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Coronary heart disease kills more than 350,000 persons/year and it costs $108.9 billion for 

the United States each year. In spite of significant advancements in clinical care and education for 

public, cardiovascular diseases (CVDs) are the leading cause of death and disability in the nation. 

Cardiovascular disease involves mainly heart or blood vessels (arteries, veins and capillaries) or 

both, and then mainly occurs in selected regions and affects heart, brain, kidney and peripheral 

arteries. As a surgical intervention, stent implantation is deployed to cure or ameliorate the disease. 

However, the high failure rate of stents used in patients with peripheral artery diseases has lead 

researchers to give special attention towards analyzing stent structure and characteristics.  

In this research, the mechanical properties of a stent based on the rhombus structure were 

analyzed and verified by means of analytical and numerical approaches. Theoretical models based 

on the beam theory were developed and numerical models were used to analyze the response of 

these structures under various and complex loading conditions. Moreover, the analysis of the stent 

inflation involves large deformations and large strains. Nonlinear material properties also need to 

be considered to accurately capture the deformation process. The maximum stress values were 

found to occur in localized regions of the stent. These regions were generally found along the inner 

radii of each of the connected links connecting each of the longitudinal struts. Stress values 

throughout the whole stent were typically much lower.  The peak engineering stress values were 

found to be less than the material ultimate strength (limit stress 515Mpa), indicating a safe stent 

design throughout expansion range. Lastly, the rheological behavior of blood can be quantified by 

non-Newtonian viscosity. Carreau model is introduced and simulates the situation in the artery, 
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CHAPTER 1  

INTRODUCTION 

 Background 

Heart diseases are a major cause of death with about 600,000 deaths per year. Among them, 

a coronary heart disease alone kills more than 350,000/year and it costs $108.9 billion for the 

United States each year which includes the cost of health care services, medications and lost 

productivity [1]. These costs are mainly attributed to the medications and treatments needed for 

patients. In spite of significant advancements in clinical care and education for public, 

cardiovascular diseases (CVD) are leading cause of death and disability to the nation. 

Cardiovascular diseases (CVDs) include peripheral artery disease (PAD), high blood pressure 

(HBP), coronary heart disease (CHD), heart failure (HF) and stroke. Nearly 2400 Americans die 

of CVDs each day [2] (an average of 1 death every 37 seconds). A cardiovascular disease involves 

mainly heart or blood vessels (arteries, veins and capillaries) or both. The diseases occur in selected 

regions and affects heart, brain, kidney and peripheral arteries. The symptoms of CVD will depend 

upon the location of the disease. Most of the CVDs do not have any symptoms and they are 

detected only through examination of X-rays or ultrasound images of that location. Sometimes, 

there may be an occurrence of some symptoms like pulsing sensation, difficult in swallowing, pain, 

hoarseness or coughing. Pain is caused due to rupturing of the arterial wall or increase of loading 

on the arterial wall which may be very high. These types of diseases are detected only through 

physical examinations like computed tomography (CT), X-rays or ultrasonography, angiography 

and also by magnetic resonance imaging (MRI). Acquired CT scans are mainly helpful in precisely 

detecting the location and shape of the disease. The main causes of CVD include mainly 

atherosclerosis, syphilis, atheroma, congenital defects, obesity, smoking, hypertension, trauma, 
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hereditary conditions and as well as hemodynamic and arterial biomechanical factors. The research 

work of this thesis focuses mainly on treatments of arteries with atherosclerosis disease. 

Atherosclerosis is characterized by the accumulation of plaque formed from cells, lipids, 

connective tissue, calcium and other substances inside the inner lining of the arterial wall as shown 

in Figure 1 (B) which leads into narrowing of the arterial wall and abnormal blood flow [3].  

 

Figure 1 : Schematic representation of artery with atherosclerosis-plaque inside the 
arterial wall  [3] 

 
Atherosclerosis is a fairly common problem associated with aging. According to the 

University of Maryland Medical Center (UMMC), 80 to 90% of individuals over the age of 30 

have some degree of atherosclerosis [4]. Atherosclerosis affects any artery in the body, including 

arteries in the heart, brain, arms, legs, pelvis and kidneys that lead to serious health complications, 

heart attack, stroke or even death [4, 5].  

Arteries are the blood vessels that carry oxygen and nutrients from the heart to the rest of 

the body. The buildup of plaque hardens and narrows arteries. It limits the amount of flow of 

oxygen-rich blood to organs of the human body. Plaques from atherosclerosis can behave in 
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different ways [5]. Plaques may stay within the artery wall and grow to a certain size and stop. If 

the plaque invades the inner arterial wall less than 50% it may never cause symptoms. However, 

plaque can grow in a slow, controlled way and eventually cause significant blood flow obstruction 

which is approximately 50% or more blockage of the inner arterial wall . Pain on exertion (in the 

chest or legs) are the usual symptoms; the worst-case scenario consists of plaques that suddenly 

rupture, break and form blood clot inside an artery which can lead to thrombosis disease[5]. 

The first line of defense for this disease is prevention by taking some strategies such as 

following certain food regimes, exercises, avoid smoking and the like. However, sometimes it 

cannot be effective due to the advanced stages of atherosclerosis disease which are cured only by 

treatment. In addition to medications there are several types of surgical interventions as follows: 

• Atherectomy is a minimally invasive surgical method of removing plaque burden 

within the vessel as shown in Figure 2a [6].  

• Balloon angioplasty an empty and collapsed balloon on a guide wire, known as a 

balloon catheter, is passed into the narrowed locations and then inflated to a fixed size using water 

pressures some 75 to 500 times normal blood pressure (6 to 20atmospheres). The balloon forces 

expansion of the inner white blood cell/clot plaque deposits and the surrounding muscular wall, 

opening up the blood vessel for improved flow, and the balloon is then deflated and withdrawn as 

shown in Figure 2b [6]. The treatment is being done by angioplasty, an invasive procedure where 

a balloon-tipped catheter is inserted into the narrowing and expanded which is also called stenosis. 

It helps in the widening of the vessel lumen and makes the flow of blood effective. By using this 

technique there are some complications like closing of the vessel after few days or weeks. In order 

to overcome problems during treatment a mesh tube called stent is used which is expandable and 

remains inside the vessel even after expanding and prevents the plaque from obstructing the artery. 
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• Stent angioplasty or stent implantation, a metallic mesh tube i.e. stent is mounted on a 

catheter and inserted into the blood vessel to counteract the effects associated with plaque growth 

inside the artery as shown in Figure 2c [6]. After being released by a delivery system (a system of 

catheter tubes), the stent self-expands, compresses the plaque and exerts a radial force on the blood 

vessel to keep it open.  

a)  b)   c)  

Figure 2: Surgical interventions for treating atherosclerosis diseases in arteries a) 
atherectomy b) balloon angioplasty c) stent angioplasty[6] 

 

 Types of Stents 

There are different types of stents used such as bare-metal stent (BMS), a drug eluting stent 

(DES), a bio absorbable stent, a dual therapy stent (combination of both drug and bioengineered 

stent) [7,8,9]. 

 

1.2.1 Bare-Metal Stent (BMS)  

A bare metal stent (see Figure 3) is a vascular stent without a coating of drug (generally 

used in drug-eluting stents). It looks like a mesh tube of thin wire. Bare metal stents are the ones 

used in the cases of cardiac arteries and are often made from 316 L stainless steel. Metal stents 

have a tubular lattice structure and can be assembled from a range of metals like NiTinol, stainless 
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steel and cobalt chromium. Ideally it should be flexible and spring-like, conforming to the shape 

of the arterial wall.  

 
Figure 3: Left: BMS stent, Right: BMS stent with inflated balloon [7, 10] 

 

The goal is to hold the inner wall in its newly compressed position without changing the diameter. 

The diameter of the stents can range from 2mm to 4mm depending upon the vessel size, condition 

and the type of disease. The length ranges from 8mm-38mm depending upon the length of the 

atherosclerosis in vessel. The materials differ in degrees of strength and flexibility. According to 

engineers, specific material and designs can create greater resistance to stent fracture and also these 

materials are radiopaque and biocompatible. Radiopaque helps the physicians in visualizing the 

stent while implanting by using a fluoroscope. For example, cobalt chromium stent material is 

more radiopaque and durable than stainless steel. Manufacturers are also introducing lot of designs 

like multicellular corrugated, coil and serpentine. Some of these designs are included with a lining 

of carbon, platinum and heparin in order to decrease the potential of thrombosis [7-10]. One 

disadvantage of using BMS in the past was occurrence of restenosis which means recurrence of 

stenosis i.e. renarrowing of the blood vessel. In the recent years, usage of bare metal stents has 

also decreased the elastic recoil effect after the balloon angioplasty surgery. Thereby the incidence 
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of restenosis has been dropped to around 25% within the 3 to 6 months after the surgery. However, 

stents fracture laterally because of the biomechanical environment of the vessels. Mainly stents in 

patients with peripheral artery disease (PAD) where there is a movement like sitting, running, 

walking and standing are associated with stent fracturing. Stent fracture rate has been 

approximated to around 50% in patients with PAD and thereby leading to restenosis [11]. 

 

1.2.2 Drug-Eluting Stent (DES)  

A drug eluting stent (see Figure 4) is a stent placed mainly in the narrowed, diseased 

peripheral and coronary arteries that slowly releases a drug to block cell proliferation and heal the 

traumatized area in the vessel. This prevents restenosis [7-10].  

 
Figure 4: Drug eluting stent [10] 

 

The Food and Drug Administration (FDA) has approved DES after clinical trials showing 

superior performance to BMS to treat narrow arteries and decreased number of major adverse 

cardiac events (MACE). MACE is generally defined as death, myocardial infarction, or the need 

for a repeated revascularization procedures. DES consists of three parts: 

• Stent platform: The basic stent platform is the BMS which has expansion, flexibility 

and radiopaque. Cobalt chrome alloy is stronger, thinner and more radiolucent and it is less 
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allergenic. Mostly DES is based upon the BMS [7, 10]. 

• Coating: Typically it is a polymer which holds and releases the drug into the arterial 

wall by contact. Primarily they were few durable coatings which are been replaced by new coatings 

that are biodegradable after the drug has been released as shown in Figure 5 [9].  

 

Figure 5: a) The NEVO cobalt chromium stent, which has an open-cell design and unique 
reservoirs that contain a biodegradable polymer and sirolimus mix that b) completely 

biodegrades within 90 days [9] 
 

These coatings are generally dip coated or spray coated. There can be one or more layers 

depending upon the requirement. For example the first layer for adhesion, next layer for holding 

the drug and third coat can be to slow down the release of the drug and increase its effectiveness 

[7, 10]. 

• Drug: As explained above the drugs function is to mainly inhibit the neointimal growth 

and suppress the cause of restenosis. Neointimal hyperplasia is the proliferation of the smooth 

muscle cells during the inflammation of the balloon. Hence in order to suppress this growth 

immunosuppressive and antiproliferative drugs are used. Drugs like sirolimus and paclitaxel were 
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been used primarily but now new drugs are being used in order to prevent current problems [7, 

10]. 

•  

1.2.3 Biodegradable Stent (BDS)  

The structure and geometry of BMS and DES are resembled for these stents, but they are 

made of material that the body resorbs after certain amount of time anywhere from 3 months up to 

2 year. From some researchers’ perspectives, fully BDS (Figure 6) is superior to conventional bare 

or drug-coated metallic stents in terms of drug elution and vessel scaffolding, which are only 

provided by the stent until the vessel has healed. Then nonendothelialized stent struts, or drug 

polymers can exist for long term following stent thrombosis reduced dramatically [9].  

a)   b)  

Figure 6: a) The Igaki-Tamai BDS stent with gold markers b) metabolism cycle of PLLA[9] 
 

Physiologically, the absence of a rigid metallic casing can facilitate the return of vessel vasomotion, 

adaptive shear stress, late luminal enlargement, and late expansive remodeling.  On the other hand, 

BDS dismiss some patients’ doubt on  “an implant in their bodies for the rest of their lives” [10, 

12].  
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Currently the avaiable BDS can be manufactured by numerous type polymers polymer 

alloy (Figure 6 a) according to different chemical compositions and subsequent bioabsorption time. 

Among them, poly-lactic–acid (PLLA) is widely used as prominent material in numerous clinical 

implantations, i.e. soft-tissue, orthopedic implants, and resorbable sutures [10, 12]. Another 

material is PLLA, it is metabolized via a period of one to one and a half yesrs of Krebs cycle into 

inert particles of carbon dioxide and water as phagocytized by macrophages (Figure 6 b) [9, 13].  

Although BDS being a promising stent, researchers have to face these problems: the 

polymer lacks radio-opactiy to be the backbone to a coronary stent, compared with stainless steel, 

reduced radial force reduced weaken the ability of the stents deformation. Even if these BDS stents 

show impressive results, such as minimal thrombosis, moderate intimal hyperplasia, and a limited 

inflammatory response, however, it is still hard to develop the manufacturing technology [9, 14, 

15].  

A tremendous amount of stents have been reviewed and implemented into patient care and 

a summary of stent types sold on different markets is listed in Table 1 [8, 9, 16]. Those parameters 

including material, form, fabrication, geometry and type of coatings can influence the stent 

performance. Figure 7 summarizes varieties of combination of these parameters.  Stent design can 

be mesh structure, coil, slotted tube, ring, or multi-design. Laser machining is the most common 

technique for fabricating  stents but photochemical etching, EDM, and water-jet cutting are other 

methods used [17]. Based on the stent design and characteristics desired the most suitable 

fabrication technique is selected. Figure 7 summarizes different parameters and techniques for 

stents fabrication. 
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Table 1: Summary of Current Stents Used Worldwide 

Stent Type 
Sold on 

the 
Market 

Companies Stent platform Material Name 
Drug 

eluting 
time 

Location 
used 

Metallic stents 
with durable 

polymers coating 
4 Medtronic, Boston Scientific, Elixir 

Medical 
Cobalt chromium, or platinum 
chromium 

Endeavor Resolute(ZES), Elixir 
DESyne, TAXUS Element(PES), 
PROMU 

< 90 days USA 

Metallic stents 
with 

biodegradable 
polymers coating 

12 

Sahajanand Medical, JW Medical 
System, Cordis, Biosensors, 

Terumo,Devax Inc, OrbusNEich, 
Boston Scientific, 

Elixir Medical, Xtent 

Cobalt chromium, platinum 
chromium, stainless steel, or 

nitinol 

XTENT, SYNERGY, Combo, 
NEVO, Biomatrix, NOBORI <90 days all 

Polymer free 
metallic stent 4 Minvasys, Biosensors, MIV 

Therapeutics, Translumina 
Cobalt chromium, or stainless 

steel 
AmazoniaPax, BioFREEDOM, 

VESTAsync, Yukon 
Avg. of 
30 days all 

Metallic stents 
coating 12 OrbusNeich, Medtronic, Sahajanand 

Medical, Hexacath, Abbott Vascular 
Cobalt chromium, or stainless 

steel 
Genous Stent, R-stent, Blazer, 

Azule, Cornnium, Catania 

N/A 
it is Bare 

Metal 
Stent 

all 

Biodegradable 10 
OrbusNeich, Kyoto Medical JP, 

REVA Medical, AbbottVascular, 
Biotronik 

Poly-L-lactic acid, 3Xlactide 
polymers, Tyrosine-derived 

polycarbonate, 
Polymer+salicylate, 
Magnesium alloy 

Igaki-Tamai, BVS, REVA, 
IDEAL, AMS 

4-36 
months 

absorption 
time 

all 

Bifurcation(Ball
oon expandable) 10 

TriReme Medical, Invatec, Abbott 
Vascular, Minvasys, Boston 
Scientific, Tryton Medical 

Cobalt chromium, or stainless 
steel 

Antares, Ivatec TwinRail, Tryton, 
Petal, Niloe Croco N/A all 

Self-expanding 5 Devax, Cappella, Stentys nitinol Axxess, Sigeguard,Boston 
Scientific N/A all 
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Figure 7:  Stent fabrication techniques 
 
 

However, despite the advancement in stents and the variety of stents available, restenosis 

(i.e. reoccurrence of restricted blood flow) still occurs in patients with 50% stent failure rate [11, 

18 -20].  

 

 Basic Stent Characteristics 

Stents are designed with a succession of rings and connectors. Rings or hoops (Figure 8a) 

provide radial support, and connectors (Figure 8b) hold rings together contributing to longitudinal 

stability. Number of crowns, strut (figure 8c), and connector structure define each stent design and 

its mechanical characteristics [21]. The number of crowns and cells change at different diameter 

with respect to the size of the vessel. For large vessels typical stent diameter is 3.5 – 4 mm and for 

small vessels the typical stent diameter is 2.5 – 3 mm. Several variations of stent designs are given 

in Figure 9.  
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a) b)  c)  
 

Figure 8: Stent geometry germinology a) rings (hoops) b) connectors c) strut dimensions 
[21] 

 

 
 

Figure 9: Various stent designs [21] 
 

 Arterial Structure and Classification of Arteries  

All blood vessels consist of three distinct layers or tunicae: the tunica intima, tunica media 

and tunica adventitia (Figure 10) [22].  

 
 

Figure 10: Schematic representation of distinct layers of arterial wall Left: top view of 
layers in arterial wall [23] Right: cross-sectional view of layers in arterial wall [24]. 

 

The intima is a thin endothelial layer that lines the inside walls, and sits on a very thin 

(∼80nm) basal lamina of a net-like type IV collagen in young human. Endothelial cells, typically 

elongated in the direction of the blood flow, act as a semipermeable membrane, through which 
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nutrients and chemical signals can reach the cells in the vessel wall from the bloodstream. The 

intima has also a key role in regulating the active response of the vessel through which pressure 

regulating agents reach the media. Additionally, in order to help control the vascular tone the 

intima produces NO (nitric oxide), which relaxes smooth muscle cells in the media. Despite its 

great functional importance, due to its small thickness in young arteries the intima is usually 

neglected when considering the different layer contributions to the global mechanical resistance 

of the vessel wall. A fenestrated sheet of elastin called internal elastic lamina separates the intima 

from media [22]. The media is formed primarily by smooth muscle cells (SMC) that are embedded 

in an extracellular plexus of elastin and collagen (mainly types I and III) and an aqueous ground 

substance that also contains proteoglycans. Depending on the internal arrangement of the smooth 

muscle cells in the media, it is distinguished between elastic arteries and muscular arteries. The 

former tend to be large-diameter vessels close to the heart, and include the aorta, the main 

pulmonary artery, the common carotid and common iliac arteries. Their most characteristic 

histological feature is the so-called lamellar unit, a sandwich-like ‘sublayer’ of smooth muscle 

cells and thin elastic laminae. Elastic arteries have concentric ring-like structures that are tied 

together by radially oriented collagen. In muscular arteries, the media appears as a single thick 

ring of smooth muscle cells. The SMC are embedded in a loose connective tissue matrix and 

arranged as a sequence of concentric layers of cells, which can reach numbers of 25–40 in larger 

vessels like in the femoral artery [22]. The adventitia is the outermost layer of the vessel wall. It 

consists of a dense network of type I collagen fibers with scattered fibroblasts, elastin and nerves. 

In medium and large arteries there is also the vasa vasorum, an intramural network of arterioles, 

capillaries and venules that supply large vessels where the distance from the main bloodstream to 

the outer sections of the wall does not allow for proper interchange of O2, CO2, nutrients and 
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metabolites. The presence of nerves in the adventitia allows innervation of smooth muscle in the 

outer media, via the diffusion of neurotransmitters. As for the fibroblasts, they are responsible for 

collagen production, particularly type I, and thus regulate the connective tissue. At higher 

pressures, the fibers gradually straighten, confirming the hypothesis that the adventitia serves as a 

protective sheath, preventing rupture of the vessel due to an acute increase in pressure [22]. 

Arteries classification - Generally, arteries are classified to elastic arteries (conducting 

arteries, including aorta, brachiocephalic, common carotid, subclavian, vertebral, pulmonary and 

common iliac) and muscular arteries (distributing arteries, including brachial artery, radial artery, 

popliteal, common hepatic artery) [22, 23].  Legs, arms, and lower body depend on the arteries to 

supply blood and oxygen to their tissues. Hardened arteries can cause circulation problems in these 

areas of the body. Coronary arteries are smaller and thinner arteries typically near the heart and 

the larger arteries are designated as peripheral with the largest artery in the body being the femoro-

popliteal artery (FPA) with nearly 50cm in length that encompasses the superficial femoral artery 

(SFA) and popliteal artery (PA) as shown in Figure 11 [7, 15, 25].  

 
Figure 11: Anatomy of the femoropopliteal (FP) artery. CFA, common femoral artery; 

PFA, profunda femoral artery; SFA, superficial femoral artery; DGA, descending 
genicular artery; ATA, anterior tibial artery [15]. 
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 Atherosclerosis, Peripheral Arteries (PA) and Stents-Vessel Interaction  

Although more is known about atherosclerosis in the general population specifically with 

coronary artery disease, not much is known about the cause and best management for peripheral 

artery disease (PAD) and thus PAD follows the same therapy protocols as for coronary artery 

disease.  Especially, assessment and management of PAD in patients with diabetes mellitus are 

unclear and present special issues. When atherosclerotic plaque and blood clots reduce blood flow 

to the legs or, less often, to the arms, the condition is called peripheral artery disease (PAD) (Figure 

12). PAD makes walking painful and slows injury healing. In the worst cases, it can result in the 

loss of a toe, foot, or leg. 

 

Figure 12: Blood flows through a normal artery (A). In peripheral artery disease, 
atherosclerotic plaque narrows the artery and impedes blood flow (B). During angioplasty 

to restore blood flow, a stent maybe inserted to keep the artery open (C). Stent implant 
restores normal blood flow [26]  

 

Atherosclerosis appears preferentially at sites of complex geometry e.g., along the outer 

portions of the bifurcation in artery and only within specific points within the vessel.  During every 

day body function, parts of the legs are exposed to multiaxial deformations with up to 60% rotation 

and 20% contraction as the leg is bent from an extended position [27]. As a result, stent deployed 
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in the intersection of the femoral and popliteal arteries is exposed to significant multiaxial 

displacements due to the musculoskeletal motion as well as bending, torsion, flexure, tension, and 

compression (Figure 13 left) [15, 28]. It is also known that stent implantation leads to artery 

strengthening opposed to natural artery curvature which can lead to various wall stresses and 

hemodynamics changes within the implantation region (Figure 13  left and right) [16]. 

 
Figure 13: left: As stents are placed into the artery, the artery ability to bend and compress 
is reduced. The adjacent unstented artery bends more, possibly resulting in kinking at the 
margin of the stent [28]; right: Stenting leads to different wall stresses and hemodynamics 

within the implantation region [16]. 
 

The stated issues can lead to fracture of the stent in this region, which has been directly 

linked to in-stent restenosis issues. Several advance technologies such as: doppler ultrasound, 

magnetic resonance angiography, and computed tomography angiography provide detailed image 

of the stented arteries with quantitative characterization of the disease where doppler ultrasound 

also provides information on blood-flow velocity and turbulence [29]. It has been shown that 

several mechanical factors such as pulsatile or steady blood flow velocity and the corresponding 

wall shear stress in the coronary artery can lead to cell remodeling and decrease of mechanical 

strength in the arterial wall [30, 31]. These factors lead to specific alternating and steady stress 

state in the arterial wall such as elongation, compression, bending, tortuosity and the like that 

produce a fatigued environment. Especially, in PAD patients who in addition to internal factors, 

have external factors by using their legs while walking, climbing, seating down, standing up also 
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contribute to increase of stress-strain state in the artery carrying the stent implant. Further, in 

addition to imposed stress-strain state Berry et al. 2002 [31] show stented arteries also have a 

mechanical mismatch at the interface between the arterial luminal wall and the stent. This 

mismatch between stent and artery leads to the development of circumferential stresses, causing 

vascular stretch, and changes in hemodynamics [31] as shown in Figure 13. These issues branch 

this exciting area of research into two directions: understating the biomechanical state of the artery 

and mechanical properties and deformation that the stent undergoes under the influence of the 

arterial forces. Literature reports show that the biomechanical behavior of the arterial wall can be, 

and has been indirectly described, utilizing computational fluid dynamics (CFD) analysis to 

quantify the variation of wall shear stress of the contained blood flow [32].  Experimental flow 

visualization analysis of coronary vessels has also been performed, by various imaging of infused 

particles; this has been particularly illuminating and important in bifurcating regions since these 

zones have high probability for plaque accumulation [16]. Further, CFD has been used to 

characterize wall shear stress development for canine femoral arteries, using non-Newtonian 

simulation models, analyzing resultant changes in blood flow velocity, and wall shear stresses on 

the sensitive endothelial cell layer, and also the role of incorporated stents in regulating shear 

development in these regions was demonstrated [33]. Finite element analysis has been used to 

simulate and apply many features to the stent design such as: smaller size, balloon crimping 

characteristics, flexibility during navigation, less recoil following expansion, and improved 

reliability. FEA offers means of not only analyzing stent mechanics but also the interaction of the 

stent with the arterial vessel, stent induced vessel injury, as well as stent fatigue over time [34 - 

39]. Most important, FEA modeling can provide a method to evaluate and quantify mechanical 

derangements, thus to determine the potential “risk” regions for high stress formation within the 
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plaque and artery, including the role of stent contact in modulating these effects. However, up to 

date studies are mostly focused on the coronary arterial bed and its hemodynamics after arterial 

stenting. Literature reports studies on the topics of SFA and popliteal artery (PA) stenting (Figure 

11) [40-62], but peripheral stenting, specifically SFA with high stent failure rates is a less studied 

field. Recent literature review on this topic summarizes heterogeneous study designs that include 

different physiologic settings from young to mature participants and with and without disease, and 

cadavers which produced results specific to anatomic location within the SFA/PA [62, 63]. 

Further, a compilation of stent improvements for treating atherosclerosis in SFA/PA shows 

evidence of increased durability, finer surface finishes, increased flexibility, and longer lengths. 

Yet stents still fracture at measurable rate and clinical significance of stent fracture remains 

controversial.  A direct causal relationship between stent fracture and clinical outcomes, such as 

restenosis, has not been established ; however, what is clear is the uniqueness of the biomechanical 

environment of the SFA compared to other vascular beds [62]. Stent desired characteristics 

include: flexibility, trackability, high radial strength, circumferential coverage, low surface area, 

and hydrodynamic compatibility [64]. Each reported stent design has advantages and 

disadvantages but no stent incorporates all of the cited characteristics. In other words there is no 

ideal stent  however, if one quantifies the mechanical behavior of stents with their specific 

characteristics and match with the diseased artery conditions there is no need for a standard off-

the shelf ideal stent because, stent will be able to sustain this biomechanical artery environment 

for each patient individually that will lead to  improved personalized treatments for patients with 

PAD and reduced stent failures especially cases that lead to death. Therefore, the main goal of this 

thesis is to quantify mechanical characteristics of specific stents using theoretical and 

computational approach.  
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In this thesis, Chapter 2 introduces theoretical and computational approach of stent linear 

analysis and nonlinear analysis, respectively. In Chapter 3, the properties of stent structure relates 

to geometric parameter is studied by means of theoretical and computational approach. Then, 

Chapter 4 list nonlinear analysis results of stent under expanding situation of deployment. Finally, 

in the last Chapter 5, conclusion of this thesis is listed and future work is discussed as well.  
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CHAPTER 2  

THEORETICAL AND COMPUTATIONAL APPROACH 

 Theoretical Approach for Linear Stent Analysis 

The high failure rate of stents used in patients with peripheral artery diseases [11] has lead 

researchers to give special attention towards analyzing stent structure and characteristics. Though 

many different stent structures with special units have been evaluated previously [65], the 

fundamental understanding between stent design and its performance is still inadequate and 

incomplete. Generally stent design be viewed as a series of deforming beams, wrapped into a 

cylindrical shape like a spring. Some popular structural mechanics formulas [66, 67] can be used 

to relate deflections of beams to stresses, strains, and forces. During the research of stent structure, 

mechanical principles closely connected with stent design inputs, such as diameter, wall thickness, 

and strut length, to perform outputs as strength, surface area, mass, contact pressure, and strain. 

These relationships are fundamentally instructive for stents fabricated from steel or super-elastic 

nitinol, which reach strains of 1-2% with a substantially linear elastic relationship to stress. Nitinol 

is particularly well suited for analysis because this is an order of magnitude higher than 

conventional engineering materials[65]. 

The mechanical properties of stents are usually described according to the theory of elasto-

plasticity, which characterizes deformation of materials as a function of the applied load [66]. For 

example, a beam of length 𝑙𝑙 deforming under flexure force can be viewed as a cantilever beam 

loaded at one end and fixed at the other end. Then the deflection (δ)at the fixed end is calculated 

by equation (2.1): 

𝛿𝛿 =
𝑀𝑀𝑙𝑙2

12𝐸𝐸𝑠𝑠𝐼𝐼
 (2.1) 



21 

𝑀𝑀 is the applied moment, 𝐼𝐼 =  𝑡𝑡𝑏𝑏
3

12
 is the second moment of area of the beam with t being 

the thickness of the beam and b being width of the beam [66, 67]. The extension of a beam due to 

the axial force 𝐹𝐹 enforcing on the ends leads to modified equation (2.2) for deflection:       

𝛿𝛿 =
𝐹𝐹𝑙𝑙
𝑏𝑏𝑏𝑏𝐸𝐸𝑠𝑠

 (2.2) 

In cases under large loading resulting in plastic deformation, such as the stent that 

undergoes full expansion from its initial state by means of balloon inflation, stents take irreversible 

breakage of bonds and the formation of dislocations and slip planes (Figure 14) .  

 

Figure 14: Deformation of different materials under large loading 
 

While in relatively small loading case, the stent behaves as a linearly elastic structure: after 

removing the load, the stent assumes its original configuration. The response of the stent to small 

loads within the region of linear elasticity is the basic type of stent behavior. In this case, the 

mechanical properties of an isotropic material are characterized by Young’s modulus (E), which 

represents the stiffness (ε) of an elastic solid (i.e. stent struts), and by Poisson’s ratio (ν), which 

represents the compressibility of an elastic solid (stent struts) [66]. In this thesis the behavior for 
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commercial stents is investigated by analyzing the special stent structure combining geometric 

factors with the material factors in the small deformations exhibited by an already expanded stent 

inside the artery for which, linear elasticity might be an adequate consideration at the initial stage 

of this study. The next stage is study of the large deformations that a stent undergoes during balloon 

expansion by considering both nonlinear elasticity and plasticity and discussing more applicable 

design parameters of the stent design.  

 

 Numerical Approach for Linear and Nonlinear Stent Analysis 

When delivered to a region of complex vessel anatomy, the medical devices such as the 

stents can create and experience a complex dynamic situation. Finite element analysis and 

numerical simulation tests are increasingly important for the design and development of medical 

devices (i.e. stents) in order to shorten the stent development time to market and improve patient 

care. The possibilities of finite element analysis (FEA) and computational fluid dynamics (CFD), 

combined with contemporary imaging techniques, greatly facilitate stent research. In order to 

create realistic computational models to perform this research, the geometry of the stent in 

question and its delivery system should be very accurate. Then, a shape design support system for 

stents is proposed considering well the production process of stents, shown in the frame of design 

support system to simulate and evaluate the process. Some manufacturers obtain accurate stent 

geometry by segmenting nano/micro-CT images, transforming micro-CT data and reconstructing 

them in 3D using the Mimics Innovation Suite [68]. Then, researchers could optimize the 3D 

model’s mesh by means of automated re-mesh technology, which is instrumental in providing all 

necessary dimensions of the 3D structure to create approximate parametric models. This also plays 

a significant role in the future development of personalized stenting, thus improving the patient’s 

http://biomedical.materialise.com/cases/node/598
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treatment. The Mimics software proved to be an excellent tool to get very precise geometry ready 

for virtual testing. Mimics accepts medical images such as CT, IVUS or MRI and allows the 

modeler to reconstruct the area of interest into 3D models (Figure 15) with the specific geometry 

then export them as typical IGES files ready to be analyzed in  FEA/CFD packages (i.e. ABAQUS, 

ANSYS and ANSYS Fluent, COMSOL, NASTRAN and PATRAN) in order to support further 

finite element analysis (Figure 16) [68]. 

 

Figure 15: Schematic showing Mimics software reconstruing 3D image of an artery from 
CT scan [68] 
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Figure 16: Flowchart showing step by step analysis of 3D models using medical images 

Further, for most accurate results the first step in the numerical simulation is to analyze the 

stent properties as a whole before combining it with the artery model using principles of solid 

mechanics [67]. Some modeling software such as SolidWorks, NX, CATIA, and the like are 

powerful enough to model complex stent shapes. To complete the numerical analysis especially 

the nonlinear analysis, the finite element method requires a lot of information, including the 

geometry and the material properties of the stents, the effect of the catheter and the artery, and the 

accurate application of boundary and loading conditions. MSC Software allows for proper analysis 

of these inherently difficult (e.g. non-homogeneous, non-linear)  research models [69]. In this 

thesis we use MSC Software to validate the linear deformation of specific stent designs previously 

analyzed theoretically and to simulate  nonlinear deformation behavior of the stent using 

appropriate finite element models developed in Patran and solved with NASTRAN [70].  
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In the stent model, the stent geometry consists of several rows of identical geometry, one 

intermediate row at each end (the same geometry, but different strut width), and one final row at 

each end that has the same basic geometry (and increased strut width) with the exception that there 

is no ‘connector’ on the outboard ends (as there are no additional rows to be attached to).  The 

repetitive nature of the geometry allows for a theoretical model or a finite element model of a 

portion of the entire stent to accurately characterize the stress state within the entire stent. This 

approach allows the finite element mesh to be finer in the region that is modeled, as opposed to 

using a similar number of elements for an entire stent, and therefore achieve an increase in 

accuracy while still characterizing the entire stent.  

Generally, the popular stent is stainless steel or cobalt chromium alloy with characteristics 

of work hardening. Taking the cobalt chromium alloy into account, it can be viewed as a linear 

elastic material up to yield point, beyond the material yield point, time independent plastic 

behavior is prominent if assuming it without orthotropic or anisotropic effects.  A Von Mises yield 

condition, commonly used with metallic alloys, along with a kinematic hardening law are used in 

the analysis. 

When the material is strained beyond the yield point, the yield surface must change for 

continued strain hardening. The kinematic hardening law is used for the analysis herein, to take 

into account the Bauschinger effect presents during reversal of the stress field which occurs 

between the compression and inflation stages. Bauschinger effect describes that pre-straining in 

any direction, as defined by the principal axis of the strain tensor, will introduce an anisotropy for 

further deformation in any other direction [71]. The intensity of this prestrain-associated 

anisotropy is at maximum when the direction of further straining is opposite to that of the prestrain. 

A finite element test model was created in order to verify that the elastic-plastic material model 
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used in the analysis accurately represents the supplied material data.  Generally, inflation of the 

stent may be performed using direct pressure applied to inside diameter of the stent or manually 

expanding the stent through prescribed boundary conditions. Attempts to inflate the stent with 

direct pressure can prove difficult due to the lack of geometric symmetry in the design and could 

result in unrealistic deformations of the stent.  Consequently, the stent was set to reach the desired 

diameter, the stent shows elastic recoil. 

The stent inflation analysis involves large deformations and large strains. The nonlinear 

material properties must be considered to accurately capture the deformation process. Therefore, 

the Lagrangian and the Eulerian descriptions are considered for the large deformations of the stents. 

The Lagrangian or material approach uses the initial configuration to describe the deformation 

whereas the Eulerian or spatial description uses the deformed configuration to describe the 

deformation, specially Lagrangian approach is used for elasticity effects.  

Next, the total Lagrangian and the updated Lagrangian method are considered with respect 

to the un-deformed configuration. In this case, the inflation of the stent is modeled using an elastic-

plastic material model, inelastic strains, which cause large deformations. Therefore, the updated 

Lagrangian method is used in the frame due to the inelastic deformations, then true (Cauchy) stress 

and true (logarithmic) strain are chosen to measure stress and strain.  While the engineering stress-

strain is to measure stress-strain data and ultimate strength. On the other hand, it is hard to relate 

true stress and true strain measures to their respective engineering stresses and strains under multi-

axis stress state.  therefore, equivalent stress and equivalent strain are the important quantities to 

the analyzed values.  
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 Modeling of Stent Behavior Inside the Arteries – Loading and Boundary Conditions 

Prevalent stents have numerous design patterns for the structure, the widespread interest 

focused on the properties of stent designs in terms of multiple types geometry [7-9].  By using bi-

planar fluoroscopy for the generation of 3D models of stent geometry for assessment of stent 

fracture risk, some key factors of stent design had been studied, the measurement of strut length, 

separation angle and cell asymmetry are crucial to the whole stent design. Literature reports a 

quantitative assessment of the magnitude of uncertainty in the measurement of geometric 

parameters derived from 3D stent geometry in lieu of numerical simulation approach [72]. 

In order to optimize clinical performance and minimize negative effects, stent design plays 

a vital role. Several variables of design parameters are closely associated with the optimization of 

stent structure. Strut spacing, axial amplitude and radius of curvature were chosen as, showing 

good optimization results in terms of reducing stress in the artery wall [72, 73] 

Most commercial stents were uniformly expanded from their crimping diameters such as 

1.2 mm for PS and Express stents, 1.42 mm for Multilink-Vision stent, to 3.0 mm with 50% 

stenosis inside artery [73]. The stent designs caused deviations in arterial stress. On the arterial 

wall, the Von Mises stresses are higher at the proximal region of the plaque [74]. While all stents 

were subjected to the same linear ramping displacement, the maximum principal strain rate (strain 

as a function  of time) on the stented arterial wall are apparently different. Moreover, with 

expanding to the 3 mm diameter, various stents induced higher different stresses over larger areas 

of the arterial wall. The elevated stress region largely depends on the strut shape of stents in terms 

of mechanical stress corresponding to the clinical observations [72, 73].  

When crimping stents be placed in the exact location, the stents self-expand and exert a 

radial force on the blood vessel to keep it open. Once delivered, the response to blood pressure 
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(cyclic pulsating load) determines the fatigue life of the stent. Self-expanding stents have proven 

to reduce the extent of arterial recoil and restenosis as compared to balloon angioplasty procedures 

and provide a less invasive alternative in the treatment of endovascular disease [75]. After stent 

implantation, changes in the native vascular geometry may increase the risk of in-stent restenosis 

due to alternations in vessel wall compliance and subsequent changes in shear stresses, the 

implantation of rigid stents may cause flexion or hinge points in terms of the abrupt changes in 

vessel wall rigidity at the ends of stents. These hinge points have been associated with increased 

rates of restenosis and may increase the risk of edge dissection. Even in an era of drug-eluting tents 

which have reduced the incidence of restenosis, attention need to be given on the effects of stent 

induced conformational changes according to the SIRIUS trial results that restenosis occurred 

more commonly in the proximal peri-stent region than within or distal to the stent [16]. Figure 13 

(right) shows typical loading conditions around the stent once inside the artery upon expansion.  

When delivered to a region of complex vessel anatomy, the stent may have unfavorable 

effects on the flow dynamics (Figure 13 right). The axial stress, circumstantial stress and radial 

stress are present while the various anatomical bending are considered. The artery wall pressure 

depends on the blood properties. Arterial pressure of the systemic circulation in terms of the 

systolic pressure over diastolic pressure is represented as compressive stress [76]. Then it is 

possible to analyze the fluid zones, such as recirculation zones and flow disturbance zones 

considering the arterial pressure, blood viscosity, the density of whole blood, the pressure 

difference between vessel inlet and outlet with some assumptions like non-Newtonian flow etc. 

In the femoropopliteal artery (FPA) mentioned before, the placement of stents is associated 

with high rates of stent fracture [62]. FP artery is subjected to significant biomechanical forces 

during leg movement. The primary components are axial compression, bending, and twist, 
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reflected by changes in length, curvature, and twist angle, respectively. The short term reported 

data provides an assessment of the magnitude of the alternations in these parameters in patients 

with peripheral artery disease. Length change, torsion, twist angle and flexion points/angles of 

SFA, PA and FA artery effectively quantify the realistic situation. The significant variation in the 

magnitude of these parameters along the length of the FP artery (e.g., curvature) and inter-patient 

variability (e.g., length) reflect the real boundary conditions and loading forces for analysis of the 

stent in FPA. Based on the FP artery 3-D models generated from patient medical images  in 

different positions show significant changes in length, curvature, and twist in the PA and less 

pronaunced changes in length occur in the SFA (Figure 17).. Those conclusions contribute to the 

analysis of FP stents and promote the development of stents with reduced rates of stent fracture. 

 

Figure 17: An example of a patient with significant conformational change in the popliteal 
artery segment [15] 

 
 

In addition, poor performance of the intravascular device can result in undesirable clinical 

events such as thrombosis and intimal hyperplasia [77]. In order to minimize these adverse events, 

it is important to obtain a thorough understanding of the factors that contribute to an adverse 

outcome during the stent deployment process. Such device-related factors could include the stent 



30 

design and material as well as the deployment procedure. Characterizing some parameters of the 

stents: the deployment pressure which is required to achieve plastic deformation of the material 

beginning at the diameter of the crimped stent; the intrinsic elastic recoil by the elastic deformation 

of the material; the stent foreshortening and the stent coverage area by ratio between the area of 

the stent’s external metal surface and the area of the arterial cylinder covered by the stent and the 

flexibility of the stent measured by the maximum radial displacement of the stent subjected to 

force.  

The chapters that follow will lead us to step by step analysis and  background theory of the 

development of each stent model and the linear and nonlinear analysis. In addition, Figure 18 

shows flowchart with overview of the model verification for this thesis.  

 

Figure 18: Flow chart with overview of the model verification 
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CHAPTER 3  

THEORETICAL AND COMPUTATIONAL APPROACH TO STUDY STENT MECHANICS 

 Objective  

The present investigation builds upon prior works and develops a theoretical model for 

predicting the elastic constants of general cell unit like rhombus shape on the mechanical behavior 

of the structure, including flexure and stretching and combination of these two conditions. The 

model had been considered both material properties and non-material properties (based on the 

structure geometric parameters), and then, derived the effective Young’s modulus in two directions 

theoretically. In addition, depending on the geometry of the model, we compared the effective 

theoretical Young’s modulus with equivalent results from the numerical FEA model and verify 

the validation of theoretical evaluation.  

Mechanical Behavior under uniaxial and flexure loading of structure and the effect of 

geometric consideration on their mechanical properties were investigated by using finite element 

analysis and comparing with the numerical results. 

 

 Introduction  

A cylindrical stent in arteries are subjected to significant mechanical loads from repetitive 

cyclical pressure loads and displacement of the artery wall as it expands and contracts slightly with 

each muscle spasmodic contraction in a long-term in-vivo service [78]. Though many different 

structures with special units have been evaluated in previous works, Karnessis et.al. studied the 

auxetic cellular models(Figure 19), its work evaluates mechanical properties of the structure via 

analytical approaches and verifies the influence of the geometric parameters; I.G. Masters and K.E. 

Evans cited honeycombs structure and developed the theoretical model to predict the elastic 
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constants of honeycombs by flexure, stretching and hinging[79]; Zahora et al.(2007) analyzed a 

woven spiral stent(Figure 20, left)[80]; Graeham et al.(2014) listed the hybrid unit structure 

stent[81]. Nasim Paryab et al.(2014) focused on helical stent(Figure 20, right) [82]; Alessio Meoli 

and Migliavacca et al.(2014) cited peripheral Nitinol stents[83]. However, the analysis of the other 

structural performance is still inadequate, such as the rhombus unit structure stent(Figure 21). 

Stents help prop the diseased arteries open and decrease the risk of blood blockage again, however, 

stents also enforce abnormally high stresses on arteries that can introduce adverse biologic 

response culminating in restenosis. Therefore, stents’ strengths are key criteria for the biomedical 

device.  

 

Figure 19:  Inverted hexagonal honeycomb(a), V-type(b) and chiral(c) auxetic cellular 
structure in paper [76] 

                                                                  

Figure 20: Left: Spiral stent with unwelded junction of two wires[80]; Right: helical 

stent[82] 

This study focused on the stability behavior of generalized structure of stent (shown in 

Figure 21, Figure 22) and derives several property parameters relating to structure design. Two 

mechanisms can be identified by which struts can deform, namely flexure and stretching. Using 
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beam theory(Euler-Bernoulli beam Equation (2.1), Equation (2.2)) in mechanics each can be 

expressed mathematically. A rhombus structure (Figure. 22) was chosen in terms of its more 

common use and made by some main stream manufacturers. The stents are prone to fail by 

buckling under artery wall pressure, axial, circumstantial and radial loading in combination with 

various anatomical bending. The mechanical properties (Young’s modulus in two main directions) 

of stent structures are derived by analytical approach. Figure 21 shows the scanning electron 

micrographs of stents with 8-strut (A) and 12-strut (B) designs after balloon expansion[84]. This 

expanded stent model has small deformation and the study starts with linear structural analysis.  

 

Figure 21: Scanning electron micrographs (magnificationX18) show stents of 8-strut (A) 
and 12-strut (B) designs after balloon expansion[84] 

 

Figure 22: Stent structure includes arrangement of strut members 



34 

 Approach  

3.3.1 To Analyze the Effects of Geometric Parameters of Stent in the Artery 

Assuming stents were deployed in homogeneous, nonlinear hyper-elastic arteries model, 

all strut members have identical rectangle cross-section. Then structure of stent can be defined by 

several important geometrical parameters in the Table 2. 

Table 2: Geometrical Parameter of Stents 
Representative

s 
Geometrical parameters 

𝐷𝐷 The nominal diameter of the cylinder 
𝑁𝑁𝑐𝑐 The number of circumferential units 
𝑁𝑁𝑣𝑣 The number of vertical units 
𝑙𝑙 The length of the strut members 
𝛼𝛼 The angle between the struts with the line paralleling axial line 
𝑏𝑏 The cross-sectional side length of the strut members (square) 

The length (𝑙𝑙) of the strut members of the cells and the total length (𝐻𝐻) of the cylinder can 

be derived from geometrical relations, here the thickness of the stent equals to the cross-sectional 

side length of the strut members.  

There are some basic relationships in geometric parameters of rhombus(Figure 23). The 

sides have equal length, opposite sides are parallel. The diagonals 𝑝𝑝 and 𝑞𝑞 of a rhombus bisect 

each other at the right angle. Then, for the stent, the total length (𝐻𝐻) of the cylinder,  

             𝐻𝐻 = 𝑁𝑁𝑣𝑣𝑞𝑞        (3.1) 

tan𝛼𝛼 =
𝑝𝑝
𝑞𝑞

2𝜋𝜋𝐷𝐷 ≈ 𝑁𝑁𝑐𝑐𝑃𝑃, When𝑁𝑁𝑐𝑐 ≫ 𝑁𝑁, Polygons near circle cylinder model. 

(2𝑙𝑙)2 = 𝑝𝑝2 + 𝑞𝑞2 



35 

           

Figure 23: Stent structure includes arrangement of strut members 
 

The length (𝑙𝑙) of the strut members of the cells and the total length (𝐻𝐻) of the cylinder can 

be derived from geometrical relations. The thickness of the stent equals to the cross-sectional side 

length of the strut members.  

 𝑙𝑙 =
𝜋𝜋𝐷𝐷

2𝑁𝑁𝑐𝑐 sin𝛼𝛼
 (3.1) 

 𝐻𝐻 = 2𝑁𝑁𝑣𝑣𝑙𝑙 cos𝛼𝛼 (3.2) 

In this model, for limited 𝑁𝑁𝑐𝑐, the diameter of the whole stent would be the dominator design 

parameter.  For 𝑁𝑁𝑣𝑣, the length 𝐻𝐻 has the exact relationship with the polygon;  

According to the thin-wall cylinder theory(Figure 24), the longitudinal/axial stress (𝜎𝜎𝑧𝑧), 

circumferential stress (𝜎𝜎𝑐𝑐), radial stress (𝜎𝜎𝑟𝑟), and shear stress (𝜏𝜏) can be defined considering the 

axial load, pressure load on circumstantial and radial directions, and torque, respectively. 

 

Figure 24: Stent theoretical modeling under external pressure and uniform axial and radial load 
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Then, the relative strains - axial strain (𝜀𝜀𝑧𝑧), circumferential strain (𝜀𝜀𝑐𝑐) and shear strain (𝛾𝛾𝑐𝑐𝑧𝑧) 

can be represented as: 

𝜀𝜀𝑧𝑧 =
𝐻𝐻𝑓𝑓 − 𝐻𝐻
𝐻𝐻

 

𝜀𝜀𝑐𝑐 =
𝐷𝐷𝑓𝑓 − 𝐷𝐷
𝐷𝐷

 

𝛾𝛾𝑐𝑐𝑧𝑧 =
𝐷𝐷𝐷𝐷
2𝐻𝐻

 

Where 𝐷𝐷 is the relative axial angular rotation of cross-sections corresponding to the edges 

of the cylinder, 𝐻𝐻𝑓𝑓 and 𝐷𝐷𝑓𝑓 are the total length and diameter of the deformed cylinder, respectively. 

The mechanical properties of the stent can be calculated relating to the exact structure. Using 

parameters, the diameter of the cylinder𝐷𝐷, the number of circumferential units 𝑁𝑁𝑐𝑐, the angle 𝛼𝛼, the 

thickness of the stent (or the cross-section size of strut) 𝑏𝑏 and the Young’s modulus of material 𝐸𝐸𝑚𝑚.  

For small deformations (after balloon expansion), the mechanical properties of cylinder 

structure can be calculated with assumptions that the struts work as fixed-guided beams and 

adopting some beam approaches. This structure can be envisaged to deform when loaded by 

flexing and stretching of struts and by hinging at the struts junctions. Then, some mathematical 

models based on one or two of these mechanisms for some specific geometry are formulated.   

Using simple mechanics to calculate the deflections in each beam the strains induced in an 

individual unit and hence the whole network can be determined; enabling expressions for the 

moduli is written for the condition of uniaxial loading.  

 

3.3.2 Stretching Force as a Uniaxial Loading on Rhombus Unit 

The extension of the strut with length 𝑙𝑙 due to the axial force acting along the stent is 

considered. The model assumes that the stent is only able to deform by stretching along its axes 
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with no change in angle.   

Consider a cell subjected to a tensile load𝜎𝜎𝑧𝑧 in the axial direction (Figure 25). The load 

acting on the unit cell due to the applied stress 𝑤𝑤 = 𝑏𝑏𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼 ∙ 𝜎𝜎𝑧𝑧 and the component 𝑃𝑃 of 𝑤𝑤 acting 

along the cell wall of length 𝑙𝑙 is  

 𝑃𝑃 = 𝑏𝑏𝜎𝜎𝑧𝑧𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝛼𝛼 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼 (3.3) 

The strut is treated as a uniform beam of thickness 𝑏𝑏, wideness 𝑏𝑏, length of the beam (strut) 

𝑙𝑙, 𝐾𝐾𝑠𝑠 represents the stiffness of stent when stretching force enforced on the axial direction, 𝐸𝐸𝑚𝑚 is 

the material Young’s modulus. 𝜎𝜎𝑧𝑧, 𝜀𝜀𝑧𝑧 are the stretching stress and strain along the axial direction, 

respectively.  

The load acting on the unit strut due to the applied stress derives the effective Young’s 

moduli: 

 𝜀𝜀𝑧𝑧 =
𝑏𝑏𝜎𝜎𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼 ∙ 𝑐𝑐𝑙𝑙𝑙𝑙𝛼𝛼

𝐾𝐾𝑠𝑠
 (3.4) 

 𝐸𝐸𝑧𝑧 =
𝑏𝑏𝐸𝐸𝑚𝑚

𝑙𝑙 ∙ 𝑐𝑐𝑙𝑙𝑙𝑙𝛼𝛼 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼
 (3.5) 

In the same way to get another direction effective Young’s moduli:  𝐸𝐸𝑐𝑐 = 𝐸𝐸𝑧𝑧 

 
Figure 25: (Above). Struts deflection in c direction under uniaxial stretching loading;  

(Below). Struts deflection in z direction under uniaxial stretching loading. 
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3.3.3 Flexure Force as a Uniaxial Loading on Rhombus Unit 

A strut of length deforming by flexing can be likened to a cantilever beam loaded at one 

end and fixed at the other. Using the geometric configuration and coordinate of stent, it is assumed 

that deformation occurred by flexing of the strut.  Treating the struts as beams and using beam 

mechanics to derive the equations for the elastic properties of stent. The deflection of the guided 

end due to flexing is given by circumstantial and axial forces as following Figure 26 deformed 

shape of rhombus stent .vs. deformed bending struts: 

 

Figure 26: Struts deflection in circumstantial direction based on beam theory; 

 

Figure 27: Struts deflection in axial direction based on beam theory 
 
Assuming the strut is bended in a linear-elastic way, the moment bends the strut which is 

viewed as a strut of length 𝑙𝑙, wideness𝑏𝑏, thickness𝑏𝑏, and Young’s modulus𝐸𝐸𝑚𝑚, 𝜎𝜎𝑐𝑐 is the flexure 

stress in the circumferential direction. In Figure.26, 𝛼𝛼 = 90 − 𝜃𝜃 

𝑀𝑀 =
𝑃𝑃𝑙𝑙 sin𝜃𝜃

2
 

𝑃𝑃 = 𝜎𝜎𝑐𝑐𝑏𝑏𝑙𝑙 sin𝜃𝜃 

According to standard beam theory, the strut deflects by: 
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 𝛿𝛿 =
𝑃𝑃𝑙𝑙3 𝑐𝑐𝑙𝑙𝑙𝑙 𝜃𝜃

12𝐸𝐸𝑚𝑚𝐼𝐼
 (3.6) 

For a beam of uniform thickness 𝑏𝑏, the second moment of inertia 𝐼𝐼 = 𝑡𝑡𝑏𝑏3

12
 ,  

(If cross section is square, 𝐼𝐼 = 𝑡𝑡4

12
  ),  

 𝜀𝜀𝑐𝑐 =
𝛿𝛿 sin𝜃𝜃
𝑙𝑙 cos 𝜃𝜃

=
𝜎𝜎𝑐𝑐𝑏𝑏(𝑙𝑙 sin𝜃𝜃)3

12𝐸𝐸𝑚𝑚𝐼𝐼 cos 𝜃𝜃
 (3.7) 

 E𝑐𝑐 =
σc
εc

=  
12𝐸𝐸𝑚𝑚𝐼𝐼 sin𝛼𝛼
𝑏𝑏(𝑙𝑙 cos𝛼𝛼)3  (3.8) 

When polygons near circle cylinder model, the equation will be near to the following value:  

 E𝑐𝑐 =
8𝐸𝐸𝑚𝑚𝑐𝑐𝑙𝑙𝑙𝑙𝛼𝛼
(cos𝛼𝛼)3

�
𝑏𝑏𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙𝛼𝛼
𝜋𝜋𝐷𝐷

�
3

 (3.9) 

In Figure.27, the axial direction, the force𝐹𝐹 = 0, and 𝑊𝑊 = 𝜎𝜎𝑧𝑧 𝑏𝑏𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 

𝑀𝑀 =
𝑊𝑊𝑙𝑙 cos 𝜃𝜃

2
 

Then, the strut deflects in axial direction by: 

 𝛿𝛿 =
𝑊𝑊𝑙𝑙3 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

12𝐸𝐸𝑚𝑚𝐼𝐼
 (3.10) 

 𝜀𝜀𝑧𝑧 =
𝛿𝛿 cos 𝜃𝜃
𝑙𝑙 sin𝜃𝜃

=
𝜎𝜎𝑧𝑧𝑏𝑏(𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃)3

12𝐸𝐸𝑚𝑚𝐼𝐼 sin𝜃𝜃
 (3.11) 

Effective Young’s modulus in the axial direction derived as the ratio between the axial 

stress and the corresponding axial strain.  

 Ez =
σz
εz

=  
12𝐸𝐸𝑚𝑚𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼
𝑏𝑏(𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝛼𝛼)3  (3.12) 
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When polygons near circle cylinder model, the equation will be near to the following value:  

 Ez =
8𝐸𝐸𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼

𝜋𝜋3
�
𝑏𝑏𝑁𝑁𝑐𝑐
𝐷𝐷
�
3

 (3.13) 

By summing the deflections in directions axial and circumferential, the two models 

stretching and flexure models could be combined to obtain a general expression. I.G. Masters and 

K.E. Evans once derived this general expression of honeycomb model [79]. Then the strain in axial 

direction caused by flexure and stretching could be accumulated and total strain would be obtained 

by summing equations (3.4) and (3.11), for example, the effective Young’s modulus is available 

for the stent. However, the stretching part has less effect on the effective properties.  

 
( ) ( )

3

ztf 2 2E  
[ ]

mb E cos
lsin lsin bcos

α
α α α

=
+

  (3.14) 

 
( ) ( )3

3

ctf 22
E  
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in

in
s
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mb E

l b cosl
α

α α α
=

+
  (3.15) 

When considering the hinge on the connection part of each unit, the length of the 

connection is set as ℎ, then the effective Young’s modulus would be as the follows based on the 

result of I.G. Masters and K.E. Evans’ general expression of honeycomb model[79] : 

 
( )

3

zm
23

E mE b cos
hl sin sin
l

α

α α
=

 + 
 

  (3.16) 

 
( )

3

cm 3E
m

hE b sin
l

lcos

α

α

 + 
 =   (3.17) 

Then considering the factors that, the connection length of each unit, the combination of 

flexure and stretching condition, updated equations for the effective Young’s modulus are derived 

as follows: 
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   (3.18) 

 
( ) ( )

3

2c 3 2s
E

in

m

e

hE b sin
l

lcos b cosl

α

α α α

 + 

+
 =   (3.19) 

The stent expands the constriction of artery vessel. Then it should have the proper rigidity 

in radial direction to keep enough blood stream pass through without damaging the artery wall. 

While the stent should be flexible enough to fit various anatomical bends. In the design of stents, 

the rigidity and flexibility would be considered carefully. For stents based on expansion method, 

balloon-expandable stents and self-expandable stents are widely studied. Considering the 

expandable stents, the longitudinal flexibility, radial stiffness and circumstantial deformation are 

analyzed here to supply advices for designing the stent structure.   

 

 Results and Discussions 

3.4.1 To Verify Theoretical Results by Numerical Models  

In this study the struts flexure model was used to determine the Young’s moduli of 

theoretical molecular structures, and compared the results with those obtained by finite element 

analysis(Figure 28, Figure 29). The simple flexure model was mainly studied to consistently 

estimate the values of E by considering the plaque formed in the artery. A similar analysis on the 

stretching force is introduced and verified as well. 

By referring the basic stent model with 16-strut in cross-section has 8 rhombus shape 

units(Figure 29). Table 3. shows the available Express stent made by Boston Scientific with similar 
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structure except that the thickness is not identical to the width of strut(0.05mm). By comparison, 

the structure of stent studied in the paper has the cross section of square. 

Table 3. Physical Parameters of Express Stent (Boston Scientific) and Reported Restenosis Rates 
ITEM Express Stent(Boston Scientific) 
Metal/Artery area ratio 27.12% 
Material 316LN Stainless steel 
Length 15 mm 
Outer diameter 3.0mm 
Strut width 0.05mm 
Strut thickness 0.15 mm 
No. of units along circumferential  8 
6-month restenosis rate 19% [FDA approval P0200009 Sept.11,2012] 
 

 Take the studied model as an example, sets of stents characterized by ranges of variation 

in the angle 𝛼𝛼, the length of strut 𝑙𝑙 and the number of circumferential cells 𝑁𝑁𝑐𝑐 are related to each 

other if the stent expended in the artery without considering the preloaded force caused by the 

bubble.  

 

Figure 28: Structure of stents with 4 rhombus units – 8 struts 

The angle between the struts and the length of strut, and the variable cross-sectional size 

of strut all impact the shear deformation of the beam members of stent, which should be 

considered. However, if the cross-sectional side length 𝑏𝑏 of all cell members was chosen to obey 
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the restriction𝑏𝑏 < 0.05𝑙𝑙  , the shear deformation of the beam members of the cells could be 

neglected and here, set constant in these analyses of stent shown in the Figure 29. 

 

Figure 29: Structure of stents with 8 rhombus units – 16 struts 
 

3.4.2 Material Models 

The metallic stents are modeled as linear elastic-plastic materials. The composite metals 

differ in degrees of strength and flexibility. Specific materials and designs could be chosen to 

create greater thrombo-resistance. Some manufacturers choose cobalt chromium as a metal that is 

more radiopaque and durable than stainless steel.  

Moreover, linear elastic material used here for modeling strut units. For each strut, it has 

unit elastic modulus and Poisson’s ratio equals to 0.3.  

Table 4. Materials Properties of Available Stents 
Material Props 316L stainless steel 

Young’s modulus 190Gpa 
Poisson ratio 0.3 
Yield stress 207Mpa 
Limit stress 515Mpa 

Limit nominal 
strain 

60% 

Validated by Auricchio et al.[2001] [85] 
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3.4.3 Result Comparison between Theoretical Model and Numerical Model 

The numerical analyses were realized by using the MSC software NASTRAN finite 

element software package. Without the shear modulus study, axial forces are enforced on one end 

of model with another end constraint in axial direction.  In order to verify the properties in the 

axial and circumferential direction, pressure is enforced to cause hoop deformation on this stent 

model. Another model is simulated for the bending case by a force loaded and guided at one end 

and fixed at the other one, like a cantilever beam. All  enforced force is within the region ( 𝜎𝜎𝐹𝐹 =

𝐹𝐹
𝐴𝐴

<< 𝜎𝜎𝑦𝑦 = 207𝑀𝑀𝑝𝑝𝑀𝑀) which less than the value in order to ensure the analyses are done in the 

elastic region. The numerical models were created to compare their global mechanical properties 

with those predicted by equations (3.8)-(3.9) and (3.12)-(3.13). In verification models, the mesh 

size impacts the numerical results dramatically. Figure 31. Shows the results of different mesh size 

which will lead to different results. Refined mesh attributes to get real value than coarse mesh. See 

Figure 30 and Figure 31, the model with TETRA10, Angle =20°, Nc = 8, the refine mesh leads to 

convergent real value and the coarse mesh caused large error in the simulation. 

Figure 31 shows the numerical results tend to a stable real value of structure properties of 

model with TETRA10, Angle =20°, Nc = 8, after mesh size is smaller than 0.02, when mesh 

size=0.0005, the result is quite identical to the one with mesh size=0.001. But in the following 

Figure 32, the graph indicates that less than 0.001mm mesh size will cause more time consuming, 

although the value had tended to the exact one but the consumed time is three times more than the 

previous setting. Therefore, in later analysis, the mesh size for such model would be set to 0.001. 
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Figure 30: Comparison of different mesh size on FEA models:  
Above: Edge length of element =0.001;  Below: Edge length of element= 0.0005 
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Figure 31: Comparison of different mesh size on FEA models: mesh from 0.1 to 0.001 
 

 

Figure 32: Comparison of consumed time for different mesh size on FEA models: Mesh from 0.1 
to 0.0005 
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As the premise of the theoretical equation derived, the beam element simulates the structure 

and in basic unit structure testing, the theoretical value is near to the numerical value. The error is 

around 1%. Hopefully, the theoretical results should be near to the real value for the whole 

structure of stent, but for the rhombus structure, the sharp connection part can’t be totally idealized 

in the modeling. Therefore, the length of the hinge which connected with each unit structure should 

be considered into the calculation equation(3.16)-(3.17). Moreover, the elastic modulus in the axial 

direction 𝐸𝐸𝑒𝑒𝑧𝑧 is determined by the value in the many conditions, mainly flexure condition, the 

stretching condition, etc. Although the axial part has relatively less effect on the structure, it also 

impacts the effective value of theoretical model. Therefore, the combination of these two 

conditions tends to near the real value(3.14)-(3.15). By varying the angle 𝛼𝛼, the length of strut 𝑙𝑙 or 

the number of circumferential cells 𝑁𝑁𝑐𝑐  are updated correspondingly. To analyze the resulting 

reaction forces on the ends and the changes in the total height 𝐻𝐻 and the cylinder diameter 𝐷𝐷 in 

FEA models help to verify the effective properties of this structure. Again, the elastic modulus in 

the circumferential direction 𝐸𝐸𝑒𝑒𝑐𝑐  and the radial compliance 𝐶𝐶  were determined by radially 

deforming the cylinder diameter with an expanding cylindrical surface, coaxial with the stents.  

For the model has Mesh =0.001, Angle =20°, Nc = 8, axial loading results for axial Young’s 

modulus:             

Table 5. Comparison of Different Derived Equations for Properties in Axial Direction 
Equations FEA (tetra) (3.12) (3.13) (3.14) (3.15) (3.18) 

𝐸𝐸𝑒𝑒𝑧𝑧 2.314e+8 3.36e+8 1.089e+8 3.315e+8 1.9817e+8 2.2773e+8 
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Figure 33: Comparison of derived equations for properties in axial direction with FEA results 
with axial loading; equation choice: 1-(3.12);2-(3.13);3-(3.14);4-(3.15);5-(3.18).  

 

Blue points in FEA axial loading represent the results of effective Young’s modulus based 

on different evaluation equations in axial direction. The results verify some important factors in 

the calculation of effective properties are necessary to be considered. Red line for FEA lists the 

FEA value which is near to the real value of the model. The numerical models follow the expected 

theoretical behavior with perfect error around 1.58%.  

In the circumferential direction, the loading enforce on the stent is illustrated in the 

Figure34.  

 

Figure 34: A slice of analysis model with internal pressure on the surface of stent[86] 
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The compared theoretical results and numerical results are shown in the Table 5 and 

Figure35. There are a large difference over 30% between theoretical results and numerical ones, 

the main consideration is related to the modeling approach. The modeling approach is to create a 

tube firstly, and then cut the hole on the tube. The assumed angle in the model is not precise to the 

actual angle(in this case, Angle =20°). In the circumferential Young’s module equations, the item 

(𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼)3 makes the equation sensitive to the modeling approach. Therefore, all of the equation for 

the circumference properties did not match with the numerical results. 

Table 6. Comparison of Different Derived Equations for Properties in Circumferential Direction 
Equations FEA(tetra) (3.8) (3.9) (3.13) (3.16) (3.19) 

𝐸𝐸𝑐𝑐𝑧𝑧 4.9357e+7 6.875e+6 2.2296e+6 6.8733e+6 1.1655e+7 1.165e+7 

 

 

Figure 35: Comparison of derived equations for properties in axial direction with FEA results 
with axial loading; equation choice: 1-(3.8);2-(3.9);3-(3.13);4-(3.14);5-(3.19). 

  
Again, if underling the bending condition, shown in the Figure 36, the FEA result has a 

little bit higher effective Young’s modulus(green points) than the value of effective Young’s 

modulus in axial direction(red line). When considering the possible situation of stent in the artery, 

the plaque generated at one point of the artery wall caused the bending effect on the stent. 
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Therefore, the properties(Young’s modulus) in the axial direction is more straightforward to 

illustrate the properties of stent than other parameters.  

 

Figure 36: Comparison FEA results with bending loading and that with uni-axial loading 
 

 Conclusion 

The diagrams of the effective Young’s moduli 𝐸𝐸𝑧𝑧  and 𝐸𝐸𝑐𝑐  in the previous conditions 

obtained for model in FE linear analyses, are represented in previous figures. Compared numerical 

analysis results with the respective values obtained from the corresponding series of analytical 

equations, those differences between the values of the various mechanical properties between the 

numerical analyses and from the analytical models, several conclusions are shown here. 

1. The length of the connection ℎ is quite sensitive to the practical model error, especially 

for rhombus/diamond structure, round introduces geometric error and impacts the theoretical 

equation of effective properties. This portion includes the connectors linking struts together at 

nodes and restrictions on the slots cut into the tube from manufacturing limitations; 

2. In circumferential direction, the evaluation can’t get the ideal verification even if the 

connection part and the stretching condition effect are considered. 
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3. Using polygon instead of circle in cylinder cross-section causes more larger error. 

Then, when the number of circumferential units didn’t reach a large value, the theoretical 

evaluation is unreliable, the error is over 30%. The approach is not a way to estimate the properties 

of the circumferential structure. 

4. The Young’s modulus in axial direction is reliable (error less than 2%) and reflects the 

property of the bending condition of the whole stent.  

The mechanical properties of stent based on the rhombus structure were calculated by 

means of analytical and numerical approaches, respectively. Numerical models were used to 

analyze the response of these structures under various and complex loading condition. Then, these 

theoretical equations of the effective Young’s module can be used to predict the deformation 

configuration of stent under specific loading condition according to different input material 

parameters. It is a way to simplify the stent structure and modify the geometric parameters to 

satisfy the requirement of stent functionality before modeling the complex structure in the 

numerical simulation. 

The study verifiecd the influence of the geometric parameters defining the stent and predict 

the effective properties of the structures designed which contributes to the design the structure 

with requirement. 
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CHAPTER 4  

COMPUTATIONAL APPROACH TO STUDY NON-LINEAR DEFORMATION OF STENT 

MECHANICS 

 Objective 

The previous chapter3 linear analysis gives an evaluated properties of the structure 

(Young’s modulus in two directions). Actually, real situation are too complicated and lead to the 

simulations with contact points, nonlinear geometry, large deformation, sample buckling, stent 

bending, and stress-strain nonlinearity. The main purpose of chapter 4 is to employ FEM for the 

evaluation of the impact of expending stent. Under internal pressure, the characteristics nonlinear 

behavior of the stent, the results show the plastic location on the stent and the stress locates in the 

elastic limit, the stent will recover its initial configuration after removal of the compressive load. 

The maximum equivalent stress is shown to occur at the 4.5 millimeter expansion diameter.  

 

 Introduction of Expandable Stents 

Stents with tubular cellular structures develop in numerous cell shapes and sizes and in 

balloon-expandable and self-expanding varieties. The above-mentioned chapter provide a way for 

the identification and characterization of the stent behavior in linear analysis. However, there is 

still a need for more advanced and efficient models that consider the highly nonlinear behavior of 

the stent in the artery and further research on the complexity of their contact interaction. 

Characteristics, such as fore shortening, elastic recoil and dog-boning of balloon-expandable stents 

have been studied in finite element analysis with modeling and experimental verification of 

expansion mechanism of stent[87]. Here, stent expansion can be analyzed assuming struts within 

a stent expand at a constant rate via a plastic hinge mechanism. For each single hinge-strut unit, 
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the beam theory continuously contributes to the understanding of the complex and nonlinear 

inflation of expandable stent, and the finite element model could estimate and reproduce the 

characteristics crimp and inflation mechanism.  

Most finite element models simulate pressure applied to the inner surface of the stent and 

are validated through in vitro expansion of stents. Unit structure analysis sometimes reflects the 

deformation of the whole stents and the entire stent simulations predict expansion deflection and 

stress/strain as well. Again, stent geometry optimization studies have shown the benefits of 

decreased stress concentration and elongate fatigue period. As the potential small cracks or 

contaminants contained in most materials, lead to the stress concentrate and therefore, the real 

fracture stress(limit stress) is lower than the theoretical value.  Amount of stent designs and 

complicated computational modeling techniques arouse more attention to comparative 

methodologies for various stent designs. Among them, the fundamental understanding of the stent 

unit structure expansion mechanisms and following structure optimization will get optimal stent 

design.  

The 3-4.5mm inflation of the cylindrical stent in arteries are subjected to significant 

mechanical loads and appears nonlinear characteristics. Geometric nonlinearities and material 

nonlinearities are considered in the analysis for stents. The three-dimensional finite element model 

is used to simulate the stent inflation characteristics. An empty and collapsed balloon on a guide 

wire, known as a balloon catheter, is passed into the narrowed locations and then inflated to a fixed 

size using water pressures some 75 to 500 times normal blood pressure[88].  Most normal healthy 

arteries yield an average hoop stress of approximately 100 KPa. This value again appears to hold 

over a wide range of conditions in many animal species[30]. By simulating the structure, the 
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maximum stress could be evaluated as a result of stent inflation to an inside diameter of up to 4.5 

millimeters.  

 

 Approach on Expansion Mechanisms of Expandable Stents in the Artery 

The non-linear FE model is based on the stents in chapter 3. Features of stent need 

geometry corrections in terms of a plastic hinge at each connection joint.  The potions include the 

connectors linking struts together at nodes and restrictions on the slots cut into the tube from 

manufacturing limitations.  Stent expansion is analyzed assuming struts within a stent expand at a 

constant rate via a plastic hinge mechanism. Then the strut unit can be the analytical model and 

illustrated as the following Figure 37.  

This model of expansion considers a bending stent strut as pairs of cantilevers loaded by a 

point force at the connection part, applied perpendicular to the initial cantilever position. During 

the expansion procedure, the sixteen struts in a circle grow along the sphere and viewed as bending 

struts[81]. The circumferentially connecting parts which deformed without bending. Then the stent 

expands 𝛿𝛿𝑧𝑧 in the axial direction and 𝛿𝛿𝑐𝑐 in the circumferential direction. Furthermore, the plastic 

hinge in the struts at the connection region, labelled on the joint, for the bending analysis, this part 

of struts represent radius of curvature 𝑟𝑟 and the deformation of the length of strut 𝑙𝑙′ in the plastic 

region. 

The stent was originally positioned outside the artery and then translated in the axial 

direction such that the stent and artery midpoints along that direction coincided[81]. The pressure 

was then reduced to systole and subsequently to diastole. Then, the vessel was then inflated by 

applying a pressure of 225 mmHg(30 kPa). This pressure dilated the artery enough such that the 

10% oversized stent could be “implanted.”  As a reference, furthermore, the Law of Laplace 
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estimates the circumferential wall stress to an unstented artery with identical geometric dimensions 

as approximately 83 kPa at diastolic pressure[89]. The value serves as a general reference  

guideline for evaluation of the extremely high non-physiologic, stent also induced stress values 

placed on the artery wall. 

 

Figure 37: Nonlinear analysis(inflating stent with balloon) for stent with rhombus structure 
considering the connection part of model. (a) idealized analytical model in non-linear analyses. 

(b) part curvature of plasticity region due to the expansion forces[81]. 
   
 

The analysis of the stent inflation involves a model with large deformations and large 

strains. Therefore, nonlinear material properties need to be considered to accurately describe the 

deformation process. The Lagrangian or material method describes that the material associated 

with an element remains associated with the element throughout the analysis, and material cannot 

flow across element boundaries. In the alternative Eulerian or spatial description, elements are 

fixed in space as the material flows through them. Eulerian methods are used commonly in fluid 

mechanics simulations. Nastran, Marc or Abaqus are all based on Lagrangian or material 

description.  The numerical method uses Gaussian quadrature to integrate various quantities over 



56 

the volume of each element. Again, the material response at each integration point in each element, 

here, full integration is chosen.  

During the nonlinear analysis, the total Lagrangian and the updated Lagrangian method are 

considered with respect to the un-deformed configuration. In this case, the inflation of the stent is 

modeled using an elastic-plastic material model, inelastic strains, which cause large deformations.  

Solution of nonlinear equations, 𝑅𝑅𝑡𝑡+∆𝑡𝑡  is externally applied loads, 𝐹𝐹𝑡𝑡+∆𝑡𝑡  is nodal point 

forces corresponding to internal element stresses [90]. 

𝑅𝑅 − 𝑡𝑡+∆𝑡𝑡 𝐹𝐹𝑡𝑡+∆𝑡𝑡 = 0                                                      (4.1) 

In the iteration, 𝑙𝑙 = 1,2,3, …  𝑘𝑘0𝑡𝑡  means the stiffness matrix of the structure at initial state, 

∆𝑢𝑢 is the displacement.  

𝑘𝑘 ∙0
𝑡𝑡 ∆𝑢𝑢 = 𝑅𝑅 − 𝑡𝑡+∆𝑡𝑡 𝐹𝐹(𝑖𝑖+1)

0
𝑡𝑡+∆𝑡𝑡                                    (4.2) 

At convergence, we satisfy the compatibility, stress-strain law and equilibrium of nodal 

point and local force and get the following equilibrium equation.  

𝑅𝑅 = 𝑡𝑡+∆𝑡𝑡 𝐹𝐹0𝑡𝑡+∆𝑡𝑡  

Therefore, the updated Lagrangian method is used in the frame due to the inelastic 

deformations, and the stress and strain calculations are based upon true (Cauchy) stress and true 

(logarithmic) strain measures. As mentioned introducation part of this chapter, the equivalent 

stress and equivalent strain are used as quantities to the analyzed values.  

The analysis of a biomedical stent with a 3.0 mm nominal inside diameter design is 

performed for stent with rhombus structure unit by using MSC.NASTRAN nonlinear finite 

element analysis(implicit solution) (MSC. Software. Nastran, CA, USA).  Geometric 

nonlinearities and material nonlinearities are considered in the analysis for stents. The three-

dimensional finite element model is used to simulate the stent inflation characteristics. The aim of 
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the analysis is to evaluate the maximum stress as a result of stent inflation to an inside diameter 

more than 3.0 mm and crimped to an outside diameter in order to be placed into the cather. 

Concomitantly, computational methods were used to quantify the relations of mechanical loads 

and equivalent stress when stents place on the artery.  

 

 Results and Discussions 

The numerical analyses were carried out using the MSC software NASTRAN finite 

element software package implicit solver SOL 400. The rhombus structure designs are reduced to 

half of their original size using one planes of transverse symmetry. Meshing is done with quadratic 

10-noded tetrahedral elements(TETRA10). Approximate global sizes and chose mesh size=0.001 

with five or six elements across the strut width. The material of stents is 316L stainless steel. 

Boundary conditions are applied to its ends and cut faces. One end fixed all axial displacement 

and the line along the total length of stent constrains displacement in transverse direction. The 

other end is free.  

Mesh parameter of model and material properties are listed in the following Table 6.  

Table 7.  Model Properties and Mesh Properties 
Edge length of element  Element Type  Number of elements  Number of nodes 

  0.001 TETRA10       35777  100113            
Geometrical parameters             Angle =20°  

 
Nc = 8  

316L stainless steel    
Young’s modulus 190Gpa   

Poisson ratio 0.3 
Yield stress   207Mpa 
Limit stress   515Mpa 

Limit nominal strain   60% 
Material properties Validated by Auricchio [85] 
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Subsequent to implant into the artery, assuming the stent is inflated to a maximum inside 

diameter by enforcing pressure 83 kPa and attained to the diameter of 4.5mm.  Typically, inflation 

of the stent may be performed using direct pressure applied to inside diameter of the stent or 

manually expanding the stent through prescribed boundary conditions. Then referencing from the 

available literatures to enforce the precise pressures to expand the stent, the maximum stress in 

stent and deformed diameter are available to predict the structure configurations. Alternatively, 

inflation of the stent can also be performed by pressurization of an elastomeric balloon material 

inserted inside the tube.  Following the balloon inflated, the stent diameter expands with each struts 

open. The expandable stage(green configuration) the stent is released and allowed to spring back 

to a ‘free’ state(blue configuration) as shown in top view Figures 38 and Figure 39. Equivalent 

stress shown on the contour of model is around 498MPa under more than 50% expanding (from 

3.0mm to 4.5mm).  

 

Figure 38: Initial stent inflating configuration(3.0mm) to inflated configuration(4.5mm) 
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Figure 39: Initial stent inflating configuration(blue) to inflated configuration(green). 
 

In the following figure 40, the contour of expanding configuration illustrated the maximum 

equivalent stress value of the structure, is around 498MPa. The plastic region(yellow and green 

color shown) right locates near the hinge joint part, which is discussed in the analytical approach.  

 

Figure 40: Stent inflating configuration, the maximum equivalent stress(yellow/red color 
location) occurs in the plastic region which consistent with analytical model  
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According to relative clinic report, the artery is subject to a high degree of mechanical force 

and deformation, which can increase the potential for complications related to permanent metal 

stents. These complications include stent fracture, persistent inflammation and in-stent 

restenosis[91].  

During stent implanted in the artery, assuming the finite element stent model is compressed 

by using direct pressure applied to outside diameter of the stent or manually compressed the stent 

through prescribed boundary conditions. Subsequent to the compressed stage(green configuration) 

the stent is released and allowed to spring back to a ‘free’ state(blue configuration) as shown in 

Figures 41. Equivalent stress shown on the contour of model is around 407MPa under 30% 

compressed pressure(from 3.0mm to 2.1mm).  

 

Figure 41: Initial stent inflating configuration(blue) to compressed configuration(green).  
 

The descripted situation can be explained as the compression case in following Figure 42, 

which shows possible mechanical force and deformed configurations in the artery.  
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Figure 42: Mechanical force and deformed configurations in the artery [91] 
 

 Conclusion  

In nonlinear analysis, the stress-strain data and ultimate strength are given using the 

engineering stress-strain measure. Therefore, the equivalent stress and equivalent strain are the 

important quantities to the analysis values in order to relate true stress and true strain measures to 

their respective engineering stresses and strains under multi-axis stress state.  

Prior to the inflation simulation, the compression portion of the analysis was completed to 

determine the residual stresses induced in the stent when crimped, the stent was compressed from 

the manufactured diameter of 0.071 inches to 0.038 inches(1.8103 millimeters to 0.9652 

millimeters).  With the external pressure(model) or rigid body cylindrical cather surface(practical 

application), compression of the stent causes uniform radial deformation. So contacts between the 

cather and the stent, rigid body surfaces and self contact between struts are considered to be a 

future topic in the research.  

It is noticed that the dominant change of loading appears to cause an increase tensile load 

in connection part. The stress is primarily caused and determined in terms of bending as the struts 

open and straighten out when stent is inflated. The maximum equivalent stress is shown to occur 
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at the 4.5 millimeter expansion diameter.  Approximate equivalent engineering stress values 

calculated using equation (4.3), where  εt= true strain and εe = engineering strain 

 ( )exp 1e tε ε= −    (4.3) 

The true-stress value are typically larger than the respective engineering stress measure, 

which is commonly used with material test data. This must be considered when comparison of 

maximum stress results reported herein are to be made with engineering test data. Generally, the 

experimental data from a uniaxial tension test is expressed in terms of true stress vs. true strain, 

not engineering stress or strain. However, it is very difficult to relate the true stress measure to the 

respective engineering stress when a structure is subject to a three dimensional stress state as is the 

case for the stent inflation.  In order to compare the results reported herein with material test, the 

true stress quantities can be converted to an approximate engineering stress.  See Figure 43. The 

engineering stress-strain curve and using the estimated engineering strain value to estimate stress. 

Compared with the available stress-strain relationship graph(Figure 43) of AISI 316L stainless 

steel under monotonic load[92], the stress-strain relationship is shown in the Figure 44.  

 

Figure 43:  Stress-strain relationship of AISI 316L stainless steel under monotonic load[92] 
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Figure 44: Stress-strain relationship of 316L stainless steel 
 

The maximum stress values were found to occur in localized regions of the stent. These 

regions were generally found along the inner radii of each of the ‘corner’ links connecting each 

of the longitudinal struts. Stress values throughout the whole stent were typically much lower.  

The peak engineering stress values(498MPa) were found to be less than the material ultimate 

strength (limit stress 515Mpa), indicating a safe stent design throughout expansion range. 

As shown in the graph, the stress in each of the radius sections exceeded the elastic 

material limit (207MPa), after removing compression loading, plastic (permanent) 

deformation was caused.  If stress not exceeded the elastic limit, the stent will recover its initial 

configuration after compressive load disappeared. 
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CHAPTER 5  

FUTURE WORK AND CONCLUSION 

 Conclusion Summary of Research Analysis 

The mechanical properties of stent based on the rhombus structure were determined by 

means of analytical and numerical approaches. Numerical models were used to analyze the 

response of these structures under various and complex loading condition. The study identified the 

influence of the geometric parameters defining the stent on the phenomenon and predict that the 

adoption of structures appropriately designed can contribute to requirement functionalities of 

stents. 

A successful analysis was completed for the inflation simulation of expansion of the stent 

with 84kPa.  The maximum stress in the stent was found to occur in very localized regions at the 

small radii on the inside of the ‘connector’ of the stent longitudinal members. The maximum stress 

is primarily a result of in-plane bending or opening of the struts during stent inflation.  The peak 

values diminished significantly away from the small radii and along the stent struts. The maximum 

expansion stress was found to occur at the 4.5 millimeter diameter. 

Despite the implantation of vascular stent brings tremendous success, these medical 

devices also lead to some accumulated pathobiologic side-effects, such as excessive neointimal 

hyperplasia can result in the formation of a new blockage (restenosis). Relative researches based 

on clinical data conclude that stent design is a key factor in the development of restenosis. In 

addition, computational studies indicate that the biomechanical environment is strongly dependent 

on the geometrical configuration of the stent, and possibly involved in the development of 

restenosis. 
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Amount of stent designs and complicated of computational modeling techniques excites 

the researches for comparative methodologies for various stent geometry design. A fundamental 

understanding of the mechanics on the unit shape involving compress/inflate mechanisms and their 

modeling analysis definitely attribute to optimize stent designs. Combined clinical performance 

reports with FEA software to simulate the real physical situation, using refined numerical studies 

more complicated situations, such as stent-artery, stent-flow interactions will be the purpose in our 

future tasks.  

The computational model employed to quantitatively characterize the hemodynamic 

conditions under simulated blood flow conditions in a an idealized model of artery. It will progress 

the potential application of computational blood flow simulations to stent implantation. 

 

 Future Work 

The next step of this study will be to analyze stent mechanical behavior under artery and 

blood flow effect. This part allow us to develop future models that will easily match suitable stent 

configuration with the type of the patient diseases.  

 

5.2.1 Objective  

The major topic addressed in this chapter is to develop a computational fluid model(non-

Newtonian) effects on the steady flow through an arterial segment using the well-developed blood 

constitutive equation. Non-Newtonian flow computations is carried out to examine the modeling 

effects in terms of the wall pressure and wall shear stress. It leads to further integration of the 

construction of models , solution of the governing equations and extraction of relevant information 

for intractable blood flow in an ideal artery. This part allow us to develop future models that will 
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easily match suitable stent configuration with the type of the patient diseases. The models will be 

applicable to personalized and improved patient care that will save many lives annually. 

 

5.2.2 Introduction of Blood Flow in an Artery System 

The arteries transporting blood maintain overall homeostasis of the circulatory system. 

Under normal conditions, arteries adapt to changes in blood flow and blood pressure. However, 

under certain circumstances, the arteries are unable to respond to the imposed forces and the 

adaptive and healing processes fail. Therefore, accurate characterization of artery geometry and 

blood flow is vital to understand the pathogenesis of atherosclerosis.  

In order to understand the normal and pathologic behavior of vascular system, detailed 

knowledge of blood flow and the response of blood vessels is required. Clinically relevant plaque 

deposits are most common in areas of complex flow in the coronary, carotid, abdominal, and 

femoral arteries[93]. Three dimensional computer reconstructions based on medical imaging are 

now ubiquitous, some manufacturers obtain accurate stent geometry by segmenting nano/micro-

CT images, and then transform micro-CT data and reconstruct them in 3D model(Mimics 

Innovation Suite). Some automated re-mesh technology  is becoming instrumental in providing all 

necessary dimensions of the 3D structure to create approximate parametric models. The complex 

circumstance of the artery is hard to be comprehensively quantified by characterized parameters. 

However, understanding the features of healthy artery, and the rules of the blood flowing the vessel 

wall is primary to the future interactive analysis with implanted stent. Idealized vascular models 

and analyses combining accurate rheological models of blood and constitutive relations and mass 

transport properties for blood vessels prevail in current research. The extracted physical data from 

http://biomedical.materialise.com/cases/node/598
http://biomedical.materialise.com/cases/node/598
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the cross-sectional image of blood vessel helps simulate and predict the interaction among stent, 

blood and artery wall.  

Generally, detailed experimental investigations into the mechanics of blood flow in the 

vascular system contributes to the understanding of vascular disease and long-term consequences 

of surgical repair. However, the complete field variations of variables(pressure, velocity and 

viscous stress) are infeasible to obtain, performing the experiments and extracting quantitative 

flow data is often a time consuming and expensive process; it is impractical to use working fluids 

with the same complex rheological characteristics as blood, or models with the same mechanical 

and transport properties as blood vessels; Moreover, the quantitative information extracted from 

the experimental flow studies is usually limited to a small number of velocity profiles or pressure 

measurements. Therefore, numerical analyses is widely performed whereby arteries have been 

approximated as branched channels to understand vascular hemodynamics [94, 95].  

 

5.2.3 Preliminary Data of Study 

Study introduction: As preliminary results we have obtained IVUS images from 

UTSouthwestern hospital for patient with the following conditions: 

73 years old male 

Prior smoker. Quit in 1991. Had been a smoker since age 13 smoking 3 packs per day at 

his highest use;  family history of atherosclerosis and chest pain.  

Two vessel coronary artery disease, patent (i.e. open) left internal mammary artery to mid-

left anterior descending artery and patent right coronary stents. Successful percutaneous 

intervention of saphenous vein graft to obtuse  marginal artery with overlapping drug-eluting stents 

x 4. 
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Figure 45  is a three-dimensional model developed from IVUS image using Dr. Horne’s 

code, which simulates the blood flow in this section of artery. 

 

Figure 45: Three-dimensional model developed from IVUS image 
 

5.2.4 Modeling of Case Blood Flow 

The rheological behavior of blood can be quantified by non-Newtonian viscosity. Haldar 

illustrated that the rheology of blood and the fluid dynamical properties of blood flow are the key 

factors in the basic understanding, diagnosis, and treatment of many cardiovascular and arterial 

diseases[96]. In general, the computational blood flow model is three-dimensional and transient 

flow in deforming blood vessels. Newtonian fluid viscosity is always constant against the shear 

rate. By comparison, non-Newtonian fluid viscosity changes depending on the shear rate.  Mir 

Golam Rabby demonstrates the relationship between blood viscosity and the shear rate for 

Newtonian and four different non-Newtonian models (Figure 46)[97]. Correspondingly, the 

Newtonian and other non-Newtonian models are illustrated in the following table 6.  
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Figure 46: Relations between the shear rate and the apparent blood viscosity for the different 
models[97]. 

 
Table 8.  Non-Newtonian Models with Given Molecular Viscosity of Blood[97] 
Model Effective viscosity  
Newtonian                                     𝜇𝜇 = 3.45 × 10−3𝑃𝑃𝑀𝑀 ∙ 𝑐𝑐       

 
�̇�𝛾 shear rate,   𝜇𝜇∞ constant viscosity (Newtonian fluid) 

Carreau 𝜇𝜇(|�̇�𝛾|) = 𝜇𝜇∞ + (𝜇𝜇0 − 𝜇𝜇∞)[1 + (𝜆𝜆�̇�𝛾)2](𝑛𝑛−1)/2 
𝜇𝜇0 = 0.056𝑃𝑃𝑀𝑀 ∙ 𝑐𝑐  viscosity at zero shear rate 
𝜆𝜆 = 3.131 time constant,  𝑙𝑙 = 0.3568 power law index 

Cross 
𝜇𝜇(|�̇�𝛾|) = 𝜇𝜇∞ +

(𝜇𝜇0 − 𝜇𝜇∞)
[1 + (�̇�𝛾/𝛾𝛾𝑐𝑐)𝑛𝑛] 

𝜇𝜇0 = 0.0364𝑃𝑃𝑀𝑀 ∙ 𝑐𝑐  viscosity at very low shear rate 
𝛾𝛾𝑐𝑐 = 2.63𝑐𝑐−1 shear stress in the center line,  𝑙𝑙 = 1.45 

Modified Casson 
𝜇𝜇(|�̇�𝛾|) = �𝜂𝜂𝑐𝑐 +

�𝜏𝜏0
√𝜆𝜆 + ��̇�𝛾

 

𝜂𝜂𝑐𝑐 = 3.45 × 10−3 ,   𝜆𝜆 = 3.131 
𝜏𝜏0 = 2.1 × 10−2𝑐𝑐−1 ,  𝑙𝑙 = 1.45 

Quemada 
𝜇𝜇(|�̇�𝛾|) = 𝜇𝜇𝑝𝑝(1−

1
2
𝑘𝑘0 + 𝑘𝑘∞�|�̇�𝛾|/𝛾𝛾𝑐𝑐

1 + �|�̇�𝛾|/𝛾𝛾𝑐𝑐
𝜙𝜙)−2 

𝜇𝜇𝑝𝑝 = 1.2 × 10−3,  𝛾𝛾𝑐𝑐 = 1.88𝑐𝑐−1, 𝑘𝑘∞ = 2.07, 𝑘𝑘0 = 4.33, 
𝜙𝜙 = 0.45 for haematorcrit 

(Mir Golam Rabby)    
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Generally, Reynolds number 300 is set for the incompressible, homogeneous and 

sinusoidal pulsatile flow. As an approximation, the artery wall is viewed as rigid body and blood 

is regarded as non-Newtonian fluids for the flow field computation. Features of Carreau flow 

shows a zero-shear plateau at low rates and a power-law region at high rates[97] : 

𝜇𝜇(|�̇�𝛾|) = 𝜇𝜇∞ + (𝜇𝜇0 − 𝜇𝜇∞)[1 + (𝜆𝜆�̇�𝛾)2](𝑛𝑛−1)/2   (5.1) 

The model describes pseudoplastic flow with asymptotic viscosities at zero 𝜇𝜇0 (Newtonian) 

and infinite 𝜇𝜇∞(𝑙𝑙 < 1 non-Newtonian) shear rates and with no yield stress; 𝜆𝜆 is a constant with 

units of time , after 𝜆𝜆 = 1/�̇�𝛾, non-Newtonian behavior is important;  𝑙𝑙 = 0.3568 is power law 

index as a measure of the deviation of the fluid form Newtonian(𝑙𝑙 = 1, Newtonnian fluid; 𝑙𝑙 > 1, 

shear-thicking(dilatant fluid); 𝑙𝑙 < 1 , shear-thinning(pseudo-plastics)) (Ewoldt). The rate-of-

deformation tensor 𝐷𝐷� and the shear rate �̇�𝛾: 

𝐷𝐷� = 1
2
�𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗
� (5.2) 

�̇�𝛾 = �2𝐷𝐷�:𝐷𝐷� (5.3) 

The shear stress can be simply written in terms of a non-Newtonian viscosity 𝜇𝜇(�̇�𝛾): 

𝜏𝜏 = 𝜇𝜇(�̇�𝛾)𝐷𝐷  (5.4) 

In Carreau model, considering 𝑢𝑢 = 0, 𝑣𝑣 = 0, velocity won’t change, 𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

= 0, 𝜕𝜕𝑣𝑣
𝜕𝜕𝑦𝑦

= 0, 𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧

= 0. 

Then, the momentum balance equation, 

𝜌𝜌 𝜕𝜕𝑣𝑣�⃗
𝜕𝜕𝑡𝑡

+ 𝜌𝜌(�⃗�𝑣 ∙ ∇)�⃗�𝑣  = −∇𝑃𝑃 + ∇ ∙ 𝜏𝜏 (5.5) 
X direction momentum, 

 𝜌𝜌𝑢𝑢
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑣𝑣
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝑃𝑃
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕
� 

Y direction momentum, 

𝜌𝜌𝑢𝑢 
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑣𝑣 
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝑃𝑃
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕
� 
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Z direction momentum,  

𝜌𝜌𝑢𝑢 
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑣𝑣 
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝑃𝑃
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕
� +  

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕
� 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧
≠ 0. Then, equation is simplified as: 

𝜕𝜕𝑃𝑃
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕
� +  

𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕
� 

�̇�𝛾 = ��𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥
�
2

+ �𝜕𝜕𝜕𝜕
𝜕𝜕𝑦𝑦
�
2

                                    (5.6) 

 

5.2.5 Code Implementation 

To compute the blood flow through two ends constricted artery, the solver is implemented 

to solve sequentially the momentum balance equation. The coupling between velocity and pressure 

drop is achieved through algorithm.  

Analyze the continuity control volume as following Figure 47 in following discretized 

domain,  

                                            

 
Figure 47: Segment of blood model field(cross-section of the artery) as the control volume of 

studied flow. 
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For the two-dimensional model, the viscosity at the control volume faces could be 

evaluated precisely by setting the grid points and draw control volume faces between neighboring 

points, See figure 48. Generally, the viscosity at n point can be interpolated as equation (5.7): 

 
Figure 48: Finite volume cell with neighbor points in the control volume 

 

𝜇𝜇𝑛𝑛 =
2𝜇𝜇𝑁𝑁 ∙ 𝜇𝜇𝜕𝜕
𝜇𝜇𝑁𝑁 + 𝜇𝜇𝜕𝜕

 (5.7) 

Then the average velocity and the shear stress be derived in the control volume: 

𝑤𝑤� =
∫ 𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣

∫ 𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣

           𝐹𝐹𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑟𝑟 = �𝜇𝜇
𝑤𝑤𝑤𝑤
𝑤𝑤𝑙𝑙�

 𝑤𝑤𝑙𝑙          𝑙𝑙� = 𝑙𝑙, 𝑐𝑐,𝑤𝑤, 𝑒𝑒 

 

(5.8) 

The viscosity versus shear rate relationship as predicted by the rheological equations of blood 

based on the parametric values given in the following table7.  

Table 9. Parametric Values for Non-Newtonian Constitute Equations  
Parameters Values 
  
Power law index in Carreau model(n)  0.344 
Zero shear rate limit(𝜇𝜇0) 0.0456Pa.s 
Infinite shear rate limit(𝜇𝜇∞)  0.0032Pa.s 
Relaxation time constant(𝜆𝜆) 10.03s 

 
Ideal mean velocity of blood  0.35 m/s 
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 Summary  

In carreau model for pseudo-plastic blood flow, or incompressible Newtonian fluids, the 

shear stress is proportional to the rate-of-deformation tensor 𝐷𝐷�; For non-Newtonian fluids, the 

shear stress can similarly be written in terms of a non-Newtonian viscosity 𝜇𝜇(𝛾𝛾)̇. 

Figure49 illustrated the velocity distribution of the blood flow in a cross-section and the 

maximum velocity at the centerline of the artery in the contour is around 0.685 m/s (Figure 49. 

(a)). Correspondingly, the viscosity in the artery is shown in Figure 49.(b).  In the non-Newtonian 

blood flow, viscosity is not  independent of flow at all flow velocities.  

As illustrated in the Figure 50, the calculator points to the stable converged pressure 

gradient value around 1.5 kPa/m to correspond to the mean velocity nearly 35cm/s(0.35m/s) set in 

the Table 8. 

 
Figure 49: (a). Velocity distribution of the blood flow in a cross-section; (b).Viscosity 

distribution of the blood flow in a cross-section 
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Figure 50: Comparison of the mean velocity and pressure gradient iteration as the iteration 
tending to a value and program converged 

 

The apparent viscosity of blood decreases as the flow rate is increased. The greater the 

flow, the greater the rate that one lamina of blood shears against an adjacent lamina. The greater 

tendency for accumulator in the axial laminae at higher flow rates is partly responsible for this 

non-Newtonian behavior. However, it is possible that at very slow flow rates, the suspended cells 

tend to form aggregates, which increases blood viscosity. As flow is increased, this aggregation 

decreases, and so does the viscosity of blood. 

In later research, the computational model employed to quantitatively characterize the 

hemodynamic conditions under simulated blood flow conditions in a an idealized model of artery. 

It will progress the potential application of computational blood flow simulations to stent 

implantation.  
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