
Heliyon 9 (2023) e13575

Available online 9 February 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Review article 

Evaluation of coronary stents: A review of types, materials, 
processing techniques, design, and problems 

Fatemeh Ahadi a, Mohammad Azadi a,*, Mojtaba Biglari a, Mahdi Bodaghi b, 
Ali Khaleghian c 

a Faculty of Mechanical Engineering, Semnan University, Semnan, Iran 
b Department of Engineering, School of Science and Technology, Nottingham Trent University, Nottingham, United Kingdom 
c Department of Biochemistry, Semnan University of Medical Sciences, Semnan, Iran   

A R T I C L E  I N F O   

Keywords: 
Vascular stents 
Coronary artery 
Design 
Materials 
Processing technique 
Mechanism of expansion 

A B S T R A C T   

In the world, one of the leading causes of death is coronary artery disease (CAD). There are 
several ways to treat this disease, and stenting is currently the most appropriate way in many 
cases. Nowadays, the use of stents has rapidly increased, and they have been introduced in 
various models, with different geometries and materials. To select the most appropriate stent 
required, it is necessary to have an analysis of the mechanical behavior of various types of stents. 
The purpose of this article is to provide a complete overview of advanced research in the field of 
stents and to discuss and conclude important studies on different topics in the field of stents. In 
this review, we introduce the types of coronary stents, materials, stent processing technique, stent 
design, classification of stents based on the mechanism of expansion, and problems and com
plications of stents. In this article, by reviewing the biomechanical studies conducted in this field 
and collecting and classifying their results, a useful set of information has been presented to 
continue research in the direction of designing and manufacturing more efficient stents, although 
the clinical-engineering field still needs to continue research to optimize the design and con
struction. The optimum design of stents in the future is possible by simulation and using nu
merical methods and adequate knowledge of stent and artery biomechanics.   

1. Introduction 

Nowadays the world, coronary artery disease is one of the leading causes of human death, characterized by the narrowing of the 
arteries due to plaque [1–6]. Atherosclerosis is a cardiovascular disease that has been on the rise worldwide in recent years. Its 
pathological mechanism is that fat or lipids accumulate on the artery wall under the influence of various cardiovascular risk factors. 
These deposits form a large number of plaques that lead to thickening of the arterial wall, blockage of blood vessels, and affect blood 
flow. Severe atherosclerosis can cause coronary artery disease, heart attack, and death [7,8]. There are several procedures for 
occluding arteries, including bypass, angioplasty by balloon, and stenting. Stenting is an important model in the treatment of 
atherosclerosis, which is performed to relieve obstruction and restore blood by placing a vascular stent on the stenosis and hard part of 
the artery, dilating at that point. Today, the use of cardiac stents has greatly increased due to their ease and efficiency in penetration. 
Therefore, the most appropriate stent design, stent evaluation, and analysis of different behaviors mechanically are very important [9]. 
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Stents are small cylindrical scaffolds whose main purpose is to remove the arterial obstruction or to prevent elastic arterial reversibility 
following dilation of the artery or balloon angioplasty [10,11]. Stenting has advantages over other treatments such as no surgery, less 
complexity, less pain, and faster healing. Today, the use of coronary artery stents has increased. Coronary stents are currently used in 
more than 90% of PCI procedures [12–14]. 

Coated stents are new generation stents coated with a thin polymer membrane for vascular therapy. Coated stents increase tissue 
granulation and suppress thrombosis compared to bare-metal stents (BMS) [15]. 

Superficial features of coronary stents play an important role in inhibiting stent restenosis and also late stent thrombosis [16]. 
Coated stents are a new generation of stents that are coated with a thin polymer membrane to treat blood vessels. Coated stents in
crease tissue granulation and suppress thrombosis compared to bare-metal stents (BMS) [15,17]. In addition, optimized geometries for 
stents and surfaces, as shown by thin stents, help to decrease thrombosis, in spite of the stent configuration and variation in placement 
[17]. Stent thrombosis is a deadly complication. However, concerns that drug/polymer coatings are inherently thrombogenic should 
be reconsidered, as primary clotting by drug/polymer coatings is reduced [17]. 

Stent’s efficiency metrics are longitudinal strength, radial strength, flexibility, fatigue resistance, tissue damage, drug distribution 
for drug-eluting stents, and flow criteria [18]. 

Stents can be categorized according to their expansion mechanism, their design, or by their materials [13,19–22]. The results show 
that each stent topology has its own structural and hemodynamic function and the best stent can be selected according to the required 
clinical needs [23,24]. Fig. 1(a–d) show the structure of an artery before and after stenting [25]. 

In the present article, by reviewing the biomechanical studies performed in the field of optimal stent design, collecting information 
about different geometric properties of stents, and classifying their results, a set of information to continue research to design and the 
production of more efficient stents. 

The review article includes important and discussed topics from the past to the present in the field of stents, and most of the purpose 
is to introduce these items next to each other and categorize them, directly from 117 sources given in the references. 

The criterion and method of the summary of the review article are based on the classification of studies in different fields of stents, 
based on which it can be said that the breadth and variety in this field is one of the strengths of this field. In the following, these 
strengths and weaknesses in the field of stents are given. 

2. History 

Charles Theodore Dotter and Melvin P Judkins in 1964, presented the first angioplasty [26]. In 1969, Dotter, using stainless steel to 
wrap the coil stent, took the lead in researching the structure of vascular stents [27–29], Fig. 2 showed the stent designed by Dotter 
et al. [28]. 

Andreas Grantzyg in 1978, the first balloon angioplasty was done [30]. This led Puel and Sigwart [31] to discover the first coronary 
stent (in 1986), which was able to prevent acute vessel closure and late constrictive recoil [32]. Although many physicians subse
quently made their stents, the first stent to be approved by the food and drug administration was made in 1987 [33]. Moreover, two 
important trials including the Belgian Netherlands stent test [34] and the stent restenosis study [35] were safe from stenting using dual 
antiplatelet therapy and appropriate implantation techniques [36,37]. In 2001, drug-eluting stents were introduced to minimize 
restenosis [38]. Since 2005, safety concerns about first-generation drug-eluting stents have increased [39,40], so new-generation 
stents have been developed [41]. Hence, new technologies for stents are constantly being discovered and supplied every day [42]. 

Fig. 1. (a) Structure of an artery; (b) presence of atheroma; (c) enlarged lumen diameter after stenting; and (d) in-stent restenosis [25].  
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3. Strengths and weaknesses of stents 

Studies in the field of stents from the past to today show that many useful topics have been addressed in the direction of its 
development. Therefore, by summarizing these studies, the strengths and weaknesses in this field and the design of stents are 
determined. 

All these strengths and weaknesses in the studies can be seen in Table 1, and each of these topics has been examined in detail below. 

4. Strengths in studies on stents 

As mentioned in Table 1, the general strength points in the field of stents include the variety in types of coronary stents, materials, 
processing techniques, designs, and mechanism of expansion. They all are summarized and put together in this review article. 

Each of these topics is discussed in detail below. 

4.1. Types of coronary stents 

In general, there are three major types of coronary stents available today that are implanted in coronary arteries through angio
plasty or percutaneous coronary intervention, consisting of [43–50].  

• Bare-Metal Stent (BMS)  
• Drug-Eluting Stent (DES)  
• Bioresorbable Vascular Scaffold (BVS) 

4.1.1. Bare-metal stents 
Today, coronary stents have become the most usual treatment for coronary artery disease. Bare-metal stents have high intra

coronary stent restenosis (ISR) rates [51]. In past studies, intracoronary stent restenosis was reported to be between 10% and 20% 
during a six-month follow-up, leading to myocardial infarction and angina, which required re-vascularization [52]. Healing with 
bare-metal stents have very beneficial results, and restenosis blood vessels were seen in 20–30% of patients in the span of 6–12 months 
[35]. Primary stents are made of stainless steel [53]. Stainless steel was replaced with chrome, cobalt, or other elements to retain 
strength [41,54]. 

4.1.2. Drug-eluting stents 
The advent of drug-eluting stents is considered a breakthrough. Biodegradation is considered a critical factor in establishing the 

efficiency of these stents [55]. 
The main purpose of a drug-eluting stent is to reduce intracoronary stent restenosis by inhibiting neointimal hyperplasia. Numerous 

agents affect drug elution from polymers, and how better drug release and the duration of drug elution are the most important issues in 

Fig. 2. The stent designed by Dotter et al. [28].  

Table 1 
Strengths and weaknesses in studies on stents.  

Strengths Weaknesses 

Variation in types of coronary stents Restenosis 
Variation in materials Recoil 
Variation in processing techniques Dog boning 
Variation in design Foreshortening 
Variation in the mechanism of expansion  
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drug-eluting stent design [53]. A drug-eluting stent is associated with a reduced risk of restenosis [56–59]. 
The superiority of drug-eluting stents over bare-metal stents with the recorded argument in ISR rates of somewhere in the span of 

60%–80% [60–62]. Despite the achievement of DESs within the decrease of the ISR rate, issues have emerged over the long-time 
bio-compatibility of these devices because of cases of late destructive medicinal activities including stent thrombosis [63]. 

Traditional drug-eluting stents often delay endothelialization whilst inhibiting intimal hyperplasia [64]. In the literature [65], an 
arsenic trioxide-eluting stent effectively facilitates rapid re-endothelialization whilst preventing in-stent restenosis. 

4.1.3. Bioresorbable stents 
In the body, there is increasing pressure on temporary implants, which requires the implanted material to be predictable over time 

to disappear. Such substances are called bioabsorbable [66]. The success of absorbable vascular scaffolding depends on the time of 
destruction [67]. Biodegradable stents are made of materials that can be broken down and absorbed by the body. The idea of the 
bioresorbable stent is considered revolutionary according to Erne et al. [68]. Numerous published studies center on the clinical, 
technological, and material features of bioabsorbable stents [33,53,69–72]. Manufacturing of such these implants could be considered 
based on the applications for biocompatible biodegradable metals and alloys and also polymers which can be reabsorbed after several 
months of implantation, in the body [33,73,74]. The characteristics and degradation behavior of bioabsorbable stents must be pre
dictable over some time. Ideally, bioabsorbable stents implanted in a vessel lack mechanical patronage for the recovery course and 
disappear within a few months (12–24 months) [75]. 

4.2. Materials 

The materials used for coronary stents have evolved rapidly since the first stainless steel devices were introduced in 1987 [76]. 
Recent advances in the production of additives and the development of materials have led to four-dimensional (4D) printing 

technology to create dynamic devices that can change their shape and function on demand and over time. Recently, the possibility of 
4D printing for some active materials with initial questions and challenges has been demonstrated [77–79]. 

The mechanical properties of some of the materials used to make stents are given in Table 2 [80–88]. Biodegradable stents do not 
suffer from fatigue due to their relatively short life and have the mechanical properties required for vascular spasms. They will also 
prevent future treatment bans. Pharmaceutical stents or drug-coated metal stents are some of the most popular types of stents today. 
These stents, which are more expensive than regular metal stents, prevent the re-growth of the vessel wall, resulting in the re-occlusion 
of the arteries [80]. 

4.3. Stent processing technique 

The primary techniques for creating stents are the braided technique, laser slicing technique, electrospinning generation, and 
additive production generation (Fig. 3(a–d)) [89–93]. Fig. 3 suggests the techniques for processing vascular stents. In other words, 
Fig. 3(a) presents braided stents [91], Fig. 3(b) depicts laser cutting stents [91], Fig. 3(c) demonstrates the electrospinning technology 
[92], and Fig. 3(d) proposes additive manufacturing [93] for vascular stent processing techniques. 

The braiding technique is that the wire is wrapped around the carrier and then the wire is woven along the axis of rotation in the 
prepared path to make a lattice stent. As the shape of stents turns into extra complicated today, the stent produced through the woven 
technique is constrained to an easy shape and the stent has a vulnerable radial stiffness. For this reason, the braiding technique is more 
suitable for making more compatible memory polymer stents [91]. 

Laser cutting is the most common method used to make a vascular stent. During the laser cutting process, a high-power laser canvas 
focuses on the tubular material, the material melts, evaporates, or wears out rapidly, and then the material is blown away by high- 
velocity airflow [91]. 

Electrospinning is a unique technique using an applied voltage for the liquid atomization process. The electrospinning technique 
undergoes fast development in recent years. This technique can provide the unlimited potential to achieve vascular graft prostheses. As 

Table 2 
Mechanical properties of some materials utilized for fabricating stents.  

Stent Material Yong’s Modulus (GPa) Tensile Strength (MPa) Elongation (%) Degradation References 

Metals and alloys 
Nitinol 45–50 1200 ~20 – [81,82] 
Stainless steel 193 595 40 – [81,83] 
Cobalt-chromium MP35N 233 930 45 – [81,84] 
WE 43 Alloy (extruded) 44.2 280 2 1.35 mm/y [85] 
Biodegradable 
PLA 2–4 65 2–6 18–30 months [86,87] 
PLLA 2–4 60–70 2–6 >24 months [86] 
PGA 6–7 90–110 1–2 4–6 months [86] 
PCL 0.34–0.36 23 >4000 24–36 months [86] 
PAE 0.14–1.4 25–27 – 9–12 months [85] 
PTD-PC 1.2–1.6 60–220 – 6–48 months [85] 
TD-PCP – 10–30 10–13 7 months [88]  
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shown in Fig. 3(a–d), first, a charged jet is created from a polymer solution using an electric field, after that, the solvent evaporates 
leaving behind a charged fiber that can be electrically deflected or collected on a metal substrate. Electrospinning generation isn’t 
appropriate for getting ready complicated stent structures [92]. 

Additive production is very common today. Most researchers, in particular, use fused deposition modeling (FDM) to fabricate and 
reinforce stents. Screw extrusion-based 3D printing system consists of three main components: x-y-z motion system, rotation axis, and 
mini-screw extruder. In this technique, the printed filament is melted at excessive temperature and sprayed through the nozzle, and 
placed on a rotating shaft to hold the stent together. Because the additive fabrication generation capabilities a complicated printable 
shape for several sizes, it’s been extensively utilized in-stent fabrication [90,93]. 

4.4. Stent design 

The ideal stent should meet a broad span of technical versions. Stents should be secure and flexible enough to facilitate delivery to 
the lesion site. After expansion, the stents should apply enough radial force to the vessel wall to prevail the lesion resistance and elastic 
recoiling. Attempting to optimize one feature of one stent design may have damaging effects on another. Therefore, the best stent 
required should be used according to the required features [94]. Several parameters are significant in the design of stents, which are 
introduced in Table 3 [95–103] and explained in detail in the following. 

Fig. 3. Vascular stent processing method: (a) braided [91]; (b) laser cutting [91]; (c) electrospinning technology [92]; (d) additive 
manufacturing [93]. 

Table 3 
Important parameters in the design of stents.  

Design parameters References 

Geometric parameters Strut length [95,102] 
Area [95,102] 
Shape of strut cross-section [95,102] 
Strut angle [95] 
Stent links [96–98,102] 

Flexibility [96,100,101] 
Radial stiffness [96,100,101] 
Concentration of tension [103] 
Fatigue [103]  
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4.4.1. Geometric parameters 
Stent geometry design parameters can include strut length, area and shape of strut cross-section, and strut angle. In fact, by 

changing these parameters, stents will exhibit different mechanical behaviors. Fig. 4 shows some stents [95]. 
The more symmetrical the design of the stent links, the more flexible it is. In Fig. 5, the stent is illustrated with different links (S- 

shaped, N-shaped, W-shaped, WD-shaped), where the W-shaped link has more flexibility due to symmetry, see Table 4 [96–98]. 
The stent can have several different modes in terms of the wire structure. The open-cell type consists of several welded loops and is 

more flexible than cell stents. Closed-cell stents are grooved tubes that are laser-shaped and have a higher radial stiffness than the 
open-cell model [99] (Fig. 6). There is also a combination of these two modes, which is called a type of hybrid cell that has both radial 
stiffness and good flexibility. 

Closed-cell stents are less flexible and may have incomplete complexity and expansion. However, stents fit the open-cell formation 
best with angled vessels or twisted anatomy. The differences in the functional characteristics of the stent subgroups are specifically 
about the rate of free cell surface area among the scaffold ingredients [100]. 

The literature [101] states that carotid velocity increases disproportionately after coronary artery stenting (CAS) with closed-cell 
stents compared to open-cell stents. This issue suggests that the criteria of the velocity for quantifying stenosis may require a modi
fication based on the stent design. 

4.4.2. Flexibility and radial stiffness 
Radial flexibility and rigidity are important features in stent design [101]. For better performance, stents require high radial 

stiffness and at the same time a lot of flexibility, which is inversely related to each other. Flexibility is required to deliver the stent to the 
site of occlusion and high radial stiffness after the stent placement steps to prevent recurrent stenosis. The stent should be designed to 
show the desired feature at a specific time. For this purpose, the design is done in such a way that the stents have high radial stiffness by 
changing the angle during delivery, high flexibility, and the vertical and fixed angle after placement in the obstruction. Stents with 
symmetrical link configurations have high flexibility [96]. 

4.4.3. Concentration of tension and fatigue 
One of the goals of optimal stent design is to increase its fatigue life. Stress factors include stent-vessel and balloon-vessel 

confrontation, as well as excessive pressure increase when the stent is opened. Among the critical areas for stress are areas close to 
the fork, the contact point of the stent slits, the end of the plate, the curved parts of the stent, as well as the corners, and the middle of 
the slit. Ways to reduce stress in the design include reducing the width of the stent wire, reducing the length of the gap, and the use of 
stents with a body or biodegradable coating [103]. 

4.5. Classification of stents based on the mechanism of expansion 

Stents are classified into three categories based on the expansion mechanism, including balloon-expandable stents, self-expanding 
stents, and thermal memory stents [11,73,94,99,104–109] (Fig. 7). Balloon-expandable and self-expanding and thermal memory 
stents have various mechanical properties and dynamics. Balloon-expandable stents attain their maximum diameter at the moment of 
implantation, self-expanding stents continue to expand after several days and reach their maximum diameter, just a few weeks after 
implantation [110]. 

Fig. 4. Micro-CT images of stents and the strut design [95].  
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Fig. 5. The sample of stent links [96].  

Table 4 
Comparison of vascular stents with different links.  

Stent links Advantages Disadvantages References 

S-shaped bridge Axial flexibility – [97] 
N-shaped bridge – Axial flexibility [98] 
W-shaped bridge Bending stiffness – [96] 
WD-shaped bridge – Axial flexibility [96]  

Fig. 6. Open-cell and closed-cell shapes [102].  
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4.5.1. Balloon-expandable stents 
Balloon-expandable stents are mounted on a balloon in contraction mode. In balloon-expandable stents, the stent is placed with the 

delivery system in the desired location and then deployed by the expansion of an expanded balloon (Fig. 8) [104,111]. After the 
balloon expands, the stent must have sufficient radial strength as well as sufficient flexibility to accommodate the vessel [94,104,112, 
113]. 

4.5.2. Self-expanding coronary stents 
Self-expanding stents are springy and limited in diameter and reach their predetermined diameter by removing the restraints. Self- 

expanding stents are spring stents and are limited in diameter by the constraints and after being in the desired location, they reach their 
determined diameter by removing the constraints [104,111]. Fig. 9 shows the steps related to self-expanding stent delivery and 
deployment. The self-expanding stents have less axial stiffness and are therefore more flexible and more in line with the shape of the 
vessels than the shape of the stent [110]. Therefore, in some cases, balloon-expandable stents are not suitable and require 
self-expanding stents [104,114]. 

4.5.3. Thermal memory stents 
Thermal memory stents lose their shape with the application of heat and regain their shape in the biological environment, and in 

these stents, a nitinol (nickel, titanium) alloy that has a thermal memory is often used [108]. 

5. Weaknesses and problems in stents 

Common complications of stents include tissue growth within the stent, recurrent vascular occlusion, thrombosis, stent failure, and 
vascular damage. Ways to reduce these problems include increasing radial stiffness, increasing fatigue life, reducing stent strain, and 
proper delivery mechanism, which are described in the following parameters. 

In studies in the field of stents, for the design of stents, weak points including restenosis, recoil, dog boning, and foreshortening 

Fig. 7. A classification of stents based on the mechanism of expansion.  

Fig. 8. Balloon-expandable stents [114].  
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have been pointed out (Fig. 10). Each of these topics is discussed in detail below. 

5.1. Restenosis 

The reduction of vessel diameter (more than 50%) after stenting is called recurrent stenosis, which will disrupt blood flow. This 
complication is more common in men than women and its causes can be low radial stiffness, stress concentration, and uneven dis
tribution of struts in the stent, which will lead to increased hyperplasia and seizures. The likelihood of re-stenosis decreases. Critical 
areas for re-stenosis include bifurcations and branches and two ends of the stent [116]. 

5.2. Stent recoil 

The stent usually shrinks slightly in diameter after the balloon expands and exits and recedes from its position. This phenomenon is 
described by DRR and CRR in Eqs. (1) and (2) [94]: 

DRR=Distal Radial Recoil =
Rload

distal − Runload
distal

Rload
distal

(1)  

CRR=Central Radial Recoil =
Rload

central − Runload
central

Rload
central

(2)  

where Rload
distal radius after applying pressure at the end of the stent and Runload

distal radius after removal of the pressure at the end of the stent 

Fig. 9. Steps involved in self-expanding stent delivery and deployment [115].  

Fig. 10. Problems of stents.  
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and Rload
central radius after applying pressure to the center of the stent and Runload

central the radius after removal of the pressure from the part the 
center is the stent. 

A smaller reduction of the diameter is better. Increased stent opening pressure is one of the factors that reduce the retraction and the 
ratio of a metal surface to low vessels, as well as the greater thickness of the stent, are the factors that increase this complication. 

5.3. Dog boning 

The further opening of the two ends of the stent relative to the central part and the creation of a radius difference of dog boning (DB) 
is called, which is shown by Eq. (3) [94]: 

DB=Dog Boning =
Rload

distal − Rload
central

Rload
distal

(3)  

where Rload
distal is the radius of the end of the stent after pressure and Rload

central is the radius of the center of the stent after pressure. This 
complication causes damage to the arteries and impaired blood flow, and the ways to reduce this phenomenon are to reduce the 
balloon length, increase the width of the ester and reduce the ratio of the metal surface to the arteries. 

5.4. Foreshortening 

As the diameter of the stent increases, its length decreases. This phenomenon is called Foreshortening, which is measured by Eq. (4) 
[94,117]: 

Foreshortening=
Loriginal − Lload

Loriginal
(4)  

where Loriginal is the initial length of the stent and Lload is the deployed length. This phenomenon can be reduced with bioabsorbable 
coatings. Naturally, the smaller the length of this reduction, the more desirable it is. 

6. Future of stents 

Angioplasty with a stent is a procedure to open narrowed or blocked blood vessels. Stenting is one of the most important strategies 
to remedy atherosclerosis. Moreover, the implantation of stents is a non-surgical technique, a less invasive procedure than surgery, to 
treat coronary artery disease that could reduce the risk of a heart attack. Implantation of the most appropriate stent is important to the 
patient to reduce the risk of complications. Researchers are working on ways to improve current stent angioplasty procedures or add 
adjunctive therapies. Innovations in angioplasty and stents continue for challenging treatments. 

Finally, the word “stent” was searched on the web-based on lens site (www.lens.org) to obtain the document workflow, as shown in 
Fig. 11. There is also such a report for patents, which is shown in Fig. 12. 

7. Concluding remarks 

There are several ways to treat coronary artery disease, and stenting is currently the most appropriate way in many cases. 
Nowadays, the use of stents has increased rapidly, and stents have been introduced in various models, with different geometries and 
materials. The researchers successfully solved the difficulty of vascular occlusion with bare-metal stents and later developed a drug- 
eluting stent to minimize restenosis. They have also improved their coronary stents by improving the technology of environmentally 
absorbable scaffolding and possibly further development. 

The advent of biodegradable stents that prescribe drugs represents a significant breakthrough in coronary artery disease, which 
represents a step towards a change in the pattern of the treatment. 

Several stent features are related to the material selection, such as material types, material composition, and architectural features. 
In addition, each stent structure shows a different function, and according to the required clinical needs, the best stent can be selected. 

For the future perspective, despite the progress of researchers in the proper design of stent geometry, the clinical-engineering field 
still needs to continue research to optimize the design and construction. Optimal design of stents in the future is possible by simulating 
and using numerical methods and sufficient knowledge of the biomechanics of stents and arteries. This goal could be obtained by the 
topology optimization of stents considering the fluid-solid interaction in arteries, with the objective of the structural and hemody
namics characteristics. 

Author contribution statement 

All authors listed have significantly contributed to the development and the writing of this article. 

F. Ahadi et al.                                                                                                                                                                                                          

http://www.lens.org


Heliyon 9 (2023) e13575

11

Funding statement 

This research was supported by Iran National Science Foundation (INSF) under project No. 4004237. 

Data availability statement 

Data included in article/supp. material/referenced in article. 

Fig. 11. The working trend of documents on the stent (Lens Scholarly Search: Stent).  

Fig. 12. The working trend of patents on the stent (Lens Patent Search: Stent).  

F. Ahadi et al.                                                                                                                                                                                                          

https://www.lens.org/lens/search/scholar/analysis?q=Stent&amp;p=0&amp;n=10&amp;s=date_published&amp;d=%2B&amp;f=false&amp;e=false&amp;l=en&amp;authorField=author&amp;dateFilterField=publishedYear&amp;orderBy=%2Bdate_published&amp;patentQueryId=d77dd63a-81a7-4d90-b9d7-023ee60730e6&amp;presentation=false&amp;preview=false&amp;stemmed=true&amp;useAuthorId=false
http://L
https://www.lens.org/lens/search/patent/analysis?q=Stent&amp;p=0&amp;n=10&amp;s=_score&amp;d=%2B&amp;f=false&amp;e=false&amp;l=en&amp;authorField=author&amp;dateFilterField=publishedDate&amp;orderBy=%2B_score&amp;presentation=false&amp;preview=false&amp;stemmed=true&amp;useAuthorId=false


Heliyon 9 (2023) e13575

12

Declaration of interest’s statement 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Abbreviations 

BMS Bare-Metal Stent 
BVS Bioresorbable Vascular Scaffold 
CAD Coronary Arteries Disease 
CAS Coronary Artery Stenting 
CRR Central Radial Recoil 
DB Dog Boning 
DES Drug-Eluting Stent 
DRR Distal Radial Recoil 
FDM Fused Deposition Modeling 
ISR Intracoronary Stent Restenosis 
PCI Percutaneous Coronary Intervention 

References 

[1] A. Cassar, D.R.H. Jr, C.S. Rihal, B.J. Gersh, N. Gps, F. Qbujfou, Chronic coronary artery disease: diagnosis and management, Mayo Clin. Proc. 84 (12) (2009) 
1130–1146. 

[2] M.Y. Ho, C.C. Chen, C.Y. Wang, S.H. Chang, M.J. Hsieh, C.H. Lee, V.C.C. Wu, I.C. Hsieh, The development of coronary artery stents: from bare-metal to bio- 
resorbable types, Metals 6 (7) (2016) 168. 

[3] J. Canfield, H. Totary-Jain, 40 years of percutaneous coronary intervention: history and future directions, J. Personalized Med. 8 (4) (2018) 33. 
[4] C. Emery, E. Torreton, J.-B. Briere, T. Evers, F. Fagnani, Economic burden of coronary artery disease or peripheral artery disease in patients at high risk of 

ischemic events in the French setting: a claims database analysis, J. Med. Econ. 23 (5) (2020) 513–520. 
[5] S. Darba, N. Safaei, A. Mahboub-Ahari, S. Nosratnejad, G. Alizadeh, H. Ameri, M. Yousefi, Direct and indirect costs associated with coronary artery (heart) 

disease in Tabriz, Iran, Risk Manag. Healthc. Pol. 13 (2020) 969–978. 
[6] N. Duhan, S. Barak, D. Mudgil, Bioactive lipids: chemistry and health benefits, Biointerface Res. Appl. Chem. 10 (6) (2020) 6676–6687. 
[7] P.C. Block, Percutaneous transluminal coronary angioplasty, Am. J. Roentgenol. 135 (1980) 955–959. 
[8] C. Landau, R.A. Lange, L.D. Hillis, Percutaneous transluminal coronary angioplasty, N. Engl. J. Med. 330 (14) (1994) 981–993. 
[9] M.S. Tabraiz Alam, A.Q. Ansari, S. Urooj, M. Aldobali, A review based on biodegradable and bioabsorbable stents for coronary artery disease, Procedia 

Comput. Sci. 152 (2019) 354–359. 
[10] J.A. Grogan, S.B. Leen, P.E. Mchugh, Comparing coronary stent material performance on a common geometric platform through simulated bench testing, 

J. Mech. Behav. Biomed. Mater. 12 (2012) 129–138. 
[11] J. Iqbal, J. Gunn, P.W. Serruys, Coronary stents: historical development, current status and future directions, Br. Med. Bull. 106 (1) (2013) 193–211. 
[12] N. Eshghi, M.H. Hojjati, M. Imani, A.M. Goudarzi, Finite element analysis of mechanical behaviors of coronary stent, Procedia Eng. 10 (2011) 3056–3061. 
[13] H. Hermawan, D. Dube, D. Mantovani, Developments in metallic biodegradable stents, Acta Biomater. 6 (5) (2010) 1693–1697. 
[14] Coronary stents market 2022, Profiling Key Players, Value Estimation and Analysis by Recent Trends to 2029, 2022. 
[15] F.O. Obiweluozor, B. Maharjan, A. Gladys Emechebe, C.H. Park, C.S. Kim, Mussel-inspired elastic interpenetrated network hydrogel as an alternative for anti- 

thrombotic stent coating membrane, Chem. Eng. J. 347 (2018) 932–943. 
[16] T.S. Jang, K.H. Cheon, J.H. Ahn, E.H. Song, H.E. Kim, H. Do Jung, In-vitro blood and vascular compatibility of sirolimus-eluting organic/inorganic hybrid stent 

coatings, Colloids Surf. B Biointerfaces 179 (2019) 405–413. 
[17] K. Kolandaivelu, R. Swaminathan, W.J. Gibson, V.B. Kolachalama, K.L.N. Ehrenreich, V.L. Giddings, L. Coleman, G.K. Wong, E.R. Edelman, Stent 

thrombogenicity early in high-risk interventional settings is driven by stent design and deployment and protected by polymer-drug coatings, Circulation 123 
(13) (2011) 1400–1409. 

[18] N.W. Bressloff, G. Ragkousis, N. Curzen, Design optimisation of coronary artery stent systems, Ann. Biomed. Eng. 44 (2) (2016) 357–367. 
[19] B. O’Brien, W. Carroll, The evolution of cardiovascular stent materials and surfaces in response to clinical drivers: a review, Acta Biomater. 5 (4) (2009) 

945–958. 
[20] D.M. Martin, F.J. Boyle, Drug-eluting stents for coronary artery disease: a review, Med. Eng. Phys. 33 (2) (2011) 148–163. 
[21] N. Li, H. Zhang, H. Ouyang, Shape optimization of coronary artery stent based on a parametric model, Finite Elem. Anal. Des. 45 (6–7) (2009) 468–475. 
[22] A. Colombo, G. Stankovic, J.W. Moses, Selection of coronary stents, J. Am. Coll. Cardiol. 40 (6) (2002) 1021–1033. 
[23] F. Etave, G. Finet, M. Boivin, J.C. Boyer, G. Rioufol, G. Thollet, Mechanical properties of coronary stents determined by using finite element analysis, 

J. Biomech. 34 (8) (2001) 1065–1075. 
[24] P.K.M. Prithipaul, M. Kokkolaras, D. Pasini, Assessment of structural and hemodynamic performance of vascular stents modelled as periodic lattices, Med. Eng. 

Phys. 57 (2018) 11–18. 
[25] M. Driver, Coatings for cardiovascular devices: coronary stents, Coat. Biomed. Appl. (2012) 223–250. 
[26] D.C. Cumberland, Percutaneous transluminal angioplasty: a review, Clin. Radiol. 34 (1) (1983) 25–38. 
[27] C.T. Dotter, M.P. Judkins, Percutaneous transluminal treatment of arteriosclerotic obstruction, Radiology 84 (4) (1965) 631–643. 
[28] C.T. Dotter, R.W. Buschmann, M.K. McKinney, J. Rosch, Transluminal expandable nitinol coil stent grafting: preliminary report, Radiology 147 (1) (1983) 

259–260. 
[29] C.T. Dotter, Transluminally-placed coilspring endarterial tube grafts, Invest. Radiol. 4 (5) (1969) 329–332. 
[30] A.R. Gruntzig, A. Senning, W.E. Siegenthaler, Nonoperative dilatation of coronary-artery stenosis, N. Engl. J. Med. 301 (2) (1979) 61–68. 
[31] A. Roguin, Stent: the man and word behind the coronary metal prosthesis, Circul.: Cardiovasc. Intervent. 4 (2) (2011) 206–209. 
[32] U. Sigwart, J. Puel, V. Mirkovitch, F. Joffre, L. Kappenberger, Intravascular stents to prevent occlusion and re-stenosis after transluminal angioplasty, N. Engl. 

J. Med. 316 (12) (1987) 701–706. 
[33] S. Garg, P.W. Serruys, Coronary stents, J. Am. Coll. Cardiol. 56 (10) (2010) 43–78. 

F. Ahadi et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2405-8440(23)00782-X/sref1
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref1
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref2
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref2
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref3
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref4
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref4
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref5
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref5
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref6
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref7
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref8
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref9
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref9
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref10
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref10
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref11
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref12
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref13
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref14
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref15
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref15
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref16
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref16
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref17
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref17
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref17
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref18
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref19
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref19
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref20
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref21
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref22
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref23
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref23
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref24
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref24
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref25
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref26
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref27
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref28
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref28
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref29
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref30
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref31
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref32
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref32
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref33


Heliyon 9 (2023) e13575

13

[34] P.W. Serruys, P. Jaegere, F. Kiemeneij, C. Macaya, W. Rutsch, G. Heyndrickx, H. Emanuelsson, J. Marco, V. Legrand, P. Materne, J. Belardi, U. Sigwart, 
A. Colombo, J.J. Goy, P. Heuvel, J. Delcan, M. Morel, A comparison of balloon-expandable-stent implantation with balloon angioplasty in patients with 
coronary artery disease, N. Engl. J. Med. 331 (8) (1994) 489–495. 

[35] D.L. Fischman, M.B. Leon, D.S. Baim, R.A. Schatz, M.P. Savage, I. Penn, K. Detre, L. Veltri, D. Ricci, M. Nobuyoshi, M. Cleman, R. Heuser, D. Almond, P. 
S. Teirstein, R.D. Fish, A. Colombo, J. Brinker, J. Moses, A. Shaknovich, J. Hirshfeld, S. Bailey, S. Ellis, R. Rake, S. Goldberg, A randomized comparison of 
coronary-stent placement and balloon angioplasty in the treatment of coronary artery disease, N. Engl. J. Med. 331 (8) (1994) 496–501. 

[36] A. Schomig, F.J. Neumann, A. Kastrati, H. Schuhlen, R. Blasini, M. Hadamitzky, H. Walter, E.M. Zitzmann-Roth, G. Richardt, E. Alt, C. Schmitt, K. Ulm, 
A randomized comparison of antiplatelet and anticoagulant therapy after the placement of coronary-artery stents, N. Engl. J. Med. 334 (17) (1996) 
1084–1089. 

[37] A. Colombo, P. Hall, S. Nakamura, Y. Almagor, L. Maiello, G. Martini, A. Gaglione, S.L. Goldberg, J.M. Tobis, Intracoronary stenting without anticoagulation 
accomplished with intravascular ultrasound guidance, Circulation 91 (6) (1995) 1676–1688. 

[38] J.E. Sousa, M.A. Costa, A. Abizaid, A.S. Abizaid, F. Feres, I.M. Pinto, A.C. Seixas, R. Staico, L.A. Mattos, A.G. Sousa, R. Falotico, J. Jaeger, J.J. Popma, P. 
W. Serruys, Lack of neointimal proliferation after implantation of sirolimus-coated stents in human coronary arteries, Circulation 103 (2) (2001) 192–195. 

[39] M. Pfisterer, H.P.B.L. Rocca, P.T. Buser, P. Rickenbacher, P. Hunziker, C. Mueller, R. Jeger, F. Bader, S. Osswald, C. Kaiser, Late clinical events after clopidogrel 
discontinuation may limit the benefit of drug-eluting stents, J. Am. Coll. Cardiol. 48 (12) (2006) 2584–2591. 

[40] E. Camenzind, P.G. Steg, W. Wijns, A cause for concern, Circulation 115 (11) (2007) 1440–1455. 
[41] D.J. Kereiakes, D.A. Cox, J.B. Hermiller, M.G. Midei, W.B. Bachinsky, E.D. Nukta, M. BLeon, S. Fink, L. Marin, A.J. Lansky, Usefulness of a cobalt chromium 

coronary stent alloy, Am. J. Cardiol. 92 (4) (2003) 463–466. 
[42] M. Brancati, F. Burzotta, C. Trani, O. Leonzi, C. Cuccia, F. Crea, Coronary stents and vascular response to implantation: literature review, Pragm. Observat. Res. 

8 (2017) 137–148. 
[43] W. Schmidt, P. Lanzer, P. Behrens, C.B. Wunderlich, A. Oner, H. Ince, K.P. Schmitz, N. Grabow, Direct comparison of coronary bare metal vs. drug-eluting 

stents: same platform, different mechanics? Eur. J. Med. Res. 23 (1) (2018) 2. 
[44] L.A. Mazurkiewicz, J. Bukała, J. Małachowski, M. Tomaszewski, P.P. Buszman, BVS stent optimisation based on a parametric model with a multistage 

validation process, Mater. Des. 198 (2021), 109363. 
[45] M. Chhetry, I. Yeo, E. Moustakakis, X. Dai, A case of ‘very’ very late stent thrombosis in a bare metal stent (BMS), J. Am. Coll. Cardiol. 77 (18) (2021) 2518. 
[46] M.Y. Wang, F. Wang, Y.S. Liu, L.J. Yu, Comparison of drug-coated balloons to bare metal stents in the treatment of symptomatic vertebral artery-origin 

stenosis: a prospective randomized trial, World Neurosurg. (2021). 
[47] M. Imai, K. Inoue, T. Kimura, Comparative pathological findings between coronary bare-metal stent implantation and balloon angioplasty over 16 years, 

J. Cardiol. Cases 24 (5) (2021) 234–236. 
[48] H. Park, J.M. Ahn, D.Y. Kang, S.O. Kim, E. Ko, T.O. Kim, P.H. Lee, S.W. Lee, S.W. Park, D.W. Park, S.J. Park, Very long-term safety and effectiveness of drug- 

eluting or bare-metal stents for left main coronary disease, Can. J. Cardiol. 3 (10) (2021) 1199–1206. 
[49] R. Doshi, J. Shah, V. Jauhar, D. Decter, R. Jauhar, P. Meraj, Comparison of drug eluting stents (DESs) and bare metal stents (BMSs) with STEMI: who received 

BMS in the era of 2nd generation DES? Heart Lung 47 (3) (2018) 231–236. 
[50] L. Antonini, G. Poletti, L. Mandelli, G. Dubini, G. Pennati, L. Petrini, Comprehensive computational analysis of the crimping procedure of PLLA BVS: effects of 

material viscous-plastic and temperature dependent behavior, J. Mech. Behav. Biomed. Mater. 123 (2021), 104713. 
[51] R. Hoffmann, G.S. Mintz, G.R. Dussaillant, J.J. Popma, A.D. Pichard, L.F. Satler, K.M. Kent, J. Griffin, M.B. Leon, Patterns and mechanisms of in-stent 

restenosis, Circulation 94 (6) (1996) 1247–1254. 
[52] M.S. Chen, J.M. John, D.P. Chew, D.S. Lee, S.G. Ellis, D.L. Bhatt, Bare metal stent restenosis is not a benign clinical entity, Am. Heart J. 151 (6) (2006) 

1260–1264. 
[53] M.Y. Ho, C.C. Chen, C.Y. Wang, S.H. Chang, M.J. Hsieh, C.H. Lee, V.C.C. Wu, I.C. Hsieh, The development of coronary artery stents: from bare-metal to bio- 

resorbable types, Metals 6 (7) (2016). 
[54] M.H. Sketch, M. Ball, B. Rutherford, J.J. Popma, C. Russell, D.J. Kereiakes, Evaluation of the medtronic (driver) cobalt-chromium alloy coronary stent system, 

Am. J. Cardiol. 95 (1) (2005) 8–12. 
[55] R.A. Hamideh, B. Akbari, P. Fathi, S.K. Misra, A. Sutrisno, F. Lam, D. Pan, Biodegradable MRI visible drug eluting stent reinforced by metal organic 

frameworks, Adv. Healthcare Mater. 9 (14) (2020) 1–9. 
[56] B. Lagerqvist, S.K. James, U. Stenestrand, J. Lindback, T. Nilsson, L. Wallentin, Long-term outcomes with drug-eluting stents versus bare-metal stents in 

Sweden, N. Engl. J. Med. 356 (10) (2007) 1009–1019. 
[57] C. Spaulding, J. Daemen, E. Boersma, D.E. Cutlip, P.W. Serruys, A pooled analysis of data comparing sirolimus-eluting stents with bare-metal stents, N. Engl. J. 

Med. 356 (10) (2007) 989–997. 
[58] L. Mauri, W. Hsieh, J.M. Massaro, K.K.L. Ho, R. D’Agostino, D.E. Cutlip, Stent thrombosis in randomized clinical trials of drug-eluting stents, N. Engl. J. Med. 

356 (10) (2007) 1020–1029. 
[59] G.W. Stone, J.W. Moses, S.G. Ellis, J. Schofer, K.D. Dawkins, M.C. Morice, A. Colombo, E. Schampaert, E. Grube, A.J. Kirtane, D.E. Cutlip, M. Fahy, S.J. Pocock, 

R. Mehran, M.B. Leon, Safety and efficacy of sirolimus- and paclitaxel-eluting coronary stents, N. Engl. J. Med. 356 (10) (2007) 998–1008. 
[60] M.C. Morice, P.W. Serruys, J.E. Sousa, J. Fajadet, E.B. Hayashi, M. Perin, A. Colombo, G. Schuler, P. Barragan, G. Guagliumi, F. Molnar, R. Falotico, 

A randomized comparison of a sirolimus-eluting stent with a standard stent for coronary revascularization, N. Engl. J. Med. 346 (23) (2002) 1773–1780. 
[61] J.W. Moses, M.B. Leon, J.J. Popma, P.J. Fitzgerald, D.R. Holmes, C. O’Shaughnessy, R.P. Caputo, D.J. Kereiakes, D.O. Williams, P.S. Teirstein, J.L. Jaeger, R. 

E. Kuntz, Sirolimus-eluting stents versus standard stents in patients with stenosis in a native coronary artery, N. Engl. J. Med. 349 (14) (2003) 1315–1323. 
[62] G.W. Stone, S.G. Ellis, D.A. Cox, J. Hermiller, C. O’Shaughnessy, J.T. Mann, M. Turco, R. Caputo, P. Bergin, J. Greenberg, J.J. Popma, M.E. Russell, A polymer- 

based, paclitaxel-eluting stent in patients with coronary artery disease, N. Engl. J. Med. 350 (3) (2004) 221–231. 
[63] D. Martin, F.J. Boyle, Computational structural modelling of coronary stent deployment: a review, Comput. Methods Biomech. Biomed. Eng. 14 (4) (2011) 

331–348. 
[64] Y. Zhao, R. Du, T. Zhou, D. Yang, Y. Huang, Y. Wang, J. Huang, X. Ma, F. He, J. Qiu, G. Wang, Drug eluting stents: arsenic trioxide-coated stent is an 

endothelium-friendly drug eluting stent (Adv. Healthcare Mater. 15/2018), Adv. Healthcare Mater. 7 (15) (2018), 1870058. 
[65] Y. Zhao, R. Du, T. Zhou, D. Yang, Y. Huang, Y. Wang, J. Huang, X. Ma, F. He, J. Qiu, G. Wang, Arsenic trioxide-coated stent is an endothelium-friendly drug 

eluting stent, Adv. Healthcare Mater. 7 (15) (2018), 1800207. 
[66] D.W.Y. Toong, J.C.K. Ng, Y. Huang, P.E.H. Wong, H.L. Leo, S.S. Venkatraman, H.Y. Ang, Bioresorbable metals in cardiovascular stents: material insights and 

progress, Materialia 12 (2020), 100727. 
[67] B. Tesfamariam, Bioresorbable vascular scaffolds : biodegradation, drug delivery and vascular remodeling, Pharmacol. Res. 107 (2016) 163–171. 
[68] P. Erne, M. Schier, T.J. Resink, The road to bioabsorbable stents: reaching clinical reality? Cardiovasc. Intervent. Radiol. 29 (1) (2006) 11–16. 
[69] W. Khan, S. Farah, A.J. Domb, Drug eluting stents: developments and current status, J. Contr. Release 161 (2) (2012) 703–712. 
[70] E.L. Boland, R. Shine, N. Kelly, C.A. Sweeney, P.E. McHugh, A review of material degradation modelling for the analysis and design of bioabsorbable stents, 

Ann. Biomed. Eng. 44 (2) (2016) 341–356. 
[71] J.P. Hytonen, J. Taavitsainen, S. Tarvainen, S.Y. Herttuala, Biodegradable coronary scaffolds: their future and clinical and technological challenges, 

Cardiovasc. Res. 114 (8) (2018) 1063–1072. 
[72] S. Mishra, Structural and design evolution of bio-resorbable scaffolds: the journey so far, Curr. Pharmaceut. Des. 24 (4) (2018) 402–413. 
[73] G. Mani, M.D. Feldman, D. Patel, C.M. Agrawal, Coronary stents: a materials perspective, Biomaterials 28 (9) (2007) 1689–1710. 
[74] E. Charpentier, A. Barna, L. Guillevin, J.-M. Juliard, Fully bioresorbable drug-eluting coronary scaffolds: a review, Arch. Cardiovasc. Dis. 108 (6) (2015) 

385–397. 

F. Ahadi et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2405-8440(23)00782-X/sref34
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref34
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref34
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref35
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref35
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref35
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref36
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref36
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref36
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref37
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref37
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref38
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref38
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref39
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref39
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref40
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref41
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref41
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref42
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref42
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref43
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref43
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref44
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref44
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref45
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref46
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref46
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref47
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref47
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref48
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref48
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref49
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref49
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref50
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref50
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref51
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref51
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref52
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref52
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref53
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref53
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref54
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref54
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref55
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref55
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref56
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref56
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref57
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref57
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref58
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref58
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref59
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref59
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref60
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref60
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref61
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref61
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref62
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref62
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref63
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref63
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref64
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref64
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref65
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref65
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref66
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref66
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref67
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref68
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref69
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref70
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref70
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref71
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref71
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref72
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref73
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref74
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref74


Heliyon 9 (2023) e13575

14

[75] N. Beshchasna, M. Saqib, H. Kraskiewicz, L. Wasyluk, O. Kuzmin, O.C. Duta, D. Ficai, Z. Ghizdavet, A. Marin, A. Ficai, Z. Sun, V.F. Pichugin, J. Opitz, 
E. Andronescu, Recent advances in manufacturing innovative stents, Pharmaceutics 12 (4) (2020). 

[76] B. O’Brien, H. Zafar, A. Ibrahim, J. Zafar, F. Sharif, Coronary stent materials and coatings: a technology and performance update, Ann. Biomed. Eng. 44 (2) 
(2016) 523–535. 

[77] M. Bodaghi, A.R. Damanpack, W.H. Liao, Self-expanding/shrinking structures by 4D printing, Smart Mater. Struct. 25 (10) (2016) 1–15. 
[78] Z.X. Khoo, J.E.M. Teoh, Y. Liu, C.K. Chua, S. Yang, J. An, K.F. Leong, W.Y. Yeong, 3D printing of smart materials: a review on recent progresses in 4D printing, 

Virtual Phys. Prototyp. 10 (3) (2015) 103–122. 
[79] B. Gao, Q. Yang, X. Zhao, G. Jin, Y. Ma, F. Xu, 4D bioprinting for biomedical applications, Trends Biotechnol. 34 (9) (2016) 746–756. 
[80] N. Rezaei, M. Nabi, A review of effective mechanical parameters in optimal stent design, in: The First Conference on New Approaches to Medical Engineering 

in the Field of Cardiovascular Disease, Tehran, 2014. 
[81] R.K. Choubey, S.K. Pradhan, Prediction of strength and radial recoil of various stents using FE analysis, Mater. Today Proc. 27 (2020) 2254–2259. 
[82] V. Brailovski, S. Prokoshkin, M. Gauthier, K. Inaekyan, S. Dubinskiy, M. Petrzhik, M. Filonov, Bulk and porous metastable beta Ti–Nb–Zr(Ta) alloys for 

biomedical applications, Mater. Sci. Eng. C 31 (3) (2011) 643–657. 
[83] A.R. Saraf, S.P. Yadav, Fundamentals of bare-metal stents, Function. Cardiovasc. Stents (2018) 27–44. 
[84] P. Poncin, C. Millet, J. Chevy, J.L. Proft, Comparing and optimizing Co-Cr tubing for stent applications, in: Medical Device Materials II - Proceedings of the 

Materials and Processes for Medical Devices Conference 2004, 2005, pp. 279–283. 
[85] S.M. Mahon, N. Bertollo, E.D. Cearbhaill, J. Salber, L. Pierucci, P. Duffy, T. Durig, V. Bi, W. Wang, Bio-resorbable polymer stents: a review of material progress 

and prospects, Prog. Polym. Sci. 83 (2018) 79–96. 
[86] H.Y. Ang, Y.Y. Huang, S.T. Lim, P. Wong, M. Joner, N. Foin, Mechanical behavior of polymer-based vs. metallic-based bioresorbable stents, J. Thorac. Dis. 9 (9) 

(2017) 923–934. 
[87] S. Montava-Jorda, V. Chacon, D. Lascano, L. Sanchez-Nacher, N. Montanes, Manufacturing and characterization of functionalized aliphatic polyester from poly 

(lactic acid) with halloysite nanotubes, Polymers 11 (8) (2019) 1314. 
[88] P.K. Bowen, E.R. Shearier, S. Zhao, R.J. Guillory, F. Zhao, J. Goldman, J.W. Drelich, Biodegradable metals for cardiovascular stents: from clinical concerns to 

recent Zn-alloys, Adv. Healthcare Mater. 5 (10) (2016) 1121–1140. 
[89] T. Watson, M.W.I. Webster, J.A. Ormiston, P.N. Ruygrok, J.T. Stewart, Long and short of optimal stent design, Open Heart 4 (2) (2017) 1–6. 
[90] M. Azadi, A. Dadashi, S. Dezianian, M. Kianifar, S. Torkaman, M. Chiyani, High-cycle bending fatigue properties of additive-manufactured ABS and PLA 

polymers fabricated by fused deposition modeling 3D-printing, Forces Mech. 3 (2021), 100016. 
[91] W. Jiang, W. Zhao, T. Zhou, L. Wang, T. Qiu, A review on manufacturing and post-processing technology of vascular stents, Micromachines 13 (1) (2022) 140. 
[92] Y. Fan, X. Li, R. Yang, The surface modification methods for constructing polymer-coated stents, Int. J. Polym. Sci. 2018 (2018) 1–7. 
[93] C. Wang, L. Zhang, Y. Fang, W. Sun, Design, characterization, and 3D printing of cardiovascular stents with zero Poisson’s ratio in longitudinal deformation, 

Engineering 7 (7) (2021) 979–990. 
[94] C. Pan, Y. Han, J. Lu, Structural design of vascular stents: a review, Micromachines 12 (7) (2021) 770. 
[95] S. Torii, H. Jinnouchi, A. Sakamoto, M. Kutyna, A. Cornelissen, S. Kuntz, L. Guo, H. Mori, E. Harari, K.H. Paek, R. Fernandez, D. Chahal, M.E. Romero, F. 

D. Kolodgie, A. Gupta, R. Virmani, A.V. Finn, Drug-eluting coronary stents: insights from preclinical and pathology studies, Nat. Rev. Cardiol. 17 (1) (2020) 
37–51. 

[96] K. Mori, T. Saito, Effects of stent structure on stent flexibility measurements, Ann. Biomed. Eng. 33 (6) (2005) 733–742. 
[97] L. Wei, Q. Chen, Z. Li, Study on the impact of straight stents on arteries with different curvatures, J. Mech. Med. Biol. 16 (7) (2016) 1–13. 
[98] M. Azaouzi, A. Makradi, S. Belouettar, Numerical investigations of the structural behavior of a balloon expandable stent design using finite element method, 

Comput. Mater. Sci. 72 (2013) 54–61. 
[99] G. Sangiorgi, G. Melzi, P. Agostoni, C. Cola, F. Clementi, P. Romitelli, R. Virmani, A. Colombo, Engineering aspects of stents design and their translation into 

clinical practice, Ann. Ist. Super Sanita 43 (1) (2007) 89–100. 
[100] D. Stoeckel, C. Bonsignore, S. Duda, A survey of stent designs, Minim Invasive Ther. Allied Technol. 11 (4) (2002) 137–147. 
[101] D.S. Pierce, E.B. Rosero, J.G. Modrall, B.A. Huet, R.J. Valentine, G.P. Clagett, C.H. Timaran, Open-cell versus closed-cell stent design differences in blood flow 

velocities after carotid stenting, J. Vasc. Surg. 49 (3) (2009) 602–606. 
[102] B. Tomberli, A. Mattesini, G.I. Baldereschi, C.D. Mario, A brief history of coronary artery stents, Rev. Esp. Cardiol. 71 (5) (2018) 312–319. 
[103] F. Auricchio, A. Constantinescu, M. Conti, G. Scalet, Fatigue of metallic stents : from clinical evidence to computational analysis, Ann. Biomed. Eng. (2015) 

1–15. 
[104] T. Schmidt, J. Abbott, Coronary stents: history, design, and construction, J. Clin. Med. 7 (6) (2018) 126. 
[105] M. Azaouzi, A. Makradi, S. Belouettar, Deployment of a self-expanding stent inside an artery: a finite element analysis, Mater. Des. 41 (2012) 410–420. 
[106] H. Xue, Z. Luo, T. Brown, S. Beier, Design of self-expanding auxetic stents using topology optimization, Front. Bioeng. Biotechnol. 8 (2020). 
[107] H. Krankenberg, T. Zeller, M. Ingwersen, J. Schmalstieg, H.M. Gissler, S. Nikol, I. Baumgartner, N. Diehm, E. Nickling, S.M. Hulsbeck, R. Schmiedel, 

G. Torsello, W. Hochholzer, C. Stelzner, K. Brechtel, W. Ito, R. Kickuth, E. Blessing, M. Thieme, J. Nakonieczny, T. Nolte, R. Gareis, H. Boden, S. Sixt, Self- 
expanding versus balloon-expandable stents for Iliac artery occlusive disease, Am. Coll. Cardiol.: Cardiovasc. Intervent. 10 (16) (2017) 1694–1704. 

[108] T. Nakamura, Y. Shimizu, Y. Ito, T. Matsui, N. Okumura, Y. Takimoto, T. Ariyasu, T. Kiyotani, A new thermal shape memory Ti-Ni alloy stent covered with 
silicone, Am. Soc. Artif. Internal Organs 38 (3) (1992) 347–350. 

[109] Z. Fan, N. Dai, L. Chen, Expandable thermal-shaped memory metal esophageal stent: experiences with a new nitinol stent in 129 patients, Gastrointest. Endosc. 
46 (4) (1997) 352–357. 

[110] M. Kamalesh, A. Balmuri, A. Boddu, Clinical utility of self-expanding stents in coronary artery disease, Res. Rep. Clin. Cardiol. (2015) 117. 
[111] T.W. Duerig, M. Wholey, A comparison of balloon- and self-expanding stents, Minim Invasive Ther. Allied Technol. 11 (4) (2002) 173–178. 
[112] R.L. Noad, C.G. Hanratty, S.J. Walsh, Clinical impact of stent design, Intervent Cardiol. 9 (2) (2011) 89. 
[113] R.J. Geuns, K. Awad, A. IJsselmuiden, K. Koch, The role of self-expanding stents in patients with atypical coronary anatomy, Intervent Cardiol. 9 (1) (2011) 11. 
[114] A. Guildford, M. Santin, G.J. Phillips, Cardiovascular Stents, Biomater. Devices Circul. Syst. (2010) 173–216. 
[115] E.I. Levy, R. Mehta, R. Gupta, R.A. Hanel, A.J. Chamczuk, D. Fiorella, H.H. Woo, F.C. Albuquerque, T.G. Jovin, M.B. Horowitz, L.N. Hopkins, Self-expanding 

stents for recanalization of acute cerebrovascular occlusions, Am. J. Neuroradiol. 28 (5) (2007) 816–822. 
[116] G. Paramasivam, T. Devasia, S. Ubaid, A. Shetty, K. Nayak, U. Pai, M.S. Rao, In stent restenosis of drug-eluting stents: clinical presentation and outcomes in a 

real-world scenario, The Egypt. Heart J. 71 (1) (2019) 28. 
[117] A. Qiao, Z. Zhang, Numerical simulation of vertebral artery stenosis treated with different stents, J. Biomech. Eng. 136 (4) (2014). 

F. Ahadi et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2405-8440(23)00782-X/sref75
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref75
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref76
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref76
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref77
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref78
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref78
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref79
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref80
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref80
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref81
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref82
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref82
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref83
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref84
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref84
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref85
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref85
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref86
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref86
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref87
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref87
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref88
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref88
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref89
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref90
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref90
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref91
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref92
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref93
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref93
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref94
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref95
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref95
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref95
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref96
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref97
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref98
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref98
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref99
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref99
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref100
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref101
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref101
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref102
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref103
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref103
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref104
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref105
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref106
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref107
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref107
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref107
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref108
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref108
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref109
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref109
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref110
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref111
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref112
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref113
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref114
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref115
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref115
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref116
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref116
http://refhub.elsevier.com/S2405-8440(23)00782-X/sref117

	Evaluation of coronary stents: A review of types, materials, processing techniques, design, and problems
	1 Introduction
	2 History
	3 Strengths and weaknesses of stents
	4 Strengths in studies on stents
	4.1 Types of coronary stents
	4.1.1 Bare-metal stents
	4.1.2 Drug-eluting stents
	4.1.3 Bioresorbable stents

	4.2 Materials
	4.3 Stent processing technique
	4.4 Stent design
	4.4.1 Geometric parameters
	4.4.2 Flexibility and radial stiffness
	4.4.3 Concentration of tension and fatigue

	4.5 Classification of stents based on the mechanism of expansion
	4.5.1 Balloon-expandable stents
	4.5.2 Self-expanding coronary stents
	4.5.3 Thermal memory stents


	5 Weaknesses and problems in stents
	5.1 Restenosis
	5.2 Stent recoil
	5.3 Dog boning
	5.4 Foreshortening

	6 Future of stents
	7 Concluding remarks
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	Abbreviations
	References


