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ABSTRACT
Bioresorbable braided stents represent a promising solution for the treatment of peripheral artery disease, providing tempo-
rary mechanical support before gradually degrading into biocompatible byproducts. Previous studies have highlighted their 
lower mechanical performance compared to permanent metallic stents. However, their implantation in lower limb arteries 
remains unexplored, leaving uncertainty on whether their mechanical performance is sufficient for effective treatment. The 
aim of the present study was to evaluate the performance of a poly-l-lactic acid (PLLA) braided stent for the treatment of 
lower limb arteries through in silico analysis and compare it with that of a nickel-titanium (NiTi) device. A finite element (FE) 
model of the PLLA stent was implemented and validated against experimental bench test data. Subsequently, the mechanical 
characteristics of the PLLA device were compared to those of a NiTi stent, with identical geometrical features, through FE 
simulations of two bench tests (i.e., parallel plate compression and crimping tests). Finally, a virtual implantation procedure 
of both devices in a patient-specific lower limb artery was conducted by FE analysis, accounting for three different arterial 
wall conditions, to compare the stents' treatment performance. The FE analysis of the bench tests confirmed that the PLLA 
stent generated much lower force magnitudes than the NiTi device. Moreover, the virtual implantation procedure indicated 
the limited short-term performance of the PLLA stent for the treatment of peripheral artery disease in terms of risk for per-
manent deformations, low lumen gain, high values of incomplete stent apposition and a nonuniform distribution of contact 
pressure on the arterial wall.
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1   |   Introduction

Braided stents consist of intertwined wires, forming a mesh-like 
tubular structure, with individual wires capable of relative mo-
tion [1]. These devices are implanted through a minimally inva-
sive procedure, during which the stent is positioned at the arterial 
lesion and, upon release from the catheter, it self-expands to pro-
vide structural support to the arterial wall, thereby preventing 
vessel elastic recoil and reocclusion postintervention [2]. One of 
the key advantages of braided stents is their ability to conform to 
the vessel's shape and motion, making them particularly suitable 
for treating peripheral artery disease (PAD) in the lower limb 
arteries, such as the superficial femoral artery (SFA), which un-
dergo extensive movement [3, 4]. Furthermore, braided devices 
offer tunable design parameters, including braiding angle, wire 
diameter, number of wires and braiding pattern, allowing for 
customization of the mechanical characteristics to meet specific 
clinical needs [5, 6]. Braided stents can be manufactured from 
various materials, including metals and polymers, either perma-
nent or bioresorbable. Commercially available devices, widely 
adopted for the treatment of PAD in the SFA, are mainly fabri-
cated from wires made of permanent metals such as nickel–tita-
nium (NiTi) or cobalt–chromium–nickel [7, 2, 8, 9]. Conversely, 
bioresorbable braided stents, made purely from polymers such 
as poly-l-lactic acid (PLLA), are currently under development. 
These stents offer the advantage over permanent metallic stents 
of providing temporary vessel support for the required duration 
before gradually degrading into biocompatible byproducts [10]. 
This feature confers several long-term benefits, including the 
prevention of late inflammation, reduced imaging artifacts in 
clinical images, reduction of complications during secondary 
surgeries and a decreased need for long-term antiplatelet ther-
apy [10–12].

Several studies have been performed to investigate the mechani-
cal characteristics of bioresorbable braided stents, with the goal of 
evaluating their clinical efficacy. Lucchetti et al. [13] conducted ex-
perimental bench tests to investigate the mechanical performance 
of PLLA devices by considering various design parameters and 
loading scenarios. Furthermore, the degradation behaviour of the 
same devices was investigated in vitro both in real-time and ther-
mally accelerated conditions [14]. Zhao et al. [15] analysed differ-
ent computational modelling techniques of PLLA braided stents, 
while Carbonaro et al. [16] carried out a computational optimiza-
tion study aimed at enhancing the mechanical properties of these 
devices. Finally, Li et al. [17] conducted a combined experimental 
and computational study to analyse the deformation behaviour of 
PLLA wires, assessing the risk of permanent deformations that 
could compromise the stent's mechanical performance. These 
studies focused on mechanical characterisation through bench 
testing and confirmed the inferior mechanical performance of 
bioresorbable stents compared to their metallic counterparts, at-
tributable to the lower mechanical properties of bioresorbable 
polymers relative to metals. In this setting, however, the implanta-
tion procedure of bioresorbable braided devices in SFAs has not yet 
been investigated, through either in silico or in vitro models, leav-
ing it unclear whether their mechanical properties are adequate 
for effective treatment.

In this context, the aim of the present study was to evaluate and 
compare the performance of PLLA and NiTi braided devices for 

the treatment of lower limb arteries through in silico analysis. 
First, a finite element (FE) model of a bioresorbable braided stent 
made of PLLA was implemented and validated against experimen-
tal bench test data. Subsequently, the mechanical characteristics 
of the stent were compared to those of a NiTi device through FE 
simulations of two different bench tests, namely parallel plate 
compression and crimping tests. Finally, the implantation proce-
dure into a patient-specific SFA was virtually simulated using FE 
analysis, accounting for different arterial wall conditions.

2   |   Methods

The study followed three main steps (Figure 1): (i) FE modeling 
of braided stents with the material properties of PLLA and NiTi, 
with geometrical features designed for the treatment of the SFA; 
(ii) FE modeling of two bench tests for stent's mechanical char-
acterisation, including validation of the FE models with exper-
imental data and comparison of the mechanical characteristics 
of PLLA and NiTi devices; (iii) FE modeling of the stent implan-
tation procedure and comparison of the treatment performance 
between PLLA and NiTi braided stents.

2.1   |   FE Model of the Braided Stent

The geometry of the braided stent was generated using paramet-
ric equations as detailed in prior studies [9, 16, 18]. Specifically, 
a device designed for the treatment of PAD in SFAs was con-
sidered. The geometrical features were derived from Lucchetti 
et  al. [13] and included: internal diameter D0 = 5 mm, initial 
length l0 = 20 mm, wire diameter d = 0.1 mm, braiding angle 
α = 60°, number of wires nw = 24 and one-over-one-under (1:1-1) 
pattern (Figure 1). The stent geometry was generated in Matlab 
(MathWorks, Natick, MA, USA) and imported in Abaqus/
Explicit (Dassault Systèmes Simulia Corp., Johnston, RI, USA). 
The geometry was discretized using B31 Timoshenko beam el-
ements with three elements between each crossing point, fol-
lowing a mesh independence study [18]. Two materials, PLLA 
and NiTi, were implemented in the FE model for comparison. 
Specifically, an elasto-plastic constitutive model was consid-
ered for PLLA, with values of the material model parameters 
reported in Table 1, derived from uniaxial tensile tests on PLLA 
wires [13]. A super-elastic constitutive model was adopted for 
NiTi [19], with values of the material model parameters provided 
in Table 2, based on a previous study on NiTi braided devices [4].

2.2   |   Virtual Bench Tests

Parallel-plate compression and crimping are two standard 
bench tests for the mechanical characterisation of vascular 
stents [20]. FE simulations of the two tests were conducted 
with Abaqus/Explicit to characterise the mechanical perfor-
mance of PLLA and NiTi devices (Figure  2). The plates of 
the testing machines were modelled as rigid and discretized 
with R3D4 elements [21]. Specifically, for the parallel-plate 
compression, two plates were modelled. The lower plate was 
fixed and the upper plate was displaced vertically downwards 
to compress the stent by 50% of its initial diameter and then 
released to its original position [13, 20] (Figure  2a). For the 
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crimping, 10 plates were modelled, which were radially dis-
placed to compress the stent to 50% of its initial diameter and 
then released to their original position [13, 20] (Figure  2b). 
Interactions between the parts were implemented with the 
general contact algorithm, considering the default hard nor-
mal contact behaviour, with tangential behaviour defined by 
friction coefficients. Specifically, the friction coefficient be-
tween the stent and the plates was set to μstent-plates = 0.25 for 
parallel-plate compression and μstent-plates = 0.13 for crimping. 
The coefficient for self-contact among the stent wires was set 

to μstent-self = 0.3 for both tests. These values were determined 
following a calibration procedure, details of which can be 
found in Lucchetti et  al. [14]. Within the simulation, it was 
ensured that the ratio between kinetic and internal energy 

FIGURE 1    |    Main steps of the present study: (i) FE modelling of braided stents designed for the treatment of the SFA with material properties of 
PLLA and NiTi; (ii) FE modelling of two bench tests to compare the mechanical characteristics of PLLA and NiTi devices and (iii) FE modelling of 
the implantation procedure into a patient-specific SFA model to compare the performance of PLLA and NiTi braided stents. The stent geometrical 
features are illustrated in (i) and include: stent diameter (D0), stent length (l0), wire diameter (d), braiding angle (α), number of wires (nw) and one-
over-one-under (1:1-1) braiding pattern.

TABLE 1    |    Parameters of the elasto-plastic material constitutive 
model for PLLA [13].

Material model parameter Value

Young's modulus 6.4 GPa

Poisson's ratio 0.35

Yield stress 110 MPa

Ultimate tensile strength 310 MPa

Elongation at break 0.53

TABLE 2    |    Parameters of the NiTi super-elastic material constitutive 
model for NiTi [4].

Material model parameter Value

Austenite elastic modulus 56.7 GPa

Austenite Poisson's ratio 0.3

Martensite elastic modulus 25.6 GPa

Martensite Poisson's ratio 0.3

Transformation strain 0.046

Start of transformation loading 590 MPa

End of transformation loading 600 MPa

Start of transformation unloading 420 MPa

End of transformation unloading 380 MPa
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was less than 5% to perform a quasi-static analysis [22]. The 
primary outputs of the parallel plate compression and radial 
tests were the force and radial force generated by the device, 
respectively. The radial force was quantified as the sum of the 
forces' magnitude exerted on the moving plates. Forces mea-
sured in the parallel-plate compression and crimping were di-
vided by the stent initial length (l0).

The FE model of the PLLA braided stent was validated using 
experimental data from Lucchetti et al. [13]. First, the FE model 
was visually compared with the available prototype of the PLLA 
device. Subsequently, to verify the accuracy of the calibrated 
friction coefficients, a denser mesh stent (α = 70°) was simulated 
and the results were compared with the experimental curve re-
ported by Lucchetti et al. [13]. The FE models of the two bench 
tests were then utilised to characterise and compare the me-
chanical performance of the PLLA and NiTi devices featuring 
α = 60°.

2.3   |   Virtual Stent Implantation

FE analyses of stent implantation in a patient-specific diseased 
SFA were conducted to assess the devices' treatment perfor-
mance. In line with clinical practice, angioplasty was simulated 
in the lesion segment of the artery before the implantation pro-
cedure [23, 24]. The FE model of stent implantation comprises 
the following main components in addition to the stent: (i) ar-
tery, (ii) balloon and (iii) delivery system.

2.3.1   |   FE Models

2.3.1.1   |   Artery.  The inner surface of the SFA of a 
patient affected by severe PAD reconstructed from computed 

tomography was made available by Boston Scientific Ltd. Co. 
(Galway, Ireland)  through the BioImplant ITN project funded 
by the European Union's Horizon 2020 research and innova-
tion programme (grant agreement no 813869) (Figure 3a). The 
region of the SFA with a minimum inner diameter of 2.7 mm 
was identified as the site of treatment (Figure 3a). The geome-
try of the artery was generated from the inner surface, assum-
ing a constant vessel wall thickness of 0.7 mm [25] (Figure 3b). 
The geometry was meshed with C3D8R hexahedral elements, 
considering three layers of elements along the vessel wall 
(Figure 3c) [26]. The material of the artery was assumed to be 
homogeneous and isotropic, following the modelling approach 
proposed by Noble et al. [27], who conducted mechanical infla-
tion tests on 10 ex  vivo pathological femoral arteries and pro-
posed a Neo-Hookean incompressible hyper-elastic constitutive 
material model to homogenise the arterial tissue. Accordingly, 
in the present study, three values of material model parame-
ters from Noble et al. [27] were considered to represent varying 
tissue stiffness, corresponding to different arterial wall con-
ditions (Table  3). Moreover, perfect plasticity with yield stress 
of 0.14 MPa was introduced to model plaque fracture, based on 
experimental tensile tests on calcified femoral plaques [28], as it 
was assumed that after yielding the material has no resistance.

2.3.1.2   |   Balloon.  The FE model of the balloon adopted 
for the angioplasty was implemented following the approach 
proposed by Corti et  al. [29]. The Armada 35 Balloon Dilata-
tion Catheter (Abbott, Illinois, USA) was considered, which 
is commonly adopted for angioplasty in lower limb arteries. 
Details on the balloon FE model are available in the Supporting 
Information.

2.3.1.2.1   |   Delivery System.  The FE model of the deliv-
ery system was based on the model by Zaccaria et  al. [22] 
and comprised a NiTi guidewire, a 6-Fr Polytetrafluoroethylene 

FIGURE 2    |    Schematic of the two bench tests: (a) parallel-plate compression and (b) crimping. Each test consisted of a compression and an expan-
sion step, indicated respectively with the black and brown arrows in the figure.

 20407947, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

.70078 by Politecnico D
i T

orino Sist. B
ibl D

el Polit D
i T

orino, W
iley O

nline L
ibrary on [15/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 14

catheter sheath and an anti-jump system (Figure  4). Further 
details are provided in the Supporting Information.

2.3.2   |   FE Simulation of the Implantation Procedure

The FE simulation of the stent implantation procedure com-
prises five main steps, following the approach proposed by 
Zaccaria et al. [22] (Figure 5): (i) guidewire insertion; (ii) mor-
phing of balloon delivery system; (iii) angioplasty; (iv) morphing 
of stent delivery system and (v) stent implantation. Specifically:

	 I.	 The guidewire was inserted by displacing the node at the 
proximal extremity of the guidewire while activating its 
contact with the artery (Figure 5a). To prevent interpen-
etration between the catheter and artery in the following 
steps, the guidewire contact diameter was artificially in-
creased to a value greater that the catheter sheath diam-
eter. The two extremities of the artery were fixed in all 
degrees of freedom in all five steps of the implantation 
procedure. Moreover, pre-loading on the artery due to 
physiological internal pressure was not considered.

	 II.	 The balloon delivery system was inserted through a mor-
phing procedure (Figure 5b), using a morphing wire dis-
cretized with the same number of nodes as the guidewire. 

A displacement was applied to each node of the morphing 
wire to match the shape of the guidewire within the ar-
tery, thereby deforming the catheter sheath and balloon.

	 III.	 The angioplasty was divided into three steps: inflation, 
deflation and stabilization. Inflation was performed by 
applying a pressure of 2.1 MPa to the balloon inner sur-
face (Figure 5c). The pressure was then released in the 
deflation step, followed by a stabilisation step to com-
plete the procedure. The pressure value applied was se-
lected based on the manufacturer's compliance chart.

	 IV.	 The stent delivery system was inserted, repeating the 
morphing procedure adopted for the balloon delivery 
system (Figure 5d).

	 V.	 The braided stent was implanted by displacing nodes 
at the catheter sheath's distal extremity to retract the 
catheter sheath, thus allowing the device free expansion 
(Figure 5e).

The FE simulation was carried out in Abaqus/Explicit as a 
quasi-static process, ensuring that the ratio between kinetic 
and internal energy was less than 5% to perform a quasi-
static analysis [22]. Interactions between the parts were im-
plemented with the general contact algorithm, considering 
the default hard normal contact behaviour, with tangential 
behaviour defined by friction coefficients. Specifically, the 
friction coefficient between the stent and the delivery system 
(i.e., catheter sheath and guidewire) with the vessel was set to 
μstent-vessel = 0.05, the friction coefficient for self-contact among 
the stent wires was set to μstent-self = 0.3, while the contact be-
tween the stent and the catheter during stent deployment was 
defined as frictionless.

2.3.3   |   Verification of the FE Simulation

To verify the credibility of the FE analysis of the stent implanta-
tion, the radial interaction force (RIF) magnitude exerted by the 

FIGURE 3    |    Procedure for the implementation of FE model of the SFA: (a) reconstructed CT scan of the SFA and identification of the site of im-
plantation, (b) SFA geometry and (c) SFA mesh.

TABLE 3    |    Parameter of the incompressible Neo-Hookean hyper-
elastic material constitutive model used for the SFA model.

Material model parameter 
value Arterial wall condition

40.87 kPa Low stiffness

92.09 kPa Medium stiffness

143.80 kPa High stiffness

Note: The three values correspond to the minimum, medium and maximum 
values reported by Noble et al. [27].
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implanted stent to the artery was measured and compared to the 
chronic outward force (COF) obtained from the crimping test at 
the artery diameter. Specifically, the magnitude of the RIF was 
computed as the sum of the magnitudes of the normal contact 
forces of all the nodes of the stent.

2.3.4   |   Evaluation of the Treatment Performance

The following quantities were quantified to assess the treatment 
performance of the braided stents: (i) the maximum principal 
stress of the device when inserted into the catheter sheath, (ii) 
the lumen gain (LG) induced by both the angioplasty and the 
stent implantation, (iii) the incomplete stent apposition (ISA) 
and (iv) the contact pressure on the arterial wall following stent 
deployment. Specifically, the LG was measured at five cross-
sections distributed along the lesion of the artery (Figure  6a, 
S1–S5) both post-angioplasty and post-stent deployment. At each 

cross-section, two distances, D1 and D2, were quantified before 
and after the treatment to compute the minimum lumen area 
(MLA) (Figure 6b):

Accordingly, the LG was calculated as follows:

where MLAi and MLAf represent the MLA at the beginning 
and end of the step, respectively. Specifically, the LG induced by 
stent implantation was computed using the post-angioplasty ar-
tery configuration as the initial state. The ISA was measured as 
the maximum distance between the stent struts and the artery 
internal wall (Figure 6c). Specifically, the ISA was assumed to 

(1)MLA =

1

4
⋅ � ⋅ D1 ⋅ D2

(2)LG =

MLAf −MLAi

MLAi

FIGURE 5    |    Main steps of the FE simulation of the implantation procedure: (a) guidewire insertion, (b) morphing of the balloon delivery system, 
(c) angioplasty, (d) morphing of the stent delivery system and (e) stent implantation.

FIGURE 4    |    Delivery system including the guidewire, the catheter sheath and the anti-jump system.
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be critical for values higher than 0.1 mm, corresponding to the 
wire diameter d of the stent, as values greater than d could pro-
mote stent thrombosis, by disturbing the normal laminar flow 
along the vessel wall, as well as reduce re-endothelialisation and 
neointima formation [30].

3   |   Results

3.1   |   FE Model of the Stent and Virtual 
Bench Tests

Figure  7a displays the FE model of the PLLA braided stent 
alongside the prototype used in the experimental study by 
Lucchetti et  al. [13], demonstrating a good geometric corre-
spondence. Figure 7b,c compares the forces computed by the 
FE model with the experimental measurements from Lucchetti 
et al. [13] for the parallel-plate and crimping tests, respectively. 
A good agreement is observable between experimental and 
computational data for both the calibrated (α = 60°) and the 
validation (α = 70°) models for both bench tests. Specifically, 
for the parallel-plate compression, the relative difference in the 
force value at maximum compression (Figure 7b) between the 
average experimental and the computational data was 1.0% for 
both the calibrated and the validation models. For the crimp-
ing test, relative differences in terms of radial resistive force 

(RRF) and COF at the implantation diameter Dimp = 4 mm 
(Figure  7c) between the average experimental and computa-
tional data were, respectively, 2% and 10% for the calibrated 
model and 9% and 35% for the validation model. Furthermore, 
the mean absolute relative error was calculated and found to 
be 20% and 5% for the calibrated and validation models of the 
parallel-plate compression and 25% and 17% for the calibrated 
and validation models of the crimping.

Figure 8 illustrates the results of the FE analysis of the PLLA and 
NiTi braided stents of both parallel-plate compression (Figure 8a) 
and crimping (Figure 8b) tests. The values of Fmax, as well as RRF 
and COF measured at the implantation diameter Dimp = 4 mm, 
are reported in Table 4. Overall, the results highlight that forces 
generated by the PLLA stent were markedly lower than those 
produced by the NiTi device in both bench tests.

3.2   |   Virtual Stent Implantation

3.2.1   |   Verification of the FE Simulation

Table 5 presents the RIF magnitudes obtained from the stent 
implantation analysis, compared to the COF values computed 
in the crimping test, for the three investigated arterial wall 
conditions. The results demonstrate a good correspondence 
between the RIF and COF magnitudes for all arterial wall 
conditions, confirming the credibility of the FE analysis in 
calculating interaction forces during implantation. Minor dis-
crepancies were attributed to the variable arterial diameter 
along its length, which differs from the fixed diameter used in 
the COF calculations.

3.2.2   |   Evaluation of the Treatment Performance

3.2.2.1   |   Stent Stress State.  Figure  9 illustrates the max-
imum principal stress of PLLA and NiTi braided stents when 
the device is inserted into the catheter sheath before the implan-
tation (Figure 5e). The peak values of the maximum principal 
stress were 87 and 582 MPa for the PLLA and NiTi devices, 
respectively. For the PLLA stent, the peak stress value was 
below the yield stress values of the material (Table 1), indicat-
ing the absence of permanent deformations during the stent 
implantation. For the NiTi stent, the peak stress value was below 
the ultimate tensile strength value of the material, conserva-
tively considering a value of 973 MPa based on tensile tests on 
NiTi wires [31].

3.2.2.2   |   LG.  Figure 10 presents the LG values for the three 
arterial wall conditions following both angioplasty and implan-
tation of both PLLA and NiTi stents. It can be observed that 
globally the LG induced by angioplasty increases as ves-
sel stiffness increases. Specifically, at cross-sections S1–S3, 
the LG increases from 0.3%, 0.2% and 1.8% to 31.3%, 34.5% 
and 8.8%, going from low to high stiffness arterial wall condi-
tions. Regarding stent implantation, the PLLA stent induced 
overall markedly lower LG compared to the NiTi device. In 
particular, the former induced a maximum LG in S4 of 11.6%, 
7.3% and 3.6%, whereas the latter generated LG in S4 of 44%, 

FIGURE 6    |    (a) Cross-sections S1–S5 for the evaluation of the treat-
ment performance; (b) distances D1 and D2 for the evaluation of the 
MLA according to Equation (1). LG measured as relative difference of 
MLA at the beginning (i.e., MLAi) and end (i.e., MLAf) of each step ac-
cording to Equation (2) and (c) ISA measured as the maximum distance 
between the braided stent and the artery internal wall.
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21% and 13% under low, medium and high stiffness arterial 
wall conditions, respectively.

3.2.2.3   |   ISA.  Figure  11 presents the ISA values resulting 
from the implantation of the PLLA and NiTi braided stents 
for the three arterial wall conditions, including cross-sectional 
views of the artery (i.e., S1–S5).

Figure 11a shows that the PLLA device exhibited malapposition 
in all five cross-sections, with ISA values greater than zero. The 
maximum ISA values occurred at S4 for all three arterial wall 
conditions, where the artery section assumes an elliptical shape, 
due to the presence of non-eccentric plaques. Additionally, at 
cross-sections S2, S3 and S4, the PLLA stent displayed ISA val-
ues exceeding the critical threshold for malapposition [30]. In 

FIGURE 7    |    Validation of the FE model of the PLLA braided stent against experimental data from Lucchetti et al. [13]. (a) Visual comparison of 
the PLLA stent (α = 60°) prototype and FE model, (b, c) FE analysis results and experimental data of the PLLA stents (α = 60° and α = 70°) for (b) 
parallel-plate compression and (c) crimping. Experimental data are represented in terms of average values and standard deviation, which is depicted 
as a shadow. Force and radial force values are divided by l0. Dimp: implantation diameter; Dmax comp: diameter at maximum compression.

FIGURE 8    |    FE analysis of the PLLA and NiTi braided stents under (a) parallel-plate compression and b) crimping. Force and radial force values 
were divided by l0. COFNiTi and COFPLLA: chronic outward force at the implantation diameter Dimp for NiTi and PLLA stents, respectively. FmaxNiTi 
and FmaxPLLA: force at maximum compression for NiTi and PLLA stents, respectively; RRFNiTi and RRFPLLA: radial resistive force at the implantation 
diameter Dimp for NiTi and PLLA stents, respectively.
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contrast, the NiTi stent exhibited ISA values equal to zero under 
all three arterial wall conditions and in all cross-sections, with 
no visible malapposition (Figure 11b).

3.2.2.4   |   Contact Pressure.  Figure 12 illustrates the contact 
pressure on the artery following the implantation of the PLLA 
and NiTi stents, considering the three arterial wall conditions. 

The PLLA stent generated lower contact pressures compared to 
the NiTi device across all arterial wall conditions, attributed to 
the lower forces generated by the PLLA stent (Table 5). Addition-
ally, the PLLA stent exhibited a non-uniform pressure distribu-
tion along the artery and regions of malapposition. In contrast, 
the NiTi stent showed a uniform distribution of the contact pres-
sure along the artery and the absence of malapposition.

4   |   Discussion

In this study, the mechanical properties and short-term im-
plantation performance of a PLLA braided stent in the SFA 
were evaluated through FE analysis and compared with 
that of a NiTi device having identical geometrical features. 
The results from the in silico bench tests demonstrated the 
self-expanding capability of the PLLA stent despite its lower 
mechanical performance compared to its NiTi counterpart. 
However, the study highlighted the limited success of the 
short-term implantation performance of the evaluated PLLA 
stent, which demonstrated a higher risk of undergoing per-
manent deformations during the procedure, limited LG and 
regions of malapposition. In contrast, NiTi devices showed a 
lower risk of permanent deformations, induced a higher LG 
and resulted in no malapposition. The results emphasise the 
need for further material and device optimisation to improve 
the performance of PLLA braided stents. Nevertheless, the po-
tential application of PLLA stents for the intravascular treat-
ment of other pathologies not characterised by severe stenosis 
and vessel eccentricity, such as in neurovascular interventions 
as flow diverters, remains a possibility.

Bioresorbable braided stents are a promising alternative to per-
manent devices for treating SFAs, offering advantages in terms 
of reduced late-stage inflammation, minimised imaging arti-
facts, fewer complications during secondary surgeries and a 
reduced need for long-term antiplatelet therapy [10–12]. Prior 
research has focussed only on the mechanical characterisa-
tion of PLLA braided stents [13–17], demonstrating their self-
expanding capabilities, high flexibility and low radial stiffness 
compared to metallic devices. Since, to the best of the authors' 

TABLE 4    |    Forces computed in the bench tests.

Fmax  
(N/mm)

RRF  
(N/mm)

COF  
(N/mm)

PLLA stent 0.023 0.025 0.013

NiTi stent 0.194 0.230 0.119

Note: The computed force values are represented in Figure 8.
Abbreviations: COF: chronic outward force; Fmax: force at maximum 
compression; RRF: radial resistive force.

TABLE 5    |    Comparison of RIF magnitudes, computed in the 
implantation analysis and COF values, computed in the crimping test, 
for the three arterial wall conditions.

Arterial 
wall 

condition

Average 
diameter 

(mm)
RIF  

(N/mm)
COF  

(N/mm)

PLLA stent Low 
stiffness

3.63 0.021 0.025

Medium 
stiffness

3.64 0.021 0.025

High 
stiffness

3.79 0.020 0.023

NiTi stent Low 
stiffness

4.08 0.164 0.165

Medium 
stiffness

3.86 0.171 0.188

High 
stiffness

4.06 0.168 0.172

FIGURE 9    |    Maximum principal stress during insertion into the 6-Fr catheter sheath of (a) PLLA and (b) NiTi stents.
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knowledge, no study in the literature has yet investigated the 
short-term implantation performance of PLLA braided stents in 
SFAs, the present study aimed to address this gap. To this end, a 
computational framework was implemented which enabled the 
virtual mechanical characterisation of the stents in two bench 
tests and the virtual implantation of braided devices in the SFA, 
accounting for different arterial conditions.

Regarding the models' accuracy, the two simulated bench tests 
were shown to closely match the experimental data published 
by Lucchetti et al. [13]. A slightly lower accuracy was observed 
in the crimping test compared to the parallel-plate compression 
test, which may be attributable to the greater filament sliding 
and the globally higher stress levels observed during the ra-
dial crimping test. Moreover, good agreement was achieved 
between the RIF and COF values, confirming the calculation 
accuracy of the interaction forces during stent implantation. 
The in silico mechanical characterisation of the PLLA stent 
highlighted a good self-expandability of the polymeric device 
despite the lower forces generated compared to the NiTi stent 
with identical geometrical characteristics. The analysis of stent 
implantation under different arterial wall conditions revealed 
the limited performance of the PLLA stent evaluated compared 
to its NiTi counterpart. The peak stress values arising during 

stent insertion into the catheter remained below the materials' 
yield limits for both the PLLA and NiTi devices. However, for 
the PLLA stent, the registered values approached this limit, thus 
providing a small safety margin and highlighting a potential 
risk of permanent deformations during the actual implantation 
procedure. This small safety margin may be critical during im-
plantation in tortuous vascular anatomies, where catheter bend-
ing during navigation could further increase the loading of the 
stent. Regarding the stent short-term implantation performance, 
results showed that, for both PLLA and NiTi stents, different 
outcomes were related to the different arterial wall conditions 
(i.e., low, medium or high stiffness). More specifically, the LG in-
duced by angioplasty increased with increasing vessel stiffness, 
as higher stresses originated in the artery, reaching a range of 
9%–34% under the most rigid condition. In contrast, in less stiff 
arteries, the dominant effect of the elastic recoil led to lower LG 
values, ranging from 0% to 1%. This in turn affected the stent im-
pact on inducing further LG. For the PLLA stent, the observed 
LG ranged from 4% to 11% in the least rigid artery to 1%–3% in 
the most rigid condition. In contrast, the NiTi stent achieved 
higher LG of 23%–44% and 13%–23% in the least and most 
rigid conditions, respectively. The effect of the low COF of the 
PLLA stent was evident not only in the lower LG compared to 
the NiTi device, but also in high values of ISA and non-uniform 

FIGURE 10    |    LG induced by the angioplasty and stent implantation for (a) low, (b) medium and (c) high stiffness arterial wall conditions, com-
puted at the cross-sections S1–S5. The LG induced by stent implantation was computed considering the artery's post-angioplasty configuration as 
initial reference.
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11 of 14

FIGURE 11    |    ISA of the implanted (a) PLLA and (b) NiTi braided stents for low-, medium- and high-stiffness arterial wall conditions. The critical 
ISA threshold is marked by the black dashed line. The NiTi stent exhibited ISA values equal to zero under all three arterial wall conditions and in all 
cross-sections, hence its bar plot is not included. Note: For the implantation under high stiffness arterial wall condition, both stents were absent in 
slice S5 due the effect of angioplasty and stent foreshortening (denoted by X).

FIGURE 12    |    Contact pressure exerted on the artery by the (a) PLLA and (b) NiTi braided stents, for low-, medium- and high-stiffness arterial 
wall condition.
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distribution of contact pressure on the arterial wall. Specifically, 
ISA values exceeding the critical threshold, along with areas of 
zero pressure on the arterial wall, were primarily observed in 
regions where the artery's cross-section assumed an elliptical 
shape. Such pronounced malapposition may be associated with 
an increased risk of delayed stent coverage, persistent malappo-
sition at follow-ups and an increased risk of stent thrombosis due 
to induced fluid dynamic disturbances [26, 30]. In contrast, the 
NiTi stent exhibited no ISA and induced a uniform distribution 
of pressure on the arterial wall, indicating a high adherence be-
tween the stent and the artery. However, it is important to note 
that high LG values induced by the NiTi stent may potentially 
lead to arterial tissue damage.

Although the study highlights open challenges still associated 
with polymeric stents when implanted in an SFA, the authors 
do not exclude potential future applications in other settings 
that are not characterised by severe stenosis and vessel eccen-
tricity, such as in neurovascular intervention as flow diverters. 
Moreover, the study emphasises the need for further efforts to 
enhance the mechanical properties of these devices. From the 
material viewpoint, spinning process parameters should be in-
vestigated to improve the orientation of molecular chains in the 
filament and increase crystallinity, thereby enhancing the mate-
rial's mechanical properties [32]. From a device perspective, op-
timising parameters such as braiding angle, number of filaments 
and filament diameter can enhance the mechanical properties 
of PLLA braided stents and, consequently, improve treatment 
performance. Nevertheless, the optimization study conducted 
by Carbonaro et al. [16] showed that even after geometric opti-
mization, the resulting COF remains markedly inferior to that 
of a conventional NiTi braided stent (see Table 4). In this regard, 
a promising approach that should be further investigated may 
involve moving away from conventional braiding patterns and 
exploring alternative braiding designs, as previously explored in 
Lucchetti et al. [13].

The study presents some limitations and modelling assump-
tions. First, since only CT scan data were available, the artery 
geometry was reconstructed assuming a constant thickness and 
a homogeneous and isotropic material, following the approach 
proposed by Noble et  al. [27], without distinguishing between 
calcified and healthy tissue. Moreover, plaque fracture was 
modelled by considering perfect plasticity, assuming that after 
yielding the material has no resistance. Additionally, no post-
intervention imaging was available, as the stents were not im-
planted in vivo. As a result, the implanted stent configuration 
could not be validated using in vivo post-implantation imaging. 
Nevertheless, the credibility of the FE simulation of stent im-
plantation was successfully verified by comparing the RIF ex-
erted by the virtually deployed stent with the COF measured in 
the crimping test. The geometry of the SFA from a single patient 
was considered, in conjunction with the comparison of a single 
geometry of a PLLA and NiTi braided stent. In this regard, fur-
ther investigations could be conducted on SFAs with different 
anatomies and degrees of stenosis. However, due to the inher-
ently low mechanical properties of the PLLA stent, a low treat-
ment performance is expected for the PLLA stent across different 
SFA anatomies and pathological conditions. In addition, while 
the present study focuses on the comparison between a PLLA 
and NiTi stent, further investigations should be conducted on 

the implantation analysis of PLLA braided stents with different 
geometrical parameters and braiding patterns. The mechanical 
properties of NiTi were based on a study by McKenna et al. [4]. 
However, NiTi wire properties can vary substantially depending 
on the specific chemical composition and processing of the ma-
terial [31]. Moreover, experimental data on friction coefficients 
between NiTi wires were not available and were assumed to be 
equal to those of the PLLA device. Despite these limitations, the 
computational procedure effectively compared the mechanical 
characteristics and short-term implantation performance of 
PLLA and NiTi braided stents and could be extended to other 
vascular stents with different geometries and materials.

5   |   Conclusions

A computational procedure was developed to compare the me-
chanical characteristics and short-term performance of a PLLA 
and a NiTi braided stent for the treatment of lower limb arteries. 
The FE models of both parallel-plate compression and crimp-
ing tests of the PLLA stent were successfully validated against 
experimental data. The comparison of the mechanical charac-
teristics evaluated in the two bench tests revealed a substan-
tial difference between the two devices, with the PLLA stent 
generating much lower force magnitudes. The FE simulation 
of stent implantation highlighted the limited short-term treat-
ment performance of the PLLA stent evaluated in terms of risk 
for permanent deformations, low LG, high values of ISA and 
a non-uniform distribution of contact pressure on the arterial 
wall. Finally, the developed procedure enabled virtual investiga-
tion of the biomechanical interaction between the stent and the 
artery and could be extended to evaluate the treatment perfor-
mance of other vascular stents.
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