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Abstract 

Title: Mechanical and Material Properties of Nitinol and its Application to Stents 

Author: Ariana Solis Eichler 

Major Advisor: Ted A. Conway, Ph.D. 

 

           Nitinol is a functional material with superelastic and shape memory 

properties derived from its unique molecular structure. The purpose of this thesis is 

to explore how the material and mechanical properties of self-expanding Nitinol 

stents affects the forces applied to arterial walls during stent deployment compared 

to the traditional balloon-expanding stainless steel stents, in addition to contrasting 

thin and thick-walled pressure vessel mathematical models. Nitinol’s mechanical 

properties can be optimized for stent applications by tailoring its processing 

procedures. Nitinol stents demonstrated a reduced circumferential hoop stress on 

the vessel wall and greater factor of safety with respect to vessel rupture compared 

to the stainless steel balloon-expanding stents. Nitinol’s unique properties and 

biocompatibility has led to Nitinol being increasingly utilized for stent applications.   
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Chapter 1: Introduction 
 

 

Development of modern medical devices is backed by the advancements in 

biomaterials. Nitinol, a nickel titanium alloy, revolutionized the minimally invasive 

and endoscopic surgical sector with its unique shape memory and superelastic 

properties. Endovascular stents have evolved over the past few decades to improve 

vessel patency by providing scaffolding support of the vessel wall. Historically, 

316L stainless steel has been the material of choice in stent design [1, 2]. Stainless 

steel’s biocompatibility and high strength was thought to be an optimal material for 

stent production. However, restenosis and vessel injury became a prevalent issue. 

The deployment method of plastically deforming the stainless steel stent into place 

with balloon inflation appeared to be the main culprit of the complications. 

Nitinol’s novel functional aptitudes provide the framework for development of a 

variant of stent design. The breakthrough of Nitinol’s use in stent design is a result 

of precise control of its transformational and mechanical properties through tailored 

material processing protocols. Papers introduced the benefits of Nitinol’s material 

properties and biomechanical compatibility through the mathematical modeling of 

the applied hoop stress on vessel walls. While stainless steel stents deploy via 

balloon expansion, Nitinol stents self-expand into place through its superelastic 

properties. Self-expansion of the stent results in eliminating the need for the high 

stress of plastic deformation of the stent from balloon inflation during stent 

deployment which consequently reduces the force applied to the vessel wall. The 
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decreased stress on the vessel wall results in an increased safety profile of Nitinol 

self-expanding stents. The purpose of this paper is to review the biocompatibility 

and material properties of Nitinol and discuss how these properties influence its 

mechanical attributes including the circumferential stress on the vessel wall during 

deployment and the factor of safety with respect to vessel rupture compared to the 

traditional stainless steel balloon expanding stents.  
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Chapter 2: Foundations of Nitinol’s Unique 

Material Properties and Implementation to Stent 

Design 

 

 

Nitinol and its Discovery 

 

William J. Buehler was hired by the Naval Ordnance Laboratory (NOL) in 

June 1951 as a mechanical engineer. By July 1956, he worked his way to 

Supervisory Physical Metallurgist at NOL [3]. Buehler became involved in a 

materials project focused on developing metallic materials for the U.S. Navy 

Polaris reentry vehicle nose cone. He was assigned to determine the mechanical 

properties of current metals and alloys to be applied to computer-assisted 

calculations for the reentry conditions of the earth's atmosphere. Buehler soon 

developed an interest in developing new alloys that could outperform the existing 

metallic materials for the extreme thermal requirements of a reentry body. Focusing 

closely on intermetallic compound alloys for their simple stoichiometric 

proportions and tendency to have a high melting temperature, Buehler chose about 

sixty alloys from the newly published Constitution of Binary Alloys to investigate 

further. He quickly narrowed down his study to twelve alloys for their favorable 

attributes; one being an equiatomic nickel-titanium alloy. Although in recent years 
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there were studies on the phase changes of nickel-titanium alloys, they had not 

identified any unique material properties. Buehler focused his studies on the 

equiatomic nickel titanium alloys for its impact resistance and ductility. In 1959, he 

observed unusual and undiscovered properties of the alloy which he named 

NITINOL (Nickel Titanium Naval Ordnance Laboratory) [3]. The discovery took 

place when he and his assistant were melting Nitinol into Arc-cast bars, one at a 

time, produced an array of temperatures in the cooling bars. Buehler intentionally 

dropped the coolest bar, which was at room temperature, on the concrete floor to 

provide quick insight in damping capacity of the alloy. He was surprised to hear a 

very dull thud much like what a lead bar would make. Concerned the acoustic 

dampening was a result of microcracks that developed during the arc-casting 

process, Buehler proceeded to drop a warm bar which rang like a bell. He then 

cooled the warm bar in water. To his amazement, when he dropped the cooled bar 

it too had a damped acoustic response. Buehler concluded the acoustic damping 

change of a warmed Nitinol bar to cooled bar was a result of a major temperature 

dependent atomic structural change. Subsequent to this discovery, Buehler 

observed seemingly related unique phenomenon including recontouring surface 

shearing along planes after heating; indentations formed from microhardness 

testing where stable at room temperature but when heated they drastically reduced 

in size; and polishing revealed nitinol’s martensite crystalline structure. However, 

the element that ties together the sum of distinct temperature-dependent properties 

had not been identified.  
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During a seminar in 1961, a sample of nitinol was passed amongst the attendees to 

demonstrate the material’s fatigue-resistant property, during which one of the 

attendees who was a pipe smoker applied heat to the alloy; incredibly the bent 

shaped nitinol straightened. Nitinol’s shape-memory property was revealed [3].  

 As metallurgists continued to unravel the mysteries of Nitinol’s 

microstructure and material properties, commercial interest rose. However, due to 

high cost of processing and inconsistency in transition temperatures among batches 

of Nitinol, consumer applications lagged behind until manufacturing techniques 

improved at the end of the century [3]. Focus turned toward Nitinol’s 

superelasticity rather than the highly intricate shape memory effect for consumer 

applications. Nitinol’s superelastic qualities quickly grabbed the attention of the 

medical engineering world as the push for less invasive surgical procedures 

increased. The isothermal environment of the human body simplified many of the 

manufacturing complexities as the temperature of the body complements the 

transition characteristic of superelastic Nitinol [4]. Today Nitinol has a wide range 

of applications including medical devices, military, safety products, automobile, 

and aerospace industries.  
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Microstructural Phases in Nitinol 

 

 Nitinol (NiTi) has a near-equiatomic ratio of nickel and titanium with the 

ability of superelastic behavior and shape memory behavior [5, 6]. The unique 

atomic structure forms a three-dimensional symmetric grid that is responsible for 

nitinols capacity to exhibit a reversible solid-state transition between an austenitic 

and martensitic microstructure [7, 6]. The austenite phase, the parent phase, has a 

simple cubic B2(CsCl) crystal structure (Figure 1C). The martensite, daughter 

phase, has a monoclinic B19 crystal structure (Figure 1B) [6]. The transition 

between austenite and martensite is immediate once sufficient energy is applied 

either thermally or by inducing stress (Figure 1 & Figure 2). The martensite phase 

of Nitinol transforms upon cooling austenitic Nitinol to the martensite start 

temperature Ms (Figure 1) or by the means of stress resulting in stress induced 

martensite (SIM) (Figure 2) [8, 6, 9].  
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Figure 1: Nitinol’s shape memory thermally induced transformation [9] 

 

 

Figure 2: Nitinol’s stress induced martensite (SIM) transformation [9] 

 

 

The martensite phase is characterized by simple displacement of the atoms into a 

twinning lattice structure without breaking atomic bonds and without diffusion of 

atoms (Figure 1A) [8]. Once Nitinol reaches a temperature below its martensite 

finish temperature, Mf, it is fully martensitic and susceptible to non-plastic 

deformation (Figure 1A). If temperature exceeds the martensite deformation 

temperature Md (Figure 3), the temperature where energy from the SIM equals the 

energy for plastic deformation of the austenite phase, the critical stress needed to 

transform to the martensite phase is greater than what is required for atomic 

structural dislocation and Nitinol’s behavior becomes that of conventional 
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engineering materials with a linear elastic and plastic region until failure. The 

martensite phase can only be stress induced at temperatures between the austenite 

start temperature, Af, and Md (Figure 3) [8, 6]. 

 

 

  

Figure 3: Microstructure phase change in thermal and mechanical hysteresis [9] 

 

 

Various treatments can be applied to nitinol for enhancement of 

performance or to alter the transformation temperatures. However, the 

treatments may introduce micro-structural defects in the form of precipitates and 

dislocation introducing an energy barrier between the austenite and martensite 

transformations resulting in an intermediate rhombohedral phase (R-phase). The R-

phase is noted to have a discontinuity in the stress-strain curve and multiple 

transformation peaks seen in x-ray diffraction (XRD) as a result of small localized 
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transformation within the material inhomogeneity as a low energy alternative 

before reaching the martensite state. The R-phase transformation results in 

undesirable small recoverable strains around 0.5% [10, 11]. 

 

 

Shape-memory 

 

Nitinol’s shape-memory characteristic, to recall its original form after deformation, 

is a result of the temperature effects of its martensite and austenite phases. When 

austenitic Nitinol is cooled below its Mf temperature, it reaches the twinned 

martensitic phase (Figure 4). The atomic structure at this phase is able to 

accommodate deformation through non-plastic detwinning while preserving the 

martensite crystal structure. While in this phase, after a load has been applied, the 

twinned atomic structure accommodates into the detwinned martensite structure; 

when the load is removed, a minimal elastic recovery of approximately one percent 

results from the shift in the detwinned martensite structural arrangement (Figure 4). 

Full recovery is achieved through heating the material to above its Af temperature 

returning it to the original set shape in its austenite phase (Figure 4). This process 

of nitinol’s shape-memory phenomenon is fully reversible [8]. 
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Figure 4: Nitinol’s stress-strain-temperature relationship of its phase 

transformation state [12] 

 

 

Superelasticity 

 

Superelasticity refers to the material's ability to elastically deform when a load is 

applied to greater strains than of typical materials. As discussed, the martensite 

phase of nitinol can occur at temperatures below Ms. However, when temperatures 

range from Af to Md the martensite phase can be stress induced. When a load is 

applied to austenitic nitinol the martensite phase will result from the shear stress at 

the boundaries of the detwinned crystals from the load (Figure 2 & Figure 4). This 

transformation is visualized in a stress-strain diagram by a plateau region with low 

Young's modulus (Figure 4), and extends for strains to around 6 percent [8]. When 
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the load is removed the martensite phase becomes unstable and the material returns 

to its austenite phase. The recovery of strain in this process is fully reversible up to 

strains of nearly eleven percent as interatomic bonds remain intact. Typical 

engineering metals are only able to demonstrate elastic recovery of stains up to one 

percent.  

 

 

History and Biomedical Application of Nitinol to Stents 

 

The word “stent” was first introduced into the medical field by Charles Thomson 

Stent (1807-1885), an English dentist and inventor who developed a gutta-percha 

biomaterial used as a dental base. However, the term “stent” had origins in ancient 

times, deriving from the Middle English word “stenten”  meaning to stretch and 

related to Anglo-Norman French word “extente” meaning “to stretch, to expand” 

[13, 2]. Today, the term “stents” refer to a medical device that scaffolds or braces 

the inner passage of vessels or other luminal passage in the human body [4]. As the 

drive toward minimally invasive procedures began, stents evolved alongside the 

balloon angioplasty. The balloon angioplasty, developed in 1977 by Dr. Andreas 

Gruentzg, was an alternative to open heart surgery through the method of guiding a 

catheter with a small balloon through an artery with a blockage and then inflating 

to reopen and restore blood flow through the vessel [2]. Stent development was 
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driven for the purpose of providing a mechanical solution to restenosis and elastic 

recoil of the vessel following an angioplasty procedure [14, 4]. The first stent, a 

coronary stent, was implanted in a patient in 1986 by Jacques Puel and Ulrich 

Singwart of Toulouse, France. The later developed coronary stent, the Palmaz-

Schatz Coronary Stent was the first successfully proven stent to reduce restenosis 

and recoil after the angioplasty and was launched in 1994 [2]. The early coronary 

stents were fabricated from 316L Stainless Steel and set into place via plastic 

deformation by inflating a balloon expanding the stent against the vessel wall [4, 

2]. However, a demand for peripheral vascular and nonvascular systems rose for 

stent application and the ridged stainless-steel stents where not able to meet the 

dynamic mechanical requirements. Peripheral vascular and nonvascular stents, such 

as for the carotid arteries and superficial femoral arteries, typically have larger 

diameters and have to be able to recover from more dynamic motions and outside 

forces [2]. Stainless steel stents risk kink formations compromising blood flow. A 

more compliant, crush recoverable, self-expanding stent was needed. The Wallstent 

became available in the early 1990’s as the first self-expanding stent composed of a 

mesh of cobalt-based alloy filaments. However, there were shortcomings to the 

stent as significant length differences between its expanded and compressed form 

made precision in placement arduous. A material with innate superelasticity was 

vital for the success of peripheral vascular and nonvascular stents. The superelastic 

properties of Nitinol were found to be suitable for the mechanical requirements of 

the stents. In addition, Nitinol was highly biocompatible, akin to stainless steel. 
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However, Nitinol was not in a favorable form to be utilized in stents until the mid-

1990s when the process of laser cutting developed for stainless steel stents was then 

able to be transferred for nitinol stents. The Nitinol Memotherm stent was released 

in 1997 and the Nitinol SMART stent was released in 1998. Today, Nitinol stents 

constitute about 60% of the endovascular stent market [2]. 

 

 

Self-expanding Nitinol vs. Balloon-expanding Stainless Steel 

Stent Deployment  

 

 Stent placement often follows a balloon angioplasty to decrease recoil and 

restenosis of the vessel [4]. Stents are classified by their modality of deployment as 

either balloon-expanding or self-expanding. Balloon-expanding stents are 

manufactured in a crimped state around a balloon that inflates to expand the stent 

via plastic deformation to the required diameter. Self-expanding stents are designed 

to have an outer diameter slightly greater than the vessel wall and then compressed 

into a small diameter delivery system. When the placement site is reached the stent 

is released and expands autonomously against the vessel wall [1].  

Balloon-expanding stents resist the expansion process (recoil), whereas self-

expanding stents aid in vessel expansion. The balloon-expanding stents have a 
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reduction in diameter immediate after deflation of the balloon, referred to as the 

acute recoil, whereas self-expanding stents do not recoil subsequent to placement. 

In fact, self-expanding stents apply a continuous outward force producing a 

negative chronic recoil resulting in remodeling of the vessel. Self-expanding stents 

often migrate into the smooth-muscle layer of the vessel two to four weeks after 

placement, providing support from within the vessel. On the other hand, balloon-

expanding stents remain near the lumen and can result in hyperplasia and vessel 

constriction. Both types of stents do not have a long-term effect on thrombus 

formation as the endothelium grows very quickly over both stainless steel and 

Nitinol [1].  

Historically, balloon-expanding stents have greater placement accuracy 

compared to the early self-expanding stents due to issues in foreshortening with 

expansion or springing forward when deployed [4, 1]. Current self-expanding stent 

delivery systems are approximately as accurate as balloon-expansion methods. 

Some self-expanding stents incorporate a balloon for increased accuracy in 

placement; these balloons are much thinner and lower pressure than the balloons 

used for balloon-expanding stents. Conversely, balloon-expanding stents 

historically have had problems with the stent dislodging from the balloon it was 

crimped onto when being delivered, whereas self-expanding stents are entirely 

housed in the delivery catheter and present no risk of dislodging. Improvements to 

the balloon-stent adherence has been addressed and today poses little risk [1].  
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The decision whether to have pre-dilation of the vessel via balloon 

angioplasty is dependent on the lesion severity and the type of stent intended to be 

implanted. There are cases where balloon expanding stents can be directly placed, 

without pre-dilation, with the outward pressure of stent deployment being sufficient 

for restoring patency of the vessel [1]. Self-expanding stents have higher 

compliance and lower stiffness and often require pre- or post-dilation for calcified 

lesion or rely on the chronic outward growth of the stent to induce positive 

remodeling and achieve lumen patency over time [15, 1]. It is important to note that 

the tortuous vessel anatomy is susceptible to damage from the higher-pressure 

balloons used in stent placement from temporarily forcing the vessel straight 

leading to high bending stress and may even dislodge plaque from vessel walls [1, 

4].  
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Chapter 3: Tailoring Nitinol Material Properties  

 

 

Thermal Processing Effects on Microstructure and Phase  

 

Thermal processing of Nitinol is often used to tailor the mechanical 

properties for optimal performance for the application of use. The deformation 

processing of hot worked and cold worked Nitinol and aging treatments of Nitinol 

are well known to result in nucleation and the formation of Ti3Ni4 precipitates. 

These precipitates have been observed to influence transformation temperatures by 

acting as barriers to dislocation motion and introducing strain fields. In addition, 

the internal stress resulting from the precipitates stabilize the R-phase by forming 

an energy barrier between the austinite to martensite transformation states resulting 

in a two-stage transformation [11, 16]. It is vital to understand the effects of 

thermal processing on transformation behavior and mechanical behavior of Nitinol 

to achieve the precise requirements for successful biomedical application of 

Nitinol.  

A study performed by C.P. Frick et al. utilized a commercial polycrystalline 

Nitinol with Ti-50.9at.%Ni. Nitinol specimens included hot-rolled, cold-drawn, and 

heat treated(aged) at 350, 450, 550, and 600°C. Transmission electron microscopy 

(TEM) was taken of the hot-rolled and cold-drawn samples with the range of heat 
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treatments in the B2 austenite phase (Figure 5).  There is a clear difference between 

the overall treatment groups of hot-rolled and cold-drawn. The cold-drawn Nitinol 

has visibly increase density of dislocations compared to the hot-rolled Nitinol. The 

deformation process of nitinol has been well documented to result in dislocations 

[11, 16]. However, it is well known for processing temperatures above 600°C will 

result in recrystallization of Nitinol diminishing precipitates in addition to 

dislocation annihilation [11]. Considering hot-rolled Nitinol is processed at high 

temperatures, above 600°C, it is not unexpected to see that the cold-drawn samples 

have more dislocations. Consequently, the as-hot-rolled TEM image has very little 

to no precipitate and dislocations (Figure 5H-a). In addition, the hot-rolled 600°C-

aged sample appears to be almost identical to the as-hot-rolled sample with no 

dislocations and little precipitate (Figure 5Ha&Hb). The cold-drawn 600°C-aged 

Nitinol sample has drastically reduced dislocations compared to the as-cold-drawn 

sample, again demonstrating the recrystallization of Nitinol when processed at 

600°C. For the heat treatments of 350, 450, and 550 of both the hot-roll and cold-

drawn Nitinol there appears to be an increase in precipitate formation and 

dislocations (Figure 5H-b, H-c, H-d, C-b, C-c, & C-d). 
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Figure 5: TEM micrographs of thermally processed Nitinol [11]  

 H: hot-rolled Nitinol: (a) as-hot-rolled, (b) aged at 350°C, (c) aged at 450°C, (d) 

aged at 550°C, (e) aged at 600°C. and C: cold-drawn Nitinol: (a) as-cold-drawn, 

(b) aged at 350°C, (c) aged at 450°C, (d) aged at 550°C, (e) aged at 600°C 

 

 

Differential scanning calorimeter (DSC) is used to measure the heat flow of 

the Nitinol samples. The peaks in the graph indicate heat being released from the 

sample via conformational energy from molecular rearrangement into lower energy 

crystalline structure (austinite) and correspondingly the dips in the graph indicate 

heat being absorbed resulting in a higher energy structure (martensite). Note how 

(H) (C) 
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the as-hot-rolled (Figure 6H-a) and hot-rolled 600°C aged samples (Figure 6H-g) 

are alike in shape and both have direct transformation martensite to austinite with 

heating and austinite to martensite transformation with cooling. This aligns with the 

TEM image that illustrated absence of dislocations and precipitates in both samples 

thus, direct transformation is anticipated. The hot-rolled 300, 350, 400, 450, 550°C 

heat treated samples all introduced a R-phase multi-step transformation (Figure 6H-

b, H-c, H-d, H-e, H-f). This finding coincides with the TEM images with the 

formation of precipitates that introduce small distortions in the material resulting in 

a lower energy state that acts as a barrier to direct martensite to austinite 

transformation. The as-cold-drawn sample DSD graph is absent of any peaks, 

indicating no transformation occurred. The TEM as-cold-drawn image appears to 

have significant dislocations. The processing of the cold-drawn Nitinol may have 

introduced too much plastic deformation for molecular backing for transformations 

to occur. Previous studies have demonstrated absence of phase transformations in 

heavily worked Nitinol [11]. Interestingly, phase transformation is reintroduced 

with more defined peak at each increase in heat treatment after being cold-

drawn(Figure 6C).  The cold-drawn 450°C aged sample (Figure 6C-c) DSD 

appears almost identical to the hot-rolled 450°C aged sample (Figure 6H-c). 

Although the TEM images of cold-drawn 450°C aged sample(Figure 5C-c)  and 

hot-rolled 450°C aged sample (Figure 5H-c) appear distinctly different with the 

cold drawn having higher density of dislocations, implying the precipitate, 

produced from heat treatment, density is the key component of R-phase 
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introduction. The cold-drawn 600°C aged sample DSD (Figure 6C-e) reverts back 

to direct transformation martensite to austinite without an R-phase similar to the 

hot-rolled 600°C-aged sample (Figure 6H-e). As discussed previously, heat 

treatments at 600°C is known to cause precipitate dissolution and reduce 

dislocation [11]. Examining the TEM image of the cold-drawn 600°C-aged sample 

(Figure 5C-e) compared to the TEM of the hot-rolled 600°C-aged sample (Figure 

5H-e) they have similar precipitate but the cold-drawn 600°C-aged sample retains 

low density dislocations. The presence of low density dislocation may account for 

the increased shift in transformation temperature of the cold-drawn 600°C-aged 

sample compared to the hot-rolled 600°C-aged sample (Figure 6C-e & H-e). 
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Figure 6. DSD graphs of thermally processed Nitinol [11]  

H: hot-rolled Nitinol: (a) as-hot-rolled, (b) aged at 350°C, (c) aged at 450°C, (d) 

aged at 550°C, (e) aged at 600°C. and C: cold-drawn Nitinol: (a) as-cold-drawn, 

(b) aged at 350°C, (c) aged at 450°C, (d) aged at 550°C, (e) aged at 600°C [11] 

 

 

The effects of processing Nitinol via hot-rolling, cold-drawing, and 

subsequent heat treatments results in alteration of crystallin structures by 

introducing or removing precipitates and dislocation, in addition to effecting the 

transformation states of the material is evident. Utilizing the treatment processes, a 

variation in the material characteristics of Nitinol can be selected. For example, 

heat-treating nitinol between 300-550°C introduces the R-phase [10]. One may 

choose to treat Nitinol to stabilize this phase for its very narrow thermal and stress 

hysteresis loop. The R-phase also has higher fatigue resistance in thermal cycling 

(H) (C) 



22 
 

than the martensite phase. In addition, the R-phase demonstrates high functional 

fatigue resistance during superelastic cycling [10]. These unique characteristics of 

the R-phase can be applicable for many devices.  

 

 

Tailoring Af for Stent Design 

 

 For the biomedical application of Nitinol in stents it is vital for Nitinol to be 

processed with a specific Af temperature. Recall, the Af temperature is the 

temperature at which, when no stress is applied, the martensite state is completely 

transformed to austenite [6, 8]. Increasing the Af temperature through thermal 

processing lowers the stress required for SIM to occur [8]. Attention for Nitinol 

stent application is drawn to the difference in temperature of the human body and 

Af temperature, as the variations will dictate the stiffness of the stent. Every degree 

Celsius the Af is below body temperature, Nitinol’s tensile loading and unloading 

stress will increase by about 4 N/mm [17]. Figure 7 illustrates Nitinol’s temperature 

dependency on its mechanical performance for the unloading-loading-unloading 

cycle at three different temperatures [17]. Therefore, identifying and controlling the 

Af temperature, through thermal processing, is one of the most critical tasks in 

Nitinol stent design.  
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Figure 7: Nitinol stent’s deployment hoop force temperature dependency [17]  

The hoop forces measured of a 10 mm diameter Nitinol self-expanding stent during 

deployment; the expansion is suspended and then compressed 1 mm to demonstrate 

the biased stiffness; the stent is then unloaded following the hysteresis path and 

returns to its original diameter [17] 

 

 

 A study conducted by Drexel et al. explored the effects of cold work and 

heat treatment on the Af of Nitinol following the standard test methods in 

accordance with ASTM F2082-0. They utilized Ti-50.8at%Ni nitinol with 30% 

cold work with subsequent heat treatments given in Table 1. 

 

 

Table 1: Heat treatment conditions [16] 

Temperature (°C) Time (min.) 

300, 350,400, 450, 500, 525, 550 2, 5, 10, 20, 60, 180 
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Bend and free recover (BFR) testing illustrates the transformation properties 

of the material. The Af is determined by the point where displacement ends on the 

curve (Figure 8). [16]. The BFR curves demonstrate an increase in Af at each heat 

treatment time duration increases. This trend can be correlated to the formation of 

Ni-rich precipitates forming during the heat treatments; as discussed earlier the 

precipitate concentrations increase during heat treatments until 600°C where 

Nitinol recrystallizes. The slope in the BFR curves appear to increase with 

increased temperature of heat treatments along with flatter plateau in the end 

recovery of the curve (Figure 8). A more rapid change in displacements, larger 

slope, indicated a faster austenite-martensite transformation [16]. Recalling the R-

phase which is introduced by irregularities in the microstructure is known to hinder 

the direct transformation austenite to martensite, acting as a barrier to dislocation 

motion and forming strain fields, accounts for the increased slope. The R-phase is 

more stable at lower heat treatment temperatures compared to the higher 

temperatures where the stress fields resulting from dislocations from cold-working 

the material are released. The R-phase has been documented to be stabilized with 

cold working in previous studies [10, 16, 11]  
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Figure 8: Bend & free recover (BFR) curves for 30% cold-worked Nitinol heat 

treated at a) 350°C, b) 450°C, and c) 550°C  [16] 

 

 

 There is a distinguishing pattern of the Af increasing with each increase in 

heat treatment duration (Figure 8). Reasoning the increase in time duration of the 

heat treatments results in more Ni4Ti3 precipitate formation consequently 

decreasing the Ni concentration of the matrix strengthening the alloy thus, 

increasing the Af. Interestingly, the Af appears significantly lower for the 550°C 

heat treatments with duration 2-20 minutes (Figure 8c).  High temperatures result in 

greater concentrations of Ni4Ti3 precipitate. However, when the material 

approaches temperatures of 600°C, dissolution of Ni4Ti3 precipitate begins. At the 

(a) (b) 

(c) 
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start of the Ni4Ti3 precipitate dissolution, there is an increase in Ni in the matrix. 

The increase in Ni has been identified as a component that lowers the Af [16]. The 

sudden increase in Af temperature would suggest a new precipitate is being 

introduced into the material. Studies have identified Ni3Ti2 and Ni3Ti precipitate 

formation to occur after Ni4Ti3 precipitate dissolution [11, 16]. The Ni3Ti2 and 

Ni3Ti precipitates uptake of Ni and restructure Nitinol’s matrix restores an elevated 

Af. 

 The summary of Af trends subsequent to the various heat treatments shows 

that the 400°C treatment with duration under 60 minutes is superior in increasing 

the Af (Figure 9).The 450°C heat treatment follows close behind in effectiveness of 

increasing the Af. Maximum Ni4Ti3 precipitate density has been found to occur 

around 400-450°C [16].  Therefore, the maximum Ni4Ti3 precipitation density 

results in the highest Af temperatures for short heat treatments. The heat treatment 

of 550°C is notably distinct from the others. As discussed previously the initial low 

Af is a result of  Ni4Ti3 precipitation dissolution [11, 16]. The highest Af 

temperature being that of the long duration 550°C heat treatment is a result of the 

development of new Ni3Ti2 and Ni3Ti precipitate.  
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Figure 9: Summary of the varying Af from corresponidng heat treatment 

temperature [16] 

 

 

 Tailoring the Af is critical when designing a stent as not only the Af  must 

be below body temperature to ensure proper deployment, it must aslo be flexible 

enough for an acceptable chronic outward force. The lower the Af the greater the 

stiffness and higher the chronic outward force(COF) of the stent [17]. One method 

of applying a lower Af while retaining proper COF is by decreasing the stent 

thickness. However, this method would be detrimental to the radial resistive force 

(RRF). Today Nitinol stents are manufactured to have an Af slightly below body 

temperature in order to facilitate the greatest RRF for the greatest mechanical 

resilience [17]. Another consideration is the temperature the stent is exposed to 

during shipping, storage, or sterilization; many manufactures apply thermal 
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markers on the packaging to ensure the product is not exposed to temperatures that 

would result in damage [17].  

 

 

Heat Treatment Effect on Mechanical Properties  

 

 Drexel et al. continued to explore the mechanical properties of nitinol as 

outlined by ASTM F2516-05 to characterize the tensile properties of Ti-50.8at%Ni 

Nitinol with 30% and 50% cold work with subsequent heat treatments given in 

Table 1. The tensile test entailed loading the sample to 6% strain at a rate of 0.06 

in/min then unloaded to a stress of 5MPa, and subsequent loading to failure [16]. 

The ultimate tensile strength (UTS), the materials maximum stress it withstands 

before fracture, of as-drawn (without heat treatment) 30% and 50% cold-worked 

Nitinol was found to be 1450 and 1900 MPa respectively [16]. Drexel et al. noted 

the as-cold-worked Nitinol samples lacked a flag-shaped hysteresis curve expected 

in superelastic materials. However, Drexel et al. observed a re-introduction of the 

hysteresis curve after a heat treatment of 300°C in as little as two minutes (Figure 

10). Recalling the induced high dislocation density of cold-worked Nitinol 

imbedding large strain field within the material correlates to increased hardness 

values in Nitinol [11] appears to negate the SIM transformation. The absence of 

transformation of as-cold-worked Nitinol was also seen in the DSD graph (Figure 6 
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C-a). The slope of the 50% cold-work has a greater slope for both the upper plateau 

stress (UPS), the stress at 3% strain loading, and lower plateau stress (LPS), the 

stress at 2.5% strain subsequent to 6% strain loading, along with a higher UTS 

(Figure 10) implying 50% cold-worked Nitinol has greater dislocation density.  

 

 

 

Figure 10: Stress-strain curves comparison of tensile testing 30% and 50% cold-

worked Nitiniol [16] 

 

 

The UTS increases with heat treatment temperature range from 300-450°C 

in the 30% cold-worked Nitinol and the higher temperature heat treatments 

decreases the UTS (Figure 11 a). It is expected that precipitate formation from heat 

treatments will result in forming barriers to dislocation motion and introduce 

multistage transformation with an R-phase that increase the strength of the material 
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and thus increase the UTS. However, the UTS of the 30% cold-work Nitinol begins 

to decline above 500°C heat treatments. In addition, the heat treatments applied to 

the 50% cold-worked Nitinol results in a decreased UTS with increasing heat 

treatment temperature (Figure 11). Heat treatments not only introduce precipitates 

but induce dislocation recovery which reduces the hardness by incrementally 

removing internal stress of the material. Drexel et al. suggest the heat treatments at 

and above 500°C for the 30% cool-worked Nitinol shift to a decreasing UTS is due 

to the superposition of annealing processes exceeding the effects of precipitate 

strengthening [16]. The absence of any UTS increase with heat treatment of the 

50% cold-worked Nitinol (Figure 11b) can be associated with its higher dislocation 

density because with greater stored energy it is more susceptible to dislocation 

annihilation of heat treatments.   

 

 

 

Figure 11: The effects of heat treatments on the UTS of 30% and 50% cold-worked 

Nitinol [16]   

(a) (b) 
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 The superposition of precipitate formation and effects of annealing resulting 

in the transition of decreasing UTS proposed by Drexel et al. is illustrated in Figure 

12. The hump in the graph at the heat treatment temperatures of 300-450°C is 

where the increase in strength of the precipitate formation is superimposed with the 

annealing effects [16]. The sudden decrease in UTS is attributed to the 

recrystallization, dislocation recovery, and precipitate dissolution as temperatures 

increase. The UTS of Nitinol in stent application is regarded as an important 

parameter, directly effecting the resistance to fatigue of the stent [8]. Identifying the 

specific processing and heat treatments to produce the intended UTS for a Nitinol 

stent application is vital for its proper functioning.  

 

 

 

Figure 12:Comparison of the UTS of 30% and 50% cold-worked Nitinol over a 

range of temperatures [16]. 
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Chapter 4: Biocompatibility 

 

 

Corrosion 

 

Human tissues can be a hostile environment for metals and alloys as tissues 

contain water, dissolved oxygen, proteins, and various ions including chloride and 

hydroxide, all elements that contribute to corrosion [18]. Therefore, all base-metals 

and alloys will corrode once implanted in the body. The amount of corrosion and 

its toxicity to the body must be evaluated to meet biocompatibility standards. 

Nitinol, a nearly equiatomic alloy, is composed of nickel and titanium. Although 

the biocompatibility of Nitinol is not dictated by the biocompatibility 

characteristics of nickel and titanium individually; it is important to acknowledge 

the effects of the individual components, as corrosion may release nickel and 

titanium ions. Titanium is a widely known biocompatible and corrosion resistant 

material which oxidizes to a stable titanium oxide (TiO2) surface layer. Nickel, 

however, in high concentrations has toxic effects which may result in cellular 

damage, allergic reactions, or development of malignant neoplasms. Pure nickel 

implants have been shown to cause tissue irritation and tissue necrosis [19]. 

Although the exact carcinogenic process of nickel is not known, it is believed to be 

the result of the formation of nickel sulfide (Ni3S2). However. nickel containing 
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implants often have nickel chloride (NiCl) and nickel oxide (NiO) formation in the 

body, whereas the carcinogenic compound, nickel sulfide, is not prevalent. Ni3S2 

formation has been more frequently associated with implanted nickel cobalt-

chromium alloys, small presence in stainless steel, but no formation in titanium 

alloys [19]. Nickel is the most common cause of allergic contact dermatitis. When 

nickel is in  contact with skin tissue, the nickel ions may escape from the metal and 

then may link to a carrier protein which carries the Nickel ion to an antigen 

presenting cell, the Langerhans cell, in the skin which may recognize the nickel as 

foreign and then presents this nickel ion to a T cell which then starts an 

inflammatory cascade [19]. Fortunately, there are T suppressor cells which put a 

brake on this inflammatory reaction. These T suppressor cells are more prevalent in 

the gut which allows most people to consume foods which may contain nickel 

without developing reactions to nickel. Patients with a history of allergic contact 

dermatitis to nickel have an increased risk of complications if given a prosthesis 

containing nickel. It is theorized that suppressor T cells may also be present in 

proximity to where nickel containing prostethes are placed and help reduce but not 

eliminate the risk of rejection of the protesthes [19]. Therefore, the nickel contained 

in implanted Nitinol stents has very low risk of adverse effects. 

 Biomaterials often rely on a passive oxide layer to shield from corrosion 

when implanted into human tissue. Nitinol forms a passive titanium oxide layer and 

stainless steel forms a passive chromium oxide layer. The effectiveness of the oxide 

layer can be improved via surface treatments, including, electropolishing or 
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passivation in acid solution, by homogenizing the thickness topography and 

compositions of the surface [20]. Venugopalan & Trepanier preformed 

potentiodynamic polarization testing on electropolished Nitinol and 316L stainless 

steel under static conditions in de-aerated Hank’s solution at 37°C. Hank’s solution 

is an inorganic salt and glucose solution with pH and osmolarity that simulates the 

physiologic environment. By observing the materials charge-transfer process in 

conjunction with a controlled electrochemical disturbance provides insight about 

the corrosion of a metal. Corrosion potential (Ecorr) indicates the stability of the 

surface condition; low variation in samples Ecorr values indicates consistent surface 

processing [18]. The Ecorr value is extrapolated from where the current density 

decreased to a critical point indicating the passive oxide layer has formed (Figure 

13) [21]. The Ecorr of Nitinol is more active than the stainless steel. Therefore, 

Nitinol has greater surface stability (Table 2). The current density (Icorr) measured 

in ampere/cm2 and corrosion rate (CR) mm/year reflect the amount of material lost 

during the corrosion process: the higher the Icorr and resultant calculated CR the 

greater the material loss. There was no significant difference between Nitinol and 

stainless steel CR(Table 2). Breakdown potential (Ebd) measures the region where 

the passive oxide layer is stable and able to resist corrosion; higher positive value 

of Ebd suggests a larger area of corrosion resistance. Ebd is found corresponding to 

the extrapolation of the transition point between the passive and trans passive (rise 

in curve due to localized corrosion) regions (Figure 13). The Ebd of Nitinol was 

found to be about three times greater than stainless steel (Table 2 & Figure 13) 
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[18]. The Ebd is a critical design consideration to sustain the passive oxide layer of 

the material which is the main contributor to inhibiting corrosion. Note how Nitinol 

demonstrated immediate repassivation of the surface layer while stainless steel 

demonstrated hysteresis (Figure 13). The hysteresis of stainless steel correlates to 

greater passive oxide layer disruption along with greater difficulty of restoration of 

the damaged oxide layer [21].  In summary, the electropolished Nitinol in static 

conditions demonstrated greater resistance to deterioration of its passive titanium 

oxide surface layer, greater duration of resistance to surface breakdown, and better 

repassivation of surface layer damage compared to stainless steel.  

 

 

Figure 13: Cyclic polarization curve of Nitinol and stainless steel [18] 
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Table 2: Potentiodynamic polarization test results [18] 

 

 

Corrosion resistance of Nitinol and stainless steel for the application of 

stents requires the consideration of effects that stress and stain may have on the 

protective oxide layer during implantation. Stainless steel balloon-expandable 

stents are designed for more than 25% strain during implantation and self-

expanding Nitinol stents deform to 8% strain when compressed into the delivery 

system [20]. In addition, the physiological strain applied to Nitinol stents after 

implantation ranges 1-2% strain [20]. Trepanier and Pelton used electropolished 

SE-508 Nitinol and passivated 316L stainless steel wires to evaluate the effects of 0 

to 10% strain on corrosion. Potentiodynamic polarization corrosion testing was 

performed in Hank’s physiological solution for the materials subject to different 

strain levels (Figure 14) [20]. Nitinol’s polarization curves do not appear to be 

influenced under varying strains (Figure 14a). Stainless steel’s polarization curves 

have a notable decreasing shift in its breakdown potential Ebd as the strain increased 

(Figure 14b).  
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Figure 14: Polarization curve of different strain magnitudes a) Nitinol b) stainless 

steel [20] 

 

 

The corrosion parameters extrapolated from the test are summarized in 

Table 3 and Table 4. Nitinol’s corrosion parameters do not significantly vary with 

change in strain (Table 3). Therefore, Nitinol’s phase change via stress-induced 

martensite does not affect its corrosion resistance; the uniformity of its passive 

titanium oxide layer is therefore not affected by its phase. Stainless steel Ecorr and 

Icorr values are not significantly altered by the bending strain. However, the Ebd 

value is confirmed to decrease with increasing strain. The decrease in Ebd indicates 

the passive chromium oxide surface begins to break down at a lower potential. 

Thus, stainless steel becomes more susceptible to corrosion as the bending stress 

increased for this parameter. The repassivation potential, Ep, of stainless steel, 

extrapolated from the closure of the hysteresis loop indicating the regrowth of the 

passive oxide layer, was greatly variable and lacked a trend for bending strain up to 
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8% (Table 4) [20]. However, the 10% bending strain has an absence of Ep 

indicating the magnitude of the strain prevented the repassivation process of 

stainless steel. Under closer inspection, utilizing a scanning electron microscope, 

the 10% strained stainless steel has cracking of the oxide layer in addition to 

corrosion in the form of pitting (Figure 15). Nitinol’s surface appears smooth and 

shows no signs of corrosion after the potentiodynamic polarization test at 10% 

strain (Figure 15) [20]. 

 

 

Table 3: Potentiodynamic polarization test results for Nitinol [20]  

 

 

 

Table 4: Potentiodynamic polarization test results for stainless steel [20] 
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Figure 15: SEM image of right stainless steel and left Nitinol after 10% strain post-

corrosion testing [20] 

 

 

Stainless steel is not only less corrosive resistant in static conditions, its 

weaker passive oxide layer (indicated by the lower Ecorr) and slower repassivation 

process (indicated by the lower value of Ep) compared to Nitinol, also result in 

decreased corrosion resistance under strain. Nitinol appears to demonstrate greater 

corrosion resistance compared to stainless steel, an important attribute in stent 

design.  
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Hemocompatibility 

 

In cardiovascular stent application, blood compatibility is crucial to prevent 

thrombosis and restenosis of the stented vessel. Fibrinogen and albumin are 

proteins in the blood whose interactions with the stent surface determine 

thrombotic risk. Fibrinogen induces platelet activation which increases risk for 

potential formation of thrombus while albumin decreases platelet adhesion. 

Because fibrinogen that fixes to the surface of the substrate attracts platelet 

aggregation, a surface which does not lend itself to fibrinogen fixation will have 

lessened risk of thrombus formation. Amorphous TiO2 is theorized to reduce 

fibrinogen adhesion [22]. Hemocompatibility of stents relates to the thrombogenic 

occlusion and/or the restenosis rates.    

Thierry et al. investigated the thrombogenicity of Nitinol vs. stainless steel 

stents via an ex vivo AV shunt porcine model. The Nitinol stents were laser cut to 

match the geometry of the stainless steel stents. In addition, their surface roughness 

was determined to be equivalent. Although Nitinol stents are self-expanding both 

the Nitinol and stainless steel stents were deployed using a balloon catheter to 

ensure that vessel wall interaction would be similar. A scanning electron 

microscope was used to evaluate thrombus formation on the stents. Thierry et al. 

found that the Nitinol stents had significantly reduced amount of fibrinogen 

formation and less platelet adhesion compared to the stainless steel stents (Figure 
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16 & Figure 17). The Nitinol stents had 36% less fibrinogen adsorption and 63% 

less platelet deposition compared to the stainless steel stents after 15 minutes of 

perfusion (Figure 17).  

 

 

         

Figure 16: Scanning electron micrographs of thrombus adherence to stainless steel 

stents and Nitinol stents [23] 

 

 

Stainless Steel Nitinol 
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Figure 17: I-Fibrinogen adsorption and platelet deposition on Nitinol and stainless 

steel stents [23]. 

 

 

Surface composition has been correlated to thrombus formation.  Fibrinogen is 

enzymatically broken into fibrin subunits under the influence of thrombin. A 

thrombus grows as a result of polymerization of the fibrin monomers. Therefore, 

prevention of denaturing fibrinogen would help reduce thrombus formation. The 

oxidized surface of Nitinol which consists of TiO2 decreases denaturation of 

fibrinogen [23]. In addition, albumin, which decreases thrombus formation, has an 

affinity to the nickel. The presence of nickel on the surface of Nitinol also aids in 

decreasing the creation of thrombi [24]. Nitinol has favorable surface properties 

that reduce risk of thrombus formation compared to stainless steel which is critical 

as the initial period after stent placement the stent’s surface is exposed to blood and 

at risk of thrombus formation until the lumen has time to epithelialize the stent. 
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Biomechanical Compatibility 

 

Stainless steel and other metals used in biomedical implantations are more 

rigid than the surrounding tissues. Nitinol is highly compliant which improves its 

biomechanical compatibility. Nitinol’s stress-strain hysteresis superimposes with 

biologic materials (Figure 18) [7]; its comparable stress strain response to tissue is 

beneficial for implants as it decreases the stress on the surrounding tissues resulting 

in reduced irritation [4]. On the other hand, the deployment of a rigid stainless steel 

stent in a vessel, which is inherently tortuous, forces the vessel into a straight 

confirmation which applies bending stress on the vessel wall. This stress creates 

irritation and inflammation which can result in neointimal hyperplasia and 

restenosis.  
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Figure 18: Stress-strain diagram for steel, Nitinol, and living tissue [7]  

 

 

 Sheth et al. compared the relationship between vascular injury from Nitinol 

and 316L stainless steel stents causing thrombosis in rabbit carotid arteries. Their 

study found that the carotid blood flow was significantly decreased in the stainless 

steel stents compared to the Nitinol stents. They showed there was significantly 

more thrombus material formed in the stainless steel stents (Figure 19). Pathologic 

evaluation of the tissue after stent removal showed evidence of stent mediated 

vascular injury. The stainless steel stents had more extensive stent strut penetration 

injury and medial necrosis. The mechanics of stent deployment is suspected to be 

key to vessel wall damage. The stainless steel stents deploy asymmetrically where 

the struts are seen to plastically deform in nonuniform manner whereas the Nitinol 

stents were much more symmetrically deployed (Figure 20) [25].  
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Figure 19: Scanning electron micrographs of stent surfaces [25] 

 A & B, Nitinol stent after 4 days implantation at x20 & x1000 magnification, D & 

D, Nitinol stent after 14 days implantation at x20 & x1000 magnification, E & F, 

stainless steel stent after 4 days implantation x20 & x1000 magnification  

 

 

Figure 20: Comparison of stent strut expansion uniformity [25]  

A, Stainless steel stent explanted after 4 days, B & C Nitinol stent explanted after 4 

and 14 days respectively 
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To achieve full deployment of a stainless steel stent, a balloon is inflated for 

high-pressure dilation to plastically deform the stent into place [23]. The stainless 

steel stent used in the study was designed for the ends to flare outwards during 

expansion decreasing the internal stress of the stent applied by the balloon. The 

outward ends of the stent are intended to penetrate the vessel wall to secure the 

stent in place. Any irregularities or defects within the stent results in non-uniform 

expansion [25]. The combination of the high-pressure dilation and vessel trauma 

due to the stainless steel stent are attributed to inducing the ‘healing cascade’ 

resulting in thrombosis and restenosis. On the other hand, Nitinol stents in the 

martensite state are extremely ductile and can undergo deformation of up to 8% 

strain with minimal increase in stress [8]. Thus, minimal pressure is required from 

the balloon to expand the Nitinol stent into secure placement. The expanding stress 

requirement is so low that, if there were any defects in the struts of the stent, the 

applied stress of the stent would not result in the uniform deformation as seen by 

the stainless stent [25]. In addition, Nitinol’s uniquely high strain hardening 

increases resistance to dislocation motion in the martensitic nitinol stent results in 

lower peak stresses and strains causing a uniform plastic deformation [4]. The low 

pressure uniform deployment of Nitinol stents is credited to reduce vessel injury 

and decrease thrombus formation in comparison with stainless steel stents. 
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Chapter 5: Analytical Modeling of Stent Mechanics 

 

 

Hoop Stress 

 

 When designing a stent, must to take into consideration the various sources 

of loads a blood vessel undergoes both in the process of stent deployment and 

physiological stresses. The pressure applied to a vessel can be evaluated with hoop 

or circumferential loading, measured in the direction perpendicular to the radial and 

axial stress. In general, the internal wall stress varies at different points. The 

method of analyzing the circumferential loading of vessels due to pressure can be 

modeled as a thick-walled or thin-walled vessel. The thin-walled model assumes 

the difference in the radial distribution of the circumferential stress is minute and 

can be sufficiently represented by the mean value of the stress whereas the thick-

wall models the stress varies significantly between the inside and outside surfaces 

resulting in a non-uniform stress field (Figure 21). The rule of thumb for 

determining whether to use a thick vs. thin wall model is if the ratio of the wall 

thickness to internal radius is less than or equal to 0.1 then it is valid to assume 

having approximately uniform stress across the wall thickness and use the thin-wall 

model [26].  
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Figure 21:Pressure vessel radial distribution of circumferential(hoop) stress [26] 

 

 

Thin-Walled Pressure Vessel 

 

As mentioned previously for a thin-walled pressure vessel, the non-uniform 

stress field can be simplified to the mean value of stress when the ratio of the 

deformed wall thickness h and the radius a is less 0.1 or less (Figure 22) [26]. 
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Figure 22: Thin-wall pressure vessel [26] 

 

 

The force balance of a thin-walled pressure vessel in the vertical direction 

encompasses the sum of the internal uniform vertical pressure Pv acting on the 

differential areas dA balanced by the hoop stress in each differential area. The 

integral for circumferential hoop stress, σѳѳ, is multiplied by two to account for the 

two edges of the vessel [26].  

 

 

∑ 𝐹𝑣 = 0 

 

∫ 𝑃𝑣𝑑𝐴 − 2 ∫ 𝜎𝜃𝜃𝑑𝐴 = 0 

 

 

Rewriting the vertical pressure 𝑃𝑣 in terms of uniform internal pressure P by 

rearranging sin 𝜃 =
𝑃𝑣

𝑃
 to 𝑃𝑣 = 𝑃 𝑠𝑖𝑛𝜃, over the differential area 𝑎𝑑𝜃𝑑𝑧 where a is 
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the radius depicted in Figure 22. The projected area over which the pressure acts in 

the vertical direction can now be written as ∬ 𝑠𝑖𝑛𝜃𝑎𝑑𝜃𝑑𝑧 [26]. This results in the 

equilibrium: 

 

 

∬ 𝑃 𝑠𝑖𝑛𝜃 𝑎 𝑑𝜃𝑑𝑧 − 2 ∬ 𝜎𝜃𝜃𝑑𝑟𝑑𝑧 = 0 

 

 

The internal pressure P and hoop stress are constant with uniform distribution, they 

can be taken out of the integrals. 

 

 

𝑃𝑎 ∫ ∫ sin 𝜃
𝜋

0

𝑙

0

𝑑𝜃𝑑𝑧 = 2𝜎𝜃𝜃 ∫ ∫ 𝑑𝑟𝑑𝑧
ℎ

0

𝑙

0

 

 

 

Solving for 𝜎𝜃𝜃 , 

 

 

𝑃𝑎 ∫ [−𝑐𝑜𝑠𝜃]𝜃=0
𝜃=𝜋

𝑙

0

𝑑𝑧 = 2𝜎𝜃𝜃 ∫ [𝑟]𝑟=0
𝑟=ℎ𝑑𝑧

𝑙

0

 

 

 

𝑃𝑎 ∫ 2
𝑙

0

𝑑𝑧 = 2𝜎𝜃𝜃 ∫ ℎ𝑑𝑧
𝑙

0

 

 

𝑃(2𝑎)(𝑙) = 2𝜎𝜃𝜃(ℎ)(𝑙) 

 

𝜎𝜃𝜃 =
𝑃𝑎

ℎ
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The hoop or circumferential (Cauchy) stress in a thin-walled pressurized cylinder 

vessel is considered a universal solution as it is independent of material properties.  

 The hoop stress found for the thin-walled vessel model is the approximate 

mean value of the stress distribution across the vessel wall therefore, the radial 

stress too will be approximated as a mean value. The boundary conditions for the 

radial stress 𝜎𝑟𝑟 in a vessel wall is -P at the inner surface and 0 at the outer surface. 

The mean value for the radial stress can be estimated as followed, 

 

 

𝜎𝑟𝑟 =̃  
−𝑃 + 0

2
 

 

𝜎𝑟𝑟 =̃−
𝑃

2
 

 

 

The radial stress will inherently be smaller than hoop stress for thin-walled vessels 

because of the requirement for thin-walled pressure vessel models to have a radius 

to wall thickness ratio of 0.1 or less. This assumption would mean 
𝑎

ℎ
≫ 1 and result 

in a lager hoop stress numerically. Consequently, radial stress is not often evaluated 

as it is not the orientation of maximum stress [26]. When stents are deployed, 

geometric shortening in the z-axis can occur. This alteration in length is undesirable 

as it can result in inaccurate stent placement and apply an initial extension force to 

the vessel [17]. To find the axial stress of an open-ended pressure vessel, where the 

axial force is applied through the centroid of the cylinder, limiting the force to only 

induce extension of the vessel, the equilibrium equation is written as, 
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−𝑓 + ∫ ∫ 𝜎𝑧𝑧𝑟𝑑𝑟𝑑𝜃
𝑎+ℎ

𝑎

= 0
2𝜋

0

 

 

 

Once again assuming 𝜎𝑧𝑧 to be a constant mean value of the stress applied across 

the vessel wall, 𝜎𝑧𝑧 is taken out of the integral and simplified to solve for 𝜎𝑧𝑧. 

 

 

𝜎𝑧𝑧 ∫
1

2
[𝑟2]𝑟=𝑎

𝑟=𝑎+ℎ𝑑𝜃 = 𝑓
2𝜋

0

 

 

𝜎𝑧𝑧 [2𝜋((𝑎 + ℎ)2 − 𝑎2) (
1

2
)] = 𝑓 

 

𝜎𝑧𝑧 =
𝑓 

𝜋(2𝑎ℎ + ℎ2)
 

 

𝜎𝑧𝑧 =̃
𝑓 

2𝜋𝑎ℎ
 

 

 

This equation measures the pressure-induced axial stress on an open-ended thin 

wall vessel. Note since ℎ ≪ 𝑎 the cross-sectional area A which 𝑓 acts on is 

𝐴 =̃ 2𝜋𝑎ℎ which reflects the axial loading of a load through a cross-section area. 

There is no component of pressure in the axial direction in an open-ended vessel. 

When an end of a cylindrical model is closed the internal pressure acts normal to 

the surfaces resulting in an axial load as well. To establish the component of stress 

in the axial direction, the equilibrium equation for the sum of forces in the z-
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direction is set as the sum of the internal pressure acting on the differential areas dA 

equated with the sum of stresses 𝜎𝑧𝑧 on their respective differential area. 

 

 

∑ 𝐹𝑧 = 0 

 

∫ 𝜎𝑧𝑧𝑑𝐴 − ∫ 𝑃𝑑𝐴 = 0 

 

Where 𝑑𝐴 = 𝑟𝑑𝜃𝑑𝑟 

 

∬ 𝜎𝑧𝑧𝑟 𝑑𝜃𝑑𝑟 − ∬ 𝑃𝑟𝑑𝜃𝑑𝑟 = 0 

 

 

Assuming the internal pressure and axial stress are uniformly distributed they are 

taken out of the integral.   

 

𝜎𝑧𝑧 ∫ ∫ 𝑟
𝑎+ℎ

𝑎

2𝜋

0

𝑑𝑟𝑑𝜃 = 𝑃 ∫ ∫ 𝑟 𝑑𝜃𝑑𝑟
𝑎

0

2𝜋

0

 

 

𝜎𝑧𝑧 ∫
1

2
[(𝑎 + ℎ)2 − 𝑎2]𝑑𝜃

2𝜋

0

= 𝑃 ∫
1

2
𝑎2𝑑𝜃

2𝜋

0

 

 

𝜎𝑧𝑧 {
1

2
[(𝑎 + ℎ)2 − 𝑎2]} (2𝜋) = 𝑃 (

1

2
𝑎2) (2𝜋) 

  

𝜎𝑧𝑧(2𝑎ℎ + ℎ2) = 𝑃𝑎2 
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Recall ℎ ≪ 𝑎 thus, ℎ2 ≪ 2𝑎ℎ therefore ℎ2 does not contribute significantly and the 

solution for the axial stress due to internal pressure in a thin-walled closed cylinder 

is estimated 

 

 

𝜎𝑧𝑧 =
𝑃𝑎

2ℎ
 

 

 

 Now recall the hoop stress 𝜎𝜃𝜃 =
𝑃𝑎

ℎ
. To describe the hoop force, 𝐹𝜃, within 

a vessel wall applied by a stent the length of the stent, L, and the wall thickness, h, 

needs to be introduced into the argument. 

 

 

𝐹𝜃 = 𝜎𝜃𝜃ℎ𝐿 = 𝑃𝑎𝐿 

 

 

The hoop force per unit length, 𝑓𝜃  is a more applicable mode of evaluating stent 

induced force on a vessel. 

 

 

𝑓𝜃 =
𝐹𝜃

𝐿
=  𝜎𝜃𝜃ℎ = 𝑃𝑎 

 

 

For example, the pressure of blood on average ranges from P = 80 to 120 mm-Hg, 

the hoop force on an 8mm diameter vessel would range from 0.043 to 0.064 N/m. 

Note 1.33𝑥10−4  (𝑁 𝑚𝑚2)⁄ 𝑚𝑚-𝐻𝑔⁄  is the conversion from mm-Hg to 𝑁 𝑚𝑚2)⁄ . 
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𝑓𝜃@80𝑚𝑚-𝐻𝑔 = (80 𝑚𝑚 − 𝐻𝑔)[1.33𝑥10−4  (𝑁 𝑚𝑚2)⁄ 𝑚𝑚-𝐻𝑔⁄ ] (
1

2
∗ 8𝑚𝑚)

= 0.043 𝑁/𝑚  

 

𝑓𝜃@120𝑚𝑚-𝐻𝑔 = (120 𝑚𝑚 − 𝐻𝑔)[1.33𝑥10−4  (𝑁 𝑚𝑚2)⁄ 𝑚𝑚-𝐻𝑔⁄ ] (
1

2
∗ 8𝑚𝑚)

= 0.064 𝑁/𝑚 

 

 

Hoop stress, total hoop force, and internal pressure all describe the forces 

within a vessel wall. However, the hoop force per unit length 𝑓𝜃  best correlates to 

strength, or the maximum hoop load [17]. Vessel wall failure, in the mode of vessel 

rupture, occurs if the hoop stress exceeds the Ultimate Tensile Strength (UTS) of 

the vessel [17]. The unique superelastic properties of Nitinol prevent the material 

from undergoing plastic deformation due to clinically associated stresses in such 

that Nitinol stents have no hoop-strength or radial-strength limit for this 

application. Whereas stainless steel balloon-expandable stents which plasticly 

deformed during deployment of the stent results in necessity for evaluating the 

hoop & radial strength to ensure no fractures occur [17].  

 Stiffness, the elastic response to an applied load, is a key element in stent 

design as it relates to the efficiency to resistance recoil after deployment and other 

physiologic mechanical forces. The hoop stiffness 𝑘𝜃 for a stent can be defined as 

the hoop force per unit length necessary to elastically alter the diameter d [17], 
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𝑘𝜃 =
𝑓𝜃

Δ𝑑
 

 

 

Compliance is the inverse of stiffness. Vessels compliance (C0) is measured by the 

percent diameter change at a given pressure, P0, thus the hoop stiffness in terms of 

radial compliance can be found by [17], 

 

 

𝑘𝜃 =
𝑃0

2𝐶0
 

 

 

Stiffness of stents are specifically designed to control the fatigue life and to reduce 

acute recoil.  

 

 

Thick-Walled Pressure Vessel 

 

Consider an element of a thick-walled pressure vessel located at radius r, 

with an angle increment 𝑑𝜃 and radial increment 𝑑𝑟(Figure 23). 
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Figure 23: Element of thick-walled pressure vessel [27] 

 

 

Assuming uniform pressure, no shear stress and circular symmetry, the stresses 

𝜎𝜃 and 𝜎𝑟 are functions of r. The equilibrium equation follows, 

 

 

(𝜎𝑟 + 𝑑𝜎𝑟)(𝑟 + 𝑑𝑟)𝑑𝜃 − 𝜎𝑟𝑑𝜃 − 𝜎𝜃𝑑𝜃𝑑𝑟 = 0 

 

 

Eliminated second order terms results in,  

 

 
𝑑𝜎𝑟

𝑑𝑟
+

𝜎𝑟+𝜎𝜃

𝑟
 = 0 

 

 

Evaluating strain in the element, there is only radial displacement u, and no angular 

θ displacement v (Figure 24). 
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Figure 24: Deformation of an element in a thick-walled vessel [27] 

 

 

Radial strain found from the displacement of u with the elements starting radial 

length dr is, 

 

 

𝜀𝑟 =
(𝑢 + 𝑑𝑢) − 𝑢

𝑑𝑟
=

𝑑𝑢

𝑑𝑟
 

 

 

The circumferential strain refers to the tangential displacement from line ba to b’a’ 

(Figure 24). 

 

 

𝜀𝜃 =
(𝑟 + 𝑢)𝑑𝜃 − 𝑟𝑑𝜃

𝑟𝑑𝜃
=

𝑢

𝑟
 

 

 

For an opened ended vessel 𝜎𝑧 = 𝜎3 = 0 therefore, there is plane stress on the 

element. Finding the stresses using Hooke’s law, 
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𝜀𝑟 =
𝑑𝑢

𝑑𝑟
=

1

𝐸
(𝜎𝑟 − 𝑣𝜎𝜃) 

 

𝜀𝜃 =
𝑢

𝑟
=

1

𝐸
(𝜎𝜃 − 𝜎𝑟) 

 

Solving for 𝜎𝑟 and 𝜎𝜃, 

 

 

𝜎𝑟 =
𝐸

1 − 𝑣2
(

𝑑𝑢

𝑑𝑟
+ 𝑣

𝑢

𝑟
) 

 

𝜎𝜃 =
𝐸

1 − 𝑣2
(

𝑢

𝑟
+ 𝑣

𝑑𝑢

𝑑𝑟
) 

 

 

Substituting 𝜎𝑟 and 𝜎𝜃 into 
𝑑𝜎𝑟

𝑑𝑟
+

𝜎𝑟+𝜎𝜃

𝑟
 = 0 yields, 

 

 

𝑑2𝑢

𝑑𝑟2
+

1

𝑟

𝑑𝑢

𝑑𝑟
−

𝑢

𝑟2
= 0  

 

 

The differential equation has solution 𝑢 = 𝐶1𝑟 +
𝐶2

𝑟
 , substituting into the stress 

equations, 

 

 

𝜎𝑟 =
𝐸

1 − 𝑣2
 [𝐶1(1 + 𝑣) − 𝐶2 (

1 − 𝑣

𝑟2
)] 

𝜎𝜃 =
𝐸

1 − 𝑣2
 [𝐶1(1 + 𝑣) + 𝐶2 (

1 − 𝑣

𝑟2
)] 
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Note the sum of the radial and circumferential stress is constant, not dependent on 

radius, 𝜎𝑟 + 𝜎𝜃 =
2𝐸𝐶1

1−𝑣
.  Therefore, the axial strain is a constant:  

 

 

𝜀𝑧 = −
𝑣

𝐸
(𝜎𝑟 + 𝜎𝜃) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. 

 

 

Then, 𝜎𝑧 = 𝐸𝜀𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑐. 𝑅ecall for an open-ended vessel 𝐹𝑧 = 0, where 𝑟𝑖 

and 𝑟𝑜 are the inner and outer radius respectively, 

 

 

∫ 𝜎𝑧  2𝜋𝑟 𝑑𝑟
𝑟𝑜

𝑟𝑖

= 𝜋𝑐(𝑟𝑜
2 − 𝑟𝑖

2) = 0 

 

𝑐 = 𝜎𝑧 = 0 

 

 

The above confirms the assumption 𝜎𝑧 = 𝜎3 = 0 for open ended pressure vessel.   

For the boundary conditions: 𝜎𝑟(𝑟𝑖) = −𝑃𝑖 and 𝜎𝑟(𝑟𝑜) = −𝑃𝑜 ,  where 𝑃𝑖 and 

𝑃𝑜 are the inner and outer pressure respectively, the constants are, 

 

 

𝐶1 =
1 − 𝑣

𝐸
(

𝑟𝑖
2𝑃𝑖 − 𝑟𝑜

2

𝑟𝑜
2 − 𝑟𝑖

2  ) 

 

𝐶2 =
1 − 𝑣

𝐸
(

𝑟𝑖
2𝑟𝑜

2(𝑃𝑖 − 𝑃𝑜)

𝑟𝑜
2 − 𝑟𝑖

2  ) 

 

 

The following Lamé’s equations result for the stresses as a function of radius, 
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𝜎𝑟 =
𝑟𝑖

2𝑃𝑖 − 𝑟𝑜
2𝑃𝑜

(𝑟𝑜
2 − 𝑟𝑖

2)
−

(𝑃𝑖 − 𝑃𝑜)𝑟𝑖
2𝑟𝑜

2

(𝑟𝑜
2 − 𝑟𝑖

2)𝑟2
 

 

𝜎𝜃 =
𝑟𝑖

2𝑃𝑖 − 𝑟𝑜
2𝑃𝑜

(𝑟𝑜
2 − 𝑟𝑖

2)
+

(𝑃𝑖 − 𝑃𝑜)𝑟𝑖
2𝑟𝑜

2

(𝑟𝑜
2 − 𝑟𝑖

2)𝑟2
 

 

 

For a closed end vessel there is an axial component can be found with force 

equilibrium similar to the thin-walled vessel. The pressure Pi and Po acts on area 

𝜋𝑟𝑖
2 and 𝜋𝑟𝑜

2 respectively and the axial stress 𝜎𝑧 acts on the area 𝜋(𝑟𝑜
2 − 𝑟𝑖

2). 

 

 

𝜎𝑧 = (
𝑃𝑖𝑟𝑖

2 − 𝑃𝑜𝑟𝑜
2

𝑟𝑜
2 − 𝑟𝑖

2 ) 

 

 

Blood pressure is created by the left ventricle contraction and relaxation. 

The high point, called systolic blood pressure corresponds to left ventricular 

contraction in which the blood from the heart is pumped into the arterial system. 

When the left ventricle relaxes, the arterial blood pressure drops, which is referred 

to as the diastolic blood pressure. A normal systolic/diastolic pressure is 120/80 

mmHg. As the arterial blood crosses the capillary network the pressure is reduced 

to zero mmHg as it flows to the venous system. Blood returns to the heart due to 

external pressure from the musculoskeletal pump which helps move the blood 

through the venous system which has one-way valves to prevent backflow of blood. 

Arteries on the other hand, due to the high pressure are not dependent on external 
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modalities for movement of blood. Therefore, stent application for arteries can 

generally assume internal pressure only for modeling. The radial and hoop stress of 

a thick-walled pressure vessel can be simplified,  

 

 

𝜎𝑟 =
𝑟𝑖

2𝑃𝑖

(𝑟𝑜
2 − 𝑟𝑖

2)
(1 −

𝑟𝑜
2

𝑟2
) 

 

𝜎𝜃 =
𝑟𝑖

2𝑃𝑖

(𝑟𝑜
2 − 𝑟𝑖

2)
(1 +

𝑟𝑜
2

𝑟2
) 

 

 

Elastic Modulus & Biased Stiffness of Stent Deployment 

 

Engineering materials typically have linear stress strain relation upon 

loading and follow the same path when unloading occurs. The slope of this path 

depicts the materials modulus of elasticity, E, and relates to the stiffness of the 

material. Stainless steel stents have E of about 200 GPa [17]. Nitinol has a non-

constant E as a nonlinear, path-dependent and temperature dependent material. In 

comparison to stainless steel stent of the same parameter, a Nitinol stent will be at 

least three times less stiff or more compliant. The unique path dependence of 

nitinol is referred to as biased stiffness [17]. The biased stiffness of a Nitinol stent 

is depicted in Figure 25. The wide gray path is the superelastic stress-strain 

hysteresis of the Nitinol stent that has been converted to hoop force-stent diameter. 

Nitinol application to stents receive processing to tailor the material to remember 



63 
 

its shape at 37oC, approximately body temperature, in the ordered cubic crystal 

structure of the martensite phase. Point a represents the relaxed state of a Nitinol 

stent in the martensite phase with a manufactured 8 mm diameter. The stent is then 

compressed to point b into the delivery catheter. The stress applied to crimp the 

stent induces the phase transformation as the austinite molecular cubic crystal 

structure compresses to the rhomboid twin structure of the martensite phase 

accommodating for the stress without breaking any atomic bonds. When the stent is 

deployed the stored energy within the molecular arrangement of the martensite 

phase is released rebounding to the austinite phase as the stent expands from point 

b to point c to its pre-set manufactured diameter in the austinite phase. At point c 

the vessel wall counters the outward force of the stent reaching an equilibrium. The 

recoil pressure applied to the stent by the vessel is halted by the Radial Resistive 

Forces (RRF) seen in the steep loading curve, point c to d, demonstrating that the 

Nitinol stent becomes stiffer as it resists compression. Since the Nitinol stent has a 

larger diameter than the vessel, the stent applies a continuous opening force, the 

residual energy of the incomplete martensite to austinite transformation, on the 

vessel wall known as the Chronic Outward Force (COF) depicted by the path from 

point c to e. Stent designs favorably have high RRF with a low COF [17]. This 

molecular solid state transformation, below the yield point of the material, is the 

basis for the ability of the stent to be deployed elastically by self-expansion with 

minimum force on the vessel wall. 
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Figure 25: Hoop force-diameter diagram of biased stiffness of a 8 mm stent 

deployment [17] 

 

  



65 
 

Chapter 6: Modeling Thin- vs. Thick-Walled 

Vessels  

 

 

Thin-Walled vs. Thick-Walled Pressure Vessel  

 

Vessels have a range of thicknesses dependent on the location in the body 

and whether the vessel is an artery or vein. Arteries, where stenosis most 

commonly occur, have a thicker tunica media, smooth muscle layer, and therefore, 

a thicker vessel wall compared to veins. Interestingly, multiple sources utilized a 

thin-walled pressure vessel for evaluating stents and the loads experienced by the 

blood vessels [28, 17, 26].  Typically, a thin-wall model is used when the ratio of 

the internal diameter to wall thickness is less than 0.1 [26]. Identifying the 

commonly stented (with Nitinol and stainless steel stents) blood vessels and their 

average healthy vessel dimensions reveals a ratio of greater than 0.1, indicating the 

thick-walled model would be more appropriate than the thin-walled (Table 5). 

Vessel dimensions will vary amongst different ages, races, and gender. The 

dimensions used in this paper are averages determined from previous studies [29, 

30, 31]. 
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Table 5: Dimensions of commonly stented arteries and their internal diameter & 

wall thickness ratio for assessing modeling method. 

Artery Name Internal diameter 

(mm) 

Wall Thickness 

(mm) 

Ratio 

(thickness/radius) 

Iliac  7.32 [29] 1.99 [29] 0.544 

Femoral  8.87 [30] 0.74 [30] 0.167 

Renal  3.86 [29] 1.38 [29] 0.715 

Coronary 2.2 [31] 1.1 [31] 1 

Common Carotid 5.38 [29] 1.36 [29] 0.506 

 

 

  When estimating loads a blood vessel will endure, it is important for the 

mathematical model to sufficiently reflect the stresses imposed by a medical device 

to ensure its safety and effectiveness. To evaluate the significance of the 

assumption of a uniform wall-stress in the thin-walled pressure vessel model, the 

hoop stress (𝜎𝜃) of the commonly stented arteries is compared to the thick-walled 

pressure vessel model using the normal range of blood pressure 120 mmHg systolic 

and 80 mmHg diastolic (Figure 26, Figure 27). The thick-walled pressure vessel 

model is a function of radius, and the hoop stress located at the inner, outer, and 

mean radius was found. 
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Figure 26: Comparison of thin-walled and thick-walled calculated hoop Stress at 

diastolic pressure 80 mmHg of commonly stented arteries 

 

  

Figure 27: Comparison of thin-walled and thick-walled calculated hoop Stress at 

systolic pressure 120 mmHg of commonly stented arteries 
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 The thick-wall model has the greatest 𝜎𝜃 at the inner radius of the 

vessel(Figure 26, Figure 27); intuitively, since the pressure applied is internal with 

no external pressure the stress would be greatest at the interface. Stents are placed 

at the inner surface of the vessel hence, the precise stress on the inner radius of the 

vessel wall induced by rhythmic heart contraction is vital for stent design. The thin-

wall model 𝜎𝜃 significantly differs from the inner and outer radius 𝜎𝜃 of the thick-

walled model. The thin-wall model, having an under-estimate of hoop stress 

compared to the thick-wall model at the inner radius is of concern as it does not 

identify the actual allowable peek stress for stent design. However, the thin-walled 

𝜎𝜃 appears to be approximately equivalent to the thick-wall model 𝜎𝜃  at the mean 

radius of the vessels. Examining closer the difference in 𝜎𝜃, although increasing 

with increased internal pressure, is negligible as it is two orders magnitude less 

than the overall 𝜎𝜃 for the thin-wall model and thick-wall model at the mean 

radius(Figure 28). The thin-walled model may be adequate for a quick calculation 

to approximate the mean hoop stress of a vessel.  
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Figure 28: Difference in hoop stress calculated from the thin-wall pressure vessel 

model and the thick-wall pressure vessel at the mean radius for the 

systolic/diastolic pressures.  

 

 

Nitinol vs. Stainless Steel Stent Deployment Hoop Stress 

 

To explore the differences of the stent materials and how the materials 

dictate  deployment methods and affects deployment forces applied to an artery, the 

Cordis S.M.A.R.T. Nitinol Self-Expandable Stent is compared to the stainless steel 

balloon-expanding Express LD Iliac Stent System (Figure 29). Both the Cordis 

S.M.A.R.T. Nitinol Self-Expandable Stent and The Express LD Iliac Stent System 

are indicated for improving luminal diameter of atherosclerotic disease of the 

common and/or external iliac arteries [32, 33]. According to the Boston Scientific 
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Express LD Iliac Manual and the Cordis S.M.A.R.T. Nitinol stent instructions for 

use states, balloon pre-dilation by the conventional angioplasty can be performed if 

necessary but is not required for stent placement. This is relevant as balloon 

expansion risks vessel wall injury. The Express LD iliac stent is implanted using a 

wire guided catheter to reach the correct location. Once the positioning is achieved 

the stent is deployed by inflating a balloon expanding the stent thereby increasing 

vessel diameter. The nominal expansion pressure is 810.8 kPa [32]. The Cordis 

SMART Nitinol self-expandable stent is similarly positioned with the use of a 

guidewire and catheter. However, in contrast to the balloon expanding stent, once 

in position the outer sheath enclosing the crimped stent is retracted allowing the 

stored energy of the stressed induced martensite to elastically self-expand the stent 

with an outward expansion pressure of 25 kPa [33]. The hoop stress applied to the 

vessel wall during stent deployment is analyzed using the thin-wall and thick-wall 

mathematical models (Figure 29). For this analysis it is assumed that the stents 

have uniform contact and applied pressure with the inner lumen of the vessel wall. 

Once again, the inner radius hoop stress from the thick-wall model demonstrates 

the highest stress as the inner vessel surface is the interface of the applied load. 

Notably there is a significant difference in hoop stress between the two stent types. 

The stainless steel stent has a deployment hoop stress two times magnitude greater 

than that of the Nitinol stent. The contrast in hoop stress is a result of the 

deployment method; the stainless steel stent is balloon-expanded at a nominal 

pressure of 810.6 kPa [32] whereas the Nitinol stent self-expands with a 
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deployment pressure of 25 kPa [33].The balloon-expanding stent’s hoop stress is 

almost double the hoop stress applied to the iliac vessel wall than from the systolic 

blood pressure of 120 mmHg (Figure 27). High hoop stress is required to forcefully 

expand the low compliant stainless steel material by plastic deformation.  High 

hoop stress also is due to requirement of the the stainless steel stent to expand to a 

slightly larger diameter than the natural diameter of the vessel to compensate for 

recoil of the stainless steel stent and to ensure the stent is secure. Whereas the 

Nitinol stent has the advantage of utilizing its intrinsic material properties of 

superelasticity to independently expand into its preset diameter applying a low 

outward force to the vessel wall.  When the stent is deployed from the catheter the 

stress compressing the stent in its crimped form is removed and the molecular 

stored energy from the stressed induced martensite phase is elastically 

released.  Transformation to the austenite phase occurs as the nitinol stent expands 

until contact is made with the vessel wall. The force generated from the molecular 

transformation is the mechanism behind the low outward force of the stent and 

resultant lower hoop stress on the vessel wall. Recall that Nitinol stents are 

manufactured at a diameter slightly greater than the vessel diameter. Consequently, 

the transformation only approaches near completion retaining a low chronic 

outward force. Thus, the retained low chronic outward force remodels the vessel 

increasing diameter over time. This differs from the stainless steel stent’s higher 

stress which results from the balloon expansion instantaneously expanding the 

vessel diameter.  The highest stress on the vessel occurs during deployment of the 
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stent for the purpose of increasing luminal diameter. Since the Nitinol stent applies 

far less hoop stress on the vessel wall, it will decrease the likelihood of vessel wall 

damage therefore lessens the potential to cause intimal hyperplasia and restenosis 

compared to the stainless steel stent. 

 

 

  

Figure 29: Hoop stress on vessel wall during stent deployment of a self-expanding 

Nitinol stent and balloon-expanding stainless steel stent 
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Stent Deployment Factor of Safety  

 

 The rupture properties of vascular tissue are directly related to the vessel’s 

distensibility and elasticity. The individual’s genetics, vessel thickness, age, 

collagen and elastin composition, and vessel calcification are all factors that 

contribute to a wide variation in rupture pressures [34].  Due to lack of data on the 

failure (rupture) strength of the common iliac arteries, the mean failure by rupture 

stress of the aorta is used as an estimate for calculating the factor of safety of stent 

deployment. The ratio of elastin and collagen along with the fiber orientation are 

major contributors that dictate the mechanical properties of arterial tissue [34, 35]. 

A study by Schriefl et al. found the distribution of collagen fibers and orientation in 

all aortas and the common iliac arteries had the same nearly symmetrically 

arranged fibers within the layers of the vessel walls [35]. Since the iliac artery 

originates from the aortic bifurcation it is logical for the connecting vessels to have 

similar structure. In addition, as mentioned there are anatomical variation and 

multiple contributing factors that warrant estimation for general investigation.  

 Having found the circumferential stress, 𝜎𝜃 , applied to the vessel wall 

during deployment of the Nitinol S.M.A.R.T stent and the 316L stainless steel 

Express LD stent it is essential to determine their corresponding factor of safety to 

ensure the vessel wall can withstand deployment stresses. The factor of safety 

represents how much more robust the system is than required. The factor of safety 
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is the ratio of maximum strength of the system to the actual load the system was 

designed to endure.  

 

𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑆𝑎𝑓𝑒𝑡𝑦 =
𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝐿𝑜𝑎𝑑

𝐷𝑒𝑠𝑖𝑔𝑛 𝐿𝑜𝑎𝑑
=

𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠
 

 

For example, if the factor of safety is one, the system cannot withstand any 

load beyond the design load. If the factor of safety is two, the system can withstand 

up to twice the design load. Taking into consideration stents are typically placed in 

compromised arteries and the physiologic variance from person to person, a greater 

factor of safety would be ideal to reduce risk of vessel damage and rupture. Each 

person has natural anatomical variance in vessel characteristics; there does not exist 

a definitive ultimate stress before rupture. Therefore, there is a variance in the 

factor of safety with respect to vessel wall rupture for each individual. For the 

purpose of evaluating the difference in the factor of safety between the different 

pressure vessel models and the two deployment methods of a self-expanding nitinol 

stent and a stainless steel balloon-expanding stent, mean values are used to find the 

factor of safety with respect to vessel rupture although the resultant factor of safety 

is not to be considered definitive for all individuals. The mean arterial rupture 

stress of 2.2 MPa [36] was used to calculate the factor of safety from the resultant 

design deployment stresses using the thin-wall and thick wall model (Table 6). The 

Nitinol S.M.A.R.T. stent factor of safety with respect to vessel rupture is 

exceptionally high compared to the stainless steel balloon-expanding stent. The 
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high factor of safety signifies the vessel wall can withstand many times more the 

design load of the expanding stent. Therefore, the risk of failure of the vessel from 

the expansion of the Nitinol stent is lower. A Nitinol self-expanding stent relies on 

its material properties as it elastically deploys returning to its pre-set diameter, 

transforming from the martensite to austenite state. The molecular transformation’s 

stored energy to spring back to its pre-set diameter applies a low continuous 

outward force against the vessel wall and a high radial resistive force, preventing 

recoil, until the stent attains its preprogrammed diameter [4]. Since the low outward 

force is intrinsic to the material’s molecular arrangement, no supplemental high 

stress expansion devices are required for the Nitinol stent to deploy, thus resulting 

in a high factor of safety compared to stents that rely on balloon-expansion. The 

stainless steel balloon expanding stent has a lower factor of safety as its method of 

deploying requires noncompliant plastic expansion of the stent to a diameter 

slightly greater than the natural diameter of the vessel to maintain secure 

placement. The hoop stress in the vessel from the deployment of the stainless steel 

balloon-expanding stent is closer to the mean rupture stress of the vessel compared 

to the Nitinol self-expanding stent. 

The lower factor of safety with respect to vessel rupture for the stainless steel stent 

indicates there is less margin for applied stress before vessel failure to 

accommodate for the possibility of vessel wall abnormalities. Note the difference in 

the factor of safety between the thin-walled and thick-wall models. The thick-

walled inner radius model, the location for the greatest stress during deployment 
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(Figure 29), has the lowest factor of safety of 1.11. Therefore, failure is expected to 

originate on the inner surface of the vessel; the design of the stent will address the 

location of highest risk of failure. The factor of safety for the thin-wall model is 

1.48, an overestimate of the actual factor of safety for the vessel wall during 

deployment. An overestimate of the factor of safety, even if slight, conveys an 

overestimate of the vessel wall’s resilience to stress, risking rupture as the 

deployment stress may exceed the actual rupture stress. Therefore, the thick wall 

model is favored because it provides a more accurate projection of the factor of 

safety. Taking into consideration the wide variance in rupture pressure from 

anatomical differences of vessels it is important to have a substantial factor of 

safety to accommodate for variation in pathologies. 

 

 

Table 6: Factor of safety of the common iliac artery for the deployment of a self-

expanding Nitinol stent, S.M.A.R.T iliac stent, and a balloon-expanding Stainless 

Steel stent, Express LD iliac stent.     

Stent Type Thin-wall Thick-wall 

Inner 

Radius 

Thick-wall 

Outer 

Radius 

Thick-wall 

Mean 

Radius 

Nitinol S.M.A.R.T. 

Iliac 

47.85 35.98 60.85 49.21 

Stainless Steel 

Express LD Iliac 

1.48 1.11 1.88 1.52 
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 Atherosclerotic disease, which results in atheromatous plaque formation in 

the arterial vessel wall, and stenosis affect the vessel wall mechanics. A study by 

Migliavacca et al., evaluated the interaction of stainless steel coronary stents with 

the vessel wall (Figure 30) [15].  The calcification of the plaque creates increased 

rigidity of the vessel which thus requires higher pressure of the stent to open the 

vessel (Figure 30) [15]. This higher pressure force exerted by the stent on the vessel 

wall increases risk of rupture of the vessel wall. Another variable is the amount of 

stenosis of the vessel lumen. Increasing the percent of stenosis also results in a 

higher pressure required for the stent to deploy to restore patency of the vessel 

(Figure 30) [15]. This higher pressure from the stent exerted on the vessel wall also 

leads to increased risk of wall rupture. From the hoop stress mathematical model, it 

is reasoned that the greater the occlusion, the thicker the vessel wall, assuming an 

external pressure of zero, will result in a greater radial gradient of circumferential 

wall stress. With increasing disease severity, the vessel walls become stiffer.  
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Figure 30: Coronary stainless steel stent deployment pressure applied to the stent 

for a) different stiffness of plaque, and b) different degree of stenosis [15] 

   

 

Another factor to consider is the asymmetry in the plaque formation within 

the vessel wall. When a stent is expanded during deployment, the vessel’s plaque 

formation is the point of initial contact with the stent. The expansion force of the 

stent on the localized area of the plaque will result in a higher stress compared to a 

uniform lumial topography as assumed in the model. Consequently, the safety 

factor with respect to vessel wall rupture at this point will be lower. In general any 

topographic inhomogeneities within the vessel wall will experience variance of 
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stress applied by the deploying stent and therefore the factor of safety is not 

constant. 

The stainless steel balloon-expanding stents require a greater pressure to 

achieve the desired increase diameter of the vessel which requires overexpansion of 

the vessel and induces greater stress on the vessel wall. The abrupt dilation of the 

balloon-expanding stent often results in vessel damage. On the other hand, Nitinol 

self-expanding stents have very low deployment stress and depend on the intrinsic 

properties of Nitinol’s superelasticity to expand the vessel over time. Nitinol stents 

demonstrated a higher safety factor (Table 6) reflecting less risk of vessel rupture 

during deployment compared to the stainless steel stent deployment. Consequently, 

the self-expansion method of deployment is advantageous compared to balloon 

expansion.    

  



80 
 

Chapter 7: Conclusion 

 

 

Limitations 
 

There are several limitations that should be considered for the comparison 

of the Nitinol stent to the stainless steel balloon-expanding stent. The review of 

biocompatibility comparisons were not conducted in human models. The study by 

the Thierry et al. utilized an ex vivo porcine model to demonstrate differences in 

hemocompatibility. The study by Sheth et al. used a rabbit carotid artery model in 

the review of the biomechanical compatibility and vascular injury of the two stent 

types.  

The derivation of the thick-walled pressure vessel mathematical model 

assumed uniform pressure with no shear stress on the vessel and circumferential 

symmetry of the vessel wall. The dimensions of the commonly stented arteries used 

for calculating the circumferential hoop stress of the vessel wall were averages of 

healthy vessels found from previous studies [29, 30, 31]. Stents are designed for 

diseased vessels which inherently have asymmetric vessel lumens due to plaque 

formation. Furthermore, there are anatomical differences in vessel dimensions 

based on  ethnicity, age, and gender. Therefore, a variance within the 

circumferential hoop stress of the vessel wall and safety factor is not represented. 
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There was lack of data describing the rupture pressure for the iliac artery. The 

rupture pressure of the contiguous aorta was used as an approximation. Since the 

selected Nitinol self-expanding stent and stainless steel balloon-expanding stents 

both are indicated for treating stenosis of the common and external iliac arteries, 

the resultant findings for the hoop stress and safety factor are an approximation to 

represent the differences between the two types of stent deployment stresses and 

safety factors. In addition, there may be variance in deployment forces between 

different brands and models of stents. 

 

 

Summary 

 

Over the last two decades there has been an increased utilization of Nitinol 

for biomedical applications. Originally, 316L stainless steel stents were the 

standard for stent fabrication. The rigidity of stainless steel stents is less than 

optimal to meet the requirements of more dynamic, crush resistant stents that are 

needed for peripheral vascular and nonvascular systems. Self-expanding Nitinol 

and balloon-expanding stainless steel stents differ in many respects. Nitinol’s 

unique atomic structure and material properties provide an apparent solution for the 

shortcomings of the stainless steel stents, transforming the standard of vascular 

stents utilized today.  
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Nitinol’s unique superelastic and shape memory properties can be tailored 

to precise requirements for optimal performance of an application. The deformation 

processing of hot-rolled and cold-drawn Nitinol followed by aging treatments alters 

the microstructure of the material by introduction or dissolution of Ti3Ni4 

precipitates and dislocations. The processing can introduce an R-phase that 

increases the stiffness and fatigue resistance of Nitinol, alter the transformation 

temperatures, and alter the ultimate tensile strength, an important parameter for 

stent failure [11]. A coherent understanding of tailoring the processing of nitinol for 

stent design is important to be able to achieve an optimally functional stent design. 

The versatility of Nitinol’s mechanical properties resulting from processing may 

allow for development of pathologic specific stents to enhance patient outcomes. 

Biomaterials are required to have biocompatibility, as the internal 

environment of the human body is caustic to many materials. 316L stainless steel is 

historically known for its biocompatibility as it is used in a variety of biomedical 

applications. Both stainless steel and Nitinol rely on a passive oxide layer that 

provides chemical stability preventing corrosion. Notably, Nitinol’s titanium oxide 

layer is more resilient to corrosion in both static and strain conditions than stainless 

steel’s chromium oxide layer. Considering stent deployment requires high strain for 

deployment and subsequently remains permanently static in the vessel, the higher 

corrosion resistance of Nitinol suggest it may be an improvement for stent design. 

In addition, after initial stent deployment, there is a risk of thrombus in which 

patients are typically prescribed anticoagulants until the lumen grows over the 
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exposed metal. A stent material must be hemocompatible to minimize risk of 

thrombosis. Nitinol’s surface properties induce less fibrinogen adsorption and 

platelet deposition than stainless steel [25]. A major feature that drew biomedical 

engineers to investigate Nitinol as a novel biomaterial was its high compliance 

indicating greater biomechanical compatibility with surrounding tissue. Stainless 

steel is rigid, requiring high stress to plastically deform the material into the 

expanded diameter, applying damaging forces to vessel walls. Nitinol’s superelastic 

material properties enable low pressure uniform deployment, greatly reducing 

vessel injury, and decrease irritation complications, such as intimal hyperplasia and 

restenosis, compared to stainless steel stents [27]. Self-expanding Nitinol stents 

assist in reestablishing patency of a compromised vessel with its superelastic 

properties which enable it to apply a gentle chronic outward force as it conforms to 

the anatomy of the native vessel providing support from within. While stainless 

steel stent’s rigidity forcefully interacts with the geometry of the vessel wall to 

achieve patency, the stainless steel stents must plastically expand by balloon 

inflation which applies high stresses, well beyond typical physiological loads to the 

vessel wall.  

Investigation of loads applied to the vessel wall is important for evaluating 

biomechanical resilience of stented vessels. Notably some research was assessed 

using thin wall models while others used thick wall models to illustrate the applied 

circumferential stress on the vessel. The thin walled models assume a uniform 

circumferential stress and typically are used when the ratio of the inner radius to 
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wall thickness is less than 0.1, otherwise the thick-walled model is more accurate. 

The thin walled model is almost equivalent to the mean radius stress value of the 

thick wall model but it underestimates the maximum stress incurred. Identifying 

exact location and value of maximum stress is crucial for the stent design’s safety 

and effectiveness.  

 The superelasticity of Nitinol stents enable a dramatically different 

deployment method, via self-expansion, compared to the traditional balloon 

expansion used today in stainless steel deployment. Both methods improve the 

patency of the vessel, however balloon-expansion results in two times magnitude 

greater hoop stress on the vessel wall. The deployment factor of safety of the vessel 

wall for a Nitinol self-expanding stent was greater compared to the stainless steel 

balloon-expanding stent. Nitinol stents reduce risk of vessel rupture during 

deployment. The resilience of a stented vessel is a paramount element of stent 

deployment safety design as anatomical and pathological variations will alter the 

compliance of the vessel and maximal stress capacity. Nitinol’s material properties 

provide the mechanical backing to revolutionize stent deployment methods. The 

ability for stents to autonomously self-expand to their pre-programmed diameter 

with minimal stress is a result of processing Nitinol to tailor its mechanical 

properties by manipulation of the austenite finish temperature (Af) to make it stable 

in its superelastic phase at human body temperature. In summary, Nitinol’s 

improved biocompatibility, high compliance, and reduced vessel wall hoop stress 
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with increased factor of safety with respect to vessel rupture during deployment 

compared to stainless steel provides advantages for stent application.  

 

 

Future Work 

 

 Today both stainless stents and nitinol stents are utilized in endovascular 

procedures. Stainless steel stent’s stiffness is often preferred for increasing patency 

of heavily calcified vessel. However, Nitinol stents are increasingly being utilized 

for its favorable expansion characteristics to increase laminal diameter by applying 

a sustained outward force to remodel the vessel over time and maintain patency [1]. 

Utilizing the superelastic materials such as Nitinol may one day eliminate the 

necessity of balloon expansion techniques as a means to restore patency. The 

versatility of Nitinol’s mechanical properties and transformation temperatures 

resulting from processing may allow for development of pathologic specific stents 

to enhance patient outcomes. As personalized medicine evolves and becomes 

prominent in the medical field, the versatility of Nitinol makes it a promising 

material for individual customization of stents and other medical devices. 
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