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ΠΕΡΙΛΗΨΗ 

Οι καρδιαγγειακές ασθένειες (ΚΑ) είναι μια ομάδα διαταραχών της καρδιάς και των αιμοφόρων 

αγγείων. Παγκοσμίως, οι ΚΑ είναι η πρωταρχική αιτία θανάτου και σοβαρών ασθενειών, αφαιρώντας 

κατ’ εκτίμηση 17.9 εκατομμύρια ζωές κάθε χρόνο. Για να δούμε την κατάσταση συνολικά, αυτός ο 

αριθμός μεταφράζεται σε ποσοστό 31% των θανάτων παγκοσμίως. Η αντιμετώπιση των καρδιακών 

και περιφερικών αγγειακών νοσημάτων χρησιμοποιώντας μεταλλικές ενδοπροσθέσεις - stents είναι 

μια από τις πιο επαναστατικές και ταχέως υιοθετηθείσες ιατρικές επεμβάσεις στη σύγχρονη εποχή. 

Στην παρούσα μελέτη, γίνεται συνοπτική αναφορά στις αγγειακές ενδοπροσθέσεις και στην εξέλιξή 

τους. Ακολούθως, επισημαίνεται το φάσμα των υλικών που χρησιμοποιούνται και τα γεωμετρικά τους 

χαρακτηριστικά, σε συνδυασμό με την επίδραση των παραμέτρων αυτών στη συμπεριφορά του ίδιου 

του stent αλλά και της αρτηρίας.  

Εν συνεχεία, κατασκευάζεται σε περιβάλλον CAD το stent της εταιρείας Rontis χρησιμοποιώντας ως  

πρότυπο τα τεμάχια που παρήχθησαν από την εταιρεία, ενώ σε συνεργασία με μέλη του τμήματος 

R&D της εταιρείας, επαληθεύονται οι μηχανικές του ιδιότητες μέσα από προσομοίωση σε 

πεπερασμένα στοιχεία. Σε επόμενο στάδιο, προσομοιώνεται και διερευνάται η συμπεριφορά του stent 

κατά τη συμπίεση και εκτόνωσή του, μεταβάλλοντας ορισμένες παραμέτρους ώστε να επικυρωθεί η 

κατασκευασθείσα γεωμετρία. Παράλληλα, επιλέγεται ένα περιστατικό κρίσιμης ισχαιμίας άκρων και 

εξάγεται από την τομογραφία του περιστατικού το τρισδιάστατο γεωμετρικό μοντέλο σε καμπύλο 

σημείο της λαγόνιας αρτηρίας στην οποία έχει αναπτυχθεί αθηρωματική πλάκα. Έτσι, μετά την 

επεξεργασία του τρισδιάστατου μοντέλου, τμήμα του εισάγεται συναρμολογημένο μαζί με το stent σε 

πρόγραμμα πεπερασμένων στοιχείων και προσομοιώνεται η διαδικασία της εκτόνωσής του σε 

ψευδοστατική ανάλυση. Τέλος, εκτιμώνται οι κύκλοι κόπωσης που πρέπει να επέλθουν ώστε το stent 

να αστοχήσει κάτω από κυκλική φόρτιση, η οποία προκαλείται από τη μεταβολή της συστολικής και 

της διαστολικής πίεσης. 
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ABSTRACT 

 Cardiovascular diseases are a group of disorders of the heart and blood vessels. Globally, CVDs are 

the leading cause of death and serious illness, taking an estimated 17.9 million lives each year. To put 

things in perspective, this figure is interpreted into a total of 31% of all deaths worldwide. The 

treatment of coronary and peripheral artery disease using metallic stents has been one of the most 

revolutionary and most rapidly adopted medical interventions of our time. In the present study, a brief 

reference is made to vascular endoprosthesis - stents and their evolution. Next, the range of materials 

used, and their geometric characteristics are highlighted, in combination with the influence of these 

parameters on the behavior of the stent itself as well as the artery. 

Then, the stent of Rontis corporation is constructed using as a prototype the units provided by the 

company, while in collaboration with members from the R&D department of the company, its 

mechanical properties are verified through simulation in finite element analysis. Subsequently, the 

behavior of the stent during its compression and expansion is simulated and investigated, changing 

certain parameters, in order to validate the constructed geometry. At the same time, a case of critical 

limb ischemia is selected from a patient, and the three-dimensional geometric model at a curved point 

of the iliac artery in which atherosclerotic plaque has developed is extracted from the tomography of 

the case. Consequently, after processing the 3D model, part of it is inserted assembled together with 

the stent into a finite element program and the process of its expansion in a quasi-static analysis is 

simulated. Finally, the fatigue cycles needed to occur until the stent failure were calculated under cyclic 

loading which is caused by the alteration between systolic and diastolic pressure. 
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PURPOSE OF THESIS 

 

The current thesis constitutes an obligatory research project in the curriculum of the Mechanical 

Engineering & Aeronautics Department at the University of Patras. The aim of this dissertation is for 

the student to get acquainted with the academic research process and stimulate him, so that he acquires 

all the goods that are generated by the problem-solving procedure, since, as an engineer, resolving 

encountering issues is a major requirement. This project subject was selected due to my interest in 

biomedical engineering and medical devices sectors, and more specifically to balloon-expandable 

stents. 

Atherosclerosis is a common disease in iliac arteries. Autopsy studies have revealed severe 

atherosclerosis in 15% of men and 5% of women, increasing with age. Iliac arteries, in their role as 

inflow vessels, affect the entire downstream blood flow and are therefore of great clinical relevance. 

In agreement with Dr. Kitrou, I opted to select a narrowed vessel area at the outer-iliac artery where a 

significant curvature of the artery would be present. A vessel with calcified plaque is stiffer and, as a 

result, its curvature becomes more severe, causing integrity problems to the stent and a stent failure 

may consequently be anticipated. In general terms, self-expanding stents are preferred to treat curved 

vessels over balloon-expandable stents, and this is justified by the greater structural support that this 

type of prosthesis offer. However, in cases where accuracy matters, a balloon-expandable stent is a 

better selection due to its deployment mechanism. Besides, there has not been done adequate research 

to judge whether or not balloon-expandable stents are proper for lower iliac arteries. 

On the grounds of the above, this research aims to investigate whether or not a balloon-expandable 

stent could withstand the cyclic loading caused by the alteration of pressure between the systolic and 

diastolic pressure rates for the 10-year span that stents are designed to function inside the human 

arterial vessels. 
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1. Terminology and History of Intravascular Stents 
 

INTRODUCTION 

 

Aiming to a more convenient reading experience and a smoother transition to the topic, in this chapter, 

there will be a clarification of the fundamental terms involved in this study. Next, a prequel of the 

stenting treatment will be presented as a sequence of incidents reaching up to modern bare metal and 

drug-eluting stents. 

 

Artery 

The artery is a blood vessel that carries oxygen-rich blood to the heart and other parts of the body. 

They are constituted of 3 principal layers, namely: 

 

Figure 1.1: Structure of arteries 

• Tunica intima: the inner layer lined by a smooth tissue called the endothelium. It is supported 

by an internal elastic lamina. The endothelial cells are in direct contact with the blood flow. 

• Tunica media: a layer of muscle that lets arteries handle high pressures from the heart. It is 

made up of smooth muscle cells, elastic tissue, and collagen. 

• Tunica adventitia: the outermost coat of the artery. It is a tough layer consisting mainly of 

collagen fibers that act as a supportive element, anchoring arteries to nearby tissues Figure 1.1.   
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It is a common circulatory problem during which narrowed 

arteries reduce blood flow to the limbs. When PAD occurs, the 

extremities do not receive enough blood flow to keep up with 

demand. 

 
It is an advanced stage of PAD, namely a severe obstruction in 

the arteries that reduces considerably blood flow to the 

extremities and has progressed to the point of severe pain. It 

requires immediate treatment to restore blood flow. 

 

 

Computed Tomography Angioplasty (CTA) 

CT angiography can be considered as a medical test that combines a CT scan with an injection of a 

special dye to produce frames of blood vessels and several types of tissues in a part of the body. It uses 

an injection of contrast material into the blood vessel so that the CT scanning helps diagnose and 

evaluate blood vessel diseases or similar conditions, such as aneurysms or blockages. 

Atherosclerosis 

Atherosclerosis, a subdivision of arteriosclerosis, is a disease in which plaque builds up inside an artery 

resulting in the local narrowing of the vessel. Healthy arteries are flexible and elastic, but over time, 

atherosclerosis can cause the walls in the arteries to harden, a condition commonly called hardening 

of the arteries. 

Plaque 

Plaque is made up of fat, cholesterol, calcium, and other substances found in the blood. Over time, 

plaque hardens and narrows the local artery region. This limits the flow of oxygen-rich blood to the 

organs and other parts of the body. 

 

Figure 1.2: Reduced blood flow due to plaque formation 

Peripheral Artery Disease-Critical Limb Ischemia 

 

   

  

 

 

 

 

 

1.1 Angioplasty 
 

 

Peripheral Artery 

Disease 

(PAD) 

Critical Limb Ischemia 

(CLI) 
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The word is composed of the combining of the two ancient Greek words ‘ἀγγεῖον’, which stands for 

‘vessel’ and ‘πλάσσω’ which stands for ‘form’. Angioplasty is included in a wider classification of 

minimally invasive procedures and is used to widen narrowed or obstructed arteries or veins. The 

procedure uses a tiny balloon catheter, with or without the presence of an endovascular stent, that is 

inserted in a blocked blood vessel to help widen it and improve blood flow to the heart. 

 

There are two main types of angioplasty: 

I. Balloon angioplasty, which involves using the pressure of an inflating balloon to clear plaque 

that is blocking an artery. However, this is rarely done alone except in cases when doctors are 

unable to place a stent in the required position or when a drug is intended to be deposited in the 

intima of the artery. 

 

Figure 1.3: Balloon inflation in artery with atherosclerotic plaque 

II. Stent placement in the artery, which involves a stent, made from wire mesh. Stents help to 

prevent artery restenosis after angioplasty. 
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Figure 1.4: Balloon expandable stent inflation procedure using an intravascular balloon catheter 

 

Intravascular Stent 

A stent is a small, metal wired mesh tube. The most fundamental distinction between stent types is 

balloon-expandable and between self-expandable stents. 

• Balloon expandable stents 

 

Figure 1.5: Balloon expandable stent 
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After the assemblage of the balloon catheter, a stent of this type is being crimped on the distal end of 

the catheter, above the balloon, in between the two markers shown in figure Figure 1.5. The stent is 

driven by a catheter at the point of the artery lesion. The expansion of the stent is succeeded with the 

application of pressure on the proximal end of the catheter, resulting in the expansion of the balloon, 

which consequently dilates the stent inside the vessel. 

Advantage 

The stent can be landed more accurately in the region of the stenosis. Therefore, they are usually 

preferable in bifurcation areas. 

Disadvantage 

They exhibit major plastic deformations in view of the grounds that they function well beyond their 

yield strength. As a result, they can be irreversibly crushed. Once crushed, the lumen is harshly reduced 

and cannot retrieve its functionality. 

• Self-expandable stents 

 

 

Figure 1.6: Self-expandable stent 

They typically consist of cross-hatched, braided, or interconnecting rows of metal assembled into a 

tube-like structure. They are made from shape memory alloys and can retrieve their original diameter 

after radial compression. They are manufactured to a size slightly larger than the target vessel, 

approximately 1mm larger, and are delivered constrained in a delivery system. When the delivery 

system reaches the occlusion, the sheath is pulled back and the stent freely expands. 
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Figure 1.7: self-expandable stent inflation inside an atherosclerotic artery 

Advantage 

They typically have more radial strength, better hoop strength, and overall, more crushing resistance. 

Therefore, they are generally preferable in flexion points such as the femoral-popliteal segment at the 

knee. 

Disadvantage 

Difficulty inaccurate placement is their main disadvantage. The stent has to be pin pulled in order to 

be released and inevitably a tension is present inside the stent. This leads to a tendency for the stents 

to jump forward during placement. 

Thrombosis 

When a blood vessel is injured, it uses platelets and fibrin to form [v1]a blot clot and prevent further 

blood loss. This phenomenon is called thrombosis and problems of vital importance may occur 

depending on where the clot is formed. 

Restenosis 

The term represents the reoccurrence of the narrowing of a blood vessel, leading to restricted blood 

flow. Restenosis is considered a local vascular manifestation of the general biological response to 

injury and it is a relatively common implication that appears, shortly or in the long term, after 

angioplasty. 

 

Figure 1.8: Restenosis route 
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1.2 Prequel 
 

Angioplasty: The beginnings   

In September 1977, a young physician in Zurich, Switzerland named Andreas Roland Grüntzig 

performed the first angioplasty on a conscious patient with a tight lesion in the left anterior descending 

(LAD) artery. He has been working quietly on a concept that he had conceived while studying under 

one of the great mentors of radiology, Charles Dotter. In the beginning, Grüntzig struggled to get 

support from many sources. He eventually was able to build a catheter suitable for human use and 

received permission to try the first case in a human. It was a success and the 37-year-old patient walked 

out of the hospital without bypass surgery. 

After meeting resistance at home since many were skeptical about the procedure, in 1980 he moved to 

the United States and built the first laboratory for teaching his new procedure. This soon became the 

epicenter for this new discipline of ‘‘interventional’’ cardiology. Hundreds of physicians made the 

pilgrimage to Emory to watch, learn, and then return home to start angioplasty programs at their 

respective institutions. Not all cases went smoothly, and abrupt closure, dissection, and cardiac arrest 

were common occurrences. At least once or twice during these demonstrations, patients would 

experience cardiac arrest. 

 

The genesis of the Metal Graft 

Julio Palmaz saw the failure of angioplasty as a mechanical problem of recoil or collapse in need of a 

mechanical solution. By 1978, he developed the concept of a metal sleeve that could be placed on top 

of the balloon, carried to the site, and deployed by balloon expansion to support the walls of the artery, 

preventing mechanical collapse. The challenge became what stent design and which metal could be 

used to be able to answer the demands. 

He started experimenting and set out to wrap a wire around a pencil, first in one spiral direction, and 

then in another one so that the wire crossed itself at 90 degrees. The points were soldered to keep them 

from sliding against each other uncontrollably. When cooled, the device could be slipped off the pencil, 

ready for use. Palmaz threaded the device over a balloon catheter and crimped it by rolling it with his 

hands until it fits snugly on the balloon Figure 1.9. 

Between 1980 and 1985, Palmaz placed dozens of these grafts in dog arteries successfully. His 

meticulous attention to study design ensured a methodological assessment of the graft tissue interaction 

with careful long-term follow-up and pathology to ensure the device was biocompatible and non-toxic 

to the animal. It worked very well into large straight vessels, but the challenge would be to deliver the 

device into smaller and more precarious coronary arteries, where the risks of clotting and restenosis 

would be amplified. 

While watching some construction workers at his house, the plasterers caught his eye as he saw them 

working with a metal lathe that could be easily expanded by pulling on its ends. He also noticed that 
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the metal was cut in a diamond configuration which allowed for stretching without recoil. By curling 

this flat metal into a circle, Palmaz now had a tube that could be expanded radially. 

 

 

Figure 1.9: The first metal graft created by Julio Palmaz 

His first prototypes were made of 316L stainless steel, a metal commonly used for sutures and needles. 

He used hypodermic needle tubing that could be easily cut by electromagnetic discharge technology. 

By heating the grafts, Palmaz was able to take the spring of the metal so that once expanded, the tube 

resisted recoil. 

 

First Human Case 

In 1985, Dr. Richard Schatz teams up with Palmaz and in December 1987 Schatz travels to Brazil. The 

entourage consisted of Palmaz, Schatz, engineers, and clinical specialists from Johnson & Johnson. 

After the first diagnostic, a total occlusion was found and the protocol did not permit enrollment of 

patients with total occlusions, but they had come 6000 miles, so they were not going home without 

performing the procedure. They expanded the lesion with a balloon and obtained no further clotting. 

Then, a 3 mm stent was placed and dilated with a 3.5 mm balloon. The final result was excellent. The 

patient remained asymptomatic for many years and had several follow-up angiograms that showed 

only mild intima hyperplasia.  

 

 

Figure 1.10:  a)The first human case of stent treatment b)Tomography before and after stent placement 
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Stent Thrombosis 

Despite the encouraging early results, complications of stent embolization, thrombosis, and major 

bleeding became increasingly prevalent. Although subacute stent thrombosis did not occur in the first 

10 to 15 patients, this serious complication increased to 2.8%. In contrast to angioplasty, early 

thrombosis (occurring in <24 hours, called acute thrombosis) did not occur. By December 1988, as a 

result of concerns from the investigators, Johnson and Johnson decided to recommend warfarin, in 

addition to warfarin and dipyridamole, in all patients receiving a coronary stent in the U.S. 

Some years later, newer antiplatelet agents such as ticlopidine and clopidogrel became available as a 

weapon against stent thrombosis, and the prevalence of stent thrombosis reduced from 5% of cases to 

a 1-2%, a much more acceptable proportion, and all that without warfarin. 

 

Solving Embolization 

The first solution of Palmaz and Schatz to solve the flexibility problem was the construction of a sheath 

system to prevent the stent from contacting the vessel wall. The sheath system worked well but it was 

still difficult to deliver to tortuous or distal parts of the vessel. Another sheath system was developed 

by PAS Systems and named Stent Delivery System (SAS). This product became the clinical-grade 

quality product and was eventually released upon FDA approval. 

Several years later, Johnson & Johnson developed the Crown stent with a nesting technique that 

secured the stent to the balloon wall enough up to the point that the sheath could be eliminated. 

 

 

Figure 1.11: The Crown stent developed by Johnson & Johnson 

The stent was an improvement of the Palmaz-Schatz stent regarding flexibility. Later the Palmaz-

Schatz evolved into another stent called Velocity, which was also a slotted tube but replaced the 

straight connector (strut) between the slots with an S-shape connector. This connector improved the 

flexibility further and later became the platform for the Cypher, the first drug-eluting stent. 

 

 



Terminology and history of intravascular stents                                                                                       Stratakos Efstathios 

 

 

Mechanical Engineering and Aeronautics Department – Applied Mechanics sector 12 

 

 

 

Figure 1.12: The Velocity stent developed by Palmaz and Schatz as an evolution of the Crown stent 

Limitations of Bare Metal Stent 

The restenosis rates in more complicated cases were much higher than 20% and subacute thrombosis 

was also higher than 1%, especially in unstable patients with angiographic thrombus or acute 

myocardial infarction. Design changes in the fundamental stainless-steel platform had peaked at that 

time. It became clear that the mere solution to the nagging problems of restenosis and subacute stent 

thrombosis would have to be pharmacologic, in the form of a surface coating and a drug-delivery 

system. 

 

The First ‘‘Drug-Coated’’ Stent 

In the early 1990s, Palmaz and Schatz started working on the first heparin-coated stent and after 

encouraging animal work and results, in 1995 the first patients were treated with FDA approval. The 

product was released worldwide shortly thereafter and was used for the first time in a major trial, 

BENESTENT II. 

In this trial of high importance, resumption of heparin was progressively delayed after stenting, and 

aspirin and ticlopidine were used instead of heparin and warfarin. There were no episodes of subacute 

thrombosis in any of the enrolled patients and the bleeding rates were reduced from 7.9% to 0%. This 

trial proved the significance of heparin over the other drugs regarding subacute thrombosis and 

bleeding complications. 

 

Modern Drug-Eluting Stents 

Restenosis was understood to be of smooth muscle tissue growth through the struts of the stent. The 

predominant reason for in-stent muscle stenosis was smooth muscle cell proliferation. Once the 

molecular pathways of this process were understood, various drugs targeting the cell cycle were 

studied to investigate which were most suitable for a stent coating. 

Cordis first develops such a system by using static cell inhibitor, rapamycin (also known as sirolimus). 

Sirolimus interrupted cell proliferation limiting cell growth and restenosis rates. The first human trials 

showed excellent results with no restenosis in the patients treated. Later larger trials showed an 

impressively low restenosis rate of 5-7% in simple lesions in coronary arteries. The Cypher stent was 
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launched in 2003 on the Velocity stent, due to its great flexibility. Soon after, in 2005, Boston Scientific 

launched a stent with a cytotoxic agent, paclitaxel, which was a commonly used cancer drug, on their 

Liberté slotted tube platform and was name Taxus stent. As a certain number of results became 

available, it was evident that the phenomenon of late and very late thrombosis was present with drug-

eluting stents.  

Today, newer, more biocompatible polymers, nonpolymeric stents, bioabsorbable stents, platinum 

chromium alloys, and nanotechnology surface treatments illustrate the spectrum of approaches to solve 

problems of both thrombosis and restenosis. 
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2. Stent Mechanics 
 

INTRODUCTION 

 

In this chapter, there will be a reference to the major stent parameters that are required in order to 

successfully accomplish the stent placement, its structural integrity, and operational role. After that, 

the influence of stent design parameters will be presented relating to the stent mechanics and the 

influence that these parameters have on restenosis. Finally, the variety of stent materials will be 

mentioned and analyzed, ranging from bare metal to drug-eluting and bioresorbable stents.  

 

2.1 How fundamental design parameters influence stent mechanics and restenosis 
rates  

 

Fundamental stent design and material requirements 

If an ideal stent was possible to be constructed from a mechanical point of view, it should fulfill a 

broad range of technical requirements. 

• Suffice crimp: Stents must be securely crimped on the delivery balloon-catheter system, 

because elsewise while approaching the area of the lesion through a tortuous vessel-path, a 

detachment of the stent from the device may cause serious implications and result to a surgery. 

• Low profile: In this form, they have to keep a low profile in order to be able to slide through 

the narrowed vessels as easily as possible. 

• Flexibility: They must be adequately flexible to facilitate deliverability to the lesion site 

without distortion or displacement, otherwise even a slightly deformed structure may result in 

failure of goal accomplishment. 

• Radial force: Following expansion, the stent function is to maintain the vessel open and 

prevent restenosis of the vessel. To fulfill this requirement the stent must be able to exert 

sufficient radial force on the vessel to overcome lesion resistance and elastic recoil. If the 

radial force is not adequate the stent may be permanently crushed. (Figure 2.1) 

• Density of structure: To achieve an optimal lumen diameter, the lesion must be adequately 

scaffolded with minimal tissue penetration through struts as possible. 

• Side branch access: In a variety of situations a second stent has to be placed on the patient and 

to reach the target-area it must go through the struts of the precedent stent. Therefore, the first 

stent must have sufficient openings on the side to allow the procedure to take place. (Figure 

2.2) 

• Vessel conformability: When deployed, the stent haw to comply with the geometry of the 

vessel, namely it must allow the vessel to maintain its original shape and minimize vessel 

distortion, particularly on stent edges. Otherwise, the vessel will consider the stent implantation 

as a wound and it will react causing restenosis. 
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Figure 2.1: Illustration of a stent's radial force 

 

Figure 2.2: Side branching 

• Radio-opacity: It is also important to guide the safe positioning of the scaffold, adequate 

deployment, and post-dilation. To permit the assessment of optimal stent expansion the stent, 

as well as the lumen, have to be sufficiently visible for the operator for optimal stent expansion. 

• Recoil: Stent recoil reflects apparent inadequate stent expansion and decreased final stent area 

which is a significant forecaster of subsequent restenosis and probably clinical events. Acute 

stent recoil reduces the mean lumen diameter immediately and it may be a contributor to 

restenosis. 
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Figure 2.3: Explanation of stent recoil 

• Longitudinal tensile strength: The hoops of coronary stents provide radial support, and 

connectors hold hoops together. Strut material, shape, and thickness, along with connector 

number and configuration, provide the balance between stent flexibility and longitudinal 

integrity. Longitudinal distortion manifests as length change, strut overlap, strut separation, 

malposition, and luminal obstruction. As a result, the stent must have sufficient longitudinal 

strength. 

• Fatigue: From the time that the stent is inserted in the blood vessel in begins to undergo a 

cyclic loading. Cyclic loading is due to the pulsatile blood pressure or vessel movements 

imposing bending, torsion, or tension/compression on the stent. Stents are expected to have at 

least 10 years of life span which equals to approximately 4x108. 

• Corrosion resistance: Clinical cases of stent fractures show that corrosion behavior might play 

a role in these fractures. Implanted in vivo, especially in combination with other implanted 

foreign materials, these metallic products are exposed to special conditions, which can cause a 

process of corrosion. A stent must be in general resistant to corrosion. 

 

As a conclusion, stents must maintain the balance between a certain number of design requirements. 

Thus, currently available stents reflect a compromise between competing for desirable features and 

have subtle differences in their performance characteristics. 

 

Stent design parameters 

There is a number of different stent design parameters that appear to have a connection with the 

restenosis rates [1] and they are subsequently summarized side-by-side with the influence on the 

mechanical properties of the final stent.  
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Figure 2.4: Different commercially available balloon-expandable stents 

• Balloon-expandable vs Self-expanding 

As a rule, self-expanding stents are of high elasticity but apply low radial outward force, in 

contradiction to balloon-expandable stents that are more rigid but can support greater radial force and 

allow to be placed with greater precision. In a research, balloon-expandable and self-expanding 

peripheral stents were investigated mechanically in order to compare their suitability for the use in 

specific vascular regions[2]. The mechanical parameters were selected with special concern to their 

clinical relevance, which is given by the ability of stents to support narrowed vascular regions, to be 

placed accurately at the implantation site, and to follow vessel curvatures or bending deformations of 

vessels. For self-expanding stents, the stent flexural stiffness ranged from 11.7 and 88.1 Nmm² 

compared to 109.9 and 522.0 Nmm² for the balloon-expandable stents. 

 

Figure 2.5: Comparison of flexural stiffness between balloon-expandable and self-expanding stents 

In another randomized clinical study patients with moderate to severe claudication from common or 

external iliac artery occlusive disease were assigned to either balloon-expandable or self-expanding 

stents [3]. In a sample of six hundred sixty patients with a respective number of lesions over a 34-

month span, 24.8% of the patients had diabetes and 57.4% were current smokers. The results can be 

seen in Figure 2.6. As can be deduced by the diagram the self-expanding stent indicated a greater 

primary patency proportion as time passed. 
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Figure 2.6: Comparison of patients primary patency between balloon-expandable and self-expanding stents 

• Coil vs tube 

Balloon-expandable stents may be subdivided into coil or cube stents. Coils may be distinguished by 

a continuously wound wire (Wiktor stent, Medtronic) or a series of flat sheet coils (Gianturco-Roubin 

stent, Cook). 

 

Figure 2.7: Three characteristic stent designs 

Tube stents are cut from a steel tube (Palmaz-Schatz stent) or, occasionally, from a flat sheet of metal 

which is then rolled into a tube and welded. With coil stents, the strut width is generally greater than 

in tubular stents, but so are the gaps between the struts, and there are fewer or no connections between 

struts. These attributes give coil stents flexibility, but they have poor characteristics of radial strength 

and allow the tissue to prolapse between the widely spaced wire elements. 
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Figure 2.8: Stent design parameters 

Side-branch access is also a significant feature of stent design characterization. Due to the open 

structure of coil stents relatively unimpeded access to side-branches is allowed. Palmaz-Schatz stents 

exposed to side-branch balloon dilatation were found to be badly distorted. Modern tubular stents, 

especially those with an open-cell structure, generally allow side-branch access to a balloon of up to 

3.0mm diameter without distortion of stent architecture. 

In a study of 760 patients where comparison of the Gianturco-Roubin-II stent (Cook, coil) or the 

Palmaz-Schatz stent (Johnson and Johnson, slotted tube) took place, the restenosis in the first group 

was 47.3% vs. 20.6% in the second. In another study of 223 patients, 112 used the NIR 

(Medinol/Boston Scientific, slotted tube) and 111 to Crossflex (Cordis, coil) stent implantation. The 

restenosis rate was 26% for the Crossflex and 17% for the NIR. As a result, it can be safely assumed 

that slotted tubes indicate lower restenosis rates when comparing to coil design. 
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• Long vs Short 

A wide variety of researches has been conducted to investigate how the length of the stent influences 

the response of the restenosis mechanisms. Both for bare-metal stents (BMS) and drug-eluting stents 

(DES) larger stent lengths can result in a greater restenosis rate. Although drug-eluting stents produce 

a substantial reduction in the proportion of artery restenosis, stent length can be still considered as an 

unsolved problem. Besides, using a long stent as a treatment in a large area of stenosis is considered 

difficult to accomplish technically and can lead to serious implications. 

 

• Percentage of metal 

The percentage of metal is a reference to the density of the total structure covered by material. If a 

solid cylinder of a certain thickness can be considered 100% dense then any stent structure that 

approaches the cylinder volume has a greater percentage of metal than a stent with a lower volume. In 

general terms, a greater proportion of metal may be translated in a more rigid stent. As research 

indicates, there is no connection between this percentage and the restenosis rates. However, it is the 

distribution of metal that makes the difference, with more thin struts being better than fewer and thicker 

struts regarding restenosis.  

Consistent with the results of clinical and pathologic studies, basic pre-clinical data using 

computational fluid dynamics showed that excessive stent strut density increased local blood flow 

disturbances contributing to thrombogenicity. 

 

• Open vs close cell 

Another classification of stents is open-cell and closed-cell. Open-cell designs have more 

conformability and deliverability, especially in highly tortuous vessels, while closed-cell have stronger 

radial force, less recoil, especially in severely calcified lesions, and less plaque distal embolization 

when they are placed over lipid-rich or thrombus-rich atherosclerotic lesions. These material and 

design characteristics are important when stents are delivered in diseased human coronary arteries 

which have complex characteristics. 

 

Figure 2.9: Comparison of open and closed-cell stents 
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In a research, the differential effect of open-cell vs closed-cell stent design configuration on carotid 

velocities detected by duplex ultrasound was studied to identify possible stent design differences in 

carotid velocities, immediately after carotid artery stenting [4]. The velocities were 

‘disproportionately’ elevated with closed-cell stents compared with the open-cell ones, which suggests 

that velocity criteria for quantification of stenosis may require modification according to stent design. 

However, the importance of these differences in carotid velocities related to stent design and the 

potential relationship with recurrent stenosis were yet to be established. 

In a later study, a systematic search was conducted to identify all randomized and observational studies 

published in English up to October 31, 2017, that compared open- vs closed-cell stent designs in CAS. 

A random-effects model meta-analysis was employed. Patients in the open-cell stent group had a 

statistically significant lower risk of restenosis ⩾40 at a mean follow-up of 24 months. As a result, the 

use of open-cell stent design in CAS is associated with a decreased risk for restenosis when compared 

to the closed-cell stent. 

 

• Thick vs thin struts 

On the one hand, thinner struts are empirically associated with better conformability, lower stent 

profile, easier recrossability, and less injury to side branches. Also, strut thickness has been a key 

element of stent design, with thinner struts associated with greater deliverability. A lower strut 

thickness may be particularly advantageous in small target vessels. Controversy, despite developments 

in stent designed, there is a trade-off regarding radial force, longitudinal force, and the risk of stent 

fracture. On the other hand, thinner stents have two different effects on the arterial wall. Thin struts 

may slice into tissue more easily, therefore, more deeply than thicker struts, for a constant number of 

struts. The other factor is that they may cause less angulation and stretching of the arterial wall when 

comparing to wide struts. The latter is always preferable since the less strain the artery undergoes, the 

more confines its reaction. 

Results from a series of animal and clinical studies it is suggested that thinner struts produced lower 

rates of restenosis[5]. It was found that angiographic restenosis was observed in 15% of patients who 

had received the thin strut stent, while this figure increased to 26% in the thick strut group. In another 

study Consequently, there has been a move to the use of stents with minimal strut thickness, with 

current stents typically employing metal struts ranging in thickness from around 60 to 100 μm. Any 

further reductions in stent strut size will have to be balanced by the need for visibility of the stent 

location, and ideally the platform itself, during delivery and deployment in the affected artery lesion. 

Doctor Bernard Chevalier suggests that the race for the thinnest-strut stent has to deteriorate and as a 

substitute more focus haw to be given on stable strut-to-artery ratio in a great variety of diameters to 

provide interventionalists with appropriate tools to treat complex lesions and allow them to select the 

right device based on detailed mechanical information that is not restricted to strut thickness. 
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• Square vs round struts 

The fundamental goal of a stent cross-sectional profile is to avoid corners and sharp edges that could 

harm or lead to migration of the endothelial cells (essential for long term thrombogenicity). It is also 

of high likelihood that the smaller the stent strut roughness, the less deleterious effect upon laminar 

flow through the stent. 

Getting to details, in-stent restenosis rates have been closely linked to the wall shear stress distribution 

within a stented arterial segment, which in turn is a function of stent design. 

 

Figure 2.10: Different stress cross-sections and strut quantities 

In a research a set of metrics was introduced, based on statistical moments, that can be used to evaluate 

the hemodynamic performance of a stent in a standardized way[6]. They are presented in the context 

of a 2D flow study, which analyzes the impact of different strut profiles on the wall shear stress 

distribution for stented coronary arteries. In the context of the simulations presented, it was shown that 

the stent's strut profile significantly affects the shear stress distribution along the arterial wall. 

Simulations also demonstrate that more streamlined profiles exhibit better hemodynamic performance 

than the standard square and circular profiles. 

As suggested, strut design can play a fundamental role in the improvement of the hemodynamic 

performance of stents. Present research indicated that up to 96% of the area between struts is exposed 

to wall shear stress levels above the critical value for the onset of restenosis when a tear-drop strut 

profile is used, while the analogous value for a square profile is 19.4%.  

 

• Rough vs smooth surface 

Studies have shown that a rough surface is more prone to thrombogenicity and thus surface treatments 

are essential to obtain a contamination-free and smooth surface for stent material applications.   

Various stent surface treatments include mechanical polishing, electropolishing, ultrasonic cleaning, 

chemical etching, and degreasing as well as low-pressure plasma etching. Electropolishing possesses 

several compelling advantages that render it the most popular surface treatment method. 
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2.2 Stent Materials 
 

Stainless steel 316L 

In the first generation of stents, 316L stainless steel was used successfully revealing great results 

despite low radio-opacity. This metal is based on different compositions of ferrous Cr, Ni, and Mo. 

Stainless steels are iron-based alloys with the main elements being Cr and Ni. Elements such as Ni, 

Mo, Ti, Nb, and N in a certain grade improve their corrosion resistance, heat resistance, and strength. 

However, the microstructure, strength, and corrosion resistance of stainless steel depend mainly on the 

concentrations of Ni and Cr.  

 

STAINLESS STEEL 316L COMPOSITION (%) 

C Mn P S Mn Ni Cr Si N 

0.03 <2 <0.045 <0.03 3 14.00 16-18 <0.75 <0.1 

Table 2.1: Chemical composition of 316L stainless Steel 

Stainless steels do not corrode in an oxygen-containing atmosphere, however, they may corrode locally 

as found in the human body. Because austenitic stainless steel does not have high strength, they are 

strengthened by cold working and heat treatment, and sometimes by the addition of N. Austenitic 

stainless steel have superior corrosion resistance, while the addition of Mo improves the corrosion 

resistance.  

Besides the superior corrosion resistance, one of the main reasons to prefer austenitic stainless steel is 

the good balance of strength and ductility the plasticity for balloon expansion, and to resist the elastic 

recoil of blood vessels. 

Austenitic 316L stainless steel, in particular, (“L” means “low carbon content”) has well-suited 

mechanical properties, making it the preferred material for stent application. However, carbon forms 

carbides at the grain boundaries, which reduces the corrosion resistance of the grain boundary. 

Therefore, even with these improvements, 316L stainless steel may corrode when implanted in the 

human body. 

 On the grounds of low its low density, 316L stainless steel has reduced radio-opacity, which may 

result in difficulty of tracking it with MRI. Besides, biocompatibility is another issue with stainless 

steel stents. As the average weight percentage of Ni in 316L stainless steel is 12%, the release of nickel 

may occur causing allergic reactions in the human body. Indeed, the release of Ni, Cr, and Mo ions 

from stainless steel stents may induce a local immune response and inflammatory reactions, which in 

turn may result in in-stent restenosis. 
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Cobalt-Chromium alloy 

 

As mentioned previously, one of the key characteristics of the stent design is the maintenance of low-

profile struts leading to greater ease with which a device could be tracked through to the target vessel 

and then cross through lesions. In addition to that, a lower rate of restenosis is anticipated to be 

achieved with lower strut thickness, which is justified by the lower vascular trauma (and therefore less 

neointima growth). As a result, the aim now was to develop materials with higher strength which could 

push the limits of designed reductions of strut thickness further down. This requirement led to the 

introduction of Cobalt-Chromium for balloon-expandable stents. 

 

Figure 2.11: Stress-strain curves comparison of Cobalt-Chromium alloys and 316L stainless Steel as provided by a 

Medtronic publication [26] 

One of the first stents utilizing a Cobalt-Chromium alloy was Multi-Link VisionTM for coronary 

arteries. In this device, the L605 alloy (Co-20Cr-15W-10Ni) provided increased strength as well as 

increased X-ray radio-opacity. Subsequently, the Driver coronary stent was introduced by Medtronic 

made from MP35N alloy (Co-20Cr-35Ni-10Mo), again indicating more than acceptable results 

regarding strength and radio-opacity. 

 

MP35N COMPOSITION (%) 
Ci  Si P S Mn Ni Cr Ti 

0.004 <0.01 <0.003 <0.0004 <0.01 36.60 19.88 <0.002 

Mo Fe  Co B Al N Ca Mg 

10.04 0.04 34.25 0.009 0.12 0.0012 0.001 0.0007 

Table 2.2: Chemical composition of MP35N 
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Furthermore, these alloys reveal great resistance from corrosion mostly due to the existence of 

molybdenum as an ingredient, which contributes to oxide stability. In general, Cobalt-Chromium 

alloys behave at least as passively as stainless steel with a similar chromium-rich oxide developing. 

Besides greater strength and corrosion resistance, they have also enabled the formation of more novel 

stent designs such as the CoStar by Johnson & Johnson, with its unique drug reservoirs in the struts. 

Such a design could not be constructed with lower-strength materials. 

 

 

Table 2.3: CoStar stent by Johnson & Johnson with drug reservoir technology 

Ni-Ti Alloy 

The Nitinol alloy is consisted of almost equal amounts of Ni and Ti and reveals unique mechanical 

properties, with shape memory and super-elasticity being the most characteristic. Regarding the shape 

memory effect, when the structure is heated it returns to each original shape, while regarding the super-

elasticity effect, the structure receives almost zero plastic deformation when a load is implemented and 

then released, avoiding permanent distortions. Indeed, shape memory alloys are capable of undergoing 

large amounts of loads without exceeding their yield strength.  

 

Figure 2.12: Stress and strain curve of nitinol and stainless steel: At the beginning steel is not flexible and shows increasing 

stress whereas nitinol shows a strain in the beginning and only a moderate in stress 
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However, their mechanical response is in parallel with the environment’s temperature. In other words, 

these alloys will undergo plastic deformations when found in room temperature conditions. This 

transformation temperature is heavily influenced by the composition, impurities, and heat treatment 

during the formation of the material. When the scaffold is inserted in the human body, the alteration 

of temperature results in the leaving from the martensitic phase and enables the super-elastic properties 

of the material, making it appropriate for stents utilization. Self-expanding stents have a lower diameter 

when found in room temperatures and expand to their original diameter at body temperature. 

Unfortunately, Nitinol stents may reveal corrosion problems and release large amounts of Ni ions 

which sometimes cause toxic effects to tissues. Another major drawback is the reduced radio-opacity 

and its incapability of tracking through MRI. This may cause accuracy problems when deployed in the 

vessel. The accuracy issue is increased with self-expanding stents due to the deployment mechanism, 

namely the pull-back of the wire by the interventional. 

 

Platinum Alloys 

With the utilization of platinum alloys, both strength and radio-opacity are enhanced when compared 

with 316L stainless steel. Using platinum-chromium based alloys, the apparent higher strength enables 

the thinner strut creation and the fewer restenosis rates that occur. They have excellent tensile 

properties, that can be easily compared to those of the stainless steel, but with thinner struts and greater 

radio-opacity. A mutual point between these alloys and 316L stainless steel is the good 

biocompatibility as well as the support of endothelization. In addition, the reveal similar 

microstructure, while the platinum alloys showing higher corrosion resistance. 

Other Platinum alloys are comprised of 90% Pt and 10% Ir. With the presence of iridium, the resulting 

structure indicates great radio-opacity, and its 3D geometry can be distinguished with greater ease 

through MRI when comparing with 316L stainless steel stents. Although these alloys show excellent 

corrosion resistance, there is a great concern about their poor mechanical properties. While using these 

stents, a reduction in thrombosis rates, as well as inflammatory reactions, are noticeable. Even though 

human clinical trials encouraged the use of such stents indicating effectiveness and biocompatibility, 

the research conducted on Pt-Ir stents is still limited. 

 

Tantalum 

Tantalum as a material is considered a great choice when referring to X-ray trackability [24]. The 

justification behind this is its low magnetic susceptibility along with its high density. Another 

preferable property of Ta is its great corrosion resistance due to the formation of a thin layer of Ta2O5 

on the surface of the stent. These are the reasons why it is utilized as a surface coating for 316L stainless 

steel stents, providing the stent great biocompatibility and radio-opacity. 

However, Tantalum has high pricing and inadequate mechanical properties making it less 

commercially available. Although Tantalum is a ductile metal, its yield strength is close to its tensile 
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strength. As a result, Ta stents have a great probability of failure during deployment and to avoid that, 

lower pressure figures are usually applied to them, which might result in the recoiling of the stent. 

 

Figure 2.13: Stress-strain curve of Tantalum 

Drug-Eluting Stents 

First-generation DES used paclitaxel and sirolimus. Paclitaxel interferes with microtubule dynamics 

during mitosis by binding to the beta-tubulin subunit of the microtubules. The drug is cytostatic at the 

low doses used for coronary stents. It has a very high level of lipophilicity, which means that it can be 

linked to the stent without the use of a polymer. Sirolimus is a sophisticated natural antibiotic that was 

developed for its powerful immunosuppressive activity. It blocks protein synthesis, cell cycle 

progression, and migration by inhibiting the mammalian target of rapamycin 7. Its better kinetics and 

wider therapeutic index are the reasons why the antirestenotic efficacy of sirolimus-eluting stents are 

higher than paclitaxel-eluting stents. The antirestenotic efficacy of these drugs is the reason new-

generation DES use the -limus family of drugs, which also includes everolimus, zotarolimus, 

umirolimus, novolimus, and amphilimus. These drugs differ in terms of structure, molecular weight, 

potency, and lipophilicity. Zotarolimus is a highly lipophilic analog of sirolimus. It was designed to 

have a shorter in vivo half-life than sirolimus but the same high-affinity binding to the immunophilin 

FKBP12 along with comparable inhibition of t-cell proliferation in vitro. Everolimus has a much 

higher interaction with the mechanistic target of rapamycin complex 2, higher bioavailability, and 

shorter half-life than sirolimus. Everolimus also reduces vascular inflammation.11 The everolimus-

eluting stent has shown more rapid endothelialization. Umirolimus has been specifically developed for 

local delivery to the coronary arteries. It is the most lipophilic of the common -limus drugs (around 10 

times greater than sirolimus), which is why a low dose is used in free-polymer stents. Novolimus is an 

active metabolite of sirolimus and has been shown to be a potent inhibitor of smooth muscle cells in 

in vitro studies.14 

In the near future, the use of different drugs or combinations of drugs with different actions may 

address not only intimal proliferation but also thrombosis and, in the long term, in-stent 

neoatherosclerosis. 
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Bioresorbable scaffolds 

Permanent metallic stents have shown great results with significant improvements and evolution 

throughout their 40-year life span. However, there are certain limitations that are accompanied by 

bare-metal stents. The most important of those limitations are: 

▪ Thrombogenicity 

▪ Permanent physical irritation  

▪ Chronic local inflammatory reactions 

▪ Mechanical behavior mismatch between stented and non-stented artery segments 

▪ Long-term endothelial dysfunction 

▪ Delayed reendothelialization  

▪ Inability to adapt to the growth of a young patient 

▪ Characteristics that make later surgical revascularization difficult 

 

Bioresorbable cardiovascular scaffolds are a propitious alternative to permanent stents. They have 

been called the fourth generation of stents due to their great potential. These stents, also called 

biodegradable stents, are constructed by materials that may dissolve or get absorbed by the human 

body. The term scaffold reveals the temporary nature of this type of stent, which is invented to 

confront some of the issues mentioned above. Apart from preventing acute vessel closure or recoil by 

transiently scaffolding the vessel, these fully-biodegradable scaffolds elute antiproliferative drugs 

that inhibit constrictive remodeling and neointimal hyperplasia. In-stent restenosis response to the 

polymer or device is mitigated. The risk of late or very late thrombosis is eliminated as the foreign 

material (platform plus coating) is replaced by connective tissue and the scaffolded segment healed 

with matured endothelium. 

 

Figure 2.14: Evolution of stents 
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They are subdivided into two main categories, namely Metal-Based Stents (MBS) and Polymer-

Based Stents (PBS). 

 

Metal-Based Stents 

Metal-based stents mostly consist of iron, magnesium, and zinc. Magnesium-based scaffolds are 

commercially available only as magnesium-alloy, roughly 95% of which is resorbed within 1 year. 

Pure magnesium cannot be used as a structural material for stents due to its poor mechanical properties 

and low degradation rates. Magnesium alloys are generally preferred for their mechanical properties 

regarding biocompatibility, excellent radial stiffness, relatively low cost, and low density. Due to their 

figures of radial stiffness, their Youngs modulus is also high and as a result, to achieve the performance 

needed, Mg-based materials have 50-240% thinner struts when compared to cobalt-chromium and 

polymer stents respectively.  

There can be four major categories of Mg-bioresorbable substrates, namely pure Mg, aluminum-

containing alloys, rare-earth containing alloys, and aluminum-free alloys. These additions improve the 

mechanical and physical properties of Mg stents by optimizing grain size enhancing corrosion 

resistance and providing intermetallic states. 

As regards to their mechanical properties, Mg alloys have: 

✓ High Young’s modulus to prevent acute stent recoil after balloon inflation. 

✓ High ultimate tensile strength to improve flexibility and increase radial strength 

✓ High ductility to sustain deformation during the deployment without failing 

✓ Low yield strength (200-300MPa) for the expansion of the stent 

 

Polymer-Based Stents 

Currently, polymer-based stents have outpaced metallic bioresorbable stents when it comes to the 

availability of data. In addition, “there is a significantly better understanding of the mechanistic 

function for polymer-based stents as opposed to the metallic ones”, claims Dr. Syed Hossainy. 

Polymer-based stents have been approved for use in some countries around the world. These are based 

on poly(L-lactide) (PLLA)chosen due to its capability to maintain a radially strong scaffold that breaks 

down over time into lactic acid, a naturally occurring molecule that the body can use for metabolism. 

One good example of polymer dissolving stent is the ‘Absorb’ manufactured by Abbott, which has 

several design components and features. The base scaffold is a poly(L-lactide) shaped into a tube made 

up of zigzag hoops linked together by bridges. Then there is a drug-eluting layer which is comprised 

of a mixture of poly-D, L-lactide, and everolimus. Finally, there is the balloon delivery system and 

attached to it a pair of radio-opaque platinum markers at the distal and the proximal end of the catheter 

to allow the trackability of the device during the angiography. 
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Figure 2.15: Absorb stent produced by Abbot 

Recently, however, Polymer-based scaffolds, in particular Poly-L-Lactide Acid (PLLA) scaffolds, 

have raised serious concerns on the scaffold performance particularly in terms of safety. 

Future 

Although considerable advances have been made, the ideal DES system has yet to be developed. The 

occurrence of stent thrombosis has accelerated technological evolution in interventional cardiology 

and the eradication of this fatal outcome should be the focus of new DES. 

Since the advent of DES, restenosis figures have dropped to a single digit, even for the most complex 

lesions. The most recent generation of DES is associated with a greater reduction in the risk of early 

and late thrombosis than BMS. However, target lesion-related events are still observed years after 

implantation due to neoatherosclerosis. Future DES designs will have to address this issue. The ideal 

DES should incorporate several newer and improved materials and delivery systems to enhance safety, 

efficacy, and cost-efficiency. The ideal system should include: 

• A very low-profile stent delivery system 

• High flexibility and conformability due to a hybrid open-cell design 

• Thinner struts 

• Adequate radiopacity and radial strength 

• A high-pressure balloon that is suitable for direct stenting 

• Minimal late loss (≤0.2 mm) 

• A-limus drug. 

• Drug-elution for 60–90 days, followed by a complete absence of drug release 

• Stimulation of early reendothelialization 

• A thrombus-resistant luminal surface 

• A very thin surface of durable or biodegradable polymer coating 

• Minimal duration of DAPT 
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3. CAD Geometries Creation 
 

INTRODUCTION 

 

In this chapter, there will be provided a detailed analysis of the steps taken in order to prepare the two 

different geometries needed to conduct the analysis, namely the stent construction as well as the artery-

atherosclerotic plaque assembly. Getting to detail, the stent geometry was formed by observing a stent 

and forming its structure using CAD programs, while the artery-plaque geometry was segmented from 

the tomography of a realistic incident of critical limb ischemia and was modified in such a way that it 

was workable in the analysis. 

 

3.1 Stent Creation 
 

The design of the stent for the current analysis belongs to Rontis Corporation. Rontis is a Switzerland-

based multinational specialty healthcare corporation. The stent design could not leak outside of the 

company due to pattern-privacy issues. Therefore, the company agreed to provide some bare metal 

balloon-expandable stents as well as a certain number of the precedent attached to a balloon catheter. 

The stent design parameters appear in Table 3.1.  

 

Length Outer Diameter 

60 mm 2.16 mm 

Table 3.1: Stent design parameters as indicated by Rontis 

Because the stent has minimal dimensions and its structure is impossible to be observed with a naked 

eye, a magnifying device should be used so that the stent could be depicted. At first, a stereoscope was 

utilized found in a laboratory of the Department of Chemical Engineering. Unfortunately, the first 

magnifying faculty was a 50x zoom lens, which was not convenient as the geometry could not be easily 

observed. Consequently, a microscope was opted, found in the Laboratory of Biomechanics & 

Biomedical Technology located in the Department of Mechanical and Aeronautical Engineering. 

Using the 10 and 20x zoom I was able to track and capture the pattern of the stent placing it in several 

different postures below the microscope, inside a transparent glass-plate while cautiously treating it 

because the slightest mis-manipulation could easily distort the geometry Figure 3.1. Given the stent 

curvature, it should be placed as perpendicular as possible under the microscope lens, capturing each 

time short horizontal sections where the latter requirement could be optimally fulfilled.  

After taking images from a number of different perspectives, they were imported in the Computer-

Aided Design (CAD) model so that the design could be imprinted. The software utilized was Catia 

V5, a commercial, three-dimensional, multi-platform software suite. 
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Figure 3.1: 10 and 20x zoom lens indicating the perpendicular area 

Getting into details, the various perpendicular images were joined like a puzzle in the background of 

the 2D sketcher. Since all stents are constituted of a repetitive pattern, the main goal was to locate and 

imprint the continuous singularity. Lines and curves were used to approximate the outline of the 

background images. As soon as the targeted pattern was distinguished, it was multiplied and placed in 

the appropriate distances. 

Figure 3.2: Formation of the stent pattern through the repetitive singularity 

Subsequently, the pattern was developed on a cylinder with a length and a diameter equal to the given 

stent length and outer diameter, respectively. The four overlapping edges of the cylindrical pattern 

were fixed, and the curves were replaced by one join. 
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Figure 3.3: Pattern projection 

The cylindrical pattern was then scaled to the longitudinal axis using the affinity command. A second 

cylinder was created with a diameter in accordance with the ones of the inner surface of the stent. 

Therefore, both the inner and the outer cylinders were sliced according to the geometry of the patterns 

using the split surface command. 

 

Figure 3.4: Splitting the inner and outer cylinder from each pattern respectively 
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Afterward, the two sliced parts were hidden, and the two patterns were utilized again to produce blends 

between the inner and the outer singularities. 

 

Figure 3.5: Blend between inner and outer patterns 

Eventually, the assemblage of the 4 surfaces wrapping the periphery of the stent was completed and 

joined into 1 surface. The last step was the solidification of the surface using the close-surface 

command. 

 

Figure 3.6: Solidification of the stent 
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One thing that was neglected in the up-to-now explanation of the stent-creation process is the 

acquaintance of the cross-sectional profile of the geometry. To make that possible, the stent had to be 

cut with a diamond wheel and sanded in order to have a district cross-section Figure 3.7, Figure 3.8. 

 

 

Figure 3.7: Indication of the stent section that was sliced with the diamond cutting wheel 

 

Figure 3.8: Sliced stents by the cutting wheel after being placed in resin and abraded 

Subsequently, the stent was examined using a 20x zoom lens under the microscope and the following 

cross-section was imprinted. The thickness of the stent was noted down and the cross-section was 

imprinted. 
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Figure 3.9: Cross-section of the stent through a 20x lens under the microscope 

Now, the CAD model of the stent is sliced in the same A-A section area, observed from the 

perpendicular view of the surface, and its cross-section was isolated Figure 3.10Figure 3.10.  

 

Figure 3.10: Sliced stent, perpendicular view, and cross-section isolation 

Eventually, the two different profiles were brought to overlapped positions to be compared. As can be 

seen, they look roughly identical with the curves on the sides creating the major alteration. With the 

justification of lower simulation time-cost without severe differentiation in the results of the 

simulation, the fillets were opted to be omitted. 

 

Figure 3.11: Comparison of the real and the constructed stents cross-sections 
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3.1.1 Stent reconstruction 
 

Although the stent’s overall dimensions, such as the length, the inner and outer diameter, the cross-

section width, and thickness were roughly the same as the original stent provided by the company, the 

stent was not 100 % symmetrical. In addition, to produce a multizone mesh for the analysis, there 

should exist specific edges in the stent’s geometry. As a result, the stent had to be reconstructed so that 

a few tweaks occur. To accomplish that, the projected pattern was exported from CATIA V5 and 

imported in Ansys Spaiceclaim. 

The pattern’s dimensions were modified properly so that the resulting geometry would cover a quarter 

of a ring. Following that, the compound of curves that form the pattern’s geometry was joined into 4 

curves. Subsequently, a surface was created by the closed geometry using the Fill command. At this 

point, the surface was extruded radially while being rotated around the X-axis by 90° 4 times. Next, a 

concentric cylinder was created with an outer and inner diameter of 1.96 mm and 2.16 mm 

respectively, and the overlapping geometries were subtracted. Consequently, the stent was segmented, 

and its one quarter was utilized to produce the total geometry. However, the quarter-stent had to be 

partitioned in such a way that the multizone mesh could be attained. After making this possible, the 

stent was rotated again 4 times by 90° forming a ring, and the ring was mirrored across the X-axis. 

 

Figure 3.12: Stent creation after curve modification 
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3.2 Artery segmentation 
 

The aim of the study was the deployment of the stent in a realistic artery with atherosclerotic plaque. 

To fulfill this purpose, Dr. Panagiotis Kitrou, an interventional radiologist at the University of Patras, 

agreed to provide the research with 10 Computer Tomography Angiographies (CTA) of patients with 

critical limb ischemia at the iliac arteries. The next step was to find the right incident combined with 

the right area of stenosis to perform the analysis. All 10 tomographies were closely examined with and 

after discussion with Dr. Kitrou, it was decided that I proceed with the following case. 

The Iliac artery geometry analysis data record as provided has the subsequent characteristics. 

 

 

Figure 3.13: Appendix of case parameters 
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Figure 3.14: Types of stenosis 

As indicated, the patient is a 64-years old female with Critical Limb Ischemia (CLI) and Type D 

lesions. To put things into perspective, the combination of any critical CLI with Type D lesion requires 

immediate surgical treatment. The construction of the arterial assemblage was carried out with the aid 

of the commercially available package 3D Slicer. The tomography was imported as a DICOM file in 

the program and after using volume rendering with the appropriate filters, the patient was pictured as 

shown in Figure 3.15. 

 

Figure 3.15: Three-dimension view of the patient and 3D volume imaging 
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Subsequently, a new filter was applied to both the volume rendering and the three different views so 

that the observation and distinction of the arteries from the atherosclerotic plaque was then possible in 

Figure 3.16. 

 

Figure 3.16: 3D view of the arterial tree of the patient on the left and healthy segment cross-section of the aorta on the right 

wherein green appears the arterial wall and in blue the arterial lumen 

The artery cross-section areas were closely examined to detect the narrowed areas due to plaque. In 

agreement with Dr. Kitrou, I opted to select a narrowed vessel area at the outer-iliac artery Figure 3.17, 

where a significant curvature of the artery would be present. A vessel with calcified plaque is stiffer 

and, as a result, its curvature becomes more severe in Figure 3.18, causing integrity problems to the 

stent and a stent failure may consequently be anticipated. 

 

 

Figure 3.17: Top view of the artery segment that was opted 
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Figure 3.18: Side view of the artery segment showing the curvature of the vessel 

Subsequently, the artery model was constructed, discretizing the artery wall, the artery lumen, and the 

atherosclerotic plaque.  

 

 

Figure 3.19: Artery cross-section indicating the arterial wall with the green color, the arterial lumen with the azure, and the 

plaque with the red color. 

To create the model, the segment editor tools were used, commencing with ‘‘threshold’’ and adjusting 

the proper threshold range and correcting the geometry with ‘‘Margin’’, ‘‘Hollow’’, ‘‘Smoothing’’, 

‘‘Draw’’ and ‘‘Scissors’’ tools. Although the model was then constructed, it was not realistic because 

there existed a discontinuity at the edges of the plaque, which could create consequential alterations in 

the Finite Element Analysis (FEA) Figure 3.21. In a real artery, the calcified plaque is usually 

embedded in the arterial wall as shown in Figure 3.20. To overcome this issue, two different arterial 

models where constructed. The one differentiating the arterial wall from the plaque and the other 

considering the wall and the plaque as one body. From the first model, the ‘‘healthy’’ part of the artery 

was kept and in the second one, the plaque was considered to be embedded in the artery wall. Model 

3 could not be utilized as shown in the figure, because the artery and the plaque had to be distinct in 

order to transfuse different material properties to them. The structure of the narrowed area can be seen 

in Figure 3.23. 
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Figure 3.20: Structure of an atherosclerotic artery 

 

Figure 3.21: 3D CAD construction of the model indicating the area of interest and its two problematic areas 
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Figure 3.22: The two 3D CAD arterial models 

 

Figure 3.23: Artery diameter in the proximal and distal segment, as well as the minimum diameter of the lesion 

The two models were imported in Spaiceclaim, a CAD software provided by ANSYS. Using its reverse 

engineering tools, I converted surfaces into facets and using a dense structure of points the surfaces 

were simplified into workable geometries. Subsequently, the facets were converted into solids and 

assembled. The two models were overlapped, and the intersecting geometries were sliced. The 

resulting geometry was the atherosclerotic plaque as well as the healthy arterial wall, as shown in 

Figure 3.24. 
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Figure 3.24: Different views of the artery and plaque models 

As can be seen, the thin layer of the arterial wall was neglected seeing that it would not have a 

substantial effect in the simulation results. Subsequently, the edges as well as the surfaces had to be 

correctified and after maintaining the requiring for the process geometry the final model was 

assembled. 

 

Figure 3.25: 3D view, side section and cross-section view of the final model 

When measuring the area of the cross-section, it can be calculated that the plaque occupies 12.7 mm2 

out of 24.6 mm2 of the area of the inner arterial wall, namely 52% of the lumen.
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4. Finite Element Analysis in the Biomechanics of Stents 
 

INTRODUCTION 

Numerical simulations are, for many years now, preferred over the experimental testing for solving 

complex physical problems. Even though in some cases they cannot be implemented, they have several 

reasons why they should when possible and their main advantages over experimental testing are: 

• Cost in resources: In many cases, experiments involve costly materials that must be available 

to allow the testing. 

• Cost in time: Some experiments are severely time demanding. Such an example is the fatigue 

testing of new stent design. It takes about 6 months to perform this experiment in the laboratory, 

while merely some days or weeks to simulate it. 

• Capability of performing: In certain cases, the experimental approach is not even possible. 

• Assumptions: The main advantage of numerical analysis is the ability that it offers to the user 

to assume parameters, which are not usually possible in the context of an experimental test 

• Physical constraints: Many tests cannot be accomplished experimentally due to physical 

constraints. 

• Predictions: With the numerical analysis the user may trace the results of the study and predict 

future systems. 

All in all, these are the major contributions of numerical analysis to testing. However, in many cases, 

numerical simulations run in parallel with the experimental testing to validate the results and ensure 

the user that the models can be used for further research. 

Finite element analysis (FEA) can be considered a subdivision of numerical simulations. As regards 

vascular stenting, FEA has been used as a means of testing for many years now. The major justification 

is that in-vivo experimental investigation of stents is not permitted in the absence of prior appropriate 

research, due to health risks involved in experimentation. Hence, FEA, a promising alternative, has 

been widely used for the investigation of biomechanical environments. 

 

4.1 Definition and Prequel of FEA 
 

Finite Element Analysis is a numerical method used to solve engineering problems and mathematical 

models. The name comes from the fact that the method subdivides a larger model into smaller simpler 

parts that are called finite elements. The equations that model these finite elements are solved and 

assembled back into the larger system of equations that model the entire problem. Some of the main 

fields of its application are structural analysis, heat transfer, fluid flow, mass transport, and 

electromagnetic potential. 

The fundamental ideas of the Finite Element Method (FEM) are fostered by the developments in the 

structural analysis of aircrafts [19]. In 1941, Hrenikoff presented a solution to elasticity problems with 

the utilization of the “netting method”. In 1943 a Courant’s project was published which used partially 
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polynomial interference in trigonal sub-regions to simulate torsion problems. Turner and others created 

matrices of stiffness for nettings, beams, and other elements and presented their findings in 1956. The 

term finite element first appeared and was used by Clough in 1960. In the early 1960s, engineers used 

this approach to produce approximate solutions to stress analysis, fluid mechanics, and heat transfer 

problems. Argyris, in 1955, in a book about energy theorems and matrix methods, proposed issues for 

future research and development in finite element studies. The first book about finite element of 

Zienkiewicz and Chung was released in 1967. In the late 1960s and early 1970s, the analysis of finite 

element was implemented in nonlinear problems and large deformations. The book of Oden for 

nonlinear continuous problems appeared in 1972. The earliest mathematical papers on FEM can be 

found in the works of Shellback [1851] and Courant [1943]. The earliest living commercial package 

of structural analysis was created by NASTRAN. In the late 1980s, FEM was widely used by engineers 

in universities and small companies, which can be justified by the evolution of personal computers. 

The availability of the graphical user interface (GUI) for the easier and more convenient construction 

of models as well as the illustration of results contributes heavily to the spreading of the FEM. The 

mathematical basis was set in the decade of 1970 and include the development of new elements, 

convergence studies, and other similar sectors. In our days, there can be found a plethora of commercial 

packages for structural analysis such as ABAQUS, ANSYS, COSMOS/M, DYTRAN, MARC, NISA, 

LS-DYNA, LUSAS, MSC/NASTRAN, SOLVIA. 

 

4.2 Description of Method 
 

It is necessary to use mathematics to comprehensively understand and quantify any physical 

phenomena, such as structural or fluid behavior, thermal transport, wave propagation, and the growth 

of biological cells. Most of these processes are described using partial differential equations (PDEs). 

For the vast majority of geometries and problems, these PDEs cannot be solved with analytical 

methods. Instead, an approximation of the equations can be constructed, typically based upon different 

types of discretizations. These discretization methods approximate the PDEs with numerical model 

equations, which can be solved using numerical methods. The solution to the numerical model 

equations is, in turn, an approximation of the real solution to the PDEs.  

The FEM is used to compute such approximations. This method is based on a combination of 

alternative methods and local approximations that are valid for a restricted area of the model, namely 

the finite element for the discretization of the model. The repetition of local discretization in the rest 

of the volume implies the discretization of the model and the approximate solution with linear algebra 

techniques. The term discretization indicates the approach of a physical system that has an infinite 

number of degrees of freedom, from a substitute model, which has a finite number of degrees of 

freedom. The analysis with FEM is achieved with the usage of a personal computer, where differential 

equations are being solved. These differential equations are dependent on the type of structure that we 

try to simulate. A fundamental step for the FEA is the discretization of the structure with a finite 

number of sections, namely with finite element. The functions used in each element are simple, usually 
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polynomial expressions. The elements are connected at specific points called nodes. The nodes and 

the elements after the discretization constitute the mesh of the analysis. 

Each node, depending on the type of structure is characterized by some possible displacements called 

degrees of freedom. In the case of 2D analysis of a structure, a node can move and rotate along the x 

and y-axis, while in the case of 3D analysis the z-axis is included. In the 3D analysis, every node can 

have three degrees of freedom, while in the 2D two and the 1D one respectively. The knowledge of 

the total number of nodes as well as the degrees of freedom is vital in the calculation of the total 

number of possible displacements for the whole structure. The way that a structure is going to be 

supported indicates the number of degrees of freedom it will bound. 

 

Figure 4.1: Typical finite element and its nodes 

Each finite element has the same elastic behavior as the initial body. The advantage of this splitting is 

that the element has a finite size and simpler form. The aforementioned properties permit the 

approximate study of the stress of the element. Consequently, by knowing the displacements of the 

nodes of one element, it is possible to use an interference for the calculation of displacements of each 

point. The next step would be the calculation of strains and subsequently stresses. 

For the analysis with the finite element, the most important characteristics are the element’s shape and 

its grade of interference. The grade of interference refers to the grade of the polynomial function that 

appears in the form function of the element. The grade of the polynomial is symbolized as p, while the 

dimension of the polynomial is referred to as h. The dimension h is usually the diameter of the smallest 

circle or smallest sphere in the case of a 3D element, which surrounds the element. Each element has 

a dimension h and a grade p.  

The total number of elements that are being used for the solution of a particular problem depends on 

each engineer. What stands, in general, is that the greater the number of nodes and elements or the 

greater the grade of the polynomial of the form function, the more precise and accurate the solution of 

the finite element. However, this comes at the cost of high computational time during the solving 

process. For structural analysis, the commercial packages generally use the matrix form of analysis, 

which can further be classified into two fundamental approaches: 

• Displacement or stiffness method, which is used more widely. With this method, the program 

transforms the differential equations that describe an element of the structure in the form of 
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 𝐹𝐼𝑜𝑐 =  𝐾𝐼𝑜𝑐 ∗  𝑈𝐼𝑜𝑐 Equation 4-1 

for static analysis, where KIoc is the stiffness matric of the finite element, FIoc is the matrix of 

nodal forces that are implemented at the element and the UIoc nodal matrix of displacements of 

the finite element. Therefore, in a general case of structure which is consisted of a number of 

finite elements and a number of degrees of freedom, the above equation is transformed to 

 

 𝐹𝑔𝑙𝑜𝑏 =  𝐾𝑔𝑙𝑜𝑏 ∗  𝑈𝑔𝑙𝑜𝑏 Equation 4-2 

where Kglob is the kn*kn matrix. 

• The flexibility method is also called the method of consistent deformations. It is an alternative 

method for computing member forces and displacements in structural analysis systems. Its 

modern version formulated in terms of the members' flexibility matrices also has the name of 

the matrix force method due to its use of member forces as the primary unknowns. A typical 

member flexibility relation has the following general form: 

•  

 𝑞𝑚 =  𝑓𝑚 ∗  𝑄𝑚 + 𝑞𝑜𝑚 Equation 4-3 

where m is the number of the element, qm its characteristic deformations, fm its flexibility 

matrix, Qm its independent characteristic forces, and qom its vector of characteristic 

deformations caused by external effects. 

 

4.3 Element types 
 

One of the fundamental choices that the user has is the type of element that he will use for the analysis. 

Depending on the type of structure we face the parameters that are included in the model, there are 

three types of elements that are available to discretize the model with: 

 

Beam/Bar elements 

 

A typical beam or a bar element is a 1D element. Meaning the element itself is defined in one 

dimension and modeled using two nodes, one at each end of the beam element. Each node can have 6 

degrees of freedom (DOF) – Tx, Ty, Tz (translations along X Y and Z), and Rx, Ry, Rz (rotations 

about X Y and Z) in a given coordinate system. Beams can take axial, bending, and shear loads, and 

also moments and torsional or twisting or torque loads. The advantage that they possess over the other 

types is the convenience and simplicity of modeling along with the low computational times that they 

require to solve the analysis. If the maximal dimension of the cross-section is at least 10 times lower 

than the length of the element, then the geometry may be modeled with beam or bar elements.  
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Figure 4.2: Beam/Bar elements 

Plate elements 

 

Plate or shell structures with a thickness that is relatively small compared to the in-plane dimensions 

and with out-of-plane loadings may be defined with plate bending or shell elements. These elements 

may be located anywhere in three-dimensional space. Plate elements are three- or four-node elements 

formulated in three-dimensional space. These elements are used to model heat transfer in thin 

plate/shell type structures. They can have convective and radiative loads applied on their surface. They 

have higher solution process times than beam elements but lower than solid elements. If the part has a 

thickness that is 10 times lower than the other two dimensions of the part this type of element may be 

used. 

 

Figure 4.3: Shell element 

Solid elements 

 

A three-dimensional (3D) solid element can be considered to be the most general of all solid finite 

elements because all the field variables are dependent on x, y, and z. A 3D solid can have any arbitrary 

shape, material properties, and boundary conditions in space. As such, there are altogether six possible 

stress components, three normal and three shears, that need to be taken into consideration. Typically, 

a 3D solid element can be a tetrahedron or hexahedron in shape with either flat or curved surfaces. 

Each node of the element will have three translational degrees of freedom. The element can thus 

deform in all three directions in space. Solid elements are not recommended when the structure can be 

classified as a thin structure. When the other types of elements cannot be used then solid elements are 

the solution.  
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Figure 4.4: 3D Solid elements 

 

Figure 4.5: Major types of 2D and 3D elements 

4.4 Mesh Convergence 
 

Mesh convergence is a simple method that compares approximate solutions obtained for different 

meshes. Ideally, a very fine mesh approximation solution can be taken as an approximation to the 

actual solution. The error for approximation on the coarser meshes can then be directly evaluated as:  

 

 𝑒 = 𝑢ℎ1 − 𝑢ℎ Equation 4-4 

In practice, computing an approximation for a very much finer mesh than those of interest can be 

difficult. Therefore, it is customary to use the finest mesh approximation for this purpose. It is also 

possible to estimate the convergence from the change in the solution for each mesh refinement. The 

change in the solution should become smaller for each mesh refinement if the approximate solution is 

in a converging area so that it moves closer and closer to the real solution. 
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5. Preparation of the FEA simulation 
 

INTRODUCTION 

 

In this chapter, the different steps needed to construct a simulation will be described offering a detailed 

analysis of each step. Following, two ways to perform the multiple-step analysis of stent deployment 

will be presented and explained, namely the multistep method and the mapping stresses method. Next, 

there will be a detailed analysis of the evaluation of data that was provided by Rontis corporation 

regarding the stent material. In addition, the variety of different material models for the atherosclerotic 

plaque and the artery will be introduced, while the evaluation and final material selection for these two 

models will be acquainted in chapter 7.1. Finally, a detailed analysis of the discretization of the models 

will be presented and a mesh convergence study will be conducted for the stent meshing. 

 

5.1 Structure of simulation in ANSYS 
 

For the simulation of a structure with finite element method the following stages of the process can be 

distinguished [11]: 

➢ Stage 1: Construction of the geometry. 

➢ Stage 2: Selection of the type of finite elements and discretization of the geometry in finite 

elements. 

➢ Stage 3: Definition of the mechanical and physical properties of the elements (can be done in 

a previous stage). 

➢ Stage 4: Selection of the type of solution (linear – nonlinear – transient – calculation of 

eigenfrequency) and solving. 

➢ Stage 5: Reading of the results and their graphical illustration. 

 

The above are general stages of almost every commercial package available but there will be a specific 

reference to ANSYS software. 

Stage 1: Construction of the geometry  

 

The construction of the geometry can be done inside the environment of ANSYS Mechanical or be 

imported. In the first case, the geometry can be created either on NASYS DesignModeler or ANSYS 

Spaiceclaim in two ways: 

• Surface Modelling. With the first way, we create crucial points of control (keypoints) and 

from the key points we are able to produce lines and through lines, we can produce areas. In 

the end, we end up constructing volumes from surfaces. 

• Volume Modelling. With the second way, we directly create volumes or surfaces, either from 

points without the creation of lines or by giving dimensions. 
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In the second case, the geometry can be created by a CAD program and consequently be imported as 

an IGES type of file (*.igs) or from the preprocessor of another program that can be imported in 

ANSYS such as AutoCAD (*.dxf, *.dwg), Catia [V5] (*.CATPart, *.CATProduct), SOLIDWORKS 

(*.SLDPRT, *,SLDASM) and STEP (*.stp,*.step) which is a much wider compatible type of file. This 

file is named a neutral file. Selecting to create the geometry in another environment can be attractive 

for those who already possess the knowledge of a CAD program. Close attention should be paid to the 

result of the import because in some cases there is the double line or missing faces phenomena. 

 

Stage 2: Discretization and finite elements  

 

The selection of the type of finite element is dependent on the solution that we will conduct. However, 

this does not mean that we have the ability to change them afterwards. The important thing here is that 

we are certain about its dimension and the type of loading that we will apply. After the selection of 

elements, all that remains to be done is the discretization of the model. The simplest choice is to 

implement it by the default parameters that the program offers. These parameters include Automesh 

(not recommended in most cases) definition of partitions in lines or size of elements (maximum size 

of surface or edge) and afterwards the creation of a grid as well as the selection of Smart Size which 

makes adaption of the grid to the geometry, namely creates smaller elements in regions of an abrupt 

change of geometry and dilutes it on the inside of the surfaces and volumes when there is no particular 

need for thin meshing. In general, the capabilities of the program are too many to refer to and can offer 

a wide variety of outcomes depending on the parameters that we will set. This means that the program 

cannot recognize the specifications of the problem. 

At this point, it is worth mentioning that there is the capability to avoid the definition of elements of 

the model in the ANSYS environment and then mesh but getting constructed nodes and elements 

directly or getting imported after being calculated in another way. This bypasses Stage 1. 

 

  Stage 3: Materials and Boundary Conditions  

  

The mechanical and physical properties of the materials are unambiguously defined but close attention 

must be paid to the units. All units are in accordance with SI except for the case that we define them 

differently. The properties that have to be set are in dependence on the peculiarity of the materials and 

the type of solution that we are interested in doing. 

The defining of materials can be done in several ways. The alterations are traced in the spots that they 

are implemented. They can either be implemented in geometrical elements (points, lines, surfaces) or 

elements of the mesh (nodes, elements). Once implemented on geometrical elements, they are 

automatically transferred to the elements of the mesh before the solution. 
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  Stage 4: Selection of the problem and solution  

 

The selection of the way that the problem is being solved has to do with the requirements of the 

problem. Usually, a linear static analysis of small deformations is sufficient for many cases. However, 

there is the possibility of being interested in a more transient phenomenon or the materials used to 

have a nonlinear behavior.  

As regards the solution, there is a great variety of capabilities that are related to the different algorithms 

for solving, which will produce a different result but will have a different solving timeframe. There 

are many solvers that use more space on the hard disk for intermediate files or RAM. 

 

  Stage 5: Results 

 

The results are written in a folder after the solution with the extension (*.rst). The recognition of this 

is a matter that requires a great amount of attention. There are several ways of reading the results. 

 

5.1.1 Mapping stresses method 
 

For the FEA simulation, the commercially available package ANSYS was utilized. To carry through 

the above-mentioned steps as a sequential simulation there two main pathways. The first one is usually 

referred to as the mapping stresses method. 

In this method, each step is a separate analysis. The first analysis, representing the first step, is defined 

by the original geometry and the material properties for each component. Next, material properties are 

assigned to components and the geometry is meshed with specific parameters. By creating the 

requiring for the analysis constraints, the model is ready to be solved. When the analysis is over, the 

remaining stresses defined by the global coordinate system are requested as output and are exported to 

an external folder, namely an excel file. 

 
Node 

Number 
X Location 

(mm) 
Y Location 

(mm) 
Z Location 

(mm)  
Equivalent (von-Mises) Stress 

(MPa) 

12297 -8.69E-02 8.46E-03 1.0239 35.539 

12298 -8.69E-02 8.46E-03 1.0139 15.871 

12299 -8.69E-02 8.46E-03 1.0214 28.576 

12300 -8.69E-02 8.46E-03 1.0189 23.764 

12301 -8.69E-02 8.46E-03 1.0164 13.397 

12302 -8.69E-02 1.35E-03 1.0139 34.187 

12303 -8.69E-02 1.10E-03 1.0139 8.4645 

12304 -8.69E-02 1.35E-03 1.0239 19.794 

12305 -8.69E-02 1.35E-03 1.0164 31.158 

 

Table 5.1: Exported data from the solution of the analysis 
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This file is now imported in the Ansys Workbench tree and the external file cells are assigned to their 

proper position. At this point, the sector “Engineering Data” from STEP 1 is connected to the 

respective sector in STEP 2. The “Solution” sector from STEP 1 is connected to the “Model” sector 

from STEP 2, while the “Setup” box is connected to the respective box of STEP 2. In the same way, 

the user can simulate a sequential multistep analysis following the same pattern each time for each 

step. 

 

Figure 5.1: Organizing external data file 

 

Figure 5.2: Tree format sample of the multistep analysis for the "mapping stresses" method 

5.1.2 Multistep method 
 

The second pathway towards multistep analysis is the time step method. For this type of analysis, each 

step is simulated through one overall analysis. However, the analysis is divided into a number of sub-
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steps with separate parameters and constraints. The sub-steps are sequential and as a result, the 

remaining stresses by the previous sub-step are recognized by the next sub-step.  

This method is generally considered simpler and more convenient compared to the mapping stresses 

method. Consequently, this method is opted for in the current analysis.  

5.2 Stent material 
 

Rontis corporation provided the research with 2 stress-strain curves regarding the stent’s material 

properties and their certificate of compliance. The first curve illustrates the stress-strain curve of the 

stent’s raw material, namely the Cobalt-Chromium alloy which is evaluated according to ASTM 

E8/E8M for Tension Testing of Metallic Materials. To validate the given stress-strain curve it was 

decided to test the material under the same conditions.  

 

5.2.1 Raw material testing 
 

To make that happen, a model was constructed according to ASTM E8/E8M and tested under the same 

mechanical conditions. For the material properties of the model, the given curve shown in Figure 5.3 

had to be interpreted in points, so that the curve could be inserted in the simulation Engineering Data 

sector. To attain this aim, the commercial package WebPlotDigitizer was used and by regulating the 

density of points as well as making a few corrections the curve was transformed into points. 

 

 

Figure 5.3: Stress-strain curve of Raw MP35N provided by Rontis 
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Figure 5.4: Stress-strain curve of Raw MP35N interpreted into points 

For the validation, an Explicit Dynamics analysis was used found in Ansys Workbench. The material 

properties used as input to the model are shown in Table 5.2, while the proportion of each element 

from which the alloy is constituted is shown in Table 5.3. 

 

MATERIAL PROPERTIES OF RAW MP35N 
Property Value Unit 

Density 8430 kg m-3 

Isotropic elasticity 

Young's modulus 2.33E+11 Pa 

Poisson's Ratio 0.3 - 

Bulk Modulus 1.94E+11 Pa 

Shear Modulus 8.96E+10 Pa 

Table 5.2: Material Properties of Raw MP35N 

RAW MP35N COMPOSITION 
Ci  Si P S Mn Ni Cr Ti 

0.004 <0.01 <0.003 <0.0004 <0.01 36.60 19.88 <0.002 

Mo Fe  Co B Al N Ca Mg 

10.04 0.04 34.25 0.009 0.12 0.0012 0.001 0.0007 

Table 5.3: Chemical composition of Raw MP35N 

For the stress-strain curve input, a Multilinear Isotropic Hardening model was used with points 

diminished to 10 as illustrated in Figure 5.5.  
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Figure 5.5: Multilinear Isotropic Hardening model of Raw MP35N 

The analysis parameters were set as shown in Table 5.4. 

 

 

Property Value Unit 

End time 0.0001 - 

Maximum Number of 
cycles 

1.00E+07 - 

Maximum Energy error 0.1 - 

Initial time step 1.00E-10 s 

Maximum time step 1.00E-10 s 

Time step Safety Factor 0.9 - 

Minimum Velocity 1.00E-03 mm s^-1 

Maximum Velocity 1.00E+13 mm s^-1 

Radius Cutoff 1.00E-03 - 

Minimum strain rate 
Cutoff 

1.00E-10 - 

Table 5.4: Analysis parameters 
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Figure 5.6: Meshing of the rod according to ASTM E8/E8M 

 

Figure 5.7: Plastic deformation of the rod 

At this point, the principal stresses along with the total elastic-plastic strains were depicted in a curve 

in order to observe whether or not the model was following the curve used as input. What stands out 

from Figure 5.8 is the sufficient approach of the initial curve by the model from all different types of 

nodal loading and, as a result, the curve provided by the company is validated.  
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Figure 5.8: Stress-strain curve of Raw MP35N used as input revealed with blue color side by side with the stress-strain 

curves of a variety of loadings exported from the analysis 

5.2.2 Tube material testing 
 

The second stress-strain curve that was provided by Rontis concerned the tests conducted to specimens 

before the laser-cutting process. There was a similar approach to the validation of this curve. Again, 

the curve was interpreted into points, which were used to declare the material elastoplastic behavior. 

Figure 5.9 illustrates the curve as provided by Rontis, while Figure 5.10 reveals the tracking of the 

same curve through points. 

 

Figure 5.9: Stress-strain curve of MP35N specimen 
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Figure 5.10: Stress-strain curve depicted with points 

For the validation, an Explicit Dynamics analysis was respectively used, found in Ansys Workbench. 

The material properties used as input to the model are shown in Table 5.5. 

 

 

 

MATERIAL PROPERTIES OF MP35N SPECIMEN  
Property Value Unit 

Density 8430 kg m^-3 

Isotropic elasticity 

Young's modulus 2.33E+11 Pa 

Poisson's Ratio 0.3 - 

Bulk Modulus 1.94E+11 Pa 

Shear Modulus 8.96E+10 Pa 

Table 5.5: Material properties of MP35N Specimen 

The Multilinear Isotropic Hardening model which was used with points diminished to 8 is illustrated 

in Figure 5.11Figure 5.11. 

Stent material 
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Figure 5.11: Points used as input for the Multilinear Isotropic Hardening model of MP35N tube 

The stress-strain curve provided was accompanied by the material fundamental properties that derive 

from the relative plot and are shown in Table 5.6. 

 

Resulting properties 
Property Value Unit 

Yield Strength 490 Mpa 

Tensile Strength 987 Mpa 

Elongation at failure 55.4 % 

Table 5.6: MP35N material properties 

 

Figure 5.12: specimen meshing 
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Figure 5.13: Specimen equivalent stress 

Again, by projecting the maximum principal stresses with the maximum elastic-plastic strains the 

stress-strain curves can be exported from the model, for several load cases, and when comparing it 

with the initial one, minor alteration of values can be observed Figure 5.14. 

 

Figure 5.14: Stress-strain curve input of MP35N depicted in blue compared to output results of different load cases 

5.2.3 S-N curve of MP35N 
 

To predict the life of the stent due to cyclic loading when alternating between systolic and diastolic 

pressure, the material must have the S-N curve predefined. In a study [31], the fatigue life of MP35N 

was tested (ASTM F562) and the resulting S-N curve appears in red in Figure 5.15. Again, the curve 

was translated into points and was imported into the material properties of MP35N in ANSYS 

Workbench. 
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Figure 5.15: S-N curve of MP35N (ASTM F 562) 

5.3 Artery and Plaque material 
 

The mechanical properties of the arterial tissue and the atherosclerotic plaque of the specific patient 

could not be tested and assessed. Therefore, the material properties had to result from the research of 

relevant studies. There are several investigations and testing conducted to realistic arteries and they 

were all tested in order to find the correct behavior of the assemblage.  

Studies about simulations that investigate balloon-expandable stents in realistic artery models such as 

[14], [15], [18], [20], [28], and [29] consider the models as 5 parameter Hyperelastic materials for both 

the artery and the plaque, with values shown in Table 5.7 and Table 5.8. 

 

ARTERY 
- HYPERELASTIC- 5 PARAMETER MOONEY-RIVLIN - 

Property Value Unit 

Material Constant C10 0.0189 Mpa 

Material Constant C01 0.00275 Mpa 

Material Constant 20 0.059043 Mpa 

Material Constant 11 0.8572 Mpa 

Material Constant 02 0 Mpa 

Incompressibility Parameter D1 0.045 
Mpa^-

1 

Table 5.7: Artery Mooney Rivlin material properties 
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CALCIFIED PLAQUE 
- HYPERELASTIC- 5 PARAMETER MOONEY-RIVLIN - 

Property Value Unit 

Material Constant C10 -0.49596 Mpa 

Material Constant C01 0.51661 Mpa 

Material Constant 20 3.6378 Mpa 

Material Constant 11 1.19353 Mpa 

Material Constant 02 4.73725 Mpa 

Incompressibility Parameter D1 0.174 
Mpa^-

1 

Table 5.8: Plaque Mooney Rivlin material properties 

In another study [16] the models were considered as Hyperelastic Neo Hooken materials and their 

properties are presented in the following tables. 

ARTERY 
- NEO KOOKEAN - 

Property Value Unit 

Constant A10 0.127 MPa 

Table 5.9: Artery Neo Hookean material properties 

CALCIFIED PLAQUE 
- NEO KOOKEAN - 

Property Value Unit 

Constant A10 0.057 MPa 

Table 5.10: Artery Neo Hookean material properties 

Finally, the assemblage is also simulated as linear isotropic material [17] with the following 

parameters: 

ARTERY 
- NEO HOOKEAN - 

Property Value Unit 

Elastic Modulus 0.00175 Gpa 

Poisson's ratio 0.499 - 

Table 5.11: Artery linear elastic material properties 

CALCIFIED PLAQUE 
- LINEAR ELASTIC - 

Property Value Unit 

Elastic Modulus 0.00219 Gpa 

Poisson's ratio 0.499 - 

Table 5.12: Plaque linear elastic material properties 
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5.4 Discretization of models 
 

A key element in simulation processes is the meshing of the geometries that are involved in the 

analysis, because if the user does not pay the appropriate amount of attention and effort towards this 

procedure convergence issues, inaccurate results may arise, not to mention the high computational 

costs. Thus, for the reasons mentioned above, there will be provided a detailed analysis of how and 

why the geometries were split and meshed in the way presented. 

 

5.4.1 Stent and balloon partitioning 
 

The stent consists of a detailed geometric pattern with curves and irregularities, so the surfaces that 

constitute the stent had to be sliced in a specific way. The goal was to produce a Multizone mesh with 

HEX20 elements. These elements are consisted of six surfaces (hexahedron) and have a total of 20 

nodes. Because these elements are the most accurate this study opted for their creation in any geometry 

possible.  

 

 

Figure 5.16: HEX20 elements and their node structure 

To attain this goal the pure surfaces of the stent had to be sliced in certain areas. Starting with the 

edgeless geometry, the guidance of the elements had to be assisted through curves for a smooth 

meshing grid. For this purpose, the stent was segmented in several body parts. 
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Figure 5.17: Pure geometry of the quarter stent 

The peaks of the middle curvatures [A] were sliced on each of the 4 surfaces of the cross-section to 

succeed in a perpendicular element structure. The side curvatures were sliced right before the bend 

keeping the same philosophy of perpendicular meshing [B]. The trickiest spot was at the junction of 

the curvatures with the struts, seeing that the two-element orders had to be mixed up, with the slicing 

as shown in Figure 5.18 is the most efficient [C]. The result of the stent geometry discretization is 

shown in Figure 5.19. 

 

Figure 5.18: Slicing of the stent in three different repetitive structures 
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Figure 5.19: Quarter-stent mesh 

In that way, a high element quality ratio is achieved with the lowest quality elements found on the 

junction and presented in Figure 5.20. 

 

Figure 5.20: Lowest quality elements of the stent 

The balloon had a much simpler partitioning process to achieve the Multizone mesh with HEX20 

elements. It was simply sliced by a plane on the longitudinal axis to direct the elements in that direction. 

The plane as well as the final mesh are shown in Figure 5.21. 
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Figure 5.21: Slicing of the balloon-cylinder and its meshing 

5.4.2 Artery and atheromatic plaque partitioning 
 

The artery, after being sliced on the edges, had a cylindrical type of figure and could be discretized 

with a Multizone mesh. However, there appeared the problem subsequent problem which did not allow 

this type of meshing. After a series of trials, we have concluded that the artery and the atherosclerotic 

plaque should have a shared topology (Figure 5.23) on their mutual surfaces so as the deployment of 

the artery-plaque assemblage simulation converges. 

DS Mechanical can share topology (face, edge, and vertex connections) between touching or 

intersecting bodies and surfaces in designs that are transferred to ANSYS. Shared topology is the only 

way to achieve a conformal mesh where bodies meet and is the only way to be certain that the 

intersection of bodies is meshed perfectly. In other words, between the row of elements on the nearest 

part of the mutual surface, on each solid, the nodes are forced to overlap and are tied together.  

The problem that this parameter created was that both models had to be meshed in a similar way. Due 

to the irregular geometry of the atherosclerotic plaque, no process of slicing was able to direct the 

elements correctly and produce a multizone mesh. Therefore, both geometries were meshed using a 

Hex-dominant method with a preference of quad elements where possible. Again, to direct the 

elements the models had to be partitioned. A set of twelve 30-degrees planes were utilized to slice the 

two bodies as illustrated in figure Figure 5.22. In terms of discretization, the body sizing the only 

parameter defined for both solids, while a denser face sizing was selected for the areas where the stent 

and the balloon were in touch with the artery and the plaque. The justification is that the elements of 

the stent have a much smaller size and the contact can be recognized with difficulty resulting in 

unconverged solutions. The artery-plaque meshing can be seen in Figure 5.24. 
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Figure 5.22: The set of twelve 30-degrees planes 

 

Figure 5.23: Shared topology between the artery and the atherosclerotic plaque 
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Figure 5.24: Discretization of the artery-plaque assemblage 

In Figure 5.24 we can easily observe that at the area where the shared topology is implemented, the 

artery and the plaque have elements with mutual nodes at the interface. In addition, we can observe 

the denser mesh on the inside surface of the artery, so that the contact between the stent and the 

artery can be recognized. 

 

5.5 Stent mesh convergence 
 

Since the accuracy of the results is highly influenced by the meshing, it is important that a mesh 

convergence study is conducted. The term refers to the smallness of elements that are required in a 

model to ensure that the results are not affected by changing the size of the mesh. The formal method 

of establishing the mesh convergence study requires a curve with the y-axis illustrating a critical result 

parameter and the X-axis indicating the level of mesh density. Typically, at least three convergence 

runs will be required to plot a curve that can then be used to indicate when convergence is achieved 

or, how far away the most refined mesh is from full convergence.  

In this case, to save computational time, a quarter of a stent ring was selected as the geometry under 

examination due to the symmetry of the stent along the axial and the radial axis. 

 

Figure 5.25: Different stent mesh grid 
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Figure 5.26: Quarter stent for mesh convergence study 

In addition, two quarter-cylinders were used to perform the compression and the dilation of the stent. 

As for the model, a static structural analysis was used under the following parameters: 

 

• Materials 

The material properties for the stent are presented in the previous chapter and for the cylinders in the 

table below. 

BALLOON 
HYPERELASTIC- 2 PARAMETER MOONEY-RIVLIN 

Property Value Unit 

Material Constant C10 1.06 Mpa 

Material Constant C01 0.114 Mpa 

Incompressibility Parameter D1 0.045 Mpa^-1 

Table 5.13: Balloon material properties 

• Coordinate systems 

Created a polar coordinate system with the Z-axis parallel to that of the stent axis. 

 

 

Figure 5.27: Polar coordinate system 
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• Connections 

For the contact of both the inner and the outer cylinder with the stent, frictionless contact was selected 

and the parameters modified are presented in Table 5.14. 

 

 

Figure 5.28: Balloon-stent contact region 

BALLOON - QUARTER STENT  
Property Value Unit 

Behavior Asymmetric - 

Formulation Augmented Lagrange - 

Detection method Nodal-Projected normal from contact - 

Penetration contact value 0.0001 mm 

Normal stiffness factor 0.001 - 

Update stiffness Each Iteration - 

Pinball region 0.01 mm 

Table 5.14: Contact parameters between the balloon and the stent 

• Mesh 

For all the geometries Multizone mesh was opted and specifically for the stent Face meshing with 

mapped mesh controls on the outer and inner surface. The minimum number of elements in the cross-

section was 4, 2 through the width, and 2 through the thickness because with just 1 element in a 

dimension the capturing of bending and torsion loads would not be possible. 

 

• Boundary conditions 

I. In the first step, the inner surface of the outer cylinder was forced to move radially by -0.23 

mm, so that the outer surface of the stent reaches the diameter of 1.9 mm, which is the value 

that the stent reaches when crimped to the balloon. 
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II. In the second step, the outer surface of the inner cylinder was forced to move radially by 1.8 

mm, so that the outer surface of the stent reaches the diameter of 5.4 mm, which is the target 

diameter of the stent. 

III. In the third step, the contraction of the balloon permits the stent relaxation and release of its 

remaining stresses. 

IV. Three frictionless supports, as shown in Figure 5.29, to correctly perform the physics problem. 

V. Two Contact Step controls to kill the contact between the outer cylinder and the stent in Step 

2 and activate the contact between the inner cylinder and the stent. 

 

Figure 5.29: Frictionless supports at the stent surfaces 

To fulfill the requirements of the mesh convergence study, 8 simulations run under the same 

parameters other than the mesh density. The results of the study are registered in Table 5.15, while the 

mesh convergence curve with the Equivalent Von Mises Stress on the Y-axis and the mesh density on 

the X-axis are shown in Figure 5.30. 

 

Analysis 
No 

Grid 
type 

Element 
No 

Equivalent Von 
 Mises Stress 
(Max-MPa) 

Equivalent 
Elastic 

 Strain (Max) 

Element size 
(mm) 

Deviation 

1 2x2 844 826.49 0.0035571 0.06 8.10% 

2 2x3 1386 850.79 0.0036484 0.05 5.40% 

3 3x3 2476 854.61 0.0036582 0.04 4.97% 

4 3x4 4204 872.92 0.0037305 0.03 2.94% 

5 5x6 15171 887.26 0.0037842 0.02 1.34% 

6 7x8 36599 893.72 0.0038083 0.015 0.62% 

7 7x9 46133 897.58 0.0038235 0.013 0.20% 

Table 5.15: Results from the 8 different mesh densities 



Preparation of the FEA simulation                                                                             Stratakos Efstathios 

 

 

Mechanical Engineering and Aeronautics Department – Applied Mechanics sector 76 

 

 

 

Figure 5.30: Mesh convergence curve for the 8 different mesh densities 

From the 7x9 to the 8x10 grid, the number of elements alters significantly without a noticeable change 

in maximum stress value. Thus, we can consider the value 899.34 Mpa as the approximate correct one. 

After this assumption, we can compare the difference of each type of grid to the precedent value and 

quantify the deviation as indicated in Table 5.15. The representation of the deviation percentage can 

be seen in Figure 5.31. 

As it can be seen in Figure 5.31, the mesh can be considered to sufficiently converge at the analysis 

No 5, with 0.02 element size and 15171 elements. A feature that is worth mentioning is that the 

maximum stress concentration both in the compression and in the dilation part occurs at the greatest 

curvature of the stent, as illustrated in Figure 5.32. 

 

Figure 5.31: Deviation from the correct value for each grid type 
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Figure 5.32: Stress distribution throughout the stent while dilated where the maximum stresses are represented in red 
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6. Case Studies of the Stent Mechanics 
 

INTRODUCTION 

 

It is important to investigate the behavior of the stent before deploying it into the artery-plaque 

assembly. For this reason, two different case studies will be conducted in this chapter. The first regards 

the initial crimping of the stent on the balloon-catheter system and how it affects the stress and strain 

concentration on the stent. The second one regards the influence of the number of rings on the stent on 

other design parameters such as its recoil and foreshortening, as well as the stress and strain 

concentration on the stent. 

 

6.1 Case study I: Influence of crimping to stress concentration  
 

As aforementioned, the first strain that stents undergo is their crimping process. The goal here was to 

investigate how does the crimping of the stent on the balloon-catheter influences the stress 

concentration on the stent. For this study, the same simulations had to be conducted for each case of 

meshing but this time with the negligence of Step 1, namely the compression of the stent. As an 

additional step, the stent was left to release the remaining energy after the expansion, deactivating the 

relevant contact. The comparison will be done using the maximum Equivalent Von-Mises stress as 

well as the Equivalent Von Mises Elastic strain values. The results are represented in the following bar 

charts. 

 

 

Figure 6.1: A) Undeformed stent, B) Maximum stent compression, C) Maximum stent dilation, D) Stent after stress release 
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Figure 6.2: Comparison of the maximum Equivalent Von Mises stress values with and without a precedent compression in 

relation to the 5 different grid types at the cross-section of the stent, at the maximum dilation of the stent 

 

Figure 6.3: Comparison of the maximum Equivalent Von Mises stress values with and without a precedent compression in 

relation to the 5 different grid types at the cross-section of the stent, after the relaxation of the stent 
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Figure 6.4: Comparison of the maximum percentage of difference in stress, with and without a precedent compression in 

relation to the 5 different grid types at the cross-section of the stent, before and after the relaxation of the stent 

The corresponding results for the Equivalent Elastic Strain values are illustrated in the following bar 

charts. 

 

 

Figure 6.5: Comparison of the maximum Elastic strain values with and without a precedent compression in relation to the 5 

different grid types at the cross-section of the stent, at the maximum dilation of the stent 
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Figure 6.6: Comparison of the maximum Equivalent Elastic strain values with and without a precedent compression in 

relation to the 5 different grid types at the cross-section of the stent, after the relaxation of the stent 

 

Figure 6.7: Comparison of the maximum percentage of difference in strain, with and without a precedent compression in 

relation to the 5 different grid types at the cross-section of the stent, before and after the relaxation of the stent 
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CONCLUSIONS 

 

What stands out from Figure 6.2 and Figure 6.3 is the profound difference in stress values before and 

after the relaxation step. Getting to details, before the relaxation the stress values range from 800 to 

900 Mpa, while the same values vary between 300 and 420 Mpa after the release of the stent. This can 

be justified by the stent's elasto-plastic behavior. In other words, the deformed stent liberates the stored 

elastic energy due to its expansion and the remaining stresses drop down to at least half of the initial 

value. Another fact that can be extracted from Figure 6.4 relates to the difference of impact that the 

stent compression plays before and after relaxation. When we study the stent on its maximum dilation 

there is a 3% to 3.4% alteration in stress value if the stent has undergone precedent crimping or if it 

has not, while the numbers range from 1.6% to 3.2% in the case of a study over the relaxed stent. In 

general terms, similar conclusions can be drawn by the observation of the strain curves illustrated in 

Figure 6.5, Figure 6.6, and Figure 6.7. 

 

 

 

Figure 6.8: Comparison of the maximum Equivalent Von Mises stress values with and without a precedent compression in 

relation to the 5 different grid types at the cross-section of the stent, at the maximum dilation of the stent 
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6.2 Case study II: Influence ring-number to stress concentration and stent 
mechanics 

 

In this case study, the aim was to gauge the influence of the number of rings that constitute the stent 

on fundamental properties of the stent, namely the stress and strain concentration on the stent, the 

foreshortening, and the recoil.  For this set of simulations, we are studying the behavior of the stent 

after the relaxation process and since the compression process has little influence at this state, as 

concluded from the previous case study, this step will be neglected. The same procedure as in case 

study I will be followed but the major difference is the boundary conditions. This time, the radial 

deformation of the balloon is set to 1.7 mm, and three vertices of the stent are constrained to move 

freely only at the radial direction, prohibiting the axial and tangential movement as illustrated in Figure 

6.9. We need exactly 6 constraints to connect a body to the ground. Two constraints each on 3 vertices 

(90-degree difference radially) equals 6 constraints. 

All the relevant magnitudes are illustrated in the following figures. At the end of the figure-section, 

there are conclusions extracted from each diagram. 

 

 

Figure 6.9: The three vertices constrained with a 90-degree difference on the tangential axis 
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Figure 6.10: Maximum Equivalent Von Mises Stress values in relation to the number of rings in each case 

 

Figure 6.11: Maximum Equivalent Von Mises Strain values in relation to the number of rings in each case 
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Figure 6.12: Principal Stress-Total Strain curve of the stents in relation to the ring-number 

 

 

Figure 6.13: Foreshortening percentage among the 6 different ring-number cases 
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Figure 6.14: Recoil percentage among the 6 different ring-number cases 

 

CONCLUSIONS 

 

In Figure 6.10 the Equivalent Von Mises Stress magnitudes were compared among the different ring-

number cases to assess the influence of the ring number to the stress concentration. What can be seen 

from the bar chart is that there is no linear relation between those magnitudes. However, there are 

relatively low values of stress in the first three cases when comparing to the last three, even if all the 

other parameters were the same. The reasoning behind this is that with higher ring number new types 

of loading are introduced to the model, such as bending and torsion, causing results as the ones shown 

in Figure 6.15 and a moderate increase in stress values. 

In Figure 6.11, the aforementioned are verified, with the strain maximum values incrementing as the 

number of rings increases. Again, the stent indicates greater deformation, due to the torsion effects, in 

higher ring-numbers. 

In Figure 6.12, the maximum principal stress is projected in relation to the total elastic and plastic 

strain. The maximum principal stress defined by the global coordinate system was requested as an 

output from the user. Additionally, by inserting a stress tool defined by the Maximum Equivalent Stress 

theory and setting the stress limit of 500 MPa the user can request the sum of elastic and plastic strains 

of each substep by using the command EPTO1. All the ring-cases appear to follow a similar pathway 

throughout the augmentation of loading. However, the stents with the higher ring-number approach 

higher principal stress figures for the reason mentioned above. As a final observation, all the ring-cases 

release roughly the same amount of elastic energy, since the line that represents the relaxation part has 

the same inclination on each case. 
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Figure 6.15: Torsion effects on the longitudinal axis stimulate bending loadings at struts 

In Figure 6.13, the foreshortening of the different stents is represented as a percentage of retraction. 

The term foreshortening of a stent is used to express the percentage by which the length of a stent 

decreases from its crimped state to its deployed state (when the balloon is retrieved from the stent). 

This parameter can be considered relatively static with the alteration of ring-number. This is mostly 

explained by the symmetry of the stent and verifies its existence. Although the stent is constituted of 

symmetrical rings, phenomena such as the ones described and illustrated in Figure 6.15 can cause 

greater shortening in the longitudinal axis. 

In Figure 6.14, the recoil percentage of the stent is quantified among the ring-cases. The term recoil is 

used to express the percentage by which the diameter of a stent decreases from its expanded diameter 

(when the balloon is inflated at the normal pressure or is deformed equally in the radial axis) to its 

relaxed diameter (when the balloon is retrieved from the stent). In this case, the parameter remains 

sufficiently changeless when alternating the ring-number, again substantiating the symmetry of the 

model. Nevertheless, the percentage of recoil is at least doubled in the case of the quarter stent. The 

reasoning behind this is the different boundary conditions that were imposed because the frictionless 

supports over-constrained the stent and forced a greater contraction. 
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VALIDATION  

 

Recoil 

 

In a research [10], finite-element simulations have been carried out to study the effects of cell design, 

material choice, and drug-eluting coating on the mechanical behavior of stents during deployment. 

Four representative stent designs have been considered, i.e., Palmaz-Schatz, Cypher, Xience, and 

Endeavor. The former two are made of stainless steel while the latter two are made of Co-Cr alloy. 

Therefore, we will concentrate on the results of the Xience stent shown in Figure 6.16. The stent was 

dilated at an outer diameter of 5.35 mm (while ours was at 5.4mm) and was left to release the residual 

elastic strains. The outer diameter of the stent after inflation and deflation are shown in Figure 6.17. 

The recoil percentage of the Xience BM stent was calculated at 4.8%, while the Rontis stent was at 

4.462% as a mean value. Recoil percentage is strongly dependent on the geometry of the stent, but the 

comparison indicates rational results. Furthermore, Rontis corporation claims that the stent has a 4.6% 

recoil at the product data, which indicates that the 0.138% difference between this value and the 

resulting value from the FEA is enough to consider the stent structurally validated. 

 

Figure 6.16: The Xience stent 

 

Figure 6.17: Outer diameter after inflation and deflation of the Xience stent as well as its recoil percentage 
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Foreshortening 

 

In a research [32], measurement methods for investigating functional properties of coronary stent 

systems were introduced. They investigated the recoil and foreshortening percentage of 6 coronary 

stents, 4 different to each other, as shown in Table 6.1. In Table 6.2 and Table 6.3 we can observe the 

recoil and foreshortening percentages of the stents. It is evident that the foreshortening percentages 

vary greatly depending on the stent geometry and length, even showing negative values (translated 

into elongation), while the recoil percentages have a narrower range, with mean values around 4%. 

Again, comparing to Rontis data, the mean value of their stent is claimed to be at 4.9%, when the FEA 

results revealed a mean value of 4.56%. This 0.35% deviation is acceptable, and the foreshortening 

percentage of the stent can be considered also validated. 

 

Stent  
Nominal  

length (mm) 
Nominal  

diameter (mm) 
Nominal  

pressure (bar) 
Material 

(A1), (A2) 24 3 11 PtCr 

(B1), (B2) 12 3 9 CoCr L605 

(C) 12 3 9 CoCr L605 

(D) 8 3 9 CoCr L605 

 

Table 6.1: Coronary stent properties involved in the study 

Stent  
Outer diameter  

(mm) (on balloon) 
Outer diameter  

(mm) (stent) 
Recoil (%) 

(A1) 3.06 2.94 3.88 

(A2) 3.03 2.93 3.11 

(B1) 3.09 2.99 3.14 

(B2) 3.14 2.98 5.07 

(C) 2.99 2.87 3.98 

(D) 3.03 2.93 3.27 

 

Table 6.2: Recoil percentage of the stents involved in the study 

Stent  
Length before  
dilation (mm) 

Length after  
dilation (mm) 

Foreshortening (%) 

(A1) 23.294 23.501 -0.89 

(A2) 23.225 23.616 -1.68 

(B1) 12.526 11.487 8.29 

(B2) 12.531 11.522 8.05 

(C) 12.305 10.987 10.71 

(D) 8.2500 7.468 9.48 

 

Table 6.3: Foreshortening percentage of the stents involved in the study
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7. Assembly Simulations 
 

INTRODUCTION 

 

In this chapter, the simulations that took place with the presence of the artery-plaque assembly will be 

presented. Firstly, a simulation that includes the artery-plaque model along with the balloon model to 

examine the proper material properties for the artery and the plaque. In addition, some of the 

parameters used in the final simulation were tested in the precedent simulation because the stent 

consists of a great number of elements that booms the computational cost of the analysis. When the 

material properties and the boundary conditions got determined, the second analysis was set which 

contained the artery-plaque model with the balloon and the stent in order to perform the stent 

deployment. For the second analysis, two cases were examined, one with the artery and the plaque 

sharing all their coincident surfaces and edges, and one excluding the side edges of the plaque. 

 

7.1 Balloon deployment inside the artery 
 

The relevant analysis was performed through a Static Structural simulation in ANSYS Workbench and 

the differentiations between this analysis and the ones described in chapter [5.6] will be presented 

separately in this chapter. 

As regards the Coordinate system, two new Cartesian systems were created on each side of the artery 

with the X-Y plane being parallel to the surface of the sides of the artery. Defined by those coordinate 

systems, 4 springs (2 on each side) were used to simulate the elastic support that the arterial segment 

normally has from the rest of the artery. The above-mentioned springs are shown in Figure 7.2. 

Furthermore, frictionless supports were added on the surfaces of the side faces to prevent movement 

of the artery in the longitudinal (Z) axis. The contact of the balloon with the artery and the plaque was 

set as frictionless with default settings. A 1.7 mm radial displacement was set to the balloon restricting 

the other two axial displacements and the large deflections were turned on. 

 

Figure 7.1: Coordinate systems on each side of the stent with the X-Y plane parallel to the artery side surfaces 
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Figure 7.2: Springs on the one side of the artery 

The total element number was 12717 and the number of nodes 60091. The artery and the plaque were 

meshed with Hex dominant elements, while the balloon was discretized with Hex-20 elements. There 

were three reasons why this simulation was constructed. Firstly, to test the validity of the boundary 

conditions set, so as to prepare the stent simulation. The second reason was to test the materials of the 

artery-plaque system provided by the relevant studies. The third one was to investigate whether the 

constraint used to deploy the balloon should be the application of displacement or pressure. Both 

approaches for the deployment of stents are widely accepted and used in relevant studies. However, 

the displacement constraint is considered more stable and can create fewer convergence problems to 

the analysis when implemented. 

 

 

Figure 7.3: Model undeformed (sliced in the longitudinal axis) 
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Figure 7.4: Directional deformation of the artery-plaque model 

 

Figure 7.5: Directional deformation of the artery-plaque model (the balloon is hidden, sliced in the longitudinal axis) 

 

Figure 7.6: Stress distribution on the artery-plaque model (the balloon is hidden, sliced in the longitudinal axis) 
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Figure 7.7: Pressure distribution on the contact between the balloon and the plaque 

CONCLUSIONS 

 

In Figure 7.5, we can see that the artery-plaque model’s directional deformation according to the X-

axis of the cylindrical system defined in the center of the balloon. The center of the plaque has the 

maximum positive radial deformation dipping down at 1.88 mm, while the sides of the artery possess 

the maximum negative deformation going up about approximately 1.9 mm. This occurs so that the 

vessel conforms to the balloon expansion, compressing the side springs since they are weak. Figure 

7.6 represents the Equivalent Von Mises stress distribution of the artery-plaque model where it is 

shown that the maximum stress concentration is on the sides of the plaque, hitting the pick of 7 Mpa 

when the rest of the model accounts for below 1 MPa. This is justified by the assumption that the artery 

and the plaque have shared topology on the interface and no sliding or moving is permitted. Therefore, 

there is a high-stress concentration on the sides of the plaque due to the high elastic strain. In Figure 

7.7 the pressure on contact between the plaque and the balloon is illustrated. As can be seen the 

maximum value at the full displacement of the balloon is approximately 0.5 MPa, concentrated at the 

center of the plaque. The respective value on the neighboring area ranges from 0 to 0.3 MPa. This 

means that there is no high alteration between the values in the center of the plaque and the surrounding 

region. In other words, there is no significant stress concentration in the center of the plaque. Therefore, 

we can consider that deploying the balloon with displacement boundaries is almost equivalent to 

pressure deployment. As mentioned before, the displacement model offers a much more stable analysis 

and is preferred when possible. Concluding, for the deployment of the stent, radial displacement is 

going to be implemented on the balloon.  
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7.2 Stent deployment inside the artery 
 

In this case, we will investigate the behavior of the stent when deployed inside the atherosclerotic 

artery and compare it to the stent deployment when taking place on its own. To achieve the desirable 

mesh of both the stent and the artery-plaque assembly 2 different mechanical models were created, 

because in case the two models were meshed simultaneously the meshing of the one was influenced 

by the meshing of the other. Next, the two mechanical models were joined in a third one where 

boundary conditions between the models were set. After the boundary process, the model was imported 

in a static structural analysis where the simulation was performed. The relevant diagram can be seen 

in Figure 7.8. Next, there will be a description of the parameters used during the simulation 

construction process.  

 

 

Figure 7.8: Diagram of the artery-stent simulation 

7.2.1 Structure of the stent deployed inside the artery simulation 
 

The goal of the simulation was to deploy a stent inside an atherosclerotic artery and anticipate its 

behavior under cyclic loading fostered by the alteration of pressure inside the vessel. In a study [7] the 

normal pressure rates for Systolic Blood Pressure (SBP) account for 130.5 mmHg following the norm 

of healthy females aging 61-65 and the Diastolic Blood Pressure (DBP) 77.5 mmHg respectively. To 

accomplish the aimed simulation 5 steps had to be carried through, as shown in Figure 7.12. 
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Figure 7.9: Mean Systolic and Diastolic blood pressure through different ages and sexes 

 

Figure 7.10: Steps of the stent deployment inside the artery 

• STEP 1: In this step, the average diastolic pressure is implemented in the inner arterial wall as 

well as the top surface of the plaque. Steady pressure state is considered during the deployment 

of the stent and therefore the artery-plaque assembly is being prepared for this process. 

• STEP 2: To treat the narrowed vessel the atherosclerotic plaque has to be pushed on the side 

while the vessel increases its outer diameter. To attain such a result, the stent is deployed with 

the aid of a balloon catheter system on which the former is attached. For the aim of this study, 

the catheter system is neglected, and the balloon is simplified using a hyper-elastic cylinder. 
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• STEP 3: After the inflation of the balloon and the deployment of the stent, the balloon has to 

be deflated and subtracted from the artery. While deflating, the stent, which is elasto-plastically 

deformed releases its elastic strains. Now the plastic deformation of the stent is the culprit to 

keep the vessel open and restore the vessel to its normal inner diameter. The goal here is to 

form a 5 mm diameter at the most narrowed cross-section of the plaque-artery assembly. 

• STEP 4: The stent is now in place and the inner arterial pressure drops to the systolic value in 

order to observe the stent while undergoing the maximum pressure rates from the arterial wall 

and the plaque. 

• STEP 5: The diastolic pressure is restored to the vessel to observe the behavior of the stent 

during this pressure alteration. In this step, there was conducted a fatigue life prediction of the 

stent, while the alternation of pressure between the two pressure rates was the cyclic loading 

for the test. 

 

• Geometry 

To construct the geometry assembly all the elements were imported in one file and were transported 

accordingly to create the prerequisite geometry. Normally, the stent and the balloon respectively cover 

the whole area of the plaque. However, the study aims to investigate the maximum stress concentration 

on the stent, and this will occur on the maximum curvature of the artery-plaque assembly. The stent, 

due to its highly detailed geometry as well as its variety of loading stains, requests a great number of 

elements resulting in high simulation times. Therefore, it was decided that the worst-case scenario is 

the one that should be studied. The stent consisted of 12 rings and had a total length of 18 mm. To 

avoid the contact of the sharp edges on the sides of the stent with the artery, which would cause 

convergence problems, a 20.2 mm balloon was created, so that the longer edges of the balloon would 

cover the sharp side-edges of the stent. Finally, the shared topology command was used on the mutual 

surface of the artery and the plaque, as shown in Figure 5.23.  The geometry containing all the 

mentioned elements is revealed in Figure 7.11.  

 

Figure 7.11: Artery-plaque and stent-balloon assembly geometry 
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• Materials 

The material properties of the stent are presented in Table 5.5 and Table 5.6, and the points used to 

describe the Multilinear Isotropic Hardening behavior of the stent is shown in Figure 5.11. The relevant 

properties for the balloon-cylinder Hyperelastic Material are indicated in Table 5.13. For the artery 

and atherosclerotic plaque, after the investigation in chapter 7.1, the 5 parameter Mooney Rivlin 

Hyperelastic materials were used and are represented in Table 5.7 and Table 5.8.   

• Mesh 

The meshing of the models is presented in chapter 5.4, with the element size of 0.06 and 0.05 mm on 

the stent, namely, a 2x2 and 2x3 mesh, being noteworthy. As shown in Figure 5.31, the 0.06 and 0.05 

mesh sizing indicated an 8.1% and 5.4% deviation in stress values respectively. In addition, all the 

nodes within 0.001 mm where merged, so that the stent rings perform as one body. 

 

 

Figure 7.12: Merge of the nearby nodes of the different rings 

 

• Coordinate Systems 

Again, a polar coordinate system was created in the center of the cylinder which was used to define 

radial, tangential and longitudinal displacements, as shown in Figure 5.27. 

• Connections 

i. Frictionless contact between the balloon and the stent with the parameters as presented in 

Table 5.14. 

ii. Frictionless contact between the balloon and the artery with default parameters. 

iii. Frictionless contact between the stent and the artery-plaque assembly with default 

parameters and a normal stiffness factor set to 3x10-3. 

• Analysis settings 

The analysis was conducted in a 5-step process. The large deflections were turned on, while the 

substeps for each step were set as indicated in Figure 7.10. 
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Step 
No 

Initial 
Substeps 

Minimum 
Substeps 

Maximum 
Substeps 

STEP 1  100 50 150 

STEP 2 200 100 250 

STEP 3 300 100 350 

STEP 4 100 20 150 

STEP 5 100 20 150 

Table 7.1: Number of substeps for each step 

• Boundary conditions 

a. Fixed support on the two sides of the artery. 

b. Displacement of 4 vertices (4 and not 3 for greater control of the phenomenon) with a 90-

degree difference in the center of the stent  

c. Pressure on the inside of the artery as described in Figure 7.10. 

d. Displacement of the balloon as described in Figure 7.10. 

e.  

7.2.2 Shared topology of the whole surface – Results 
 

To evaluate the simulation itself and save computational time, an 8-ring model was constructed under 

the same parameters. Also, no pressure was applied to the arterial wall. The analysis is comprised of 

2 steps, with STEP 1 containing the inflation of the balloon (0-1 sec) and STEP 2 its deflation (1-2 

sec). The results will be presented and analyzed below. 

 

 

Figure 7.13: Equivalent Von Mises stress distribution of the stent at 0 sec – Global Coordinate System X-Y axis 

 

Figure 7.14: Equivalent Von Mises stress distribution of the stent at 1 sec – Global Coordinate System X-Y axis 

Units in MPa 

Units in MPa 
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Figure 7.15: Equivalent Von Mises stress distribution of the stent at 2 sec – Global Coordinate System  X-Y axis 

 

Figure 7.16: Directional deformation of the stent A) at 0 sec, B) at 1 sec, C) at 1.5 sec, D) at 2 sec – Polar Coordinate 

System  X-Y axis 

Units in MPa 
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Figure 7.17: Equivalent Von Mises stress distribution of the artery-plaque assembly at 1 sec – sliced in the longitudinal axis 

 

Figure 7.18: Equivalent Von Mises stress distribution of the artery-plaque assembly at 2 sec – sliced in the longitudinal axis 
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Figure 7.19: Distribution of pressure at the contact of the stent and the artery-plaque assembly at 1 sec 

 

Figure 7.20: Average pressure diagram in relation to time at the contact of the stent and the artery-plaque assembly 

0

1

1

2

2

3

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

P
R

E
S

S
U

R
E

 (
M

P
A

)

TIME (SEC)

Average Contact Pressure



Assembly Simulations                                                                             Stratakos Efstathios 

 

 

Mechanical Engineering and Aeronautics Department – Applied Mechanics sector 103 

 

 

 

Figure 7.21: Irregularly deformed stent at 2 sec 

 

Figure 7.22: Sliding distance of the contact between the stent and the artery-plaque assembly at 2 sec 

 

 

Units in mm 
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CONCLUSIONS 

 

This simulation was performed to investigate the behavior of the stent when being deployed inside the 

artery, where the whole mutual surface of the artery was considered mutual with the plaque’s bottom 

surface. In Figure 7.16, we can see the directional deformation of the stent from the beginning until 

the end of the simulation. It is clear that after the expansion of the balloon the stent starts to get 

compressed as like radial strength is missing. The stent is being crushed, mostly on the left side by the 

artery-plaque assembly, as well as slightly on the right side. However, this does not prove structural 

inadequacy of the stent. 

By observing  Figure 7.17 and Figure 7.18, we can see a high-stress concentration at the side edges of 

the stent, hitting a high of 17.4 MPa at 1 sec and 4.7 at 2 sec. These figures are significantly high taking 

into consideration that pulsatile pressure inside the vessel ranges from 0.01 MPa to 0.017 MPa. The 

justification behind the resulting stresses relates to the shared topology hypothesis. Since the side edges 

of the plaque are considered mutual, it is normal for high stress to develop at the interface between 

two materials with different stiffness values. Normally, the bond between the artery and the plaque 

will break if the stress gets high enough and it exceeds the strength of the bond between the tissues. 

As a result, providing there was data about the strength of the bond, the tearing at the interface could 

be modeled with Cohesive Zone Elements. However, there is little data available on the strength of 

this bond and this would also exceed the purpose of this study. Therefore, some edges of the stent will 

be lest unconnected since they would break during the deployment of the stent. 

In Figure 7.19, we can observe the distribution of pressure on the stent at the contact with the artery-

plaque model, with the blue areas indicating approximately zero values. This happens because as the 

stent expands, it loses its perfectly cylindrical shape and acquires a greater radius at the curves, where 

the most pressure is received. In Figure 7.20, the maximum pressure at the contact diagram is 

illustrated, growing exponentially from 0 to 1 sec and dropping in a similar way from 1 to 2 sec, 

reaching noticeable high values. As can be seen in Figure 7.21, the asymmetric deformation of the 

stent causes discontinuity at contact and result in irregular figures of pressure. In addition, the 

maximum pressure reaches a peak of 255 MPa, which is again considered noticeably high. In Figure 

7.22, the sliding distance at the precedent contact is presented, where we can see that there is increased 

movement at the side rings of the stent and roughly zero at the center. This is justified by the fact that 

the 4 center vertices of the geometry are constrained in the radial axis and therefore have low sliding 

distances. The edges of the stent are sliding towards the center due to the foreshortening effect of the 

stent, while there also appear some torsion effects because of the irregular compression of the stent. 
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7.2.3 Partially shared topology – Results 
 

This is the final simulation of the stent deployment inside the artery. The analysis is prepared as 

presented in chapter 7.2.1 and the results will be illustrated in the following figures. The solution 

statistics of the analysis appear in Figure 7.36. The shared topology took place on a reduced surface, 

while the two red parts remained unconnected, as shown in Figure 7.23. At the final step, as the systolic 

pressure is restored, there was a fatigue tool requested as an output, defining that the load of the last 

step is fully reversible. Therefore, I was able to calculate the life, while being under the systolic-

diastolic pressure cyclic loading. The life of stent is calculated in cycles and this is interpreted as the 

number of cycles that the construction can undergo until failure. In general, a stent is designed with a 

10-year in-vivo life as an aim to be considered safe. It is calculated that humans have an average beat 

rate of 72 beats per minute (bpm). As a result, the stent has to undergo 380.000.000 cycles before 

failure. In the end, comparisons will be made with the relevant bibliography and conclusions will be 

drawn. 

 

𝑆𝑡𝑒𝑛𝑡 𝑎𝑖𝑚𝑒𝑑 𝑙𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒𝑠 =  72 𝑏𝑝𝑚 × 60 𝑚𝑖𝑛 × 24 ℎ𝑜𝑢𝑟𝑠 × 365 𝑑𝑎𝑦𝑠 × 10 𝑦𝑒𝑎𝑟𝑠

≅ 380.000.000 𝑐𝑦𝑐𝑙𝑒𝑠  

 

 

 

 

Figure 7.23: Reduced shared topology of the artery-plaque assembly 
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Figure 7.24: Equivalent Von mises stent distribution among the stent rings at A)1 sec, B)2 sec, C)3 sec, D)4 sec, E)5 sec 
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Figure 7.25: Directional deformation of the stent A) at 1 sec, B) at 2 sec, C) at 2.5 sec, D) at 3 sec – Polar Coordinate 

System  X-Y axis 

 

Figure 7.26: Symmetric stent deformation  

A B 

C D 
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Figure 7.27: Equivalent Von Mises stress distribution among the atherosclerotic plaque at 5 sec 

 

Figure 7.28: Equivalent Von Mises stress distribution at the artery at 5 sec 
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Figure 7.29: Equivalent Von Mises maximum stress values on the stent over time 

 

 

Figure 7.30: Equivalent Von Mises maximum stress values on the plaque over time 
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Figure 7.31: Equivalent Von Mises maximum stress values on the arterial wall over time 

 

 

Figure 7.32: Equivalent Von Mises elastic strain at the artery-plaque assembly at 5 sec 
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Figure 7.33: Average contact pressure between the stent and the artery-plaque assembly in relation to time-steps 

 

Figure 7.34: Critical stress concentration areas on the stent – red indicating the higher-stress values while blue the lower 

ones 
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Figure 7.35: Fatigue life prediction of the stent 

 

Figure 7.36: Solution statistics for the 2x3 grid of the stent and 0.05 element size 
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CONCLUSIONS 

 

At 5 sec, the minimum inner diameter of the arterial wall was 4.92 mm, while the maximum was 5.26. 

The goal was the resulting artery to have a minimum 5 mm diameter lumen, which even though was 

not accomplished it was sufficiently approached. The stent was successfully expanded to an outer 

diameter of 5.4 mm and contracted indicating a recoil percentage ranging from 2.6% on the sides to 

8.9% in the narrowest area. 

In Figure 7.25, the directional deformation distribution of the stent is illustrated at the implementation 

of pressure in the artery, the expansion of the stent, and the deflation of the balloon. The stent is 

significantly less compressed on the left and right side at the end of the deflation, maintaining a greater 

lumen diameter of the artery. In addition, as shown in Figure 7.26, the stent is symmetrically deformed 

at the end of the deflation, which implies that the boundary conditions are properly set and there were 

no unwanted noticeable bending or torsional strains. 

In Figure 7.24, we can see the Equivalent Von Mises stress distribution at the stent throughout the 5 

time-steps. At 2 sec, the artery-plaque system is deformed according to the balloon-stent system 

geometry, while at 3 sec the stent has conformed to the vessel geometry. At 4 and 5 sec, we can see 

insignificant changes due to pressure alteration. Getting to details, in Figure 7.29 the maximum 

Equivalent Von Mises stress on the stent is represented. The stent has obviously no stresses on the first 

step, while there is a linear increase in stress value until the 1.2 sec, where the yield strength is 

exceeded, hitting a peak at 2 sec, when the maximum dilation of the balloon is accomplished. Next, as 

the balloon deflates, the stent releases its remaining elastic strains, until 2.1 sec when the stent would 

maintain its shape if the artery-plaque system was not present because the elastic strains of the vessel 

force the stent to further retract, augmenting its stress values. At 2.2 sec, the stent starts to resist to its 

compression and the stress values remain relatively static. At 2.6 sec the phenomenon of stent recoil 

ends and until the 3 sec, the stress values remain changeless. From 3 to 4 sec, as the pressure in the 

inner arterial wall decreases, the stress values indicate a slight growth, which is terminated with the 

pressure increase. In this last step, some of the remaining stresses that occurred in the precedent step 

are released but the greater percentage of them is translated into plastic strains. The critical stress areas 

are illustrated with red color in Figure 7.34, which takes place at the greater curvature of the pattern 

and specifically at the one that is forced to open the most. 

The stress distribution on the artery and the atherosclerotic plaque appears in Figure 7.28 and Figure 

7.27 respectively. The stress values indicate a concentration at the edges of the artery-plaque bond and 

as aforementioned, this is explained by the difference in stiffness among the 2 materials. The stress 

mean stress at the contact between the artery and the stent is around 0.4 MPa, while the respective 

figure for the stent-plaque contact is 0.25 MPa. This is justified by the strain proportion of each model, 

as shown in Figure 7.32. The arterial wall reveals greater strain numbers when comparing to those of 

the plaque due to their compressibility difference since the plaque is much stiffer than the artery. In 

Figure 7.31 and Figure 7.30, we can see the maximum Equivalent Von Mises stress values of the 

plaque and the artery. Although the plaque shows greater values at the implementation of the first 
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diastolic pressure, there is a steep rise by both in the 2nd step and the arterial stresses exceed the ones 

of the plaque indicating a 50% greater peak value. The stress rates decrease with the deflation of the 

balloon and slightly with the drop of pressure, while at 5 sec they retract the figures they had at 3 sec. 

The average contact pressure between the stent and the artery-plaque assembly seen in Figure 7.33, 

follows a similar curve, while in comparison to Figure 7.20, the magnitude is significantly lower. 

In Figure 7.35, the fatigue life prediction of the stent is estimated according to the stress difference 

between the systolic and diastolic pressure. To calculate this result, a fatigue tool was inserted with 

default parameters. The 85,756,000 number of cycles are considered the endurance limit of the 

material. Theoretically, the component could be cycled at stress ranges below this level for an infinite 

number of cycles and it will never fail because of fatigue. The stent indicates failure at 45,400,000 

cycles, while with red color the areas where the crack will start are indicated. This fracture may have 

a lot of justifications. On the one hand, the combination of arterial curvature, a great percentage of 

artery blockage due to plaque, and a reduced number of rings may be responsible for lower stent 

integrity. On the other hand, the construction of both the stent and the artery-plaque assembly may 

have geometrical imperfections that do not correspond with reality. 
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VALIDATION 

 

Stent  

 

In a relevant research [9] the mechanical performance of a BE bioresorbable polymeric stent and a BE 

metallic stent was investigated. We will emphasize on the results of the metallic stent since it was also 

made by a Co-Cr alloy. One of the parameters that were studied is the maximum principal stress value 

with crimping and without crimping. The results of their study appear in Figure 7.37. 

To validate the results of this study we will compare the values of maximum stress in each case, for 

the two different types of grid. Without post crimping, the maximum stress values of the 

aforementioned study are 929 MPa while the relevant figures from this study are 925 MPa. Even 

though maximum stresses are highly influenced by the stent and the artery geometry and mechanics 

as well as the initial and final expansion diameters, the results indicate logical values. 

 

 

Figure 7.37: Results of a similar study regarding maximum stress magnitude with and without post-crimping 

 

Artery  

 

In a computational study [33], stents employed to treat peripheral artery disease are analyzed through 

a three-dimensional finite-element approach, aiming to evaluate the influence of some stent design 

parameters on stent mechanics and the biomechanical interaction between stent and arterial wall. Three 

different arterial shapes were investigated as shown in Figure 7.38.  

 

Figure 7.38: The three different arterial shapes a)Cylindrical b)Tapered c)Toroidal 
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Figure 7.39: Displacement distribution of the artery-plaque assembly on the Cylindrical shaped artery of the Dottori study 

 

Figure 7.40: Stress distribution of the artery-plaque assembly after the stent expansion of the Dottori study (CY: cylindrical, 

TA: tapered, TO: toroidal) 

 

Figure 7.41: Equivalent Von Mises stress distribution on the artery plaque-system –current study 

Units in MPa 
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Comparing the stress concentration of the Dottori study to the FEA results from this study, we can 

observe similar stress concentration values, with approximately 500 KPa as an average value and 400 

KPa on each study, respectively. In addition, there is a similar stress distribution, with the inner surface 

of the arterial wall and the upper surface of the plaque undergoing the maximum load, while the 

embedded plaque indicates roughly zero figures. 
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7.3 Overall conclusions and contribution 
 

All in all, this thesis pointed out the influence on fundamental design parameters of cardiovascular 

balloon-expandable stents on the stent mechanics and on the restenosis rates as indicated by these 

studies [1],[2],[3],[4],[5] and[6]. Next, there were introduced two methodologies for stent construction 

by observing stent units under the microscope. Furthermore, several strategies of validating the 

resulting stent geometry and mechanics as well as its behavior under loading were exhibited, namely 

comparing the real stent with the constructed one using the CAD, recording the recoil and 

foreshortening magnitudes, and comparing them to the Rontis corporation datasheet and comparing 

stress results to relevant bibliography [9]. The validation process indicated that this reverse engineering 

method is feasible and accurate. 

Besides, the steps of extracting a 3D model of an arterial wall with an atherosclerotic plaque from a 

computer tomography were showcased along with an approach of processing the assembly and 

preparing it for the simulation, meaning the assumption made (chapter 3.2, Figure 3.22) about the 

structure of the geometry. Since this stent’s geometry represents a wide variety of stents, a technique 

of stent partitioning and meshing was presented and can be used in similar geometric models, and the 

same goes for the artery-plaque assembly. 

Regarding the simulations, case study II, in chapter 6.2, revealed similar results to the already existing 

ones in relevant studies,  [10] and [32]. However, the case study I, in chapter 6.1, suggests that the 

initial crimping process of the stent on the balloon-catheter system reveals a negligible percentage of 

stress increment and may be omitted in balloon-expandable stent simulations. The simulation of the 

balloon expansion inside the artery was able to converge only when using the Hyperelastic Mooney-

Rivlin 5 parameter model as suggested by [14], [15], [18], [20], [28], and [29]. When studying the 

pressure on contact between the atherosclerotic plaque and the balloon, the low-pressure alteration 

between the center of the plaque and the surrounding areas of contact implied that the application of 

pressure on the balloon can be equally replaced by a displacement constraint, which creates a more 

stable simulation. 

Finally, the stent deployment inside the artery simulation while sharing the nodes of the whole mutual 

surface between the artery and the plaque is considered an incorrect approach since the high-stress 

concentration on the sides of the plague force crimping and failure of the stent. Thus, the assumption 

of partially shared topology proved to be effective and adequate, so it can be used as a means of 

bonding between the artery and the plaque. The reduced ring number of the stent showed sufficient 

support of the arterial wall and the maximum stresses occurred at the maximum stenosis area as 

expected. However, under long-term loading, the stent revealed inadequate structural integrity, failing 

at approximately 14 months of life span. As a result, reduced ring numbers should not opt for the 

treatment of such a severe case, including the artery curvature and a high percentage of arterial 

blockage.  
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7.4 Suggestions for future research 
 

To begin with, the experimental testing and result comparison is required to confirm the results of this 

study and of course necessary before the medical community takes into consideration this finite 

element analysis. This could be done by constructing an arterial segment with the same behavior in an 

electro-spinning machine and 3D printing the atherosclerotic plaque. To produce the same geometry 

of the arterial wall, the lumen of the artery-plaque system should be 3D printed as well and specifically 

with a liquid dissolving material. Next, the 3D printed plaque and lumen should be glued with 

dissolving glue, and the resulting geometry should be used as an axis to wrap around the fibers of the 

electro-spinner. After that, the lumen-plaque-artery system would be left in a tab with liquid the would 

dissolve the lumen as well as the lumen-plaque bond. Therefore, the resulting geometry would be the 

same as the one utilized in the finite element analysis. 

To test the deployment of the stent, devices that can calculate micro-strains should be involved in order 

to estimate the stent remaining stresses. Then, the artery-plaque-stent system could be inserted in a 

pulsatile flow machine or an alternating pressure machine to gauge the life cycles of the stent under 

the alternating pressure. 

Regarding the simulation itself, most materials used in this study were tested and validated. However, 

there are certain assumptions that were taken. The first one is the reduced number of stent rings that 

could have led to inaccurate results that do not represent reality. In future research, a stent that covers 

the whole surface of the plaque could be used with a 3x4 or even 5x6 grid structure to better capture 

the stress values on the stent. In addition, the deployment mechanism of the balloon should be the 

application of pressure for more accuracy, and specifically, the one that is suggested by the 

manufacturers. Besides, in the simulation, there could be an addition of pulsatile blood flow to 

investigate the influence that it may have on the stent’s structural integrity. 

Last but not least, the bonding between the atherosclerotic plaque and the artery should be further 

studied since there is no data available in the bibliography. Furthermore, when these data are available, 

a simulation with Cohesive zone elements should be conducted to study the influence of the bond to 

the deployment process. On top of that, further analysis in dynamic loading is required to draw a 

conclusion about how safe is it to place balloon-expandable stents on curved vessels since research 

indicates that stents that are not vulnerable to corrosion under static loading may fail and dynamic 

loading. 
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