POLITECNICO DI TORINO
Repository ISTITUZIONALE

Multi-objective design optimization of bioresorbable braided stents

Original

Multi-objective design optimization of bioresorbable braided stents / Carbonaro, D., Lucchetti, A., Audenino, A.L., Gries,
T., Vaughan, T.J., Chiastra, C.. - In:. COMPUTER METHODS AND PROGRAMS IN BIOMEDICINE. - ISSN 0169-2607. -
242:(2023), p. 107781. [10.1016/j.cmpb.2023.107781]

Availability:
This version is available at: 11583/2982506 since: 2023-09-27T08:16:56Z

Publisher:
Elsevier

Published
DOI:10.1016/j.cmpb.2023.107781

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

22 June 2026



Computer Methods and Programs in Biomedicine 242 (2023) 107781

Contents lists available at ScienceDirect

Computer Methods and Programs in Biomedicine

o %

ELSEVIER journal homepage: www.elsevier.com/locate/cmpb

~
Multi-objective design optimization of bioresorbable braided stents el

Dario Carbonaro ®', Agnese Lucchetti b1 Alberto L. Audenino?, Thomas Gries ",

>, 2 . . a,2,*
Ted J. Vaughan ““, Claudio Chiastra®~
a poliTo®"°Med Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, Italy

Y Institut fiir Textiltechnik of RWTH Aachen University, Aachen, Germany
¢ Biomechanics Research Centre (BioMEC), School of Engineering, College of Science and Engineering, University of Galway, Ireland

ARTICLE INFO ABSTRACT
Keywords: Background and objectives: Bioresorbable braided stents, typically made of bioresorbable polymers such as poly-1-
Critical limb ischemia lactide (PLLA), have great potential in the treatment of critical limb ischemia, particularly in cases of long-

Bioresorbable braided stent
Bioresorbable polymer
Design optimization

Finite element analysis

segment occlusions and lesions with high angulation. However, the successful adoption of these devices is
limited by their low radial stiffness and reduced elastic modulus of bioresorbable polymers. This study proposes a
computational optimization procedure to enhance the mechanical performance of bioresorbable braided stents
and consequently improve the treatment of critical limb ischemia.

Methods: Finite element analyses were performed to replicate the radial crimping test and investigate the im-
plantation procedure of PLLA braided stents. The stent geometry was characterized by four design parameters:
number of wires, wire diameter, initial stent diameter, and braiding angle. Manufacturing constraints were
considered to establish the design space. The mechanical performance of the stent was evaluated by defining the
radial force, foreshortening, and peak maximum principal stress of the stent as objectives and constraint func-
tions in the optimization problem. An approximate relationship between the objectives, constraint, and the
design parameters was defined using design of experiment coupled with surrogate modelling. Surrogate models
were then interrogated within the design space, and a multi-objective design optimization was conducted.
Results: The simulation of radial crimping was successfully validated against experimental data. The radial force
was found to be primarily influenced by the number of wires, wire diameter, and braiding angle, with the wire
diameter having the most significant impact. Foreshortening was predominantly affected by the braiding angle.
The peak maximum principal stress exhibited contrasting behaviour compared to the radial force for all pa-
rameters, with the exception of the number of wires. Among the Pareto-optimal design candidates, feasible peak
maximum principal stress values were observed, with the braiding angle identified as the differentiating factor
among these candidates.

Conclusions: The exploration of the design space enabled both the understanding of the impact of design pa-
rameters on the mechanical performance of bioresorbable braided stents and the successful identification of
optimal design candidates. The optimization framework contributes to the advancement of innovative bio-
resorbable braided stents for the effective treatment of critical limb ischemia.

1. Introduction permanent metallic stents [1]. They possess the advantage of providing
temporary vessel support for the required duration before gradually

Bioresorbable stents, typically made of bioresorbable polymers such degrading into byproducts [2]. This characteristic provides several

as poly-l-lactide (PLLA), polycarbonate and polydioxanone, or bio- long-term benefits, including the prevention of late inflammation,
absorbable metals such as magnesium, offer a promising alternative to reduction of artifacts in clinical images, prevention of complications in

Abbreviations: CLI, critical limb ischemia; D, Diameter; FE, finite element; FS, Foreshortening; PLLA, poly-l-lactide; PMPS, Peak maximum principal stress; RF,
Radial force.
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secondary surgeries, and reduced need of long-term antiplatelet treat-
ment [2-4]. Bioresorbable stents are classified into laser-cut stents,
which are fabricated by laser cutting tubular materials, and braided
stents, which are composed of interlaced monofilaments that can move
independently [5]. Bioresorbable laser-cut stents have shown promising
results in treating short-segment occlusions in critical limb ischemia
(CLD) [1]. However, these devices have demonstrated limited efficiency
for the treatment of CLI in cases of long-segment occlusions and lesions
with high angulations [6]. Conversely, bioresorbable braided stents
offer superior conformability to the vessels, making them potentially
valuable in treating these challenging lesions [7]. Nevertheless, the
design of bioresorbable braided stents for CLI poses several challenges.

Notably, stents must generate adequate radial force to provide suf-
ficient support to the blood vessel, ensuring vessel patency and pre-
venting re-occlusion [8]. Regarding this, the lower radial stiffness of
braided stents compared to laser-cut stents [9] and the reduced elastic
modulus of bioresorbable polymers in comparison to metals [1] make
the design of bioresorbable braided stents for CLI applications chal-
lenging. Furthermore, bioresorbable braided stents should exhibit min-
imal foreshortening, referring to the change in length that occurs upon
deployment, to enable precise positioning during the implantation
procedure [8]. Additionally, these devices should be self-expandable,
meaning they should not undergo plastic deformations during the im-
plantation procedure [10].

On one hand, various studies have proposed computational ap-
proaches to investigate the mechanical properties of bioresorbable
braided stents [10-12], showing that the geometric characteristics of
these devices significantly influence their mechanical performance.
However, these studies have investigated a limited number of stent ge-
ometries and design parameters. On the other hand, geometry optimi-
zation approaches have been developed for laser-cut stents to
extensively investigate the impact of the geometrical features on their
mechanical performance, with the goal of identifying optimal device
geometries and achieve superior treatment outcomes [13-25]. Howev-
er, such geometry optimization approaches have been less frequently
applied to braided stents [26-28], and they have not been utilized for
bioresorbable braided stents. Therefore, the present study proposes a
multi-objective geometry optimization framework based on the finite
element (FE) modelling to optimize the mechanical performance of
bioresorbable braided stents for the treatment of CLI.

2. Methods
The procedure applied for the optimization of bioresorbable braided

stents involved the following main steps (Fig. 1): (i) development of a
parametrized FE model of the stent to simulate the radial crimping test

FE model of stent

radial compression Definition of the

optimization problem
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i Design space:
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and assess the stent mechanical performance; (ii) formulation of the
optimization problem by defining the optimization objectives, con-
straints and design space; (iii) integration of the design of experiments
method with the surrogate modeling approach to establish an approxi-
mate relationship between the optimization objectives and constraints,
and the design parameters of the stent; (iv) exploration of the design
space to examine the impact of the design parameters on the stent me-
chanical performance; (v) multi-objective optimization to identify
Pareto-optimal design candidates. Each step of the workflow is detailed
in the following subsections.

2.1. Parametric FE model of the stent

A parametric FE model of a bioresorbable braided stent made of
PLLA was developed. Its geometry was reconstructed using the approach
proposed by Zaccaria et al. [29] and implemented in Matlab (Math-
Works, Natick, MA, USA). This approach allows for the parametrization
of the FE model by incorporating four design parameters associated with
the stent geometry. These parameters include the number of wires of the
stent (n), the diameter of the wire (d), the initial diameter of the stent
(Do), and the braiding angle of the stent (@) (Fig. 2). In detail, the braided
stent geometry was obtained using parametric equations of a helix, in
which a sinusoidal modulation of the radial component was added to
describe the wire intertwining. The parametric equations for a single
wire running in counterclockwise and clockwise directions, as indicated
in Fig. 2, are represented by Egs. (1) and 2, respectively:

x(0) = <D0—+2d + t—icos (6’ 2y n> >cos(0)

2 2 2
0= (232 Lm0 542) i
@
«0) = DOT”" 0 tan(a)
. 21y
with 6 € {O»W}
0= (23 (0 3) Ym0
¥(0) = (DOTW +eos(0) )Si"(fe)
Dy +2d )
1(0) — L 0 tan(a)
. 21y
with 6 € {Ovm}

Design parameters

Coupling of design of exploration

experiment with I:> Impact of the design parameters on

surrogate modeling

E> e Sampling strategy:

Central composite design

® Surrogate models: E>

2d order polynomial

optimization objectives and constraints

Multi-objective optimization

Pareto optimal solutions with NSGA-II

Fig. 1. Main steps of the optimization framework: (i) development of a parametrized FE model of the stent and FE simulation of the radial crimping test, taking into
consideration four design parameters of the stent (see Sections 2.1, 2.2, 2.3 and 3.1); (ii) formulation of the optimization problem by defining the optimization
objectives, constraints and design space (see Section 2.4.1); (iii) design parameters sampling and implementation of surrogate models of the optimization objectives
and constraints (see Sections 2.4.2 and 3.2.1, and Supplementary material); (iv) exploration of the design space to investigate the impact of the design parameters on
the optimization objectives and constraints (see Section 3.2.2); (v) multi-objective optimization to identify Pareto-optimal candidates of the stent designs (see
Sections 2.4.3 and 3.3). n is the total number of wires of the stent, d is the diameter of the wire, Dy is the initial diameter of the stent, « is the braiding angle of

the stent.”
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Fig. 2. Bioresorbable braided stent geometry. The red and blue wires of the stent correspond to the single counterclockwise and clockwise wires, respectively, as
represented in Eqs. (1) and (2). The stent is formed by a total number of wires equal to n. d is the diameter of the wire, Dy is the initial diameter of the stent, « is the
braiding angle of the stent, Iy is the initial length of the stent and 0 is the polar angle that parametrize the geometry. n, d, Dp and a are the four design parameters

investigated in this study.

in which n, d, Dp and « are the design parameters of the stent. The polar
angle 0 parametrizes the geometry and its maximum value is calculated
based on the number of revolutions needed to achieve a an initial stent
length (lp) (Fig. 3) of 20 mm, chosen based on the study by Lucchetti
et al. [30]. Finally, the counterclockwise and clockwise wires were
cyclically repeated to generate the remaining structure, composed of a
total of n wires. The stent geometry was then discretized in Matlab and
exported as an input file for Abaqus/Explicit (Dassault Systemes Simulia
Corp., Johnston, RI, USA), which was considered as the reference FE
solver. The stent geometry was discretized using B31 Timoshenko beam
elements. The mesh density was determined based on a previous study
[29]. The stent mechanical properties were obtained from a previous
experimental study on bioresorbable braided stents [30]. Specifically,
Fig. 3 illustrates the uniaxial stress-strain curve of PLLA obtained from
tensile tests conducted on wire samples. An elasto-plastic constitutive
law was employed to model the PLLA, incorporating the material model
parameters reported in Table 1 and implementing the material plasticity
curve based on the data shown in Fig. 3.

2.2. FE simulation of stent radial crimping

The radial crimping test is a standard method commonly used to
characterize the mechanical performance of stents [31-33]. It aims to
simulate the loading conditions that the stent during insertion into a
catheter and deployment at the treatment site. FE analyses of the radial
crimping were performed using Abaqus/Explicit on a single node of a
cluster, equipped with 48 Cores (2 Intel Xeon Platinum 8160 processors
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Fig. 3. Uniaxial stress vs. strain curve of PLLA obtained from tensile tests
conducted on PLLA wires by Lucchetti et al. [30]. o, is the yield stress and & is
the yield strain. Their values are reported in Table 1.

Table 1
Mechanical properties of PLLA as measured by Lucchetti et al. [30], with
reference to Fig. 3.

E v Gy €y P

6.4 GPa 0.35 110 MPa 0.03 1.25 g/cm3

E: Young modulus, v: Poisson ratio, c,: yield stress, ¢, yield strain, p density.

@2.10 GHz) and 192 GB RAM. The radial crimping of the stent was
achieved through contact with ten rigid plates, which were radially
translated (Fig. 4(a)), without any nodes of the stent being constrained.
The rigid plates replicate the testing machine typically employed in
experimental radial crimping tests [30,34]. The plates were modelled as
rigid. Each plate was discretized using 90 R3D4 elements [35]. The
radial crimping procedure consisted of two steps, namely the crimping
and expansion steps (Fig. 4(a)). In the crimping step, the stent was
crimped starting from its initial diameter Dy to the minimum diameter
Dpin = 2.3 mm (corresponding to a catheter of 7 Fr). In the expansion
step, the device was released back to its initial diameter Dy. Interactions
between the parts were implemented with the general contact algo-
rithm, considering the default “hard” normal contact behavior, with
tangential behavior defined using a friction coefficient of y = 0.12 for
the stent/plates interaction, and a coefficient of u = 0.30 when
self-contact between the stent struts was considered. The friction co-
efficients were evaluated through a combined computational and
experimental approach applied to the PLLA braided stents reported in
[30]. Furthermore, it was ensured that ratio of the kinetic energy to the
total internal strain energy was less than 5%, to perform a quasi-static
analysis [29].

The following FE outputs were computed to evaluate the mechanical
performance of the stent and subsequently incorporated into the
formulation of the optimization problem (Section 2.3):

(i) Radial force (RF) applied by the stent when it expands. It is
essential that the implanted stent applies a sufficiently high RF
the vessel wall in order to provide support to the diseased artery
and prevent tissue prolapse [8,31,32]. In detail, Fig. 4(b) illus-
trates a typical RF vs. D curve of a radial crimping test of a bio-
resorbable braided stent, as reported by Lucchetti et al. [30]. In
this study, RF was measured at different diameters ranging from
D. = 3.5 mm to D, = 4.1 mm (Fig. 4(b)). These diameters were
considered as representative of the dimensions of different vessels
in which the device is implanted. For the purpose of the analysis,
a nominal vessel diameter Dy = 3.8 mm was considered for the
device implantation. Consequently, the RF values RF., RFy and
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Fig. 4. (a) The radial crimping procedure, which comprises the crimping step followed by the expansion step. Dy, and Dy, are the initial and minimum diameters,
respectively. lp and lqy, are the initial and maximum lengths, respectively. (b) A typical RF vs. D curve for the radial crimping procedure of a bioresorbable braided
stent. RF, RFy and RF, are the RF values evaluated at the implantation diameters D, Dy and D, respectively, in the expansion step.

RF. were evaluated at the implantation diameters D. Dy and D,
respectively (Fig. 4(b)). RF was computed for each D as the sum of
the contact normal forces magnitudes measured on each plate,
divided by Ip.

(ii) Foreshortening (FS) of the stent. Smaller FS values indicate
higher precision in positioning the stent once it is expanded in the
target location [8,31,32]. FS was evaluated at the minimum
diameter (D), considering its maximum value throughout the

radial crimping procedure. The FS was evaluated as l"‘“fo’l“, where

Imax is the length of the stent at Dpy, (Fig. 4(a)) [8].

(iii) Peak maximum principal stress (PMPS) within the stent. It is
related to the structural integrity of bioresorbable braided stents
[10]. To ensure a safe design, the upper limit value of PMPS was
set equal to the yield stress o, of PLLA (Table 1), as depicted in the
PLLA tensile loading curve of Fig. 3. The PMPS was measured at
Dpin, which conservatively represents the maximum value
throughout the radial crimping procedure.

2.3. FE model validation

The results of the FE analysis of radial crimping were compared with
the experimental test conducted in [30] on a braided stent made of the
same material as the simulated device (Fig. 4). The stent used for
comparison had the following characteristics: n = 24, d = 0.1, Dp = 5
mm, a = 30° lp = 20 mm. Accordingly, an identical device was simu-
lated, and the results were compared in terms of the outputs predicted
by the FE simulation (i.e., RF, RFy and RF.).

2.4. Optimization procedure

2.4.1. Optimization objectives and constraints

The optimization of the biomechanical performance, as well as the
associated clinical effectiveness, of the stent involved maximizing the RF
generated during implantation, minimizing stent FS, and ensuring that
the PMPS remained below oy. Specifically, the RFy value was considered
as a metric for the RF at implantation, which was targeted for maximi-
zation. Moreover, RF. and RF, values were measured to evaluate the
mechanical response within the range of implantation diameters.

The parameter design space of n, d, Dp and a was defined while
considering the constraints imposed by manufacturing technology used
for braided stents [36]. In particular, n was treated as a discrete variable,
with possible values of 24, 32, 36, and 48, in accordance with the
technical specifications of wire braiding machines. d was treated as a
discrete variable with possible values of 0.05 mm, 0.075 mm, and 0.10
mm, based on availability from the PLLA wire supplier [30]. Dy was
assumed to vary continuously within the range of [4.5 mm, 5.5 mm], as

it depends on the diameter of the braiding mandrel used in
manufacturing, which can be custom-made to the desired diameter.
Taking into account the range of implantation diameters [D, D.], the
oversizing ratios (i.e., Dy divided by implantation diameter) were found

to be within the range of [gij'% =11, D=ssmm 1.6], which is

consistent with previous investigations [37]. Lastly, a was treated as a
continuous variable since braiding machines allow for continuous se-
lection of this parameter, spanning the range of [20°, 30°], in accor-
dance with previous experimental investigations [30].

Summarizing, the present optimization problem can be formulated

as:
max
RFy(x)
xeDS
min
FS(x)
xeDS
PMPS(x) < o,
3
x=[n,d,D,x|:
ne {24, 32, 36,48}
st
DS =< d € {0.05 mm, 0.075 mm, 0.10 mm}
Dy € [4.5 mm,5.5 mm|
x € [20°,307]

where RFy (x) and FS (x) are the optimization objectives, PMPS (x) < o
is the non-linear constraint function, x is the vector of the design pa-
rameters and DS is the design space.

2.4.2. Surrogate modelling

Surrogate models were established for RF, RFy, RF., FS and PMPS.
The central composite design (CCD) (circumscribed) sampling strategy
[38] was implemented in Hyperstudy (Altair Engineering, Troy, MI,
USA), performing 25 sampling FE simulations of the radial crimping
procedure. The number of samples was defined by the following equa-
tion [38]:

2 4+ 2k +ny 4

where k = 4 is the number of design parameters and np = 1 is the number
of center points. The optimization objectives and constraint were
calculated through the FE simulations, and the resulting data was
exported in Matlab. Polynomial 2™ order surrogate models were
implemented in Matlab to establish an approximate relationship be-
tween the design parameters and the optimization objectives and
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constraint. Details on the validation of the surrogate models are pro-
vided in the Supplementary material.

2.4.3. Multi-objective optimization

The validated surrogate models were used to conduct a multi-
objective optimization and identify sets of Pareto-optimal design can-
didates. The non-dominated sorting genetic algorithm (NSGA-II) [39]
was employed in Matlab for this purpose. The settings of the algorithm
are reported elsewhere [40-42]. A non-linear constraint function was
also incorporated to ensure that the solutions obtained during the
optimization process are feasible and adhere to the upper limit of the
PMPS (see Eq. (3)). Finally, the identified Pareto-optimal solutions un-
derwent a filtering process to eliminate duplicate solutions and prevent
overlapping designs.

3. Results
3.1. FE model validation

Fig. 5 presents a comparison between experimental and FE simula-
tion results of radial crimping for a selected PLLA braided stent. It in-
cludes the experimental radial crimping RF vs. D curve from Lucchetti
et al. [30], along with the computed values of RF, RFy, and RF, ob-
tained through both experimental and FE analysis. The results demon-
strate a good agreement between the experimental and FE analysis, with

a maximum relative error of 11.6 % (Table 2).

0.06

0.05 -

0.04 +

0.03

RF (N/mm)

0.02

0.01

2 25 3 3.5 4 45 5 55
D (mm)

Fig. 5. Comparison of experimental and FE simulation results of radial
crimping of a PLLA braided stent with the following characteristics: n = 24, d =
0.1 mm, Dy = 5 mm, a = 30°, l[p = 20 mm. The black line and the shaded area
represent the mean values and the standard deviations of the RF vs. D data,
respectively, obtained from the experimental radial crimping test conducted by
Lucchetti et al. [30]. Values of RF, RF., and of RFy are represented by grey
points and black points, respectively. The points lying on the black line
represent experimental data, while the remaining points, connected by the
dotted line, correspond to the results obtained from FE simulation.

Table 2
Comparison between experimental and FE simulation results of the RF,, RFy and
RF, values.

RF. RFy RF,
Experimental 0.020 N/mm 0.017 N/mm 0.015 N/mm
FE simulation 0.018 N/mm 0.016 N/mm 0.013 N/mm
Relative error 11.3% 7.6% 11.6%
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3.2. Surrogate modelling

3.2.1. Sampling FE simulations

Fig. 6 presents the objectives and constraint functions obtained from
the 25 FE simulation samples of the CCD scheme. Fig. 6(a) shows the
nominal value RFy along with the values of RF. and RF, for each FE
simulation sample. It is evident that the nominal value RFy is located
approximately halfway between RF. and RF, highlighting the linearity
of the RF vs. D curve during the expansion step at implantation (see
Fig. 5). Furthermore, the magnitude of |RF. - RF | rises as the RFy values
increase, indicating an enhanced slope of the RF vs. D curve. Fig. 6(b)
displays the FS values, with reported values up 1.75. Fig. 6(c) depicts the
PMPS values, which were found to be lower than o). It is observable that
higher values of RFy correspond to higher values of PMPS. The broad
range of values observed for both objective functions RFy and FS sug-
gests the potential to achieve favorable outcomes in terms of optimized
quantities. Further details can be found in the Supplementary material
(Tables S2 and S3).

Fig. 7 shows the axial displacement and maximum principal stress
contour plot for the FE simulation sample 1, represented in red in Fig. 6.
The contour plot reveals that the stent undergoes axial elongation in
both positive and negative directions. Additionally, the maximum
principal stress is evenly distributed along the stent length, with peak
values concentrated at the contact zones between the stent struts.

3.2.2. Design parameters exploration

The surrogate models were successfully validated. The results of the
validation process are reported in the Supplementary material (Fig. S1
and Table S1).

The validated surrogate models were utilized to examine the influ-
ence of each design parameter on the optimization objectives and
constraint. The curves of RFy (together with RF. and RF. ), PMPS and FS
obtained by varying one parameter at time while maintaining the others
fixed at the median value (see Eq. (3)), are depicted in Fig. 8. Fig. 8(a)
shows that RFy is primarily affected by n, d, and «, with d having the
highest impact. Increasing n and d enhances the device radial stiffness,
leading to higher radial forces during radial compression. Furthermore,
decreasing « increases the radial component of the generated contact
forces. Conversely, the initial stent diameter D, appears to have a
marginal impact on the RFy. Furthermore, RF. and RF .. exhibit a similar
trend to RFy, with slight increasing values of |RF.. - RF.| as RFy increases.
Fig. 8(b) shows that FS is markedly impacted only by a. This can be
attributed to the fact that FS depends on the motion of the stent during
radial compression, which is primarily affected by a. Finally, Fig. 8(c)
demonstrates that PMPS is mainly impacted by d and «, with d having
the greatest influence. Moreover, the contrast between RFy and PMPS
was observed for d and «, but not for n. Increasing n leads to the force
being distributed over a greater number of wires, which accounts for this
distinction.

3.3. Multi-objective optimization

Fig. 9(a) depicts the sets of non-dominated optimal solutions lying on
the Pareto-front of the two objective functions, RFy and FS, which
characterize the mechanical performance of PLLA braided stents. A
comparable trend is observable among RFy, RF. and RF,, with similar
values of |RF. - RF, | for all optimal design candidates. Thirteen Pareto-
optimal design candidates were identified from the multi-objective
optimization, and their characteristics are listed in Table 3. It can be
observed that all optimal design candidates have n = 48, d = 0.10 mm
and Dy values that slightly vary but tend towards 4.5 mm. Additionally,
the optimal designs exhibit « values in the the range of [20°, 30°]. Fig. 9
(b) presents the PMPS values of the optimal design candidates, indi-
cating that all of the optimal design candidates have feasible PMPS
values.
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(c) PMPS values. The red point refers to the FE simulation sample 1.
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Fig. 7. Contour plot of the axial displacement and maximum principal stress of the FE simulation sample 1, indicated in red in Fig. 6. FE simulation sample 1 is
characterized by n = 24, d = 0.05 mm, Dy = 4.5 mm and a@ = 30°. The arrow in the upper legend represents the axial direction.

4. Discussion

The use of computational modeling tools offers valuable assistance in
the design and development phases of vascular stents [43]. By reducing
the reliance on multiple prototypes and experimental tests, these tools
positively impact product development cycle time and costs. Further-
more, computer modeling and simulation enable the optimization of
stent designs, facilitating the systematic creation of devices with
improved mechanical performance and potentially superior clinical
outcomes, thereby overcoming the limitations of the trial-and-error
approach. Bioresorbable braided stents are innovative devices that
have been underexplored computationally [10]. This study presents, for
the first time, an optimization framework specifically designed for such
a type of stents, with the goal to enhance their mechanical character-
istics, thus potentially overcoming existing limitations and enhancing
their clinical effectiveness in the treatment of CLI.

The optimization framework incorporated the replication of the
radial crimping test, following the specified standard [31,32], through
FE analysis to characterize the mechanical performance of bioresorbable
braided stents. The FE analysis of radial crimping was compared to a
corresponding experimental test conducted on a selected stent design.
The comparison revealed a good agreement between the numerical and
experimental results in terms of RF evaluated at the implantation
diameters.

All the FE models samples generated through CCD simulations
resulted in correct geometries and were successfully simulated,

showcasing the potential of the parametric FE model of the bio-
resorbable braided stent in conducting the design of experiments. The
computational cost of the optimization procedure was primarily influ-
enced by the FE simulations, whereas the automatic generation of FE
models and the multi-objective optimization incurred negligible
computational expenses (< 5 min). Specifically, each FE simulation
necessitated up to 10 h on our cluster, resulting in a CCD sampling phase
totaling approximately 250 hours in the worst-case scenario where FE
simulation samples could not be parallelized. Surrogate models were
successfully implemented and validated, establishing an approximate
relationship between RF,, RFy, RF., FS and PMPS and the four design
parameters. In this regard, an initial investigation was carried out by
varying one design parameter at a time while keeping the others fixed at
the median value (Fig. 8). This approach provided valuable insights into
the impact of design parameters on the predicted objectives and
constraint functions and may facilitate decision-making in stent design
based on predicted mechanical behavior. However, this approach
involved a limited exploration of the design space. Therefore, a multi-
objective optimization procedure was subsequently performed, leading
to the identification of optimal design candidates with enhanced me-
chanical characteristics within the design space. Interestingly, the
Pareto-optimal design candidates exhibited feasible PMPS values, indi-
cating that the optimization process successfully satisfied the constraint
(Fig. 9(b)). These candidates were characterized by upper bounds of n =
48 and d = 0.01 mm, as increasing these parameters resulted in higher
RFy values without compromising FS (Fig. 8). Additionally, the
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Fig. 9. (a) Pareto-front of RFy vs. FS, depicted as a black line, where each point corresponds to a Pareto-optimal design candidate. The corresponding RF. and RF.
values are illustrated as grey dotted lines. (b) PMPS values of the identified Pareto-optimal design candidates.

candidates had Dy values close to the lower bound of 4.5 mm, as did not consider the feasible values of RF and FS that bioresorbable
decreasing Dy slightly increased RFy while maintaining FS (Fig. 8). braided stents should meet for CLI applications, as relevant literature
Consequently, the key differentiating factor among the candidates was data on this aspect were unavailable. Additional studies should be
found to be the parameter a (Table 3). conducted to investigate the radial force that stents need to generate for

This study presents some limitations. The optimization procedure CLI applications, considering variations in the characteristics of the
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Table 3
Design parameters of the Pareto optimal design candidates, represented in
Fig. 9.

Optimal design candidate n d (mm) Dy (mm) a(®)
1 48 0.10 4.51 30.0
2 48 0.10 4.52 29.4
3 48 0.10 4.59 28.8
4 48 0.10 4.59 27.4
5 48 0.10 4.62 26.2
6 48 0.10 4.55 25.8
7 48 0.10 4.65 24.8
8 48 0.10 4.57 23.9
9 48 0.10 4.66 23.0
10 48 0.10 4.62 22.1
11 48 0.10 4.58 21.5
12 48 0.10 4.60 20.8
13 48 0.10 4.60 20.0

n: number of wires of the stent; d: the diameter of the wire; Dy: initial diameter of
the stent; a: braiding angle of the stent.

specific diseased vessel. Furthermore, the optimization focused solely on
simulating the radial crimping of the device, which effectively measures
RF, FS, and PMPS during the implantation procedure. However, in vivo
conditions involve more complex loading conditions [44] that could be
considered through additional mechanical tests to fully characterize the
device behavior. Moreover, to address the potential risk of thrombosis
associated with bioresorbable stents [1], further advancements could be
implemented to optimize the hemodynamics of the devices. Finally, the
optimization framework was applied to solely one PLLA braided stent
design, considering a restricted extension of the design space, based on
the constraints imposed by manufacturing technology [36] and on a
previous experimental study [30]. Nevertheless, the framework pro-
vided enough flexibility to be extended to different bioresorbable ma-
terials, braided stent designs and, in general, braided cardiovascular
devices.

5. Conclusions

The computational framework proposed in this study proved to be
effective in assessing the influence of geometric characteristics on the
mechanical performance of bioresorbable braided stents. It successfully
identified optimal design candidates that exhibited enhanced mechan-
ical characteristics, considering realistic manufacturing constraints. This
contribution aids in the advancement of innovative bioresorbable
braided stents for the effective treatment CLI, while also reducing time
and costs associated with the iterative development and prototyping
phases of the device.
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