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ABSTRACT

Due to the significant mortality rate associated with atherosclerosis-induced cardiovascular disease, the utili-
zation of advanced intravascular stents with superior mechanical performance is imperative for the restoration of
obstructed arteries. This study proposes novel auxetic medical stents that aim to enhance critical parameters of
biomedical stents. This includes load-bearing capacity, expanded opening percentage, and reduced recoil per-
centage. On this matter, the missing rib auxetic unit cell has been considered and geometrically modified to
achieve these objectives. Two-dimensional (2D) metamaterials were fabricated through additive manufacturing
technique and subjected to experimental testing. Then, finite element analysis (FEA) was employed to gain
comprehensive insights into the mechanical behaviour of the proposed medical stents. Remarkably, an excellent
correlation was observed between the FEA and experimental results, validating the high precision of the analysis.
The findings reveal that the stents classified as “E-category” exhibit the highest final opening percentage while
concurrently demonstrating the lowest recoil percentage. The base stent exhibited a relatively high recoil per-
centage of 15.56%, indicating a significant amount of recoil or spring-back after deformation. In contrast, the
modified “E-category” stent displayed a substantially lower recoil percentage of 1.62%. This notable reduction in
recoil percentage indicates that the modifications made to the rib-unit cells had a significant and beneficial effect
on the stent’s recoil behaviour and minimizing potential damage to arterial tissue during stent deployment
(angioplasty) and balloon pressure. The modified design likely enhances the stent’s ability to maintain its shape
and resist recoil, making it more effective and reliable in its intended application. Additionally, more aspects of
biomedical stents such as foreshortening, and dog-boning of the modified missing rib stents were meticulously
examined through FEA.

1. Introduction

enabling the normal functioning of the heart. Stents can be classified by
their clinical application or design and engineering features, including

Coronary artery disease occurs due to plaque buildup on the inner
surface of an artery, which narrows and blocks in the advanced stages of
the disease. As a result of the hardening of the arteries, atherosclerosis
occurs. Smoking, high-fat diets, inactivity, and aging are all factors that
contribute to obstructive diseases, such as atherosclerosis [1]. The
progression of medical device technology has led to stent placement
becoming one of the primary treatment options for coronary artery
disease. The stent is a small, expandable tube placed inside narrowed
arteries to restore the flow of oxygen-rich blood through arteries, thus

* Corresponding author.
E-mail address: rhashemi@iust.ac.ir (R. Hashemi).

https://doi.org/10.1016/j.matdes.2023.112393

materials, coatings, geometry, and fabrication method. Stent materials
determine their permanent or biodegradable nature and their expansion
methods, which are self-expanding or balloon-expandable [2].

Even though stents provide many medical applications and benefits,
they may also provide many disadvantages. During radial expansion,
axial shrinkage is known as foreshortening [3]. A phenomenon known as
dog-boning [3-6] occurs when the stent’s ends are more expanded than
its middle, resulting in a bone-shaped configuration. Stent migration is
the movement of a stent after deployment [4,5,7,8]. Restenosis
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Table 1
The value of the geometric ratios.
Parameter _
2z = Zy = 23 = 24 = 25 = 26 = 27 =
6 L L L V. X X
t t w H w L Y
Value 2 6.875 5.5 2.2 3 0.6 2.33
Table 2
The values of the geometric angles.
Parameter a p 7 72 73 74
Value (Degree) 90 45 71.5 41.1 83.6 96.3

describes re-narrowing the lesion after stenting. Additionally, throm-
bosis [4,8,9], stent collapse [7,8], and isotropic properties [6,8] are
discussed.

The mechanical behavior of a stent under various loading conditions,
such as tensile, compression, bending, and crushing, plays a vital role in
the functionality of the stent, including structural support, blood flow
adjustments, drug delivery efficiency improvement, and so forth. The
ideal stent would be one that can reopen narrowed vessels with large
radius expanding deformation, have high radial strength [5] for good
arterial support post-expansion, adequate flexibility [10], biocompati-
bility, biodegradability, cause minimal injury to the artery in an
expanded state, and result in a small amount of axial recoil for minimal
shear damage [11,12]. Additionally, there is inevitably a trade-off be-
tween radial strength and bending flexibility in stent design [10].

The mechanical properties of stents are crucial for the successful
recovery of blood vessels. In this regard, artificially designed structures,
so-called mechanical metamaterials, could significantly enhance stent
mechanical properties. These structures divide into several main groups,
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including positive Poisson’s ratio (PPR), zero Poisson’s ratio (ZPR)
[13-15], and negative Poisson’s ratio (NPR) [16]behavior. Amongst
those lattices, NPR structures, so-called auxetics have been proposed to
improve radial expansion abilities and reduce axial expansion [17-20].
Auxetic structures represent an NPR behaviour when subject to me-
chanical loads [21,22]. This behavior is due to the architectural design
rather than the material composition [23]. Stents with a ZPR or NPR
behavior can reduce foreshortening and dog-boning effects in balloon-
expandable coronary stents [3].

Additionally, auxetic behavior, so-called auxeticity, can improve the
mechanical performance of stenting, prevent stent fractures, enhance
the stent’s fatigue resistance, and ultimately decrease its risk of failure
[24]. Several body tissues and organs exhibit auxeticity, including bone
marrow [25], the membranes that make up the red blood cells’ cyto-
skeleton, arterial endothelium [7], and embryonic stem cells’ nuclei
[26]. Moreover, auxetics exhibit enhanced mechanical properties such
as indentation resistance [27], fracture toughness [28], energy absorp-
tion [23,29], shear stiffness [30], and acoustic behavior. These proper-
ties make auxetic an excellent choice for various applications, ranging
from sports [31] to biomedical applications [32-39].

The feasibility of auxetic structures applied to stent design has been
studied in several studies. A study by Bhullar et al. [ 7] found that arterial
endothelium has an NPR behavior when being subjected to both wall
shearing and circumferential strain, causing axial compression (or ten-
sion) and transverse contraction (or expansion), which can decrease
deformation incompatibility and promote tissue regeneration. An
investigation of the mechanical properties of conventional anti-tri chiral
stents was performed by Ruan et al. [40]. The researchers discovered
that the mechanical properties of stents, such as the values of Poisson’s
ratio and Young’s modulus, significantly depend on the core geometry.
Wu et al. [41] used FEA to investigate the mechanical properties of the
anti-tetra chiral auxetic stents, which showed significant radial expan-
sion while maintaining their axial stability. Ren et al. developed metallic
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Fig. 4. 2D metamaterial designs.
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Table 3
Relative density of the presented cellular structures.
Model Base  Elliptical Pentagonal Rectangular
(B) ®) [®R)
Horizontal (H) 0.24 0.195 0.219 0.256
Vertical (V) 0.195 0.219 0.256
Reinforced ~ Cross 90 0.215 0.254 0.275
(C90)
Cross 45 0.233 0.238 0.294
(C45)
Hollow Cross 90 0.191 0.221 0.268
(C90H)
Cross 45 0.209 0.236 0.287
(C45H)

auxetic tubular structures based on the latest methodology for gener-
ating 3D auxetic metamaterials [42]. The tubular structure exhibited
auxetic behavior in compression and tension, making it an excellent
stent candidate. Geng et al. [5] described a chiral stent with two con-
figurations. As a result, the chiral stent possessed a NPR under tensile

loading. A Ni-rich TiNi auxetic origami stent graft was proposed by
Kuribayashi et al. [43], which may be inserted at body temperature or
by super elasticity deformation. The study by Gatt et al. also reviewed
the feasibility of three types of hexagonal honeycombs arranged in three
different designs: Non-reentrant, Re-entrant, and Hybrid honeycombs
[44]. Simulated results indicated that non-re-entering stents might
migrate, while hybrid stents might experience higher levels of inflam-
mation due to their shorter supporting lengths. Hamzehei et al. [45]
developed a 2D triangular anti-tri chiral geometry and cylindrical stent
to achieve uniform shrinkage properties and high energy absorption
under compression. According to the study, the triangular anti-tri chiral
stent has a three times higher absorption capability than the conven-
tional anti-tri chiral stent.

There are three categories of auxetic metamaterials based on their
dominant deformation mode: re-entrant, rigid rotation, and chiral [46].
A chiral auxetic unit cell consists of a central node connected by several
tangent ligaments. It has been shown that chiral lattices display superior
out-of-plane properties and could therefore be used in flexible or energy-
absorbing systems [47]. Like chiral, missing rib lattices (tri, anti-tri,
tetra, anti-tetra, and Hexa-missing rib) were then proposed by
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Fig. 6. The stress-strain curves of the tensile PLA specimens.

Fig. 7. Two-dimensional manufactures structures: (a) “P”, (b) “R”, (c) “E”, (d) “base”.

substituting a softer truss element for the rigid central node [47,48]. It
results in a more stable Poisson’s ratio performance within a wide range
of deformations compared to the chiral auxetics [49,50]. Various me-
chanical properties can also be tuned by using soft corner hinges in
zigzag ligaments or reinforcing truss elements in the central region [51].
In addition to achieving tunable NPRs while improving stiffness, Zhu
et al. also utilized simple straight beam reinforcement within the central

trusses to investigate the properties of the improved Hexa-missing rib
auxetic structure [49]. On the other hand, a chiral structure is usually
subject to stiffness compromises to attain a tunable NPR. By combining
three auxetic unit cells: re-entrant, trichiral, and anti-trichiral, Abbaslou
et al. [52] developed a novel re-entrant meta-tri chiral auxetic (RMCA)
vascular stent. An outstanding performance among auxetic structures
was shown by the RMCA structure with an NPR of —4.91. Qi et al. [53]



M. Sadegh Ebrahimi et al.

Materials & Design 235 (2023) 112393

Fig. 8. (a) Marked Points on the sample to measure the Poisson’s ratio, (b) Test setup.
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Fig. 9. 2D FE model: (a) Boundary conditions, (b) mesh.

introduce innovative 3D chiral metamaterials created by combining the
deformation characteristics of re-entrant and antichiral unit cells. they
explore the interplay of tension and rotation deformation mechanisms
within these novel 3D chiral metamaterials using comprehensive large
deformation theories. To validate theoretical models, they carry out
both experimental and numerical investigations and further elucidate
the deformation mechanism through parametric studies of the geo-
metric properties.

Additive manufacturing, commonly known as 3D printing [54],
represents a transformative technology in object creation. Among the
various methods, Fused Deposition Modeling (FDM) emerges as a pop-
ular and accessible approach. FDM [55,56]functions by extruding
thermoplastic filament layer by layer, gradually constructing the desired
object. Its simplicity and cost-effectiveness position it as a preferred
choice for rapid prototyping and small-scale production, providing
versatility in materials and applications. Through FDM, intricate and
customized designs attain newfound feasibility, heralding a new era of
innovation and manufacturing potential.

Given the alarming mortality rate associated with arterial blockage,
the exploration of intravascular stents is timely and vital today. Through
precise geometric modifications of the missing rib unit cell, auxetic
stents were ingeniously tailored to achieve unparalleled performance.
The two main objectives of the works are as follows. The study en-
compasses the development and comprehensive analysis of eighteen
meticulously crafted stents, with a primary focus on their biomedical
efficacy.

o The transformative potential of missing rib unit cells in enhancing
the biomechanical characteristics of medical stents, including load-
bearing capacity, expanded opening percentage, and reduced recoil
percentage.

e The mitigation of common drawbacks of medical stents such as
foreshortening, and dog-boning.

Fig. 1 elucidates the step-by-step workflow employed in this inves-
tigation, encompassing the design of auxetic unit cells, experimental
procedures, FEA, and an in-depth assessment of mechanical perfor-
mance, including recoil percentage, dog-boning, and other related
factors.

2. Methodology
2.1. Auxetic unit cell designs

Fig. 2 shows a development plan for designing the auxetic unit cells.
Firstly, the cores with specific geometries are added to the “Base” unit
cell by considering the missing ribs. By modifying the geometry of the
core and the outer ligaments, three models of “Elliptical” (E), “Pentag-
onal” (P), and “Rectangular” (R) are developed. Then, the developed
unit cells are considered in four different forms, including, “Vertical”
(V), “Horizontal” (H), and “Crossed” with an angle of 90" and 45° to the
horizon (C90, C45). Finally, h ollow (H) models are also considered to
investigate the effect of inner ligaments.
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Fig. 11. Schematic of the balloon-stent-plate-artery system (unit: mm).

2.2. Structural design

Geometrical parameters related to the unit cells are shown in Fig. 3.
Wall lengths ‘H’, ‘L’, and ‘W’, lengths ‘a; : a4’ and thicknesses, ‘t;" and ‘to’
for the internal and external ligaments, respectively. An out-plane
structure’s thickness (depth) is indicated as ‘B’. The constraint of geo-
metric conditions must meet three criteria as follows. 1) H > %, L> %;
these constraints must prevent core unit cells from self-contacting. 2)

a; + % > Xm,d2 + % > ym; these constraints keep the core unit cell from
contacting the external ribs, where ‘x,,” and ‘y,," are the horizontal and
vertical distances of point ‘m’ from the origin of the coordinate system
respectively. 3) as > a; + %,a4 >ap + %; these constraints avoid contact
between external ribs [57]. The information corresponding to the di-
mensions of the models are provided in Tables 1 and 2 for t, = 1.6mm.

To create 2D lattice metamaterials, unit cells shown in Fig. 3 are first
mirrored relative to the end rib in each direction, then patterned by 2x3
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Table 4
Coefficients of balloon-plaque-artery hyperelastic model [10].

Arterial wall (kPa) Plaque (kPa) Balloon (kPa)

Ajo 18.90 —495.96 1030
An 2.75 506.61 3690
Az 85.72 1193.53 0
An 590.43 3637.80 0
Aso 0 4737.25 0
Dy 0 0 0

in both horizontal and vertical directions (Fig. 4). The nomenclature of
the structures is according to the nomenclature of the unit cells pre-
sented in Fig. 4.

2.3. Relative density

The relative density is defined as the ratio of the density of the lattice
structure,p”, to the density of the material that the structure was made
from, p,. The relative density is one of the most important parameters of
the auxetic structure behaviors and directly affects the structure’s me-
chanical properties[57]. The relative density of the provided unit cells
has been calculated using commercial software, SolidWorks, and pre-
sented in Table 3.

According to Table 3, the “E-category” structures have the lowest
relative density, especially the “EC90H” unit cell. To compare the
behavior of other presented unit cells, it is necessary to check each
structure’s behavior and mechanical properties such as Young’s
modulus and Poisson’s ratio. To accomplish this, relevant experimental
tests must be conducted, and numerical validations must be performed.

3. Exprimental study
3.1. Material properties

In this research, polylactic acid (PLA) was used to make two-
dimensional samples presented in Fig. 5. The uniaxial tensile test ac-
cording to ASTM standard D638-type IV [37], as shown in Fig. 5, was
performed to evaluate the mechanical properties of PLA. Tensile tests
were conducted at a constant speed of 1 mm/min using a SANTAM STM-
50 testing machine with a 50 KN load cell, and the stress-strain re-
sponses are shown in Fig. 6.

Artery
a)

Plaque

Stent

Balloon

L

Displacement ug = 0 z

b) Step 1: inflation

Step 2: stent as vessel scaffold
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3.2. Fabrication

The 2D structures shown in Fig. 4 were fabricated via fused deposi-
tion modelling (FDM). The dimensions of the structures were
144x96x3 mm, and the geometry of the unit cells follows Tables 1 and
2. Nozzle and bed temperatures were set at 210 and 60 °C, while nozzle
diameter and speed were set at 0.4 mm and 50 mm/s, respectively. A
generous production budget and time allowed only the “Base”, “EV”,
“PV”, and “RV” structures to be manufactured and tested (Fig. 7).

3.3. Tensile test

The tensile test of the 2D samples shown in Fig. 7 was performed
using SANTAM STM-50 testing machine with a 5 mm/min loading rate.
The deformation mechanisms were recorded by optical camera
photography (Fig. 8(a)). In addition, to calculate Poisson’s ratio of each
2D sample, the displacements of specific points far enough from the
boundaries were measured (Fig. 8(b)).

4. Numerical validation
4.1. Numerical simulation of 2D metamaterials

ABAQUS/explicit commercial software was adopted to model the 2D
structures according to the general dimensions (144 x 96 x 3) and unit-
cells local dimensions provided in Tables 1 and 2. From Fig. 6, it is seen
that the PLA shows elastic-plastic behavior. Thus, elastic-plastic
behavior with ductile damage definition was considered. A reference
point was considered at each end of the model. The lower reference
point was restricted entirely from all degrees of freedom for applying the
boundary conditions, and the displacement load was applied to the
upper reference point (Fig. 9(a)). As shown in Fig. 9(b), due to structural
complexity, CPS3 triangular linear elements with a total seed size of 0.8
mm, 8640 elements for the model with the lowest relative density
(“EC90H"), and 12,240 elements for the model with the highest relative
density (“RC90”) were considered to mesh the models.

4.2. FEA validation of 2D metamaterials

The force-displacement responses from the tensile tests of “Base”,
“EV”, “PV”, and “RV” lattice structures were shown in Fig. 10(a — d)
respectively. Excellent coincidence can be seen in Fig. 10, where the

Displacement u, = 0

Step 3: deflation

Fig. 12. (a) Boundary conditions of balloon-stent-plaque-artery system, (b) schematic of the stent insertion process in the artery.
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numerical and experimental force-displacement curves show a reason-
able accuracy (5-15 % engineering error). Due to the brittleness of the
parent material, PLA, lattice metamaterials show linear elastic behavior
until fracture.

4.3. Numerical simulation of biomedical stents

Finite element models of the missing rib structure, including all the
structures presented in Fig. 4, were modelled with the ABAQUS\e xplicit
FEA. Due to the biaxial symmetry of the model, a balloon-stent-plaque-
artery system has been modelled as a quarter of the full system. Plaque
tissue varies from a zero-stenosis ratio at the end of the plaque to a 45 %
stenosis ratio in the middle. The schematics and geometry of the vessel,
plaque, and stent were presented in Fig. 11 [58]. The primary system is
such that the stent is properly assembled on the balloon, and the opening
process starts inside the plaque by respecting the distance from the inner
surfaces of the vessel.

Due to the appropriate biomechanical behavior, such as excellent
compatibility with the body environment and proper expansion, SS316L
stainless steel has been used as a stent material. The elastic properties

were considered, density p = 7800 %, Young’s modulus E = 196GPa,
and Poisson’s ratio v = 0.3 [58]. To define the behavior of balloon,
plaque, and artery, the constitutive hyperelastic model with the third-

order strain energy density function of Eq. (4) was used [10].

W =As(I) —3) + Ao (L —3) +Axp(I; — 3 + A, (I —3) (L, —3)

4
F Al — 3 + (- 3) @
D,

where the coefficients A; and D are the hyperelastic model parameters,
I, I and J are the first, second and third stretch invariants respectively.
The density of all three materials of the balloon, plaque, and artery was
considered equal, p = 1070% and the A; coefficients for each material
are presented separately in Table.4.

The interactions between different system members were defined as
general surface-to-surface contact with a friction coefficient of 0.1. The
contact surfaces between plaque and artery were tied to each other. To
prevent rigid body motion of the stent during the inflation and deflation
stages, the translational degree of freedom in the longitudinal direction
of the artery at the symmetry line of the system and the ends of the artery
were restricted. Also, to establish symmetry conditions, the angular
displacement was restricted to the angular sides of the model (Fig. 12
(@)).

The stent placement process can be broken down into three main
stages, depicted schematically in Fig. 12(b). The first step involves
balloon expansion. This causes the stent to change shape and extend,
allowing it to contact the plaque. In the second stage, the expansion of
the balloon continues, providing support to the stent against resistance
from the artery and the plaque. This support is crucial until the stent is
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fully opened and sufficient plastic deformation occurs within it. Finally, these steps, stent placement helps to alleviate blockages in the arteries
in the third stage, the balloon is deflated. However, the residual plastic and restore healthy circulation.

deformation in the stent acts as a scaffold within the vessel. This leads to Due to the chiral structural complexity, C3D6 mesh with a total seed
the opening of the artery, restoring proper blood flow. By following size of 0.025 mm (two element rows along the thickness) was utilized to

10



M. Sadegh Ebrahimi et al.

Materials & Design 235 (2023) 112393

0.05 0.1

Poisson's Ratio
S
W

S
£
T

1

S

]
T

Equivalent Total Strain (%)

Fig. 16.

Table 5
Experimental and numerical Poison’s ratio of “Base”, “EV”, “PV”, and “RV”
structures.

Analysis Unit Cell

Base RV PV EV
Experimental —-0.411 —0.403 —0.391 —0.364
FEA —0.381 -0.377 —0.364 —0.351

mesh the stent as shown in Fig. 13(a). Moreover, due to the hyperelastic
behavior of the balloon, plaque, and artery, the C3D8I elements were
used to mesh members (Fig. 13(b)).

5. Results & discussion
5.1. Deformation mechanisms of 2D metamaterials

Fig. 14 illustrates the deformation mechanisms of 2D structures
subjected to tensile forces, as investigated through both numerical
simulations and experimental techniques. Initially, during the onset of
loading, the external ligaments of the unit cells start to open due to
distinct rotations within their cores. This initial deformation leads to the
primary auxetic behavior of the structure becoming evident. As the
loading progresses, the external ligaments continue to open until they
reach their maximum limit, at which point the core of the cells also
begins to open. This secondary deformation results in a secondary
auxetic behavior. In all these structures, a significant negative Poisson’s
ratio (NPR) is observed, which arises from the combined effects of both
primary and secondary auxetic behaviors.

Fig. 15 shows the Von Mises stress distribution within several pre-
sented structures, denoted as “Base,” “EC90,” “PC90,” and “RC90.” The
visual representation in Fig. 15 underscores that a significant proportion
of the structural load is borne by the ligaments connecting the cores.
This observation raises concerns regarding structures lacking curvature,
as they tend to generate multiple stress concentration points, conse-
quently diminishing their load-bearing capacity. Furthermore, it is
noteworthy that, within each structural category, crossed configurations
consistently exhibit superior load-bearing capabilities. Previous
research has demonstrated that augmenting the core’s stiffness through
the introduction of new ligaments aligned with the loading direction can
enhance the overall structural stiffness [60], as exemplified by the force-
displacement curves depicted in Fig. 10. This phenomenon elucidates

0.15
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the heightened load-bearing capacity observed in crossed structures.

Fig. 16 shows the Poisson’s ratio of different structures versus the
equivalent total strain in the loading direction. The equivalent total
strain can be written as € = 4 where L is the initial length of the model
and AL is the change in the initial length during loading. Moreover,
Table 5 shows the average values of Poisson’s ratio measured by
experimental tests. Structure development resulted in a moderate in-
crease in auxeticity compared to the “Base” model, as shown in Fig. 16.
In addition, the curved ligaments of the structures reduce resistance
during the opening process, resulting in a significant increase in auxetic
behavior. Thus, “E-category” structures, especially “EC90H” structure,
shows the highest NPR. Moreover, “P-category” structures show the
second highest Poisson’s ratio. The key observation pertains to the
manifestation of negative Poisson’s ratio (NPR) behavior in the pure
horizontal and vertical models. Remarkably, the Poisson’s ratio values
in these models closely resemble that of the base model. Consequently,
the utilization of combined vertical and horizontal models emerges as a
more suitable approach for achieving higher NPR behavior. The simul-
taneous existence of horizontal and vertical joints contributes to
increased stiffness within the joints, facilitating smoother and more
effortless bending of the surrounding walls. This phenomenon results in
a heightened NPR response under mechanical loads, showcasing
enhanced deformation characteristics.

5.2. Deformation mechanisms of biomedical stents

Fig. 17(a and b) display the deformation patterns of the stents
labelled as “Base,” “PC90,” “EC90,” and “RC90.” Additionally, Fig. 17(b)
provides the radial displacement-balloon pressure curves for all these
distinct models. All three categories share identical deformation mech-
anisms, yet the specifics of these mechanisms differ depending on the
unit cell type. As depicted in Fig. 17(b), the stent model “Base” exhibits
the greatest maximum radial expansion. However, this expansion is not
sustained within the stent during the balloon deflation phase and reverts
to its original state, reaching approximately 55 % of the maximum
expansion. Apart from the “Base” model, the stents within the “R” and
“P-category” exhibit the highest maximum expansion, with roughly
similar average radial displacement values. In contrast, the “E-category”
models display the lowest degree of expansion. Across all three cate-
gories, the stent models labelled as “vertical” (V) and “Crossed” (C90)
exhibit the most extensive maximum expansion, while the “horizontal”
(H) models display the least maximum expansion. This maximum
expansion highlights the pronounced auxetic behavior of these models.
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Fig. 17. (a) Deformation mechanisms in “Base”, “EC90”, “PC90”, and “RC90” models, (b) the radial displacement-balloon pressure curves for presented models.

Nevertheless, in medical applications, the most critical parameter is the
ultimate expansion achieved after the deflation phase. Upon inspecting
the final expansion values in Fig. 17(b), it becomes apparent that the
behavior of radial displacement contrasts with that of maximum
expansion. Specifically, the “E-category” models demonstrate the high-
est final expansion in this regard.
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5.3. Recoil and dog-boning

During the stent placement process, non-uniform deformations in the
stents can lead to severe damage to the arterial tissue. To examine the
effect of uniform and non-uniform deformations, the final opening can
be defined as a percentage of the maximum opening, so-called recoil
parameter, in the form of Eq. (5) [10,58].
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Table 6
Recoil percentage of the stents.
Model Base (%) E (%) P (%) R (%)
Horizontal 15.567 1.710 4.288 9.523
Vertical 4.508 14.641 13.435
Reinforced Cross 90 1.923 9.907 10.399
Cross 45 1.628 10.070 8.318
Hollow Cross 90 2.541 12.110 12.377
Cross 45 1.841 12.389 10.736
Table 7
Dog-boning percentage of the stents at the end of deflation step.
Model Base (%) E (%) P (%) R (%)
Horizontal 31.062 27.440 21.813 23.746
Vertical 25.084 25.416 26.561
Reinforced Cross 90 22.588 23.218 17.647
Cross 45 22.789 24.339 19.611
Hollow Cross 90 25.196 28.241 24.626
Cross 45 25.126 29.060 26.174
ro —
Recoil = mid.max mid final % 100 (5)

Fmid,max

where I'yig finar is the radius of the stent in the middle after deflating and
Tmidmax i the radius of the stent in the middle at the maximum radial
opening. The lower the value of the Recoil parameter, the more uniform
the deformations of the stent during the opening and closing of the
vessel during the insertion process, resulting in decreasing the probable
damages to the arterial tissue. Non-uniform deformations caused by the
elastic deformation release of the stent and the compression of the vessel
tissue after the balloon deflation lead to the dog-boning phenomenon in
the stents, where the central areas of the stent that are in contact with
the plaque undergoes more deformation release compared to the ends.
Dog-boning can cause significant damage to the peripheral region of the
vessel around the plaque. The Dog-boning parameter can be defined as
Eq. (6) [10,58].
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Vends final — Vmid final

Dogboning = x 100 (6)

rends.final

where, Tendsfinat is the radius of the stent at the ends after balloon
deflation. The dog-boning percentage-ballon pressure curves and the
recoil percentage of studied models are presented in Fig. 18, and Table 6
respectively. The dog-boning percentages at the end of the insertion
process are also provided in Table 7.

As indicated in Table 6, all the modified stents exhibit a reduced
recoil percentage, with the “E-category” models displaying the lowest
recoil values. Notably, the “horizontal” (H) models also rank among the
stents with the lowest recoil percentages across all categories. The
reduction of sharp points and the incorporation of curved ligaments
within the stent design prove effective in mitigating recoil percentages.
Conversely, the stents with the highest recoil percentages are the “PV,”
“RV,” and “PC45H” models. It appears that positioning the core of the
unit cell in the longitudinal direction of the stent results in a significant
increase in stent expansion, albeit at the cost of higher recoil percentages
during the final stages of stent placement. Among the stent models, the
“E-category” models demonstrate the most extensive final expansion
percentage. As illustrated in Fig. 18, the stents with the highest “dog-
boning” effect are the “Base,” “PC45H,” and “PC90H” models. In
contrast, the “R-category” models exhibit the lowest percentage of dog-
boning, with the “RC90” model recording the lowest value at 17.64 %.

Fig. 19 depicts the stress distribution within the stents labelled as
“EC90,” “PC90,” and “RC90" under the maximum balloon pressure. The
presence of enhanced curved ligaments and cores in these models results
in an uneven stress distribution and an overall decrease in stress levels
within the stent. Consequently, when subjected to the same balloon
pressure, these mentioned models exhibit greater resistance to expan-
sion compared to models with curved ligaments and cores. This resis-
tance diminishes the maximum displacement of the stent and its recoil.
Conversely, the arterial tissue exhibits slight resistance to the expansion
of stents with curved ligaments and cores, leading to lower stress levels
and plastic strain in the areas surrounding the plaque. This ease of
expansion causes a noticeable difference in deformation between the
inner and outer regions of the plaque. As a result, the percentage of the
“dog-boning* effect, where the stent has a tapered appearance,
increases.
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Fig. 19. Von Mises stress field in the “Base”, “EC90”, “PC90”, and “RC90” models at the maximum balloon pressure.
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5.4. Foreshortening
Table 8
Foreshortening percentage of the stents at the end of deflation step. In the standard stents employed during the process of opening ar-
Model Base (%) E (%) P (%) R (%) teries, they exhibit a positive Poisson’s behavior, which means that their
Horizontal 11.843 18.457 Iy 6.632 length decreases after belng deployed within the artery,' dePendlng on
Vertical 16.927 8.232 7.455 their structure. This reduction in length along the longitudinal axis is
Reinforced Cross 90 26.687 27.355 21.767 commonly referred to as “foreshortening.” Foreshortening can poten-
Cross 45 26.640 26.934 29.531 tially harm the arterial tissue and reduce effectiveness as it might not
Hollow Cross 90 23.584 23.184 27.793 sy
Cross 45 22,960 22,899 24,605 fully cover the plaque within the artery. Consequently, healthcare pro-
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fessionals and designers typically estimate the stent length to be slightly
longer than its actual value to compensate for this effect. Conversely, in
stents with a negative Poisson’s ratio (NPR) behavior, foreshortening is
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Fig. 21. Von Mises stress field of the artery due to “Base”, “EC90”, “PC90” and “RC90” models insertion.

less of a concern, as these stents actually elongate upon deployment.
However, the increase in stent length, especially within curved arteries,
can cause significant damage to the arterial tissue. Therefore, it’s crucial
to manage the foreshortening parameter within an appropriate range.
This parameter is formally defined as Eq. (7) [59].

Lﬁnal - L[nilial % 100 (7)

Foreshortening =
initial

where Liniq is the initial length and Lgn is the final length of the stent
during the stent placement process. Fig. 20 and Table.8 show the fore-
shortening percentage of the proposed models with different balloon
pressure. As shown in Fig. 20, in all categories, the “horizontal” and
“vertical” models (H, V) next to the “Base” model shows the lowest
foreshortening percentage. The percentage of foreshortening in “PV”,
“RV”, and “RH” models is less than 10 %, and the highest percentage of
foreshortening also belongs to the “RC45” model. Moreover, changing
the angle of the unit cell core from 90 to 45° leads to an increase in
foreshortening, and hollowing the unit cell leads to a decrease. It is
worth mentioning that there is no significant relationship between
foreshortening and the Poisson’s ratio of the 3D structure.

5.5. Intra-arterial stress field assessment

Fig. 21 illustrates the stress distribution within the artery resulting
from the insertion of different stent types: “Base,” “EC90,” “PC90,” and
“RC90.” As depicted in Fig. 21, the “EC90” variant exhibits a consistent
stress distribution because of its smooth contours, displaying lower
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stress levels both under pressure and after deflation when compared to
the other stent models. Conversely, the "RC90” model, characterized by
its sharp edges, exhibits stress concentration at specific points within the
arterial tissue. These points are precisely located at the end of the plaque
tissue, where the dog-boning phenomenon is most noticeable. By
addressing the issue of sharp edges and introducing the “PC90" model,
the stress concentration points disappear, and overall stress levels
decrease. It’s worth noting that while elevated stress levels with a uni-
form distribution typically do not result in significant damage to arterial
tissue, stress concentration points in metallic stents can pose a risk
during stent placement, potentially harming the artery. Therefore,
extensive clinical investigation is necessary when selecting stents other
than those falling under the “E-category* models.

6. Conclusion

This research provides invaluable insights into the customization of
metamaterial stents for biomedical applications. These findings hold
great promise for advancing the development of stent technology, ulti-
mately leading to improved patient outcomes in the treatment of con-
ditions such as arterial stenosis. In addition, this study delved deep into
the mechanical behaviors and deformation mechanisms of 3D printed
missing rib-based metamaterials, with a specific focus on their appli-
cation in biomedical stents, particularly 2D lattice structures. Through
intricate geometric modifications and rigorous analysis, several crucial
findings have emerged:
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The modification of rib-unit cells, as exemplified by the “E-category”
stent, demonstrated a remarkable reduction in recoil percentage
compared to the base stent. While the base stent exhibited a signif-
icant recoil percentage of 15.56 %, the modified “E-category” stent
showcased an impressive recoil percentage of only 1.62865 %. This
underscores the pivotal role of geometric adjustments in minimizing
recoil, a critical factor in stent performance.

Increasing the curvature of ligaments and the core not only mitigated
recoil but also achieved a more uniform stress distribution within the
stent structure. Rounded edges and the incorporation of crossed
designs, exemplified by the “EC90" model, exhibited the highest
load-bearing capacity. These refinements are vital in ensuring stent
durability and its ability to maintain uniform stress on arteries,
contributing to overall effectiveness.

“E-category” stents stood out as the optimal choice among the
studied models. These stents demonstrated the highest final opening
capacity and the lowest recoil percentage, which are instrumental in
minimizing arterial tissue damage while effectively treating arterial
stenosis. Furthermore, core angle adjustments showed that the “E-
category” stents were particularly well-suited for addressing fore-
shortening issues associated with arterial stenosis treatment.
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