto Morbiducci!, Simona Perotto®

March 23, 2023

1 PoliToP'©Med Lab, Department of Mechanical and Aerospace Engineering
Politecnico di Torino
Viale Duca degli Abruzzi, 24, Torino, Italy

2 Department of Engineering Enzo Ferrari
University of Modena and Reggio Emilia
Via P. Vivarelli, 10/1, Modena, Italy

3 MOX - Dipartimento di Matematica
Politecnico di Milano

Piazza L. da Vinci, 32, 1-20133 Milano, Italy

Abstract

In this study, we propose a novel computational framework for de-
signing innovative self-expandable femoral stents. First, a two-dimen-
sional stent unit cell is designed by inverse homogenization topology
optimization. In particular, the unit cell is optimized in terms of con-
tact area with the target of matching prescribed mechanical proper-
ties. The topology optimization is enriched by an anisotropic mesh
adaptation strategy, enabling a time- and cost-effective procedure that
promotes original layouts. Successively, the optimized stent unit cell
is periodically repeated on a hollow cylindrical surface to construct
the corresponding three-dimensional device. Finally, structural me-
chanics and computational fluid dynamics simulations are carried out
to verify the performance of the newly-designed stent. The proposed
workflow is being tested through the design of five proof-of-concept
stents. These devices are compared through specific performance eval-
uations, which include the assessments of the minimum requirement
for usability, namely the ability to be crimped into a catheter, and
the quantification of the radial force, the foreshortening, the structural
integrity and the induced blood flow disturbances.

Keywords: Peripheral artery disease, Nitinol stent, topology opti-
mization, homogenization, anisotropic adapted mesh, computational
fluid dynamics



1 Introduction

Vascular stents are minimally invasive mechanical devices designed as cylinder-
like hollow structures, obtained, in general, by the periodic repetition of
a unit cell. Stent devices are deployed inside diseased blood vessels for
providing mural support and preventing vessel obstruction after interven-
tion. Available with different shapes, sizes and materials, depending on the
treated pathology and implantation site, most of the stents are metallic and
have a narrow profile in a crimped (i.e., radially compressed) state to easily
pass and be placed inside the vessels [I 2], 3] [4]. Vascular stents are com-
monly divided into two major categories depending upon the deployment
procedure [5]: balloon-expandable stents, usually made of stainless-steel,
cobalt or platinum chromium alloy, which are manufactured in a crimped
state and are plastically expanded to the vessel wall by balloon inflation; self-
expandable stents, typically made of super-elastic Nickel-Titanium (NiTi),
which are manufactured slightly oversized above the vessel diameter and
elastically resume their initial shape after being crimped and released from
the catheter, without the need for balloon inflation [IJ, [6].

Whether it is a balloon- or a self-expandable device, stents may lead to
well-established clinical issues, such as in-stent restenosis (ISR) (i.e., grad-
ual vessel lumen re-narrowing caused by abnormal neointimal proliferation)
and stent thrombosis (i.e., sudden occlusion of the vessel due to the forma-
tion of a blood clot), which represent two of the major complications still
limiting the safety and success of stenting [7, 8, [0]. It has been verified that
the geometric features of the stent unit cells may have a direct impact on
the occurrence of ISR and stent thrombosis and, more in general, on the
mechanical performance of the devices as well as on the clinical outcome of
the treatment [3], 4] [8, 10, 1], 12, [13].

Over the last decades, significant research efforts have been conducted to
improve the design of the stent unit cells for the obtainment of an adequate
response of the device. Within this context, computational methods have
been used as an efficient tool to virtually characterize and optimize the stent
design, with great advantages in terms of associated costs. In recent years,
in silico models have gained increasing momentum by the medical device
industry, and structural mechanics simulations are commonly adopted to
support the design process of stents, especially in the initial proof-of-concept
stage [14, 15]. For instance, several computational frameworks, merging
geometric- with physics-based features, have been developed to optimize
the mechanical performance of stents with the final goal of improving the
effectiveness of the endovascular treatment [16] 17 18, 19, 20} 21}, 22].

Among the optimization strategies available for supporting the design
of vascular stents, topology optimization (TO) represents an attractive pro-
cedure for the systematic design of new layouts of the devices. The idea
is to optimize the topology of the stent in order to match specific design



requirements [23]. Few contributions are available in the literature where a
TO-based strategy is applied to vascular stent design. As possible examples,
TO-based approaches have been applied to: a commercially available drug-
eluting stent, aiming at increasing the stent strut stiffness while retaining
the drug holding capacity [24]; optimize the stent material layout, tailoring
the structure to achieve a bi-stable snap-through behavior [25]; investigate
the material distribution of coronary artery auxetic stents, improving both
the structural and hemodynamic properties of the device [26, 27].

In this work, we propose a computational framework based on TO for the
design of innovative self-expandable femoral stents to be deployed inside dis-
eased femoropopliteal arteries. This task is particularly challenging due to
the severe deformations that femoropopliteal arteries undergo during lower
limb movements [28] [29], which in turn impose complex loading conditions to
the implanted devices, leading to high failure rates [7]. The computational
framework here presented is inspired by inverse homogenization, namely a
consolidated technique for the optimal design of microscopic unit cells that
confer desired properties to a lattice material at the macroscale [23]. Thus,
since a stent can be conceived as the repetition of a unit cell onto a cylindrical
surface, we aim to design from scratch new stent unit cells to ideally guar-
antee geometric, structural or hemodynamic properties to the whole device.
With this aim, we resort to the microSIMPATY algorithm [30] which en-
hances a standard inverse homogenization topology optimization approach
with a customized choice of the computational mesh in a finite element
setting. In more detail, an anisotropic adapted mesh is adopted to make
the design process time- and cost-effective through a fully automatic pro-
cedure. This phase constitutes the first step of a new design workflow that
sequentially generates two-dimensional stent unit cells, periodically repeats
the optimized cells on a hollow cylindrical surface for generating the three-
dimensional stent design, and, finally, verifies the response of the device in
terms of structural mechanics and computational fluid dynamics criteria.

The paper is organized as follows. Section [2|represents the modeling and
methodological core of the manuscript, by setting the workflow yielding the
new stent designs. In particular, after setting the stent design requirement
and the assessment criteria under consideration in this work, in Section [2.1
we formalize the inverse homogenization TO procedure, with an example of
an innovative 2D cell. Section deals with the generation of a 3D stent,
starting from the optimized unit layout. Sections and describe the
structural mechanics and CFD analysis performed on the new stent designs.
Section [3]is devoted to the numerical assessment of the whole pipeline on five
proof-of-concept cell layouts. Section [4] discusses the obtained results, the
limitations of the proposed methodology and some hints on possible future
perspectives. Finally, Section [5| gathers concluding remarks.
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Figure 1: Main steps of the workflow for the design and verification of new self-
expandable femoral artery stents.

2 Methods

The proposed procedure for the design of self-expandable femoral artery
stents consists of the steps in Fig. [1, namely: ) inverse topology optimiza-
tion (TO) to generate 2D designs of stent unit cells meeting specific require-
ments (see Section [2.1)); 41) use of the identified 2D unit cells as the basis for
generating 3D stent models (see Section [2.2); i) finite element (FE)-based
simulations of the complete crimping cycle of the 3D stent models generated
in 73), in order to evaluate the nonlinear structural behavior (see Section;
iv) computational fluid dynamics (CFD) simulations on the generated 3D
stent models in idealized vessels to assess the hemodynamic impact (see
Section . The rationale behind the workflow in Fig. [1|is the ambitious
goal of proposing innovative stents, which match prescribed structural /fluid
dynamics demands and comply with standard regulations for vascular clin-
ical practices. Indeed, femoral artery stents are expected to ensure specific
geometric, structural and hemodynamic performances minimizing the risks
associated with the implantation.

In detail, in the design phase i) of the workflow we minimize the contact
area between the stent and the luminal surface of the vessel, which, in turn,
reduces the risks associated with tissue ingrowth, in-stent restenosis (ISR)
and thrombosis [31],[32]. A posteriori, to assess the biomechanical behaviour
of the femoral stent, in the validation phases i) and v), we focus on:

e the radial force applied by the implanted stent to the vessel wall, that
has to be adequate for scaffolding the diseased artery, thus avoiding
the damaging of the surrounding arterial wall tissue [3] 33, [34];

e the foreshortening of the stent, that enables a precise placement (i.e.,
covering the whole length of the lesion) once expanded in situ [3], 33,

34];

e the structural integrity of the stent, which is guaranteed by low (peak)



maximum principal strains on the stent when encased inside the de-
livery system [18];

e the blood flow disturbances induced by the struts of the implanted
stent, which are expected to be minimal, in order to damp the risk
factors promoting ISR or thrombosis [31].

2.1 The design of unit stent cells

The design of 2D stent unit cells — namely the first step of the workflow in
Fig. [1] — has the principal goal to minimize the contact area of the stent,
jointly with the enforcement of suitable constraints on the internal stress
of the stent unit cells, under prescribed loading conditions. With this aim,
we adopt the microSIMPATY algorithm [30], which allows designing from
scratch unit cells targeting prescribed properties through a TO process.
Physical background and technical details of microSIMPATY tool are pro-
vided in the two following sections and successively applied to a benchmark
configuration in Section [2.1.3]

2.1.1 The physical background and the design strategy

MicroSIMPATY combines a standard topology optimization approach with
the homogenization theory, and resorts to an anisotropic mesh adaptation
procedure to increase the computational efficiency of the whole design al-
gorithm. Hereafter, we formalize the reference physical framework, the se-
lected topology optimization method, and the discretization scheme based
on adapted meshes.

The homogenization theory The physical setting that we adopt to
design stent unit cells is represented by the homogenized linear elasticity
model [35] [36]. Homogenization is the standard mathematical process used
to incorporate the information associated with the small scales (the stent
unit cell, in the case under study) into a macroscopic problem (the whole
stent). By resorting to an asymptotic expansion, it is customary to express
the material properties by means of a single quantity, E € R3*3, which
replaces the stiffness tensor £ € R3*3 in the linear constitutive stress-strain
relation o(u) = Ee(u), with u the displacement,

o11(u) e1(u) Eii11 B2 Eiie
o(u)=[onu)]|, eu)=|¢cn(u) |, E=|FE»2i1 Euox»s E»n>|,
o12(u) 2e12(u) Ei211 Er222 Er212

(1)
where € denotes the strain tensor (Vu + VuT) /2 according to the Voigt
notation [37]. Thus, we end up with the homogenized constitutive stress-
strain relation o/ (u) = Efe(u), where the stiffness tensor Eff can be



expressed componentwise by
. 1 .. .
Egkl(u*ﬂ]’u*,kl) — @ /Q[o.(uO,lJ) o O.(u*,zj)] . [e(uo,kl) —€(u*’kl)]dQ, (2)

where 2 C R? denotes the unit cell of the stent, while u*™" are the fluc-
tuations induced by the test displacement fields u®™", for mn = ij, kl €
T = {11,22,12}, with u%'! = (21,0)7, u%?? = (0,22)7, u®'2 = (25,0)7.
Fluctuations «*™" belong to a function space V' to be properly selected and
satisfy the equation

/ o(u™™") : e(v)dQ = / o(u®™) : e(v)dQ Yo € V. (3)
Q )

The state equation (3)) is solved in the space V = [H}(2)]? of the H'(Q)-
vector functionsﬂ satisfying periodic boundary conditions along the cell bound-
ary, 0€), according to the asymptotic homogenization theory.

Inverse homogenization topology optimization TO searches the op-
timal distribution of a material inside a design domain, €2, targeting pre-
scribed objectives under a set of physical and design constraints. In such
a context, it is customary to model the distribution of the material in 2
by means of a function, 1gmat, which indicates the portions of the domain
where the material is present or not, being

[ 1 forx=(x1,12) € QM
Lome(®) = { 0 for & = (11,22) € Q\Q™, (4)

with ™% the subset of material points in €. The indicator function Lgmat
allows to generalize the constant stiffness tensor in to a quantity varying
in Q, so that F is replaced by

Eqp(x) = 1gma (x)E°, (5)

with E° € R3*3 the stiffness tensor of the selected isotropic material. The
indicator function assigns non-zero stiffness values only to the portion of the
domain occupied by material, the full-material configuration in being re-
covered for Q™ = Q.

From a computational viewpoint, function lgmat(x) enables the solution
of the problem of interest to the material domain Q™% while setting the
equations in the whole design domain €. In practice, the Boolean func-
tion 1gmat is regularized by introducing the continuous auxiliary function p,
which models the density material distribution inside the design domain €2

!Throughout the paper, we adopt standard notations for the function spaces follow-
ing [38]



[23]. In particular, function p takes values in [0, 1], where p(x) = 1 identi-
fies solid material points, while p(x) = 0 corresponds to void. Vice versa,
intermediate density values (0 < p(x) < 1) correspond to a non-physical
material state. In order to limit the presence of such intermediate densi-
ties, we resort to the well-known Solid Isotropic Material with Penalization
(SIMP) approach [23], which leads us to replace the stiffness tensor in ({5
with

Ep(x) = pP(x)E, (6)

where p > 0 is a penalization exponent.
Thus, a generic SIMP-based TO approach can be stated as the following
constrained minimization problem:

ap(w(p),v) = fp(’v) Vv eV
min J (w(p), p) c<c(w(p),p) <¢ (7)
p<p=1,

where J(-,p) is the objective functional; the first constraint models the
physics underlying the minimization process, with w and v the trial and
the test function in V), respectively; the second constraint introduces a lower
and an upper control (¢ and €, respectively) onto the physical and/or de-
sign quantities collected in ¢(+, p); the third inequality imposes an admissible
range for p, the null value being replaced by p > 0 to avoid numerical draw-
backs. a
In general, TO problem is non-convex, and the uniqueness of the mini-
mum can be ensured only by introducing a sufficient number of constraints.
As regards the TO problem applied to the design of stents, we particu-
larize problem as

af (w9 (p),v) = fl(v) YweV, ijel

min Js(u*(p),p) : E. <E{ (u(p) < Ec (8)
<p<l,

(e}

where u*(p) collects the fluctuation displacement components u*%¥(p) in
3); Eé{ ,(u(p)) gathers the homogenized stiffness tensor components

Pl ) = o [ Pl — o] () — e(un s

constraining the design process, with grst € Z* C {ijkl : ij,kl € T}, and
where the dependence of u*%(p) on p has been dropped to simplify the
notation; vectors E » and E ¢ provide the lower and upper bounds associated
with the components Eq,,st o
Since we are interested in controlling the contact area between the stent and

the luminal surface of the vessel, we select the goal functional in as the

7



quadratic deviation between a target volume fraction, V}, and the actual
volume of the structure, namely

Js(u*, p) = Js(p) = (‘é, /Q pdﬂ—vf)z- (9)

In particular, minimizing the volume of the stent unit cell leads to choose
Vy =0 in (9) so that Jg(p) simplifies to [Q|~* [, pdQ.

The physical model constraining the TO in coincides with the SIMP
variant of equation for the displacement fluctuations in the unit cell,
being

a (u*i v) = /Qppa(u*’ij):e(v)dQ,
Yo = [ o) e,

with V=V = [Hé(Q)]2

With a view to the discretization of the optimization problem , we
resort to a finite element approximation for the design variable p, the dis-
placement trial and the test functions, u*% and v. We partition the stent
unit cell design domain  with a family of conforming tessellations {7},
consisting of triangular elements K with h the maximum of the diameters
hg. In particular, here the discrete space selected for p coincides with the
set of the Q-periodic piecewise affine polynomials, R, = {r, € C(Q)
rh}K € P1(K)} N HL (), while the components u** of u* and v are chosen
in Vj, = [Ry]?, so that the discrete counterpart of can be expressed as

(10)

aﬁi(u’fl’ij,vh) = gi(vh) Yo, € Vp, ij €T
min Js(pn) : E.<E{, (u;) <Ec (11)
p<pn<l

Anisotropic adaptive finite element discretization To manage the
discrete constrained optimization problem in , we adopt the recently
proposed microSIMPATY algorithm [30], which combines SIMP inverse ho-
mogenization with an anisotropic mesh adaptation strategy. This approach
allows overcoming some of the limitations hampering the use of the discrete
SIMP formulation, in particular the ones related to the adopted approxima-
tion, such as the greyscale effect, the generation of jagged boundaries as well
as of complex structures which are far from being manufacturable [39] 23].
Moreover, the use of an adaptive mesh ensures to limit the employment of
filtering techniques in the design and the post-processing of the optimized
layout, thus yielding an automatic and cost-effective design tool.
Anisotropic adapted meshes are recognized as an ideal instrument to
model problems characterized by strong gradients along certain directions.



This is the case of the design of structures where the material density exhibits
a sharp gradient along the solid/void interface. The benefits led by the
employment of a customized mesh within the TO process have been widely
investigated for applications both at the macro- and at the micro-scale [40],
A1), 42] 143, 44, [45, [46].

The key role played by the gradient of the density function in the topol-
ogy optimization of structures suggested selecting Vp as a driving quantity
for the adaptation of the computational mesh. With this aim, we adopt the
well-known a posteriori recovery-based error estimator proposed by O.C.
Zienkiewicz and J.Z. Zhu in [47, 48] to control the H'(Q)-seminorm of the
discretization error. In the case of the optimization of structures, we ap-
ply such an estimator to the density function. This leads us to replace the
seminorm

1/2 1/2
len(P)art (@) = [/\Vp—whfdﬂ} {Z / \Vp—Vph\QdK]
Q KeT, K

(12)

with the computable value

= | X ] " S [ =eonar] " (13)

KeTy KeTy,

Ep(pn) = P(pn) — Vppr being the recovered error. Quantities & and £x
denote the global and local error estimator; P(pp,) represents the so-called
recovered gradient which surrogates the exact (unknown) gradient Vp in
, by averaging and/or projecting the discrete gradient Vpj. Several
recipes are available in the literature to define P(py) [48, 49, 50, 51, 52), (3].
MicroSIMPATY employs the recovery formula

P(pp)(@) = [Pi(pn) (@), Pa(pn)(@)]" = |Ak|™" > |T| Voulp(®) = €K,
TeAk

(14)
with Ag = {T € T, : TN K # 0} the patch of elements associated with
K, and |Ag]| the patch area. Recipe , coinciding with an area-weighted
average of the discrete gradient across the elements in Ay, is here selected
since it is straightforward to be computed, cost-effective, and it turns out to
be instrumental to an easy generalization of estimator to an anisotropic
setting. Indeed, following [54], we consider the anisotropic counterpart of

estimator &, given by
1/2
n= [ > 77?(] :

KeTy,
with
1

2
> N kGax(Eplpon))rix). (15)
ALK K

i=1

Nk =



A

N N\

Figure 2: Sketch of the main quantities defining the anisotropy of element K.

v

In the quantities A; x (with A\; g > Ao x > 0) and 7; i fully characterize
size, shape and orientation of the generic element K, providing the length
and the direction of the semi-axes of the ellipse circumscribed to K (see
Fig. . Furthermore, the symmetric positive semidefinite matrix Ga,,
with entries

Gan@ren)ly = Y [ Zrilon) Erslondl ij=12.  (19)
TeAK T

separates the components Zpy(pn) = Pr(pn) — Oupn € L2(Q) (k = 1,2) of
the recovered error, in order to be projected along the anisotropic directions.
Finally, the scaling factor (A1 g2 i)' guarantees the consistency of the
anisotropic estimator n with the isotropic case in (13)).

To exploit the estimator in for the generatation of an anisotropic
adapted mesh which captures the steep gradients characterizing py, we follow
the metric-based approach in [55]. This technique allows us to predict the
new local geometric features, My = {)\fK,rf‘K},;:l,g for each K € Ty,
constituting the global metric M = {M K} Ke777L associated with the new
adapted mesh. To define Mg, we employ an optimization procedure based
on the following criteria:

C1) setting of a user-defined accuracy, tol,, onto the global estimator;
7

(C2) minimization of the mesh cardinality #7}, (i.e., the number of the mesh
elements);

(C3) equidistribution of the tolerance tol, throughout the mesh elements.

Criterion (C1) allows tuning the accuracy of the discrete solution according
to the specific user’s demands; the second rule implements a mesh cheapness
requirement and is equivalent to maximize the area of each triangle; (C3)
balances the estimator distribution across the new grid, imposing

tol2

2 _ %%
Nk = 0T, (17)




To guarantee the minimization of the mesh cardinality, we rescale the
local estimator in with respect to the area of the patch, so that

* p— 1 * —
n% = Cr KA.k [SK (T{KGAK(-:P)"'LK) + g( %jKGAK(EP)TZK)} ,

with Cx an explicitly computable constant, sg = A g/Ao g > 1 the as-
pect ratio of the element K, measuring the deformation of the triangle
(with sx = s = 1 corresponding to an equilateral triangle), G, (Bp) =
Gax(Ep)/|Ak]| the scaled counterpart of the matrix in (16). We observe
that the dependence of the recovered error on pp has been dropped.

The equivalence between the mesh cardinality minimization and the ele-
ment area maximization, combined with equality , leads us to solve the
following constrained minimization problem on each element K € 7p:

: , i i = 0
SII(H}Z{IKIK(SKa{rl,K}i:LZ) : { sk > 1, (s

with
- 1 -
Tk (SK, {riaK}i:I,Q ) = SK (T{KG*AK (:.p)’I’LK) + g <T£KG*AK (\:P)""ZK):

and ¢;; the Kronecker symbol.
Problem admits an explicit solution {8’;}, rf}K}i:LQ, given by

i = \/ 91,k /92, Tfl,K =92k "“54,}( =91k (19)

where {gi i, ; i }i=1,2 denote the eigenpairs associated with matrix Gy, (Ep)
[55]. Relation is finally exploited to derive the two optimal anisotropic
lengths )\ﬁ i and )\‘é i from the aspect ratio sf‘( in , thus obtaining

1/2 1/2
LK 2K 2#77L CK ) 2,K 1,K 2#7% CK’ .

The optimal lengths )\fK in and directions r;:‘K in constitute the
optimal metric Mg associated with triangle K. These local metrics define
the global metric M to be passed as an input to a metric-based mesh gen-
erator, as detailed in the next section.

The interested reader can find more insights about the whole adaptive pro-
cess in [55].

2.1.2 MicroSIMPATY algorithm for the design of engineered
stent unit cells

In this section, we focus on the main software tools used to implement mi-
croSIMPATY algorithm. Concerning the solution to problem , we resort

11



to: FreeFEM [50] as a finite element solver to approximate the state equa-
tions constraining the optimization process; the large-scale nonlinear Interior
Point OPTimizer (IPOPT) [57] to carry out the constrained minimization;
the mesh generator BAMG (Bidimensional Anisotropic Mesh Generator) in-
tegrated in FreeFEM to build the adapted mesh [58]. In particular, BAMG
requires the metric M at the vertices, z, of the mesh 7. For this reason,
we convert the piecewise constant metric, M = { Mg}, defined by -
into a piecewise linear field, M = {M z}, by using the average

— 1
Mz =— g | K| Mk, (21)
|Az‘ KEAz

with Az the patch of elements associated with vertex z.
As a last step, we further improve metric M in order to avoid any numeri-
cal bias in the structural mechanical analysis [59]. Indeed, it is known that
elongated elements may influence the reliability of such an analysis, leading
to an under-/over-estimation of the quantities involved in the design pro-
cess. To overcome this issue, we adopt the strategy proposed in [60] where
highly stretched triangles are alternated to isotropic elements. The idea is
to exploit the capability of an anisotropic mesh of sharply tracking the lay-
out boundaries, while preserving shape-regular triangles in the internal part
of the structure to keep the computed mechanical quantities unbiased. We
refer to such hybrid computational tessellation as to a graded mesh.

The overall design procedure supported by microSIMPATY is listed in
the following algorithm.

Algorithm 1 microSIMPATY for engineered stent unit cells design

Input: toly, t01'r77 tolys, Kmax, P ECa ECa 7, Vf7 pELO)a 7%(0)
Set k =0, err)y = 1+ tolyy;
while err;; > toly; and k < kypax do
~ 1 Enl *
P = 1e0pT (¥, T, Vi, p, B, B, T, G, V,G, tol );
PtV = filtering(py Y, B, )
7;L(k+1) = adaptation(’ﬁfk), pﬁlkﬂ), toly);
erry = #5478 #T:
k=k+1
end while
_ (),
T = ph I
: EH = homogenize(7);
: Qutput: 7, Efl

—_ = =

The input parameters of Algorithm [I] are: three tolerance values and a
maximum number of iterations, constraining the design process; the bounds
characterizing the box inequalities in (11]) together with the set of indices

12



7* identifying the homogenized stiffness tensor components for the design
process; the goal volume fraction involved in the definition of functional Jg
in @; the initial material density and mesh.

MicroSIMPATY alternates an optimization step (line 4), a filtering phase
(line 5) and the anisotropic mesh adaptation procedure (line 6), within a
while loop, controlled in terms of the stagnation of the relative mesh car-
dinality and of the maximum number, k., of allowed iterations.

Function IPOPT returns the new density distribution ﬁékﬂ) obtained start-

ing from the current design variable pgk) associated with mesh 7;L(k), in order
to match tolerance tol;. In particular, vector G gathers the goal functional

and the constrained quantities, namely,
G =[Js(p), EE,IT, (22)

while V,G collects the associated sensitivities (see [44] for more details,
where a Lagrangian approach is adopted to compute the derivative of the
components of G with respect to p).
Concerning the filtering phase, we employ a differentiable variant of the
Heaviside function, characterized by parameter 3, and a Helmholtz-like filter
with a radius equal to 7 [61, 62]. The action of the Heaviside function is to
sharpen the layout boundary by removing the intermediate material densi-
ties (the larger (3, the more clear-cut the boundary design). The Helmholtz-
like filter smooths the irregularities and erases the thin features possibly
arising along the structure boundary (the larger 7, the more effective the
smoothing action).
Successively, the filtered density p%kﬂ) is used by function adaptation to
compute the nodewise metric in (21) and to generate the new anisotropic
adapted mesh.

MicroSIMPATY algorithm returns the optimized layout 7 together with
the associated homogenized stiffness tensor EX of components

.. 1 .. ..
Egkl,T(U*’Zjv'l'L*’kl) —_ |Q’/ Tp[0'<’u0’”) . O'(’u,*’zj)] . [s(uo,kl> _ E(’u*’kl)]dQ,
Q
for ij, kl € T.

2.1.3 Designing innovative stent base cells with microSIMPATY:
an example

In this section, we investigate the performance of Algorithm [Ijon a first case
study, while referring to Sect. for different optimization scenarios. We
carried out the design phase in a non-dimensional setting, while we introduce
dimensional units for the verification phases addressed in Sections and
1.0l

Concerning the physical background, we identify the design domain €2
with the square (0,10)2. We consider an isotropic reference material with
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constitutive law o(u) = 2pe(uw)+Atr(e(u))l, being A = Eyv/[(1+v)(1—-2v)]
and u = Ey/[2(1 + v)] the Lamé coefficients, Fy = 60 and v = 0.33 the
Young modulus and the Poisson ratio, tr(-) the trace operator, and I the
identity tensor. Finally, the SIMP penalization exponent p in is set to
4.

The optimization in line 4 of Algorithm [1|is performed by setting pELO) =

|sin(27x/8) sin(27y/8)| on an initial structured grid, 72(0), with 5000 ele-
ments, Vy = 0, p = 1074, 7% = {1111,1122}, E¢ = [Ey;, B9’ =
[0.25,0.50]7, E¢ = [E1111, E1122)7 = [1.0,1.0]7, G as in with Bff | =

[Eﬁnvp,EﬁQZp]T, and tol; = 1075 Function pﬁlo), characterized by uni-

formly distributed circular holes, is expected to promote free-form features
in the final optimized structure. Components E{{lL , and Eﬁm? , are consid-
ered to generate the proof-of-concept design, although any other component
of the homogenized stiffness tensor could be included in Eé{ p» according to
the specific design requirement.

The filtering consists of a sharpening of the material /void interface, fol-
lowed by a smoothing of the possible irregularities along such a boundary
at each iteration. With this aim, the parameter for the Heaviside function
is chosen as 3 = 2, while the filtering radius ry for the Helmholtz filter is
set to 0.06 and reduced by a factor of 1.5 for each k.

The anisotropic mesh adaptation is tuned by the tolerance tol, = 1073,
Finally, the design iterations are controlled by parameters toly; and kyax
selected equal to 107> and 5, respectively.

MicroSIMPATY algorithm delivers the stent unit cell of Fig. 3| panel (A)
(referred to as Design 1 in the sequel) after 5 iterations, completed in 395
second$?} The output volume fraction is 6.11% of the initial design domain
volume. This justifies the very thin struts and the consequent low contact
area in the final cell layout. The mesh adaptation procedure yields a final
grid consisting of 3106 elements, whose maximum deformation is confined
along the cell boundary and corresponds to sEp** = 78.22 > S[A(.

The homogenized stiffness tensor associated with Design 1 is

0.497 0.507 0.010
EF = 0507 0545 0.013 ], (23)
0.010 0.013 0.046

which corroborates that the two box constraints in are matched, ap-
proaching the lower bound in both cases.

Finally, we observe that the converge history of the objective functional, of
the box constraints, and of the mesh cardinality are very similar to the ones
in [63 Fig. 3].

*The computations have been run on a MacBook Pro laptop (2022), equipped with
Apple M1-Pro CPU (2.064 — 3.228 GHz) and 32 GBs of RAM.
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Figure 3: Design 1. Optimized unit cell 7 and associated graded mesh (A); 3 x 3
periodic lattice (B).

2.2 3D stent geometry reconstruction

This section focuses on the second block of the workflow of Fig. [I] by describ-
ing how to obtain the 3D stent geometry from the 2D unit cell topologically
optimized by microSIMPATY algorithm. In practice, we resort to a 4-step
procedure implemented with Hypermesh software (Altair Engineering, Troy,
MI, USA), which receives as input the .stl file of the optimized layout 7.
The process is sketched in Fig. [4 and consists in:

e the repositioning and the uniform scaling of the 2D unit cell by a
factor equal to s = 7D /n, with D the diameter of the selected cylin-
drical surface and n the number of cell repetitions along the device
circumference (panel (A)). This procedure is employed to avoid con-
vergence issues of the nonlinear structural mechanics simulations of
stent crimping;

e the projection of the 2D cell onto a cylindrical surface with diameter
D = 7 mm (panel (B));

e the repetition of the projected cell n = 10 times along the circumfer-
ential (0) and 5 times along the axial (z) direction, respectively (panel

(©));

e the extrusion of the surface lattice along the negative radial direction
(r) to assign a constant strut thickness equal to 0.2 mm (panel (D)),
which is a typical value for commercially available femoral stents [64].

2.3 Structural response of the stent

The 2D unit cells yielded by microSIMPATY are generated under a linear
elastic regime, without accounting for nonlinearites involving large deforma-
tions, structural instability, super-elastic Nickel-Titanium (NiTi) material
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(A) s (B)

(C) (D)

Figure 4: 3D stent geometry reconstruction procedure: repositioning and scaling
(A), projection (B), repetition (C), and extrusion (D). The adopted ref-
erence cylindrical coordinate system is highlighted in panel (A). Only half
stent is represented in panels (C) and (D).

behavior and contact conditions. However, in the third block of the work-
flow of Fig. [1, we carry out a nonlinear FE analysis of a complete crimping
cycle, in order to accurately characterize the structural performance of the
new stent designs.

Hypermesh in conjunction with Abaqus/Standard (Dassault Systémes
Simulia Corp., Johnston, RI, USA) is used to implement the FE models.
The structural FE simulations involve two components, namely the self-
expandable NiTi stent and the crimping cylinder. The 3D stent geometry
is discretized in Abaqus with C3D8R hexahedral elements with reduced
integration, considering 4 and 10 elements across the strut width and thick-
ness, respectively, in accordance to previous computational studies [65], [66].
The mechanical behavior of NiTi material is described by a super-elastic
constitutive model [67], retrieving the material parameters from [68]. The
crimping cylinder is modeled as a rigid cylindrical surface, with a diameter
of 7.5 mm, and is discretized by using rigid surface elements SEM3D4R [69].

The structural FE analysis is carried out by using an implicit solver to
deal with the nonlinear equations of static equilibrium, running on 6 com-
puting cores of a workstation equipped with Intel®) Core™ i7-8700 and 32
GB RAM. The analysis involves the crimping and the expansion steps. In
the crimping step (Fig. |5, panel (A)), negative radial displacements are as-
signed to the nodes of the crimping cylinder, thus reducing the diameter
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Figure 5: FE structural analysis of a complete crimping step. (A) Crimping step.
(B) Expansion step.

from 7.5 mm to 2.3 mm (corresponding to a catheter of 7 Fr), whereas in
the expansion step (Fig. [5, panel (B)) the crimping cylinder is released to
the initial diameter. The nodes on one boundary section of the stent (i.e.,
the left boundary section in Fig.|5)) are constrained along the axial direction
z. Contact between the stent and the crimping cylinder, and self-contacts
between the stent struts are modeled with a pure master-slave contact algo-
rithm, by assuming a friction coefficient of 0.1 and a hard-contact pressure-
overclosure relationship [70]. Finally, artificial damping is added to stabilize
the nonlinear simulations, in order to control that the ratio between the
related dissipation energy and the total internal energy is less than 5%.

To evaluate the structural performance of the new stent designs, we
refer to the design requirements listed in the introduction of Section [2| by
considering the following FE outputs:

e the peak maximum principal strain of the stent. With reference to
the limit value, the material elongation at break is set to 18%, in
accordance to previously conducted tensile tests on NiTi specimens

[71;

e the radial force (per unit length), which is computed as the sum of the
generated contact normal forces along the radial direction divided by
the initial stent length;

e the stent foreshortening, which is computed as (I — ly)/lo, where Iy
and [ are respectively the initial stent length and the stent length in
correspondence with the variable crimping diameter;

In order to avoid undesirable boundary effects, the FE outputs are com-
puted considering only the central stent cells as highlighted in Fig. |4}, panel

(D).
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2.4 Hemodynamic features of the stent

As a last step in the workflow in Fig. [l we investigate the impact of the
new stents on the arterial hemodynamics, by performing transient, laminar
CFD simulations on the stent designs successfully tested by the FE struc-
tural analysis in the previous section. In detail, we place the new devices in
an idealized (cylindrical) geometry, modeling the superficial femoral artery
with a diameter of 6 mm. To avoid boundary effects, a stent portion ap-
proximately 13 mm long, located at 2 and 5 diameters from the model inlet
and outlet section, respectively, is here considered.

The stented arterial geometry is discretized using Fluent Meshing (Ansys
Inc., Canonsburg, PA, USA). According to [72, [64], the fluid domain is
discretized with tetrahedral elements in the bulk flow and with five layers
of high-quality prismatic cells near the luminal surface. The computational
mesh is refined close to the stent struts to sharply detect the small-scale flow
features between struts regions (we refer to [64] for a sensitivity analysis of
the mesh with respect to the element size).

The finite volume-based commercial code Fluent (Ansys Inc., Canons-
burg, PA, USA) is adopted to numerically solve the discretized unsteady
Navier-Stokes equations, by assuming the blood as an incompressible, ho-
mogeneous fluid, with constant density equal to 1060 kg m™>. The shear-
thinning blood behaviour is modelled using the non-Newtonian Carreau
model, describing the relationship between viscosity and shear rate 7 as
follows: )

1A = too + (10 — proo) [1+ (19)%] 75 (24)
where poo= 0.0035 Pas and g = 0.25 Pas are the infinite and zero shear
rate limit viscosities, respectively, T = 25 s is the relaxation time constant,
and m = 0.25 is the power law index [73]. Concerning the boundary condi-
tions, at the inlet section we prescribe a patient-specific velocity waveform,
derived from Doppler ultrasound images, in terms of a parabolic profile [64].
In detail, the pulsatile inflow waveform amplitude is scaled with respect to
the inlet diameter to ensure a physiological mean flow rate value. A ref-
erence pressure is imposed at the outflow section. The no-slip condition
is applied to the vessel and stent walls, assumed as rigid in the context of
CFD simulations. Further details on the numerical setting are exhaustively
provided in [64].

The hemodynamic characteristics of the stent design are evaluated ac-
cording to the fourth design requirement listed in the introduction of Section
In detail, the local hemodynamics along the stented region is analyzed in
terms of the canonical quantity TAWSS (Time-Averaged Wall Shear Stress),
namely the average WSS magnitude value along the cardiac cycle. In ad-
dition, we investigate the WSS topological skeleton features at the stented
region, due to the recently emerged link to atherogenesis [74]. Following a
recently proposed Eulerian-based approach [75], the divergence of the nor-
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Table 1: Designs 1 — 5. MicroSIMPATY parameters distinguishing the optimized
unit cells.

Ev111 Ennn B Eree Ty
Design 1 0.25 1.00 0.50 1.00 0.060
Design 2 0.60 0.75 0.15 0.25 0.025
Design 3 0.25 1.00 -0.40 -0.20 0.050
Design 4 0.50 1.00 0.75 1.25 0.075
Design 5 0.25 0.80 0.50 0.90 0.060

malized WSS vector field, owss, is used to identify the WSS contraction
and expansion areas at the stented vessel surface. Then, the amount of vari-
ation in WSS contraction/expansion action along the cardiac cycle [0, 7] is
quantified by the Topological Shear Variation Index (TSVI), with

1 1/2

T
TSVI = [T /0 [V-owss — V -owss| dt| (25)

namely the root-mean-square deviation of the divergence of owgg with re-
spect to the associated spatial average [76l, [74] [77].

3 Results

In this section, we consider five proof-of-concept stent designs and analyze
the associated structural and fluid dynamics performance.

3.1 TO-based stent unit cell designs

We employ Algorithm [I]for the design of four new stent unit cells, in addition
to Design in Section [2.1] The optimization phase essentially preserves the
selected functional, the material properties, and the input parameters to
microSIMPATY as for Design 1, except for the lower and upper bounds
of the components of the stiffness tensor (E., Ec) in , and for the
starting radius 7y of the Helmholtz filter, differently set for each design as
summarized in Table[I} In detail, Design 2 is the output of the optimization
when microSIMPATY is applied to narrow intervals for Eﬁn, o, and Eﬁm, o
Design 3 is the output when imposing negative values of E{{??, p, 0 the
optimization strategy, with a view to an auxetic stent design; Designs 4 and
5 are considered to investigate the sensitivity of the final layout with respect
to the range for Ef{leh and Eﬁ?&ph'

The optimized densities 7 delivered by microSIMPATY for the five pa-
rameter settings are shown in Fig. [6] together with the associated geometries
(where the clear-cut designs 7 are repositioned and converted into the .stl
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Figure 6: Optimized unit cells 7 (top) and associated .stl geometries (bottom) for
Designs 1 — 5 (left-right).

Table 2: Designs 1-5. Volume fraction characterizing the final microSIMPATY
layout.

Volume fraction (%)

Design 1 6.11
Design 2 7.52
Design 3 6.55
Design 4 16.55
Design 5 5.56

format). From Fig. |§|, the heterogeneity of the stent cells is evident. Fur-
thermore, the originality of the optimized layouts stands out when compared
with common designs currently employed in the production of commercial
stents [3]. By visual inspection, it turns out that: Designs 2 and 3 exhibit
thinner connection struts, essentially aligned with the horizontal and vertical
directions; Designs 4 and 5 generate more closely connected structures and
are more similar to Design 1, by offering a diagonal rotation and stretching
of the cell unit of the latter.

Some quantitative comments on the output of microSIMPATY are in
order. We first consider the converged objective functional, namely the
minimization of the contact area between the stent and the arterial walls,
expressed in terms of material volume fraction (see Table . The final
layouts feature a 5.6 - 7.5 % volume fraction of the initial design domain,
consistently with the very thin struts characterizing the designs in Fig. [6]
In these cases, the significant minimization of Jg can be ascribed to the
wide ranges selected for the constraints. Conversely, Design 4 represents an
exception, with a final 16.55 % volume fraction, which is promoted by the
larger values enforced for Eﬁ22, o, (see Table .

As a last check, we provide the explicit expression for the homogenized
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stiffness tensor for the cells, given by and

0.600  0.151 -0.002
Design 2 EH = 0.151  0.099 0.0003
—0.002 0.0003 0.009

Design 3 EH =1 -0200 0.196 0.066

T

—0.077  0.066  0.025

0.824 0.772  0.066
Design 4 BT — 0.772  0.848  0.057

T

0.289 —0.200 0.0??)

0.066  0.057  0.368

0.510  0.519 —-0.376
Design 5 Ef = 0.519  0.539 -0.384
—-0.376 —0.384  0.298

The optimized values Eﬁny and Eﬁm,r are compliant with the lower
and upper bounds summarized in Table|I| for all the design cases. It is worth
noticing that EﬁQQ’T is just above the lower bound (and just below the upper
bound in the case of Design 3) since the optimization process reduces the
volume fraction at the expense of stiffness, within the allowed ranges for the
constrained components. This trend is less evident for Eﬁn,r due to the
wider range of admissible values.

3.2 Structural mechanics simulations

In this section, we carry out the FE structural analysis set in Section [2.3
on the 3D stent models associated with the 2D unit cells in Fig. [6] Virtual
crimping is adopted to discriminate among the five stent layouts. For each
stent model, the distributions of the maximum principal strain at the initial
and at the minimum crimping diameter are presented in Fig. [7| (we refer
also to Table [3[ for corresponding quantitative data).

From virtual crimping, we observe that: Design 2 is subject to severe
structural instability issues which do not allow for complete stent crimping
(Fig. |7}, panel (B)); Design 3 exhibits several auto-contacts between the stent
struts at the beginning of the crimping, that prevent a further reduction of
the catheter diameter and ultimately impede the finalization of the crimping
procedure (Fig. , panel (C)); Design 4 reports structural integrity issues,
with a peak of maximum principal strain larger than the value of elongation
at break. On the contrary, it turns out that Designs 1 and 5 can be ade-
quately crimped. In particular, with reference to Table 3, Designs 1 and 5
allow reaching the target minimum catheter diameter, 2.3 mm, whereas the
other three devices fail. Moreover, Design 1 is characterized by the lowest
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Figure 7: Designs 1-5. Maximum principal strain at the initial (top) and at mini-
mum (bottom) crimping diameter. Half stent of each design is represented
in section.

overall value of the peak maximum principal strain and, consequently, it
has the lowest risk for structural failure throughout the device deployment
procedure [18].

As a second level of investigation, radial force and foreshortening as a
function of the crimping diameter are analyzed (see Fig. . A nonlinear
trend shows up, to be ascribed to the combined effect of the material super-
elasticity and structural instabilities. Moreover, Designs 1 and 5, namely the
only stents that completed the crimping step, exhibit a hysteresis cycle as it
typically occurs in self-expandable NiTi devices. By analyzing Fig. [8| (panel
(A)), we remark that Designs 4 and 5 attain the highest and the lowest
values of the radial force at the beginning of the crimping step, respectively.

Table 3: Designs 1-5. Minimum crimping diameter and corresponding peak value
of the maximum principal strain.

Min crimping diameter (mm) Peak max principal strain (%)

Design 1 2.3 10.0
Design 2 5.4 12.7
Design 3 5.3 11.1
Design 4 4.0 18.0
Design 5 2.3 15.0
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Figure 8: Designs 1-5. Radial force (per unit length) (A) and foreshortening (B)
as a function of the crimping diameter. Details are shown for the initial
part of the curves. The dotted line marks the intersection between the
stent and a vessel with a constant diameter of 6 mm, throughout the
expansion step.

Table 4: Designs 1 and 5. Radial force (per unit length) and foreshortening values
at the crimping diameter of 6 mm in the expansion step.

Radial force (N/mm) Foreshortening
Design 1 0.65 0.112
Design 5 0.17 0.105

Interestingly, Design 1 and 5 show near constant values of the radial force
for the range of crimping diameters equal to [5.5 mm, 2.3 mm] and [6 mm,
4 mm], respectively. In panel (B), we can appreciate that Designs 1, 4 and
5 exhibit near equal foreshortening values at the beginning of the crimping
step, whereas Design 2 presents much lower values. Design 3 takes negative
values with an inversion of the trend at the beginning of the crimping step,
behaving as an auxetic structure.

Finally, the radial force and the foreshortening values at the diameter
of 6 mm during virtual stent expansion are presented in Table [4] only for
Designs 1 and 5 since they complete the entire crimping cycle. Markedly
different radial force characterize the two designs.

3.3 CFD simulations

Based on the results of the structural analysis, Designs 1 and 5 emerge as
potential candidates for innovative stent design. For this reason, CFD sim-
ulations for the evaluation of the hemodynamic performance of the stent
models are confined to the devices built on Designs 1 and 5 only. The
hemodynamic performance is evaluated in terms of the WSS-based quan-
tities introduced in Section [2.4] namely TAWSS and TSVI, whose luminal
distributions are mapped over the stented region in Fig. [9] The two designs
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exhibit similar TAWSS distributions (Fig. [9] top, panels (A) and (B)), with
low values located around the stent struts, and high values located in regions
between the struts (i.e., in the stent unit cell central area). Moreover, both
stent models present the highest TAWSS in the proximal segment, where an
open cell configuration characterizes the stents ring. As for the TSVI lumi-
nal distribution, high variations in the WSS contraction/expansion action
along the cardiac cycle are mainly located proximal and distal to the stent
struts, according to previous observations in commercially available stents
(Fig. [9] bottom, panels (A) and (B)) [72]. In both stent models, the highest
TSVI values (> 5000 m~!) are located at the stent peaks and valleys, and at
the links between the stent rings. Conversely, lower TSVI values character-
ize the central region of stent unit cells. Overall, a co-localization between
low TAWSS and high TSVI values in the proximity of the stent struts is
observable in both stent models.

(A) Design 1 (B) Design 5 Q) Violin plots
0.6 o median
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Py
'
=
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Figure 9: Color maps of TAWSS (top) and TSVI (bottom) along the luminal sur-
face of stented region of Design 1 (A) and Design 5 (B). Violin plots
(C) of TAWSS (top) and TSVI (bottom) for a single stent ring (white-
highlighted in (A) and (B)).

Despite the observed similarities in TAWSS and TSVI luminal distribu-
tions, the extension of the luminal surface regions exposed to low TAWSS
and high TSVI values is larger in the stent model based on Design 1. This
is confirmed by the quantitative analysis of the distributions of TAWSS and
TSVI on the luminal surface region around a single stent ring (see violin
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plots in Fig. @], panel (C)). In particular, the stent ring associated with De-
sign 1 presents lower TAWSS and higher TSVI median values as compared
to the model corresponding to Design 5 (0.07 [0.03 — 0.17] Pa versus 0.12
0.05 — 0.29] Pa, and 4408 [2359 — 8237] m~! versus 3290 [1750 — 5987] m~"
, respectively).

4 Discussion

In the following, we critically examine the results of the proposed TO-based
strategy for peripheral stents design, with a view to a possible practical
employment and to a future enhancement of the workflow.

4.1 Innovation onto the state of the art

The inverse homogenization TO-based computational framework in Sec-
tion offers a disruptive workflow. In the first step of the process, mi-
croSIMPATY algorithm is employed to systematically yield unconventional
unit cells, instrumental to the design of new self-expandable femoral stents
(second step). Compared with the contributions in the literature [24], 25]
where TO drives the proposal of new stent designs, the approach here intro-
duced resorts to inverse homogenization to efficiently deal with the interplay
between the unit cell prototyping and the properties of the whole device.
In addition, the process turns out to be general, going beyond the design of
auxetic stents as addressed in [20], 27]. A further innovative feature charac-
terizing the new pipeline is represented by the employment of computational
meshes highly customized to the TO process. This peculiarity makes the
whole design process time- and cost-effective, and promotes completely orig-
inal layouts.

In the two last steps of the workflow, a verification is accomplished to de-
termine the biomechanical performance guaranteed by the new stent designs,
focusing on the actual geometric, structural and hemodynamic properties.
In particular, the new workflow also takes into account the minimum re-
quirement for usability, by simulating the device crimping up to the catheter
diameter.

4.2 New stent designs: the topology optimization process

The considerable versatility of the new design process is confirmed by the
high heterogeneity exhibited by the proof-of-concept layouts in Section [3.1
both in terms of topology and mechanical/hemodynamic performance (see
Sections and [3.3). This variety of solutions is unlocked by the different
choices for the objective functional and for the constraints of the optimiza-
tion problem , as well as by the numerical parameters involved in Al-
gorithm [1] (see, e.g., [63, 43]). In this context, a key role is played by the
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selected ranges for the homogenized stiffness tensor components, promoting
the proposal of original unit cells when compared with the designs com-
monly employed in the stent production. From a mathematical viewpoint,
the heterogeneity of the topologically optimized layout can be ascribed to
the non-convexity of problem , namely to the existence of several local
minima [23]. Moreover, the adoption of an anisotropic mesh adaptation in
the design process leads to fully sustainable computations. For instance, the
prototyping of a new stent unit cell requires, on average, 15 minutes on a
standard laptop.

In more detail, the analysis carried out in Section highlights that
large values for the homogenized stiffness tensor components promote high
volume fractions (i.e., a high contact area), while wide ranges for the con-
straints lead to a relevant reduction of the volume fraction (i.e., a low contact
area). The obtained volume fractions are in the range 5 — 7% (except for
Design 4 with 16.55%), which are smaller with respect to those of some
commercially available femoral stents, such as the EverFlex stent (EV3,
Medtronic, Dublin, Ireland), characterized by a volume fraction of around
18 %.

Concerning the homogenized stiffness tensor components, we remark that
the optimization procedure reduces the volume fraction at the expense of
the stiffness, when dealing with small ranges of admissible values.

To summarize, all the preliminary considerations above have to be taken
into account in a realistic modeling of new stents in order to match the
recommended pre-clinical assessment targets.

4.3 New stent designs: structural mechanics and CFD anal-
ysis

The FE analysis suggests that only Designs 1 and 5 meet the minimum re-
quirements for usability throughout the implantation procedure, in terms of
device crimpability into the catheter. When compared to Design 5, Design 1
exhibits: a lower value of the peak maximum principal strain at the catheter
diameter, i.e., a higher safety in terms of structural integrity, with reference
to the material elongation at break limit; a higher radial force; a similar
foreshortening at the implantation diameter (see Table .

More in detail, despite the regulatory documentation [34] [33] does not
enforce limit values, the radial force should not be too low, to avoid in-
complete apposition of the stent to the vessel wall, nor excessive, to limit
injuring of the surrounding tissue; the foreshortening should be ideally as
close as possible to zero, to precisely implant the device into the vessel [3].
In [78], the authors experimentally evaluated the radial force generated by
three commercially available self-expandable peripheral stents, when con-
sidering a radial compression of 1 mm in diameter, establishing that such a
force is expected to be in the range [0.4 N/mm, 1 N/mm]. The radial force
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of Designs 1 and 5, at the same diameter of radial compression, are equal to
0.65 N/mm and 0.17 N/mm, respectively (Table 4). Accordingly, the radial
force generated by Design 1 is within the reference range, whereas Design 5
features a force value out of the range.

With reference to hemodynamics, Design 1, which is characterized by
a slightly higher volume fraction, exhibits lower TAWSS and higher TSVI
median values than Design 5 (Fig. E[) It follows that Design 1 may be
subject to a higher risk of ISR [72] 31 [79, [80].

Summarizing, the findings of the structural mechanics and fluid dynam-
ics analyses suggest that Design 1 is better in terms of mechanical charac-
teristics (i.e., lower peak maximum principal strain, radial force in the range
of commercial devices), while Design 5 is better in terms of geometric (i.e.,
lower contact area) and hemodynamics characteristics. Further investiga-
tion is required to define the best stent design, through the execution of
other in silico tests (e.g., crush and kink tests) and the fabrication of real
prototypes for a final in vitro assessment.

4.4 Current limits and future perspectives

The proposed workflow proved to be a reliable computational tool to gen-
erate innovative stent designs that ensure adequate performances in terms
of usability, radial force and hemodynamics. However, the actual effective-
ness of the procedure might suffer from some restrictions. For instance, the
investigation carried out in Section 3| is confined to specific choices for the
selected components of the homogenized stiffness tensor as well as for the
associated range of variation. In addition, the mechanical performance of
the stents has been assessed by simulating the radial crimping only, whereas
in vivo conditions in femoropopliteal arteries imply more complex loading
conditions related to the lower limb movements [28], 29]. Finally, although
laser cutting manufacturing is flexible enough to generate complex stent
geometries starting from computer aided design data, at the moment, the
proposed framework does not include any manufacturing constraints and no
prototypes of the obtained designs have been tested for realization.

Several advances could be implemented to further extend the potential-
ity of the presented workflow. As a possible, although very challenging,
enhancement, we plan to include the requirements — currently employed to
a posteriori assess the biomechanical behavior of new stent devices — into
the optimization problem , for instance as additional constraints or by
modifying the goal functional. Moreover, a multiphysics TO-based approach
could be developed thus enriching the structural mechanics requirements ad-
dressed in this paper with manufacturability constraints in the design of 2D
stent unit cells. In addition, the proposed computational workflow could
be further improved by optimizing the choice of the selected NiTi alloy, in
order to take into account the dependence of the NiTi material properties
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on the chemical composition and on the thermo-mechanical processing op-
erations [81]. Finally, thanks to high flexibility of the proposed pipeline, it
could be interesting to apply it to the improvement/design of medical de-
vices for other cardiovascular applications or for different medical areas (we
refer to [44] for an instance of orthopedic application).

5 Conclusions

In the last decade the technological innovation in femoral artery stenting
has been incremental, with minimal modifications to the geometry of con-
solidated stent designs, resulting in marginal improvements in stents per-
formance. Such an incremental approach considerably limits the proposal
of innovative devices on the market. On the contrary, the proposed com-
putational workflow enables the creation of breakthrough designs of self-
expandable femoral artery stents, thanks to the employment of inverse ho-
mogenization TO for the generation of new stent unit cells that meet spe-
cific clinical requirements. Five proof-of-concept stent designs with different
topologies were successfully generated and in silico verifications were car-
ried out to assess the associated mechanical and hemodynamic performance.
Two of the identified stent designs exhibited promising results in terms of
stent usability throughout the implantation procedure, low values for the
surface contact area and adequate radial force.

Overall, the method has to be meant as a proof-of-concept to assess the
capability of the workflow in Fig.[l|to match a set of specific requirements for
the stent design. The versatility of the involved methodology guarantees the
generalization of the whole process to different objectives, up to a patient-
specific setting.
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