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Abstract: The effect of plaque deposition (atherosclerosis) on blood flow behaviour is investigated
via computational fluid dynamics and structural mechanics simulations. To mitigate the narrowing
of coronary artery atherosclerosis (stenosis), the computational modelling of auxetic and non-auxetic
stents was performed in this study to minimise or even avoid these deposition agents in the future.
Computational modelling was performed in unrestricted (open) conditions and restricted (in an
artery) conditions. Finally, stent designs were produced by additive manufacturing, and mechan-
ical testing of the stents was undertaken. Auxetic stent 1 and auxetic stent 2 exhibit very little
foreshortening and radial recoil in unrestricted deployment conditions compared to non-auxetic
stent 3. However, stent 2 shows structural instability (strut failure) during unrestricted deployment
conditions. For the restricted deployment condition, stent 1 shows a higher radial recoil compared to
stent 3. In the tensile test simulations, short elongation for stent 1 due to strut failure is demonstrated,
whereas no structural instability is noticed for stent 2 and stent 3 until 0.5 (mm/mm) strain. The
as-built samples show a significant thickening of the struts of the stents resulting in short elongations
during tensile testing compared to the simulations (stent 2 and stent 3). A modelling framework for
the stent deployment system that enables the selection of appropriate stent designs before in vivo
testing is required. This leads to the acceleration of the development process and a reduction in time,
resulting in less material wastage. The modelling framework shall be useful for doctors designing
patient-specific stents.

Keywords: additive manufacturing; auxetic and non-auxetic stents; computational fluid dynamics
simulations; stent deployment modelling; mechanical properties of the stent

1. Introduction

Cardiovascular disease is a common disease that is responsible for more deaths in
the USA than all cancers combined [1]. Coronary artery disease, which is a common type
of cardiovascular disease, kills 610,000 people and is the leading reason for mortality in
the USA [2]. Globally, there are 17.8 million deaths due to coronary artery disease, and
it is the third leading reason for mortality [3-6]. According to the world health statistics
published by the World Health Organization (WHO), deaths from cardiovascular diseases
are expected to rise from 17 million in 2008 to 25 million in 2030 [7]. The most obvious
solution to heart failure is the replacement of the heart. However, heart transplantation
requires expensive and high-risk surgery. In the USA, 4000 people are in urgent need of
heart transplantation, while only 2500 donate their hearts each year [8]. This requires a
reduction in the risk of cardiovascular disease.
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The most common cause of cardiovascular disease is atherosclerosis (plaque formation
on the coronary artery wall) [9,10]. The widely used treatment for atherosclerosis is the
deployment of stents. Most common stents are made from bioresorbable polymers that
support the artery during deployment and healing [11,12]. After the healing process is
complete, the stent dissolves, resulting in the reversion of the coronary artery to its original
healthy condition [13]. Thus, to cure atherosclerosis, it is mandatory to study the successful
deployment of a stent in the coronary artery. Since the margin of error in stent deployment
is very small, finite element method (FEM) simulation is an effective tool for testing a stent
deployment system.

FEM simulation of balloon-expansion-based stent deployment systems is being in-
vestigated by various researchers [14-23]. In these studies, the deployment of two stent
deployment systems is simulated using the inflation of a sophisticated balloon configu-
ration. A limitation of these studies is that the stent and balloon geometries are sketched
and not based on pu-CT images. Also, the effect of blood flow and damping on the stent
is not considered. An idealised elastic model is used for the balloon material; however,
in practice, a folded balloon configuration is accompanied by a catheter shaft. The com-
plex mechanical properties of human tissues modelled using the isotropic homogeneous
constitutive material model for artery and plaque is another deficiency with the model.

A detailed review of recent advances in stent development was published by Kha-
laj et al. [24]. Most of the stents studied exhibit non-auxetic behaviour. An important
feature of the successful deployment of non-auxetic stents in the artery is the bridge design
between the expanding rings of the stents [19]. A proper design of the connecting bridge
between the rings can lead to an increase in expansion capability. Zu et al. [25] addressed
polylactic acid stents with a negative Poisson’s ratio structure. However, the deployment
of the negative Poisson’s ratio auxetic stent was neglected in this research [25]. Chen
et al. [26] investigated the delamination of coating on magnesium alloy stents. The study
was based on FEM simulations and predicted the delamination of coatings on the stents as
well as stress concentrations during stent deployment. Ang et al. [23] processed stents with
nanosized BaSO,/PLLA composites and performed FEM simulations to prove the validity
of the stent design with improved mechanical properties at a lower strut thickness and
higher structural stability. Since the manufacturing method of the stents is an important
aspect, new methods are focused on. Recently, due to the small size and complicated design,
additive manufacturing (AM) such as fused deposition modelling (FDM), stereolithography
(SL), selective laser sintering (SLS), and laser powder bed fusion (LPBF) are assumed to
be the most suitable methods for stent manufacturing [27]. The first three processes are
used for the manufacture of polymer-based drug-eluting stents, while the last process is
used to process metallic stents. Additive manufacturing also minimises material wastage
compared to other stent manufacturing methods such as microtube forming and laser
micromachining. The most common alloys for manufacturing metallic stents are cobalt—
chromium alloys [28], stainless steel, and nitinol [29-32]. Demir et al. [28] applied LPBF to
produce stents from cobalt—chromium alloys with high geometrical accuracy depending
on the laser scanning strategy. An increase in laser power and pulse duration reduced the
surface roughness and increased the strut dimensions. Fully dense, crack-free nitinol stents
produced by LPBF are also reported in the literature [33]. A lower laser power results in
more accurate strut dimensions. Lower laser power also leads to less loss of Ni during
manufacturing, leading to a lower austenite finish temperature with higher geometrical
accuracy of the stents. In another study on microlaser powder bed fusion (u-LPBF), nitinol
stents with a minimum component size of ~52 um and low surface roughness (less than
2 um) were produced. The stents exhibit a compressive ductility of 50% without mechanical
failure and a shape recovery of 98% upon heating. TigAl4V alloy-based auxetic structures
with a hybrid Poisson’s ratio manufactured by LPBF present very high flexural stiffness
(140 MN/mm?) [34]. The microstructure showed fine acicular o’/ « plates in the as-built
condition due to the very high cooling rates during LPBE.
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The elastic modulus of the metastable Ti alloy is in the range of 71.7-79.1 GPa. In the
current investigation, the elastic modulus of the stent material is taken as 44 GPa, which is
lower than the elastic modulus of Ti alloy or NiTi alloy. In the previous literature, nitinol (Ni-
Ti), stainless steel (316 L SS), cobalt-chromium (Co-Cr) alloy, tantalum (Ta), pure iron (Fe),
platinum-iridium (Pt-Ir) alloy, and magnesium (Mg) alloys were used for manufacturing
stents [35]. Pure Fe and Mg-based alloys are used for the manufacture of coronary stents [36].
Recently, 316 L stainless steel, which has a high Young’s modulus (190 GPa), has been used
as a stent that is deployed by balloon expansion, whereas NiTi alloy with a low relative
modulus (75-83 GPa) has been used for self-expanded stents [37]. Both 316 L stainless
steel and NiTi alloy contain Ni, which is reported to trigger an autoimmune response and
inflammation [38]. NiTi alloy also has inadequate magnetic resonance imagining (MRI)
compatibility, which creates problems in diagnosis. Other biomedical alloys such as CoCr
alloys have a high magnetic susceptibility (1370 x 107¢ cm3/gm [39]) which is unsuitable
for MRI diagnosis performed during surgeries. Ti alloys are suitable candidates for metallic
stents due to lower magnetic susceptibility (180 x 10~® cm3/gm [40]), corrosion resistance,
and biocompatibility [41]. In this regard, metastable beta-titanium alloys such as Ti-Ta and
Ti-Nb alloys have good haemocompatibility and good mechanical properties. Thus, in the
current investigation, stents are chosen to be made of metastable beta-titanium alloy.

Currently, there are no studies comparing the effect of auxetic and non-auxetic stent
designs on stent deployment. A modelling framework for the stent deployment system
is required as it helps in selecting appropriate stent designs from a variety of possible
stent designs before in vivo testing or animal experiments. FEM-based virtual testing
of stents is proven to be helpful for stents whose performance is difficult to evaluate by
in vivo testing [20]. This also accelerates the development process and time, resulting in
less wastage of materials and other resources. In addition, the modelling framework will
help cardiologists design patient-specific stents before deployment and evaluate the stents’
structural performance. Hence, the research addresses three objectives: (1) investigation
of the effect of atherosclerosis on the blood flow dynamics through the artery wall via
FEM simulations; (2) examination of the stent deployment mechanisms of auxetic and
non-auxetic stents by FEM simulations; and (3) additive fabrication of the auxetic and
non-auxetic stents and evaluation of their mechanical properties.

2. Computational Procedure
2.1. Simulation of Blood Flow through the Artery

The effect of atherosclerosis on the blood flow through the artery was simulated by
applying computational fluid dynamics (CFD) using ABAQUS 6.14-2. Here, a co-simulation
approach is adopted in which CFD simulation of blood flow and structural mechanics
simulation of the arterial wall is run in parallel. This approach is used to calculate the
blood flow velocity in the artery and the stress on the arterial wall. In the co-simulation,
the calculated properties from the CFD model are exchanged with the structural mechanics
model and vice versa. Co-simulation is performed for two cases, namely (1) an artery
without atherosclerosis and (2) an artery with atherosclerosis, to compare the effects of
stenosis on blood flow. The co-simulation framework consists of a blood domain model
and an artery domain model as presented in Figure 1.

2.1.1. CFD Model of Blood Flow

The blood domain without atherosclerosis is visualised by a 3D cylindrical volume
(Figure 1a) with dimensions according to Table 1. For the blood domain with atherosclerosis
(Figure 1c), a semi-elliptical region with a length of 10.0 mm and a thickness of 0.5 mm
is removed from the 3D cylindrical volume with the physical and fluid properties of the
blood domain presented in Table 1. Although there is a significant deviation in the artery
blood flow velocity reported in the literature [42—44], a nominal blood flow velocity of
50 mm s~ ! is assumed based on Ref. [45]. In this investigation, it is assumed that blood is
an incompressible Newtonian fluid and the output pressure at the outlet of the artery is
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0 Pa. The outer surface of the blood domain in contact with the inner surface of the arterial
wall domain is assigned a fluid structure co-simulation boundary interaction condition.
To mesh the blood domain, 0.3 mm hexahedral elements are employed. Based on [46], a
Spalart-Allmaras turbulence model is assigned to the blood flow in the artery.

(a) Artery wall 2mm

Longitudinal view Cross-sectional view

Artery wall

Longitudinal view ional view

A&er;' wall
Figure 1. (a,c) Blood domain and (b,d) artery domain showing the different components of the artery
(a,b) without atherosclerosis and (c,d) with atherosclerosis (green colour).

Table 1. Physical and fluid properties of blood and artery wall according to Refs. [47,48].

Blood Section Properties

Density (kg/m?®) 1050
Dynamic viscosity (Ns/ m?) 0.0033
Kinematic viscosity (m?/s) 33 x 107
Inlet flow velocity (mm/s) 50
Diameter (mm) 3.0
Length (mm) 20.0
Artery wall section properties
Density (kg/m?) 1300
Elastic modulus (MPa) 0.91
Poisson ratio (-) 0.49
Inner diameter (mm) 3.0
Outer diameter (mm) 3.6
Length (mm) 20.0

Plaque section properties

Plaque mid-thickness (mm) 0.5

Plaque length (mm) 10.0
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2.1.2. Structural Mechanics Model of the Artery Wall

The arterial wall domain without atherosclerosis is presented in Figure 1b as a hollow
3D cylindrical volume with the dimensions presented in Table 1. The artery domain
with atherosclerosis is visualised as a semi-elliptical region with a length of 10.0 mm and a
thickness of 0.5 mm joined to the hollow 3D cylindrical volume. Due to the nonlinear nature
and lot of contacting surface pairs, the dynamic implicit solver was used in ABAQUS 6.14-2
to run the simulations. The artery wall and the plaque are considered elastic materials. The
end surface of the artery wall is assigned a pinned boundary condition. To mesh the artery
wall domain with C3D8 elements, 0.4 mm size hexahedral elements are used. A similar
type of element was used in the FEM model in a previous study [20].

2.2. Modelling of Stent Deployment System

The stent deployment system within the stenosed artery consists of different compo-
nents: (1) stent, (2) angioplasty balloon, and (3) artery with atherosclerosis. In the next
sections, each of the different aspects (physical properties of different components, material
models, two variants of the stent deployment system, loading and boundary conditions,
meshing criteria) of the stent deployment system are described in detail.

2.2.1. Components of the Stent Deployment System

The stent is the main component in the coronary angioplasty procedure responsible
for the local expansion of the artery. For the modelling of the stent deployment system,
the computer-aided design (CAD) of stents is applied. Three available stent designs from
the literature were selected from the open-source CAD library GrabCAD [49]. Stent 1 and
stent 2 possess auxetic designs, while stent 3 has a non-auxetic design. Stent 3 is already
manufactured by Johnson & Johnson, Warren, NJ, USA [14]. The CAD models of the stents
were previously published in Refs. [14,16,21,22,50]; however, in the previous literature,
computational modelling and additive manufacturing of the stents were not performed or
correlated with each other.

The CAD models of the stents were exported to ABAQUS CAE 2017 in STEP file
format and modified after their import to ABAQUS CAE 2017. Table 2 summarises the
physical properties of the imported CAD models of the stents (in deflated condition). Here,
the FEM simulation of the balloon expansion of the stents undertaken to compare the
deformation behaviours of different stent designs. The FEM simulation is performed for
two different stent deployment models: unrestricted deployment (in vitro, artery exclusion)
and restricted deployment (in vivo, artery inclusion).

Table 2. Physical properties of stents in the deflated condition.

Outer

Inner

Diameter Diameter Thickness Length Volur;le Porosity (%) De.51gn Ref.
(mm) (mm) (mm?) Attributes
(mm) (mm)
Stent 1 1.73 1.54 0.092 10.0 1.5 ~94 Auxetic [50]
Stent 2 2.38 2.14 0.122 10.0 3.63 ~92 Auxetic [22,51]
Stent 3 1.48 1.31 0.172 10.0 3.37 ~80 Non-auxetic ~ [14,16,21,49,51]

A balloon which is used to expand the stent to fit into the artery is another important
component of the stent deployment system. The CAD modelling of the balloon is under-
taken via a 2D cylindrical thin surface. As the inner and outer diameters of the balloons are
different, the dimensions of the balloons are also different (Table 3).
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Table 3. Physical properties of the balloon in the deflated, inflated, and recoiled conditions.

Unrestricted Stent Deployment

Deflated Condition Inflated Condition Recoiled Condition
Diameter Length Diameter Length Diameter (mm)  Length (mm)
(mm) (mm) (mm) (mm)
Balloon 1 1.4 12.0 45 12.0 24 12.0
Balloon 2 2.0 12.0 45 12.0 strut failure strut failure
Balloon 3 1.0 12.0 2.8 12.0 1.5 12.0
Restricted Stent Deployment
Deflated Condition Inflated Condition Recoiled Condition
Diameter Length Diameter Length Diameter (mm)  Length (mm)
(mm) (mm) (mm) (mm)
Balloon 1 14 12.0 2.7 12.0 1.8 12.0
Balloon 2 2.0 12.0 3.6 12.0 2.5 12.0
Balloon 3 1.0 12.0 24 12.0 1.4 12.0

The third component of the stent deployment system is the artery with atherosclerosis.
Being a biological system, the artery is a complex system. As detailed in [21], the artery
has three separate layers: intima, media, and adventitia. The intima is the inner layer of
the artery, the media is the middle layer, and the adventitia is the outermost layer. For
simplicity, the CAD modelling of the complex artery is accomplished using 3D-deformable
cylinders with hyper-elastic material properties. The thickness of each layer of the artery is
0.1 mm. The plaque is modelled with a semi-elliptical shape causing a 35% reduction in
blood flow volume. All relevant physical properties of the artery layers are presented in
Table 4.

Table 4. Physical properties of artery layers.

Artery Layers
Intima Media Adventitia
DiI;lIEZ:er Dglli:::er L(::rgnt )h Dile?rﬁz:er Dgumt::er L(f:lgnt)h Dil::lger Dglrlr:::er L(::Iit)h
(mm) (mm) (mm) (mm) (mm) (mm)
3 3.2 20.0 3.2 34 20.0 3.4 3.6 20.0
4 42 20.0 42 44 20.0 44 4.6 20.0
3 3.2 20.0 3.2 34 20.0 34 3.6 20.0
Plaque
Mid-thickness (mm) Length (mm)
0.5 10.0
Material Models

Metallic stents are usually made from biomedical-grade 316 L stainless steel, titanium
alloys (Ti-6Al-4V, Ti-6Al-7Nb, or Ti-24Nb-4Zr-85n (Ti2448)), or nitinol alloys. Here, the
stent is assigned the mechanical properties of biomedical metastable 3-titanium alloy
Ti2448 [52], which are presented in Table 5. A metastable 3-titanium alloy is selected for
stent manufacturing due to corrosion resistance, good biocompatibility, and non-magnetic
nature [53,54]. The presence of the metastable 3 phase and w nanoparticles leads to high
hardness and compressive strength. So, this alloy can be used to produce thin struts-based
stents [53]. In this regard, other metastable -titanium alloys such as Ti-Ta-Hf-Zr alloys
have been used before for the manufacture of stents [53]. Previous studies [20,55] have



Crystals 2023, 13, 1592

7 of 23

reported that accurate modelling of the balloon is essential for accurate modelling of the
stent deployment system. Since the balloon is made from polyethylene terephthalate
or nylon, it is modelled with an isotropic linear elastic material behaviour [21] with the
properties summarised in Table 5.

Table 5. Mechanical properties of stent and balloon.

Density

Young's Poisson Ratio Yield Stress Ultimate Tensile

(kg/m?3) Modulus (MPa) -) (MPa) Stress (MPa) Ref.
Stent 4500 42,000 0.33 490 700 [52]
Balloon 1100 920 0.4 - - [21]

Being biological materials, all three layers of the artery are modelled with the 3rd-order
Ogden hyper-elastic model. The parameters used in the Ogden model for the three layers
of the artery are reported in [16] and presented in Table 6. These material parameters are
determined by the uniaxial tensile test on artery tissue samples of humans [56]. In [16], the
mechanical behaviour of the plaque is described by a 1st-order Ogden hyper-elastic model,
so here the data from previous literature are transferred to the simulations.

Table 6. Hyper-elastic Ogden model parameters for the mechanical behaviour of artery layers and
plaque [16].

Hyper-Elastic Material (3rd-0rde?(r)t;1;1};n Model) 1 Flaque
Parameters st-Order Ogden
Intima Media Adventitia Model)
pl (MPa) =57 —1.84 —-1.99 0.32
2 (MPa) 3.58 1.12 1.20 -
u3 (MPa) 2.17 0.73 0.81 -
ol 2443 21.71 24.61 9.25
o2 25 22 25 -
o3 23.24 21.2 239 -
D1 0.85 4.11 3.92 0.13
D2 0 0 0 -
D3 0 0 0 -

Equation Solver Characteristics

A general static analysis procedure was chosen to account for the large nonlinear
deformation behaviour (nlgeom). An asymmetric matrix storage method is used in the
equation solver to address the complicated stent design geometries, elastic and elastoplastic
material models, balloon-stent contact behaviour, and complex loading history used for
numerical analysis.

Unrestricted Stent Deployment System

The 3D CAD model of the unrestricted stent 3 deployment system as shown in
Figure 2a (as an example) includes two instances: the balloon and stent 3. The dimensions
of stent 3 and the balloon are described in Tables 1 and 2, respectively. To consider the
displacement-induced load transfer between the balloon and stent 3, a surface-to-surface
contact interaction criteria between the balloon’s outer surface and the stent’s inner surface
is introduced in the FEM model. A friction model with a coefficient of 0.2 is assumed
between contact surfaces as reported in previous literature [16,57]. A self-contacting contact
mechanics is not incorporated in the FEM model as the stent parts do not touch each
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other in the inflated state. However, a previous study [58] found that the results of the
computational models did not differ significantly between a balloon-stent system with
friction and a balloon-stent system without friction.

=y AR fkgiemm——my 1K [ JIR ooy A gl e

[ P - S e S— R

‘balloon ‘stent ‘plaque

—
(2]
~—

Umax Inflated

Displacement (mm)

0 045055 1
Time (s)

Figure 2. A longitudinal cross-sectional image showing the different components (with different
colours) of the stent 3 deployment system in the deflated condition for (a) unrestricted stent deploy-
ment, (b) restricted stent deployment, and (c) variation in balloon displacement amplitude with time.
The CAD designs of the auxetic and non-auxetic stent are from literature [14,16,21,22,50].

Restricted Stent Deployment System

The 3D CAD model of the restricted stent 3 deployment system is presented in Figure 2b.
The system consists of three instances: balloon, stent, and artery with the dimensions stated in
Table 1, Table 2, and Table 3, respectively. The interaction between different contacting surfaces
is modelled by surface-to-surface contact criteria with contact friction of 0.2 as reported in the
literature [16,57]. Surface-to-surface contact criteria allow effective transfer of the displacement
load from the expanding balloon to the stent and the arterial layers.

Loading and Boundary Conditions

For load application, a p@z-cylindrical coordinate system is introduced in the model.
The p-axis is the radial direction of the balloon—stent assembly, the @-axis is along the
circumferential direction, and the z-axis is along the longitudinal axis of the balloon—stent
model. The origin of the cylindrical coordinate system is fixed by a tie constraint to
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secure the balloon-stent assembly. For the unrestricted stent deployment system, a radial
displacement of 1.5 mm (balloon 1), 2.0 mm (balloon 2), and 1.5 mm (balloon 3) is applied.
For the restricted stent deployment system, a radial displacement of 0.65 mm (balloon 1),
0.8 mm (balloon 2), and 0.75 mm (balloon 3) is applied.

For all stent designs, the variation in the balloon displacement amplitude with time is
displayed in Figure 2c. The radial displacement on the balloon is applied for 1 s in three
stages and increases linearly from 0 s to 0.45 s, is constant between 0.45 s and 0.55 s, and
decreases linearly from 0.55 s to 1 s. This radial displacement is chosen based on [20].
At t =0 s, the balloon is in the deflated state; between t = 0.45 s and 0.55 s, the balloon
is in an inflated state; and at t = 1 s, the balloon is in the recoiled state. Using a similar
analogy, at t = 0 s, the stent is in the deflated state; from t = 0.45 s to 0.55 s, the stent is in an
inflated state; and at t = 1 s, the stent is in the recoiled state. The following assumptions
are made: (1) the effect of blood pressure on the balloon, stent, and artery is neglected;
(2) the tri-folded initial state of the balloon in the deflated state is disregarded; and (3) a
cylindrical shape of the balloon is considered. Similar assumptions were made in a previous
investigation and did not affect the result [20].

Meshing Criteria

Since the thickness of the balloon is very small compared to the other two dimensions,
surface elements are added to mesh the balloon. The balloon is meshed with SFM3D8
8-node quadrilateral surface elements with a 0.2 mm mesh size. The stent is meshed using
C3D10 10-node tetrahedral volume elements with a mesh size of 0.1 mm, whereas the
artery is meshed with a C3D20 20-node hexahedral volume element with a mesh size of
0.2 mm. For the unrestricted and restricted stent deployment system, the same mesh size is
applied for all components. Thus, the results generated in this investigation do not depend
on the mesh size difference of the components between two different sub-models. Due to
the high mesh density (fine mesh size) of all components in the stent deployment system
model, a mesh convergence study is not undertaken.

Output Structural Parameters

The performance of the different stent designs after the application of the displacement
amplitude scheme is evaluated concerning four parameters [20]:

(stent diameter in inflated state diameter in the recoiled state)

Radial Recoil (%) = * 100 (1)

Longitudinal retraction (%) =

Foreshortening (%)

stent diameter in the inflated state

Radial recoil is the amount of elastic recovery of the stent after the balloon displacement
load is removed.

(stent length in inflated state — length in the deflated state)
stent length in the inflated state

%100 )

Longitudinal retraction is the change in stent length after the inflated state of the stent
is achieved. This is an important parameter as an excessive longitudinal retraction of the
stent may result in the shearing (injury) of the arterial wall.

_ (stent length in recoiled state — stent length in the inflated state)
B stent length in the inflated state

«100 6)

The change in stent length in the recoiled state compared to the inflated state is known
as foreshortening. A higher foreshortening (large decrease in stent length) results in injury
to the arterial wall after the balloon displacement load is removed.

(stent diameter at stent end — stent diameter at stent centre)

Dog — boning (%) = * 100 4)

stent diameter at the stent end
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Dog-boning is the increase in stent diameter at the ends of the stent compared to the
stent centre owing to non-uniform stent expansion (due to stent design) [21]. Excessive
dog-boning of the stent may lead to damage to the artery walls by increasing the stress on
the arterial wall in a narrow area.

Excessive thinning of the struts in the stent in the inflated state (due to balloon
expansion) is an additional criterion for the damage assessment of the stent. During
simulation, each of the struts is carefully observed to reveal excessive thinning of the
stent. Excessive thinning can lead to structural failure during deployment. Similar damage
assessment criteria are also used in Ref. [20], where intact refers to no strut failure and
damaged refers to initial strut failure.

Limitations of the FEM Simulation

FEM simulations have many limitations and drawbacks in terms of the reliability and
accuracy of results. Some of the limitations of the FEM simulations are as follows:

(1) The result of the FEM analysis depends on the mesh quality. Poor mesh quality leads
to an erroneous result. Also, the time required to solve the stent expansion problem
increases as the mesh becomes finer and finer.

(2) If the stent geometry is complex, then FEM simulations are computationally more
expensive compared to other numerical methods.

(3) FEM analysis gives approximate solutions for the proposed stent expansion problem.
The error is minimised over the whole stent so that we obtain correct solutions only at
the nodes.

2.3. Tensile Test Simulations

Tensile test simulations of the stents were performed in ABAQUS CAE 2017. The
stent sections and grip sections are assigned the material properties of the additively
manufactured (LPBF-processed) Ti2448 alloy [52]. The upper grip of the stents is coupled
to a reference point using a constraint equation. A tensile displacement load of 5 mm is
applied to the reference point, while the lower grip of the stent is fixed. Each stent section
is meshed with 0.1 mm tetrahedral C3D10 elements. The grip sections are meshed with
1.0 mm tetrahedral C3D10 elements.

3. Experimental Procedure
3.1. Stent Design for Manufacturing

The stents introduced in Section 2.2 were manufactured by LPBF with a slight modi-
fication to the stent design before manufacturing (as presented in Section 4.4). Here, two
clamping assemblies were attached to the ends of the stent for gripping the samples during
mechanical testing. The clamping geometries consisted of two components, a cylindrical
cap and a rectangular grip. The diameter of the cylindrical cap was 3.0 mm, and the height
was 0.2 mm. The rectangular grip had a length of 3.0 mm, a width of 1.5 mm, and a height
of 10.0 mm.

3.2. Sample Processing Via Additive Manufacturing
3.2.1. Powder Characterisation

Spherical Tip4NbsZrgSn powders (Ti2448 powder, TLS Technik GmbH & Co. Spezialpul
ver KG, Bayern, Germany) manufactured by gas atomisation were used for LPBE. The
morphological investigation of the powder particles was conducted by imaging using
a Zeiss Ultra Plus scanning electron microscope (SEM) operating at 20 kV accelerating
voltage and 4.0 mm working distance. Laser diffraction was used to measure the size
distribution of the powder particles (Mastersizer 2000).

3.2.2. Stent Manufacturing

The stent samples were prepared via LPBF employing a DMG LT12 system (DMG
MORI Additive GmbH, Bielefeld, Germany). The process parameters applied for manu-
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facturing were 245 W laser power, 1.55 m/s laser scanning speed, 0.1 mm hatch distance,
0.05 mm layer thickness, and 0.045 mm laser spot diameter with a Gaussian distribution.
LPBF was conducted in an argon atmosphere with 0.08-0.13% oxygen. Ten samples for
stent 1, stent 2, and stent 3 were manufactured by LPBF processing. The samples are
prepared in the vertical build position with the building direction parallel to the vertical
axis of the clamping geometries. All stents were cleaned to eliminate loose, unmolten
trapped powder particles by air blasting and subsequent ultrasonic cleaning in ethanol
solution for 15 min.

3.3. Optical Microscopy and Tensile Testing

Optical images of the as-built stent samples before and after tensile testing were taken
using a Keyence VHX5000 digital confocal microscope. The local surface height of the
as-built sample was measured using the Keyence VHX5000 digital confocal microscope to
observe out-of-plane features in the design of the stent.

For tensile testing of the stents, an MTS tabletop 858 tensile testing machine applying
a strain rate of 1073 s~! (0.6 mm/min crosshead speed) was used. Three samples each of
stent 1, stent 2, and stent 3 were subjected to mechanical testing. Three samples each of
stent 1, stent 2, and stent 3 were subjected to tensile testing. The stress from the tensile test
was calculated by dividing the force by the initial cross-sectional area of the stent. During
tensile testing, a video of the sample displacement was recorded using a Nikon digital
camera 5600. Using digital image correlation (DIC, GOM CORRELATE 2019), the surface
strain distribution during the tensile testing of the stents was measured. The resolution of
the DIC system was /50 um per pixel. During DIC, the sample surface was illuminated
with white light from a 50 W lamp.

4. Results and Discussion
4.1. Blood Flow Simulation

Figure 3 depicts the blood velocity contour profile for the artery without atherosclerosis
(Figure 3a) and with atherosclerosis (Figure 3c). For the artery without atherosclerosis,
the blood velocity at the centre of the artery is slightly higher (=70 mm/s) compared to
the inlet velocity (50 mm/s) (Figure 3a). However, a significantly higher blood velocity
(=170 mm/s) is observed in the artery near the plaque region due to a decrease in the
cross-sectional area (Figure 3c). Applying Bernoulli’s theorem qualitatively, an increase
in blood velocity leads to a decrease in blood pressure and, thus, to a further decrease in
the cross-sectional area. This strongly justifies the overall need for stent deployment in
the artery.

The maximum elastic stress on the arterial wall without atherosclerosis is very low
(~1.6 x 1075 MPa, Figure 3b). However, the maximum elastic stress (~1.6 x 10~* MPa) on
the arterial wall with atherosclerosis is ten times higher compared to that on the arterial
wall without atherosclerosis. This increase in arterial wall stress likely leads to higher blood
pressure, which in turn can increase the risk of myocardial infarction.
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Figure 3. Images showing (a,c) the blood flow velocity (mm/s) and (b,d) Von Mises stress (MPa)
distribution in the artery (a,b) without atherosclerosis and (c,d) with atherosclerosis.

4.2. Stent Deployment System Simulation

Figure 4 highlights the stress distribution in the stents for deflated, inflated, and
recoiled conditions. Stent 1 and stent 3 reveal successful unrestricted deployment. However,
stent 2 shows excessive thinning of the struts during inflation, indicating structural failure
during balloon expansion. Stent 1 exhibits lower radial recoil than stent 3.

Figure 5 summarises the stress distribution in all stents for the deflated, inflated, and
recoiled states of the restricted stent deployment system. Successful deployment of all
stent designs is observed here. In the inflated state, stress concentrations are noticed at the
strut corners of stent 1. Due to the hyper-elasticity of the arterial layers and contraction of
the balloon, recoil in stent 1 is observed. However, the arterial diameter at its minimum
point increased by 13% in the recoiled state compared to the deflated. Compared with the
unrestricted stent deployment, the restricted stent deployment of stent 2 shows no strut
failure or structural instability. In the inflated state, the stress remains distributed within
the stent and no stress concentration is observed. The deployment of stent 2 results in a
19% increase in the arterial diameter at its minimal point. For stent 3, stress concentration is
noticed in struts in the inflated condition but is severely reduced in the recoiled conditions.
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In the recoiled state, only a 10% increase in the artery diameter at the minimum point
is observed.

(a) Deflated condition

Inflated condition ~ Recoiled condition

Stress (MPa)
1500.0
1350.0
S 1200.0
)\ 1050.0
\ 900.0
750.0
600.0
N 3800
Auxetic stent 1 150.0
0.0
2mm
(b) Deflated condition
Stress (MPa)
1500.0
1350.0
1200.0
1050.0
900.0
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600.0
450.0
300.0
150.0
0.0
2mm
Stress (MPa)
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1200.0
1050.0
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750.0
600.0
. 2
Non-auxetic stent 3 150.0
0.0
2mm

Figure 4. Images of the unrestricted stent deployment model showing the Von Mises stress (MPa)
distribution within (a) stent 1, (b) stent 2, and (c) stent 3. Stents 1 and stent 3 are in deflated, inflated, and
recoiled conditions. Due to strut failure, stent 2 is presented only in a deflated condition and inflated
condition. The CAD designs of the auxetic and non-auxetic stent are from literature [14,16,21,22,50]. The
expansion and contraction behaviour of the stents are studied by FEM analysis.

Figure 6 shows the stress on the intima layer of the artery after the stent deployment.
Stent 2 exhibits the highest stress (0.5 MPa) on the arterial wall leading to possible
perforations after deployment. Stent 1 and stent 3 exhibit relatively lower stress (0.2 MPa)
on the arterial layer. Therefore, the restricted deployment of stent 1 and stent 3 is safe
compared to stent 2.
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Figure 5. Longitudinal cross-sectional images of the restricted stent deployment model showing
the Von Mises stress (MPa) distribution within (a) stent 1, (b) stent 2, and (c) stent 3 for the deflated,
inflated, and recoiled conditions. The CAD designs of the auxetic and non-auxetic stent are from
literature [14,16,21,22,50]. The expansion and contraction behaviour of the stents are studied by
FEM analysis.



Crystals 2023, 13, 1592

15 of 23

(a)

Stent structural parameters (%)

Auxetic stent 1

Stress (MPa)

Figure 6. Longitudinal cross-sectional images of the restricted stent deployment model showing
the Von Mises stress (MPa) distribution on the intima layer of an artery for stent 1, stent 2, and
stent 3 for the recoiled conditions. The CAD designs of the auxetic and non-auxetic stent are from
literature [14,16,21,22,50].

To compare the performance of different stent designs, Figure 7 depicts the output
structural parameters of the stents in the unrestricted deployment (Figure 7a) and restricted
deployment (Figure 7b) models.

25 - (b) 25
1 Unrestricted stent deployment
207 M Foreshortening 20 1
154 [l Longitudinal retraction 154
1 I Radial recoil
01 I Dog-boning 10+

-5 Restricted stent deployment
Il Foreshortening

Stent structural parameters (%)
o
1

-10 e ]
I Longitudinal retraction
-15- [l Radial recoil
Dog-bonin
50| I Dog-boning
T T T -25 T T T
Stent 1 Stent 2 Stent 3 Stent 1 Stent 2 Stent 3

Figure 7. Stent structural parameters for (a) unrestricted stent deployment and (b) restricted stent
deployment.

In the unrestricted stent deployment model, due to the failure of the struts in stent 2,
foreshortening, radial recoil, and dog-boning are not calculated (Figure 7a). In the unre-
stricted stent deployment model, the foreshortening magnitude is significantly less for
stent 1 (<1%) than for stent 3 (>15%). Similarly, the longitudinal retraction magnitude of
stent 1 is very small compared to that of stent 3. Less foreshortening and less longitudinal
retraction of stent 1 reduce the risk of damage to the arterial wall during deployment. In
addition, the radial recoil of stent 3 (>15%) is higher compared to that of stent 1 (=6%)
during unrestricted deployment. This should lead to a higher increase in arterial blood
flow volume after deployment of stent 1 compared to stent 3.
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In Figure 7b, for the restricted stent deployment model, stent 1 shows very low
foreshortening (0.02%) and very low longitudinal retraction (0.02%) compared to stent 2
and stent 3. The dog-boning of stent 1 is 3.7%, which is lower than that for stent 3 (10.6%).
However, the radial recoil values of stent 1 and stent 3 are nearly the same (~18%). Stent
2 shows lower foreshortening and lower longitudinal retraction compared to stent 1 and
stent 3. Stent 2 presents a negative dog-boning compared to stent 1 and stent 3, which
indicates that the stent diameter at the ends is lower than the stent diameter at the centre.
Although the structural performance of stent 2 is superior to stent 1 and stent 3, it cannot
be recommended due to the higher stress on the artery wall during deployment.

4.3. Powder Characterisation

In Figure 8, SEM images of the powder particles for the Ti2448 alloy are depicted.
The particles are spherical in size with a varying size distribution. The size of the powder
particles varies between 10 pm and 120 um. The red curve in Figure 8b represents the
log-normal curve fitting with an average particle size of 50 pm.

40 S50 60 70 80 90 100 110 120

Particle Size (um)

Figure 8. (a) SEM micrograph of the Ti2448 powder particles and (b) Ti2448 particle size distribution.

4.4. Processing of Samples

Figure 9a—c give an overview of stent 1, stent 2, and stent 3 via optical micrographs
and the local topography (Figure 9d—f). The as-built samples show massive thickening of
the struts leading to inaccurate dimensions and loss of fine-scale design details of stents
after LPBE. All stents present a loss of design features, but stent 3 shows an extreme amount
of loss of design resolution. This phenomenon can be attributed to two reasons: the size of
the melt pool being higher than the laser beam diameter, and the sticking of the unmolten
powder particles (surrounding the melt pool) during the cooling of the melted region. In
this regard, the size of the strut in the stent design is 0.05 mm, which is comparable to the
laser spot size (0.045 mm). Thus, coarsening of the struts is expected due to melt pool size
expansion. Hence, another possibility is to use a smaller laser spot size; however, the laser
spot size is limited by the LPBF machine. In the current investigation, a 0.045 mm laser
spot size is the smallest spot size specified by the LPBF machine manufacturer.

Considering the dimensional inaccuracies in the as-built stent samples compared to
the CAD model, a major revision of the processing parameters is needed. The processing
parameters can be optimised by trying to make samples with overhangs with 40°, 50°, and
60° angles at different parameters. Similar parameter optimisation is reported in previous
literature [59-63]. The scanning strategies and process parameters play an important role
in the manufacturing quality of the overhangs. The surface roughness of the overhangs
was decreased due to the optimisation of the scanning strategies and the processing pa-
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rameters [61]. Another study on the processing of overhanging structures using 316 L steel
revealed that when the layer thickness is comparable to the particle diameter, the gaps
between the layers could be filled by the particles, leading to lower surface roughness [63].

1000 pm i 1000 pm 1000 pm

1558,73um 1558,73um 826,70pm

1336,05 1336,05 ; ; 708,60

1113,37 1113,37 : 590,50

890,70 890,70 472,40
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445,35 ¥ : 236,20

222,67 118,10

222,67

00 g 0,00

Figure 9. (a—c) Optical micrographs and (d—f) local surface height of the as-built samples for (a,d) stent
1, (b,e) stent 2, and (c,f) stent 3. The CAD designs of the auxetic and non-auxetic stent are from
literature [14,16,21,22,50].

Post-processing of the stent is needed to improve the surface finish of the stent. The
surface finish can be improved by Al,O3 bead blasting. Al,O3 bead blasting leads to an
increase in surface roughness leading to an increase in surface area which leads to better
osseointegration [64]. As the microstructure of the stent samples contains a major fraction
of the metastable 3 phase, no heat treatment is needed. However, stress relief annealing is
needed to remove the residual stress generated during LPBF processing.
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4.5. Tensile Test

Figure 10a—c summarise the DIC images (presenting strain before fracture) and the
optical micrographs recorded after the fracture. Following the DIC images, stent 1 shows
strain concentration near the lower and upper clamping sections, indicating an equal prob-
ability of fracture in the two regions. Failure of the samples occurs at the lower clamping
section as reinforced by the optical micrograph image (Figure 10a). Figure 10b (DIC image)
presents a high-strain region highlighted by a black arrow near the middle section of stent
2, which in turn matches the fracture region of stent 2. Stent 3 manifests a high-strain region
(shown by a yellow arrow) close to the upper clamping section. Figure 10d shows the
stress—strain curves of the stents. The tensile properties calculated from the stress—strain
curve are presented in Table 7.

(a) Optical  (p) Optical  (c) Optical
0 Image 0 Image 108 Image
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Figure 10. DIC and optical micrographs after fracture of (a) stent 1, (b) stent 2, and (c) stent 3 and
(d) stress—strain curves of the as-built stents. The DIC images represent the surface directly before
fracture. The black arrow in (b) and the yellow arrow in (c) highlight the region with the highest
strain. The CAD designs of the auxetic and non-auxetic stent are from literature [14,16,21,22,50].
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Table 7. Tensile properties of the stents calculated from the experimental stress—strain curve (Figure 10d)
and the simulated stress—strain curves (Figure 11d).

Experimental Simulated
Tensile Properties Stent 1 Stent 2 Stent 3 Stent 1 Stent 2 Stent 3
Fracture stress (MPa) 100 100 380 11.7 - -
Fracture strain 0.01 0.037 0.03 0.04 - -
Effective modulus (GPa) 7 6 18 0.82 0.019 0.1

4.6. Tensile Test Simulations

The Von Mises stress distribution obtained from the FEM simulations after tensile
testing is presented in Figure 11. The vertical struts in stent 1 carry most of the load and
undergo necking (highlighted by red arrows, Figure 11a). For stent 2, the opening of
the cells is observed upon tensile testing. Most of the load is concentrated at the nodes
(meeting point of struts, Figure 11b) of the cells. Stent 3 shows the elongation of the middle
connecting struts (Figure 11c). Tensile stress—strain curves obtained from the tensile tests of
the three stents are shown in Figure 11d. Stent 1 exhibits the lowest strain (<0.05) due to
strut failure; however, stent 2 and stent 3 show no failure after 0.5 (mm/mm) strain. The
slope of the stress—strain curve shows two distinct slopes for stent 3. The lower slope in the
initial part of the stress—strain curve is due to the reorientation of the struts in the middle
part of stent 2, while the higher slope in the later part of the stress—strain curve is due to the
stretching of the struts in the middle part of stent 2 (highlighted in blue curve Figure 11d).
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Figure 11. Images obtained after FEM simulations showing the Von Mises stress (MPa) distribution
during tensile testing in (a) stent 1, (b) stent 2, and (c) stent 3 and (d) stress—strain curve of all stents.
The red arrow in (a) highlights the struts’ failure. Figure 11a is the stress distribution at a strain of
0.046 (mm/mm), (b) shows the stress distribution at a strain of 0.5 (mm/mm), and (c) presents the
stress distribution at a strain of 0.5 (mm/mm). The CAD designs of the auxetic and non-auxetic stent
are from literature [14,16,21,22,50].
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Both the experimental stress—strain curve and the simulated stress—strain curve con-
firm short elongations for stent 1. In contrast, the experimental stress—strain curves of stent
2 and stent 3 reveal short elongations (<0.04 mm/mm strain), while the simulation results
show no structural failure until 0.5 (mm/mm) strain. This is attributed to the massive
thickening of the struts leading to dimensional inaccuracies during LPBF.

Table 7 compares the experimentally observed and the simulated tensile properties.
The effective elastic modulus and fracture stress of the as-built stent 1, stent 2, and stent 3
samples are higher than those obtained from simulations. This is due to the difference in
the dimensions between the as-built sample and the simulations. Also, the fracture stress
of the as-built stent 1 sample is higher than the simulated values. The fracture stress and
the fracture strain of stent 2 and stent 3 are not reported as no fracture is observed for these
stent designs during simulations.

5. Conclusions

The additively manufactured stents have poor dimensional tolerance as compared to
the CAD model. So, appropriate parameter optimisation during LPBF processing needs to
be undertaken. This is a possible future work. Another possible future work is the design
and fabrication of new auxetic stent types. Based on the experimental and computational
modelling investigations on the stents, the following conclusions can be drawn:

1.  CFD simulations of the blood flow predict a twenty-fold increase in blood veloc-
ity near the plaque region of a stenosed artery compared to a non-stenosed artery.
A ten-fold increase in the stress on the arterial wall due to blood flow is noticed
due to atherosclerosis. This could lead to the tearing of the arterial wall near the
plaque region.

2. Unrestricted stent deployment results in structural instability (strut failure) for auxetic
stent 2. Auxetic stent 1 presents very low foreshortening, longitudinal retraction, and
radial recoil compared to the non-auxetic stent 3.

3. Under restricted deployment of the stent, the performance of auxetic stent 1 is better
than that of auxetic stent 2 and non-auxetic stent 3. Stent 1 shows no foreshortening
and longitudinal retraction compared with stent 2 and stent 3. However, the radial
recoil is higher in stent 1 than in stent 3. No structural instability is observed in stent
2 under restricted deployment.

4. The as-built stent samples show strut coarsening and a loss of fine-scale details after
LPBF processing compared to the design. Stent 3 presents an extreme loss of resolution
after LPBF compared to stent 1 and stent 2. The simulated tensile tests of the stents
show strut failure for stent 1, resulting in a short elongation to failure, whereas stent 2
and stent 3 show no structural failure until 0.5 (mm/mm) strain.
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