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ABSTRACT

With the advancement of additive manufacturing (AM), customized vascular stents can now be fabricated
to fit the curvatures and sizes of a narrowed or blocked blood vessel, thereby reducing the possibility
of thrombosis and restenosis. More importantly, AM enables the design and fabrication of complex and
functional stent unit cells that would otherwise be impossible to realize with conventional manufacturing
techniques. Additionally, AM makes fast design iterations possible while also shortening the development
time of vascular stents. This has led to the emergence of a new treatment paradigm in which custom
and on-demand-fabricated stents will be used for just-in-time treatments. This review is focused on the
recent advances in AM vascular stents aimed at meeting the mechanical and biological requirements.
First, the biomaterials suitable for AM vascular stents are listed and briefly described. Second, we review
the AM technologies that have been so far used to fabricate vascular stents as well as the performances
they have achieved. Subsequently, the design criteria for the clinical application of AM vascular stents
are discussed considering the currently encountered limitations in materials and AM techniques. Finally,
the remaining challenges are highlighted and some future research directions are proposed to realize
clinically-viable AM vascular stents.

Statement of significance

Vascular stents have been widely used for the treatment of vascular disease. The recent progress in addi-
tive manufacturing (AM) has provided unprecedented opportunities for revolutionizing traditional vascu-
lar stents. In this manuscript, we review the applications of AM to the design and fabrication of vascular
stents. This is an interdisciplinary subject area that has not been previously covered in the published
review articles. Our objective is to not only present the state-of-the-art of AM biomaterials and technolo-
gies but to also critically assess the limitations and challenges that need to be overcome to speed up the
clinical adoption of AM vascular stents with both anatomical superiority and mechanical and biological
functionalities that exceed those of the currently available mass-produced devices.
© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

ease (CAD), acute coronary syndrome (ACS), and peripheral arterial
disease (PAD) [1]. Cerebrovascular diseases refer to a group of con-

Vascular diseases are one of the biggest threats to human
health [1]. With the gradual increases in life expectancy and pop-
ulation aging, this threat is projected to grow over time. Vascular
diseases include cardiovascular diseases, cerebrovascular diseases,
vascular trauma, and vascular defects. Among these, cardiovascu-
lar diseases are a group of disorders of heart and blood vessels,
which comprise coronary heart disease (CHD), coronary artery dis-
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ditions that affect the blood flow and blood vessels in the brain,
which may lead to ischemic or hemorrhagic stroke [2-4]. On the
basis of a systematic analysis of population health data, cardio-
vascular and cerebrovascular diseases are identified as the leading
causes of death globally [5]. In 2019, about 17.9 million people died
from vascular diseases, accounting for 32% of all global deaths [6].
Among those deaths, 85% were due to heart attack and stroke, ac-
cording to the World Health Organization (WHO) [7]. Heart attacks
and strokes are mainly associated with a common pathophysiol-
ogy involving atherosclerosis and thrombosis [8]. The most com-
mon cause is the build-up of fatty deposits and blood clots inside
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Fig. 1. Schematic diagrams of vascular diseases and stent fabrication: (a) cardiovascular and cerebrovascular diseases [4], (b) conventional fabrication of stent, and (c) AM of

stent.

the blood vessels that restrict blood flow or fully block the flow of
blood from the heart to the brain (Fig. 1a).

In addition to traditional drug therapies, the interventional ap-
proaches that are extensively used to treat vascular diseases have
gradually advanced in the last four decades [9]. Endovascular stent
is commonly used for the treatment of coronary heart diseases and
stroke, due to their good performance in terms of vascular recon-
struction [10,11]. Stent implantation is carried out through a pro-
cedure in which a cage-like mesh device is inserted into the af-
fected area of the blood vessel. Once the target lesion is reached,
the stent is deployed to open the narrowed or blocked vessel and
provide sustained support, thereby restoring and maintaining the
blood flow. Vascular stents may be fabricated from metals, poly-
mers, or composites, typically with standardized shapes, sizes, and
unit cell designs. However, the geometry of human blood vessels
may vary from one person to another, which means a standard

17

stent often do not perfectly match the patient’s localized vascular
defect [12]. On the other hand, with the conventional stent fabri-
cation technologies, patient-specific and location-specific solutions
are infeasible due to technological limitations and prohibitively
high costs associated with the lengthy procedures required for the
development and fabrication of conventional vascular stents, typi-
cally involving mini-tube manufacturing and laser cutting (Fig. 1b)
[13] followed by surface treatments.

Additive manufacturing (AM) technologies present unprece-
dented opportunities for the healthcare sector because they enable
the realization of patient-specific (implantable) devices, therapeu-
tics, and instruments [14]. Since clinical outcomes can be signifi-
cantly improved when patient’s specific needs are met [14], there
has been enormous interest in personalized medical treatments in
the recent years. For instance, patient-specific orthopedic implants
with high accuracy and geometrical complexity have been man-
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Fig. 2. Three stages of material development for vascular stents.

ufactured, taking advantage of the form-freedom offered by AM
techniques [15]. With the increasing maturity of AM technologies
in terms of achievable resolutions and processable biomaterials,
the concept of AM vascular stents has received increasing atten-
tion during the last few years [16]. AM not only makes the fabri-
cation of personalized vascular stents feasible and potentially cost-
effective but can also alleviate the treatment failures caused by the
poor conformability of the conventional stents. These advantages
have motivated the exploration of the capabilities of AM biomate-
rials for the realization of patient-specific vascular stents (Fig. 1c).
In this paper, we review the applications of AM biomaterials to the
design and fabrication of vascular stents, paying particular atten-
tion to the recent advances in AM that could revolutionize vas-
cular stents. This is an interdisciplinary subject area that has not
been previously covered in published review articles [16,17]. Our
objective is to not only present the state-of-the-art of AM bioma-
terials and technologies but to also critically assess the limitations
and challenges that need to be overcome to speed up the clinical
adoption of AM vascular stents with both anatomical superiority
and mechanical and biological functionalities that exceed those of
the currently available mass-produced devices.

2. Stent biomaterials

Vascular stents have undergone three development stages: bare
metal stents (BMS), drug eluting stents (DES), and bioresorbable
stents (BRS) (Fig. 2) [18]. The first coronary artery stent implanted
into a human was a BMS type. BMS were mostly made of stainless
steel and cobalt-chromium alloys throughout the 1980s and 1990s.
Although these materials could provide robust mechanical support,
the initial usage of BMS triggered a number of side effects, such as
neointimal hyperplasia [19], which is an inflammatory response to
the implanted stent. With implantation time extending, neointimal
hyperplasia could cause in-stent restenosis (ISR) and stent throm-
bosis (ST). To address these clinical issues, DES were developed.
The first-generation DES were composed of BMS and permanent
polymer coatings, delivering anti-mitotic drugs that could inhibit
the proliferation of smooth muscle cells (SMCs) [20]. According to
many clinical trials [21], DES were associated with significantly re-
duced ISR rates, as compared to BMS, and were approved by the
Food and Drug Administration (FDA) in 2003. However, endothe-
lial regeneration and vasomotion were impaired, which increased
the occurrence of late ST [18]. The development of the second-
generation DES was targeting more biocompatible and biodegrad-
able polymer carriers [22]. Nonetheless, since the backbone mate-
rial of DES stays inside the blood vessel permanently, long-term
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chronic inflammation and very late ST remain serious concerns
[23]. BRS emerged to address the issues associated with the con-
ventional BMS and DES. The main advantage of BRS lies in that
the stent can provide mechanical support at an early stage and be
absorbed gradually within 1 - 2 years, thereby reducing or even
eliminating such adverse effects as ISR and ST [24]. Furthermore,
the scaffolding effect exerted by the stent on the blood vessel are
deemed unnecessary after the first 6 - 12 months during which ar-
terial remodeling and healing is achieved [25]. Biodegradable met-
als, made of Mg, Zn, or Fe, and biodegradable polymers, such as
polylactic acid (PLA), are the appropriate candidate materials for
BRS [26]. This section discusses three types of biomaterials used
for vascular stents, including bio-inert metals, biodegradable met-
als, and biodegradable polymers, and presents their pros and cons.

2.1. Bio-inert metals

Stainless steels (SS) are iron-based alloys containing at least
12% chromium, which are resistant to corrosion in relatively be-
nign environments [27,28]. SS were the first metallic materials
used in BMS due to their stable properties, including high strength,
good biocompatibility, high degree of corrosion resistance, and low
costs. Based on their microstructures, SS can be classified into sev-
eral families, including ferritic SS, austenitic SS, martensitic SS, and
duplex SS [29], each of which has distinct properties. For example,
austenitic SS are non-magnetic and, thus, compatible with mag-
netic resonance imaging (MRI) [30], while ferritic and martensitic
SS are ferromagnetic. Moreover, austenitic SS exhibit better corro-
sion resistance as compared to other categories of SS, rendering
them suitable for long-term use in biomedical implants. 316L is
a low-carbon version of 316 SS and belongs to austenitic SS. It is
widely used for bone plates, screws, and vascular stents [31]. How-
ever, 316L may inevitably release harmful metallic ions, such as
nickel or chromium ions, due to wear or corrosion. To avoid these
negative effects, nitrogen has been used to replace nickel to simul-
taneously improve the mechanical properties and corrosion resis-
tance of 316L [32].

Cobalt-based alloys were used in medical implants for the first
time in the 1930s [28]. Cobalt-chromium (Co-Cr) alloys exhibit bet-
ter corrosion and wear resistance, as well as higher yield strength
and elastic modulus than SS [33,34]. In addition to chromium,
molybdenum, tungsten, or nickel are added to cobalt at differ-
ent concentrations to tune the mechanical properties of Co-Cr al-
loys. Similar to SS, there are also concerns about the inflammation
caused by the release of alloying elements from Co-Cr alloys [35].
Despite their limitations, Co-Cr alloys have been extensively used
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Commonly used permanent and bioresorbable materials for the development of AM vascular stents and their properties.

Elongation (%)

In vivo Degradation Density(g/cm?)  Biocompatibility

Material Tensile Strength(MPa)  Young’s Modulus(GPa)
Stainless Steel [28]  540-1000 200 10-40
CoCr [34] 900-1540 240 2-20
Ta [39] 220-1400 186 2-50
NiTi [45] 1355 30-50 2-30
Mg alloy [52] 100-300 40-45 2-30
Fe alloy [61] 200-1000 207 2-60
Zn alloy [71] 20-600 97 1-60
PLLA [76] 60-70 2-4 2-6
PDLLA [76] 40 1-3.5 1-2
PGA [76] 90-110 6-7 1-2
PLGA [76] 65 3.3-35 2-6
PCL [76] 23 0.34-0.36 4000

- 7.9 Ni or Cr may be harmful
- 9.2 Cr may be harmful
- 16.6 excellent

- 6.5 Ni may be harmful
100-4100(pm/y) 1.7 excellent

no obvious weight loss 7.8 good

8-120(pum/y) 7.1 good

>24 months 1.25 good

3-4 months 1.26 good

4-6 months 1.53 good

12-18 months 1.34 good

24-36 months 1.15 good

as the backbone materials for DES [36]. Given the high mechani-
cal properties of their underlying alloys, Co-Cr stents can be fab-
ricated with thinner struts (i.e., as fine as 60 - 80 pm [37]) and
offer better flexibility than SS stents, leading to lower rates of ST.
In addition, the higher density of Co-Cr alloys as compared to SS
makes them more radio opaque. This facilitates the positioning of
Co-Cr stents in blood vessels and decreases the risk of complica-
tions during percutaneous coronary interventions (PCI).

Tantalum (Ta) is one of the refractory materials, which offers
high degrees of biocompatibility, corrosion resistance, wear re-
sistance, radio-opacity, and mechanical properties [38,39]. Ta has
been employed in dental and orthopedic devices since the 1940s
[40]. For example, porous Ta used as bone substitutes has been
found to enhance bony ingrowth [41]. The study on Ta as a stent
material started in the 1990s [42]. Unlike most other metallic bio-
materials, Ta has a negative electrical charge on the surface. This
makes Ta highly compatible with blood, because negative electri-
cal charges suppress the formation of thrombi. However, several
studies have found that Ta does not significantly reduce the risk
of stent-related thrombosis, as compared to SS [43]. Moreover, Ta
stents are reported to suffer from poor radial mechanical proper-
ties that cause stent recoil after deployment [1]. For these reasons,
Ta is currently not studied as a stent material.

Nitinol (NiTi) is an alloy containing an equal amount of nickel
and titanium by atomic percentage. It has a low elastic modu-
lus (30 - 50 GPa) but a high compressive strength (1355 MPa),
as compared to SS, Co-Cr alloys, and Ta (Table 1). It also exhibits
good corrosion resistance and biocompatibility, making it a can-
didate biomaterial for many biomedical applications [44,45]. More
importantly, nitinol shows the shape memory effect and supere-
lasticity, because of martensitic transformation. Since the 1970s,
NiTi has been intensively developed for biomedical applications,
such as orthodontic wires or braces, bone plates, rods, and screws
[46]. Vascular stents made from NiTi tend to be self-expandable,
meaning that no balloons are needed to deploy them. The first
self-expandable nitinol coil stent was developed in 1983 [47]. The
shape memory effect of nitinol allows the stent to self-expand
when heated to the body temperature. Self-expandable stents offer
better clinical outcomes as compared to balloon-expanded ones,
because the superelastic nitinol expands more uniformly and gen-
tly [48]. However, nickel is associated with allergic and carcino-
genic effects [49]. Therefore, there are concerns regarding the tox-
icity of nickel-containing implants over long implantation periods
[49].

2.2. Biodegradable metals

Magnesium (Mg) is the most developed biodegradable metal
due to its good mechanical properties, biocompatibility, and
biodegradability [50]. Mg and its alloys have higher strengths (up
to 300 MPa) than polymers and lower elastic modulus (40 GPa)
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than bio-inert metals [51]. It is an essential mineral for a healthy
human body, with a recommended daily intake dose of 240 - 420
mg for adults [52]. More importantly, Mg can degrade in physio-
logical environments via the formation of magnesium (hydr)oxide
and hydrogen. The intermediate biodegradation products can be
either absorbed or metabolized in the body fluids. However, Mg
has a relatively low standard electrode potential (-2.372 V), caus-
ing it to degrade too fast, which may cause early failure of the im-
plant. Intrinsically, Mg has a low ductility at normal body temper-
ature, because of a small number of independent slip systems in
its hexagonal close packed (HCP) crystal structure. It can, there-
fore, not withstand the large deformations that stents experience
during their crimping and deployment. Surface treatment [53], al-
loying [54], and fabrication process optimization [55] have been
adopted as the viable strategies to address these issues, in addi-
tion to stent design modifications [56,57]. Mg was first used for
cardiovascular applications in 1878 when Huse used a Mg wire lig-
ature to stop bleeding vessels [58]. In the last decades, many in
vivo studies have been conducted on biodegradable Mg stents [59].
The first commercialized Mg BDS received CE marking in Europe
in 2016 [60].

Iron (Fe) and its alloys have better mechanical properties,
higher radio-opacity, and lower degradation rates than Mg and its
alloys. Fe is an essential element for the human body and plays
significant physiological roles, making it another appropriate can-
didate material for biodegradable implantable medical devices [61].
The recommended daily intake dose of Fe for adults is between 8
and 18 mg. Fe can degrade in the body fluid through an electro-
chemical process involving oxygen absorption without the genera-
tion of hydrogen. It shows a low hemolysis ratio, good antiplatelet
adhesion ability, and outstanding anticoagulant property [62]. No
inflammation or local toxicity was found in vivo for pure Fe [63],
although the discussion regarding its in vitro cytotoxicity remains
unsettled. Despite the advantages offered by Fe, it has some disad-
vantages, including a very low rate of biodegradation and the fer-
romagnetic nature. Therefore, alloying elements, such as Mn, Pd, Si,
and C, have been added to Fe to increase its rate of biodegradation
and reduce its magnetic susceptibility [64]. The first biodegradable
Fe stent was implanted in the descending aorta of New Zealand
white rabbits in 2001 [65]. Lately, the results obtained from sev-
eral other early pre-clinical studies on Fe-based alloy stents have
been promising for future vascular stent developments [66,67].

Zinc (Zn) is considered another promising biodegradable metal
for medical applications. The biodegradation rate of Zn is moder-
ate, falling between those of Mg and Fe [68]. Zn is a trace min-
eral in the human body and plays a crucial role in the immune
and nervous systems [69]. The recommend daily intake dose of
Zn for adults is between 4 and 14 mg [70]. Although the me-
chanical properties of pure Zn are relatively low, its intrinsically
low degradation rate provides enough freedom for adding non-
toxic elements or optimizing processing conditions to improve
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its strength and ductility [71]. In 2013, pure Zn wires were im-
planted into the abdominal aorta of adult male rats for up to 6
months, demonstrating the suitability of Zn as an promising can-
didate for stent applications [72]. Since then, there have been an
increasing number of studies exploring the potential of Zn alloys
in various biomedical applications, such as biodegradable vascu-
lar stents, orthopedic implants, drug delivery system, and wound-
healing agents [73]. In more recent in vivo studies, zinc-based al-
loy stents have been shown to provide sufficient structural sup-
port and exhibit appropriate biodegradation rates during long-term
implantations without accumulation of biodegradation products,
thrombosis, or inflammatory responses [74]. Nevertheless, further
investigations are needed to develop biodegradable Zn-based alloys
with proper compositions, achieving good biocompatibility, pro-
longed mechanical integrity, and controlled biodegradation rates.

2.3. Bioresorbable polymers

Bioresorbable polymers under investigation for stent applica-
tions include aliphatic polyesters, polyorthoesters, and polyanhy-
drides, among which aliphatic polyesters are the most frequently
used materials for bioresorbable stents [75,76]. Poly-L-lactic acid
(PLLA), poly-D, L-lactic acid (PDLLA), poly &-caprolactone (PCL),
polyglycolic acid (PGA), and poly (lactic-co-glycolic acid) (PLGA) are
all aliphatic polyesters. The raw materials of bioresorbable poly-
mers are normally in the form of filament, powder, or resin. For
photopolymerization, polyesters need to be further functionalized
with photocrosslinkable groups. In addition, other components,
such as photoinitiators, diluents, dyes, and radical inhibitors, are
added to adjust the properties of the resin [77]. Normally, the poly-
mers in the poly-lactic acid (PLA) family, such as PLLA and PDLLA,
have relatively high tensile strengths and low rates of biodegrada-
tion, while PCL and PGA have lower tensile strengths and higher
rates of biodegradation. Since PLGA is a co-polymer composed of
PLA and PGA, its physicochemical properties can be controlled by
changing the molar ratio of lactic acid and glycolic acid in the poly-
mer chains [78]. These polymeric biomaterials can degrade through
the hydrolysis of the ester bond in the polymer backbone. Through
partial chain scission, biodegradable polymers can degrade into 10
- 40 pm particles, which can be phagocytosed and metabolized to
resorbable carbon dioxide and water [79]. The degradation time
of such polymers is dependent on a number of internal factors,
such as their chemical structures and molecular weights, as well as
several external factors, including pH, temperature, and the pres-
ence of bacteria or inorganic fillers [80]. So far, polylactide (PLA)
has been the most common bioresorbable material for BRS due to
its high biocompatibility, biodegradability, good processability, and
good mechanical properties. However, several limitations of PLA
stents have been recognized, including the lack of radio-opacity,
poor toughness, and low radial mechanical properties [81]. There-
fore, the strut thickness of PLA stents needs to be greater, which
may cause higher rates of adverse events, such as neointimal hy-
perplasia, vessel recoil, and ST. Optimization of material processing
conditions and molecular orientations as well as the application of
thermal annealing have been reported to be the most successful
strategies for the enhancement of the mechanical performance of
polymeric stents [82,83].

3. Additive manufacturing technologies and post processing

AM is a layer-by-layer manufacturing approach that is funda-
mentally different from the traditional (subtractive) manufactur-
ing processes. AM provides unprecedented opportunities to tackle
the dilemma between freeform design and manufacturability [84].
Over the last 30 years, AM technologies have tremendously ad-
vanced. Nowadays, AM allows for precise manufacturing of com-
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plex, composite, and hybrid structures as well as functionally
graded materials (FGMs) [85]. It is able to produce fully functional
parts made from a wide range of materials, including metals, ce-
ramics, polymers, and their combinations. According to the Inter-
national Organization for Standardization (ISO)/American Society
for Testing and Materials (ASTM) 52900:2015 standard, AM tech-
nologies can be classified into seven categories: binder jetting (BJ),
directed energy deposition (DED), material extrusion (ME), mate-
rial jetting (M]), powder bed fusion (PBF), sheet lamination (SL),
and vat photopolymerization (VP) [86]. Specific AM technologies
are linked to certain types, forms, and physical states of materi-
als. For example, DED works with metallic powders or wires as
the feedstock material, is limited in terms of the minimum fea-
ture size and surface quality, and is more suitable for fabricating
larger components. SL bonds sheets of materials to form objects
and is limited in the geometrical complexity it can achieve. DED
and SL technologies are, therefore, not suitable for fabricating del-
icate stents and are not included in this review.

3.1. Powder bed fusion

PBF AM techniques uses either laser or electron beams to se-
lectively melt or fuse powder particles on a powder bed and in
layer-by-layer manner. PBF can be further categorized into selec-
tive laser sintering (SLS), laser-based powder bed fusion (LB-PBF),
and electron beam powder bed fusion (EB-PBF). The main differ-
ence between SLS and LB-PBF lies in whether the source of energy
totally melts powder particles (LB-PBF) or merely fuses them to-
gether (SLS) (Fig. 3a). SLS is primarily applied to polymers while
LB-PBF and EBM are chiefly direct metal AM techniques. We did
not find any reports in the literature regarding the application of
EBM to vascular stents, likely due to the larger spot sizes of elec-
tron beams (~100 pm) as compared to those of laser beams (~50

pm).

3.1.1. Laser-based powder bed fusion

In 2017, Demir et al. [87] produced CoCr cardiovascular stents
through LB-PBF using a pulsed-wave laser. The geometrical fidelity
of the resulting stents appeared to be highly dependent on the
scanning strategy, laser peak power, and pulse duration. It was
found that concentric scanning was more suitable for fabricating
fine struts as compared to hatch scanning. Increasing the peak
laser power and pulse duration enlarged the strut thickness but re-
duced the surface roughness. Surface quality was improved when
loosely adhered particles were removed through post-LB-PBF elec-
trochemical polishing (Fig. 3c). Finazzi et al. [88] defined a number
of design rules for producing expandable stents, including part ori-
entation, strut inclination, and strut overhangs. For example, length
of the strut overhangs was suggested to be < 1 mm while spacing
should be > 0.3 mm. Based on these rules, CoCr tubular semi-
crimped stents were fabricated and were successfully expanded
without cracks or breakage. The researchers further demonstrated
bifurcated designs realized by LB-PBF. The stents showed sufficient
flexibility at their connection sites to allow for the deformations
leading to the desired final shape (Fig. 3b). In a follow-up study,
the same group designed, fabricated, polished, and functionally
tested a type of CoCr stents [89]. Stent samples were tested un-
der different pressures to determine their expandability. The re-
sults showed that both the external diameter and expansion ratio
increased with the applied pressure, without any cracks (Fig. 3g).
Omar et al. [90] evaluated 7 types of stent designs, all made with
LB-PBF from a medical grade CoCr powder. They also defined the
processibility window for AM of stents. The average densities of
the struts of these 7 stents were between 92 and 97%.

In addition to CoCr, 316L SS stents have been fabricated with
LB-PBF. Langi et al. [91] compared an LB-PBF 316L SS tube (with
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Fig. 3. LB-PBF vascular stents: (a) a schematic illustration of the LB-PBF process, (b) LB-PBF metallic stents [89,92,95,103], (c) the effects of LB-PBF process parameters and
post-AM treatments on the morphology of LB-PBF CoCr stents and NiTi stents [87,94], (d) the microstructures of LB-PBF 316L stents [92], (e) fluorescence image of HUVECs
seeded on LB-PBF FeMnCS stents and cultured for 7 days [103], (f) the superelasticity of LB-PBF NiTi stents [94], and (g) an expansion test of LB-PBF CoCr stents [89] .

a wall thickness of 150 um) with a commercial stent. The LB-
PBF specimens had columnar and coarse grains, as opposed to the
equiaxed and fine grains in the commercial stent. The chemical
composition of LB-PBF 316L SS was similar to that of the commer-
cial stent, confirming little element loss during the LB-PBF pro-
cess. Subsequently, the same group of researchers printed a 316L
SS stent with a strut thickness of 360 pm (Fig. 3b) [92]. The mi-
crostructure of the LB-PBF stents was composed of a cellular sub-
grain structure and a columnar grain structure, as revealed by elec-
tron back-scattered diffraction (EBSD) (Fig. 3d). The hardness val-
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ues and elastic moduli of the LB-PBF stents were higher than those
of the commercial one. However, the LB-PBF stent showed high
degrees of anisotropy in its elastic modulus and hardness. Chen
et al. [93] designed and fabricated anti-tetrachiral auxetic 316L SS
stents with negative Poisson’s ratios using LB-PBF. They used the
diameters of the circular node to tune the Poisson’s ratio of the
stents. These LB-PBF 316L SS stents showed good biocompatibility
when in contact with human umbilical vein endothelial cells (HU-
VECs). However, the wall thickness of the stents appeared to be
quite large (0.6 - 1.5 mm).
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Nitinol can be used for self-expandable stents due to its supere-
lasticity and shape memory effect. Yan et al. [94] investigated the
process-microstructure-property relationships of nitinol wires and
3D printed nitinol stents with two closed-cell designs (Fig. 3c). The
LB-PBF nitinol stents showed a high strut density, a uniform strut
diameter (200 pm), adequate superelasticity (Fig. 3f), and high
compatibility with sarcoma osteogenic (SAOS2) cells. Both stents
were loaded to reach a 70% displacement and the non-recoverable
strain was found to be only 4 - 6%. Finazzi et al. [95] proposed a
framework for developing patient-specific nitinol stents fabricated
by LB-PBFE. They designed personalized stents (with a strut thick-
ness of 100 um) with varied diameters adapted to match dimen-
sions of patients’ vessels. It was demonstrated that LB-PBF niti-
nol stents with designed geometries could be produced with high
fidelity and that structural details could be preserved (Fig. 3b).
Jamshidi et al. [96] studied the effects of laser energy during LB-
PBF on the characteristics of nitinol stents. The nitinol microstruc-
ture was composed of large plates and some irregular smaller
plates, indicating the presence of both martensite and austen-
ite phases. They found that the austenite finish temperature was
strongly dependent on the Ni concentration in the alloy. In addi-
tion, the LB-PBF nitinol stents exhibited an elastic modulus (56 -
73 GPa) which was comparable with that of a conventionally fab-
ricated austenitic NiTi. Chemical etching after LB-PBF not only re-
moved the unmolten powder particles but also reduced the strut
size.

While several LB-PBF Ta scaffolds have been developed for or-
thopedic applications, no LB-PBF Ta stent has been reported in the
literature [97]. Similarly, while LB-PBF biodegradable metallic bone
implants have been intensively developed recently [98-102], very
limited information can be found regarding LB-PBF biodegradable
metallic stents. In 2022, Paul et al. [103] have reported success-
ful LB-PBF-based manufacturing of a biodegradable Fe-30Mn-1C-
0.02S stent with a dimeter of 2 mm, a length of 13 mm, and a
strut thickness of 120 pm (Fig. 3b). The as-built stents had fine
grain sizes (18 4+ 2 pm) within the struts and at the junctions
(30 £ 4 pm). The Fe stents exhibited mechanical properties that
were comparable with those of a commercial 316L SS stent. In vitro
biodegradation tests of these stents showed that the release of iron
and manganese ions increases from 0.22 pg/mL and 0.15 pg/mL af-
ter 2 hours to 0.42 pg/mL and 0.35 pg/mL after 28 days, respec-
tively. The LB-PBF iron stents also exhibited good cytocompatibility
when brought in direct contact with HUVECs for 7 days (Fig. 3e).
Given that LB-PBF biodegradable Mg and Zn bone scaffolds with
strut thicknesses between 200 and 500 yum have been successfully
manufactured with good manufacturing fidelity and biocompatibil-
ity [104-107], it is expected that LB-PBF Mg and Zn stents could
be developed for further investigations. Indeed, the first LB-PBF Zn
stent prototypes have been recently developed (Fig. 3b) and are
being subjected to characterization and evaluation.

Currently, LB-PBF metallic stents are still in their infancy and
most of the available reports concern proof-of-concept studies that
are designed to explore and understand their manufacturability,
printing accuracy, microstructural features, basic mechanical prop-
erties, and in vitro cytocompatibility. The complete in vitro and in
vivo functional tests, including radial strength, elastic recoil, and fa-
tigue resistance, as well as investigations of the post-AM processes
for surface enhancement and related hemocompatibility are yet to
be performed.

3.1.2. Selective laser sintering

In 2013, Flege et al. [108] used polymer laser sintering (pLS) - a
subdivision of SLS that may exceed the melting temperature of the
polymer but stays below its deterioration temperature [109,110] -
to build coronary stent prototypes from PLLA and PCL powders. Af-
ter optimizing the laser power, laser beam diameter, powder layer
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thickness, and deposition speed, stent prototypes with a wall thick-
ness of 180 - 200 um were successfully manufactured, showing no
pores on their cross-sections (Fig. 4a). Although the as-built stents
had a very rough and uneven surface, it could be smoothened by
applying spraying or dip-coating or a combination thereof (Fig. 4b).
Both SLS polymers showed good direct and indirect biocompatibil-
ity with human arterial smooth muscle cells (haSMCs), HUVECs,
and endothelial progenitor cells (EPCs) (Fig. 4c). Initially, a sim-
ple stent prototype with rhombic cells was developed, which was
expandable with a conventional balloon. Subsequently, the radial
strength and expandability of the stent were improved by using
longer and rounder cells. Moreover, a cone-shaped stent with a
continuous strut configuration in the linking region for bifurcation
applications was demonstrated through SLS (Fig. 4a). In 2018, Geng
et al. [111] used SLS to fabricate an auxetic cylindrical stent from a
nylon powder (Fig. 4a). Since arterial endothelium has a negative
Poisson’s ratio [111], an auxetic stent may better match the native
blood vessel tissue, thereby reducing deformation incompatibility.
The proposed chiral stent exhibited auxetic behavior and could be
tailored by adjusting the design parameters of the unit cell. Studies
on SLS stents are, however, quite rare and no in vivo tests have yet
been carried out. In general, SLS offers resolutions that are close to
the ones required for reaching the desired thickness of the struts
within the stent, can incorporate drugs into the polymer matrix,
and is suitable for building specially shaped stents for bifurcation
applications. Further systematic investigations on biodegradation,
biocompatibility, and stent recoil need to be performed in the fu-
ture.

3.2. Binder jetting

BJ is an AM method in which powder particles are spread into a
layer and selectively joined into the designed 2D shape with a lig-
uid binder (Fig. 5a) [112]. As the process progresses, the 2D layers
bound together, resulting in the desired 3D geometry. The printed
parts will then be subjected to post-AM treatments, typically in-
cluding curing and depowdering to create “green” parts, followed
by sintering to achieve good mechanical properties. B] has been
applied to develop many ceramics, metals, and composites for or-
thopedic or pharmaceutical applications (Fig. 5b) [113-117]. How-
ever, no literature on BJ stents was found. In principle, B] can be
used to print metallic vascular stents (Fig. 5a). The main challenge
lies in minimizing internal pores in the struts and controlling the
shrinkage of the BJ stent during sintering.

3.3. Material jetting

M] typically uses multiple nozzles to deposit droplets of both
base and support materials [118]. After each layer is deposited,
curing with ultraviolet (UV) light takes place to harden the de-
posited layers (Fig. 6a). After printing, the support material can
be dissolved to obtain the final object. The main advantage of
M] lies in its ability to combine different materials. Moore et al.
[119] used a poly-jet MJ printer to build poly-propylene stents with
a range of diameters (4 - 10 mm) and a strut thickness of 300 pm
(Fig. 6b). The actual thickness of the printed stents was, however,
higher (about 400 pm), because the applied large-scale printer
with a limited resolution was not really suitable for printing such
small stents. Expansion tests were carried out and the stents failed
due to the linear delamination along the vertical axis. Xue et al.
[120] designed a self-expanding auxetic stent and fabricated a 15-
times larger version through M] (Fig. 6b). However, this approach
is only suitable for prototyping and the material used was a com-
bination of commercially available polymers (i.e., 30% Vero and 70%
Tango) with unknown degree of biocompatibility. Biocompatible M]
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biocompatibility tests of HUVEC and EPC on SLS polymer stents [108].

feedstock materials with low viscosity and better final mechanical
properties need to be developed for M] stents in the future.

3.4. Materials extrusion

Fused deposition modeling (FDM) and direct ink writing (DIW)
are the two common AM techniques that operate under the prin-
ciples of ME. During FDM, a filament is fed into a heated extru-
sion head and the filament material is deposited in layer-by-layer
fashion (Fig. 7a). A wide variety of thermoplastics are suitable for
FDM, including PLA, PLGA, and PLC [121]. During DIW, a viscoelas-
tic ink is extruded at or moderately above room temperature, fol-
lowed by solidification through different mechanisms, such as UV
radiation, solvent evaporation, or sintering [122]. Therefore, many
more types of materials can be printed with DIW, including cur-
able resin-based materials similar to SLA and DLP. So far, FDM has
been the most commonly used AM technique to develop AM vas-
cular stents.

3.4.1. Fused deposition modeling

In 2017, Cabrera et al. [123] used an FDM printer to print
a bioresorbable thermoplastic copolyester (TPC) elastomer stent
(Fig. 7b). The 3D printed prototype stents differed from the initial
design due to the low resolution of the FDM printing technique.
Although the as-built stents had some imperfections within their
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struts, chemical etching could eliminate extra wires without in-
fluencing their performance. The stents were self-expandable and
showed a radial strength that was comparable to that of a nitinol
stent (Fig. 7c). After three weeks of enhanced degradation tests at
90°C, the struts were partially hydrolyzed with pores or cracks on
the surface (Fig. 7d). The low resolution of the FDM technique was
considered to be the main limiting factor that affected the perfor-
mance of the stent.

Jia et al. [124] developed a self-expandable PLA stent through
FDM. The stent could be compressed and maintained its shape
at room temperature, while recovering to its original shape upon
heating to 70 °C (Fig. 7e). In a different study, Wu et al. [125] in-
vestigated the shape memory effect of FDM PLA stents and found
that the recovery ratio could reach as high as 95% at 65 °C (Fig. 7e).

FDM stents typically have some limitations, such as stair-
stepping on the surface, mechanical anisotropy, and the need for
support when printing designs involving large overhangs [126]. To
overcome these limitations, rotating mandrel-assisted AM (RMS-
AM) has been developed, in which the feedstock material is ex-
truded on the surface of a rotating cylindrical mandrel (Fig. 8a).
In 2015, Park et al. [127] printed a PCL stent on a rotating shaft
by FDM (Fig. 8b, c). Sirolimus, mixed with PLGA and polyethy-
lene glycol (PEG), was sprayed on the stent surface to form DES. In
vivo tests confirmed that the DES could, indeed, reduce neointimal
hyperplasia with a desirable (i.e., low) fibrin score in the porcine
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Fig. 6. M] vascular stents: (a) a schematic illustration of the MJ process and (b) MJ polymer stents [119,120].

femoral artery. Guerra et al. [128,129] investigated the effects of
printing parameters on the dimensional precision and mechanical
properties of RMS-AM PCL stents (Fig. 8d) and found the strong
influences of printing temperature and flow rate, while printing
speed did not exert any influence. The printed stent specimens,
with an average expansion ratio of 320% and a recoil ratio of
around 22%, showed a good radial behavior. Wang et al. [130] de-
veloped screw-extrusion-based RMS-AM equipment and fabricated
PLLA and PCL stents with different shapes and geometries (Fig. 8b,
c). The in vitro results in terms of the hemolysis rate and cell vi-
ability confirmed the potential of the RMS-AM stents for vascular
implantation. However, they found that PCL stents were not com-
pletely reliable with respect to radial strength and radial recoil.
Considering that most of RMS-AM stents have had a relatively large
stent thickness (190 - 500 pm), Somszor et al. [131] applied melt
electrowriting (MEW) that could be used to fabricate composite
stents with thin struts (60 - 80 pm) and a high degree of geometric
complexity (Fig. 8b, ¢). MEW polycaprolactone-reduced graphene
oxide (PCL-rGO) nanocomposite stents were found to have supe-
rior mechanical properties as compared to monolithic PCL. The cy-
tocompatibility of the material was not adversely affected either
(Fig. 8e). In 2022, Shen et al. [132] reported personalized, hep-
arinized, and biodegradable coronary artery PCL stents fabricated
through RMS-AM (Fig. 8c). The printed stents exhibited high com-
pressive properties and good flexibility (Fig. 8f). Heparinization re-
duced the adhesion of platelets, promoted the adhesion and pro-
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liferation of endothelial cells (ECs), and inhibited the proliferation
of SMCs in vitro. The stents showed good biocompatibility and me-
chanical strengths within 12 weeks and maintained patency with-
out acute thrombosis formation after implantation in rabbit ab-
dominal artery (Fig. 8g). Of note, there has already been a clini-
cal trial of RMS-AM PLLA stents (Clinical Trial Protocol, Approval
No. 2019L0001, National Medical Products Administration, China)
[133] in China.

3.4.2. Direct ink writing

Similar to RMS-AM, DIW relies on a rotating mandrel system
to fabricate stents (Fig. 9a). Chausse et al. [134] dissolved PLLA in
chloroform and obtained a viscous, printable polymeric solution.
Then, stents with a variety of designs were printed through DIW
on a rotating mandrel at room temperature, followed by a thermal
treatment at 80 °C for 12 h to ensure complete chloroform evapo-
ration (Fig. 9b). The DIW stents exhibited encouraging mechanical
and biological properties in vitro. Moreover, the ink could be mod-
ified by adding iodine, 2,3,5-triiodobenzoic acid (TIBA), or BaSO4
as a radio-opaque agent to obtain the required stent radio-opacity
(Fig. 9c, d).

Among all the AM techniques applied to fabricate stents, the
development of ME stents is at the forefront. This is evidenced by
the several in vivo pre-clinical studies and one clinical trial per-
formed to date. The main advantage of ME for the development of
vascular stents lies in the fact that it is compatible with many FDA
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during deformation and recovery of the stent [124,125].

approved materials, such as PLA and PLC. More materials compati-
ble with FDM or DIW are expected to be developed in the future to
fulfil the mechanical and biological requirements of vascular stents.

3.5. Vat photopolymerization

VP is a 3D printing process that makes use of photopolymer-
ization to build solid 3D objects. In this technique, a vat of lig-
uid photopolymer resin is selectively solidified through exposure
to UV light. The printing platform then moves downwards to print
the next layer. VP technologies includes stereolithography (SLA)
and digital light processing (DLP). The UV source of SLA is a
laser that hardens the resin point by point, while a DLP printer
uses a projected light source to cure the entire layer across the
whole platform at once. Within the DLP-based AM, several variants
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have emerged, such as projection micro stereolithography (PuSL)
and continuous liquid interface production microstereolithography
(UCLIP). PuSL is capable of printing complex 3D structures with a
high resolution (up to 0.6 nm) [135], while pCLIP allows for faster
printing (<10% of the printing time needed for PuSL) [135,136].
During the DLP process, the initial polymerization of the resin
happens at the bottom of the tank where oxygen supply could
be inhibited, leading to incomplete curing and a sticky surface.
HICLIP was developed to overcome this problem by introducing an
oxygen-permeable window that could form a thin uncured ma-
terial layer at the top [137]. In addition, the platform of pCLIP
moves continuously instead of moving step by step as in the case
of DLP, thus eliminating the possibility of delamination between
layers (Fig. 10a). In addition to resins, VP has also been applied to
print metal and ceramic slurries mixed with photopolymers.
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In 2016, van Lith et al. [138] developed a bioresorbable and an- in a pig artery (Fig. 10c). Moreover, the stent lost up to 25% of its
tioxidant polymer from methacrylated polydiolcitrate (mPDC) and mass loss after 6 months of biodegradation in phosphate buffered
used it to make a stent via nCLIP. The stent achieved a high lateral saline (PBS) at 37°C. It also neutralized 100% of the free radicals
resolution of 7.1 pm and a layer thickness of 20 pm (Fig. 10b). The within 2 weeks. However, the cross-sectional profile of the stent
mechanical properties of the stent were comparable to those of a (with a strut thickness of 150 um and a wall thickness of 500 pm)
nitinol stent. The 3D printed stent could self-expand and had a sig- was considered too large to be used in real clinical cases. In 2018,
nificantly increased radial compression strength after deployment the same group optimized the pCLIP process and the composition
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of the citric acid-based bioresorbable ink to maximize the stent ra-
dial stiffness (Fig. 10d) [139]. The stent was successfully fabricated
with a strut thickness of 150 pm and a radial stiffness compara-
ble to those of nitinol stents. The lead time was greatly reduced to
30 minutes for fabricating a 2 cm-long stent. In addition, the stent
showed good compatibility with HUVECs in vitro.

Recently, DES have been developed through DLP. Oliveira et
al. [140] incorporated nitric oxide (NO) donor S-nitroso-N-acetyl-
d-penicillamine (SNAP) into the mPDC matrix and printed NO-
releasing stents through DLP (Fig. 10b). The printed stents exhib-
ited adequate mechanical properties to allow for stent compression
and self-expansion. Hydrolytic degradation and NO release were
initiated once the stent was in contact with an aqueous medium
(ie., a 0.01 M NaOH solution, pH = 12.0, 60°C) (Fig. 10e). The re-
lease rate of NO could be controlled by keeping the SNAP charge
in a suitable range to inhibit thrombus formation.

In summary, VP can fabricate stents with complex geometries
at high resolutions. However, the material used for VP needs to
be photocurable, limiting the use of many mature biocompatible
polymers, such as PLA, PLGA, and PLC. More photocurable and bio-
compatible inks need to be developed. Since VP can be also used
to print metallic slurries, it may be possible to fabricate metallic
stents through VP in the future.
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3.6. 4D printing

4D printing concerns the targeted evolution of a 3D printed
structure, in terms of shape, property, or functionality upon trig-
gering by a stimulus [141]. 4D printing basically uses the same AM
facilities as described above (e.g., LB-PBF, SLA, FDM, DIW, or DLP).
The main difference is that the feedstock material in 4D print-
ing may need to possess such properties as self-sensing, decision
making, responsiveness, shape memory, self-adaptability, multi-
functionality, or self-repair [142]. Since 2016, several researchers
have employed 4D printing to develop advanced vascular stents.
Most of such studies take advantage of the self-expansion prop-
erty provided by 4D printing, thereby enabling minimally invasive
surgery to treat vascular diseases [143]. For example, Wei et al.
[144] used DIW for the 4D printing of stents. The stents were made
from either a shape memory polymer (SMP) (i.e., PLA) or a shape
memory nanocomposite (SMNC) (i.e., PLA-Fe304). After deforma-
tion, both SMP and SMNC stents could recover to their original
shapes when heated in water and when exposed to the heating
caused by an alternating magnetic field, respectively (Fig. 11a). Ge
et al. [145] developed a photo-curable methacrylate-based copoly-
mer and used it to 4D printed stents through PuSL. The stents were
recovered their original shape after heating to 60 °C (Fig. 11b). The
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Fig. 10. VP vascular stents: (a) a schematic illustration of the pCLIP process, (b) nCLIP stents [138,140], (c) the delivery and deployment of pCLIP mPDC stents [138], (d) the
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same group of researchers later developed a self-healing SMP for
4D printing [146]. They suggested that the potential applications
of this polymer include cardiovascular stents that have developed
damages. In this approach, damaged stents will self-repair once ex-
posed to heat. Bodaghi et al. [147] used MJ to co-print two types
of SMP with low and high glass transition temperatures to create
sequential responses upon exposure to temperature variations. The
printed stents deployed when heating in water to 90 °C. Wan et
al. [148] used DIW to fabricate a 4D shape-changing stent from
biocompatible poly(D,L-lactide-co-trimethylene carbonate) (PLMC).
The stent showed a restrictive shape recovery process within 35
s at 40 °C (Fig. 11c). Lin et al. [149] used FDM-based 4D printing
to create two types of personalized shape-memory vascular stents
with a negative Poisson’s ratio. The recovery ratio of the stents
was as high as 98% and the response time was only 5 s at 70 °C
(Fig. 11d). Zhou et al. [150] applied RMS-AM for the 4D printing
of a drug-loaded vascular PCL stent (Fig. 11e). The stent showed
good biocompatibility and mechanical properties that were com-
parable to commercial stents. Zhang et al. [151] demonstrated 4D
printing of a new SMP, named poly(glycerol dodecanoate) acrylate
(PGDA) with a transformation temperature in the range of 20 to
37¢°C, for potential application as geometrically adaptive vascular
stents. The printed stents showed shape memory properties, in-
cluding a large fixity ratio of 100% at 20°C, a large recovery ratio of
98% at 37°C, a stable cyclability of > 100 times, and a fast recov-
ery speed of 0.4 s at 37°C, making it suitable for vascular stents
and grafts in the human body environment (Fig. 11f). In 2021,
van Manen et al. [152] presented a single-step RMS-AM-based 4D
printing process for the fabrication of reconfigurable PLA stents
using a modified commercial FDM printer. Unlike all the preced-
ing studies, they demonstrated the possibility of producing deploy-
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able bifurcation stents by 4D printing that would otherwise be ex-
tremely challenging to create. The shape-shifting behavior could
be completed in 30 s at 90 °C (Fig. 12a). Kitana et al. [153] em-
ployed DIW for the 4D printing of a T-shaped vascular bifurcation
stent from shape-changing hydrogel layers (Fig. 12b). The achieved
stent diameters were comparable to those of native blood vessels.
The inner surface of the stents showed good biocompatibility with
HUVECGs. In 2022, Zhao et al. [154] reported origami-derived self-
assembly stents fabricated via FDM 4D printing from PLA. Origami
greatly increased the stent shrinkage ratio from 40 to 94%. The re-
covery ratio of the printed stents was > 85% and up to 97% at 60°C
(Fig. 12c).

By far, most of the 4D printed vascular stents have been at the
proof-of-concept stage. SMPs are the most commonly used materi-
als for the fabrication of 4D-printed stents. However, the recovery
temperature of normal SMP is still higher than the temperature
of the human body. The glass transformation temperature of SMP
must be further lowered in the future studies to make them viable
clinically. Furthermore, more vascular-stent-related properties need
to be evaluated in vitro and in vivo.

3.7. Post treatments

After fabrication, there are a series of post treatments that can
be applied to modify the microstructure and improve the mechan-
ical properties, surface characteristics, and biocompatibility of AM
stents. For LB-PBF metallic stents, high-intensity laser may cause
instability of the melt pool and a very high cooling rate, lead-
ing to increased porosity, significant residual stress, and high sur-
face roughness. Heat treatment may be applied to modify the as-
built microstructure and improve the mechanical properties of AM
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based copolymer stents recover to the original shape after heating [145], (c) the restrictive recovery process of DIW PLMC stents after heating [148], (d) FDM PLA stents
recover to the original shape after heating [149], (e) RMS-AM PCL stents recover to the original shape after heating [150], and (f) the deployment of DIW PGDA stents after

heating [151].

stents. For example, Finazzi et al. [155] found that the heat treat-
ment helped dissolve the precipitates present in the matrix of LB-
PBF NiTi micro-struts and provided the condition necessary for de-
sired superelasticity. Langi et al. [92] suggested that the mechani-
cal properties of LB-PBF 316L stents could be improved through a
heat treatment process during which the columnar microstructure
transformed into a fully equiaxed grain microstructure through re-
crystallization, accompanied by dislocation density reduction and
residual stress relief. Moreover, since surface roughness plays an
important role in the biocompatibility of AM stents, electrochem-
ical polishing, sand blasting, or manual grinding followed by pol-
ishing is needed to achieve a smooth surface finish. Demir et al.
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[87] reduced the surface roughness (Ra) of LB-PBF CoCr stent to
1.454+0.09 pm by means of electrochemical polishing. Langi et al.
[92] applied electrochemical polishing to LB-PBF NiTi stents and
decreased Ra from 8.45 pm to 5.96 pm. Paul et al. [156] investi-
gated the effects of microblasting on the properties of LB-PBF Fe-
30Mn-1C-0.025S stent. They found that microblasting with glass
beads and angular corundum particles reduced the stent Ra from
3.27 to 2.66 and 2.34, respectively, while higher concentrations
of Si-, Na-, Ca-, and Al-oxides were detected on the stent sur-
face that came from the blasting material. Meanwhile, both mi-
croblasted surfaces reduced SMC adhesion and change SMC mor-
phology compared to the as-built state, which may be benefi-
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Fig. 12. Advanced 4D printed vascular stents: (a) RMS-AM deployable bifurcation PLA stents [152], (b) the formation of bifurcation stents in the water through shape-
changing DIW hydrogel layers [153], and (c) FDM origami-derived self-assembly PLA stents and their bending performance [154].

cial regarding ISR. However, a further reduction of surface rough-
ness is needed to achieve an expected Ra value of < 0.5 pm
for biomedical applications. Also, the effects of surface treatment
on the mechanical properties and degradation behavior of AM
stents need to be further investigated. Similarly, for AM polymeric
stents, post treatments are also necessary to achieve good me-
chanical properties and smooth surface. For instance, VP stents
normally need a post curing process, such as extra UV irradia-
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tion [138] or heating [140], for better mechanical properties. Sur-
face treatment, such as chemical etching, may be applied to re-
duce the surface roughness of the as-printed polymeric stents.
Cabrera et al. [123] flattened the curved and nonuniform strut
profile of FDM TPC stent with chloroform. They also found that
the mechanical properties of the FDM TPC dog bone samples
were not affected by the chemical etching with chloroform for
60s.
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Table 2
The characteristics of the typical AM stents reported in the literature.
AM Materialtype  Stent thickness(um)  Support  Surface Post treatment Design
LB-PBF [89,95,103] metals >100 yes rough heat treatment, electropolishing c : ] EE% gé g\g
SLS [108,111] polymers >180 no rough spraying or dip coating . ‘.'
-vl
+ » soye
F ' I\ Vi
M]J [119,120] polymers >400 yes smooth support removal 1/
| }'I
FDM [123,125] polymers >400 yes rough chloroform treating or support dissolving
m
RMS-AM [127,130,131] polymers >60 no smooth - va ‘
~ g
\ ’
¥
RMS-DIW [134] polymers >124 no smooth - I “, '
. y!.o
HCLIP [138] polymers >150 yes smooth UV post curing
DLP [140] polymers >500 yes smooth UV post curing

4. Discussion
4.1. Stent design and manufacturing

An ideal stent should have high radial stiffness to minimize
elastic recoil and good axial flexibility to achieve conformal shapes
while being delivered through blood vessels and after deployment
to reduce the complications during and after implantation. How-
ever, these two requirements are often incompatible, since increas-
ing the radial stiffness normally decreases the axial flexibility of
the stent. Therefore, a trade-off is needed to balance these prop-
erties. The design of the stent structure has a strong impact on
the mechanical properties and should, therefore, be optimized to
balance these properties and improve the performance of stents.
Creative design ideas to reach the optimum balance between the
mechanical properties along radial and axial directions can be re-
alized using AM techniques. In addition, AM allows for fast iter-
ations when trying to optimize the design of the stent structure.
Moreover, it enables the customization of the stent geometry ac-
cording to the specific curvature of the target blood vessel. The
designs of vascular stent can typically be divided into two cate-
gories: 1. bridge type and 2. representative unit cell type. The de-
sired mechanical properties of stents can be obtained by adjusting
the design of the unit cell [157]. Recently, AM has been applied to
develop stents with different structures based on the diamond, ar-
row, and auxetic unit cells (Table 2) [87,96,128,139]. However, most
studies published to date seem to be of exploratory and proof-
of-concept natures study without detailed biomechanical analysis
beforehand. Moreover, most currently available studies do not ex-
ploit the full potential of AM techniques, as their focus seems to
have primarily been on prototyping cylindrical stents with ordi-
nary designs. There is, therefore, a substantial room to improve
and optimize the current designs. It is suggested that future stud-
ies use topology optimization to improve the mechanical proper-
ties of stents. Moreover, creative design concepts, such as origami
and kirigami, can be adopted to design AM stents [154]. 4D printed
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stents have appeared in the literature only very recently. Their de-
sign strategies need to be further developed so that the structure,
shape, properties, and functionalities of stents can be effectively
changed with time [152].

In addition to considerations regarding the performance of
stents, one needs to consider the effects of various design con-
cepts on the manufacturability of stents. While AM techniques can
generally handle complex geometries, manufacturability is also de-
pendent on the AM-processability of the required materials and as
well as the geometrical fidelity and surface roughness of the end
product. Densification and surface morphology of metallic lattice
structure, for example, depend mainly on the energy density ap-
plied during LB-PBF [158-160]. The quality of overhanging struc-
tures can be improved by preheating the substrate, optimizing the
scanning strategy, or adding surface-active elements, such as boron
and niobium to reduce the surface tension of melt pool during LB-
PBF [158]. There are currently no widely available AM techniques
that can satisfy all the requirements for the fabrication of vascular
stents. If a stent design involves large overhangs, a support struc-
ture is needed for most AM techniques (e.g., LB-PBF, FDM, M], and
SLA) (Table 2). When using these AM techniques, large overhangs
should be avoided whenever possible, because removing the sup-
port structure will inevitably affect the surface roughness and even
the structural integrity of the final product [161]. Design rules con-
cerning inclinations and feature dimensions need to be followed
to realize support-free stent fabrication [89]. Besides, RMS-AM can
print stents without a support structure. However, it is limited in
terms of the complexity of the printable unit cells. Therefore, in
addition to BJ [112] and SLS, where the powder bed acts as a sup-
port, additional support-free AM techniques need to be developed.
The availability of such support-free techniques would lead to an
even higher degree of freedom in the geometrical design of stents.

The selection of AM techniques is dependent on the materi-
als chosen for stents. In the literature, all AM metallic stents have
been fabricated by using LB-PBF to take advantage of its high en-
ergy density and printing resolution. B] may also be a choice for
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metallic stents as long as the sintering process can be optimized
to reduce the porosity and the shrinkage can be precisely con-
trolled. For polymeric stents, a variety of AM techniques have been
adopted, such as SLS, MJ, FDM, DIW, DLP, and SLA, depending on
the polymerization mechanisms. SLS and FDM are suitable for ther-
moplastic polymers such as PLA and PLC, while M]J, DLP, and SLA
require the resin to be photocurable.

Another important consideration in the design of stents is the
printing resolution. The minimum dimensions of the stent struts
are limited by the resolution of the applied AM technology. For
instance, common LB-PBF machines can only print metal struts
with a minimum thickness of 200 um, while dedicated LB-PBF ma-
chines operating in the pulsed laser mode or with a small laser
beam spot size can print struts with thicknesses below 100 pm
[162,163]. Recently developed high-precision AM techniques, such
as two-photon polymerization (2PP), allow for minimum feature
sizes as small as 100 nm [164]. Other AM methods with higher
printing resolutions need to be explored and developed for stent
fabrication. Up till now, AM stents have been developed mostly
for cardiovascular applications. Compared to cardiovascular ves-
sels, intracranial arteries are much more tortuous with a diame-
ter of only several millimeters in some cases [2]. Once such high-
resolution printing methods have technologically matured, patient-
specific stents with rationally designed unit cells will start to make
inroads into the fight against cerebrovascular diseases as well.

4.2. Mechanical properties

The mechanical properties of stents play important roles in de-
termining their effectiveness in the treatment of vascular lesions.
In addition to the radial force and bending flexibility, typical bench
tests for vascular stents include those required for evaluating their
conformability, radial elastic recoil, and axial foreshortening. Radial
force refers to the force generated by the stent which is applied to
the artery to resist compression. This force should be high enough
to integrate the thrombus into the blood vessel but not too high
to avoid damaging the tissue. Bending flexibility represents the ax-
ial bending capacity of vascular stents. Stents need to have good
bending flexibility not only because stents need to pass through
torturous blood vessels but also because they need to adapt their
shape to the curvature of the targeted section of blood vessels.
Conformability is the ability of the stent to adapt its shape to that
of the vascular wall. Stents typically need to match the shape of
the targeted section of blood vessels both in terms of the cross-
section profile and curvature. Proper function of stents, therefore,
requires sufficient radial force and bending flexibility. Radial elas-
tic recoil is an important property index for balloon-expandable
stents. After expansion, stents retract radially once the balloon is
deflated and withdrawn. The final diameter of a stent is, thus, de-
termined by its elastic recoil. Generally, minimum elastic recoil is
preferred. Axial foreshortening happens with the expansion of the
stent as a consequence of which the axial length of the stent de-
creases. Low foreshortening is desired, because a much-shortened
stent may lead to placement failure (Fig. 13a).

In addition to the stent material and design, the mechanical
properties of AM stents strongly depend on the stent quality. The
quality metrics of AM stents include strut density, fidelity, surface
roughness, inter-layer bonding, and anisotropy. Optimization of the
AM process, prior to the fabrication of vascular stents, is typically
the first step to take in order to achieve high quality AM stents. For
example, the process engineer must fine-tune the parameters of
the LB-PBF process, including laser power, scanning speed, hatch-
ing distance, and layer thickness [89] to meet the quality require-
ments. The optimization of AM processes is currently largely based
on the operator’s experience, making it time-consuming and cost-
ineffective. In-situ process monitoring and machine learning-based
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predictive models should, therefore, be incorporated into AM pro-
cess optimization [165]. In addition, new AM techniques must be
developed. puCLIP is a good example. As a variant of VP processes, it
allows for continuous building of stents and can avoid inter-layer
steps caused by layer-by-layer printing [166]. Moreover, post-AM
treatments need to be developed for the applied AM processes to
improve the mechanical properties and surface quality of the final
products.

In the majority of the studies published to date, researchers
have analyzed the radial force of AM stents. More comprehen-
sive mechanical characterization of AM stents needs to be per-
formed. In addition to static mechanical properties, vascular stents
experience physiological pulsatile contact pressures in arteries,
which may cause long-term high-cycle fatigue failure. Future stud-
ies should, therefore, also study the (corrosion) fatigue behavior of
stent. AM BRS stents are particularly susceptible to the effects of
both static and cyclic loading. That is because there may be sig-
nificant mutual effects between biodegradation process on the one
hand and the static and dynamic stresses developed in the stents
on the other hand. Quasi-static and fatigue experiments should,
therefore, be performed in physiologically relevant environments
to characterize the biodegradation-dependent mechanical proper-
ties of such stents (Fig. 13a).

4.3. Biological properties

AM stents should have excellent multi-faceted biological prop-
erties to be hemocompatible, to promote endothelialization, and to
avoid ISR and ST. Conventionally manufactured BMS are suscepti-
ble to thrombogenesis, restenosis, and hypersensitivity. BMS stay
permanently in the blood vessel and may act as a site for platelet
adhesion, leading to blood coagulation. Moreover, metallic ions re-
leased from stents (e.g., Ni ions) may cause allergic responses and
even genotoxic effects. Nickel-free metallic biomaterials are, there-
fore, suggested by some researchers [32] for producing BMS stents.
DES can inhibit hyperplasia of SMCs through drug eluting, while
the risk of late thrombosis is increased because of delayed heal-
ing and induced inflammation. BRS have been developed to fur-
ther improve the biological properties of vascular stents. Biore-
sorbable polymers are generally considered to be hemocompati-
ble, as their degradation products can be safely metabolized. On
the other hand, some inflammatory responses, which may be at-
tributed to the bulk-erosion behavior of polymers, have been re-
ported [167]. The bioresorbable metals that have been studied for
stent applications are among the essential elements of the human
body and are reported to promote tissue regeneration and to limit
SMC growth [168]. In addition, the biodegradation mode of metals
tends to be layer-wise and starting from the surface, which is dif-
ferent from the bulk-erosion behavior observed in many biopoly-
mers that could lead to unpredictable and sudden loss of their
mechanical integrity. Biodegradable metals, therefore, hold great
promise for application as stent material, as along as uniform, sur-
face corrosion is their primary mode of biodegradation in vivo.

Since AM stents are at the very early stage of their develop-
ment, most of the studies have not entered the stage of in vitro
cytocompatibility or hemocompatiblity tests. While some in vitro
studies, indeed, show that AM stents have good biocompatibility,
in vivo conditions may differ greatly from the in vitro ones. In ad-
dition to the material, the manufacturing quality, surface rough-
ness, and unit cell design can also affect the biological perfor-
mance of AM stents. For instance, Habibzadeh et al. [169] found
that electrochemical polishing improved the surface biocompatibil-
ity and hemocompatibility of 316L stainless steel, which could be
attributed to the decreased surface roughness and increased cor-
rosion resistance. Atapour et al. [170] compared the biocompatibil-
ity of the as-build and as-polished AM CoCrMo strut surfaces and
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Fig. 13. The mechanical, functional, and biological properties of AM vascular stents.

found higher bioactivity (adsorption of hydroxyapatite) and slightly
higher cell viability on the as-built surface, although there was no
statistically significant difference between these two groups. Future
development of AM stents should aim at achieving biomechanical
and physicochemical properties that are comparable to commercial
stents. They should also exhibit the required biological properties
in vivo (Fig. 13b). Furthermore, studies on surface modification and
drug-loading/release must be performed with the aim of improv-
ing the biological performance of AM metallic stents.

5. Conclusions

AM provides unprecedented opportunities for the development
of personalized biomedical devices. The recent progress in the de-
velopment of AM technologies has triggered many efforts to fab-
ricate vascular stents through different AM approaches and from
different materials. Almost all of the commercially used stent ma-
terials, such as bio-inert metals, bioresorbable polymers, and biore-
sorbable metals, have been applied to develop AM vascular stents.
Among the applicable AM techniques, LB-PBF is appropriate for
metallic stent fabrication, while SLA, FDM, DLP, and M] can build
polymeric stents. AM has demonstrated its potential advantage in
generating customized stents with unique unit cell designs, which
will lead to better conformability as well as improved crimping-
expansion performance. Moreover, some of AM stents have shown
good in vitro biocompatibility and mechanical properties that are
comparable to their commercial counterparts. Although AM stents
are still at the early stages of development, a clinical trial of FDM
polymer stents has been already performed. Obviously, many tech-
nological barriers are still present and need to be removed before
the clinical application of AM vascular stents.

6. Future directions

The future research directions to deal with the technological
barriers that have inhibited the clinical adoption of AM vascular
stents include the following:

(1) From the materials viewpoint, more AM-suitable biocompat-
ible materials need to be developed to broaden the reper-
toire of available materials for AM stents. For example, stents
made of biodegradable metals (e.g., Zn, Mg, and Fe) can
be developed using LB-PBF or BJ. Photocurable bioinks with
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high biocompatibility and mechanical properties can be de-
veloped by using VP. Moreover, functional drugs can be in-
corporated into the base materials of AM stents to enhance
their biological performance.

(2) From the manufacturing viewpoint, current AM processes
need to be further improved to realize desired strut thick-
ness, strut density, surface roughness, and mechanical prop-
erties of AM stents. For instance, the printing quality
can be further optimized based on the physical modelling
and machine learning guided parameter optimization. High-
resolution printing can be developed to fabricate vascular
stents with thinner strut thickness and better surface rough-
ness. More support-free AM techniques must be developed
to minimize the limitations imposed on the rational de-
sign of stents and to achieve a smooth surface. Post-AM
treatment is also very important for improving the surface
smoothness and mechanical properties of AM stents. Combi-
national surface treatments with electrochemical, mechani-
cal, and plasma polishing need to be developed to meet the
required roughness.

(3) More advanced AM technologies need to be developed and
applied to fabricate vascular stents with unique properties.
Multi-material printing and 4D printing must be adopted to
develop stents for some special conditions, e.g., bifurcated,
fragile, or atypical blood vessels.

(4) AM-enabled new designs will open new horizons for the de-
velopment of vascular stents. Creative design concepts (e.g.,
origami, kirigami, or auxetic designs) can be adopted for
the design of stents to achieve better conformability and
crimping-expansion behavior.

The success in the development of AM vascular stents also re-
quires systematic studies regarding their biomechanical and bio-
logical performances. With continued rapid progress in the devel-
opment of both AM materials and AM techniques, AM vascular
stents are expected to revolutionize the treatment of vascular dis-
eases in the coming years.
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