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A B S T R A C T

Peripheral arterial diseases affect a significant portion of the global population, fostering research to find 
innovative and effective solutions to improve people’s life. A primary focus for researchers and manufacturers is 
the continuous improvement of the most important, non-surgical treatment for this pathology, the endovascular 
stent. This device is the main feature enabling a lifesaving technique: the percutaneous vascular interventions. 
Stents are vital for restoring blood flow and enhancing long-term vessel patency, they are available in various 
materials, shapes and typologies. Recent advancements in stent design, particularly through additive 
manufacturing, create new opportunities for optimizing the device performance and possibly opening new areas 
of intervention. This review provides a detailed quantitative analysis on the most widely used category of de
vices: self-expanding stents made of Nitinol, a nickel-titanium alloy that shows a superelastic behavior. A set of 
figures of merit related to stent design are described and analyzed, with a focus on the influence of geometry on 
mechanical performance. Additionally, a comprehensive comparative analysis of the commercial stents evaluates 
the geometry and performance of many commercial solutions, including both arterial and venous types. This 
analysis offers quantitative tools to assist surgeons and designers in selecting the most important features of a 
stent with respect to its main application. To conclude this work, an overview of future manufacturing possi
bilities is provided mainly focusing on the additive manufacturing technology. The freedom of shape given by 
this method opens up new paths in terms of global shapes, strut geometry and sizes, revealing new avenues 
which point strongly towards ad-hoc and specifically patient-customized stent design.

1. Introduction

Atherosclerosis is the hardening and narrowing of blood vessels 
caused by the accumulation of plaque or lipid deposits lining the vessels 
over time, causing vascular occlusion, and affecting the blood flow. 
Severe atherosclerosis could lead to diseases like coronary artery dis
ease, cardiovascular disease, peripheral artery disease (PAD), and other 
cardiovascular pathologies. Historically, traditional surgical operations 
have been utilized to address severe cases of atherosclerosis. However, 
in recent years, percutaneous vascular intervention (PVI) has emerged 
as one of the most effective alternative treatments [1]. Unlike traditional 
open surgery, PVI is a minimally invasive treatment in which a catheter 
with a balloon or stent is inserted into a stenosed or occluded vessel to 
open it up and restore the cardiovascular circulation which has been 
clogged by atherosclerosis. Percutaneous transluminal angioplasty 

(PTA), venoplasty, and stenting are different types of PVI techniques. 
PTA involves inserting and inflating a balloon within the narrowed ar
tery to compress the plaque away and widen the vessel lumen, while 
venoplasty extends this concept to the venous system, addressing sten
oses/occlusions and restoring venous patency by using a similar balloon 
dilation technique in veins rather than arteries [2]. Stenting, on the 
other hand, involves placing a stent in the stenosed/occluded vessel 
permanently to provide structural support and prevent the vessel from 
recoiling and re-narrowing. A stent is a tiny tubular structure, which is in 
most cases made of metal, to support and maintain the patency of nar
rowed or blocked vessels.

Compared to traditional open surgery methods, PVI stenting offers 
several clinical advantages. By eliminating the need for conventional 
open surgery, PVI stenting minimizes patient trauma, operation time, 
hospital stays and convalescence. Beyond its clinical implications, PVI 
stenting is advantageous on the economic side for both healthcare 
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systems and patients, as it decreases the need for prolonged hospitali
zation, post-operative care, and rehabilitation expenses. Additionally, 
PVI stenting provides benefits on the social side by offering patients 
faster recovery times and lowering re-hospitalization chances, allowing 
them to return to their daily activities sooner.

PAD presents a significant economic burden; the annual costs on 
hospitalization alone in the U.S. exceeding $21 billion [3]. As stated 
previously, stenting has emerged as a promising solution in endovas
cular peripheral applications due to their remarkable mechanical 
properties and potential clinical benefits. However, the success of 
stenting relies on a comprehensive understanding of key factors influ
encing stent performance. This review aims to bridge the gap between 
stent design and clinical application by providing information on key 
fac]ors such as design parameters and mechanical characteristics of the 
stent and their link to stent performance. This information will assist 
both the designer and the clinician in selecting the most suitable char
acteristic based on their individual requirements, thereby enhancing 
patient outcomes, and reducing the financial impact associated with 
PAD by optimizing stent selection.

1.1. Evolution of stents

The pioneer researcher in the field of stenting was Dr. Charles The
odore Dotter, a radiologist who was the first to describe angioplasty, in 
1964, together with his trainee Dr. Melvin P. Judkins. He designed and 
developed a stainless steel “coil spring graft” successfully placed in the 
femoral artery of a dog [4]. He also developed Nitinol (NiTi) coil wire 
stents [5] that led future research on stenting [6]. In 1986 doctors U. 
Sigwart and J. Puel placed the first stainless steel stent into the stenosed 
lesion of a man, immediately following balloon angioplasty [7–9]. After 
this first intervention, the use of stents grew exponentially and there has 
been continuous improvement in the design and materials of the stents 
since then. Unfortunately, the first generation of bare metal stents 
(BMSs) showed in-stent restenosis (ISR) rates up to 20 %, leading to 
necessary re-intervention [10]. ISR is a gradual re-narrowing of a sten
ted vessel segment that can occur few months after stent placement [11]. 
Adverse effects were not only caused by the stent itself, but also by its 
malapposition and, in general, by the deployment methods [10,12]. 
Nevertheless, research on nondegradable BMSs rapidly led to the 
development of better performing stents characterized by good pro
cessability, mechanical properties, and economical efficiency which are 
currently in use for various treatment of cardiovascular diseases [12]. A 
decade later, the first drug-eluting stents (DESs) were used, improving 
clinical outcomes by minimizing ISR rates down to 4 % [10]. DESs, like 
BMSs have the base platform made of stainless steel, CoCr alloys, NiTi 
alloys, or other biocompatible alloys, but they also provide drug delivery 
(e.g. paclitaxel, everolimus) through a coating technology (polymer-
controlled or polymer-free). Localized drug delivery was an important 
improvement in the development of better-performing stents, resulting 

in a decrease in ISR rates, however, the problem of stent thrombosis (ST) 
[9] remained unsolved.

Stent thrombosis is more common in perioperative peripheral arte
rial disease patients, especially those with chronic total occlusion le
sions. Factors such as stent type, loss of collaterals, and edge restenosis 
contribute to stent thrombosis. Additionally, complex lesion character
istics, dual antiplatelet therapy duration, and stent fractures play a role 
in stent thrombosis [13]. Non-stented thrombosis rates affecting the 
femoro-polpliteal district vary with different angioplasty methods. 
Histopathological studies reveal collagen deposition, intramural calci
fication, and thrombotic material in chronic total occlusion lesions, 
which affect stent expansion. Short dual antiplatelet therapy duration 
may significantly contribute to stent thrombosis. Disease location, 
especially in superficial femoral artery stents, influences stent throm
bosis risk [14,15]. Distal stent locations contribute to worse long-term 
outcomes due to contiguous popliteal and infrapopliteal disease [16,17].

Ideally, a stent, after being implanted and having performed its 
function for the expected timeframe, would disappear. Although this is 
utopian, considerable research has been carried out on the development 
of biodegradable/bioresorbable stents (BDSs/BRSs), both with a poly
meric or metallic platform. The degradable polymers include polylactic 
acid (PLA), poly-L-lactic acid (PLLA), polycaprolactone (PCL), racemic 
polylactic acid (PDLLA) and many others. The degradable alloys include 
magnesium, zinc and iron alloys [8]. The use of BDSs would bring many 
clinical benefits, such as avoiding adverse events associated with the 
presence of the stent in the vessel, recovering the unimpeded vaso
motion [18] of vessels (which was due to the presence of a “foreign 
body” like a stent), and the possibility for the patient to undergo MRI 
(magnetic resonance imaging) without concerns [19]. Unfortunately, 
initially developed BDSs had strut thicknesses much higher than their 
nondegradable counterparts to compensate for their weaker mechanical 
properties [10], especially due to the low elastic modulus of the 
biodegradable material. BDSs are still considered a promising develop
ment, but their associated drawbacks mean that there is still need for 
further investigations before they can be widely utilized [9].

1.2. Classification of stents

Stents can be classified based on different factors, such as the stent’s 
topology, material selection and deployment method. Here, we classi
fied them based on the material properties and subsequent insertion/ 
deployment method, which can be either self-expanding (SX) or balloon- 
expandable (BX).

Balloon-expandable and self-expanding stents. In BX stents, the 
stent is mounted on a balloon-tipped catheter and deployed at the pla
que site by means of a guide-wire. When the stent is in place, the balloon 
is inflated, causing the stent to expand and apply radial pressure against 
the vessel walls. This breaks the plaque, which is often calcified, 
recovering the vessel patency, and providing structural support. After 
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BRS Bioresorbable Stent
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PAD Peripheral Artery Disease
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deployment, the balloon is deflated and removed, leaving the stent in 
place due to plasticization of the material (Fig. 1a). Conversely, SX stents 
are designed to expand on their own once deployed due to their inherent 
material properties. These stents are crimped onto a delivery system 
inside a sheath and deployed in position. Upon release from the delivery 
system, the sheath is removed, and the stent expands until it reaches the 
vessel wall, exerting outward pressure to keep the vessel open. The 
expansion is due to the superelastic recovery of the NiTi alloy from 
which the stent is made, as elaborated upon in the next section. Like BX 
stents, SX stents are left in place permanently to provide long-term 
support, prevent vessel recoil, and maintain blood flow (Fig. 1b).

It must be noted that angioplasty or other vessel preparation tech
nique can be performed before inserting a SX stent [20] for several 
reasons, including preparing the lesion site by dilating the narrowed 
artery, facilitating stent positioning and deployment, debulking 
atherosclerotic plaque to create space for stent placement, and reducing 
the risk of complications. This preparatory step is particularly crucial in 
cases of calcified lesions or tortuous vessels to ease stent delivery and 
ensure optimal stent function. More often SX stents require post dilation 
balloon angioplasty to reach full expansion and proper arterial wall 
apposition. SX stents exhibit continued expansion over several days until 
they reach their maximum diameter, typically occurring within a few 
weeks following implantation [7] as opposed to BX stents, where the 
maximum diameter is achieved immediately upon implantation.

During the manufacturing process, BX stents are produced in a 
crimped state and then expanded to the diameter of the vessel by 
inflating a balloon, resulting in the stent being plastically deformed. 
Therefore, BX stents must be able to withstand plastic deformation to 
maintain the required size after deployment [21,22]. On the other hand, 
SX stents are typically designed with a slightly larger diameter than the 
vessel in which they will be deployed, therefore, they must possess 
sufficient elasticity to be crimped into the smaller delivery system before 
expanding in the desired position [22]. The lower elastic modulus of SX 
stents, compared to BX stents, makes them more compliant and there
fore easier to insert, thus reducing the risk of stent dislodgement and 
migration [21,23].

BX stents have limited radial compliance compared to SX stents, 
making them more susceptible to permanent deformation when exposed 
to external forces. This limitation affects their performance in arteries 
like the femoro-popliteal district ones, which experience significant 
deformation (torsion and bending) during daily activities. SX stents are 
better suited for dynamic arteries with large biomechanical deformation 
such as these [24]. SX stents can also better adapt to artery’s shape and 
diameter, making the deployment easier and minimizing trauma during 
implantation [25]. BX stents show less recoil in comparison to their SX 
counterparts when placed in calcified lesions, hence they are still 
preferred for renal and coronary stenting [21].

All this indicates that SX and BX stents have important differences for 
clinical and mechanical purposes and their suitability for insertion is 
primarily determined by the type of the vascular system in question. In 
this review, we will focus primarily on SX stents and their applications in 
venous and arterial vessels.

1.3. Available materials for stents

The selection of materials for stent fabrication is a critical aspect, 
which involves several key factors to ensure optimal performance and 
patient safety. The primary concern is the biocompatibility of the stent, 
ensuring that it does not induce any adverse reactions when deployed 
into the patient’s body. Furthermore, the stent material must have 
radiopacity, allowing for easy detection under fluoroscopic imaging to 
ensure the stent is positioned accurately during deployment. Moreover, 
it is crucial to select a stent material with excellent corrosion resistance 
to avoid corrosion, as this significantly impacts the long-term durability 
and performance of the stent [26].

In addition to the previously mentioned characteristics, stents 
require specific mechanical properties as a result of a balance between 
stiffness (required to sustain dilation and resisting elastic recoil of the 
vessel) and compliance (to accommodate bending during the deploy
ment phase and during the body movement). Fig. 2a shows a typical 
stress-strain curve illustrating the behavior of ceramics, metals, and 
polymers. Unlike ceramics, which has a low fracture toughness and lack 
plasticity, and polymers, which struggle to achieve sufficient strength 
and stiffness, metals are an excellent choice for manufacturing stents 
due to their natural balance of elasticity and rigidity compared to other 
materials [27]. Generally, the metals often used in stent manufacturing 
include 316 L stainless steel (316 L SS), cobalt-chromium (CoCr), 
Nitinol (NiTi), titanium (Ti), magnesium (Mg) alloys, pure iron (Fe), 
platinum-iridium (PtIr) alloy and tantalum (Ta) [12,22].

The characteristics of materials required for stents vary depending 
on the application. NiTi is one of the most effective materials for SX 
stents [26,28]. In fact, a SX stent must undergo large deformation and 
have quite low elastic modulus to maintain its compliance, allowing it to 
be crimped inside a sleeve for delivery and expanded after deployment 
[29,30]. On the contrary, BX stents must have high modulus of elasticity 
for minimum recoil and possess high strength and the ability to work 
also slightly beyond the elastic region [22,26], making the stainless steel 
an appropriate materials for this kind of stents [26].

Fig. 2b shows the static stress-strain curve of stainless steel and NiTi, 
where it can be seen that, thanks to its superelastic behavior, NiTi could 
reach large deformations (more than 8 %) [31], and yet being capable of 
recovering its initial shape. As this work is intended to focus its attention 
on NiTi SX stents, an insight on NiTi is provided in the next paragraph.

NiTi has two main solid phases with distinct features and charac
teristics; austenitic phase, also called parent phase, which is stable under 
low stress and high temperature, and martensitic phase, also called 
daughter phase which is stable under high stress and low temperature 
[33]. In addition, the martensitic phase is divided into two forms: 
twinned and detwinned. Detwinned martensite is a state in which the 
martensite crystals have undergone a process that removes the twin 
boundaries, resulting in a more stable microstructure. Twinned 
martensite, on the other hand, has twin boundaries making the material 

Fig. 1. Two deployment methods of stents: (a) balloon-expandable stents, (b) 
self-expanding stents.

Fig. 2. (a) Qualitative stress-strain curves of metals, ceramics, and polymers, 
adapted from [27], (b) stress-strain curve of stainless steel and NiTi, adapted 
from [32].
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less stable. The detwinned martensite is stable at high-stress state 
regardless of temperature, while twinned martensite is stable at both 
low-stress and low temperatures, as shown in Fig. 3 [34]. NiTi satisfies 
the requirements for medical applications, due to its excellent biocom
patibility, mechanical properties, and corrosion resistance. However, it 
is important to note that Nitinol’s inherent radiopacity is lower than that 
of traditional stainless steel stents, which can hinder clear visibility 
under imaging techniques such as fluoroscopic and X-ray imaging [35]. 
This visibility is essential for accurate stent placement and effective 
post-procedure monitoring. To address this limitation, radiopaque 
markers made of high density materials (platinum, gold [36] and 
tantalum [37]) are inserted at key points of the stent and significantly 
enhance visibility during imaging. This approach offers practical solu
tions to enhance the stent’s visibility without compromising its me
chanical properties. NiTi also exhibits remarkable properties such as 
shape memory effect (SME), and superelasticity attributed to its peculiar 
crystal structure and phase transformation between austenite and 
martensite [38]. The solid-state transformation from austenite to 
martensite occurs almost instantly by rapid cooling or by inducing 
stress. Fig. 3 demonstrates the SME and superelasticity characteristics of 
NiTi, highlighting its remarkable mechanical properties and functional 
capabilities.

When a sufficiently large mechanical stress is applied to the NiTi in 
its austenite phase, as shown in point 1 in Fig. 3, it undergoes a phase 
transformation to the detwinned martensite phase. In this phase, NiTi 
can tolerate much higher levels of strain than other materials, without 
experiencing permanent deformation. When the stress is released, point 
2 in Fig. 3, NiTi spontaneously reverts to its original austenite phase and 
shape. This ability to undergo large recoverable deformations is what 
grants NiTi its superelasticity. Unlike typical metal alloys that have 
recoverable deformability below 1 %, elastic recovery of NiTi can reach 
up to 8 % strain [39–41]. It is important to note that the superelastic 
mechanical properties of NiTi are only evident within the temperature 
range between the austenite finish and detwinned martensite deforma
tion temperatures ( Af < T < Md) [42]. For the case of SX stent design, it 
is possible to benefit from the superelasticity of NiTi as the performance 
of a SX stent is dependent on the ability of the material to store elastic 
energy whilst it is constrained in the delivery system, making it an ideal 
choice for manufacturing this kind of stents [28]. Most of the NiTi stents 
can be crushed until they are almost completely flat and yet return to 
their original shape without any permanent deformation. This feature is 
especially important in superficial vessels like the carotid artery that are 
vulnerable to external crushing [28].

The transition from point 1 to point 2 in Fig. 3, depicts the loading 
process, in which the stent is crimped into the delivery system. The 
transition from point 2 back to point 1 represents the process once the 
stent being released from the delivery system, showing its inclination to 
return to its original shape and phase. The shape memory properties of 

the NiTi are not utilized in stenting applications, since the transition 
temperatures (which are dependent on the stoichiometric element ratio) 
ensure that the material never transitions to the twinned martensitic 
phase at body temperature.

In most cases, after the insertion of SX stents, additional angioplasty 
procedures are also performed to help the stent better performance and 
efficiency [21,43] and this procedure increase the complexity of the 
force displacement path of a NiTi stent during deployment. For instance, 
based on the work of T.W. Duerig and M. Wholey [21], Fig. 4 shows a 
schematic to clarify this point by showing normalized radial forces 
(N/mm) on the stent and on the vessel, with respect to their diameters 
(mm), in three phases of stent deployment. The dashed blue line depicts 
the initial crimping of the stent, from a completely uncrimped stent 
(maximum diameter, no radial force on it (point a in the Fig. 4), to a 
crimped state (minimum diameter, maximum radial force on it, point b 
in the Fig. 4). Upon release from the sheath, the stent expands until it 
encounters the inner wall of the vessel at point c. From this point the 
force on the vessel increases until the stent and the vessel find an 
equilibrium diameter and stress (point d in the Fig. 4). Further expan
sion is then achieved through balloon angioplasty, extending the stent to 
point e, which in turn causes the vessel to expand to the same diameter 
(point e’). Following balloon deflation, compressive force from the 
vessel is exerted on the stent, causing it to recoil to the diameter at point 
f. This marks the final equilibrium in stress and diameter between the 
stent and the vessel. It should be noted that the stiffness during the 
loading of the stent, kl (initial crimping phase and last recoiling phase 
after angioplasty) is larger than the stiffness during the unloading, ku, of 
the stent, according to the hysteresis cycle due to the superelastic nature 
of the material.

1.4. Stent manufacturing techniques

Stents are not of simple manufacture; their strut thickness is of the 
order of magnitude of hundreds of microns; therefore, they need careful 
manufacturing and strict tolerances. Moreover, being medical devices, 
they need to be compliant with strict guidelines and rules, for example in 
Europe they need to have the CE (Conformité Européenne) mark and in 
the United States the FDA (Food and Drug Administration) approval is 
required. The manufacturing techniques that are commonly used are the 
braiding technique, microinjection molding, laser cutting, and recently 
additive manufacturing [9], some examples of which are shown in 
Fig. 5. Generally, stents are not immediately usable after the 
manufacturing process because their surface quality must be improved 
to increase the stent’s fatigue life, to grant its biocompatibility, and to 
diminish abrasion problems that could cause vessel injuries; therefore, 
stents usually undergo a series of post-processing steps after fabrication.

1.5. Braiding technique

Fig. 5a shows an image extracted from a patent for the braiding 
technique of stents [44]. The braiding technique consists of winding 
wires (for example six interwoven NiTi wires in the case of Abbott 
Supera [47]) around the carrier, and then the wires are woven along the 
axis of rotation of the stent in order to build it [7,9]. Braided stents have 
a simple shape, very high torsional stiffness and do not buckle even 
under high axial compression [48]. However, their main drawback is a 
low radial stiffness [7].

1.6. Laser cutting technique

It is not possible to manufacture stents with conventional CNC 
(Computer Numerical Control) machining techniques, due to the high 
wear of the tool, poor dimensional accuracy and incompatibility with 
the intrinsic material properties of NiTi. Therefore, the laser cutting 
technique is currently the most widely used method for stent fabrication. 
The feedstock is a tubular workpiece of the desired material (for Fig. 3. Shape memory effect and superelasticity of NiTi, adapted from [38].
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example, NiTi) with the desired diameter and thickness. A high-energy- 
density laser beam is focused on the surface of the workpiece and the 
material vaporizes leaving the desired stent mesh. The remaining ma
terial is then blown away by a pressurized air flow [7,9,49]. As a result, 
the cross section of the ligaments is roughly rectangular. This type of 
cross section has been reported to possibly promote turbulences in blood 
flow, which could lead to restenosis and late stent thrombosis [50]. After 
being laser cut, the NiTi microtubes are heat-treated and chemically 
etched to obtain the desired mechanical properties and surface finish 
[51].

1.7. Additive manufacturing techniques

Additive manufacturing (AM) of stents is an area of growing research 
that has the potential to lead to substantial improvements in patient 
outcomes due to its ability to rapidly develop custom stents. Laser beam 
technology has developed to the point that today laser beams are very 
small (typically 20–80 μm); therefore, they can provide not only the 
means for developing stents through subtractive manufacturing, but also 

AM through laser powder bed fusion [49]. Powder bed fusion (PBF) is 
defined by ISO/ASTM 52900:2021 standard and is an AM technique that 
uses either laser or electron beams to selectively melt or fuse powder 
particles on a powder bed in a layer-by-layer manner. Other PBF tech
niques such as electron beam powder bed fusion (EB-PBF) are unsuited 
for manufacturing vascular stents due to the larger spot size of the 
electron beams (about 100 μm) [52]. Therefore, nowadays only 
laser-based powder bed fusion (LB-PBF), sometimes also called selective 
laser melting, is a viable manufacturing technique for NiTi stents.

For what concerns the mechanical properties of additive- 
manufactured NiTi devices, they have been compared with the me
chanical properties of NiTi devices obtained with traditional 
manufacturing techniques (e.g. laser cut) in several studies; for example, 
a work from Meier et al. [53] shows that both AM NiTi and conventional 
NiTi materials show a similar functional behavior during thermo
mechanical cycling, whereas fracture strength and fracture strains of AM 
NiTi are slightly lower. This highlights that AM is a promising 
manufacturing method for NiTi alloys. Another difference regards the 
surface finish of AM NiTi parts compared to conventional NiTi parts.

Fig. 4. Schematic (adapted from [21]) of radial force exerted by a NiTi SX stent when deployed in a vessel with subsequent angioplasty as a function of the diametral 
dimension (left) and schematic stress-strain curve of superelastic NiTi (right).
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The most important advantage of applying AM to stent manufacture 
is the ability to produce fully customizable stents and, in general, 
medical devices based on patient-specific 3D models. These stents would 
have a variable geometry that is consistent with the anatomy of the 
patient. This design flexibility has also been demonstrated with the 
production of bifurcated geometries [54]. Another advantage of AM of 
stents is that the production is not dependent or limited by the avail
ability of suitable commercially available tubes for laser cutting. For the 
latter method, when the available tube diameters do not perfectly match 
the ideal diameter needed for the anatomy of a specific patient, the 
surgeons select a stent with a diameter slightly larger than necessary to 
ensure proper fitting, which could lead to negative consequences such as 
irritation of the vascular wall and possible inflammatory response due to 
stent oversize [55]. Furthermore, one last advantage not to be over
looked in utilizing the LB-PBF techniques, is waste minimization during 
production, compared to laser cutting.

However, there are also some significant limitations in the manu
facture of AM stents. A main issue regards the low surface quality of the 
as-built surfaces, especially since the required strut thicknesses of NiTi 
stents are very small, in the order of 100–500 μm, which is comparable 
to the size of the powder particles (10–60 μm) and the laser beam. This 
requires careful control of the energy release but also the scan vector 
accuracy [49,54]. Many studies point out that only the energy level is 
not sensitive enough to predict the printing quality [50]. In addition, 
shape-memory and superelasticity properties are highly dependent on 
the powder composition and process settings. Any slight changes in the 
nickel content due to the laser melting during the process in the 
composition can change the transformation temperatures and, subse
quently, the superelastic behavior of the AM stents [56]. This further 
increases the difficulty of parameter optimization in the fabrication of 
thin NiTi structures through this method. The high-intensity laser beam 
could lead to increased porosity, significant residual stress, and high 
surface roughness [52]. A balance between the porosity and the tran
sition temperature control is hard to achieve by controlling the laser 
process parameters, hence, consecutive heat treatments and surface 
finishing operations may be applied to modify the microstructure 
as-built and improve the mechanical properties of AM stents [51]. To 
improve the surface quality of LB-PBF stents, chemical etching must be 
performed. This process also lowers the strut thickness, improving the 
stent performance [51,56]. This technique and other surface modifica
tions, such as coating, passivation, laser polishing [57] and electro
polishing, can also be advantageous in overcoming the potential issue of 
nickel release into the bloodstream in the human body, which is a 
fundamental issue to avoid in order to guarantee the biocompatibility of 
the stent [56,58,59]. Another important aspect to be considered for the 

AM of NiTi stents is that additive manufactured devices often present 
anisotropic mechanical properties due to the intrinsic manufacturing 
techniques adopted [60]. More precisely, there could be a different 
mechanical behavior of the stent due to the direction of printed layers. 
Building direction and scanning pathway are shown to greatly influence 
the behavior of additive-manufactured devices: M. Somireddy and A. 
Czekanski [61], showed that building orientation (edge, flat or upright) 
of additive-manufactured composite structures significantly influences 
the final properties of the structure, tested through flexural loading, 
while S. Dadbakhsh et al. [62], showed how building direction, scanning 
direction and scanning speed influence the compression behavior and 
shape memory response of selective laser melted NiTi specimens. The 
anisotropy of a device, often considered a negative aspect, could be 
exploited to modify the mechanical behavior of a stent in one direction 
compared to the others, but these considerations are beyond the scope of 
this review article. Future investigations in this sense will be necessary 
in the search for the ideal stent for the specific need. Furthermore, the 
design phase also needs to be considered when utilizing LB-PBF to 
produce NiTi stents. The stent design should avoid large overhangs to 
minimize supports during printing, and in addition, removing the sup
port structure would affect the surface roughness of the final product 
[52,54–56]. Despite these limitations, AM opens up new avenues in 
terms of customization of the devices, which could be tailored to the 
patient’s vessels in combination with precise preoperative assessment 
(e.g. CT scan or MR).

To summarize, vascular stents are hollow structures used to maintain 
or restore vessels’ patency, either for coronary or endovascular appli
cations. They can be bare metal or drug-eluting, self-expanding or 
balloon-expandable, they are typically made of metals (stainless steel, 
CoCr, NiTi) and manufactured mostly through laser cutting of tubes and 
braiding of wires with AM technology which is rapidly growing as a 
viable way [63]. This work investigates a specific category: 
self-expanding Nitinol stents for endovascular peripheral applications, 
since they cover an important portion of the global market of stents, and 
they are one of the best candidates for AM applications.

In the next part of this review, an overview of commercial-available 
NiTi SX stents is provided by means of a quantitative insight of the 
figures of merit of commercial laser-cut devices in order to provide the 
designers of future stent with the necessary tools and specifications to 
improve the performance and reliability of these devices.

2. Figures of merit of SX stents

This section investigates some of the main figures of merit associated 
with SX NiTi stents, highlighting key mechanical characteristics and 

Fig. 5. Manufacturing technique of stents: (a) braiding technique [44], (b) laser-cut technique [45], and (c) additive manufacturing (AM) [46].
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performance indicators essential for evaluating their effectiveness in 
clinical settings [64]. Each property plays a crucial role in determining 
the functionality and durability of stents within the dynamic environ
ment of the human body. Understanding these figures of merit is 
essential for both stent designers and healthcare professionals to ensure 
optimal patient outcomes and minimize complications associated with 
stent implantation. In the following section, these properties will be 
explored in detail. These figures of merit are intended to help the 
designer to fully exploit the potential of AM technology in designing the 
new generation of stent and, to this end, the list focuses on the me
chanical behavior of the stents rather than the clinic aspects, which can 
be evaluated only with proper trials. The figures of merit identified here 
are a comparison tool for various stent designs. In this work we decided 
to adopt an approach based on general definitions, without having a 
reference stent as a benchmark, due to the great variability in the design 
of commercially available stents.

2.1. Foreshortening

Once the stent is expanded radially, it becomes shorter in the axial 
direction because of the Poisson’s effect, as shown in Fig. 6. The term 
used to describe this phenomenon is called foreshortening and can be 
calculated through the Eq. (1) where L0 represents the initial stent’s 
length before deployment in the vessel, while LD represents the final 
length of the stent after it has been inserted in the blood vessel.

A stent with an excessive axial reduction is very difficult to precisely 
position at the atherosclerotic plaque site. This difficulty can lead to 
incomplete coverage of the plaque, causing damage to the thin endo
thelial layer and reducing the treatment’s efficacy [8,65].

The axial misalignment, that in the most severe cases could also lead 
to the migration of the stent inside the vessel, is related both to the 
deployment procedure and to the foreshortening and it must be 
considered as one of the potential clinical problems which undermines 
the stent efficacy in restoring the vessel patency [66].

To enhance the performance of the stent, and have better clinical 
outcomes, foreshortening should be minimized [7,8], with the ideal 
target being zero. 

Foreshortening =
L0 − LD

L0
(1) 

2.2. Radial elastic recoiling

After releasing the stent from the catheter, it fully expands until it 
touches the vessel wall. Therefore, the pressure exerted by the vessel 
wall opposes the expansion of the stent, resulting in a reduction of the 
stent’s diameter upon opening, as depicted in Fig. 7. The radial elastic 
recoil [67,68], quantifies this new equilibrium condition, which could 
also occur gradually after an extended period of time due to the visco
elastic behavior of the vessel. Radial elastic recoil is influenced by 

different factors, including the design and material composition of the 
stent and its formula, in accordance to technical literature, is reported in 
Eq. (2), R0 is the radial diameter of the stent when it reaches full 
expansion immediately after deployment, and Rf represents the final 
diameter of the stent in the last equilibrium position. The elastic recoil is 
strictly linked to radial stiffness. After deployment, if the stent shows 
high elastic recoil, it may lack the ability to adequately support blood 
vessels and maintain patency. Target value tends to zero or lowest 
possible. 

Rrecoil =
R0 − Rf

R0
(2) 

2.3. Dogboning

During vascular expansion, the stent undergoes non-uniform 
expansion which could cause vascular wall problems. This uneven 
deformation typically leads to the two ends of the stent being more open 
than the center, giving it a shape resembling a “dog bone” as shown in 
Fig. 8. This phenomenon happens since the proximal and the distal parts 
of the stent are less stiff than the central part of it. This occurs since the 
central part of the stent is supported from both sides, providing stability 
and rigidity, however, the two ends of the stent are only attached from 
one side, making them less supported and more prone to widening. 
Dogboning (Db) can be calculated through Eq. (3) where Ddistal is the 
maximum diameter of the stent at both distal or proximal part of it, 
while Dcentral corresponds to the minimum diameter at the middle of the 
stent [69]. Uneven deformation at the distal ends results in substantial 
plastic deformation in those areas, leading to potential stent fracture and 
causing damage to the vessel at the stent edges, which in turn, con
tributes to restenosis [65]. Minimizing dogboning is essential to ensure 
uniform expansion across the entire stent. Target value is zero or 
negative. 

Db =
Ddistal − Dcentral

Ddistal
(3) 

2.4. Stiffness

Stents are designed specifically with the aim of upholding the 
patency of lumens (blood vessels, bile ducts, urethra) and they 

Fig. 6. Schematic of the foreshortening effect before and after the SX stent 
deployment, adapted from [30].

Fig. 7. Schematic representation of stent recoil, stent after deployment and full 
expansion (a) and stent after recoiling (b) due to vessel elastic springback.

Fig. 8. Stent dog-boning mechanics schematic, adapted from [70]. (a) Crimped 
stent inside the vessel, and (b) expansion of the stent with an out of scale, which 
causes the artery to overstretch.
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experience a combination of mechanical actions that twist, compress, 
elongate and bend them [71]. Femoro-popliteal district stents are me
chanically the most stressed class of stents because femoro-popliteal 
district arteries (FPAs) twist and bend with almost any activity under
taken by the patient, including basic functions such as walking and 
sitting [72]. Due to the complexity and variety in design geometries of 
stents, SX NiTi stents of the same diameter and length can show very 
different stiffnesses, as evidenced by a number of studies which per
formed in-vitro (benchtop) tests to obtain the stiffnesses of various stent 
designs [48,72,73].

Fig. 9 depicts the main forces and moments acting on the stent after 
its deployment in the blood vessel, namely the axial force N, the bending 
moment M, the torque T and the radial pressure Δp. Therefore, four 
different stiffnesses (and consequently four compliances) can be envi
sioned: axial, bending, torsional and radial stiffness.

2.4.1. Axial stiffness
Axial stiffness, kN and its inverse, axial compliance, cN, is defined 

according to Eq. (4) where N is the axial force acting on the stent, Δl is 
the elongation (when positive) or shortening (when negative) of the 
stent in the axial direction, E is the Young modulus of the material (NiTi 
in the austenitic phase in this case), A is the equivalent cross-section of 
the stent and l is the length of the stent after its deployment in the blood 
vessel [74]. The experimental test rig is reported in Fig. 10 with tensile 
(Fig. 10a) and compressive (Fig. 10b) loading position. 

kN =
N
Δl

=
EA
l

=
1
cN

(4) 

2.4.2. Bending stiffness
To assess stent bending stiffness, a common method used is the three- 

point bending test [75], in which the stent is bent under controlled 
conditions to evaluate its ability to flex without permanent deformation, 
usually under a three-point bending condition as showed in Fig. 10c-d. 
Bending stiffness, kM, and its inverse, bending compliance, cM, is defined 
according to Eq. (5) where M is the bending moment acting on the stent, 
φ is the bending angle of the stent, E is the Young modulus of the ma
terial (NiTi in the austenitic phase for this case), Jn is the second moment 
of the cross-sectional area of the stent around the x-axis, l is the length of 
the stent after its deployment in the blood vessel [74,76]. 

kM =
M
φ

=
EJn

l
=

1
cM

(5) 

2.4.3. Torsional stiffness
Torsional stiffness is an important factor mostly for stents designed 

for FPA stenoses [3]. Torsional in-vitro tests can be performed restricting 
axial deformations and executing tests with different angles or angular 
displacement rotations in both clockwise and counterclockwise di
rections with a chosen speed [48], as shown in Fig. 10e-f. Bending 
stiffness, kT and its inverse, torsional compliance, cT are defined ac
cording to Eq. (6) where T is the torque acting on the stent along the 
z-axis (namely the stent axis, which we assume is the same as the vessel 
axis), θ is the torsion angle, G is the shear modulus of the material (NiTi 
in the austenitic phase), JO is polar moment of inertia of the stent, l is the 
length of the stent after its deployment in the blood vessel [74]. 

kT =
T
θ
=

GJO

l
=

1
cT

(6) 

2.4.4. Radial stiffness
Radial stiffness defines how the stent responds to changes in diam

eter with respect to external pressures. It is a measure of the ability of the 
stent to provide radial structural support against recoil within a blood 
vessel [26] and it is quantified by the variation of pressure over the 
diametral hoop strain as expressed in Eq. (7). In accordance with 
[77–79], Δp is the pressure the vessel exerts on the stent, εhoop is the hoop 
strain, d is the initial diameter of the stent, Δd is the diameter variation 
of the stent and cr is the radial compliance of the stent [80]. 

kr =
Δp

εhoop
=

Δp⋅d
Δd

=
1
cr

(7) 

Usually, radial stiffnesses are calculated as slopes of linear regression 
fits of loading curves obtained through experimental data [48]. The 
radial pressure and radial stiffness are strongly interdependent since this 
relationship relies not only on the absolute value of the pressure but also 
on the slope of the pressure-hoop strain curve. To demonstrate this, in 
Fig. 11, a comparison between two distinct stent designs is illustrated; 
curve A and curve B represent the mechanical behaviors of these designs 
under different radial pressures but the same diametral hoop strains. 
Curve B exhibits higher radial pressure but a slight slope, while curve A 
has lower maximum pressure at a given strain with a steeper slope. 
Despite curve A’s lower maximum pressure, its steeper slope signifies a 
greater increase in pressure per change in diameter, suggesting higher 
radial stiffness than curve B (kr, A > kr, B). This comparison highlights 
that while the value of radial pressure often aligns with radial stiffness, 
the slope of the pressure-diametral hoop strain relationship profoundly 
influences the stent’s overall mechanical behavior and greater 
maximum radial pressure does not necessarily translate to greater radial 
stiffness in stents. This behavior depends both on geometry and on the 
material model, which follows a superelastic curve.

While high radial stiffness is essential to prevent arterial collapse by 
enhancing the ability of the stent to restore blood flow and prevent it 
from recoiling [48,81], low radial stiffness is important for minimizing 
stress on vessel walls and reducing the risk of inflammation and reste
nosis. Therefore, achieving an optimal trade-off between high and low 
values of radial stiffness is key in stent design to ensure both structural 
support and vessel wall health.

2.5. Oversizing

A SX stent is often chosen with a diameter slightly larger than the 
vessel’s diameter to serve its function effectively within a blood vessel 
and prevent migration [82]. The ratio between the initial stent diameter 
(Ds) and the vessel inner diameter (Dv) is called oversizing (OS), which 
can be calculated from Eq. (8). Clinical observations and studies suggest 
that for SX NiTi stents, oversizing ratios in the range of 1.1–1.4 lead to 
improved lumen gain, reduced incomplete stent apposition, and favor
able long-term fatigue performance [82–85]. On the other hand, an in
crease in the oversizing ratio beyond this ideal range (OS > 1.4) can 
result in high radial forces, potentially causing damage to the artery wall 
and compromising the stent’s long-term efficacy including collapse. 

OS =
Ds

Dv
(8) 

2.6. Radial forces

Radial forces, whether exerted on the stent or by the stent onto the 
vessel wall, are critical to the design and function of stents, making it 
essential to understand their significance for optimizing stent design and 
deployment strategies. In the following section, the significance of three 
main radial forces listed below and illustrated in Fig. 12a-c, is described: 

• Radial Resistive Force (RRF)Fig. 9. Forces and moments acting on the stent.
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• Chronic Outward Force (COF)
• Crush Resistance (CR)

2.6.1. RRF
As already mentioned, when a SX stent is designed, it’s often man

ufactured in a larger size than vessel diameter to serve its function 

effectively within a blood vessel (point 1 in Fig. 12d). However, to 
deliver it to the target location within the vessel, it needs to be crimped 
to a smaller size to fit into a delivery catheter (point 2 in Fig. 12d). The 
force required to achieve this compression is called the radial resistive 
force (RRF). RRF describes the force that is required to compress the 
stent radially during circumferential loading (crimping) to fit the cath
eter. To maintain the stent diameter and reduce the risk of restenosis, a 
stent must have enough RRF [86,87]. However, the precise amount of 
RRF needed in-vivo, is still debated [48] since it depends on the 
stent-wall interaction.

2.6.2. COF
When the stent is removed from the catheter and inserted into the 

vessel, it expands, as shown by Fig. 12d from point 2 until the expansion 
is stopped by the contact to the vessel wall (point 3 in Fig. 12d). At this 
point the stent and the vessel reach a stress equilibrium, and the stent 
cannot expand anymore. Therefore, it continues to exert a continuous 
outward force onto the vessel wall known as chronic outward force 
(COF). The COF is the force that the stent exerts on the vessel wall when 
it undergoes expansion (during unloading) [86]. Although low COF on 
the vessel ensure vessel patency and prevents stent migration and 
restenosis [88], excessive COF has the potential to cause avoidable 

Fig. 10. Stent testing according to [48]. Axial test: (a) tensile load and (b) compressive load. Bending test: (c) neutral position and (d) load pin displacement applied 
to the middle of the span. Torsional test: (e) neutral position and (f) 90◦/cm torsion.

Fig. 11. Comparison of radial pressure-hoop strain, curve A with low pressure 
and high stiffness and curve B with low stiffness and high pressure.

Fig. 12. (a) Schematic illustration, adapted from [38], of the compression mechanism during the testing of (a) radial resistive force, (b) chronic outward force, (c) 
crush resistance force, and (d) radial resistive and chronic outward force as a function of the superelastic hysteresis loop, adapted from [90].
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damage to the surrounding tissue [48,64].
Elastic hysteresis of NiTi allows for a continuous COF on the vessel 

wall which remains very low even when subjected to significant de
formations. In contrast, the stent’s ability to resist compression, which is 
represented by RRF, increases rapidly as the stent deforms until it rea
ches a plateau stress level (as shown in Fig. 12d, from point 3 to point 4). 
This dynamic interplay between COF and RRF showcases Nitinol’s 
capability to provide effective support while minimizing the risk of 
vessel damage, making it a valuable material for stent design and 
deployment. Generally, stent designers attempt for the maximum 
achievable RRF while keeping the COF to a minimum [28]. Both char
acteristics of RRF and COF were analyzed using the radial force-tester 
method [75].

2.6.3. CR
The last parameter has a simpler definition: crush resistance (CR) is 

the force required to compress the stent in one radial direction [88] as 
shown in Fig. 12c. To measure CR, the stent is compressed between 
parallel plates from its expanded state up to a 50% diameter reduction 
[89]. The main issue related to CR is that insufficient CR raises the risk of 
restenosis [87].

The experimental setup required to estimate the radial force is not 
trivial. A couple of examples are reported in Fig. 13, where a special 
machine is exploited Fig. 13a or a test rig with rollers and a thin 
aluminum sheet is used to apply a quasi-uniform compressive pressure 
on the stent Fig. 13b.

2.7. Fatigue life of stents

Once implanted, stents are subjected to continuous loadings due to 
pulsatile cardiac pressure within the bloodstream. Furthermore, 
depending on the region in which they are implanted, they can be 
subjected to bending, compression, and torsion. For example, several in- 
vivo tests on cadavers showed that during hip flexion and knee bending, 
the superficial femoral artery (SFA) and the popliteal arteries are sub
jected to axial compression and bending [91,92]. Most of the bending 
occurs behind the knee, but some bending also occurs on the straight 
tract of the SFA. Over time, the continuous pulsatile and mechanical 
stresses can induce fractures in stents. In regions such as the FPA 
bending occurs in the order of magnitude of 106 cycles per year [24]. 
According to 1995 FDA guidelines [20,26] when implanted in SFAs, 
stents would need to be certified for at least 400 million cycles without a 
single fracture. Fatigue of stents, being a very complex subject, is still an 
open problem for NiTi, although several works exist on assessing the 
fatigue behavior of stents [20,24,93] through finite element analysis 
(FEA) in order to predict their in-vivo fatigue resistance.

Although changing the design of the stent can affect its fatigue life, 

most studies are devoted to improving the fatigue life of the base ma
terial [20]. For metals such as steel or linear elastic materials in general, 
a stress-based approach [10] such as Wohler curves is used, but for NiTi 
and superelastic materials in general, a strain-based approach is 
preferred in order to consider the superelastic behavior of the material.

Therefore, a possible factor of safety (FOS) definition for a NiTi stent 
is shown in Eq. (9), where ε is the critical strain amplitude of the ma
terial and εa is the strain amplitude withstood by the stent during its life. 
[20,94]. The critical strain amplitude experimentally measured for NiTi 
is around 0.4–0.55 % [20,95] for mean strains below 3 %, which is a 
compatible range for stent devices. Fatigue is also strongly dependent on 
the surface finish of stents which explains the very precise and careful 
polishing and etching of the stent which reduces the roughness of metal 
and improves the fatigue performance. 

FOS =
ε
εa

(9) 

2.8. Wall shear stress

This last figure of merit is the only one related to the hemodynamic 
and not to the mechanical properties of the device, which is very 
important since it affects the stent performance. Generally, a vessel wall 
is subjected to two main forces. First, the blood within the vessel exerts 
pressure outward onto the wall of the vessel known as blood pressure, 
leading to circumferential stress. Secondly, as blood flows through the 
vessel, it creates a frictional force along the inner surface of the vessel. 
This frictional force, generated by the blood flowing in the vessel wall in 
tangential direction, is called wall shear stress (WSS) [96,97]. The shear 
stress levels vary within different segments of the circulatory system. In 
the venous system, shear stress typically ranges from 0.1 to 0.6 Pa, 
whereas in the arterial vascular network, it generally varies from 1 to 7 
Pa [98]. In context of stent implantation, the insertion of the stent in a 
blood vessel can lead to additional stress on the vessel wall [97]. This 
additional stress leads to changes in the normal blood flow and local 
shear distribution which in turn causes implications for the overall he
modynamic performance of the vessel and may influence factors such as 
neointimal proliferation and restenosis.

When a stent is deployed, it alters the natural geometry of the artery, 
leading to changes in blood flow patterns. Specifically, the increased 
curvature at the stent’s edges can result in regions where blood flow 
becomes turbulent or oscillatory [99]. Furthermore, the increase in 
diameter of the stent after deployment may reduce blood velocity, 
potentially exacerbating adverse hemodynamic conditions that 
contribute to restenosis [100]. Research has shown that the design pa
rameters of the stent, particularly the number and dimensions of struts, 
surface topology and the stent-to-artery deployment diameter signifi
cantly influence WSS and clinical outcomes such as neointimal 

Fig. 13. Radial force measurement of a stent: (a) radial RX-650 with several blades to radially compress the stent uniformly [88], (b) a stent wrapped in a sheet in a 
circular configuration attached to tensile machine grippers radially compressing the stent [77].
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hyperplasias and restenosis [101–103]. For instance, a higher 
stent-to-artery deployment ratio can increase exposure to WSS 
compared to a lower ratio [101]. Moreover, increasing the height and 
number of struts can generate disturbed WSS zones, while reducing strut 
thickness can decrease areas subjected to WSS [101]. Thinner struts 
generally lead to improved re-endothelialization. Research indicates 
that thicker struts create more disturbed flow patterns and higher shear 
stress levels, which can delay endothelial healing and increase the risk of 
thrombosis and restenosis [104,105]. For instance, a study [99] high
lighted that thicker bioresorbable stents resulted in delayed 
re-endothelialization compared to thinner drug-eluting stents.

Hemodynamic performance of stents is often evaluated by a WSS 
index, quantifying the impact of in-stent restenosis [67,106]. This index 
is calculated through Eq. 10, where n is the normal vector to the vessel 

surface and τij
→→ is the fluid viscous stress tensor [107]. An ideal stent 

design should aim to achieve superior biological hemodynamic perfor
mance with minimal changes to laminar blood flow properties and WSS 
distributions. 

τw = n • τij
→→ (10) 

2.9. General discussion on the figures of merit

The effectiveness of SX NiTi stents is dependent on several key me
chanical properties and performance metrics, as discussed in this sec
tion. These figures of merit are crucial for evaluating stent functionality 
and durability within the vessels. To facilitate stent design and optimi
zation, it is essential to establish desired optimal values (or ranges) for 
each of these properties to serve as benchmarks for stent designers and 
manufacturers, guiding them towards achieving optimal performance 
while minimizing potential complications associated with stent im
plantation. Table 1 provides a summary of the desired values of each 
parameter, offering valuable insights for enhancing the efficacy and 
reliability of SX NiTi stents in clinical settings. Based on Table 1, an ideal 
stent should exhibit zero foreshortening, dogboning, and elastic recoil, 
although achieving this is challenging, particularly concerning dog
boning and recoiling parameters. Yet, advancements in stent design 
offer promising strategies to mitigate these issues. In minimizing fore
shortening, research has shown promising results, for instance P.K.M. 
Prithipaul et al. achieved zero foreshortening with some hybrid auxetic 
cell design in their study [67]. Addressing dogboning, a balance in the 
radial stiffness of the middle and end parts of the stents should be 
adjusted, which can be done either by increasing the thickness of the 
struts on the ends of the stents [108,109] or by adding closed-cell 

segments to those parts of the stent to make them stiffer. To prevent 
recoiling, the higher the radial stiffness of the stent, the more resistant it 
can be to the pressures from the vessel wall and the less recoiling. 
Therefore, increasing the radial stiffness can effectively prevent stent 
recoil. On the other hand, excessive radial stiffness can reduce stent 
compliance and apply high radial pressure to the vessel wall, resulting in 
damage to the vessel and therefore causing ISR. Therefore, based on the 
amount of pressure and the radial force that the vessel can withstand, 
which strongly depends on the vessel positions, it is possible to increase 
the stiffness of the stent to a certain extent. Similarly, the RRF range 
should be carefully selected to push away the plaques and keep the 
vessel open effectively without causing vessel damage. Oversizing can 
have a significant effect on the amount of RRF. Higher oversizing leads 
to higher RRF. Typical endovascular procedures suggest to apply the 
slightly larger stent available, but applying a 10 mm stent on a 9 mm 
vessel causes an RRF and a COF lower than 10% compared applying a 
6 mm stent on a 5 mm vessel, according to Eq. (8). Since commercial 
stents are commonly shelf devices with predefined dimensions it is hard 
to prescribe an optimal solution. In addition, an ideal stent should 
maintain normal blood flow. In other words, it should not increase 
further WSS on the vessel wall. Despite the inevitable changes in WSS 
caused by stent implantation, the design of the stent can be optimized to 
reduce its impact on WSS. By designing the stent with smooth edges and 
ensuring that struts are aligned as parallel as possible to the vessel di
rection, the likelihood of disturbing blood flow and increasing WSS is 
reduced [103]. In conclusion, optimizing the mechanical properties and 
performance metrics outlined in Table 1 is essential for enhancing the 
efficacy and reliability of SX NiTi stents.

To summarize, thirteen figures of merit for describing SX NiTi 
endovascular stents were analysed, qualitatively and, where possible, 
quantitatively. Specific quantitative ranges for each figure of merit were 
not provided, given the wide variety of regions in which endovascular 
stents can be deployed. Each of these district requires the optimization 
of some specific characteristics of the stent (for example, a stent for the 
FPA requires greater bending compliance than a stent for the SFA). Only 
oversizing is given a more precise range of values, since a general trend 
of applicability was found in the stent applications guidelines [85].

3. Classification of stents based on geometry

From the point of view of the shape, stents are grouped into coil, 
slotted tube, and modular designs [112]. Coil stents are constructed 
using wires that are shaped and arranged into a circular coil configu
ration to form the stent scaffold. In the case of slotted tube stents, a metal 
tube acts as the stent’s basis material, and a specific design or pattern is 
generated using laser cutting [30,32]. The modular stent’s construction 
involves interconnected individual modules, allowing for a more cus
tomizable and adaptable structure. This last design is intended to 
overcome specific challenges present in traditional stent designs. For 
instance, it addresses the poor radial force and higher restenosis rates 
associated with coil stents, as well as the drawbacks of slotted tube 
stents, which may have low bending compliance and deliverability. The 
modular design provides a balance between the bending compliance of 
coils and the radial strength of slotted-tube designs [9]. In Fig. 14, a 
schematic classification of stents alongside images illustrating repre
sentative examples of each stent type are presented.

Modular ring stents are classified into three groups: closed-cell, 
open-cell, and hybrid-cell. Closed-cell designs (Fig. 15a) are character
ized by interconnected stent strut with smaller free cell area, while the 
open-cell designs (shown in Fig. 15b) have larger free cell area with 
fewer interconnections [112,113]. Additionally, there are also 
hybrid-cell configurations that combine these first two groups to gain 
the benefits of both designs [114], mostly with the same design at 
proximal and distal segments and a central different cell design 
(Fig. 15c-d). Hybrid stents, such as Scitech Solaris, have an open-cell 
design in the central part, for improving the bending compliance of 

Table 1 
Desired values for SX NiTi stents.

Figures of merit (unit) Desired value References

Foreshortening (%) Minimum the best [7,8]
Radial elastic recoil (%) Minimum the best [67]
Dogboning (%) Minimum the best [65]
Radial stiffness (MPa) Nominal the best

[48,81]
Axial stiffness (N/mm) Minimum the best

[48]
Bending stiffness (N • mm/rad) Minimum the best

[8,48]
Torsional stiffness (N • mm/rad) Minimum the best

[48]
Oversizing (%) 10% < OS < 40%

[82–85]
Radial resistive force (N) Nominal the best

[48]
Chronic outward force (N) Minimum the best

[28,48]
Crush resistance (N) Maximum the best

[87]
Fatigue life (number of cycles) Maximum the best [20,78,110]
Wall shear stress (Pa) Minimum the best

[97,100,111]
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the stent, and a closed-cell design at the two ends to adjust the stiffness 
in the distal parts (as depicted in Fig. 15c). Other hybrid stents such as 
Cristallo Ideale, a Medtronic carotid stent [115], combine open-cell 
design at the proximal and distal sections (as shown in Fig. 15d) 
enhancing conformability, flexibility and reducing radial force in the 
healthy vessel segments. The closed-cell design in the central part se
cures the appropriately high scaffolding at the lesion site preventing 
plaque prolapse.

More gaps between the cells in an open-cell design makes it more 
compliant compared to a closed-cell design, which is particularly ad
vantageous for complex arteries with angular or twisted anatomies 
[116]. On the other hand, as the closed-cell design has more in
terconnections, it is stiffer, offering better plaque coverage and struc
tural support [114,118]. However, this increased stiffness comes with 
potential drawbacks such as higher risk of restenosis post-stenting. 
Another difference regarding hemodynamics properties is that a 
closed-cell stent allows for a higher blood flow velocity through the 
stented region compared to an open-cell stent structure [119]. A sum
mary of the differences between open-cell and closed-cell stent designs is 
provided in Table 2.

The last geometrical considerations regard the scaffolded or bridged 
structures. The former are characterized by the direct connection and 
arrangement of representative unit cells (RUC) as in Fig. 16a. On the 
other hand, bridged structures, as depicted in Fig. 16b are composed of 
bridge/connector and rings. In this design, rings play a pivotal role in 
radially expanding and providing support to the blood vessel, while 
bridges/connectors connect the rings axially, contributing to the stent’s 
axial stiffness [123]. Each ring is typically composed of circumferential 
struts as shown in Fig. 16c.

Understanding the impact of strut and bridge topology on stent 
performance is one of the crucial factors for stent design. Researchers 
commonly concentrate on optimizing stent performance by investi
gating factors such as the shape, arrangement, and number of bridges, 
along with the width, thickness, and length of the struts, so providing 
insight on this factor is helpful, hence the compact form shown in 
Table 3. Generally, a decrease in the number of bridges/connectors 
between struts tends to enhance the bending compliance of the stent 
[124]. Moreover, according to some clinical studies, stents with the 
higher thickness of the strut are associated with the higher risk of 
restenosis in the vessel [125–127]. Additionally, aligning the struts 
parallel to the blood flow helps in maintaining a more uniform 

distribution of WSS within the vessel [103]. While different strut di
mensions may imply different impacts on the stent’s performance such 
as stiffness, radial forces, etc., they do not affect the foreshortening, as 
the foreshortening is dependent on the cell geometry and affected by the 
angle between the stent’s strut and the axial direction of the stent [128].

4. Analysis of commercial self-expanding NiTi stents

This section provides an analysis of a selection of commercial SX NiTi 
stents, based on their geometry and the previously described figures of 
merit. These stents may be found for both arterial and venous applica
tions. However, the stent design must carefully consider the unique 
characteristics of veins and arteries. While both are integral components 
of the circulatory system, they exhibit distinct differences in function, 
structure, mechanical properties, flow patterns, and pathologies [77, 
133,134]. Therefore, to ensure optimal performance and efficacy, stent 
designs must be tailored to accommodate these features, reflecting the 
specific demands of each vascular environment. Therefore, the com
parison provided is separated for arterial or venous applications.

4.1. Arterial stents

Research on arterial stents is more extensive than on venous ones due 
to the fact that they are more commonly used. The majority of studies on 
coronary stents, carotid stents, SFA and FPA are devoted to in-vitro [10, 
72] or numerical tests trying to reproduce the behavior of an existing 
stent [24]. Since this work is aimed primarily at examining the engi
neering aspects related to stent design, prominence was given mostly to 
the latter studies rather than to clinical tests which are devoted to purely 
medical considerations. Table 4 compares the geometric characteristics 
of nine different commercially available NiTi SX arterial stents. Cook 
Medical Zilver (518 or 635, depending on the size of the catheter, 
Fig. 17a), is used as an adjunct to PTA in the treatment of symptomatic 
vascular disease of the iliac arteries. Cordis S.M.A.R.T. CONTROL 
(Fig. 17b) is used to treat iliac, femoral, and proximal popliteal lesions. 
Biotronik Pulsar (18 or 35, depending on the size of the catheter, 
Fig. 17c) is recommended for use in patients with atherosclerotic disease 
of the femoral and infrapopliteal arteries. GORE TIGRIS (Fig. 17d), was 
intended to improve luminal diameter in patients with symptomatic de 
novo or restenotic lesions or occlusions in the SFA and the FPA. It is a 
discontinued product (it has been replaced by another SX stent called 
VIABAHN), but it was considered in this study due to the wealth of data 
provided on it in the literature. Boston Scientific Innova (Fig. 17e) is 
used for the treatment of SFA lesions. All stents compared in the 
following table are laser cut, except Abbott Supera (Fig. 17f), which is 
manufactured with interwoven wire technology. This peculiar stent is 
used in the case of SFA lesions and lesions of the FPA. Abbott also 
produces laser-cut stents, and Abbott Absolute Pro (Fig. 17g) is a 
laser-cut SX stent indicated for the treatment of iliac arteries. Two more 
stents included in this comparison used in the treatment of atheroscle
rotic lesions in the SFA and popliteal artery are Medtronic EverFlex and 
BD Lifestent (Fig. 17h-i).

The diameters and lengths of the stents compared are reported, 
together with their strut thickness (where possible) and the stent cell 
design (open, closed, or hybrid) architecture. It can be seen that di
ameters have a range of 4–14 mm, depending on the typical application 
zone of each stent; for example, Cordis S.M.A.R.T. has a range of di
ameters that go from 6 to 14 mm, and it is suitable to treat both the iliac 
arteries (mean diameter of 11.8 mm) and FPAs (mean diameter of 
6.9 mm) [136].

More interesting to note is the strut thickness variability. A lower 
strut thickness is normally preferred, but the technological limitations 
are important. The average dimension is around 190 microns with a 
quite low variation (± 15 %). This data is particularly interesting for the 
designer since it provides a baseline for this application.

In Table 5 we summarized the results of different benchtop tests 

Fig. 14. (a) Schematic classification of stents based on the geometry, (b) 
Nitinol coil wire stent by Dotter et al. [5], (c) Strecker stent made of knitted 
tantalum wire [116], (d) slotted tube structure of Palmaz-Schatz stent [76], (e) 
a modular ring with closed-cell design [117].
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taken from various articles of literature that compared arterial stents. 
The references are reported in the table as well.

The average RRF is around 0.530 N/mm with a variation of ± 45 %. 
The average COF is around 0.381 N/mm with a variation of ± 38 %. The 
average CR, excluding the outlier Abbott Supera (which is a braided 
stent, resulting in a CR of an order of magnitude bigger than laser-cut 
stents), is around 0.074 N/mm with a variation of ± 25 %.

C. Brandt-Wunderlich et al. [89], tested and compared six SX NiTi 

stents in terms of CR and RRF, at 1 mm oversizing and at 2 mm over
sizing. All stents had a diameter of 6 mm and a length of 80 mm. Their 
results highlighted that the compared stents having a high CR showed 
also a high RRF, and vice versa, with one exception (Abbott Absolute 
Pro). Stents that show high RRF and CR could be considered a marker of 
radially stiff stents, capable of keep the patency of the vessel, but they 
could cause vessel injuries due to vascular overdilatation; on the other 
hand stents with lower RRF and CR could reduce vascular irritations, but 
could have too low radial stiffnesses, which would not allow the correct 
patency of the vessel to be maintained [89]. This is consistent with what 
we discussed in the figures of merit section of this article. In addition, W. 
Schmidt et al. [72], compared 6.0x80 mm SX stents but for SFA instead 
of FPA. Their results showed that stents with small and closed cells 
resulted in higher radial support with respect to stents with large and 
open cells as well as a low number of V-shaped strut segments with long 
struts [72]. Among other metrics (such as trackability, pushability, and 
radiopacity), we decided to collect the thicknesses of the struts, the 
crush resistance at 50 % diameter reduction and the chronic outward 
force values with 1 mm oversize, normalized to the length of the stent, 

Fig. 15. Modular stent arrangements, adapted from [120], with corresponding available stents: (a) closed-cell, Optimed Sinus-XL [121], (b) open-cell, Biotronik 
Pulsar [115,122], and (c-d) hybrid-cell configurations, Scitech Solaris, Medtronic Cristallo Ideale [115].

Table 2 
Comparison of parameters between open-cell and closed-cell stent designs.

Open-cell stents Closed-cell stents

Compliance ↑ ↓
Radial stiffness ↓ ↑
Applicability for complex vessel ↑ ↓
Plaque coverage ↓ ↑
Higher risk of restenosis ↓ ↑
Velocity of blood flow after stenting ↓ ↑
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Fig. 16. Two types of modular stents: (a) scaffolded structure [129], (b) bridged structure [130]. (c) Cross-sectional view of a segment of the stent illustrating 
strut dimensions.

Table 3 
The effects of strut dimensions on the figure of merits of stents.

Strut dimensions References Note

↑ Width ↑ Thickness ↑ Length

Foreshortening - ↓ - [128] Depends on the cell geometry: considering same displacement in radial direction
Recoiling ↓ ↓ ↑ [108] Stiffer stents cause lower recoiling
Dogboning ↓ ↓ - [108,109] Increasing width and thickness of the strut selectively at both stent ends reduces 

dogboning
Radial stiffness ↑ ↑ ↑ [131] ​
Axial, torsional, and bending 
stiffness

↑ ↑ ↓ [124,132] ​

Oversizing - - - [82] Depends on the stent/vessel diameter
RRF, COF, CR ↑ ↑ ↓ [68,132] ​
Fatigue life (isostress) ↑ ↑ ↓ [131] Mechanical tests at same load
Fatigue life (isostrain) ↓ ↓ ↑ [132] Mechanical tests at same displacement
Wall shear stress ↑ ↑ - [101] Larger struts cause more flow turbulence

Table 4 
Comparison of commercial SX arterial NiTi Stents: a geometric analysis.

Model (Brand) Use Cell design d (mm) l (mm) t (μm) Ref.

Zilver (Cook Medical) Symptomatic vascular disease of the iliac 
arteries

Open-cell 6–10 20–80 192 [122]

S.M.A.R.T. CONTROL 
(Cordis)

Iliac and femoro-popliteal lesions Open-cell (micromesh design with a multi 
segmental construction)

6–14 20–150 197.11 [72]

Pulsar (Biotronik) Atherosclerotic disease of the femoral and 
infrapopliteal arteries

Open-cell (peak-to-valley design and S-articulating 
connecting bars)

4–7 20–200 153.07 
140

[72, 
122]

TIGRIS1 (GORE) Treatment of SFA and FPA Open-cell with external fluoropolymer lattice 5–8 30–100 N.A. [135]
Innova (Boston 
Scientific)

Treatment of SFA lesions Hybrid-cell architecture (closed-cell ends open-cell 
center)

5–8 20–200 223.45 
213

[72, 
122]

Supera (Abbott) SFA and FPA lesions Interwoven wire technology 4.5–7.5 20–200 182.33 
178

[72, 
122]

Absolute Pro (Abbott) Iliac arteries Hybrid-cell design (closed-cell end segments) 6–10 20–200 181.75 [72]
EverFlex (Medtronic) Peripheral arterial disease in the SFA and FPA Open-cell, spiral cell connection pattern 6–8 20–150 228 [122]
LifeStent (BD) Atherosclerotic lesions in the SFA and FPA Open-cell, helical design 5–7 20–170 192 [122]

1Discontinued, replaced by VIABAHN
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where the producers disclosed the information.

4.2. Venous stents

Research into ideal venous stents is still a relatively new area when 
compared to arterial stents, yet some studies have been conducted [77, 
133,145]. In Fig. 18, the pictures of some commercial venous stents are 

depicted, namely: Bard E-Luminexx (Fig. 18a), Cook Zilver Vena 
(Fig. 18b), Optimed Sinus Venous (Fig. 18c), Sinus Obliquus (Fig. 18d), 
Sinus XL (Fig. 18e), Sinus XL Flex (Fig. 18f), Veniti Vici (Fig. 18g), Bard 
Venovo (Fig. 18h), Medtronic Abre (Fig. 18i). In addition, the dimen
sional information and technical details of the aforementioned stents are 
given in Table 6. Although the focus of this study is on NiTi stents, we 
also decided to consider Wallstent (Boston Scientific, USA) even though 

Fig. 17. Commercial SX NiTi arterial stents: (a) Cook Medical Zilver [137], (b) Cordis S.M.A.R.T. [138], (c) Biotronik Pulsar [122], (d) GORE TIGRIS [135], (e) 
Boston Scientific Innova [139], (f) Abbott Supera [140], (g) Abbott Absolute Pro [141], (h) Medtronic EverFlex [142], (i) BD Lifestent [143].

Table 5 
Comparison of commercial SX arterial NiTi stents: mechanical properties.

SX arterial stents Open-cell Closed- 
cell

Hybrid-cell Braided Ref.

Zilver S.M.A.R.T. 
CONTROL

Pulsar TIGRIS LifeStent EverFlex Innova Absolute 
Pro

Supera

RRF (N/mm) N.A. 0.773 0.242 0.610 N.A. N.A. 0.777 0.250 N.A. [89]
COF at 1 mm oversizing, normalized to stent 
length (N/mm)

0.29 0.389 0.133, 
0.25

0.406 0.57 0.56 0.5030.49 0.214 N.A. [72, 
122]

CR at 50 % diameter reduction (N/mm) N.A. 0.078 0.038 0.088 N.A. N.A. 0.087 0.080 0.73 [72]
Force needed to stretch 50 % lengthwise (N) 1.34 2.99 N.A. N.A. 0.80 1.76 1.25 0.68 N.A. [144]

Fig. 18. Commercial SX NiTi venous stents: (a) Bard E-Luminexx [149], (b) Cook Medical Zilver Vena [164], (c) Optimed Sinus-Venous [165], (d) Optimed 
Sinus-Obliquus [152], (e) Optimed Sinus-XL [121], (f) Optimed Sinus-XL Flex [156], (g) Veniti Vici [166], (h) Bard Venovo [146], (i) Medtronic Abre [162].
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is mostly made of Elgiloy (a cobalt alloy) rather than NiTi. This excep
tion was done since, according to [133,146], Wallstent is one of the most 
important SX stents used in venous surgery, and it is also frequently 
employed off-label for both arterial and venous applications. In Table 6, 
d, l, and t, respectively, represent the diameter, length, and strut thick
ness of the stents.

Regarding the dimensions of the venous stents, it is important to note 
that the average size of the blood vessels in the venous system is larger 
than those in the arterial system. As a result, venous stents have larger 
diameters compared to arterial stents. This can be observed in Table 4
and Table 6, where the average maximum diameter of arterial stents is 
approximately 9 mm, while the corresponding number for venous stents 
is around 20 mm. The same consideration can be made for the strut 
thickness, which for arterial stents is almost less than 200 microns, while 
in the case of venous stents, the thickness is mostly about 300 microns, 
with the exception of the ABRE stent, which is significantly larger than 
the others. The motivation is due to the larger vessels (in general veins 
are larger than the arteries) and the fact that the elastic modulus of the 
vein is much lower than arteries reducing the need to flexibility and the 
risk of restenosis [147]. It should be noted that some designs of venous 
stents can also be adapted for arterial applications, however with 
different sizes in dimensions, including diameter, length, and thickness. 
In other words this kind of stents are off-label stents, such as Zilver 

design which is utilized for both venous and arterial stents with corre
sponding modifications to diameter, length, and thickness, as seen in 
Table 6.

Mechanical parameters are a focal point of investigation in numerous 
research studies. Table 7 provides a concise summary of findings from 
various studies exploring these parameters including, RRF, COF, CR, 
foreshortening and radial stiffness.

In 2023, Ningcheng Li et al. [167], conducted a study in-vitro 
focusing on the crush resistance and coaxial deployment of a SX NiTi 
venous stent, Venovo (Bard), and a BX stent (Palmaz XL). In 2021, 
Masud Hejazi et al. [77,168], compared four different SX commercial 
stents currently being used in practice for venous stenting, Zilver Vena 
(Chevron design, NiTi), Luminexx (Diamond design, NiTi), Cook Z (Z 
design, stainless steel) and Wallstent (braided design, stainless steel). 
They compared the deformation characteristics of all four designs by 
examining radial compliance, radial pressure exerted by the stent on 
veins, and foreshortening through in-vivo experiments coupled with 
analytical and finite element methods. Although, this investigation was 
done at different stent OS, part of their findings is summarized in Table 7
at a 30 % OS because the normal range for SX stent oversizing is between 
20 % and 40 % [82,83]. Dabir et al. [88] investigated seven large lumen 
stents: Zilver Vena, Sinus XL Flex, Venovo, Sinus Venous, Vici, Sinus 
Obliquus, and Wallstent. All stents were in NiTi and made by laser-cut 

Table 6 
Comparison of commercial SX venous stents: a geometric analysis.

Model (Brand) Intended use Cell design d 
(mm)

l(mm) t(μm) Ref.

Wallstent (Boston 
Scientific)

Off-label design, used for both arteries and veins Braided, wire-based stent 5–24 23–145 330 [77,148]

E-Luminexx 
(Bard)2

Iliac occlusive disease in patients with symptomatic 
vascular disease of the common and/or external iliac 
arteries

Diamond cell, open-cell design with 2 mm flared 
stent ends

7–10 20–100 220 [77,149]

Zilver Vena (Cook 
Medical)

Obstructed iliofemoral veins Chevron, open-cell design 10–16 40–140 220 [77,150]

Sinus Venous 
(Optimed)

Iliofemoral veins, post thrombotic syndrome, deep 
vein thrombosis, tumor related stenosis

Open-cell design 10–18 60–150 335 [151]

Sinus Obliquus 
(Optimed)

Symptomatic obstructions of the iliac veins, 
obstructions close to bifurcation of inferior vena cava

Hybrid-cell: closed-cell design at distal and 
proximal segments, open-cell design in the 
middle. Oblique distal part

14–18 80–150 335 [152,153]

Sinus XL 
(Optimed)

Aortic stenosis and dissections, vena cava 
compression syndrome, obstructions of the vena cava

Closed-cell design, ideal for straight sections 16–36 30–100 N.A. [121, 
153–155]

Sinus XL Flex 
(Optimed)

Obstructions of the curved segments of the inferior 
and superior vena cava, iliac vein, femoral vein, 
abdominal aorta

Open-cell design, ideal for curved sections 14–24 40–150 N.A. [156,157]

Vici (Veniti)3 Iliofemoral venous obstructive disease Closed-cell design 12–16 60–120 N.A. [158]
Venovo (Bard) Symptomatic iliofemoral venousoutflow obstruction Open-cell design with 3 mm flared stent ends to 

reduce migration risk
10–20 40–160 N.A. [146,153, 

159,160]
Abre (Medtronic) Symptomatic iliofemoral venousoutflow obstruction Open-cell design with 3 points of connection 

between cells
10–20 40–150 457–711 [161–163]

2E-Luminexx is an electropolished version of Luminexx [190]
3Reports of stent migration after implantation [191]

Table 7 
Comparison of commercial SX venous stents: mechanical properties.

SX venous stents Open-cell, NiTi Closed-cell, NiTi Hybrid- 
cell, NiTi

Braided, Elgiloy

Zilver Vena Sinus 
XL Flex

Luminexx Venovo Sinus 
Venous

AbreVenous Sinus XL Vici Sinus 
Obliquus

Wallstent

RRF (N/mm) 0.67 [88] 1.27 
[88]

N.A. 1.65 [88] 1.88 
[88]

0.079–0.403 
[162]

0.16 [88] 1.11 [88] 1.94 [88] 0.39 [88]

COF at 50 % diameter 
(N/mm)

0.34 [88] 0.54 
[88]

N.A. 0.73 [88] 0.75 
[88]

More than 
0.026 [162]

N.A. 0.33 [88] 0.79 [88] 0.21 [88]

CR at 50 % diameter 
(N/mm)

0.054 [88] 0.085 
[88]

0.27 [77] 0.076 [88]
0.131 [167]

0.095 
[88]

N.A. N.A. 0.089 
[88]

0.141 [88] 0.130 [88]

Foreshortening at 
30 % OS (%)

2.5 [77]
Minimal 
[169]

N.A. 8 [77] Minimal 
[86]

N.A. Less than 10 
[162]

Almost 
zero 
[154]

Less than 
20 [158]

N.A. Substantial, up to 
40 [86,150,170]

Radial stiffness at 
30 % oversizing (kPa)

0.66 [77] N.A. 0.16 [77] N.A. N.A. 0.007–2.94 
[162]

N.A. N.A. N.A. N.A.
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technique. The investigated stents were all 14 mm in diameter and 
ranged from 60 to 120 mm in length. The result of the RRF, COF and CR 
of all the stents are also presented in Table 7. The values of forces were 
normalized by dividing them by the corresponding stent length, facili
tating direct comparison between different stents.

From Table 7, it is evident that, as expected, each stent design ex
hibits a higher value of RRF compared to its corresponding COF. The 
RRF, COF, and CR values among the listed venous stents vary signifi
cantly and are dependent upon the specific stent designs. Notably, the 
Sinus Obliquus stent with its hybrid-cell design demonstrates the highest 
radial forces (RRF and COF) due to its unique structural design, partic
ularly the presence of closed-cell segments at both ends. Although 
having enough COF in the Sinus Obliquus can be an advantage for 
adequate expansion in the vessel, it is worth noting that its elevated COF 
could potentially raise the risk of restenosis. Foreshortening, as 
emphasized before, is pivotal for precise stent positioning, with Sinus 
XL, Venovo, and Zilver Vena exhibiting optimal values in this regard, 
thereby facilitating deployment. Conversely, the Wallstent design un
dergoes considerable reduction post-deployment, attributed to its 
spring-like behavior, where interwoven wires can easily slide against 
each other.

To summarize, Section 4 of this review was devoted to the analysis of 
some commercial arterial and venous SX NiTi endovascular stents. This 
comparison is certainly not complete, as the range of endovascular 
stents on the market is enormous and constantly evolving. However, it is 
intended to serve as a guide for stent designers, experts and stakeholders 
in understanding and evaluating some of the engineering features of 
endovascular stents and in their selection.

5. Ongoing trends in stents design

Cardiovascular disease remains a formidable global health chal
lenge, contributing significantly to morbidity and mortality worldwide. 
Although stenting is an effective way to treat cardiovascular disease, the 
clinical reports reveal that there are still some issues such as vessel 
recoiling and stents migration post-deployment, fracture, and in-stent 
restenosis. Furthermore, the scarce presence of commercial stents suit
able for deployment into some complex anatomy districts (bifurcations, 
diameter variation, and so on) exacerbates the challenges in cardio
vascular intervention, where it falls upon the surgeon to choose one or 
more than one stent to meet the specific clinical needs of the patient 
[171]. Moreover, the inherent anatomical diversity among patients 
further complicates stent selection, adding another layer of complexity 
to treatment strategies. Thus, studying the design of an optimum stent 
that can mitigate these limitations is still a hot topic both for researchers 
and companies, aiming to enhance treatment efficacy and patients’ 
health. Scholars devoted a strong effort on improving biocompatibility, 
reducing failure rates, and enhancing the performance of stents through 
advanced materials, optimum cell-design, and manufacturing tech
niques. Therefore, biodegradable stents are a significant trend nowadays 
[172–175], as they boast exceptional biocompatibility that plays a 
pivotal role in their rising popularity. They are designed to provide 
temporary support tissue growth before dissolving completely, thereby 
minimizing long-term complications. This evolution addresses the lim
itations inherent in durable polymer-based conventional drug-eluting 
stents, which raise the risk of in-stent restenosis and stent thrombosis 
by causing neoatherosclerosis and chronic local inflammation [176]. On 
the design and technology side, there is a growing interest in using ad
ditive manufacturing (AM) techniques to manufacture stents. AM has 
emerged as a prominent trend in recent years, evident from the 
increasing number of publications on AM of different stents either BMS 
or BDS [52,56,172,177–181]. This trend signifies a fundamental shift in 
stent manufacturing methodologies, particularly in response to the 
limitations associated with conventional manufacturing processes such 
as laser-cutting. For instance, the dimensions of the stents that are 
conventionally manufactured by laser cutting from tubes, are dependent 

on available tubes, limiting dimensional selection of the stent. The 
available tube diameters may not perfectly match the ideal diameter 
needed for a particular patient’s anatomy, forcing the surgeons to select 
a stent with a diameter slightly larger than necessary to ensure that it fits 
properly within the blood vessel, which can lead to negative clinical 
consequences, such as thrombosis and restenosis [55]. While consid
ering AM, the design and manufacture of patient-specific stents, that 
precisely conform to individual vascular dimensions, is now possible 
and has started becoming more popular recently [182,183]. Moreover, 
AM can deal with complex geometries such as vessel bifurcations, which 
are typical of many regions in the vascular system. This approach has 
been recently investigated in technical literature [184] but AM in gen
eral offers a solution for creating and manufacturing complex geome
tries and cell designs. The freedom of shape given by AM has recently 
motivated designers to explore and analyze more complex geometries 
such as auxetic structures [185–187] to enhance mechanical properties 
and overall performance of stents.

The increasing use of AM opens the need for the designer to move 
from the current state of the art, largely based on laser-cut tubes and 
investigate new shapes and geometry, which is why the collection of 
dimensions and the definition of figures of merit is fundamental for the 
next generation of stents. The comparative tables reported in this review 
show that the solutions could be very different in terms of strut size, cell 
shape and design, and on top of this, strong improvements can be 
envisioned mainly relying on possible customization of these products 
based on computed tomography (CT) scans of patients. The use of new 
emerging technologies not only allows the designers to achieve the best 
tradeoff between the several figures of merit of the endovascular NiTi SX 
stents, but also opens new possibilities in terms of optimization of the 
geometry based on methods such as generative design and topological 
optimization [30,185,188,189].

In summary, the current trends in stent design and manufacturing 
reflect a significant shift towards addressing the limitations and chal
lenges faced in cardiovascular interventions. Researchers are increas
ingly focusing on enhancing biocompatibility and improving stent 
performance through the use of advanced materials, optimal cell de
signs, and innovative manufacturing techniques such as AM. This work, 
providing a quantitative insight of the geometry, the dimension, and the 
mechanical properties of many commercial stents both for arterial and 
venous applications along with a detailed description of the main figures 
of merit of the stents, will help the future stent designers in exploiting 
new possibilities such as AM to improve the performance of these de
vices and enhance the global health.

6. Conclusion

Endovascular stents are widely used to treat one of the most severe 
causes of vessel pathologies, the atherosclerotic vascular disease without 
the use of conventional open surgery, which is one of the motivations 
behind the rapid diffusion of these devices in the last 20 years. Focusing 
on SX NiTi stents, a variety of different designs can be traced in the 
market. Most stents exploit a hybrid design, tend to be very compliant in 
bending and to provide low force on the vessel’s walls, preventing 
inflammation while maintaining patency. The aim of this review work is 
to set a solid foundation for the stent designer by providing a solid 
foundation on which new technical specifications can be built. This 
purpose is achieved by comparing commercial devices and by listing the 
main figures of merit of a stent, including the factors affecting fatigue 
life and mechanical stress on the stent. This overview should be useful 
both for the mechanical stent designers of the future and for the 
thoughtful selection of the actual devices, typically done by clinicians. 
Since the laser-cutting technology was one the strongest limitations in 
stent design and the AM emerges as a very rapidly advancing substitute, 
this review provides a quantitative and solid baseline for the future 
devices design and development, opening the path for the ideal stent, 
both considering feasibility and performance.
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