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Abstract. Shape memory polymers (SMPs) are smart materials that can alter their shape from a temporary shape to a permanent shape upon external stimuli. This unique property of SMP has shown enormous potential and breakthrough discoveries in biomedical engineering. A significant number of SMP based research publications in the recent past have demonstrated the researchers’ thirst to introduce SMP based devices to the biomedical fields. SMPs favour minimally invasive
surgeries and showed enormous potential in vascular stents. However, SMP-based vascular stents have not been realised to
date, indicating a lack of high-quality research outputs. Most studies either repeat or provide only minor extensions to
ongoing research.
This article reviews SMP materials used for vascular stent development and briefly introduces SMP, architecture, and history.
Followed by SMP vascular stent fabrication methods, responsive physical behaviour, the performance of the vascular stents,
limitations, and vitro and vivo clinical results. Finally, challenges and future directions of SMP vascular stents are identified
and highlighted.
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1. Background

this comprehensive review focused on SMP vascular
stents, and this will be highly beneficial to those who
emerge and want to use the potential of SMP in vascular stenting.

This review article is primarily focused on the research and development of shape memory polymer
(SMP) vascular stent from its initial invention to
date. Several databases were included in the search
strategy, including Scopus and Web of Science, to
ensure a comprehensive literature review. According
to the literature, most SMP researchers are focused
on stents and a higher number of publications were
seen between 2000–2010. However, the most published journal papers predominantly exchange views
about synthesis, specific advantages, and the future
impact on society. Moreover, consistent continuity
of SMP vascular stents was not observed. Therefore,

2. SMP analysis

The researchers were frequently used shape fixity
ratio (Rf) and shape recovery ratio (Rr) to quantify
and compare shape memory properties of SMPs and
shape memory polymer composites (SMPCs) [1]
(Equations (1) and (2)):
Rf =
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more sensitive to external triggering, which allows
the material to deform temporarily [21]. The temporary shape fixation is obtained by solidifying the
switching domain, which can be achieved through
chemical or physical changes.
SMPs usually exhibit one-way shape memory effect
(SME) and their composites might have two-way or
multiple-way SME [22]. When exposed to external
stimuli, one-way SMPs can switch from temporary
shape to permanent shape and the process is irreversible. Besides that, researchers were synthesised
one-way SMPs with more than one temporally shape
[23, 24]. At triple SME, the material can memorise
two temporary shapes and exhibit subsequent recovery at stimulus [25]. SME is a thermo-mechanical
function of material and it requires careful coordination of chemical synthesis and macroscale processing [26]. After SMP has reached the transition
stage, from the glassy stage to the rubbery phase,
SMPs failed to keep the same mechanical properties.
In order to better utilise SMPs’ potential, this dilemma ought to be addressed. Plenty of literature is
available on two way and multi-way SMPs, although
many applications have been developed with bidirectional reversibility [7, 10, 27].
SMPs reinforced with fibres to improve mechanical
and structural integrity [28, 29]. Carbon and glass
are the most commonly used reinforcement fabrics
in SMPs. Besides that, fillers and additives have been
used to enhance the modulus, strength, toughness
and flexibility of the SMP [30]. The addition of photothermal fillers and ferromagnetic particles (Fe3O4)
can trigger the activation mechanism of SMPs [5,
10, 31, 32].
Only a few SMP researchers have studied the reproducibility of their fabricated devices [33]. The variations of specific properties with time, particularly activation temperature and geometrical changes, could
raise questions about the performance of the devices
in the long term [34]. Another important factor is actuation time, which could depend on the application
and the material parameters [35]. To assure the product functionality, scientists defined several thermomechanical parameters such as Rf Equation (1), Rr
Equation (2) and many more [36]. However, research
into long-term behaviours, i.e. fatigue and creep of
SMPs was limited in the existing literature.
The rapid development in chemical engineering synthesis technologies improved the biodegradability
and biocompatibility of SMPs. The novel SMPs

(2)

For the Nth shape memory cycle (N > 1) with respect
to previous (N – 1) cycle, where θfixed is SMP/SMPC
measured bending angle, θmax is SMP/SMPC programmed bending angle, θi is SMP/SMPC recovered
bending angle.

3. General principle and architecture of
SMP

SMPs are polymeric materials that keep a memory
of their permanent shape and turn its physical shape
from a temporary shape to a permanent shape with
the application of external stimuli [2]. Most commonly, SMP is triggered by heat, electricity, magnetic field, moisture, chemical stimulus, microwave or
light but frequently seen thermal activation, either
directly or indirectly [3–15]. Among them, thermal
and solvent stimuli are prominent in biomedical applications [16–18]. Energy and molecular structure
theories are utilised to explain the shape memory
mechanism of SMPs [19]. The permanent shape has
low energy; thus, it is more stable. Above activation
temperature, SMP molecules are transformed into an
unstable high energy state and locked upon cooling
[16]. However, the molecular chains are preferred to
be in low-energy stable, permanent shape. Therefore,
the polymer network releases energy and returns a
stable, permanent shape beyond the glass transition
temperature (Tg) or melting temperature (Tm). From
a molecular point of view, the SMP network is incorporated with net-points and switchers (Figure 1)
[20]. The net-points associated with chain segments
that govern the permanent shape and switchers are

Figure 1. Molecular mechanism of the thermally induced
shape-memory effect Ttrans = thermal transition temperature related to the switching phase. Reproduced from [20] Copyright 2002. Wiley-VCH.
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have desirable features, such as large recovery ability, lightweight, superior processability and low cost,
which have generated enthusiasm among scientists
[37–39]. Researchers have made SMPs with activation Tg near body temperature by synthesising chemicals in different ratios. Additionally, many investigators have proposed SMP medical devices that can
be self-activated at body temperature [39–44]. Those
components can be used in minimally invasive surgeries (MIS), which can be deployed into the body
with a temporary shape. Upon the body thermal energy, the permanent shape can be recovered [45–47].
However, the biocompatibility and biodegradability
of the SMP should be proved before use in the human
body. The device functionality within the living organism, material stability, cytotoxicity, physiological
and cellular function was studied during biocompatibility assessments [36, 48]. Vitro and vivo are the
most popular and reliable two test procedures used
to assure biocompatibility [46]. In vitro, biological
properties are tested in a controlled environment
(test tubes) and primarily determine general toxicity.
In vivo testing, the materials are exposed to repetitive
mechanical loads and biochemical attacks, including
moisture, proteins, and enzymes. The test considers
the whole living organism; hence, it is a particularly
expensive and extremely time-consuming experimental approach. The key terminology and the most
recent terms related to biomaterials and biocompatibility were published in the 2018 Chengdu conferences [49]. Biodegradable and biocompatible SMP
fabricated implants reported less inflammation and
good healing response; hence, they remarkably reduced the severity of the patient’s life-threatening
risks, such as implant rejection [50]. The ISO 9001
and ISO 13485 biomedical product realisation guidelines were followed during the SMP product design
methodology introduced by the International Organization for Standards (ISO) [51]. The American Society for Testing and Materials (ASTM) has also introduced the F1635-11 protocol to assess biological
degradation, especially in polymeric surgical implants
in medical parts [52]. The potential SMP applications can be seen in general surgical, intravascular and
vascular, urogenital, ophthalmic orthopaedic and orthodontic biomedical fields [1, 28, 30, 51, 53–56].
However, the Food and Drug Administration (FDA)
or European standard (EN 556-1) approved devices
are hardly found in the biomedical field [55].
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Since the 1990s, shape memory alloy (SMA) based
biomedical devices have been commercially available. However, after 2003 widespread enthusiasm regarding SMP occurred due to breakthrough product
innovations such as surgical splints, soft-tissue fasteners and suture-anchor systems [46]. MedShape, USA
is one of the leading companies which produce these
products [51]. Many scientists committed their immeasurable time to accomplish these achievements.
At present, around the globe, research groups and
medical or healthcare industries are collaborating to
develop modern biomedical devices with maturing
SMPs technologies. The first successful polyurethanebased biodegradable and biocompatible material was
developed by Mitsubishi Heavy Industry (MHI) Japan
[57]. Following this, more research groups developed fundamental devices and models from SMPs
closely related to the biomedical field. Professor Andreas Lendlein is one of the SMP pioneers and developed different applications, including self-tightening sutures and ureteral stents. However, a limited
number of SMP vascular stents have been experimented with, and none of the devices has passed the
extensive certification process.

4. History and importance of SMP vascular
stents

Heart disease remains a leading cause of death and
morbidity among people worldwide. Myocardial infarction is due to insufficient blood supply or permanent blockage of coronary arteries in the heart,
mainly due to atherosclerosis. Biomedical engineers
found a solution to overcome this life-threatening
issue by discovering an object called a stent. A stent
is a tiny tube or circular lattice widely used to prevent narrowing of the arteries and maintain the required blood flow to the myocardium [36]. The stents
were most commonly deployed through balloon-expansion or self-expansion [58]. At balloon expansion, the stent was plastically deformed due to inflation of the balloon, on the other hand, during selfexpansion, the stent is deployed due to removed constrain forces or stimulus [59]. The first successful
vascular stent was invented by Sigwart and his research team in 1986, which was made of stainlesssteel mesh and later, it became a standard protocol
and was approved by the FDA in 1994 [53, 60]. Commonly stainless steel 316L, Tantlum, Nitinol (Ni-Ti),
Cobalt, Platinum and Iridium are used to manufacture
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developed stents were given the most attention because Venkatraman et al. [42] successfully experimented self-expandable bi-layered biodegradable
vascular stent using elastic memory polymers [51].
Following this discovery, the cardiovascular SMP
stents have developed rapidly, and surgical procedures were changed dramatically, with percutaneous
rather than open procedures. During this period,
stainless steel and polymer-coated metallic stents
have been replaced with biodegradable polymeric
stents [73, 76, 77]. The stents were fabricated with
top-down and bottom-up fabrication strategies including etching, micro-electro discharge machining,
electroforming, solvent casting, die-casting and
nowadays 3D-printing, laser cutting and braiding
[78–80]. However, on most occasions, SMP stents
were fabricated while wrapping strips around circular mandrels [42, 44, 69]. Moreover, most SMP
stents were fabricated with thermoplastic polymers,
and they were mostly self-deployed due to stimulus
and the performances were mainly governed by Tg,
cross-links, triggering mechanism, geometry and
programming conditions.
The overall summary of vascular stents can be classified by material, visual appearance and deployment methods which is shown in Figure 3.
In this structured review, the authors identified four
SMP families that have thoroughly researched vascular stents as illustrated in Table 1 with their activation method. Section 5, detailed SMP synthesis
process, vascular stent fabrication method, activation
method, thermo-mechanical properties, vitro and vivo
results and finally, progression to date. The majority
of SMP vascular stents will expand on SME. However, expansion may influence by the elastic deformation if the material has a higher elastic modulus.

vascular stents [35, 61, 62]. Despite the fact that metal
stents have been widely used in clinical practise,
there are many drawbacks associated with metallic
vascular stents, such as strong immune rejection, due
to high stiffness damage to vessel walls, high cost of
fabrication and clinical issues such as allergies with
Nickel and some impurities in the metal [63–68].
Several studies have been published to address the
existing issues due to rigidity mismatch in bare-metal
stents such as blood vessel damage, inflammation,
delayed endothelialisation, restenosis and thrombosis [35, 69–72]. As an immediate solution, Carbon,
Titanium–nitride-oxide, polymer-coated drug-eluting vascular stents were tested, and results were not
intensely satisfying the requirements [39, 73]. Due to
this reason, researchers have been continuously
working to find a permanent solution to replace traditional vascular stents. As a result, Duke University
of North Carolina launched a special cardiac catheterisation program in 1983 [74]. Most importantly, biodegradability avoids the second surgery to remove
implanted components and avoid undesired pain and
discomfort [37]. Moreover, the urgent development
of biodegradable vascular stents is more critical because permanent stents can cause more complications in future, such as neointimal hyperplasia and
restenosis [73, 75]. The important properties of drugeluting polymers are shown in Figure 2. Furthermore,

5. SMP vascular stents
5.1. PLA, PLLA and PGLA SMP vascular
stents

Figure 2. Polymer properties affecting drug-eluting stent
(DES) performance. Reproduced from [81] Copyright 2010. Current pharmaceutical design.

Tamai et al. [43] made poly-l-lactic acid (PLLA)
self-expandable helical springy coronary stents, which

Figure 3. SMP vascular stent classification.
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Table 1. SMP vascular stent materials and activation methods.
Material classification

Author

Material

Tamai et al.

[43] Poly-l-lactic acid (PLLA)

Sonawane et al.

[69] PLGA and poly-lactic acid (PLA)

Chen et al.

[83] Chitosan epoxy blend

Thermal

Wache et al.

[61] Polyurethane (PU)

Thermal

PLA, PLLA and PGLA based
PLLA, poly glycolic acid (PGLA) and polyethylene
Venkatraman et al. [42]
SMP stents
glycol (PEG)
Chitosan based SMP stents

Lauto et al.
Chen et al.

Baer et al.
Polyurethane based SMP stents

Duarah et al.
Zou et al.

[82] Deacetylated chitosan

[84] Chitosan-based epoxy, Sirolimus, and heparin

TPU, hexamethylene diisocyanate (HDI), N,N,N′[85] tetrakis(2-hydroxypropyl)ethylenediamine (HPED),
triethanolamine (TEA) and Epolight 4121
Hyperbranched polyurethane (HPU), carbon dot
[30]
(CD) and Ag nanohybrids
[86] Polyurethane and Fe3O4 nanoparticles

Gu and coworker
polylactide-base polyurethane (PLAU), Fe3O4
[31, 87] nanoparticles and oleic acid
Zeng et al.
Yu et al.

Xue et al.

PCL based SMP stents

Activation method*

Yang et al.

Boire et al.

Zheng et al.
Ajili et al.

[44] Poly(propylene carbonate) (PPC) with TPU

[35] Poly(ε-caprolactone-co-DL-lactide)/ PCLA

Light
Thermal

Magnetic

Thermal/Magnetic
Thermal

Poly(ε-caprolactone) (PCL), methylene diphenyl diisocyanate (MDI) and crystallisable microbial poly[47]
ester, poly[(R)-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (PHBV)
[88] PEG and PCL
[89]

PCL and poly(α-allyl carboxylate-ε-caprolactone)
(ACPCL)

[44] Poly(propylene carbonate) (PPC) and PCL

Thermal

[90] PCL and PU

Ansari et al.

[91] PCL and PU

Park et al.

[92] PCL and poly(glycidyl methacrylate) (PGMA)

Chasse et al.

Thermal

[52] PCL

had 0.17 mm strut thickness. The study aimed to investigate the feasibility, safety and efficiency of this
PLLA biodegradable stent. The stent was deployed
with a hot liquid balloon and the vivo preliminary
study showed that the stent took 0.2 seconds at 70 °C
temperature and 20 min at 37 °C. This higher temperature can affect and damage surrounding tissues.
The research group installed 25 stents in selected
15 patients and closely observed them clinically for
approximately around six months and no deaths were
reported. According to the literature, this was the

first successful polymeric stent installed in a human
body (Figure 4). It was believed that this breakthrough could be a better replacement for metallic
stents due to its biodegradability and delivery of locally administrated drugs.
To overcome higher activation temperature of the
Igaki-Tamai stent, Venkatraman et al. [42] developed a bi-layered, self-responsive near body temperature vascular stent with well-accepted biodegradable PLLA and poly glycolic acid (PGLA), polyethylene glycol (PEG) plasticiser (Figure 5) were

Figure 4. Image of the Igaki-Tamai self-expandable stent
made of PLLA. Reproduced from [43] Copyright
2000. American heart association.

Figure 5. Image of the bi-layer self-activation stent prototype. Reproduced from [42] Copyright 2005. Biomaterials.
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also developed. The overall thickness of the vascular
stent was maintained at 0.15 mm. The different configurations of polymer strips were cast with an automatic film applicator and dried in a vacuum chamber
around one week before it was cut into 2×70 mm2
strips. Then the strips were warped around different
diameter mandrels.
Venkatraman et al. [42] stated that the self-expansion
process is unique for helical design and it is proportional to the tensile modulus of the material. The
outer layer should have low Tg and lesser thickness
than the inner layer to increase the expansion rate.
Furthermore, Venkatraman et al. [42] studied bi-layered vascular stents consisting of higher Tg PLLA
and low mechanical strength PLGA 53/47. It was
found that the minimum recoil (36%) percentage occurred at thickness ratios of PLLA/PLGA:0.08/0.07
within 8 min at 37 °C water. More importantly, PLLA
single layer stent took 15 days to fully recover at
37 °C, suggesting an extremely higher temperature
such as 70 °C for efficient use of the Igaki-Tamai
stent.
As a further improvement, Sonawane et al. [69] used
the solvent casting method to fabricate SMP self-expandable stent with PLGA and poly-lactic acid (PLA)
biomaterials. The polymers, PLA and PLGA were
mixed and the synthesised SMP helically wrapped
around the glass mandrel and the drug was loaded.
Based on self-expandability, a 3:2 ratio of PLA to
PLGA polymer composition with 0.25 mm thick
stent was given an optimum. Differential scanning
calorimetry (DSC) results verified no physio-chemical reaction between drug and stent polymer materials. Additionally, field emission scanning electron
microscopy (FESEM) images have confirmed the
presence of drugs on the vascular stent surface. Furthermore, platelet and bacterial adhesion tests were
conducted to assure biocompatibility and biodegradability of the stent hemocompatibility.
A Goat vessel was used to conduct a vivo experiment, and a considerable increase of stent diameter
was observed while decreasing stent length (Figure 6).
During the demonstration, the goat vessel was kept
at 37 °C, which is closer to body temperature. Additionally, Sonawane et al. [69] evaluated the tensile behaviour of bare and drug-loaded stents and found
that both stents can hold up to 500 g and did not
show a significant variation of mechanical strength.
The vascular stent was specially checked for bacterial
907

Figure 6. Images of (a) original diameter of polymeric stent
after insertion into Goat vessel, Ex-vivo behaviour
of stent (b) 1 min, (c) 3 min, (d) 5 min. Reproduced from [69] Copyright 2017. Artificial Cells
Nanomedicine and Biotechnology.

adhesion and found that the antibacterial effect is essential to avoid biofilm formation.

5.2. Chitosan vascular stents
Researchers have conducted experiments on chitosan-based self-expandable stents over the last
decades. Thermal, elasticity, biocompatible, antimicrobial and homeostatic properties have increased
researches interest on chitosan stents [83, 93]. As a
preliminary experiment, Lauto et al. [82] helically
wound a 0.055±0.005 mm thick film around a cylindrical rod and made a deacetylated chitosan (4% w/v)
vascular stent. The stent was tested with Wistar rats
and no granuloma was observed after two weeks in
situ. The stent self-expanded over 50% for its initial
diameter within 3 min, and the expansion process
was irreversible. The implantation should be quick
to avoid expansion prior to appropriate positioning.
Further, Chen et al. [83] developed an epoxy eluded
blended chitosan novel SMP vascular stent. During
the mechanical testing, the Chitosan stent endured
up to 30% of deformation and, most importantly,
managed to recover its initial shape simultaneously
compared to a metallic stent that tolerated only 10%
before becoming irreversible. Another key challenge
was maintaining collapsed pressure in the stent. The
measured collapsed pressure 2.18±0.16 bars, and it
was significantly higher than the required level. The
stent swells in an aqueous environment and recovered permanent shape within 150 seconds in 37 °C,
which was significantly fast shape recovery compared
to findings of Tamai et al. [43] and Venkatraman et
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in a rabbit’s abdominal aorta and did not observe any
thrombus formation during the clinical examinations. However, frequent exposure of blood cells to
foreign body parts can cause thrombus formation,
restenosis, platelet adhesion and blood coagulation
[94]. Hence the neutral behaviour of implanted body
parts is essential for effective functioning. Therefore
chiton-based materials are better and suited for implanted artificial devices. Additionally, vitro results
have proved that heparin coating reduced the risk of
platelet adhesion and blood coagulation.
As a continuation of previous research, in 2008, Chen
et al. [84] developed a chitosan-based epoxy crosslinked sirolimus-eluting hydrophobic heparin-coated
biodegradable SMP vascular stent. The uniformly
0.10±0.001 mm thicken chitosan film was cut into
100×1.2 mm2 and wound on 3 mm diameter mandrel
before immersed in an epoxy compound, as shown
in Figure 8. Finally, it was rinsed with Phosphate
Buffered Saline (PBS) solution to remove residual
cross-linking and was allowed to dry. During the drying process, the stent was shrunken and returned to
a temporary shape and this allowed it to be implanted through small incisions in narrow arteries and recover its permanent shape by hydration. Mechanical
stability of the stent was verified, and Chen et al.

Figure 7. Images of the shape-switching process, which is
reversible and controlled by hydration or dehydration of the cross-linked stent. Reproduced from
[83] Copyright 2007. American Chemical Society.

al. [42] It has been seen that ideally, self-expansion
time should not be more than one minutes to prevent
migration after implantation [30, 42]. Moreover,
Chen et al. [83] made their stent of a hydrophilic material; hence, the recovery process was enhanced in
the aqueous environment while PLLA, PLGA based
stents needed to be stimulated thermally (Figure 7).
The vascular stent was fabricated to fit the rabbit artery and the stent to artery diameter ratio was maintained about 1.1~1.2 to prevent unnecessary migration after deployment. Before implantation, the vascular stent was coated with heparin to avoid thrombogenicity and sterilised with ethylene oxide. The
developers successfully implanted the vascular stent

Figure 8. Schematic illustrations of the development process of the sirolimus-eluting polymeric stent and the deployment of
the stent in an artery via a French sheath in the animal study. Reproduced from [84] Copyright 2008. Biomaterials.
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over 150 hours. Maximally the vascular stent can be
loaded with drugs 35% by weight in a 30 mm long
stent. There is more room for improvements in
Wache et al.’s [61] vascular stent, such as lowering
activation temperature, quick expansion, and improving its mechanical properties.
The next generation polyurethane vascular stent was
fabricated Baer et al. [85], which can trigger using
laser light. TPU pellets were obtained from MHI
Japan and dissolved in organic tetrahydrofuran (THF)
liquid. The stainless-steel pin was dip-coated multiple times in THF solution to obtain uniform thickness and vacuum dried at 50 °C for 24 hours to avoid
air bubbles forming while curing. Before removing
the SMP stent from the stainless-steel pin Baer et al.
[85] have used laser light to etch the required pattern.
After that SMP stent was doped in Epolight 4121
platinum dye to embed laser active monomers to deliver thermal energy uniformly. An optical fibre was
covered with 5 mm coaxial SMP foam and inserted
into the SMP stent. The foam was synthesised with
hexamethylene diisocyanate (HDI), N,N,N′-tetrakis(2hydroxypropyl)ethylenediamine (HPED), triethanolamine (TEA) and Epolight 4121 to make sure activation upon laser energy [97]. During thermo-mechanical analysis, DSC results showed that foam Tg
was around 40 °C and can be tailored from 30 to
86 °C by varying the HDI, HPED and TEA chemical
composition or changing the stent fabrication methodology [98, 99]. Nevertheless, foam Tg should not setup
below body temperature to avoid self-activation during implantation. The foam was encompassed inside
the vascular stent to canter the laser diffuser, improve light scattering and to reduce the convective
cooling. In zero flow conditions, laser power varied
from 0 to 8.6 W with 1 W increments and the stent
took 6.3 min to activate. However, the stent managed
to expand about 60% during the physiological flow
at 180 ml/min. The time taken for activation was too
long compared to other SMP vascular stents, and continuous supply of laser power was required during
the activation. Another drawback was laying fibre
optic cable up to the surgical location. Therefore, the
authors have suggested that to use this stent in larger
vessels such as internal carotid. On the other hand, unlike other SMP vascular stents, this can expand upon
external triggering. Rapidly increased laser power or
a constant power over a period of time reduces the
actuation time. A rapid expansion of the stent was
observed at the tip of the fibre optic due to higher

[84] revealed that 85% of the cross-linked sample
had achieved the best mechanical properties. According to vivo results, the drug release rate remained
constant and can be controlled with the outer heparin
layer. The reduction of drug release rate delayed arterial healing and may lead to late thrombosis development. Hence the optimum drug release rate needs
to be investigated in future experiments. After one
month of clinical examinations, results verified that
none of the stents migrated in animals’ infrarenal abdominal aorta. Hence it was concluded that proper
expansion had taken place during the deployment.
According to literature, sirolimus reduced migration,
delaying healing and reduced neointimal formation
as well [95]. Therefore, during SMP vascular stent
fabrication, careful consideration of other affected
parameters are more crucial to improve reliability.
Further, Chen et al. [84] discussed the optimum time
span for biodegradable vascular stents before totally
deterioration with enzymatic reaction. It was found
that the strength should remain more than six months
in humans’ bodies to achieve optimum medical requirements [96]. Chen et al. [84] identified crosslinking may affect the degradation of the stent and
further investigation will be required before applying
it to humans. The proposed stent has shown a greater
potential and one of the best vascular stent designs
found in the literature; however, after Chen and coeorker [83, 84], researchers’ interest in chitosan stents
has sharply declined.

5.3. Polyurethane vascular stents
Polyurethane materials are being used frequently for
biocompatible SMP material development. A thermoplastic polyurethane (TPU) based SMP vascular stent
was developed by Wache et al. [61] and it was a turning point in the history of SMP based stent development. Injection moulding and extrusion processes
were used in the manufacturing process. In pre-trials,
axial deformation of the polyurethane stent was
more than 200%. During the activation, the diameter
of the vascular stent was increased by approximately
100%. Hence, Wache et al. [61] mentioned the importance of finding optimum elongation and recoil parameters. The activation temperature of the stent was
between (80–120) °C, which was a significantly high
range for biomedical applications. The drugs were
loaded into the vascular stent during the manufacturing process. The study revealed a 10% drug loaded
stent’s release rate with three different active agents
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concentrated light density. The surrounding fluid
temperature remained relatively constant during the
actuation, which reduced severe damage to surrounding tissues. Despite that Baer et al. [85] proposed
further optimisation and performance enhancement
can be carried out by adjusting the laser power and
dye concentration which is more favourable to
blood. The vascular stent was not tested for biocompatibility even though the study claimed it was a
breakthrough of the laser-triggered stent development process.
Hyperbranched polyurethane (HPU) was synthesised with biocompatible carbon dot-silver (CD-Ag)
nanohybrid in different weight ratios by Duarah et al.
[30] and fabricated a rapid self-expanding infection
resistant vascular stent. The carbon dots rich with
polarised carbon particles can make strong polymeric bonds within a matrix. Therefore, the resultant polymer has excellent mechanical properties [100]. Further, carbon dots are extensively researched in many
biomedical applications due to their unique properties, such as solubility and optical properties [101].
In contrast, the carbon dot has been seldomly used
in vascular stent applications even though it has
higher degradation and fatigue failure time. During
their experiments, Duarah et al. [30] have made three
primary stents, particularly HPU/CD, HPU/AG and
HPU/CD-Ag and thoroughly investigated them using
experimental methods (Figure 9). A significant performance enhancement was observed in mechanical

and thermal stability with 5% nanohybrid materials
in the HPU/CD-Ag stent due to strong H-bonding,
covalent bonding and polar-polar interactions between nanohybrids and HPU chains.
Further, SMP behaviour was measured with time and
has shown a higher percentage of Rf and faster Rr
within a tiny (37±1) °C temperature range due to
crystallinity improvement in the nanohybrid matrix.
It has been shown that the self-expandability was increased with CD nanohybrid. In addition, CD nanohybrid added HPU/CD-Ag vascular stent has expanded to maximum limits within 20 seconds due to
the higher heat absorption capacity of the material.
More specifically, the vascular stent has self-expanded (>99%) diameter from 3.45 to 5.40 mm within
20 seconds.
HPU/CD-Ag is used with an optical density method
to investigate bacterial resistance and results have
proved maximum antibacterial activity and reduction
in the growth of E.coli and S.aureus. It may form
biofilm inside the stent during antibacterial growth;
However, a limited number of researchers reported
biofilm formation. Gwon et al.’s [102] antibacterial
cefotaxime-eluting vascular stent could not avoid
biofilm formation. However, silver nanoparticles
(AgNps) successfully resist and address biofilm formation in vascular stents, but only a few papers were
found on this. Because of the limited evidence, HPU/
CD-Ag based vascular stents have higher demand
among the SMP researchers.

Figure 9. Images of Self-expansion behaviour of HPU/CD-Ag5 stent. (a) Original shape, (b) shape after removal of the mechanical force; shapes after (c) 10 s and (d) 20 s at 37±1 °C; and (e) final expanded shape after 20 s at 25 °C. Reproduced from [30] Copyright 2016. Biofabrication.
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Duarah et al. [30] has developed a polyurethane vascular stent which can be activated by a thermal stimulus. However, polyurethane with Fe3O4 nanoparticles (NPs) allows scientists to activate stents magnetically. Recently, Zou et al. [5] have developed an
SMP material that can trigger electromagnetic radiation. This new material was prepared using the solution casting method and composed of commercially available PU and Fe3O4 NPs and oleic acid (OA).
Fe3O4 was used to improve the dispersibility of the
compound material. According to DSC results, the
transition temperature was matched with Tm, 42 °C.
Rf and Rr were not affected with added NPs until
they reached 20% by volume fraction and after that,
a slight variation was noticed. Further, 1% NPs contained film recovered its permanent shape within
30 seconds and 20% NPs took only 9 seconds. Recovery time and amount of required magnetic radiation
decrease with increasing NPs. Yakacki and coworker
[40, 103] have synthesised methyl methacrylate
(MMA) and poly(ethylene glycol)n dimethacrylate
(PEGDMA) reinforced with Fe3O4, which can activate remotely by magnetic radiation. However, the
Tg was significantly higher for biomedical applications. In a separate study, Gu et al. [31] have enhanced
magnetic responsiveness by synthesising polylactidebase polyurethane (PLAU) with Fe3O4 reinforcement
and additionally, OA was used to assure homogeneity of Fe3O4 NPs. Gu et al. [31] made samples with
different Fe3O4 rations 0, 3, 6 and 9% and found

those samples took 15, 19, 14 and 11 seconds to recover permanent shape, respectively, at 55 °C. Moreover, in the same study Gu et al. [31] recovered samples within 60, 35 and 24 seconds by altering the
magnetic field alone. In addition to that, Gu et al. [87]
obtained poly(lactide-co-caprolactone) based polyurethane (PCLAU) synthesising PCLA with polytetramethylene ether (PTMEG) and hexamethylene diisocyanate (HDI). The PCLAU/Fe3O4 dual-induced
self-expandable shape memory polyurethane nanocomposites was obtained by adding an appropriate
amount of Fe3O4 into the reactant mixture that operated at 40 °C just above body temperature (Figure 10)
[87]. The Tg was adjusted using lactic acid (LA)/
caprolactone (CL) molar ratio and the ratio of 9:1 to
set Tg around body temperatures [23]. To activate two
methods, nano-Fe3O4 was introduced to the PCLAU
matrix; it has been found that the inclusion of nanoFe3O4 has not influenced the Tg of the composite.
The amorphous PCLA showed an onset of Tg around
33 °C. However, nanocomposite has shown slow recovery around 37 °C, and a faster dual-responsive recovery was observed around 40 °C body temperature.
Moreover, Fe3O4 embed nanocomposite showed almost 100% Rf and more than 82% Rr during thermomechanical cycles. In vitro degradation, cracks were
initiated after 3 weeks, and 67% weight loss was
recorded after 13 weeks of implantation.
Zeng et al. [104] fabricated the most recent body temperature triggered SMP vascular stent by melt blending

Figure 10. Images of the (a) permanent shape of the stent, (b) shape recovery procedures of the stent in a 40 °C water bath,
(c) in an alternating magnetic field, (d) in a 37 °C water bath. Reproduced from [87] Copyright 2017. Applied
polymer science.
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followed by expansion into the second position and
third contracted shape that facilitates the removal of
the stent later. Bellin et al. [24] analysed the thermomechanical properties; however, essential biomedical
requirements were not discussed. Hager et al. [2]
presented a list of triple and multiple SMPs but further studies on triple SME polymeric stents are limited in the existing literature.
Yu et al. [35] further studied the properties of PCL
and found that the degradation was exceedingly over
14 weeks and therefore limited in clinical applications. Due to this reason, Yu et al. [35] have chosen
biocompatibility and biodegradability verified popular poly-DL-lactide (PLA) homopolymer to improve properties of PCL. The proposed new polymeric material was synthesised with ε-caprolactone
(ε-CL) and DL-lactide (DL-LA) with 10/90 weight
ratios. The ring-opening copolymerisation technique
was used to synthesise, and the new material was
named poly(ε-caprolactone-co-DL-lactide)/PCLA.
The PCLA material properties were compared with
commercially available metallic (Ni-Ti alloy) stents,
and nearly equal mechanical strength was observed.
Further, Yu et al. [35] noted that compressive strength
unexpectedly increased with the degradation. The
vascular stent was triggered at 37 °C and the geometrical length was 13 mm and the inner and outer diameters were 28 and 30 mm, respectively. During
vivo experiments, the vascular stent was implanted
in a dog’s oesophagus through a minimally invasive
technique (Figure 11). Before the procedure, the
dogs were kept inside (20–22) °C environmental
temperature for around 12 hours to lower the body
temperature. The surgical team managed to finish implantation within 5 min and 30 seconds. The frequently observed endoscopic results were verified
that the stent prevented restenosis before slipping
into the stomach. The smoother stent surface and
bigger oesophagus were identified as the main reason for the slippage.
Xue et al. [47] has proposed a faster self-expandable
vascular stent containing three arms of poly(ε-caprolactone) (PCL) as switching segments together with
MDI and crystallisable microbial polyester, poly[(R)hydroxybutyrate-co-(R)-3-hydroxyvalerate] (PHBV)
as hard segments]. The PHBV offered adjustable
mechanical and thermal properties in the hard segments, while three PCL arms improved chain flexibility to stand switching temperature around (39–
40) °C [105]. The stent actuated with Tm was rapid

amorphous poly(propylene carbonate) (PPC) with
elastic TPU. The tailored PPC has improved ductility,
recovery speed, Rr but low Rf. The most optimal properties were obtained with 50% of each PPC and TPU
and named PT50. The 1 mm, thick PT50 film was
wrapped around a cylindrical glass rod, and a spiralshaped vascular stent was fabricated. The vitro experiment was performed inserting 2.8 mm diameter vascular stent into a 7 mm diameter silicone tube. The
silicone tube was immersed in a hot water bath. The
temperature of hot water was maintained around
37 °C and within 20 seconds, the vascular stent obtained a silicone tube diameter. The quick response
of PT50 has proved suitable as a stenting material.
Further, Zeng et al. [44] conducted blood and cell
compatibility of the designed stent and have shown
a great potential of PT50 in stent applications.
Schreiber et al. [80] used novel braided technology
to fabricate polyurethane SMP stent. The Tg of the
SMP was between 70 to 150 °C and the radial resistance force of 0.08 N at a compression of 1 mm. The
experimental compression results revealed heat-treated braids improved the radial stiffness and were competitive with other SMP stents. Additionally, Kim et
al. [76] analysed polyurethane braided SMP stents'
mechanical properties and showed gradual expansion respect to body temperature.

5.4. PCL vascular stents
PCL is the most widely used SMP in biomedical vascular stent applications. However, the PCL Tm is
around 60 °C and difficult for human tissues to withstand that temperature. The PCL’s relatively low
strength was increased by mixing different co-polymers and hard segments such as PLA, methylene diphenyl diisocyanate (MDI), PCPCL, and PPC. Bellin
et al. [24] reported that triple SME stent initial shape
to second shape transition was fixed by physical
cross-links and second shape to third shape transition
derived by covalent cross-links. The initial two shapes
were defined through thermomechanical programming and net-points defined the final shape of the
stent. Three triggering temperatures are as follows
20, 40 and 60 °C. The polymer structure is divided
into two networks. The first polymer network named
MACL consists of poly(ε-caprolactone) (PCL) and
poly(cyclohexyl methacrylate) (PCHMA). The second network, called (CLEG), consists of PCL and
Polyethylene glycol (PEG). The triple SME, allowed
to insert vascular stent in a compressed shape and
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Figure 11. The schematic illustration and the endoscopic photos showing the process of shape memory recovery of PCLA
stent implanted in the dog’s esophagus. Reproduced from [35] Copyright 2011. Science+Business Media.

and sharp, unlike the Tamai, Venkatraman stent models with a broad Tg range. Hence Yang’s stent has
shown a fast response and completed self-activation
within 25 seconds in the body fluid environment.
The cyclic thermo-mechanical tensile test results
have concluded that hyperbranched PCL stent had
higher Rf due to higher chain fixing ability against
slippery. Similarly, the Rr i.e. proofed self-expansion
ability of the vascular stent was experimentally evaluated. Finally, Xue et al. [47] have concluded that the
hyperbranched PCL has shown remarkable switching
ability and low stent triggering temperature.
In further development, Yang et al. [88] manufactured a thermally induced shape memory dual drugeluting biodegradable stent by cross-linking PEG
and PCL co-polymers (Figure 12). PCL is highly
durable in a neutral environment which has a life time
around two years; however, PEG incorporated polymer chains improved the degradation properties and
improved the usability of co-polymer [106]. In addition, the reduction of crystallinity extensively has
caused a significant drop in the melting temperature
of the co-polymer. The proposed stent by Yang et al.
[88] has addressed two major drawbacks of the current stents. The Yang’s stent underwent a major geometrical transformation with external thermal stimuli.

Figure 12. Images of shape-memory effect of a cross-linked
PEG-PCL_6040 stent. (a) Permanent shape of the
stent, (b) temporary shape of the stent, (c) recovery to the permanent shape. Reproduced from
[88] Copyright 2013. Applied Materials & Interfaces.

The stent can provide two different drugs to the bloodstream, unlike well-known Igaki-Tamai, Venkatraman,
Chen and Yang vascular stents. This may prevent initial platelet adhesion and thrombosis formation. Interestingly, a temporary flat-shaped strip will secure
a permanent spiral shape upon exposure to thermal
energy from the body at 40 °C within 10 seconds and
has shown Rf and Rr > 99% and > 90%, respectively.
Yang et al. [88] have concluded that the increased
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PCL portion in the composite result higher Rr and
faster recovery time. The vascular stent degradation
studies were carried out experimentally for both stationary and under flow conditions and observed a
weight loss of the specimen. After two months, the
stent has lost 47% weight without showing any corrosion or structural deformations. Hence Yang’s vascular stent has shown greater potential for application in minimally invasive treatments.
New thermo responsive SMP was synthesised by
Boire et al. [89] in 2015 and has demonstrated robust, facile and readily tuneable SMP properties. The
SMP was mainly PCL and poly(α-allyl carboxylateε-caprolactone) (ACPCL). PCL has shown comparable properties for vascular stenting applications.
Most researchers frequently used this material as a
base for new material synthesisation. However, Tm
of the material is (>50 °C), which is unsafe for body
cells, but Boire et al. [89] have managed to reduce
the triggering temperature down to 37 °C. It has been
shown that triggering temperature can be fine-tuned
by varying molecular weight and gel content. A vivo
study was conducted with A/J mice thigh muscle
closer to femoral artery vein with one end closed. A
89% PCL and 11% ACPCL co-polymer with a 1.5 cm
length and 1.2 cm outer diameter SMP circular stent
was implanted and kept for two weeks before further
investigations. Boire et al. [89] observed successful
cellularisation and fibrotic tissue formation during
the investigation. However, they have concluded that
long term vivo studies and further experiments will
be required before human use.
The research data from the recent past clearly have
shown that scientists have overcome the remaining
problems of control activation temperature of PCL
based SMP vascular stents. Most of the developed
vascular stents are triggered near body temperatures.
Another biocompatible and biodegradable self-expandable vascular stent was developed by Zheng et
al. [44] using the melt blending method. Most popular biomaterials, poly (propylene carbonate) (PPC)
and polycaprolactone (PCL), were used during the
fabrication process [107]. The PPC was melt blended
with required PCL proportions through a twin-screw
extruder and hot-pressed into a 0.8 mm thin film.
Additionally, 5% by weight of antihypertensive drug
Metoprolol tartrate (MPT) was also introduced to the
melt blend before it went through the extruder. DSC
results have verified semicrystalline PCL and amorphous PPC having a single melting peak at 57 °C and
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single Tg 33 °C, respectively. The blended composite
recorded both Tm and Tg although increasing PCL
concentration slightly increased Tg while Tm remained
constant. On the other hand, the addition of PCL declined the Rf and increased Rr. Hence shape memory
performance of the material depended on PCL volume percentages. The optimal Rr and Rf achieved at
25% volume percentage of PCL and new material
was named as PL-25. Most importantly Tg of PL-25
was closer to body temperature which makes PL-25
was a successful candidate for fabricate vascular
stent. According to Zheng et al. [44] experimental
results, the vascular stent was submerged in 37 °C
water and original shape was recovered within 15
seconds (Figure 13). The recent results have improved considerably in triggering time and temperature compared to the initial stent properties. Blood
compatibility was analysed during the vitro experiment for platelet adhesion, clotting time, and platelet
activation tests with human blood plasma. The MPT
drug release rate of the vascular stent was impressive. The initial eluting rate was approximately 22%
within the first five days, which is a relatively high
value. Afterwards the stent showed a linear slower
rate and almost 60% of the drug was eluted within
two months. Comparatively, the vascular stent made
by Guo et al. [108] had a long-term drug release period. According to the vitro results, PPC degrades
faster than PCL due to PPC’s amorphous structure
and low Tg. Zheng et al. [44] found that the mass
loss of the vascular stent was controlled by the ratio
of PCL to PPC by weight. Hence increasing the ratio
of PLC, it was possible to enhance the degradation
time, which can provide excellent structural stability
for an extended period.

Figure 13. Images of the shape memory cycle of the PL-25
stent recorded by a digital camera. Reproduced
from [44] Copyright 2017. Applied materials &
Interfaces.
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SMP vascular stent development moved into a new
direction after PCL and PU based stents were made
with the melt blending method by Ajili et al. [90].
Due to PCL and PU, biocompatibility and biodegradability Ajili et al. [90] had a higher expectation to
avoid most of the drawbacks remaining in vascular
stent development. For example, human tissues are
not able to withstand PCL’s higher melting temperature (~60 °C); however, they have found that the
transition temperature decreased with the PU content
increased [109]. Due to this reason, PCL was introduced to PU melted chamber before it passed through
the compression mould. According to thermomechanical results, the optimum properties were obtained with PU/PCL:70/30 by weight ratios and Tg
was found around 37 °C, which proved the stent’s
functional temperature closer to body temperature
(Figure 14). The performance of the vascular stent
was evaluated in the human femoral vein, which has
a reasonably large nominal diameter. The stent had
sufficient hoop strength to expand the vessel, as
shown in Figure 14. The study conducted in vitro in
human bone marrow mesenchymal stem cells
(HBMSCs) has proved the biocompatibility of vascular stents by supporting cell adhesion and proliferation. Further, Ajili et al. [90] have shown much
confidence that their research would be ground-breaking discoveries for the future generation of SMP vascular stents.

Most researchers experimentally validated their
specimens by subjecting them to simple axial loading, but behaviour under torsional loading was rarely
observed [39, 44, 110, 111]. In early 2018, Ansari et
al. [91] experimentally studied PCL and PU combined material properties with combined tension-torsional loading. In contrast to Zheng et al. [44] and
Ajili et al. [90] Ansari’s group mixed and blended
the materials. In-depth thermo-mechanical experimental data analysis revealed that the blend mixing
method has caused higher storage and loss modulus
than melt mixing techniques [44, 91]. The Dimethylformamide (DFM) was heated to 70 °C and mixed
with PU for around 12 hours before adding PCL.
The homogeneous solution was kept in the vacuum
oven at the same temperature for 8 hours until DFM
evaporated and cast into a 0.4 mm thick sheet. To investigate the effect of moisture during biomedical
application and maintain a uniform heat transfer rate,
SME was experimented with inside a water bath
[112]. The material was pre-stretched up to 25% at
a 10 mm/min rate at 60 °C temperature. A torsion load
was applied in the combined loading experiment
until the material strip achieved 720° rotation and
pre-stretched to 25%. The torsional and tension load
rates were 45°/s and 5 mm/s at temperature 60 °C
and both loads were applied subsequently. The heating rate greatly affected the recovery finish temperature (RFT) [113]. Further, Ansari et al. [91] observed that the pre-stretch and recovery start temperature (RST) have an inverse relationship and the
RFT was relatively similar in all the samples. Higher
pre-stretch affected Angle recovery and normal
strain recovery was affected by higher pre-torsion in
combined load cases. The measured transition temperature was dominated by PCL crystals in the blended sample and was observed in the range of (42–
68) °C. This temperature range was significantly
higher for biomedical applications. Moreover, by altering pre-stretch and deformation temperature (Td),
it was possible to control RST and maximum recovery of the strip. Hence, Ansari et al. [91] concluded
that setting up Td at 40 °C can be used to manufacture sensitive biomedical devices such as vascular
stents. Ajili et al. [90] and Ansari et al.’s [91] research
were based on PCL and PU materials. The research
outcomes are not providing in-depth knowledge
about the performance of the materials as Ansari et
al. [91] focused more on pre-stretch and pre-torsion
recovery behaviour. Continuing with the original

Figure 14. Images of the proposed screw stent made of PU/
PCL (70/30) blend (a) in a segment of femoral
vein removed from the leg of a patient (b) stent
in temporary shape (a screw with very small diameter) over a delivery instrument (c) recovery
step of the SMP stent delivered into the segment
of 4 mm ID human femoral vein containing body
temperature water at 37 °C (d, e). The filament
diameter of the stent is 800 µm. Reproduced
from [90] Copyright 2009. Acta Biomaterialia.
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work, Ansari et al. [114] further studied PU/PCL
SMP tabular stent under radial compression and radial force recovery (Figure 15). Ajili et al. [110] studied a melt-mixing and solution mixing method to
fabricate vascular stents with the weight ratio of
PU/PCL:7/3. In the previous experiment, Ansari et
al. [91] has not provided the details of PU type.
However, in the current analysis, two types of PU,
LARIPUR 107-93A and LARIPUR 2102-85AE have
been used as hard segments with Young’s modulus
9.0, 4.3 MPa, respectively. During the analysis, shape
memory behaviour was not observed in LARIPUR
107-93A due to the high elastic modulus. In the angle
recovery test, melt-mixed samples have better performances due to their lower storage and loss modulus than other solution–mixing samples. During thermomechanical testing such as dynamic mechanical
analyser (DMA), Ansari et al. [114] found that relaxation was highly dependent on the diameter/thickness ratio of the samples. By increasing the diameter/thickness ratio, the force required to recover has
decreased, but RST increased. Moreover, minimum
RST was achieved from minimum diameter/thickness ratios. Hence, Ansari et al. [114] concluded that
the geometrical changes greatly affected on recovery
response. Therefore, performance of the vascular stent
mainly depended on both geometry and loading condition and the biological environment.
The use of PCL for bio-medical devices was a turning point in bio-material development research. The
latest PCL literature focused on degradable properties. Chasse et al. [52] have 3D printed a helical flow
device and studied the degradation of PCL polymeric samples under a helical fluid flow pattern in 2019.
In three flat PCL 1.000×2.500×0.125 cm3 samples,
one face was subjected to an artificially generated
fluid flow. The helical flow device was 3D printed
with acrylonitrile-butadiene-styrene (ABS), and the
device's structural integrity was enhanced with polydimethylsiloxane (PDMS). The flow device was kept

inside the testing chamber and immersed in a 37 °C
static water bath. The phosphate-buffered saline (PBS)
was circulated approximately 1 cm3/s and volume
flow rate, pH and temperature were controlled. PCL
samples were tested for mass loss, molecular weight
loss and crystallinity yield were given linear degradation, which can estimate total degradation time.
Further, the molecular weight has decreased by 22
and 5% and crystallinity has increased by 16 and 6%
in the generated flow conditions. This experimental
degradation property needs further study before setting fabricating parameters of vascular stents. The
work that has been completed to date has verified that
PCL activation temperature can be varied upon different co-polymers, which is a breakthrough in the
development of bio-compatible material research.
Park et al. [92] applied SMP stenting to treat nasolacrimal duct obstruction (epiphora). A silicone tube
was used in the conventional treatment method, but
inserting through a narrow complex-shaped nasolacrimal duct was challenging. The silicone products
were used in the biomedical field for a long time, but
hydrophobicity restrained their use in water-absorbing applications [115]. Hence, Park et al. [92] proposed a self-expandable SMP vascular stent with a
diameter of 0.42 mm to solve this problem. The stent
material was synthesised with PCL and poly(glycidyl methacrylate) PGMA ratios of 94 and 6%, respectively. Park et al. [92] simulated nasolacrimal,
assuming a straight tube with a CFX module of
ANSYS V.18. In addition to that Park et al. [92]
managed to adjust triggering temperature (32–44) °C
controlling the crystallinity and net-point spacing by
varying PCL/PGMA molar and cross-linking ratios.
The vascular stent was easy to insert and manoeuvre.
In addition to the enhanced draining capacity, the
vascular stent is resistant to bacterial infection. The
performance was observed in a short period with
rabbits and Park et al. [92] intended to conduct a
proper animal model in the future and verify the feasibility for human use.

6. Challenges and future directions

Stenting, a well-known clinically proven medical
technique, has been used for three decades and has
saved many human lives. The development of minimally invasive surgical procedures challenged existing stents due to their geometrical dimensions.
Therefore, researchers were enthusiastic, focused

Figure 15. Images of force recovery test of the tubular stent.
Reproduced from [114] Copyright 2019. Smart
Materials and Structures.
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functional analysis has not been done to the satisfaction of approval bodies. Therefore, the durability of
synthesised vascular stents was challenged during
the FDA certification process. Due to these reasons,
many successful and breakthrough research outcomes are commercially not available to date.
However, the authors believe SMP can offer a costeffective, sustainable replacement for existing metallic and polymeric stents. The recently developed
SMP vascular stents have demonstrated an excellent
capability to overcome the potential complications
in treatment. A more systematic approach and welldefined framework is warranted in SMP-based vascular stent development to provide reliable and costeffective medical solutions for human wellbeing.

and committed to the develop biocompatible and
biodegradable SMP stents [116].
Most of the researchers were focused on PLA, PCL,
and PU SMPs. The dip coating, solvent casting, injection moulding, melt and blending, blend and melting fabrication techniques have been widely used.
Even though SMPs can be activated with different
triggering mechanisms, the most developed vascular
stents were triggered on body thermal energy. One
major challenge was that polymeric stents are prone
to fail due to their intrinsic weak mechanical strength.
However, their softness will ensure easier maneuvering within arterial walls and cause minor arterial
injuries [87]. Hence stents mechanical properties
needed to be optimised between the required strength
and the softness of the material. The current studies
have validated SMP vascular stents performances
under static conditions. However, vascular stents will
be installed in blood vessels and subjected to physiological reactions with combined loads and stress
unconditionally [52]. Hence, critical investigation of
SMP vascular stents under actual operational working conditions is needed. Nevertheless, no thermomechanical standards for stent materials have been
published by any governing body to date [88].
SMP degradation properties can be optimised by
varying chemical composition, applying polymer
coatings and better material processing techniques.
During the degradation, the strength of the stent
weakens. Consequently, a sudden collapse of the
stent may cause blood-stream blockage and cause
life-threatening risks to the patient. Biofilm formation is another major hurdle in the SMP vascular
stent clearance process. The fabrication of the inside
surface of the stent to better mimic the actual human
vein conditions is a challenge as the incompatible
surface conditions might adversely affect the blood
flow. The lack of knowledge in biodegradability, durability, reliability, availability, and cost adversely affected SMP vascular stents development [43].
It has been found that none of the recently developed
stents have been certified by global governing medical regulatory authorities. On the other hand, it is
difficult to evaluate and predict the behaviour of foreign implanted synthetic parts inside the human
body. Therefore, researchers often conduct vitro and
vivo animal models to validate performance under
specific biological conditions. Moreover, long-term
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