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Abstract

Biodegradable stents, especially those composed of magnesium alloy-based materials, can provide a temporary scaffold that
support vessels while naturally resorbing in the body after the targeted vessel heals, thereby preventing the restenosis and late
thrombosis issues caused by their metallic predecessors. However, due to limitations in the intrinsic mechanical properties of
magnesium, further investigation is required to optimize its degradation property, as well as the design, geometry and strut
thickness to improve conformability in stent applications. This study aimed to investigate experimentally the degradation
property of magnesium alloy WE43 and to optimize the stent geometry through parametric studies using the finite element
method. Results of the degradation testing showed that the WE43 with a secondary polycaprolactone dip-coating offered
a greater resistance to biodegradation and increased the lifespan of the stent. On average, the resistance to biodegradation
increased by 5% in the WE43 magnesium alloy compared with its counterpart lacking any surface coating. The parametric
studies have indicated that the stent with honeycomb geometry and a radial thickness of 0.15 mm had demonstrated promis-

ing mechanical performance with minimal dog-boning, foreshortening and recoil.
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Introduction

Recently, bioresorbable stent scaffolds have emerged as
an ideal solution for restenosis and late thrombosis issues
found in bare metallic stents. Magnesium (Mg) and magne-
sium alloys with controlled biosafety and good degradation
behaviours have shown great promise in bioresorbable stent
applications. Accordingly, Mg implants support tissue/artery
healing, regeneration through their degrading process and,
to their advantage, they constitute a biosafe process consid-
ering that Mg is an essential mineral in human metabolism
[1,2].

Commercial Mg alloys, including WE (Mg—RE-Zr)
series (WE43, WE54), AZ (Mg—Al-Zn) series (AZ31,
AZ91) and gravity-cast LAE442, were considered along
with pure Mg as the suitable materials that not only have
a significantly lower density, but also have mechanical
strength ensuring sufficient radial resistance compared with
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other metallic stenting materials such as 316L stainless steel.
More importantly, Mg alloys possess good biocompatibility
and an adequate degradation property for stent applications
[3-7].

Clinical studies have reported different stent design,
geometry and strut thickness that can greatly affect mechani-
cal integrity, biocompatibility and degradation that lead to
reduced conformability [2, 8]. Efficiency of conformability
depends on stent structures, including resistance to vessel
pressures (radial strength), limited variation in length during
expansion (foreshortening and recoil), a reduced “dog-bon-
ing” effect (i.e. non-uniform expansion of the stent) during
expansion and the possibility of restenosis risk around the
angioplasty site [2, 9, 10].

Previous studies have reported that while the LAE442
alloy possesses the greatest degradation resistance of all
magnesium alloys, its strength is too low, even lower than
pure magnesium, and necessitates a thicker strut design
that leads to a larger crossing profile and prevents recoil.
These thicker struts hinder the deliverability of the stent and
disrupt the laminar blood flow, which increases the risk of
restenosis and the platelet activation process leading to stent
failure [9, 11]. The AZ series magnesium alloys, especially
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Table 1 Comparison of ultimate tensile strength and biodegradability
of magnesium alloys

Magnesium alloys Ultimate tensile strength Resistance to

(MPa) biodegrada-
tion

Pure magnesium 199 Poor
Mg WE43 300 Average
Mg WES54 280 Fair
Mg AZ31 260 Very good
Mg AZ91 230 Good
Mg LAE442 154 Excellent

AZ91 and AZ31, have been reported to have good degra-
dation resistance both in vitro and in vivo. However, they
tend to release hydrogen upon degradation in physiological
environments, leading to a significant increase in both pH
and Mg?* ion concentration, which will be harmful to liv-
ing organisms [6, 12]. The WE series magnesium alloys,
for example WE43 and WES54, were found to be stronger in
terms of their mechanical strength, but they only performed
slightly better in degradation resistance than the pure mag-
nesium (Table 1). While WE43 and WE54 alloys possess
marginally better biodegradation resistance, this resistance
could be further enhanced with a corrosion-protective sur-
face coating that lasts for six to twelve months in the body.
This surface coating can act as a barrier to protect the mag-
nesium underneath without sacrificing mechanical strength
[7,12].

Although some studies have investigated the mechanical
and biodegradation behaviour of Mg WE43 alloy specimens
[5, 13], there remain limitations in the understanding of Mg
WEA43 for the optimal design and development of metallic
biodegradable stents. Therefore, it is necessary to investi-
gate the Mg WE43 alloy degradation rate and optimize a
stent geometry that can provide a temporary scaffold that
resorbs once the artery heals. In this study, the degradation
properties and mechanical performance of Mg WE43 were
evaluated using finite element analysis (FEA) for stress dis-
tribution, dog-boning and recoil effects.

Materials and methods
Degradation test

Mg WE43 specimens were cut into cubes 10X 10x 10 mm?
in volume and cleaned using a metal file to remove any
pre-existing surface treatment and ensure homogeneous
surface properties. In order to determine the degradation
rate of the Mg WE43 alloy, specimens were immersed in
500 mL Hank’s balanced salt solution in sterilized petri
dishes according to the ASTM NACE/ASTM G31-12a

standard [14]. Polycaprolactone (PCL) powders were dis-
solved in 100 mL of dichloromethane. The Mg WE43 alloy
was then dip-coated in the fully dissolved PCL solution. The
dipping process was repeated 3 times for each sample. The
degradation analysis was performed on both coated sam-
ples and uncoated samples, the latter serving as a control.
The weight of each sample was measured to calculate the
percentage mass loss (Am) in intervals of one week to four
weeks according to Eq. (1):

Am = (mo— m(,)) (1)

where m,, is the initial weight and m,, is the weight of the
specimen after every time internal.

Design analysis and material properties

FEA was adopted to perform the numerical investigation
into the mechanical performance of the stent design by
evaluating expansion recoil, foreshortening and dog-boning.
Accordingly, the calculations of parameters are presented as
the following equations [15]:

D expanded — D recoil

Recoil(%) = x 100 )
D expanded
L. - L
Foreshortening(%) = crimped expanded x 100 3)
Lcrimped
D i + D,
Dogboning ratio = distal central ( 4)

D distal

The entire simulation model comprised a balloon, a hol-
low cylinder resembling the vessel wall and the stent, in
which all three components were coaxially aligned as illus-
trated in Fig. 1. The balloon, which was used to inflate the
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Fig. 1 Assembly of finite element model for stent deployment

@ Springer



56

T.Y.Pang et al.

stents, had a fully folded diameter of 0.98 mm with a total
length of 23 mm. The balloon was modelled as a linear elas-
tic material with a Young’s Modulus of 1 GPa, a Poisson’s
ratio of 0.33 and a density of 1x 107 kg/m? [16]. The ves-
sels were modelled with three distinctive layers: 1. intima,
2. media and 3. adventitia, which were represented by three
hyper-elastic strain functions in Abaqus software [16].

The stent was designed to have a honeycomb shape. The
geometry of the stent was created using CATIA software
and was chosen to undergo a parametric study (Fig. 2). The
total unexpanded length of the stent was 17.64 mm with
a central diameter of 2 mm. For the parametric study, the
width of the struts and connectors was kept at 0.125 mm and
0.115 mm, respectively, and the crown angle was 22.056°
throughout the entire stent, whereas the radial thickness was
being manipulated between a range from 0.3 to 0.0125 mm
while maintaining a constant central diameter. The stent
was modelled with the Mg WE43 alloy material, which was
adopted from [17] with a Young’s Modulus of 16.162 GPa
and a Poisson’s ratio of 0.33. Its stress—strain curve is illus-
trated in Fig. 3.

Crimping and expanding modelling

The stent and vessel were meshed using linear eight-node
brick elements (C3D8I) with full integration. Hexahedral
elements were chosen to mesh the stent and vessel as these
provide better computational efficiency. Among the options
for the hexahedral elements, C3D8 is prone to shear locking
and C3DS8R (reduced integration) is inferior compared with
C3D8I (incompatible mode) in simulating bending behav-
iours. Therefore, C3D8I was selected to model the accu-
rate crimping and expansion behaviour that involved large
bending deformations [18]. The balloon was meshed with a
combination of a four-node linear quadrilateral membrane
(M3D4R) and three-node linear triangular membrane ele-
ments (M3D3) with a reduced integration scheme. Trian-
gular elements were chosen to mesh the two ends of the
tri-folded balloon as it was deemed more suitable for the
geometry of the ends compared to quadrilateral elements.

Fig.2 Geometry and nomen-
clature of the honeycomb stent
design
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Fig.3 The stress—strain curve of Mg WE43 alloy [17]

Crimping simulation

To simulate the crimping process in which the stent was
compressed to be placed on a catheter, the stent started at
its original central radius (1 mm) and was then radially con-
tracted until its inner radius reached the same value as the
outer radius of the deflated balloon at 0.98 mm. This was
carried out by applying uniform radial displacements across
the external surface of the stent, which was oriented inward
towards the axis of rotation (see Fig. 4).

Expansion simulation

The expansion simulation occurred after crimping, when the
stent was expanded by inflating the balloon aligned inside
the stent with a pneumatic fluid cavity pressure of 0.5 MPa
applied on the interior wall of the balloon. The process of
expansion was separated into four steps (see Fig. 5): 1. the
balloon started at its originally deflated state (0.0 s); 2. infla-
tion was then initiated linearly until it reached the specified
magnitude for 0.006 s; 3. a constant pressure was maintained
for a further 0.003 s to ensure the balloon reached a fully
inflated diameter of 3 mm; and 4. finally, the balloon began
to deflate for the next 0.005 s. These steps were done to
study recoil and dog-boning.
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Fig.4 The crimping process of the stent: (1) Stent at default diam-
eter; (2) Stent began to crimp and (3) Stent inner diameter reached the
outer diameter of balloon

Results and discussion

Figure 6 shows the percentage of weight loss of the coated
and uncoated specimens over 4 weeks in the salt solutions.
During the first week, the PCL coating provided a significant
corrosion resistance to Mg WE43, whereas the uncoated
specimens suffered a mean loss across the six samples of
15.9%, and the coated samples lost only 8.3% over the same
period. The rate of the weight loss for the coated specimens
with PCL was lower than uncoated specimen. The rate of
the weight loss began to decline after 14 and 18 days for the
uncoated and coated specimens, respectively.

The study found that after 25 days a PCL-coated WE43
implant would lose just under 37% of its weight and, given
the trend of the degradation rate, it was predicted to last

Fig.5 Sectioned view of the EI
expansion and deflation steps of
the stent

Percentage Mass Loss

%Mass Loss
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Fig.6 The average percentage of mass loss for coated and uncoated
Magnesium WE34 alloy specimens

at least 67 days/~2 months (assuming the trend is linear,
i.e. the same amount of degradation occurs each day from
day one). It is important to point out that the degradation
rate is faster in vivo. The reaction between Mg and water
molecules resulted in degradation of Mg?* ions and blood
flow constantly moving degradation products away from the
surface of the stent [19]. Consequently, further in vivo test-
ing is needed to understand the required lifespan of a stent in
maintaining radial strength and vessel support for the critical
three- to four-month period needed for vessel healing and,
subsequently, for bioresorbing in about 12 months to avoid
late stent thrombosis [8, 20, 21].

The ability to maintain radial strength and radial stiffness
after being deployed inside vessels is one of the important
factors to support the effectiveness of intravascular stents
and their associated delivery systems. In this study, we
explored the mechanical behaviour of Mg WE43 alloy dur-
ing the crimping and expanding process. In the parametric
study, a total of seven results were obtained from different
radial thicknesses ranging between 0.025 mm up to 0.3 mm.
It was clear that severe buckling began to occur when the
radial thickness of the struts and connectors was reduced to
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Fig.7 Geometry of post-recoil
stents for radial thickness of
0.3 mm (a), 0.05 mm (b) and
0.025 mm (c¢)
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Fig.8 Variation of radial thickness with the percentage of recoil and foreshortening

0.025 mm (see Fig. 7). Therefore, a thickness of 0.05 mm
is the lowest possible radial thickness that can be used in
further parametric studies.

Figure 8 shows that a further increase in radial thick-
ness led to greater recoil from 0.025 to 0.3 mm and recoil
increased substantially by 15.3%. However, for the foreshort-
ening analyses, there was a drastic reduce in foreshorten-
ing between 0.05 and 0.3 mm and with an average of 5.6%.
The FEA models showed that dog-boning effects are more
significant during the initial expansion of the stent when
the balloon begins inflating. The distal and central diameter
during initial expansion were recorded, and consequently
Eq. (4) was used to determine the dog-boning ratio for each
radial thickness.

In Figs. 8 and 9, we noted the parameters to minimize
foreshortening and dog-boning, which subsequently may
reduce the associated risk of restenosis. The results indicate
that the dog-boning effect was less prominent at a radial
thickness between 0.15 and 0.2 mm with an average ratio
of approximately 0.0122, although recoil increased with
radial thickness. A lower recoil is preferable wherever pos-
sible. However, a 0.15 mm thickness has an exceptionally
low foreshortening percentage at 5.43%, compared with the
rest of the thicknesses, equivalent to a change of 0.974 mm
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Radial Thickness vs. Dog-boning
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Fig.9 Variation of dog-boning ratio with radial thickness

between the fully crimped length and fully expanded length.
Hence, with both the dog-boning ratio and foreshortening
falling under the desirable range, 0.15 mm was the most
optimized radial thickness of the various thicknesses stud-
ied. Subsequently, the stress distributions and magnitudes
were investigated on the 0.15 mm model. As shown in
Fig. 10, the stresses were evenly distributed across the span
of the stent, with peak stress appearing near the regions of
the crowns reaching a maximum of 197.5 MPa. According
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Fig. 10 Stress distribution and
magnitude of honeycomb stent
with thickness of 0.15 mm

to [17], well below the ultimate tensile strength of 308 MPa
is deemed to have sufficient mechanical properties for this
stent application.

These findings, while preliminary, suggest that there is
room for innovation in the field of stent design. Future para-
metric design optimization can offer potential in improving
the mechanical properties of stents in the body, which can
lengthen the biocorrosion period of Mg WE43 in the blood
vessel. The honeycomb “V”-shaped connector, while still
exploratory, was able to redistribute the stress on the area
usually most affected by cracking and the failures seen in
previous bow-shaped designs [9]. The FEA provided the
parametric investigation of optimizing the geometry and
determining parameters for the stent design, whereas the
crimping and expansion of the balloon was modelled with
a constant pressure but, in reality, the balloon pressure was
not uniform. Also, the time-dependent material behaviours,
for example viscoelasticity and creep, were not considered
in the study. These issues need to be considered in the future
studies. However, they did not affect our general conclusions
on the geometrical design of the stent.

Conclusions

The aim of this study was to find the optimum design for a
stent made of Mg WE43 material using a honeycomb geom-
etry. The degradation behaviour of Mg WE43 was experi-
mentally investigated. The design parameters that affected
foreshortening or dog-boning during the stent deployment
were investigated using finite element analysis. It was found
that adding a secondary polycaprolactone dip-coating was
a viable method in increasing the in vivo life span of the
degradation process and improving the mechanical behav-
iour and performance of Mg WE43 in stent applications.
The parametric analysis concluded that a radial thickness of
0.15 mm for the honeycomb geometry demonstrated promis-
ing results in mechanical performance, with minimal dog-
boning, recoil and foreshortening. While other studies have
reported on the use of Mg WE43 for mechanical and corro-
sion testing, none has considered bioresorbable capabilities
with polycaprolactone dip-coating method, which alters the

S, Mises
(Avg: 75%)
+1.975e+02
+1.813e+02
+1.651e+02
+1.48%+02
- +1.328e+02
+1.166e+02
+1.004e+02
+8.424e+01
+6.806e+01
+5.188e+01
+3.570e+01
+1.953e+01
+3.350e+00

resistance to degradation. There have been some studies that
investigated the design optimization of bioresorbable stents
with Mg WE43 materials to improve their effectiveness, but
few studies have considered its mechanical properties fabri-
cated via the additive manufacturing method, particularly the
3D printing process. The results of this study indicate that
the combination of materials and the design to improve the
performance of stent will assist in the future development
of magnesium alloy-based bioresorbable stent applications.
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