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Abstract—Biodegradable magnesium alloy stents (MAS) are
a promising solution for long-term adverse events caused by
interactions between vessels and permanent stent platforms
of drug eluting stents. However, the existing MAS showed
severe lumen loss after a few months: too short degradation
time may be the main reason for this drawback. In this study,
a new design concept of MAS was proposed and a shape
optimization method with finite element analysis was applied
on two-dimensional (2D) stent models considering four
different magnesium alloys: AZ80, AZ31, ZM21, and
WE43. A morphing procedure was utilized to facilitate the
optimization. Two experiments were carried out for a
preliminary validation of the 2D models with good results.
The optimized designs were compared to an existing MAS by
means of three-dimensional finite element analysis. The
results showed that the final optimized design with alloy
WE43, compared to the existing MAS, has an increased strut
width by approximately 48%, improved safety properties
(decreased the maximum principal stress after recoil with
tissue by 29%, and decreased the maximum principal strain
during expansion by 14%) and improved scaffolding ability
(increased by 24%). Accordingly, the degradation time can
be expected to extend. The used methodology provides a
convenient and practical way to develop novel MAS designs.

Keywords—Minimally invasive device, Computational anal-
ysis, Optimized design, Bioabsorbable device, Experimental
tests.

INTRODUCTION

Biological incompatibility between vessels and per-
manent coronary stent platforms (usually of stainless
steel, SS) may have long-term adverse effects, though
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drug eluting stents have reduced in-stent restenosis
effectively.”® Biodegradable magnesium alloy stents
(MAS) provide a temporary scaffolding to target ves-
sels, degrade gradually and are ultimately absorbed by
the body.> The Magic stent (Biotronic Inc., Germany)
of magnesium alloy WE43 is the only existing MAS
that has gone through animal and clinical trials,
showing safety and similar scaffolding properties as SS
stents just after implantation.'®*'?® However, a mul-
ticenter trial of the Magic stent showed that after four
months of implantation, the vessel lumen loss was
severe.” The main reason for this drawback may be
that the Magic stent degrades too fast, and the period
to resist corrosion (i.e., to maintain structural integ-
rity) is not sufficient.”” Besides the development of
enhanced materials to extend corrosion time,” new
stent designs from shape optimization can be one
option to increase corrosion resistance and to improve
mechanical properties, simultaneously.

Since the tiny stent structure and the high cost of
prototype make in vitro testing difficult, finite element
analysis (FEA) has become a typical research tool to
test stent properties in the following different condi-
tions: expansion,®’ flexibility,'*'? fatigue,'*'” and
interaction with tissues."'>'® However, only a few
shape optimization works based on FEA have been
performed up to now.''** According to Li et al.,"
shape optimization of stents is a difficult task in the
following respects: (i) a series of parameterized geo-
metric models are required, which implies lots of
repeated modeling and meshing procedures; (ii) opti-
mization loops and transporting of the parametric
models among different software may have to be hin-
dered by manual interactions; and (iii) convergence
failure should be avoided as possible. Furthermore, a
MAS has two controversial requirements in mechanical
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properties compared to a conventional SS stent. First,
SS stents undergo a large local strain (about 0.4-0.5)
during stent expansion,'? while most magnesium alloys
have a much lower ultimate elongation (usually below
0.2)2; therefore, the excessive strain of a MAS during
expansion needs to be avoided. Second, the elastic
modulus of magnesium alloys is about 25% of SS, thus
a MAS needs more material (e.g., widening stent strut)
to provide adequate scaffolding. However, more
material may increase the strain during expansion.
Moreover, the degradation time, which is mainly con-
trolled by both uniform and stress corrosion pro-
cesses,”® requires at the same time an increase in mass
and a reduction in maximum stress during scaffolding.

In this study, a shape optimization method for MAS
was proposed and two-dimensional (2D) stent models
of a new design concept were optimized considering
four magnesium alloys. A morphing procedure was
utilized to facilitate the optimization. Two simple
experiments were carried out for the preliminary

validation of the 2D model. The optimized designs
were used to create 3D stent structures: their perfor-
mance was numerically (FEA) compared to the
existing MAS inserting the stents inside a stenotic
artery model. The objective of this study is to show a
shape optimization method for MAS, and to provide
an optimized design with increased material and
improved mechanical properties and, accordingly, an
expected extended degradation time compared to the
existing MAS.

MATERIALS AND METHODS

Geometry Models

The CAD models of a stent resembling the existing
Magic stent (also named as the Magic stent in the
paper for simplicity) and of a new conceptive stent are
shown in Figs. la and 1b, respectively. The Magic
stent was taken from literature® and it has seven rings
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FIGURE 1. (a) The CAD model resembling the Magic stent (Biotronik, Berlin, Germany). (b) The CAD model of the new conceptive
stent in the original configuration. One strut unit (in the box) was chosen for the optimization. (c) 2D Dimensions of the new
conceptive stent (outer surface). The strut unit for optimization is shaded. The unit is composed of curved (Cu), straight (St), and
solidus (So) parts. (d) lllustration of the outer and middle surfaces of the unit. The middle surface was used as the 2D optimization

model (M,,) after being projected to a plane.
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connected by straight links, presenting four peak-to-
valley struts in the circular direction. It was recon-
structed with an outer diameter of 1.4 mm, a longitu-
dinal length of 8.0 mm, a thickness of 0.15 mm, and a
strut width of 0.08 mm. The new conceptive stent was
developed with the help of a classical topology opti-
mization procedure.’® The design has five rings con-
nected by curved links, presenting six peak-to-valley
struts in the circular direction. The dimensions of the
outer diameter (1.4 mm) and thickness (0.15 mm) were
arbitrarily fixed equal to those of the Magic stent. Its
dimensional details are shown in Fig. lc, where the
“rolled back” outer surface is depicted. The strut width
was increased to 0.14 mm if compared to the Magic
stent. Only one strut unit was chosen for optimization
for the highly symmetrical design (Figs. 1b and lc).
The unit has two curved (Cu) and two straight (St)
parts linked by a solidus (So) part, see Fig. Ic. Con-
sidering that a 2D stent model can well represent the
corresponding 3D model in expansion,*'* the 2D
model (M»q) of the new design was built by extracting
the middle surface of the unit and projecting it onto a
plane.

Material Properties

Four magnesium alloys were considered: AZS0,
AZ31, ZM21, and WE43. Specimens of the first three
alloys were available and their mechanical character-
istics were measured in a series of tensile testing; while
tensile properties of WE43 were taken from litera-
ture.'”> All of the alloys have the same modulus
(45 GPa), Poisson’s ratio (0.3), and density (1.74 g/
mm?). The true strain—true stress curves of these alloys
are shown in Fig. 2. Because magnesium alloys are
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FIGURE 2. True strain-true stress curves of magnesium
alloys AZ80, AZ31, ZM21, and WE43. The curves were trans-
formed from experimental testing except the WE43 curve,
which was taken from the literature.'®

more brittle than SS, 80% of the ultimate elongation
was set as the optimization limit (Opt-limit) for each
alloy, which implies that the maximum principal strain
during expansion of the optimized design must be be-
low the Opt-limit. Table 1 lists yield stresses, ultimate
elongation, and Opt-limits of each alloy investigated.

Meshing, Boundary Conditions, and Loading Steps

The M,y was imported into a parametric CAD
software and meshed with 428 shell elements (with the
thickness of 0.15 mm), see Fig. 3. The boundary con-
ditions kept the M,4 deforming onto the plane. In the
first loading step, a vertical displacement of 0.418 mm
was applied to the end of the curved part: it was
equivalent to expand the 3D stent model to an outer
diameter of 3.0 mm. In the second step, the displace-
ment loading was removed and the M4 recoiled freely.
A commercial FEA code was used for the simulations.
The number of elements was increased by four times to
test mesh sensitivity and the results in terms of strain
differed less than 2% to each other.

Under the loading conditions, a reduction of the
unit length increased the maximum principle strain. If
the maximum principle strain increases beyond the
ultimate elongation, the stent structure breaks at the
strain concentrated locations. Thus, three unit lengths
(1.45, 1.36, and 1.22 mm) were set when the maximum
principal strains of the Mg with AZ80, AZ31, and
WEA43 reached their respective ultimate elongation.
ZM21 has the same ultimate elongation of WE43 and,
for the sake of simplicity, the same unit length was also
adopted.

TABLE 1. Tensile properties of magnesium alloys.

AZ80 AZ31 ZM21 WE43*

Yield stress (MPa) 230 153 165 161
Ultimate tensile strain 0.131 0.146 0.183 0.183
80% of ultimate strain 0.105 0.117 0.146 0.146

*Properties for WE43 were taken from literature.'®

$ 4 0.418 mm
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FIGURE 3. Boundary conditions and displacement loadings
for the Myg.
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Morphing Procedure

The shape of a M4 was changed following a morp-
hing procedure (Fig. 4): a few nodes at the edges of a
shape domain (all the elements) were set as handles to
control the change of the shape domain. With reference
to the original design, the M,4 was projected onto the 2D
outer surface (Fig. 1b). Four different shapes (shapes 1—
4)were set with variations at the ends of the curved parts,
the middle curved parts, the middle straight parts, and
the sides of the solidus part, respectively. The range of
shape changes is the original width £0.02 mm for each
shape, according to a shape factor changing between 1
and —1. When the handles moved, the shape of the
domain changed, and in turn the positions of the nodes
inside the domain changed, see Fig. 4. During this
process the mesh morphed with the grid continuity due
to continuous shape functions applied to all the nodes of
the domain. Each shape variation changed continuously
in the range assigned, consequently there could be infi-
nite design possibilities. Furthermore, shape variations
were set separately but they influenced each other. For
example, when all shapes overlapped with factor —1, the
minimum strut width was 0.105 mm. It implies that
compared to the Magic stent, the optimized design

Factor=1

0.160 mm

All shapes

increased the width by 30% at least. After definition of
the shape variations, the M»4 was projected back to 2D
middle surface and the shape variations changed
accordingly (e.g., the minimum strut width was
0.094 mm when all shapes overlap with factor —1).

Optimization Procedure and Validation Testing

The optimization flow chart is shown in Fig. 5. An
optimization algorithm based on the adaptive response
surface method (ARSM)?” was applied to control the
shape evolution.

The original 2D model was transferred from the
parametric CAD to the FEA code for the initial simu-
lation. Successively, the maximum principal strain, the
mass, and the recoil ratio were extracted as initial
responses. Because three unit lengths were investigated,
the mass was normalized by unit length (norm. mass)
for comparison. The recoil ratio was calculated as

recoil ratio

max. unit height — unit height after recoil
= —— x 100.
max. unit height
(1)

Factor=-1

0.120 mm

FIGURE 4. lllustrations of shape variations. The moved and fixed handles are indicated as circles and squares, respectively.
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FIGURE 5. Flow chart of the shape optimization procedure
for the Myg.

As described in the “Introduction”, the two main
optimization objectives (i.e., minimizing maximum
principal strain and maximizing mass or strut width)
contradict each other. A multi-objective optimization
approach can be avoided if a hierarchy between the
priority of the objectives is definable. In this study, the
highest priority was assigned to the strain limit. In this
sense, a two-step strategy was applied to find a proper
design comprising the main objectives. The recoil was
not involved in the optimization and was set as a ref-
erence response.

First, only the maximum strain was minimized. The
optimization, performed using a commercial code, was
formulated as

Minimize max. principal strain (2)

Subject to  — 1 < shape fator < 1 (3)

In the first optimization loop, the optimization code
changed the shape factor for each shape variation, and
the morphing procedure created a new shape. An input
file of the new shape was obtained for the FEA code to
produce updated responses. Successively, the optimi-
zation code recorded the history of responses and
verified whether the response of maximum principal
strain satisfied the default convergence criterion. The
relative change in maximum principal strain over
the two last iterations smaller than 0.01 represents the

convergence criterion adopted. If not, a new loop starts
and the optimization process continued until the con-
vergence was reached. In the optimization history,
each iteration (loop) corresponded to a new shape.

Second, the design with maximum normalized mass
was chosen as an optimized design from optimization
iterations whose maximum principal strains were
below the Opt-limit. For each material, all three unit
lengths were analyzed and the best optimized design
was chosen to construct the 3D stent model.

For the preliminary model validation, 2D magne-
sium specimens were manufactured and experimentally
tested for recoil and fracture. AZ31 sheets with the
thickness of 0.38 & 0.05 mm were cut by laser
according to the original and optimized designs with
the unit length of 1.36 mm. The designs were scaled 2.5
times in order to overcome the disadvantages of the
low laser accuracy and heat affected zone. A fiber laser
(50 W pulsed, 80 kHz pulse frequency) was utilized at
a speed of 3 mm/s in conjunction with Argon gas for
protection; no electropolishing was carried out.
Accordingly, a net of 12 rings composed by 10 struts
(20 units) each was produced, being available a cutting
area of 50 mm x 16.35 mm. Tensile tests was per-
formed on a MTS 858 MiniBionix testing machine
(MTS Systems, Minneapolis, MN, USA) under dis-
placement control at 5 mm/min speed. The specimens
for the recoil testing were stretched until each unit had
the displacement of 1.045 mm and then released. The
recoil ratio was calculated as formulate (1). Each recoil
test was repeated three times and the results were
averaged. The specimens for the fracture testing were
stretched until each specimen structure broke and the
displacements were recorded.

3D Model

The FEA model for 3D simulation was composed of
a stent, a folded balloon and a vessel including a pla-
que, see Fig. 6a. The vessel has a longitudinal length of
23 mm, an inner diameter of 3.0 mm and a thickness
of 0.5 mm. The plaque has a longitudinal length of
7 mm, an inner diameter of 2.0 mm and a thickness of
0.5 mm. The balloon has a longitudinal length of
10 mm, a folded diameter of 1.05 mm and a dilated
diameter of 2.75 mm. The stent, balloon, and tissue are
coaxial and the middle points of all axes are superim-
posed. Figure 6b illustrates the balloon folded in the
stent. The balloon was meshed with membrane ele-
ments and other components (stent and tissue) with
solid elements. The material formulas of balloon and
tissue were those adopted by Gervaso e al.® A quasi-
static procedure of a FEA explicit solver was applied
in the simulations. The ends of the vessel were fixed
and the balloon ends were constrained in the axial
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(b)

FIGURE 6. (a) Meshes of the 3D model, including the stent, the balloon, and the arterial vessel. (b) The frontal view of the balloon

folded inside the stent.

direction. The interactions between the balloon, stent,
and plaque had a friction with a factor of 0.2.> A pres-
sure of 0.6 MPa was imposed on the internal surface of
the balloon to expand the stent and tissue. Successively
the pressure decreased to zero and the stent recoiled
with the scaffolding of the tissue. The maximum prin-
cipal strain, normalized mass, recoil, and maximum
principal stress after stent recoil were analyzed.

RESULTS

2D Optimization Results

The maximum principal strain of the WE43 M,y
with the unit length of 1.22 mm generally decreased
with reduction of the mass, and the optimization
reached convergence after 26 iterations with a maxi-
mum principal strain of 0.125 (Fig. 7a). For conve-
nience of observation, iterations with the maximum
principal strains below Opt-limit (0.146) were shaded.
Iteration 23 had the highest normalized mass
(3.50 g*e—5/mm) in the shaded results. Thus the
shape of iteration 23 was chosen as the optimized
design for this M,y. Figure 7b shows the optimization
history of shape variations, and the layout compari-
son between the original and optimized designs (after
projected to the 2D outer surface) is shown in Fig. 7c.
It can be observed that the shape variation of the
straight strut parts (shape3) contributed the most to
the new layout of the optimized design while the
variation in the solidus part (shape4) contributed the
least. The comparison of maximum principal strain
distribution at the end of the loading step between the
original and optimized designs is shown in Fig. 8.
There was a strain concentration in the inner curved
parts of the original design, while the strain of the
optimized design was more evenly distributed along
the curved parts.

As for the other 2D models, when the unit length
was 1.45 mm the original designs of ZM21 and WE43
had the maximum (max.) principal strains below their
Opt-limits, which consequently did not need optimi-
zation (Table 2). When the unit length was 1.36 mm,
the maximum principal strain of the original design
with AZ80 was beyond the ultimate elongation, hence
the other results were not applicable (N.A.); however,
the optimized design of this case was below Opt-limit.
When the unit length was 1.22 mm, the maximum
principal strains of both the original and optimized
design with AZ80 and AZ31 were all beyond the ulti-
mate elongation and Opt-limits, respectively. For
ZM21, the maximum principal strain of the original
design was beyond the ultimate elongation (which is
N.A.), but that of optimized design was below Opt-
limit. It can be observed that the recoil decreased when
the unit length decreased. The optimization decreased
the maximum principal strain with the cost of decrease
in normalized (norm.) mass and increase in recoil. For
each material, the applicable results of the optimized
designs were similar. Since the stents with a shorter
unit length can provide better scaffolding,” such
optimized designs were chosen for the 3D model (M3g)
testing, as underlined in Table 2.

2D Validation Testing Results

In the recoil experimental testing, a total displace-
ment of 20.9 mm was imposed between the bases of the
AZ31 specimens (Fig. 9a). The original and optimized
designs had an average recoil ratio of 7.8% and 8.5%,
respectively; the optimized designs increased the recoil,
which is in agreement with the numerical results.
Regarding the tensile rupture tests, the original design
broke at the displacement of 40 mm, while the opti-
mized design at the displacement of 47 mm, showing
that the optimized design was safer than the original
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FIGURE 7. Optimization results of the WE43 M,y with unit
length of 1.22 mm: (a) Optimization history of responses of
maximum (max.) principle strain and normalized (norm.) mass.
The results with the maximum principle strain below Opt-limit
(80% tensile limit) were shaded for distinction. The M,y of
iteration 23 (indicted by arrows) was chosen as the optimized
design. (b) Optimization history of shape variations. Iteration
23 was indicated with the vertical dotted line. (c) Layout
comparison of the original design and the optimized design
(after being projected to the 2D outer surface). The main
dimensions of the optimized design were indicated. The nar-
rowest width is 0.118 mm in the straight parts of the strut.

one during expansion (Fig. 9b). The break location of
the original design was compatible to the stress con-
centrated area in the simulation (Fig. 8a).

3D Results

The 3D stent models of AZ80 and AZ31 had a total
length of 8.13 mm, while the models of ZM21 and
WEA43 of 7.43 mm. The testing procedure of the WE43
M4 showed a typical “dog-bone” phenomenon during
stent expansion (Fig. 10). When the balloon was fully
inflated, the stent reached the outer diameter of
3.05 mm. When the balloon was retrieved, the stent
recoiled with the tissue and reached the final diameter
of 2.83 mm.

The WE43 M3y had the lowest recoil, the lowest
maximum principal stress after recoil and the second
highest normalized mass of the four optimized models
(Table 3); therefore, it was chosen as the final opti-
mized design (FOD). Although both the FOD and the
Magic stent had the same constitutive material model,
the FOD decreased the recoil, the maximum principal
strain, and the maximum principle stress after recoil by
24, 14, and 29%, respectively. Furthermore, the FOD
increased the normalized mass by 58%, and the nar-
rowest strut width was 0.118 mm. Figure 11 shows the
comparison between the Magic stent and the FOD on
the distribution of maximum principal strain and
stress. The Magic stent had local concentrations of
both strain and stress, whereas the FOD had a more
even distribution of strain and stress, well compatible
with the results of the M»g.

DISCUSSION

The in vivo degradation of MAS consists of both
uniform and stress corrosion, influenced by the strut
width/mass and the maximum principle stress/strain,
respectively. The final optimized design increased the
strut width by 48% at least compared to the existing

(b)

FIGURE 8. Strain distribution of the WE43 M,4 with a unit length of 1.22 mm: (a) original design and (b) optimized design.
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TABLE 2. Result summary of 2D shape optimization.

Unit length of 1.45 mm Unit length of 1.36 mm Unit length of 1.22 mm

Max. Norm. mass Recoil Max. Norm. mass Recaoil Max. Norm. mass Recoll

Design strain (g*e—5/mm) (%) strain (g*e—5/mm) (%) strain (g*e—5/mm) (%)

AZ80 Original 0.129 3.56 9.8 0.148°% N.A. N.A. 0.190% N.A. N.A.
Optimized 0.104 3.48 10.5 0.103 3.40 10.0 0.122° N.A. N.A.

AZ31 Original 0.126 3.56 7.3 0.145 3.58 6.4 0.1872 N.A. N.A.
Optimized ~ 0.116 3.51 75 0112 3.46 70  0.123° N.A. N.A.

ZM21 Original 0.132 3.56 7.0 0.154 3.58 6.1 0.201% N.A. N.A.

Optimized - - - 0.134 3.50 6.5 0.127 3.51 5.7

WE43 Original 0.133 3.56 5.2 0.149 3.58 4.5 0.180 3.61 3.4

Optimized - - - 0.142 3.52 4.6 0.127 3.50 4.0

-: optimization was not needed;  the maximum strain of original design was beyond tensile limit; ® the maximum strain of optimized design
was beyond Opt-limit.

FIGURE 9. (a) A laser-cut AZ31 specimen of the optimized design during the recoil testing. It has 12 rings composed by 10 struts
(20 units) each, being available a cutting area of 50 mm x 16.35 mm. (b) Comparison of the two AZ31 samples with original design
(left) and optimized design (right) after fracture test. The optimized design ruptured at higher elongation.

FIGURE 10. The 3D simulation of stent expansion inside the arterial vessel for the WE43 M3y with a unit length of 1.22 mm: (a)
before balloon expansion; (b) during balloon expansion; (c) full balloon expansion; and (d) the balloon was retrieved and the stent
recoiled together the arterial tissues.

MAS. Accordingly, the FOD is expected to extend the because high stress can accelerate stress corrosion. The
degradation time with the same uniform corrosion decrease of the maximum principle stress after recoil
rate. The maximum principal stress is critical for MAS (29%) and the more uniform stress distribution of
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TABLE 3. Result summary of 3D model testing.

Max. principle Norm. mass Recoil with Max. principle stress
strain (g*e-4/mm) vessel (%) after recoil (MPa)
Magic WE43 0.153 2.37 8.2 230
AZ80 0.103 3.69 11.8 230
Optimized design AZ31 0.105 3.74 9.2 196
ZM21 0.127 3.76 7.2 188
WE43 0.132 3.75 6.2 163

2900000000000
DOODDOOO i

FIGURE 11. Comparison of the maximum principle strain between (a) the Magic stent and (b) the M4 of WE43. Comparison of the
maximum principle stress after stent recoil between (c) the Magic stent and (d) the M4 of WE43.

FOD should result in slower stress corrosion.”® It
should be noted that although an increased strut width
could extend the uniform corrosion time, a wider strut
may increase the maximum principle stress during
stent expansion and after recoil, which could lead to
accelerated stress corrosion. Since the integrity of a
MAS is usually broken first in the stress-concentrated
locations,?? it can be estimated that stress corrosion
should play a major role in the failure of a MAS.
Therefore, reducing maximum principle stress/strain
should be the priority in optimization to maintain
structural integrity. In addition, FOD improved the
structural safety during stent expansion and the scaf-
folding properties by decreasing the maximum princi-
pal strain and recoil, respectively. To the author’s
knowledge, this is the first study on stent design opti-
mization with magnesium alloys.

During optimization, the morphing procedure was
applied on the model mesh directly and the shape
variations were also based on changes of the original
mesh. It implies that once the mesh of the optimiza-
tion model (M»y) is created and the shape variations
are set, all the shape changes derive from only one
original mesh. As for the conventional shape optimi-
zation in which the shape changes are based on
geometry files, each new design needs a new meshing
procedure and this may cause lots of repeated works,
especially for complicated shapes which cannot be
meshed automatically.'’** Furthermore, although
different software tools were involved in optimization,
optimization strategy adopted here transformed data
and evolved optimization automatically. The optimi-
zation evolution was convenient without any manual
interaction.
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As pointed out by previous works,*'* the 2D model
can effectively represent the corresponding 3D solid
model (Figs. 8 and 10), though the 3D model has
curved structure and contact behaviors. There are
three benefits of the 2D model: (i) it can greatly sim-
plify the setting of shape variations compared to the
3D model, because the 3D model must consider the
influence of the structural curvature on the shape
changes; (ii) the 2D model can significantly reduce the
cost in simulation time: on the same hardware, one
iteration of 2D model costs seconds while the 3D
model several minutes; (iii) there is minimal conver-
gence failure in the 2D model.

The strut width is usually constant in conventional
stent designs,' like in the Magic stent. However, the
strut width of FOD is not uniform (Fig. 7c): the mass
at the inner straight parts was reduced more and the
mass at the outer curved parts was added, which
decreased the maximum strain and produced a more
uniform strain distribution (Fig. 8). This implies that
changes of the mass distribution along the strut may be
a useful method to optimize the stent property, espe-
cially for stents of low ductility materials. On the other
hand, increased strut width also influences stent flexi-
bility and arterial damages. Stent flexibility is mainly
controlled by the shape and location of stent links.'*"”
To avoid the adverse influence of increased width on
stent flexibility, the links of the FOD have a smaller
width (0.08 mm) than the struts (0.14 mm); moreover,
a “U” shape design is applied to increase flexibility.
Arterial damages are influenced by high arterial stres-
ses during stent scaffolding.'® To scaffold the same
artery, the wider strut can provide more contact area
and consequently could decrease arterial stress. Fur-
thermore, it should be noted that the structural mod-
ification of optimized design is finely detailed, which
may not survive the conventional manufacturing and
electropolishing methods. Femtosecond laser cutting is
recommend for manufacturing, which can provide
high accuracy and be followed by very little electro-
polishing.°

Strut thickness of the FOD is same as the Magic
because increasing thickness could increase disruptive
effects on blood flow and thrombogenesis potential.®
Most metal stents are currently manufactured from
uniform tubes and have uniform thickness, thus the
optimization was carried out on a 2D section of the
stent strut, with an assumed constant thickness.
However, a non-uniform stent thickness may lead to
further enhancement of the design, which can provide
more shape parameters in an optimization. A non-
uniform thickness design may be realized with the
development of stent manufacture methods.

It can be observed from Tables 1 and 3 that material
properties, especially the ultimate elongation, affect

optimization results greatly. Increasing ductility of
magnesium alloys is an important way to improve
mechanical properties of MAS. Moreover, although
ZM21 and WE43 have the same ultimate elongation,
the final results of the two materials were different, as
shown in Table 3. It implies that an optimization result
is specific to the material and that the testing of
material property should be accurate to get reliable
optimization results.

Two criterions were set for the optimization: the
Opt-limit controlled the applicable results chosen for
the optimized design and, the range of shape variations
controlled the possible dimension ranges applied in
optimization. The two criterions can provide flexible
controls on the optimized design for different design
demands. For example, if the material is more brittle,
the Opt-limit should be decreased for a safe design.

When unit length decreases, the maximum principal
strain (both in the original and optimized designs) may
be beyond the ultimate elongation. It is interesting to
observe that even if the maximum principal strain of
the original design is beyond the ultimate elongation,
that of optimized design can still be below the Opt-
limit (i.e., AZ80 My4 with the unit length of 1.36 mm).
It can be estimated that there is a unit length limit
where the maximum principal strain cannot be opti-
mized to be below Opt-limit. This could be another
way to define the unit length and more work should be
done in the future to test the reliability.

One limitation of this study is that the mechanical
properties of WE43 were deduced from the literature
and the stress—strain tensile curve was not as “realistic”
as the other materials. However, this study is focused
on the methodology of optimization and the FOD
model used the same material when comparing it to the
existing stent. Another limitation is that the processes
of stent crimping, deployment (tracking through tor-
tuous vessels), and degradation were not modeled. For
example, the applied maximum principle stress was
from expansion and recoil; however, crimping and
deployment can apply additional stress to the model
and the stress should continue changing during deg-
radation. A more realistic model that considers
crimping and deployment should be built into future
works. In addition, although the degradation process is
not directly considered in the optimization strategy,
the resulting FOD could be considered a suitable
compromise thanks to the increase of the material and
the more uniform distribution of stresses.

CONCLUSIONS

A new MAS design was shape-optimized using a 2D
model of a repeating stent unit. The change of mass
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distribution along the strut can be a useful way to
reduce strain and stress concentration during stent
expansion and scaffolding. A morphing procedure
greatly facilitated setting of new model shapes. The
optimization was carried out by automatic evolution.
Two experiments were carried out for a preliminary
validation of the 2D models with good results. The
final optimized 3D design increased the strut width by
48% at least, decreased the maximum principal strain
by 14%, decreased maximum principle stress after
recoil by 29%, and enhanced scaffolding ability by
24%, compared to the existing MAS design with the
same material WE43. Accordingly, it is expected that
the corrosion behavior is improved in the optimized
model. The method provides a convenient and prac-
tical way to optimize properties of novel MAS designs.
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