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Customized additively manufactured (laser powder bed fused (L-PBF)) stents could improve the treatment
of complex lesions by enhancing stent-artery conformity. However, geometric irregularities inherent for L-
PBF stents are expected to influence not only their mechanical behavior but also their interaction with the
artery. In this study, the influence of geometrical irregularities on stent-artery interaction is evaluated within
a numerical framework. Thus, computed arterial stresses induced by a reconstructed L-PBF stent model are
compared to those induced by the intended stent model (also representing a stent geometry obtained from
conventional manufacturing processes) and a modified CAD stent model that accounts for the increased strut
thickness inherent for L-PBF stents. It was found that, similar to conventionally manufactured stents, arterial
stresses are initially related to the basic stent design/topology, with the highest stresses occurring at the
indentations of the stent struts. Compared to the stent CAD model, the L-PBF stent induces distinctly higher
and more maximum volume stresses within the plaque and the arterial wall. In return, the modified CAD model
overestimates the arterial stresses induced by the L-PBF stent due to its homogeneously increased strut thickness
and thus its homogeneously increased geometric stiffness compared with the L-PBF stent. Therefore, the L-
PBF-induced geometric irregularities must be explicitly considered when evaluating the L-PBF stent-induced
stresses because the intended stent CAD model underestimates the arterial stresses, whereas the modified CAD
model overestimates them. The arterial stresses induced by the L-PBF stent were still within the range of values
reported for conventional stents in literature, suggesting that the use of L-PBF stents is conceivable in principle.
However, because geometric irregularities, such as protruding features from the stent surface, could potentially
damage the artery or lead to premature stent failure, further improvement of L-PBF stents is essential.

1. Introduction or simplifying existing treatment options, customized implants could

improve the (long-term) clinical success. Although stent implantation is

Advances in laser powder bed fusion (L-PBF) enable the produc-
tion of filigree metallic lattice structures, making them increasingly
attractive for biomedical applications (Mahmoud and Elbestawi, 2017;
Parthasarathy et al., 2011). L-PBF is a powder based additive manufac-
turing (AM) technology, commonly known as selective laser melting
(SLM). The extensive design possibilities of L-PBF in combination with
near-net-shape production and an attractive strength-to-weight ratio
enable the production of customized implants. By improving adherence
and thus reducing inflammatory reactions, but also by enabling new

an established treatment method in cardiovascular therapy, the clinical
outcome of this procedure could further benefit from customized L-PBF
stents.

Stents are filigree cylindrical, metallic lattice structures that are
used for minimally invasive treatment of stenosis in patients with coro-
nary heart disease. Despite advances in stenting and the introduction
of drug-eluting stents (DES), neointimal hyperplasia with the associated
re-vascularization after stent implantation, known as in-stent restenosis
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DES, drug-eluting stent; FEA, finite element analysis; FE, finite element; L-PBF, laser powder bed fusion/laser powder bed fused; ISR, in-stent restenosis
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(ISR), remains a major clinical challenge (Grewe et al., 2000; Kastrati
et al., 2001; Serruys et al., 2006; Kim and Dean, 2011). Neointimal
hyperplasia is attributed to inflammatory reactions following stent-
induced vascular wall injuries and to adverse changes in hemodynamics
caused by implanted stent (Gyongydsi et al., 2000; Wu et al., 2007;
Chen et al., 2009; Stone et al., 2003; Timmins et al., 2011). Although
studies have shown that the application of DES might reduce the ISR
rate to less than 10%, this rate mainly applies to simple lesions in
short straight vessels with homogeneous diameters but not necessarily
to complex lesions (Htay and Liu, 2005; Serruys et al., 2006; Kim and
Dean, 2011). In complex lesions (e.g. arterial bifurcations, long, tapered
or curved vessels), ISR is associated with lower clinical success due to
limited possibilities to achieve good stent-artery compliance (Kim and
Dean, 2011; Htay and Liu, 2005; Latib and Colombo, 2008; Conway
et al., 2012).

Since stent-artery interaction has a strong influence on the long-
term clinical success of stent treatment, its analysis has become an
integral part of stent research and development. To reduce the num-
ber of experimental studies as well as ethically questionable animal
experiments, computational analyses of stent-artery interaction based
on structural mechanics as well as fluid dynamics were established,
enabling the identification of predictors for ISR (Timmins et al., 2008,
2011; Wu et al., 2007; Morlacchi et al., 2013; Prendergast et al., 2003;
Auricchio et al.,, 2011; Wei et al.,, 2019). Within these simulations,
a stent model is virtually expanded in an artery, and the interaction
of the stent with the arterial wall or the influence of the stent on
hemodynamics is assessed. The investigated artery models vary from
simplified single-layer cylindrical artery models (Prendergast et al.,
2003), to population-specific arterial models (Conway et al., 2012,
2014), to complex patient-specific models based on actual reconstruc-
tion of the artery (Auricchio et al., 2011; Morlacchi et al., 2013). Based
on the computational analysis, stent design, diameter, and length, as
well as vessel morphology (e.g. vessel curvature), were identified as
critical factors for ISR, as these lead to high (local) vascular stress
and/or negatively impact hemodynamics due to reduced stent-artery
compliance (Timmins et al.,, 2008, 2011; Chen et al., 2009; Djukic
et al.,, 2019; Wu et al., 2007). In complex lesions (e.g. long, curved
arteries), the straightening effect of the stent, stent over-/undersizing
and the overlapping of multiple stents have proven to be particularly
critical (Timmins et al., 2008, 2011; Chen et al., 2009; Djukic et al.,
2019; Wu et al., 2007; Morlacchi et al., 2013). Therefore, to address
the remaining challenges of ISR, improvements in DES coatings, stent
deployment strategies, and stent designs are still required (Lepor et al.,
2002; De Beule et al., 2008; Serruys et al., 2006).

By enabling customized stents, L-PBF could contribute to the re-
duction of ISR in complex lesions, e.g. by providing curved, tapered
or bifurcated stents. In combination with suitable balloon systems,
customized stents could thus preserve the natural course of the vessel,
avoid local over- or undersizing, and preclude multiple stent implan-
tation. Research in the field of L-PBF stents is still quite nascent.
In 2017, the first metallic L-PBF stents made from a cobalt-chrome
(CoCr) alloy were presented (Demir and Previtali, 2017). Subsequent
studies demonstrated the principle applicability of L-PBF stents made
of CoCr and a novel biodegradable FeMnCS alloy by expanding them
using a balloon catheter (Finazzi et al., 2019; Hufenbach et al., 2020).
Recently, the compression and expansion behavior of 316L stainless
steel L-PBF stents was investigated in a combined numerical and ex-
perimental study (Wiesent et al., 2020). These studies also showed that
L-PBF stents exhibited geometric irregularities similar to L-PBF lattice
structures, such as deviations in the cross-sectional shape of the struts,
strut waviness, increased strut diameters and pores (Finazzi et al., 2020;
Dong et al., 2018; Lei et al., 2019; Liu et al., 2017; Campoli et al., 2013;
Karamooz Ravari and Kadkhodaei, 2015; Gonzalez and Nuno, 2016;
Wiesent et al., 2020). It should be noted that the dimensions of coro-
nary stent struts with diameters of D, = 100 pm are within the range
of the laser spot size of industry standard L-PBF machines (Finazzi et al.,

Journal of the Mechanical Behavior of Biomedical Materials 125 (2022) 104878

2020). Individual struts thus comprise only a single hatch, making the
strut dimensions purely dependent on the resulting melt pool diameter.
Therefore, the increased strut thicknesses observed with L-PBF stents
can only partially be compensated for by reducing the strut thickness
in the intended stent CAD model, or by subsequent surface treatment.

Although the stent surface can be smoothed by a surface treatment
(e.g. electropolishing), it is currently not possible to compensate for all
irregularities due to the small structural size of the stent struts (strut
diameter of D »~ 100-200 pm), leaving an inhomogeneous surface with
potential notches (Finazzi et al., 2020; Wiesent et al., 2020). During
the actual stent application process, these irregularities might provoke
excessive local stress concentrations within the deformed stent (Wiesent
et al., 2020), as well as injuries to the arterial wall due to protruding
features during stent implantation. The increased strut dimensions
further lead to an increased initial outer stent diameter, which in
turn increases the radial over-stretching of the artery during stent
expansion and thus potentially leads to higher stent-induced arterial
stresses. Quantitatively, this radial overstretching is described by the
stent-to-artery deployment ratio R,,,,,, defined as the ratio of the outer
diameter of the expanded stent to the initial inner arterial diameter,
Rertery = Dostont,,, /D artery,,,- However, since stents are not in direct
contact with the healthy blood vessel but serve to compress the plaque,
it is not yet clear whether the geometric irregularities actually lead to
higher stresses in the healthy vessel or merely to higher stresses in the
atherosclerotic plaque. At this early stage of L-PBF stent development,
the analysis of stent-artery interactions using elaborate and ethically
questionable animal experiments can hardly be justified. However, nu-
merical simulations can be leveraged to perform preliminary analyses
and thus provide first insights into the basic applicability or necessary
improvements of L-PBF stents.

In light of the above overview, the aim of this study is to analyze
the effects of L-PBF process-related geometric irregularities, especially
surface irregularities and increased strut thickness, on the stent-artery
interaction by assessing stent-induced arterial stresses within a finite el-
ement analysis (FEA). Computational studies on stent-artery interaction
are commonly based on a computer aided design (CAD) stent model,
as this is almost identical to the shape of conventionally manufactured
stents. In these studies, it was found that the stent-induced arterial
stresses are mainly related to the primary stent topology/design (Pren-
dergast et al., 2003; Morlacchi et al., 2013; Auricchio et al., 2011;
Wu et al., 2007; Timmins et al., 2008, 2011; Wei et al., 2019; Schi-
avone et al., 2014; Conway et al.,, 2012). However, this approach
is not sufficient to investigate the influence of L-PBF process-related
irregularities; rather, the geometric irregularities must be explicitly
represented within the stent models, and the arterial stresses induced
by these irregularities must be distinguished from those induced by
the primary stent design/topology. To evaluate the impact of both, the
surface irregularities and increased strut thickness, three stent models
are investigated: the first stent based on the original CAD design, the
second with the increased strut dimensions, and the third based on the
reconstruction of an actual L-PBF stent. Each stent model is virtually
expanded within one artery model and subsequently the stent-induced
arterial stresses are evaluated.

2. Methods
2.1. Stent model

The three stent models investigated in this work compose: (i) a
stent model (stent.,p) based on the original intended CAD design,
(ii) a stent model (stentc,p;;—ppr) based on a modification of the
original CAD design to account for the increased strut dimensions
inherent to L-PBF stents, and (iii) a stent model (stent;_ppr) based
on the reconstruction of an actual L-PBF stent from X-ray computed
tomography (CT) data. The three stent models are all based on the
same stent design adopted from a previous study (Wiesent et al.,
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Fig. 1. Intended stent design. A: 3D stent CAD model in a rotated isometric view (top) and the front view (bottom). B: Flat projection of the intended stent design illustrating the
basic dimensions of the stent unit cell model, given in mm. The longitudinal and inclined struts are highlighted in green and orange. The extended longitudinal struts that serve
to support the stent on the built platform are illustrated by the dashed blue lines. The strut node and the tip of the stent spikes are further marked with red circles, respectively.

The later build direction (BD) is indicated by the arrow.
Source: Adapted from Wiesent et al. (2020).

2020). Once heat- and surface-treated, L-PBF stents based on this
design were found to exhibit comparable radial strengths and expansion
behavior to conventionally manufactured stents (Wiesent et al., 2020).
For computational efficiency, the stent length was reduced to two
unit cells along the longitudinal axis in the present study (Fig. 1).
This model reduction strategy was previously applied in Balossino
et al. (2008). The reduction in stent length is justified as this study
does not investigate the transient expansion behavior but rather the
interaction of the expanded stent and its geometrical irregularities with
the arterial wall. Nevertheless, in this way a statistical variance of
geometrical irregularities of four longitudinal and twelve inclined struts
(six peaks) can be considered while keeping the computational time
within reasonable limits.

For stent; _ppp rather round and elliptical strut cross-sections with
an average equivalent circular diameter of Dy, pn, = 130 pm and
Dypyine = 200 pm were determined for the longitudinal and in-
clined struts, respectively (Wiesent et al., 2020). Thus, to generate
stentcp, - ppr the strut widths of the longitudinal and inclined struts
were increased to Wy, jong = 130 pm and wg,,, ;e = 220 pm, respec-
tively. The thickness of the struts was uniformly increased to 7, =
150 pm to achieve equivalent spherical diameter compared to the L-PBF
stent. To further account for the rather round/elliptical cross-sectional
shape of L-PBF stent struts, the edges of stentc4p,,_ppr Were rounded
by a radius of R = 60 pm. The reconstructed stent;_ppr model is
adopted from a previous study (Wiesent et al., 2020). In the following,
a brief overview of the L-PBF manufacturing process, post-processing
steps, and the model reconstruction is provided. For a more detailed
description, the reader is referred to Wiesent et al. (2020).

The L-PBF stent was made from gas-atomized 316L stainless steel
powder with a particle diameter of D,yq,, = 15 to 45 pm (LPW,
Rundkorn, United Kingdom) on a SLM 250 machine (SLM Solutions
Group AG, Liibeck, Germany) equipped with a 400 W Yb-fiber-laser
with the following process parameters: laser power of P = 350 W,
scanning velocity of v = 700 mm/s, focus position of 0, layer thickness
of 1/, = 30 pm. The longitudinal connecting struts of the stents were
aligned parallel to the build direction. To prevent the filigree stents
from fusing with the build platform, the longitudinal connection struts
were extended beyond the actual stent geometry to support the stents

on the build platform (Fig. 1, blue dashed lines). Upon completion,
the stent is removed from the build platform by cutting this extension.
Thereupon, the stent is subjected to post-processing steps such as
heat treatment (1050 °C, 1 h, cooled in oven) and electropolishing
(electrolyte Polygrat E 268, 85 °C, 3.8 V, 5.5-6 A, 4 min). In the
previous study (Wiesent et al., 2020), it was found that by applying
these post-processing steps, an expansion behavior of the L-PBF 316L
stent comparable to conventional stents can be achieved. The final stent
configuration was then visualized using X-ray computed tomography
(CT) (Phoenix v|tome|xs 240-180, GE Sensing Inspection Technologies,
Hiirth, Germany; 90 kV, 390 pA, voxel size 8.5 pm) and the stent
geometry was extracted from the X-ray CT data using the 3-dimensional
(3D) segmentation software Simpleware ScanIP (Synopsis, Mountain
View, California, USA). Finally, the stent model was reduced to two
unit cells along the longitudinal stent axis using the cropping tool.

The basic dimensions of the respective stent model are given in Ta-
ble 1 with the geometrical deviations between stent.,, and
stent; _ppr being attributed to the L-PBF process-related geometrical
irregularities. Because the morphology of a conventional laser-cut stent
is nearly identical to the CAD model, stent.,, also represents a stent
from conventional stent manufacturing. By comparing the vascular
responses to expansion of stent; _pp; and stentc 4, the arterial stresses
induced by the primary stent design can be distinguished from those
induced by the overall process-related irregularities (surface irregu-
larities, increased strut dimensions). Stent;_ppr and stentc,p,;—pgr
have comparable strut dimensions, and thus induce similar stent-to-
artery deployment ratios. Therefore, by comparing the arterial stresses
induced by stent;_ppr and stentc,p,;—ppr, the effect of surface ir-
regularities can be evaluated in isolation, excluding the influence of
increased strut dimensions.

To minimize any mesh-related influence on the stent-induced arte-
rial stresses, care was taken to discretize all three stents with a compa-
rable mesh. Thus, stent 4, was discretized by 122 967, stentc 4 p,—pgr
by 219 110 and stent;_ppp by 228 874 linear tetrahedral elements
(Abaqus type C3D4) with a mean edge length of 0.03 mm (Fig. 2A).

The material properties of the L-PBF heat treated 316L stent are
taken from a previous study (Wiesent et al., 2020). The elastic material
properties are described by a Young’s modulus of E = 193 GPa and
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Fig. 2. Investigated stent models and artery model in this study with magnified view of mesh. A: stent models with (from left to right) the intended computed aided design stent
model, the modified CAD stent model stentc,,/;_ppr With increased strut thickness to account for the increased strut diameter inherent for L-PBF stents, and the reconstructed
stent; _p,,, model based on laser powder bed fused, heat-treated, and electropolished stent with the build direction (BD) indicated by the arrow. B: artery model with mesh size

increasing from the stenotic area towards the free ends of the artery.

Table 1
Average basic dimensions of the stent models including the outer stent diameter (D,
and longitudinal struts.

o,stent;,, )

the stent length (/,,,,,), and the average strut cross-sectional area (A,,,,) of the inclined

D, siem,,, (mm) Tysew (mm) Airutjong, (Mm?) Asirugine> (mm?)
stentc 4 p 3.00 7.23 0.01* 0.01%
stenteap - par 3.20 7.78 ~0.014° ~ 0.030°
stent, _ppr 3.20 7.65 ~0.013" ~0.031°

astent.,,, exhibits an quadratic cross-sectional area for the longitudinal and inclined struts, respectively. The average strut cross-sectional area was thus calculated using the

equivalent circular diameter of the struts.

bstent, ,,r and stent,, /1-ppr €Xhibits a more round and more elliptical cross-sectional area for the longitudinal and inclined struts, respectively. The average strut cross-sectional

area was thus calculated using the equivalent circular diameter of the struts.

a Poisson’s ratio of v = 0.3 (Nandishwarsteel, 2010). The inelastic
constitutive behavior is described by a von Mises plasticity material
model with isotropic hardening. The flow curve is given in Fig. 3 and
can be described by a power-law hardening expression, the so-called
Hollomon equation, (5(é”) = A - (¢”')") with the strength coefficient
of A = 1157 MPa and the strain hardening exponent of n = 0.35. The
yield strength was determined to be o, = 117 MPa. The density of L-PBF
316L was assumed to be 8.0 g/cm? (Nandishwarsteel, 2010). To isolate
the impact of geometrical differences, the same material model is used
for all stent models.

2.2. Artery model

The stenotic artery is modeled as a straight cylinder with an arterial
wall thickness of 1., = 0.9 mm, an outer diameter of D ey, . =
4.5 mm and a length of /,,,,, = 40 mm (Holzapfel et al., 2005; He
et al., 2020). The three layers of the artery (i.e., intima, media, and
adventitia) are modeled with thicknesses of t,,,,, = 0.24 mm, ?,,.;,
0.32 mm, and ¢ = 0.34 mm (Holzapfel et al., 2005). The stenotic

adventitia

plaque is considered symmetric with a length of /., 6.6 mm
and a thickness of #,,,, = 0.675 mm, thus representing a stenosis by
50% in terms of arterial lumen reduction (i.a. an inner diameter of
D; pigque = 1.35 mm), and aligned symmetrically at the center of the
longitudinal arterial axis. The artery and the plaque are modeled with
209 760 eight-node linear brick elements with reduced integration and
enhanced hourglass control of type C3D8R. The plaque was meshed
with 84 816 elements with an average element size of 0.08 mm and
10 elements in the radial direction. The artery is meshed with 124 944
elements. In the radial direction, the intima is meshed with two rows
of elements and the media and adventitia with three rows of elements,
respectively. In the longitudinal direction, the element size of the
arterial layers in the area of the stenosis, as well as the contact area
of the stent, is 0.08 mm. For reasons of computational efficiency,
the element size then successively increases to 2.0 mm towards the
free ends of the arteries, similar to He et al. (2020) (Fig. 2B). Layer-
specific material properties are assigned to the arterial wall layer and
the plaque assuming, isotropic and hyperelastic material. The simpli-
fying assumption of isotropic material properties can be justified by
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Fig. 3. Flow curve to describe the plastic material behavior of the laser powder bed
fused 316L stent in the heat treated condition, determined in a previous study by the
authors (Wiesent et al., 2020).

the fact that during stent implantation the circumferential mechanical
properties of the artery are dominant (Zahedmanesh and Lally, 2009).
The individual arterial layers are described by a third order Ogden
hyperelastic constitutive equation (Ogden, 1972), which is described
as:

3]

3
W=Zi_i(Z‘;‘+ng+ig’i—3)+Z%(J—1)2", )
, =R

i=1 "t

where J; are the deviatoric principle stretches, J is the elastic volume
strain, and y;, «;, and D; are hyperelastic constants. The values of
the hyperelastic constants of the respective arterial layers are given
in Table 2. These are adapted from Zahedmanesh and Lally (2009)
who fitted these values based on the experimental data of Holzapfel
et al. (2005) and Loree et al. (1994) of the arterial layers and the
atherosclerotic plaque, respectively. The density of the plaque was
taken from Rahdert et al. (1999) with a value of 1.45 g/cm’. The
density of the individual arterial layers was considered homogeneous.
All three vascular layers were therefore assigned a density value of
1.1 g/cm’ based on the density value of blood vessels in the IT’IS
database (Hasgall et al., 2018).

2.3. Boundary conditions

To simulate stent crimping and expansion within the artery, the
methodology described and validated in Grogan et al. (2012) and
Wiesent et al. (2019) is implemented. Thus, within the FEA, a
displacement-controlled approach is used that considers two loading
scenarios: (i) stent crimping and (ii) stent deployment within the artery.
The basic model set-up and boundary conditions are illustrated in
Fig. 4. This approach has proven to be numerically efficient to evaluate
the final expanded stent shape and was therefore specifically selected
to evaluate the analysis of the effects of geometric irregularities on
stent-artery interaction (Grogan et al., 2012; Wiesent et al., 2019).
Simulation of stent crimping is accomplished by reducing the diameter
of a semi-rigid crimping cylinder from D, ., = 4.0 to 1.2 mm using a
radial displacement boundary condition u,,;,, and initiating contact
between the crimping cylinder and the stent. During crimping, the
rigid expansion cylinder with a diameter of D,, = 0.8 mm is coaxially
located inside the stent providing a kinematic limitation against crimp-
ing similar to the balloon catheter in reality. Once the final crimping
diameter is reached, the crimping cylinder is retracted to account for
elastic stent recoil.
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Fig. 4. Simulation set-up and the boundary conditions during A: stent crimping and
B: stent expansion within the artery model and C: stent expanded within the artery.

Stent expansion within the artery is achieved by increasing the di-
ameter of the expansion cylinder from D, ., = 0.8 to 2.6 mm by a radial
displacement boundary condition u,,,, and initiating contact between
the stent and the expansion cylinder, the stent and the artery, as well
as the expansion cylinder and the artery. The artery is constrained at
both ends using symmetry boundary conditions in axial direction.

2.4. Numerical aspects

For the FEA, the finite element solver Abaqus/Explicit 2019 (Das-
sault Systémes, Vélizy-Villacoublay, France) is used. Care is taken to
ensure that inertial effects do not become dominant by monitoring the
ratio of internal to kinetic energy throughout the simulation process
and ensuring that this ratio does not exceed a critical value of 5%
during most of the simulation. Stent crimping and expansion was
achieved within 0.01 s with a target time increment of 1 x 108 s
adjusted via semi-automatic mass scaling. Therefore, the individual
stable time increment of every single element is examined every 10 000
increments throughout the entire simulation steps. If the stable time
increment of individual elements is below the target time, the mass of
these critical elements is automatically (independently) scaled until the
target time increment is reached (Dassault Systemes, 2013). Contact
is invoked using the general contact algorithm (penalty method) in
Abaqus/Explicit. All contacts within the model were considered fric-
tionless (Zahedmanesh and Lally, 2009; Wei et al., 2019; Conway et al.,
2012).

3. Results and discussion

The stent design/topology, strut dimensions, and L-PBF process-
related geometric irregularities have been identified as critical factors
of L-PBF stent-artery interaction. The shape and dimension of the
expanded stent models within the arterial model, as well as the asso-
ciated stent-to-artery deployment ratios, are presented and discussed
first (Fig. 5, Table 3). Subsequently, the stent-induced arterial stresses
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Table 2

Hyperelastic constants of the Ogden model used to describe the mechanical behavior of the arterial layers and the plaque.

Source: Adopted from Zahedmanesh and Lally (2009)

Material u, (MPa) #, (MPa) us (MPa) a , a D, D, Dy

Intima 7.04 4.23 2.85 24.48 25.00 23.54 8.95 x 1077 0 0

Media -1.23 0.79 0.45 16.59 16.65 16.50 5.31 x 10°® 0 0

Adventitia -1.28 0.85 0.44 24.63 25.00 23.84 4.67 x 107 0 0

Plaque 0.94 - - 8.17 - - 4.30 x 1077 0 0
Table 3

Predicted average expanded outer stent diameter (D, ,,.,) and radial arterial stretch
ratio (R,,,,) of the idealized stent model (stent.,p), the modified CAD model
(stentc,p,,-ppr), and the actual laser powder bed fused stent model (stent; ;) at
maximum expansion (index: exp) and after recoil (index: rec). The arterial stretch ratio

(Rprery) Was calculated as the ratio of maximum expanded/recoiled outer stent diameter
D, e to the initial inner arterial diameter of D; ariery,,, = 2.7 mm. Moreover, the value
of the stented artery recoil (RC) is further provided.
Dy, M) Ry Dy M) Ry RC (%)
stento, 2.77 1.03 2.39 0.89 13.8
stentc,p;_ppr 3.10 1.15 2.65 0.98 14.5
stent; _ppp 3.05 1.13 2.61 0.97 14.4

are presented and discussed in terms of the overall arterial stress
distribution (Figs. 6, 7, Table 4). Finally, the strain distribution within
the stents (Fig. 8) is presented and discussed with respect to possible
damage and the associated effect on L-PBF stent-artery interaction.

3.1. Expanded stent shapes

The average outer stent diameter at maximum expansion and the as-
sociated stent-to-artery deployment ratios are provided in Table 3. For
conventionally manufactured stents, stent-to-artery deployment ratios
of Ryery = 1.0 to 1.2 were reported (Kurata et al., 2018; Ijsselmuiden
et al.,, 2003). As the stent-to-artery deployment ratios of all three
investigated stent models fall within this range, a comparison of the
determined stent-induced arterial stresses with studies in the literature
is justified (Table 3). Stent 4, exhibits the smallest expanded diameter
and thus the lowest stent-to-artery deployment ratio, which is reduced
by about 9%-10% compared to stentc,p,;_ppr and stent; _ppgp. This
is not surprising given the smaller dimensions of the struts of stent,
and hence the reduced initial outer stent diameter compared to the
other stent models (Fig. 1). Stentc,p/;_ppp €xhibits the largest max-
imum expanded stent diameter and thus the highest stent-to-artery
deployment ratio. However, compared to the stent; _pgp, its stent-to-
artery deployment ratio is only increased by 1.7 and 1.4% at maximum
stent expansion and after recoil, respectively. The discrepancy be-
tween the modified CAD model (stentc 4, ppr) and the reconstructed
model (stent;_pgp) is attributed to L-PBF process-related geometric
inhomogeneities, such as strut waviness and inhomogeneous strut di-
ameters, which result in locally larger or smaller stent diameters. Ge-
ometric surface irregularities are not depicted within stentcap/;—pprs
as its modifications only accounted for the uniformly increased strut
dimensions. Nevertheless, stentc,p,;—pgr Still provides a good ap-
proximation of the final expanded stent diameter of stent; _ppr. Thus,
stentc,p/r—ppr and stent;_pgp induce nearly comparable stent-to-
artery ratios, allowing for the isolated assessment of the influence of
process-related irregularities on arterial stresses, independent of the
increased stent thickness.

Radial recoil values are in the range of RC = 14% for all three stent
models, higher than conventionally manufactured stents (e.g., Lapp,
2019: RC = 1-4%), but still within the range of other studies in the
literature (e.g. Capelli et al., 2009: RC = 14-42%, Conway et al., 2012:
RC =7-20%.) Stent area coverage is an further important indicator of
stent-artery interaction. The area coverage is primarily related to the
stent topology/design and is thus similar for all three stent models.
The investigated stent design has a very low area coverage. With

X (1] (2]
B

Fig. 5. Inhomogeneous dilation of the artery after stent expansion along the longitudi-
nal stent axis. A: Expanded stent; _p, within the artery highlighting the location of the
sections. B: Sectional views in the yz-plane: @ Section across the tip of the stent spikes
with four strut cross-sections dilating the artery; @ Section across the area between
the node and the stent spikes with six strut cross-sections dilating the artery.

an outer surface area of A,,, = 3.79 mm?, stentc,p has an area
coverage of approximately 6.1% for an equivalent enclosed cylinder
area of A,,., = 61.9 mm”.! Conventional stent designs, however,
typically have an area coverage of approximately 12 to 15% (Lapp,
2019). The low area coverage, in combination with only two unit cells
across the stent circumferential directions, causes an inhomogeneous
angular dilation of the artery as well as local tissue prolapse through the
interstitial areas of the stent unit cells (Fig. 5). Consequently, the artery
is locally dilated by either four, or six strut cross-sections, resulting in
an either square, or hexagonal dilatation of the artery.

In this study, the investigated L-PBF stent design was chosen to meet
the requirements of L-PBF of filigree structures (i.e. without support
structures Finazzi et al., 2019) and to be expandable by means of a bal-
loon catheter; it was not intended to provide an optimized L-PBF stent
design. Rather, the purpose of this comparative study was to demon-
strate the influence of morphological irregularities associated with
L-PBF on stent-artery interaction. Furthermore, one should note that
in contrast to macroscopic L-PBF components, the design possibilities
of filigree L-PBF structures are still very limited and subject to certain
design guidelines, which only allow for a simpler self-supporting stent
design (Finazzi et al., 2019). However, building on the results of this
study, in addition to the manufacturability and expandability of L-PBF
stents, stent-artery interactions need to be considered in the early stent
design development stage. Nevertheless, regardless of the stent design
chosen, this study is the first to analyze the influence of process-related
irregularities of L-PBF stents on arterial stresses.

1 — < Wi —
Aeq.cyl = Do.s!emup L [stem’ with D(leemm, =2.39 mm and [stem for stentc,p
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3.2. Stent-induced arterial stresses

Contour plots of the von Mises stress (c,,,) of the respective arterial
layers at maximum expansion and after recoil are shown in Fig. 6. The
maximum and mean values of the stent-induced stresses within the
atherosclerotic plaque and within the different layers of the stenosed
part of the artery are further listed in Table 4. The mean arterial
stresses were determined in the area of the stenosed artery. Thus, an
artificial reduction of the arterial stresses due to the low stresses in the
unloaded free area of the artery is avoided. In order to evaluate the
stent-induced stresses in the intima and plaque in more detail, Fig. 7
shows an histogram of the stress volumes after stent recoil. Analogous
to the indication of mean arterial stresses, this evaluation refers to the
stenosed area of the intima. In this way, the percentages of the intima
and plaque subjected to high and low stresses, respectively, can be
evaluated to further analyze the effect of increased strut thickness and
L-PBF process-related geometric irregularities.

Similar to conventionally manufactured stents, the location and
magnitude of stent-induced arterial stresses are highly dependent on
the stent design, with the highest arterial stresses occurring in the
region of the strut indentations, and in particular at the U-bends/spikes
of the stent (Wei et al., 2019; Schiavone et al., 2014). In the present
study, high arterial stress is also observed in the area between the
inclined struts. This may be attributed to the inhomogeneous radial
expansion of the artery over the stent length due to the chosen stent
design (see Fig. 5). Thus, at the stent spikes, the artery is expanded
by four struts, stretching it into a square. Beyond the stent spikes,
the artery is then dilated by six struts. Therefore, it is likely that
significant arterial stresses will be generated in the transition region
between the four- and six-strut expansion areas due to an abrupt
change in the local artery deformation. Consequently, inhomogeneous
expansion of the artery along the stent length should be considered
critical and avoided in the development of further stent designs. The
arterial stresses with o¢,,, > 0.2 MPa occur exclusively in the intima
and plaque (Fig. 6, Table 4). The stent-induced stresses within the
media and adventitia have maximum values of 6,/ ., < 0.059 MPa for
stent; _ppr, Gypmax < 0.065 MPa for stentcap;r—pprs and Oypymax <
0.034 MPa for stent.,p (Table 4b). Thus, regardless of the respective
stent model, the stent-induced stresses in the media and adventitia are
negligible compared to the stresses in the plaque and intima. Therefore,
a more detailed analysis of the stress distribution in the media and
adventitia is omitted.

At maximum stent expansion, the maximum von Mises stress in the
plaque is 6,5/ ,x = 7.1 MPa for stentc 4 p, and 6,1 0 = 12.7/12.4 MPa
for stentc,p,;—ppr and stent;_ppp, respectively. In the intima, the
maximum von Mises stresses is o, ,.x = 2.1 MPa for stents,, and
OuMmax = 5.9/5.2 MPa for stentc,p,_pgr and stent;_pgp, respec-
tively. Numerical studies in the literature have shown arterial stresses
at maximal stent expansion in the range of ¢,,, =1.2 to 11 MPa (Schi-
avone et al.,, 2014; Wei et al., 2019; Morlacchi et al., 2013; Zahed-
manesh and Lally, 2009). Thus, all three stent models are in the range
of conventionally manufactured stents.

At maximal stent expansion, a high proportion of the intima and a
comparable low portion of the plaque is subjected to stresses of 6,,, >
0.5 MPa for all stent models. This can be attributed to the increased
stiffness of the intima compared to the plaque as well as kinematic
restrictions imposed by the surrounding tissues (Schiavone et al., 2014).
However, while the high stresses of stent.,, in the intima are limited
to a range of o, = 0.2 to 1.6 MPa, stentc,p,;—ppr and stent; _ppp
further induce a high fraction of intimal stresses in a range of o),
= 1.6 to 4.0 MPa (Fig. 7A). The increased arterial stresses induced
by stentc,p,—ppr and stent; pgp are attributed to their increased
stent-to-artery ratio/overstretching of the artery due to the greater strut
thickness compared with Stent,,. After stent recoil, the stresses in
the intima decrease so that the majority of the intima is subjected to
stresses of less o,,; < 0.3 MPa for all three stent models (Fig. 7B).
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Thus, compared to the stress values at maximum stent expansion, the
maximum and mean von Mises stress are reduced by 66%-70% and by
86%-91% in the plaque and the intima, respectively, for all three stent
models (Table 4b). Using the same arterial model as in this study, Wei
et al. (2019) found comparable maximal stresses in the plaque of
o, = 2.6 to 5.1 MPa and in the intima of ¢,,, = 0.27 to 1.25 MPa
following the expansion and recoil of various stents, thus supporting
the principle plausibility of the values determined in the present study.
The findings of this study, therefore, suggest that the L-PBF stent may
exhibit a comparable ISR risk to that of conventionally manufactured
stents. However, regarding the process-related irregularities, protrud-
ing features from the surface of stent;_pp, might puncture and thus
damage the artery. Therefore, regardless of the arterial stress values
presented here, an improvement in the quality and surface condition
of L-PBF stents should be sought.

Compared to stentc, p, stent; _ppyp and stentc,p,;—ppr induce dis-
tinctly higher maximum stresses and higher volume stresses (o, >
0.2 MPa) within the plaque and the intima (see Table 4, Fig. 7). Specif-
ically, stent-,, induces approximately 40% and 60% lower stresses
in the plaque and intima, respectively, compared to stent; _pgp. This
can be attributed to the reduced stent-to-artery ratio as well as the
smaller strut thicknesses of stent. 4, compared with stent; _ppp. Thus,
for conventionally manufactured stents, among others, Zahedmanesh
and Lally (2009) found that stents with a strut thickness of 7, = 50 pm
induced 23% lower maximal arterial stresses compared to the same
stent with a strut thickness of ry,, = 140 pm. Therefore, it can be
concluded that an evaluation of L-PBF stent-artery interaction based on
the intended stent CAD models is not appropriate as it underestimates
the L-PBF stent induced arterial stresses.

Stentc 4 p, - ppr induces comparable maximum and mean stresses in
plaque at maximum stent expansion as stent; _ppr with a deviation of
only 1-3%. However, the maximum stresses in the intima at maximum
stent expansion induced by stentc,p,;_pgr are increased by 14%
compared to stent; _ppr. Moreover, after stent recoil, the maximum
and mean stresses in the plaque and intima are increased by 12—
19% and 34-37%, respectively. Thus, although stentc,p,;_pgr and
stent; _ppp exhibit similar stent-to-artery ratios, stentc,p,;—ppr is not
capable of accurately predicting the L-PBF stent-induced stresses. In
contrast to stentc,p,;—ppr, the struts of stent; _ppp are not homoge-
neous and rod-shaped, but are composed of a variety of stacked melt
pools resulting in inhomogeneous struts with variable cross-sections.
Pronounced geometric irregularities, such as locally reduced strut diam-
eters, might therefore lead to a reduction in the local geometric stiffness
of stent; _ppp. Since the struts of stentc,p/;_pgr Were homogeneously
increased to the mean diameter of stent; _pgp, stentcp,—pgr €xhibit
overall increased geometric stiffness and thus increase the stent induced
arterial stresses.

3.3. Stent strain distribution at maximum stent expansion

Fig. 8 shows the contour plot of the equivalent plastic strain &’
of the respective stent model in the maximally expanded state. The
equivalent plastic strain (é”/) distribution is similar to that of free
stent expansion (Wiesent et al., 2020), with strains increasing to-
wards the stent spikes and nodes between the inclined and longitudinal
struts. Unlike stentc,p and stentc,p/;_ppgp, Stent;_pgr shows an in-
homogeneous strain distribution with local, potentially critical, strain
concentrations in the area of pronounced geometrical irregularities,
such as locally reduced strut diameters and strut waviness.

With maximum equivalent plastic strains of é” ~ 0.68 and é” ~
1.18, respectively, stentc,p/;—pgr and stent; _ppp exhibit significantly
increased equivalent plastic strains compared to stentc,p, which has
a maximum equivalent plastic strains of é” ~ 0.52 at maximum stent
expansion. The increased equivalent plastic strains of stentc,p,;—ppr
and stent; ppp are attributed to the increased strut thickness and
thus the increased geometrically induced stiffness of the struts against
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Fig. 6. Contour plot of the von Mises stress (o,,,) within the plaque and the intima resulting from stent expansion A: at maximum stent expansion and B: after recoil of stent ,,
stentc,p,—ppr and stent;_pgp (from left to right). The stresses in the media and adventitia are negligible compared to those of the intima and plaque, so visualization of their
stress distribution is omitted. Note the different legends in the subfigures A and B as well as the additionally different legends for the plaque and the intima.

Table 4

Maximum and mean values of von Mises stress (6, 4> 6,y) in the plaque and the individual layers of the healthy arterial wall within the stenosed part of the artery after

expansion of each respective stent model.

(a) Von Mises stress at maximum stent expansion

stent stentcap,—ppr stent; _ppr, MPa

CyM max> MP2 G, % SD, MPa CyuM.maxs MPa G,y + SD, MPa Oy maxs MPa G,y %= SD, MPa
Plaque 7.074 1.122 + 1.298 12.665 1.509 + 1.815 12.441 1.478 + 1.767
Intima 2.057 0.656 + 0.463 5.940 1.335 + 1.000 5.170 1.289 + 0.940
Media 0.034 0.016 + 0.007 0.065 0.021 + 0.010 0.059 0.021 + 0.010
Adventitia 0.015 0.007 + 0.003 0.025 0.010 + 0.004 0.023 0.010 + 0.004
(b) Von Mises stress after stent recoil

stent. 4, stentcap,;—ppr stent; _ppp, MPa

Gyt maxs MP2 5, + SD, MPa G ont maxs MPa G, % SD, MPa Gyt maxs MP2 5, + SD, MPa
Plaque 2.067 0.342 + 0.348 3.98 0.601 + 0.665 3.55 0.501 + 0.533
Intima 0.219 0.067 + 0.028 0.668 0.176 + 0.105 0.496 0.130 + 0.069
Media 0.016 0.005 + 0.002 0.026 0.009 + 0.004 0.024 0.008 + 0.003
Adventitia 0.008 0.003 + <0.001 0.011 0.005 + 0.002 0.010 0.005 + 0.001

stent expansion. As indicated before, for stent;_ppp, further strain
concentrations are observed at locally pronounced geometric irregular-
ities (notches, reduced strut diameters). In the literature, elongations
at fracture of ¢ =~ 0.25 have been reported for individual L-PBF
316L struts with a diameter of D, ~ 200 pm (Giimriik and Mines,
2013). Thus, the observed locally increased equivalent plastic strains
of & > 0.25 within stentc,p /L-ppr and stent;_pgp should be con-
sidered critical in terms of their structural integrity in the worst-case
scenario (Fig. 8) (Giimriik and Mines, 2013). Moreover, morphological
irregularities, such as notch-like reductions in strut diameter, wavy
strut shapes, and pores might also promote stent failure after long-
term use due to high-cycle fatigue. After strut fracture, protruding strut
fragments can either cause ISR due to local mechanical irritation of
the vessel wall or promote thrombosis due to unfavorable changes in
hemodynamics (Adlakha et al., 2010). Therefore, further studies into
the failure mechanism of L-PBF stents are required.

The intended stent,; was unable to predict plastic strains within
the L-PBF stent. Upon modifying the original CAD stent model to

account for the increased strut diameters of L-PBF stents, however,
stentc,p,—ppr Was able to predict a strain distribution (more) compa-
rable to that of stent;_pp,. However, as expected, the additional local
strain concentration in areas of particularly pronounced irregularities
of stent; _ppy could not be predicted by stentc,p/;—ppr-

3.4. Limitations and scope for future research

There are a number of modeling assumptions made in this work
that merit further discussion. In this study, a simplified arterial model
with a symmetric plaque is used, neglecting the anisotropic material
behavior of the artery, arterial damage and healing processes, and
natural morphological variations of the artery (e.g. local changes in
arterial cross-section and curvature). Due to the comparative nature of
this study, a simplified straight arterial model was deliberately chosen
to minimize any additional influence factors on stent-induced arterial
stresses and thus to focus only on the influence of stent morphological
irregularities on the stent-artery interaction. In later studies, the impact
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Fig. 8. Contour plot of the equivalent plastic strain (é”) within each stent model at the maximum expanded state within the stenosed artery. A: stentc,,, B: stentc,p,;_pgr and
C: stent;_ppr. The upper contour limit was chosen to highlight potential locations of failure where &” exceeds 0.25, following tensile test results on individual L-PBF 316L struts
from Giimriitk and Mines (2013). The arterial wall is illustrated in gray and the plaque in dark gray.

of morphological artery variations, bifurcations, and patient-specific
arteries should be investigated. The approximation of the arterial ma-
terial as isotropic can be justified because the predominant mechanical
properties of the artery during stent expansion are the circumferential
properties (Zahedmanesh and Lally, 2009). Because arterial damage
and healing process were not considered within this study, it is difficult
to assess whether local high stress concentrations, even in small areas,
should be considered critical or negligible with respect to the devel-
opment of ISR. In this context, further numerical/experimental stud-
ies should be conducted to identify critical threshold for geometrical
irregularities with respect to the stent-artery interaction.

The assessment of the impact of the geometrical irregularities of
the L-PBF stent on the arterial stresses is based only on a single L-PBF
stent configuration. Different stent designs, L-PBF process parameters,
raw materials, and post-processing steps have been shown to result in

different surface qualities, mechanical properties, and thus different
stent expansion behavior (Finazzi et al., 2020; Wiesent et al., 2020).
The methodology presented here could be further used in a more
comprehensive study on a larger number of L-PBF stents in combination
with statistical methods to allow a more general assessment of the inter-
action of L-PBF stents with arteries. In this context, stent failure/fatigue
should be included in these investigation to asses the impact of stent
failure on the arterial tissue. The results of this study motivate future
research to improve the manufacturing and post-processing parameters
to reduce geometrical irregularities, to develop/optimize new stent
designs considering unavoidable irregularities, and to identify critical
thresholds of geometrical irregularities for potential stent application.

This study is based on a purely structural analysis of the L-PBF
stent-artery interaction. Therefore, no information regarding the im-
pact of the stent geometrical irregularities on hemodynamics can be
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provided. Protruding morphological irregularities associated with L-
PBF might negatively impact the blood flow. However, by enabling
customized stents, the stent-artery conformity could also be improved,
thus potentially reducing the risk of unwanted turbulence in the blood
flow and reducing the associated risk of thrombosis (Wu et al., 2007).
Therefore, combined structural-mechanical and fluid-dynamic studies
should be performed on patient-specific L-PBF stents, which could
provide indications of the full potential of L-PBF stents.

A further limitation of this work is the lack of validation of arterial
stresses. Use of a validated arterial model and comparison of the arterial
stresses with literature data from conventional stents suggests that the
simulations presented here are reasonable, but experimental validation
would still be beneficial.

The analysis of stent-artery interaction presented here was per-
formed at an early stage of L-PBF stent research, and a significant
improvement of stent-artery interaction with further improvement of
L-PBF processes and the development of special L-PBF stent designs is
expected. Nevertheless, we have shown that the basic computational
methods for stent-artery interaction of conventional stents (e.g. with
respect to the impact of the primary stent design) can also be trans-
ferred to L-PBF stents. In addition, the L-PBF stent was found to induce
increased stresses in the plaque but did not result in a critical increase
in intimal stresses. This indicates, that the use of L-PBF stents might be
possible in principle in the future if the irregularities can be reduced to
a minimum. However, further numerical and experimental studies are
needed concerning the stent-artery interaction, biocompatibility, and
fatigue resistance of L-PBF stents.

4. Conclusions

To establish L-PBF as a manufacturing method for stents, it is essen-
tial to identify critical process-related factors that influence stent-artery
interaction. Three such factors were investigated in this study: stent
design, strut thickness, and geometrical irregularities associated with L-
PBF (e.g. protruding features from the stent surface, and local notches).
The following conclusions can be drawn:

1. Arterial stresses are primarily governed by the overarching stent
design (topology), and new stent designs need to be devel-
oped/optimized for L-PBF. L-PBF stent designs should meet the
requirements for manufacturability by L-PBF, expandability by
balloon catheter, and adequate stent-artery interaction (e.g., sub-
critical stent-induced stresses and sufficient area coverage).

2. Due to differences in morphology of an L-PBF stent from its
intended stent design, determination of arterial stresses based
on the intended stent CAD model results in underestimation of
stress in the plaque and intima by approximately 40% and 60%,
respectively.

3. The arterial stresses induced by the L-PBF stent are influenced by
both the increased strut thickness and geometric process irreg-
ularities. These affect not only the stent-to-artery ratio but also
the local geometric stiffness of the stent. Due to missing consid-
eration of the stiffness-reducing effect of geometric irregularities,
a mere increase in strut thickness leads to an overestimation of
L-PBF stent-induced arterial stresses (max and mean) by about
12-37%.

4. In the stent itself, the L-PBF process-related geometrical irreg-
ularities lead to local strain peaks during expansion, which
can potentially cause strut fracture and thus induced vascular
damage.

5. Improvements in the L-PBF process or the use of L-PBF equip-
ment specifically optimized for filigree lattice structures, as well
as improvements in the post-processing of L-PBF stents, are
imperative to establish L-PBF as an alternative manufacturing
process for cardiovascular stents.
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The findings from this work motivate future experimental/
numerical studies to reduce geometric irregularities and to quantify
threshold values of critical geometric irregularities with regards to both
the stent-artery interaction and the mechanical behavior of the L-PBF
stent.
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