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INTEGRATED DESIGN APPROACH FOR CORONARY STENTS USING 

FLEXINOL SHAPE MEMORY ALLOY 

 

Matthew Lucci 

Thesis Chair: Chung Hyun Goh, Ph.D. 

The University of Texas at Tyler 

October 2019 

   

This research seeks to develop and verify a model for control of the shape memory 

alloy (SMA) Flexinol and apply such findings to practical application of the material as a 

platform for bare metal stenting technologies. Utilizing experimental data and material 

properties, a mathematical model of the thermoelectric contraction behavior of Flexinol 

wire samples was developed. This model accounted for variable resistance due to the shape 

memory effect of the Flexinol wire as it experiences a crystalline phase change. It also 

accounted for the change in the cross-sectional area of the wire as the wire experienced 

thermal expansion and contraction. The resulting constitutive equations were verified via 

experimentation. 
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  This thesis further expanded upon these models and presented the practical 

application of the SMA Flexinol as a platform for coronary artery stenting technologies. 

The research presented includes computer-aided design (CAD) modeling and finite 

element analysis (FEA) simulation of the stress loads when working conditions are applied, 

which revealed the response behavior of the proposed stent design. With the FEA 

verification that the Flexinol stent design will be able to sustain normal working conditions 

once implanted into the human body, it was demonstrated that the proposed low stress 

design has the potential to reduce the rate of stent failure and restenosis in comparison to 

typical technologies available on the market. 

Computational fluid dynamics (CFD) methods were implemented to study the 

blood flow patterns and associated fluid-structure interaction through the implanted 

Flexinol stent. The CFD solutions demonstrated the stent’s impact on restoring the flow of 

blood through a stenosed artery to that of a healthy artery. The simulations also showed 

minimal turbulence in the stented region, which corresponds to lower stresses in the arterial 

wall and a reduced likelihood of thrombosis as compared to typical stent designs, providing 

substantial benefit to patients undergoing emergency surgery for the implantation of 

arterial stents. 

This research serves as the basis for the implementation of the SMA Flexinol in 

engineering applications, particularly those in the biomedical fields. The constitutive 

equations for Flexinol wire are applicable to a nearly infinite set of SMA applications. The 

expanded analysis of the SMA stenting application demonstrated the ability for the 

controllable thermoelectric contraction behavior of Flexinol to be used for more accurate 

implantation of SMA stents in the human body. The impacts of this research include an 
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impending breakthrough in the treatment of coronary artery disease with a reduction in the 

common complications of thrombosis and restenosis. Future research will build upon the 

crucial work presented in this thesis and will grow from the successful development of the 

Flexinol stent technology presented herein. 
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Chapter 1 

Introduction 

 

1.1 Overview 

With coronary artery diseases as the leading cause of death in the developed world 

[1] [2], there is a tremendous necessity for research into methods of prevention and 

treatment of these critical conditions. Even as technology advances in many sectors of 

biomedicine, treatments for cardiovascular diseases have undergone only incremental 

improvements that have had any significant impact on the affected population. The 

evidence suggests that such a substantial disease requires new and innovative solutions to 

drive a positive change in biomedical technology to treat these conditions. This thesis 

serves as the basis for research into such a new and innovative technology that has the 

potential to save countless lives. 

To understand the tremendous impact of coronary artery diseases, it is necessary to 

consider the life-threatening symptoms of the condition. Cardiovascular diseases are the 

most frequent cause of death worldwide [1] [2]. Among these, coronary artery disease is 

the most common and the deadliest [3]. Much of this is due to abnormal blood flow and 

related complications caused by constricted arteries [4]. Coronary artery disease is caused 

by the collection of fatty plaque along the inside of the artery, also called the tunica interna, 

resulting in the narrowing of the said artery [3]. Fatty plaque build-up is common as people 

age but can become severe with certain lifestyle habits, making this an especially 

dangerous disease in western countries [5]. This build-up of plaque and corresponding 
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narrowing of the arterial tube is referred to as “antherosclerosis,” and can lead to a complete 

blockage of the artery. In small arteries, such blockages can cause a critical nutrient 

depletion in the affected area. In larger arteries, this can lead to death. In most cases, there 

is a lack of symptoms until the artery is dangerously blocked, allowing only a small stream 

of blood to flow through [6]. 

Even plaque build-ups that do not completely block the flow of blood can be 

extremely dangerous. For example, plaques can break away from the wall and enter the 

bloodstream or cause damage to the vessel wall. If these conditions are left untreated, 

plaque can make the artery vulnerable to rupture, resulting in myocardial infarction and 

potentially fatal stroke [7]. As such, it is important for affected patients to pursue effective 

treatment as soon as possible. It is critical that advanced methods of treatment be available 

to provide a variety of effective options and ensure the highest possible rate of patient 

survival. 

Of the widely available methods currently on the market, there are a few that 

warrant not only a mention, but brief consideration to serve as the foundation for the 

advanced stenting technology presented in this thesis. Advanced forms of cardiovascular 

disease often require a revascularization procedure to restore the flow of blood to affected 

tissues [7]. There are two primary methods through which this accomplished; vascular or 

coronary bypass, and angioplasty. In vascular bypass, plaque blockages are surgically 

bypassed to restore blood flow through a grafted section of artery [8]. For angioplasty 

treatment, also known as percutaneous coronary intervention (PCI), a catheter is inserted 

into the blood vessel with a tiny deflated balloon that is then inflated to re-open the blocked 

or collapsed artery [9]. There are several methods of performing this procedure, including 
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implanting coronary artery stents to hold the artery open for an extended period of time. It 

is this procedure that is of interest in this research. 

Implantation of coronary stents is a common method of treatment for patients with 

a variety of cardiovascular diseases [10]. It is estimated that over 6 million coronary stents 

are implanted into patients each year [11]. Coronary stents are mesh-like tubes inserted 

into blocked and/or constricted arteries to reopen them and allow for adequate blood flow 

[12]. This procedure can be life-saving. Surgery to implant stents can be a dangerous and 

expensive procedure, depending on the amount of blockage, difficulty in maneuvering the 

stent to the deployment location, and the specific model of the stent [3]. Rapid development 

of stent technologies in recent decades has led to their widespread use as an emergency 

treatment for stenosed arteries [7]. PCI with stents has fundamentally changed the way that 

coronary artery disease is treated around the world and has been used in millions of life-

saving procedures [13]. 

While new methods have been developed in recent years, balloon angioplasty is the 

most common method of implanting coronary stents and is considered to be a minimally 

invasive procedure. In this procedure, a crimped stent is placed upon a tiny balloon that is 

inserted into a constricted artery and then inflated to expand the stent to expand the arterial 

wall [3]. Plaque that is present in the artery during the procedure is compressed between 

the expanded stent and the tunica interna. With this process, the stented artery increases in 

diameter to a size greater than the surrounding artery, which can cause challenges to 

selecting the correct stent model and size [14]. Improper selection of stent types and sizes 

can lead to medical complications that require additional procedures to correct. 
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Due to the severity of heart diseases and the benefits of treatment with coronary 

stents, coronary stent implantation has become a standard method of treatment for PCIs, as 

this method of coronary dilation provides better patient outcomes than balloon angioplasty 

alone [9] [15]. Because of this, it is imperative to design stents that can be self-expandable 

and avoid typical balloon angioplasty altogether. This thesis presents the development of 

coronary artery stents that are designed to be self-expandable and controllable with the 

option of insertion without balloon angioplasty, which is still the most common method of 

revascularization. 

Even with current technology, there exists a risk that an implanted coronary stent 

could contract over time due to improper placement, causing the blood vessel to constrict, 

a condition called restenosis [16]. Another condition caused by improper placement of a 

coronary stent is called thrombosis, on which the stent causes clotting of blood within the 

stent, potentially requiring emergency surgery to remove the stent [17] [18]. In addition to 

these, there are a variety of additional conditions and complications associated with 

improperly placed or non-biocompatible stents, including neointimal hyperplastia, 

inflammation, and abnormal blood flow [19]. Each of these conditions can develop into 

potentially fatal issues, and ought to be considered during the development of advanced 

stenting technologies. 

In this thesis, the shape memory alloy (SMA) Flexinol is used as the basis for an 

advanced stenting platform in order to address some of these complications. The two 

primary complications that the proposed design seeks to address are thrombosis and 

restenosis. As for the former, typical implanted stents trigger a remodeling of neighboring 

tissue. The outward radial force of the stent upon the arterial wall can cause irritation and 
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initiate thrombosis [20]. Thrombosis is often triggered by the disruption of plaques within 

the affected arteries [21]. New stent technologies ought to be designed to counter these 

causes of thrombosis in order to address the issue at its most common sources. Advances 

in drug-eluting stents (DES) and other modern stent technologies have made very late stent 

thrombosis a rare occurrence [22]. However, instances of thrombosis are still common in 

the period of recovery following the stenting procedure, which continues to make this 

condition a point of concern for biomedical engineers. 

In addition to thrombosis, the medical condition of restenosis is a substantial 

consideration in the field of stenting. Restenosis is the most common biological 

complication associated with implanted stents [23]. Stent implantation has a high rate of 

restenosis that often leads to repeat vascularization by percutaneous or surgical methods, 

increasing both medical risks and cost of treatment [24]. As a result, in-stent restenosis 

(ISR) has been found to occur in 20-50% of stented blood vessels [25]. With such a high 

rate of this medical condition, it is extremely important for advanced stenting technologies 

to be developed that can reduce the likelihood of collapse or fracture during normal 

operation. 

Vascular injuries caused by interaction between the stent and the arterial tissue 

serve as the stimulus for the development of intimal hyperplasia and restenosis [26]. 

Vascular injuries caused by the implantation of coronary stents has been found to determine 

the intensity of restenosis in patients [27] [28] [29]. There are several key factors that 

contribute to the risk and severity of in-stent restenosis (ISR). In general, restenosis is 

closely linked with the design of implanted stents [30] [31]. Stent platform design drives 

performance in clinical trials [32]. Consequently, the design of advanced implantable stent 
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technologies must be crafted to address these factors for the safety of the affected patients. 

A proposed solution to these problems is the use of shape memory alloys (SMAs) 

to create stents that can be placed with greater precision than typical coronary stents, SMAs 

have the ability to undergo plastic deformation and return to their original tempered shape 

when heated, potentially allowing for body heat to return deformed SMAs to their original 

form [33]. Some SMAs, like Flexinol, can also change their shape when appropriate 

electrical currents are run through their length, serving as actuation for lightweight robotics 

without need for bulky motors or applied forces to contract or expand the material [34]. In 

contemporary research, modern SMA stents are constructed with nitinol, which allows for 

the heat of the patient’s body to expand the stent to the desired configuration [35] [36]. 

Current papers on the use of shape memory alloys employ use of their deformations as a 

source of linear actuation, which is predicated upon linear expansion and contraction, a 

chief concern of my thesis. As Flexinol is a variant of nitinol specifically engineered to 

enhance its contraction properties, it is an ideal candidate for use in SMA stents [37]. As a 

result, this research examines the behavior of Flexinol and applies the acquired knowledge 

to the biomedical application of arterial stent technology. 

A doctoral student at Carlton University produced a dissertation on the behavior of 

nickel-titanium shape memory alloys that will prove helpful in this thesis [38]. His research 

included mathematical modeling of nitinol and Flexinol wires and serves as the foundation 

in this thesis to utilize his one-dimensional models in order to develop three-dimensional 

mathematical models for tubular mesh stents comprised of such wires. Further testing and 

mathematical modeling of Flexinol wires provide the basis for controlling Flexinol 

contraction via applied electrical current [39]. 
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The Flexinol composition of the stents developed during the research for this thesis 

will allow for them to be deformed into shapes appropriate for placement within an artery 

via applied electrical current, and then opened to allow for proper blood flow. Whereas 

typical medical stents require compression and tension to contract and expand the mesh 

tubing during placement, the stents developed in this project will have the ability to be 

actuated to contact via electrical current and expanded to their original shape during 

placement by the heat of the patient’s body in combination with stopping the electrical 

current to the stent [40]. In this thesis, it is hypothesized that stents engineered with 

Flexinol mesh will be a safe alternative to modern stents that will allow for easier 

placement and replacement than those currently in use. It will also exhibit superior 

controllability. The addition of a control system will allow for doctors to contract the stents 

to appropriate dimensions for insertion into a wide range of artery diameters, which varies 

from patient to patient. Control will also allow for precise expansion of the stent as it is 

placed in an artery, as well as grant doctors the ability to easily contract the stent if it is 

initially placed in an improper manner, reducing the likelihood of improperly placed stents 

and medical emergencies as a result of such. 

In clinical trials, the implantation of metal stents showed an immediate advantage 

to plain balloon-angioplasty, leading to a drastic reduction in occurrences of restenosis [9] 

[15]. This is the result of the stent exerting a radial force upon the tunica interna to hold 

the vessel open after deployment. The stents developed in this thesis must be analyzed to 

determine the effects of stress upon the implanted device, and thus, the surrounding artery. 

Coronary artery stents are typically divided into three primary groups, including 

bare metal stents (BMS), drug-eluting stents (DES), and bioresorbable stents (BRS), the 
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latter of which is further divided into drug-eluting and non-drug-eluting varieties. 

Permanent placement of BMS has been shown to reduce the likelihood of restenosis in 

patients after undergoing a balloon angioplasty to reopen the blocked artery [7].  

In recent decades, biomedical engineers developed bioresorbable stents that 

degrade in the blood vessel over time and get absorbed into the body [41]. Biodegradable 

stents support the blood vessel as it strengthens and allow the artery to return to relative 

normalcy as they are absorbed by the human body [41] [42]. Stents with biodegradable 

drug-eluting polymer coatings act as DES in early stages, and later as BMS when the 

polymer coating is absorbed by the body [43]. DES typically provide greater advantages 

and increased safety over BMS [43]. Because DES are usually designed upon an existing 

BMS platform, it makes sense to examine the use of new BMS designs in order to serve as 

the basis for the advancement of DES. While there are encouraging studies demonstrating 

the benefits of stents coated with biodegradable polymers and the safety of such, future 

work must involve long-term effects of their use in the patients with stented arteries and is 

outside of the scope of this work [44] [45].   

Modern “second generation” DES stents are often made of alloys to increase their 

strength, thus reducing the overall thickness of the struts [43]. By designing with less 

material, the stents are considered to have better biocompatibility than stents with a greater 

quantity of non-biological material. However, this increases the stress concentration in the 

stent struts, making them more prone to failure. These types of stents have become the 

most common DES stents on the global market, replacing first-generation DES and BMS 

technologies in many instances [46]. Despite this, many safety concerns surround second-

generation DES [43]. While drug-eluting stents have been shown to reduce the rate of in-
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stent restenosis, late stent thrombosis is still a major concern with contemporary 

technologies of this type [47]. In either case, BMS also serve as the platform for DES, so 

it is important to develop a functional and robust BMS design in order to facilitate further 

development of the stent technology. Any advances in DES technology are dependent upon 

progress in BMS technologies. With the number of cases of heart disease increasing, the 

demand for advanced stenting technology is expected to increase [48]. 

 

1.2 Research Objective 

  The research objective is to design a coronary artery stent that is self-expandable 

and exhibits characteristics that suggest that its use is likely to improve patient outcomes 

for those that must undergo emergency revascularization procedures. The goal is to 

develop an innovative approach to arterial stenting and to verify that approach.  

 

1.3 Research Question 

  What are the governing characteristics of the shape memory alloy Flexinol and how 

can we effectively utilize Flexinol shape memory alloy as a bare-metal stenting platform 

in such a way as to reduce some of the common complications associated with modern 

stenting technologies? 
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1.4 Working Hypothesis 

  With the development of constitutive equations to predict the electrothermal 

contraction behavior of the SMA Flexinol, it is possible to develop a Flexinol BMS stenting 

platform that can renormalize blood flow in stenosed arteries while reducing the stress 

concentration in the stent itself, thus reducing the likelihood of medical complications 

resulting from the implantation of such devices. 

 

1.5 Tasks 

  This thesis includes the completion of a series of important tasks to achieve the 

research objective.  

• Task 1: Develop a universal mathematical model for the thermal expansion 

behavior of typical metal alloys 

• Task 2: Develop a specific mathematical model for the behavior of the SMA 

Flexinol 

• Task 3: Conduct experiments to verify the validity of the mathematical modeling 

for the SMA wire 

• Task 4: Design a closed cell stent utilizing Flexinol as the material 

• Task 5: Analyze stress concentrations in the stent via FEA simulations of stent 

interaction with the arterial wall 

• Task 6: Conduct blood flow simulations to observe the effects of the implanted 

stent design and validate the proposed stent as a solution to stenosed arteries 
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Figure 1. Process workflow of tasks. 

 

  Figure 1 depicts the process workflow of the tasks required to complete the research 

within the scope of this thesis. The completion of such tasks constitutes the attainment of 

the research goals associated with this work. 
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1.6 Organization of Thesis 

 This thesis is divided into a number of chapters. Chapter 1 is an introduction to the 

issue of coronary artery disease, its characteristics and its treatment. In particular, the 

revascularization method of stenting coronary arteries is discussed, establishing the 

background for this thesis. Chapter 2 presents the properties of the shape-memory alloy 

Flexinol, including the development of mathematical models to describe the behavior of 

such when subjected to an electrical current. Chapter 3 applies the mathematical models to 

create a bare-metal stent comprised of Flexinol and presents an innovative method of stent 

deployment. Chapter 4 examines the flow of blood through the proposed Flexinol stent 

with computational fluid dynamics methods. Finally, conclusions and recommendations 

for future research are presented in Chapter 5.  
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Chapter 2 

Behavior of Flexinol Wire 

2.1 Introduction 

  This thesis seeks to develop and test a framework for understanding and predicting 

the electro-mechanical behavior of the SMA Flexinol, so that the material may be utilized 

for biomedical applications, such as self-expanding stent technologies. In order to 

implement Flexinol in such applications, one must first understand the physical processes 

governing shape-memory effects in typical SMAs. From here, it is important to 

differentiate the properties of Flexinol from those of other SMAs, such as Nitinol. 

Understanding these concepts will provide the basis for developing a method of controlling 

the behavior of Flexinol in stenting technologies. 

  It is of tremendous importance to derive the mathematical equations that govern the 

behavior of Flexinol wire in order to truly comprehend the practical behavior of this 

material. First, a general mathematical formulation for metal alloys should be developed 

and then specified to be applicable to SMAs, particularly Flexinol. Because SMAs undergo 

crystalline phase transformations that drastically alter the resistance of the material while 

an electrical current flows through a wire comprised of the material, it is important that 

mathematical models account for the variable resistance. Such advancement of knowledge 

in the field of SMAs will serve as a necessary basis for establishing control mechanisms 

for SMA wires. 
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  Experimental verification of said mathematical models is essential to ensure that 

the theoretical research presented in this chapter can be applied to practical scenarios. This 

chapter provides the indispensable research that allows for the design and development of 

Flexinol stenting technologies, as well as the basis for future advances in the use of 

controllable SMAs for applications in the biomedical field and beyond. 

 

2.2 Literature Review 

Shape-memory alloys (SMAs), such as Nitinol, are materials that can undergo 

plastic deformation and return to their undeformed shape when heated. SMAs undergo a 

crystal transition between a martensite phase and an austenite phase as the material 

temperature increases [49]. SMAs may be tempered into a particular shape or configuration 

in the martensite phase prior to being mechanically deformed into a separate shape. This 

plastic deformation causes a phase change in the crystalline structure of the material. When 

the material is heated, the material undergoes a reversal of this phase change, causing a 

return to the originally tempered shape or configuration. This process is known as the 

“shape-memory effect” [50]. 

When subjected to low temperature conditions, SMAs display a small elastic 

modulus and can be deformed rather easily [49]. Some SMAs can also be antagonized to 

alter their shape when electrical currents are applied, causing appreciable contraction and 

expansion that can be captured for mechanical work [34]. Whereas most materials expand 

when heated, these SMAs can be tempered to contract when an electrical current is applied 

and return to their original shape after the current is ceased. These SMAs are often 
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fashioned into wires that can be used as mechanical actuators when a current is applied 

[51]. It is this electromechanical behavior that is of much interest to this research. As an 

SMA changes its shape, the metallographic transformations from the martensite to 

austenite phases cause a significant change in the electrical resistance of the material, this 

implies that the strain of the wire can be controlled via a variable electrical input [49] [52]. 

One such SMA is Flexinol, a variant of nitinol, which is the most widely used SMA. 

Flexinol is an alloy comprised primarily of nickel and titanium that was designed to exhibit 

optimized characteristics for actuation, including an extensive work life, high repeatability, 

and strength for shape recovery [37]. Nitinol has been extensively studied in scientific 

literature in order to understand its behavior, but Flexinol has not been examined to the 

same extent. It is known that nickel and titanium-based shape memory alloys can exhibit a 

recoverable strain of up to 8%, but it is recommended that the strain not exceed 4% of the 

overall length of the wire to ensure a high number of usage cycles [34]. In a biomedical 

application, the strain of the wires does not have to be recovered, allowing for the use of 

increased strain. 

SMA actuators have been experimentally shown to be accurately controlled by 

position and force feedback when the properties of the SMA are known [53] [54]. Such 

control requires mathematical models that consider the material properties, the mechanics 

of the system, and the thermal properties of the significant components involved in the 

machine. As expected, the behavior of SMA wire can be very non-linear [38]. Because of 

the great difficulty in modeling the behavior of a particular SMA for a given mechanical 

system, SMA actuators are often used without accurate feedback control systems and many 

applications require extensive trial and error in order to develop a working model [55]. 



16 

 

This thesis includes the development of mathematical equations that predict the behavior 

of Flexinol wires in one-, two-, or three-dimensional space. 

The complex dependence of the resistance of the SMA wire on temperature and 

stress is not well understood and limits its applicability as a feedback signal [39]. It has 

been found that the resistivity of SMA wires is appreciably affected by the load stress 

within the wire [56]. As such, mathematical models must be developed that include the 

stress as a major variable. Some preliminary work has been done in this area, providing a 

basis for the project presented in this paper [38] [39]. However, much of the research 

available is incomplete and piecemeal, requiring extensive mathematical development to 

yield practical value to this project. Further, there is a lack of uniformity in the quality and 

physical properties of the material among samples produced by the manufacturer, causing 

studies to use an assumed average for several material properties [38]. 

However, there are several useful findings in regard to the control of Flexinol. 

While the Flexinol will flex approximately 4% of its total length when used for these 

applications, a control program would have an output error less than 4% of that length, or 

less than 0.16% of the overall length of the wire [38]. Because the stenting technologies 

presented in this thesis are incredibly small, having the ability to precisely control the 

contraction of the Flexinol wire mesh that comprised these stents is of paramount 

importance. With such a small output error, Flexinol can confidently be used to achieve 

the aims of this thesis. As such, this research provides the basis for further study and 

development of the use of electrically powered SMA wires to serve as the wire mesh that 

comprises the platform for both BMS and DES technologies. 
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SMA actuation provides a high strength to weight ratio and allows for the 

miniaturization of robotic systems [57]. Such implementation eliminates the need for bulky 

servo motors that hinder the miniaturization of robotic prototypes. This is especially useful 

in applications that utilize wire or mesh material configurations, as it allows for the wire 

itself to serve as the actuation mechanism. This means that the placement and utilization 

of the stent can be self-contained in a single mechanism, rather than a complex system with 

many possible sources of error. 

The design developed in this study utilizes the SMA wire as the actuation 

mechanism to expand and contract the proposed stent design. This is somewhat similar to 

typical cable-driven actuation in miniature robotic applications, including robotic hands. 

The issue with the use of SMA wire as actuating tendons is that they are typically restricted 

to external use, rather than full integration of the SMA in the fashion of a tendon in human 

biology [34]. By incorporating the actuation mechanism into the device, it allows for the 

stent to be designed as a compact system. 

 

2.3 Mathematical Formulation of the Resistive Behavior of Standard Metals 

In order to understand the resistive behavior of Flexinol, it is important to develop 

the equations that govern the resistance of typical materials that do not exhibit the shape-

memory effect. In doing so, I was compelled to simplify the resistance model to hold the 

resistivity constant, but account for the variation in the length and cross-sectional area of 

the wire as it expands and contracts. This becomes the basis for a separate model of the 
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contraction of Flexinol wire that could be generalized to any material, rather than just 

SMAs. 

 

𝑅 = 𝜌
𝐿

𝐴
        (1) 

 

where R is the resistance of the wire, 𝜌 is the resistivity of the wire, which is 

considered to be a material constant, L is the initial length, and A is the initial area of the 

wire. 

Using Poisson’s ratio to determine how the area changes with respect to the 

changing length, I used the following Poisson’s equation. 

 

𝑣 = −
Δ𝑑

𝑑𝑖

L

Δ𝐿
        (2) 

 

where 𝑣 denotes the Poisson’s ratio of the material, Δ𝑑 is the change in diameter of 

the wire, 𝑑𝑖 is the initial diameter of the wire, and Δ𝐿 is the change in length of the wire. 

For purposes of this project, Δ𝐿 is equivalent to 𝛿ℎ. 

I utilized the equation for the cross-sectional area of the wire (Equation 3) in order 

to relate the resistance of the wire to the variation of the wire length and diameter. 
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𝐴 =
𝜋(𝑑𝑖−∆𝑑)2

4
        (3) 

𝑅 =
4𝜌(𝐿+∆𝐿)

𝜋[𝑑𝑖(1−𝑣
∆𝐿

𝐿
)]

2       (4) 

 

This allowed me to construct the following equation for the displacement due to 

the contraction of the wire. 

 

𝛿ℎ = 𝑎ℎ
4𝜌(𝐿+∆𝐿)

𝜋[𝑑𝑖(1−𝑣
∆𝐿

𝐿
)]

2 + 𝑏ℎ      (5) 

 

Equating Δ𝐿 and 𝛿ℎ and arranging into a third-order polynomial, I obtained the full 

equation for the displacement of an end of the wire when subjected to an electrical current. 

The solution to which may be found using the formula for the roots of a third-degree 

polynomial. 

 

𝜋𝑑𝑖
2𝑣2

𝐿2 𝛿ℎ
3 +

𝑑𝑖
2𝑣

𝐿
(−2𝜋 − 𝑏ℎ

𝑣

𝐿
) 𝛿ℎ

2 + (𝜋𝑑𝑖
2 − 4𝑎ℎ𝜌 + 2𝑏ℎ𝑑𝑖

2 𝑣

𝐿
) 𝛿ℎ + (−4𝑎ℎ𝜌𝐿 −

𝑏ℎ𝑑𝑖
2) = 0         (6) 
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For the control of the contraction of Flexinol, I used Ohm’s Law to incorporate the 

varying resistance of the Flexinol wire. 

 

𝑉 = 𝐼𝑅        (7) 

 

Plugging equations 1 and 3 into this, I obtained the following equation for the 

control of the resistance for purposes of metallic wire actuation. This method can be used 

to control small contractions of typical metallic materials, piezoelectric materials, and even 

SMAs, with corrections for resistance. 

 

𝑅 =
𝐿2

𝑣2 [−
2𝐼𝜌

𝑉𝜋𝑑𝑖
2 −

𝑣

𝐿
±

2

𝑑𝑖
√

𝐼2𝜌2

𝑉2𝜋2𝑑𝑖
2 +

𝐼𝑣𝜌(𝑣+1)

𝑉𝜋𝐿
]    (8) 

 

Which was then plugged into Equation 5 to obtain the complete equation for the 

control of the system and expressed more simply through the use of defined constants. 

  

𝛿ℎ = 𝛼 [−𝜔𝛽 −
1

√𝛼
± 𝛾√𝜔2휀 + 𝜔𝜃] 𝑎ℎ + 𝑏ℎ   (9) 
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where the constants are defined by known quantities, shown below. 

 

𝛼 =
𝐿2

𝑣2
         (10) 

𝛽 =
2𝜌

𝜋𝑑𝑖
2        (11) 

𝛾 =
2

𝑑𝑖
         (12) 

휀 =
𝜌2

𝜋2𝑑𝑖
2        (13) 

𝜃 =
𝑣𝜌(𝑣+1)

𝜋𝐿
        (14) 

 

The constants 𝑎ℎ and 𝑏ℎ are experimentally determined and can be compound in 

nature. In order to derive this, it is imperative that actual material be tested. These constants 

are derived from experimental data for Flexinol SMA in the previous section, based on 

experimental data relating the constants to the stress within the wire. 

As the actuation of the wire is dependent upon the ratio of electrical current and 

applied voltage, it is convenient to also define the electrical control variable to simplify the 

control equation. The control variable 𝜔 can be adjusted by either varying the voltage 

across the wire or the electrical current through the wire. 
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𝜔 =
𝐼

𝑉
         (15) 

 

The following Table includes relevant values provided by the manufacturer of the 

Flexinol wire that proved invaluable in the modeling of the behavior of the such wires. 

This is predicated upon the particular wire sample used in the experiments within this 

thesis. These values assist in the validation of the mathematical model developed in this 

section. The resistivity value included within the Table is the average between the 

manufacturer’s provided values for the martensite and austenite phases [58]. 

 

Table 1. Average material properties of Flexinol wire sample. 

Constant Value 

𝑣 0.33 

𝑑𝑖 125 micrometers 

𝜌 90 micro-ohms * cm 

 

Using a sample of Flexinol wire of 20 cm in length, I tabulated sample values for 

each of the constants in equations 10-14. These constants allow for a greater understanding 

of the behavior of the Flexinol wire when subjected to an operating current. Numerical 

values for these constants are necessary for the completion of the control equation and its 

subsequent verification. These constants are displayed in Table 2. 
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Table 2. Numerical values for Flexinol constants. 

Constant Value 

𝛼 0.4444 𝑚2 

𝛽 3666.9 
Ω

𝑚
 

𝛾 16000 
1

𝑚
 

휀 0.0525 Ω2 

𝜃 0.00005586 Ω 

 

I used the manufacture-provided maximum pull force value of 2.187 Newtons and 

Equation 6 to predict the maximum deformation in the wire. Utilizing Matlab to solve for 

the roots of the equation, I found that the theoretical maximum deformation in the 20 cm 

wire is equivalent to 5.05 cm, or 25.3% of the length of the wire, which is much higher 

than the 8% maximum recoverable strain quoted in the literature. This suggested that when 

a sufficiently large current simultaneously with a large load, unrecoverable strain 

deformations occur that permanently damage the wire. With this in mind, I designed the 

Flexinol stent to avoid excessive strain due to unnecessary loading conditions. 

 

2.4 Mathematical Formulation of the Resistive Behavior of Flexinol  

For this thesis, I was able to utilize research on the behavior of Flexinol wires and 

incorporate the information into a viable mathematical model to represent its behavior 

when subjected to variations in electrical current. The contraction of Flexinol wires such 
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as those intended for use in SMA stent applications was found to be modeled by the 

following equation 16 [38]. This relationship accounts for the stress in the wire, which 

made it an ideal basis for the mathematical model of the behavior of Flexinol when 

subjected to an applied electrical current. 

 

𝛿ℎ = 𝑎ℎ𝑅 + 𝑏ℎ        (16) 

 

where 𝑅 is the resistance value, determined by a function of the input voltage and 

current. The subscripts refer to the heating of the wire, as there is a parallel equation for 

the cooling phase of the Flexinol wire. For the purposes of this thesis, the heating equations 

are the most important, as they rapid response of the SMA material when a current is 

applied. One can delineate the heating and cooling thermal phases as the “active” and 

“passive” thermal phases of the material expansion and contraction. The variables ah and 

bh are functions of the stress applied to the wire and obtained via equations 17 and 18. 

Values of the coefficients were determined by measuring the heating slope and intercept 

of the equation with respect to a variety of applied stresses and tabulating the data to 

generate a best-fit polynomial equation. 

 

𝑎ℎ = 0.000002𝜎2 − 0.0009𝜎 + 0.6875    (17) 

𝑏ℎ = −0.00005𝜎2 + 0.0203𝜎 − 11.927    (18) 
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For these equations, 𝜎 denotes the stress in the wire, in terms of MPa. The constant 

values for Equation 17 are in mm/Ω and Equation 18 are in mm. In equation 16, the 𝑎ℎ 

term relates the stress and the resistance of the wire, and the 𝑏ℎ  term describes the 

deformation of the material due to applied stress without an electrical current. 

Because Flexinol is a shape-memory alloy, I am compelled to consider the variation 

in electrical resistivity between the martensite and austenite phases. The total resistance of 

the wire is a function of the fraction of the material in each phase and their associated 

resistances [39]. This total resistance changes significantly as the material undergoes a 

partial or complete phase transformation via heating processes. The equation representing 

the total electrical resistance of Flexinol wire is displayed as equation 19. 

 

𝑅𝑡𝑜𝑡 = 𝑅𝑀𝜉𝑀 + 𝑅𝐴𝜉𝐴       (19) 

 

In which 𝑅𝑀  is the resistance of the wire in the martensite phase, 𝑅𝐴  is the 

resistance of the wire in the austenite phase, 𝜉𝑀 is the phase fraction of martensite, and 𝜉𝐴 

is the phase fraction of austenite. The resistances of the wire in each phase are functions of 

the temperature and applied stress. 

 

𝑅𝑀 = 𝑅0𝑀 + (𝑇 − 𝑇0𝑀)
𝜕𝑅𝑀

𝜕𝑇
+ 𝜎

𝜕𝑅𝑀

𝜕𝜎
     (20) 
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𝑅𝐴 = 𝑅0𝐴 + (𝑇 − 𝑇0𝐴)
𝜕𝑅𝐴

𝜕𝑇
+ 𝜎

𝜕𝑅𝐴

𝜕𝜎
     (21) 

 

The parameters in these equations are presented in Table 3. Experimentally 

determined values for each of these parameters with a Flexinol wire with a diameter of 250 

micrometers are presented in Table 4. 

 

Table 3. Parameters of Flexinol phase change. 

Parameter Description of Parameter 

𝑅0𝑀 Nominal resistance in martensite phase 

𝑅0𝐴 Nominal resistance in austenite phase 

𝑇0𝑀 Nominal temperature for martensite phase 

𝑇0𝐴 Nominal temperature for austenite phase 

𝜕𝑅𝑀

𝜕𝑇
 

Temperature dependence of resistance in 

martensite phase 

𝜕𝑅𝐴

𝜕𝑇
 

Temperature dependence of resistance in 

austenite phase 

𝜕𝑅𝑀

𝜕𝜎
 

Stress dependence of resistance in 

martensite phase 

𝜕𝑅𝐴

𝜕𝜎
 

Stress dependence of resistance in austenite 

phase 

 

 

While this work is invaluable in understanding the resistance behavior of Flexinol 

wires, there lacks a significant study into the phase fractions of the two primary phases. As 
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shown in Figure 2, the total resistance can lie anywhere between the two curves, potentially 

leading to large errors in calculating the resistance at a given temperature and stress and 

urging further research into the resistive behavior of Flexinol wire as the material 

undergoes phase transformations. 

 

Table 4. Numerical values for Flexinol phase change parameters. 

Parameter Experimentally Measured Value 

𝑅0𝑀 5.08 Ω 

𝑅0𝐴 4.82 Ω 

𝑇0𝑀 0 ℃ 

𝑇0𝐴 225 ℃ 

𝜕𝑅𝑀

𝜕𝑇
 6.14 

𝑚Ω

℃
 

𝜕𝑅𝐴

𝜕𝑇
 0.802 

𝑚Ω

℃
 

𝜕𝑅𝑀

𝜕𝜎
 0.821 

𝑚Ω

𝑀𝑃𝑎
 

𝜕𝑅𝐴

𝜕𝜎
 0.390 

𝑚Ω

𝑀𝑃𝑎
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Figure 2. Plot of Resistance Curves for Martensite (Blue) and Austenite (Red) Phases. 

 

In order to obtain a useful model from this information, I was compelled to provide 

an assumption as to the transformative behavior of the Flexinol between the martensite and 

austenite phases. For purposes of comparison between the mathematical predication and 

later experimental results, it was assumed that the resistance itself could be approximated 

as linear behavior in order to generate a complete picture of the resistance. In this effort, I 

assumed that the Flexinol wire is entirely in an austenite phase at the nominal temperature 

for this phase, and that the wire is entirely in the martensite phase at the nominal 

temperature for that phase, which yielded equations 22 and 23 for the phase fractions of 

each phase. Having inserted these into equation 19, I was able to model the predicted 

resistance of the Flexinol wire, as shown in Figure 3. 
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𝜉𝐴 =
1

225
𝑇 + 0       (22) 

𝜉𝑀 = −
1

225
𝑇 + 1       (23) 

 

 

Figure 3. Plot of Resistance Curves with Linear Transformation Assumption. 

 

From this, it is shown that the behavior of Flexinol wire is physically bounded by 

the upper (martensite) and lower (austenite) limits. This should remain true when variations 

in the composition of the Flexinol are accounted, such as slight variations in the ratio of 

nickel to titanium within the alloy. In all of these cases, the thermal expansion behavior 

should fall within these limits. It is also shown that as the temperature of the material 

increases, the phase change from martensite to austenite alters the internal resistance of the 

material to a significant degree. With the boundary equations known, the maximum and 
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minimum material reactions are known. This aids in the generation of a more complete 

picture of the material’s overall thermal behavior. 

Knowing how the material reacts to variations in temperature, as well as how the 

internal resistance of the Flexinol wire changes with such variations, it is possible to relate 

the internal temperature to the contraction of the wire. Equation 24 displays the various 

equations for determining the electrical power input into the wire. 

 

𝑃 = 𝐼𝑉 = 𝐼2𝑅 =
𝑉2

𝑅
       (24) 

 

This approximates the power that is converted into thermal energy that heats the 

Flexinol material as the electrical current flows through. This is the basis for joule heating 

that dictates the internal temperature of the wire and governs the internal resistance value. 

With a manufacturer-provided heat capacity of 0.32 J/gC, equations 25 and 26 were 

formulated to represent the change in temperature as a result of joule heating. 

 

∆𝑇 = 0.32 ∗ 𝐼2𝑅       (25) 

∆𝑇 = 0.32
𝑉2

𝑅
        (26) 
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For simplicity, equations 25 and 26 can be combined as equation 27. 

 

∆𝑇 = 0.32 ∗ 𝑃        (27) 

 

This equation forms the second half of the interdependent relationship between the 

temperature and resistance of the Flexinol wire. As the temperature changes, the crystalline 

structure of the SMA is altered, which changes the resistance through the material. This 

change in resistance drives the rate of joule heating of the material, and thus, the rate at 

which the temperature changes. It is important to understand this interdependent 

relationship for the purposes of controlling and predicting the behavior of the material 

when utilized as the basis for stenting platforms. 

If convection cooling is factored into the equation, such as in a real-world scenario, 

the internal heating of the material will compete with the tendency for that heat to escape 

into the surrounding air. This means that the wire will not heat infinitely but will reach a 

thermal equilibrium as the energy input matches the energy loss to the surroundings. It is 

intuitive that higher wire resistances correspond to thermal equilibriums at higher 

temperatures.  
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2.5 Experimental verification 

Flexinol wire samples of various diameters were obtained for use in verifying 

experiments. Connecting these samples in a series circuit and generating a current using an 

Arduino Uno microcontroller caused the electrothermal contraction of these wires and 

provided insights into the resistance behavior of Flexinol. The experimental setup is 

displayed in Figure 4, and shows the Arduino configured to run a current through the wire 

with an operating voltage of 5 volts. As shown, one end of the Flexinol wire was secured 

to the Table to ensure that strain measurements were accurately conducted. The other end 

of the wire was loosely attached to a wire that was then connected to the Arduino 

breadboard, which allowed the Flexinol wire to experience measurable contraction. During 

the experiments, a digital multimeter was utilized to measure the electrical resistance 

across the Flexinol wire and the strain was measured with a ruler and caliper. 

 

 

Figure 4. Experimental Setup. 
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In these experiments, low-temperature Flexinol wires of various diameters were 

used to complete a simple circuit, causing the wires to contract as the movement of 

electrons through the wire caused the material to heat. This exemplified a conversion of 

energy from electrical to thermal and produced a thermomechanical response of the 

material. Several variables were recorded, including the required time for the wire to 

contract by the manufacturer’s recommended value of 4%. The information obtained by 

tests conducted at an input voltage of 5 volts and 3.3 volts yielded the relationship between 

the wire diameter and the current flowing through the Flexinol material at a given voltage. 

This is displayed in Figure 5. From this, one can derive the resistance of each wire to 

predict their behavior when subjected to various electrical conditions. 

 

 

Figure 5. Current vs. wire diameter for various operating conditions. 
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 From these experiments, it is initially difficult to discern whether the governing 

equations derived earlier in this thesis hold true. However, an analysis of the data set 

reveals some interesting features that aid in the verification of the governing equations. As 

displayed in Figure 4, the wires at lower diameters encounter variations in their behavior. 

This can be attributed to the phase change from martensite to austenite and the associated 

alteration to the material’s resistance. After the phase change is complete, the curves on 

the graph become quasi-linear, suggesting uniformity after the phase change. It is clear that 

the antagonization of the phase change can be controlled by the variable of voltage across 

the wire. 

 As shown, higher voltage operation corresponds to higher current through the wire. 

This causes the material to heat at a faster rate, which allows the material to contract in a 

reduced period of time. This is evidenced by experimental data obtained by measuring the 

displacement of Flexinol wires of various thicknesses and the resistance across the material 

as it was heated with an electrical current. For the sake of simplicity, the 150-micrometer 

diameter Flexinol wire test is shown below, as it is characteristic of the behavior of the 

Flexinol wire behavior throughout the range of sizes. The results of this test are shown in 

Figure 6. 
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Figure 6. Resistance versus strain in Flexinol wire sample. 

 

 With the data obtained from these experiments, it is possible to solve for the average 

resistance in each wire diameter, which will provide a near verification of the equations 

derived in sections 2.3 and 2.4. The deviations at the top and bottom of the curve are 

associated with the initiation of the phase changes of the Flexinol wire. This occurs at the 

beginning and end of the curve because it corresponds with the application of higher 

electrical power that contributes to faster Joule heating. Utilizing the linearized model from 

equation 16 and solving for the constants from equations 17 and 18, the predicted 

performance of the wire can be found. This is compared with the experimental results in 

Figure 7. 
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Figure 7. Plot of resistance related to strain. Theoretical response is predicted with the 

dashed line, experimental data is displayed with a solid line. 

 

 As shown in Figure 7, the experimental data follows the linearized constitutive 

model. The linear portion of the experimental data curve is within 2% of the predicted 

behavior of the material, confirming that this mathematical model can be used to predict 

the behavior of Flexinol. It must be noted that the deviations at the top and bottom of the 

curve are associated with the initiation of the phase change of the Flexinol wire, as in Figure 

6. This introduces a degree of nonconformity when compared to the mathematical model. 

Additionally, the resistance of a physical wire sample is certain to deviate from the 

predicted case, as shown by the higher resistance seen in the experimental data. This could 

be corrected by adjusting the third term in equation 16, which governs the constants that 

are specific to individual Flexinol samples. 
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 Considering the tensile force of less than one newton within the wire, equation 6 

was solved for the displacement. As this is a third order polynomial, three possible answers 

were found. However, two of them were much too large to be considered as a feasible 

answer to the real-world problem. With this in mind, the value of strain of 5% was selected 

as the maximum possible displacement. This seems to be consistent with the experimental 

data shown above, which serves to verify that the complex mathematical model and the 

experimental data is reliable. This confirmation allows for the prediction of the behavior 

of Flexinol alloys in sophisticated applications. 

 

2.6 Closure and future work 

The governing equations derived in this chapter serve as the basis for predicting the 

behavior of the SMA Flexinol. Through experimental verification, it is shown that these 

methods can be used to predict, and thus control, the behavior of this material. Because of 

this, the research presented offers a clear understanding of the material in question and 

opens the door to its use in a wide variety of delicate and intricate applications. 

It is recommended that the governing equations be tested under a variety of loading 

and heating conditions in order to determine the effects of external forces and energy 

transfer on the system. In practical applications, these variables ought to be considered, as 

they play a role in determining the rate and extent to which the SMA expands or contracts. 

Future work would involve a series of tests with substantial tensile stress in the wire in 

order to measure the impact of such on the behavior of the material. 
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With the research generated within this chapter, it is possible to predict the behavior 

of Flexinol wire under a variety of loading conditions. As a result, Flexinol wire can be 

utilized in more sophisticated applications and be controllable via consideration of a variety 

of input factors, both electrical and mechanical. This thesis serves to present the possible 

application of Flexinol as a basis for coronary artery stenting platforms. By generalizing 

the governing equations of the SMA Flexinol, it is possible to control the behavior of a 

three-dimensional array of Flexinol wires with an electrical input. 

 

  



39 

 

 

Chapter 3 

Flexinol Stent as a Self-Expanding Bare Metal Stent 

3.1 Introduction 

While standard nitinol self-expanding stents have been on the market for a 

considerable amount of time, there has yet to be significant study into the implementation 

of Flexinol as a possible stenting platform. This thesis seeks to examine the behavior and 

biocompatibility of stent designs comprised of this unique material. 

Whereas nitinol is antagonized to undergo its phase changes via externally applied 

heat sources, Flexinol is a specially designed nickel-titanium alloy that can be antagonized 

by internal heating of the material via electric current. This thesis presents a set of stent 

configurations that utilize Flexinol as the base material. With the design of coronary stents, 

it is important to consider all significant factors that impact the performance and safety of 

the technology. 

As with any medical device, there are several potential risks associated with the 

implantation of contemporary coronary stents. Among these potential risks, stents 

commonly contribute to late stent thrombosis [59], in-stent restenosis [60], and 

hypersensitivity reactions [61] [62], among many other potential issues [41] [63]. These 

risk factors drive the need for advanced coronary stent technologies to reduce the 

likelihood of complications. Many of these complications are associated with a lack of 

biocompatibility between the artery and the implanted stent [64]. 
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Stents should be designed, manufactured, and placed in such a manner as to lessen 

the likelihood or severity of complications over the course of their lifetimes. As such, 

coronary stents ought to be robust in nature, allowing for a long lifetime of safe use. A 

significant issue with coronary stents is that many materials will biodegrade over time [41], 

which can lead to severe complications if the stent was intended to be placed permanently. 

Therefore, it makes sense to examine the bio-durability of Flexinol to ensure that the 

material can be used for a long period of time within the human body. 

It is also necessary to determine the magnitude and concentration of stresses within 

the struts of the stent, because excessive residual stress in the implanted stent often leads 

to the fracturing of the stent strut through a process of local stress corrosion [3]. This is a 

crucial task for determining the potential success with the use of Flexinol as the platform 

for the proposed stent designs. 

Common stents subject to large residual stresses after deployment are prone to 

fracturing early in their lifetimes [65]. Even some models of nitinol SMA stents experience 

a rate of in-vivo fracture near 50% [66]. With such a high rate of stent failures, many 

coronary stents come coated with medication to relieve the symptoms associated with 

fractured stents [67]. 

Nitinol stents tend to exert lower stresses than average compared to other 

commercially available stent materials. Simulations of various stent designs show that 

nitinol is consistently one of the least stressed materials utilized in the development of 

coronary stents [3]. Nitinol allows for large elastic strains, which greatly reduces the risk 

of stent failure due to high stresses or damage during placement [68]. It is important for 
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stents to be developed in a fashion that provides a high rate of success with a low likelihood 

of damage to the surrounding tissue. Nitinol stents have increased the success rate and 

reduced complications in patients, justifying their use as the framework for additional stent 

technology development. 

Industry standards suggest that nitinol stents should be designed with life cycle of 

10 years’ worth of fatigue [69]. This corresponds to approximately 380 million cycles. 

Stents constructed with other SMAs should be designed to meet or exceed this lifespan in 

order to be a viable option for most patients. 

A major difference between the proposed stent design and modern SMA stents is 

that the proposed stent design is intended to be placed via internal electrical heating, rather 

than simply relying upon the heat of the patients’ bodies. This allows for a more predictable 

expansion that could improve the chances of proper placement to avoid the complications 

associated with thrombosis. In order to achieve this, balloon angioplasty is no longer 

necessary. However, the stent would have to conduct a small electric current in order to 

heat internally while the body heats the stent externally. While the voltage has little effect 

upon the physiological response of the body, it is important to ensure that the current is 

below the perceptible threshold of 1 mA to avoid any complications as a result arrant 

current flow [70]. Utilization of the equations for the joule heating (equation 27) and the 

expansion behavior of the Flexinol material account for this and keep the current within a 

safe range. 

While current SMA stent technologies utilize external joule heating via means of a 

patient’s body heat in order expand into place, and often still require balloon angioplasty 
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to ensure that the device fully expands, the proposed Flexinol stent is designed for an 

innovative method of stent deployment. In such deployment, the stent is heated via both 

internal and external means, increasing the rate of expansion, as well as the accuracy of 

placement via controlled deployment. 

This process takes a series of steps. The first step is for the attending doctor to select 

the correct coronary stent for the application. As discussed, this is dependent upon the inner 

diameter of the patient’s artery, the size of the blockage, and other biological factors. The 

proposed Flexinol stents are designed for use in medium-sized arteries with semi-rigid 

arterial walls, which may contribute to the type of stent that the physician chooses for the 

application. 

After stent selection, the device must be inserted into the affected artery through 

surgical means. In order to ensure that the procedure is minimally invasive, the stent ought 

to be crimped or distorted to reduce its size for the initial stages of placement. For 

applications where the stent need only be reduced in size by a small amount, this may be 

achieved by electrically reducing the size of the stent in the method described in chapter 2 

of this thesis. As calculated, the SMA wire mesh can contract up to 10% in circumference, 

which corresponds to a diameter reduction of approximately 3-4%. Such a reduction allows 

for the stent to return to normal size upon breaking the electrical circuit through the stent. 

The second, and recommended, method of placement with the Flexinol stent is to 

physically deform the stent from its tempered shape. Doing so causes alterations to the 

crystalline structure within the material. This can be done either at the location of 

manufacture or in the surgical room in order to be adaptable to the needs of the medical 
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team when placing the stent within the patient’s body. In either case, the diameter, and 

even the overall shape, of the stent can be altered for ease of insertion into the affected 

artery. Once placed within the body, the electrical current can be used to return the stent to 

its originally tempered shape by heating the material internally. Coupled with internal 

resistance joule heating, the Flexinol stent will receive heat energy from the patient’s body 

through conductive processes. Together, this activates the self-healing nature of the 

Flexinol SMA and returns the stent to its pre-deformed shape, thus opening the artery for 

the normal flow of blood after placement. 

 

3.2 Literature Review 

Computational studies of nitinol self-expanding stents have been used to investigate 

the expansion and mechanical behavior involved in their use [71] [72] [73]. This brings to 

light several health benefits and concerns with modern arterial stenting technology. Ideal 

stents must have good flexibility, ease of deliverability, the ability to withstand high radial 

forces, reasonable radio-opacity for x-ray imaging, and good biocompatibility [43]. 

It is critical that implanted stents be correctly sized to prevent dangerous 

complications [68]. Stents that are too small for the artery in which they are deployed can 

migrate or lead to paravalvular damage [74] [75]. Stents that are sized too large can cause 

damage to the tunica interna and lead to much discomfort [68]. Typical stent sizing requires 

the diameter of the deployed stent to be greater than that of the surrounding arterial wall 

by approximately 11% [76]. 
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One of the biggest concerns with the use of stenting technologies is the blood vessel 

collapsing once again. This is referred to as restenosis and can lead to serious injury or 

death. It is known that the risk of restenosis is closely correlated with the magnitude and 

concentration of stresses that develop within the stent after deployment [77]. These stresses 

are dependent upon a variety of factors, including the deployment pressure and the pulsatile 

flow of the blood through the stented artery [78] [79] [80] [81]. Excessive stresses caused 

by a combination of these factors often leads to fracturing of the stent itself and the wall of 

the artery collapsing inward to further block the flow of blood. 

Displacement of built-up plaque and the elastic force of the arterial wall can exert 

a pressure of up to 0.95 MPa upon the deployed stent [82]. As a result, the rated burst 

pressure of most stents is approximately 1.6-1.7 MPa [3]. This leaves a typical factor of 

safety near 1.7-1.8 for most commercially available stent technologies. Even still, many 

stent designs fail at a much lower stress of 260-190 kPa [68]. Thus, the reduction of stress 

concentration within the stent structure is paramount to avoiding critical failures. 

Due to high stress concentrations at the links between stent struts, these locations 

are more prone to crack under the pressure of the arterial wall over time [3]. It logically 

follows that stent failure is closely tied to the thickness and length of the struts [83]. 

Variations in stent design correlate with different rates of ISR [84] [85]. Therefore, the 

design of the stent structure is a key to controlling the rate of ISR in patients with implanted 

stents [77]. Interestingly, trials suggest that thinner struts produce lower rates of ISR [32]. 

It has been postulated that thinner struts reduce inflammation and neointimal hyperplasia, 

causing a reduction in the cases of restenosis with the use of such technologies [86] [87]. 
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Thin struts also allow for greater flexibility and low-pressure deployment, reducing the 

difficulty of the procedure as a whole [88]. 

The most common material used for bare-metal stents is 316L stainless steel, which 

is strong and resistant to corrosion [89]. The low density of this material can make it 

difficult to detect in X-ray imaging [90]. Stainless steel releases heavy-metal ions that can 

initiate an inflammatory and immune system response, causing in-stent restenosis and 

neointimal hyperplasia [62]. 

Stainless steel stents typically have a strut thickness greater than 130 micrometers 

and have been tested in multiple trials to examine the likelihood of strut failure. [91]. 

Unfortunately, biomedical engineers have yet to develop a perfect stent, and all stent 

designs on the market carry an appreciable risk of adverse impact upon the patient [3]. In 

order to analyze the interaction between SMA stents and the tunica interna with finite 

element methods, the hysteretic behavior of the SMA must be considered [68]. Doing so 

helps to reduce the likelihood and the severity of complications. 

The industry has taken a great deal of this into account. By the middle of the 1990’s, 

rates of ISR in BMS were around 25% [92]. While not perfect, advances in stenting have 

led to a reduction in ISR. For contemporary stenting with DES, that number is around 6% 

[7]. Still, the fact that one in twenty-four patients have to have a second emergency surgery 

as a result of poorly designed or poorly implanted stents drives the need for the research 

presented in this thesis.  

This exemplifies the need for new materials and new processes of deployment for 

stents in order to reduce medical complications. In recent years, stents have been developed 
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using SMAs to address a few of these concerns. In fact, there have been several studies of 

SMA stents and their impact upon patient recovery as compared to traditional metal alloys 

[3] [93] [94]. In these studies, SMA stents are shown to be a viable medical solution in 

emergency stenting procedures. 

SMA stents have been available on the market for a couple of decades, primary 

comprised of the nickel-titanium alloy known as nitinol. Nitinol stents exhibit super-elastic 

and shape memory properties, contributing to superior characteristics for long-term stent 

implants [93]. These self-expanding stents have been proven to reduce the risk of restenosis 

compared to typical balloon angioplasty procedures and are a less invasive treatment 

option for the treatment of endovascular disease [95]. 

 

3.3 Design Approach 

In this work, an SMA stent is designed for simulation in a human artery. While 

there are many factors to consider when designing such technology, it is important that the 

stent exhibit a series of crucial characteristics. These characteristics include good 

flexibility, ease of deliverability, the ability to withstand high radial forces, reasonable 

radio-opacity for x-ray imaging, and good biocompatibility [43]. These desired 

characteristics governed the approach to the stent design throughout the process. 

The first major step in the design process was a study and literature review of 

current stent technologies, as evidenced by an extensive literature review section in this 

thesis. Key features were identified and considered in the process. While many stents are 
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manufactured with an open-cell design, which contributes to the flexibility of the stent, I 

chose to increase the rigidity of the stent by utilizing a closed-cell stent type. This reduces 

the risk of the stent collapsing after placement and causing ISR. This type of stent design 

is also easier to control with electrical during placement, as the expansion and collapse of 

each individual cell is similar to one another. This reduces the computing power required 

to simulate the behavior of the Flexinol stent and allows for a more accurate prediction of 

the behavior of the device. 

The stent was originally designed in SolidWorks computer-aided design software 

for one-way simulation and ease of applying custom material properties to the stent. The 

proposed stent design utilizes a 150-micrometer diameter of wire to serve as the mesh 

tubing. This thickness was chosen because that is the diameter of the wire used in the wire 

contraction experiments. This mesh tube was cut to have an external surface that is more 

biocompatible with the inside of a human artery. In modern stent manufacturing, this is 

done by laser-cutting the cells into an extruded tube of metal. Figure 8 shows the stent 

designed in SolidWorks that serves as the primary CAD file for the simulations in this 

thesis. 

 

Figure 8. Stent design in SolidWorks. 
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This design incorporates the desire to model a stent for medium-sized arteries, 

while still being long enough to open stenosed arterial passages. The diameter of the stent 

model is 2.5 mm and the length is 10 mm. A shorter stent design was developed as a 5 mm 

length. One should note that these designs are typical of coronary stents and appreciate the 

miniscule size of these critical technologies. 

The design shown in Figure 8 has closed cells to ensure that the stent does not 

collapse under the pressure of the surrounding arterial wall. It is important to simulate such 

interaction to verify the validity of using this device in medical applications. 

 

3.4 Results and Discussion 

In order to verify the viability of this stent design, finite element analysis (FEA) 

simulations were conducted to determine the stress and strain within the struts. 

Optimization with FEA has proven to be an efficient method of advancing and improving 

stent designs to exhibit desirable characteristics [65] [96] [97] [98] [99] [100]. Because of 

this, FEA serves as an important tool for determining the response of the stent in question 

and classifying it characteristics as an improvement upon current technologies. In FEA, 

complex domains are represented in discrete space via the use of elements which define 

the computational domain in such a way that a set of basis functions can be used to find 

the approximate solution of the original problem [5]. This is done through a process known 

as “meshing,” where the model is divided into a set of discrete elements prior to the 
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program solving the simulation for an answer at each element. SolidWorks FEA uses a 

built-in tool that allows users to validate their results by comparing them to analytical 

solutions of similar cases in the National Agency for Finite Element Methods and 

Standards database. 

For this simulation, one end of the stent was fixed while the rest of the stent was 

allowed to react freely to external forces. A pressure equivalent to the average human blood 

pressure of 100 mmHg was placed upon the outside surface of stent to simulate interaction 

with the surrounding artery. In order to obtain meaningful results from the simulation, a 

fine tetrahedral solid mesh was used in the FEA, which is shown in the insert within Figure 

9. This increased the number of nodes and elements and increased the computing power 

required to obtain results. Figure 9 demonstrates the setup of this FEA simulation. In this 

figure, the green arrows represent a fixed boundary condition and the red arrows signify 

the application of pressure on the external surface of the stent. 

 

 

Figure 9. Boundary conditions and meshing in SolidWorks. 
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From here, the simulation was run to determine the stress in the struts and the 

connections, as well as predict the displacement of the stent when subjected to normal 

loading conditions. The results of this simulation are shown in Figure 10. 

 

 

Figure 10. Von Mises stress in the stent when subjected to normal loading conditions. 

 

 As shown, the Von Mises stresses is highest at the strut connections. This stress is 

well below the yield strength of the material, which confirms that the proposed stent design 

is able to withstand the forces of the surrounding arterial wall. The stent experiences a 

maximum stress of about 37 MPa, which is lower than typical values for nitinol stents of 

various designs [3]. In fact, the simulations of the stent under maximum pressure had a 

factor of safety of approximately 1.6, which suggests that the stent, even with its small 

nature, is a robust solution to coronary artery blockages and stenosis. 
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When considering the stent, it is also important to investigate the displacement of 

the strut links when subjected to forces from the arterial wall. Large displacement indicates 

the likelihood of long-term deformation that could cause complications. As a result, it is 

crucial to run FEA to determine the stent behavior in this realm. Such simulations were 

conducted as part of this work. Results are shown in Figure 11. 

 

 

Figure 11. Displacement of the stent under normal loading conditions. 

 

It can be seen that the maximum displacement of the stent under normal loading 

conditions is approximately 1 micrometer, which confirms that this stent design is a good 

choice for ensuring that stenosed arteries remain open. The stent itself is unlikely to 

experience any significant collapse after placement. This is extremely important, as it 

drastically reduces the risk of ISR. 
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3.5 Closure and Future work 

The proposed stent design experiences low magnitudes of stress and strain, as 

verified by SolidWorks FEA simulations. Because of these characteristics, the proposed 

stent design is a durable choice to withstand long periods of time in the human body. This 

stent should not undergo as much fatigue as typical coronary artery stents, which translates 

to a longer life cycle. As a result of this longer life cycle, the proposed stent design will be 

able to stay in the body longer than the industry average of 10 years, thus reducing the 

likelihood of complications following a surgery to insert a new stent to reopen the affected 

artery. 

The stent design analyzed in this chapter is also less prone to collapse compared to 

typical stents on the market today, as evidenced by the stress and strain simulations 

conducted in SolidWorks. The reduced likelihood of collapse ensures that a lower rate of 

ISR is likely with this design. As restenosis events are the most common complications 

associated with the placement of coronary artery stents, this Flexinol stent design will solve 

for the plurality of stent complications with proper implementation. 

 It is recommended that future work include FEA simulations with a variety of stent 

sizes and stent-artery boundary conditions. This work focuses upon the case of a stent 

placed in a medium-sized artery under normal operating conditions. In order to verify that 

that this stent design is viable for larger arteries, additional simulations ought to be 

conducted with a larger stent file. Simulations including a variety of arterial boundary 

conditions could also be used to further validate this stent technology. Placing the stent 

under increased stress in order to mimic the conditions of extreme stenosis would be 
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beneficial toward that end. In either case, these additional simulations will require a great 

deal of computing power to yield meaningful results, as in the case of this chapter. 

 In conclusion, the design of Flexinol stents is not only possible, but actually 

superior to industry standard stent designs. By using a closed-cell design, the proposed 

stent has more rigidity, which decreases the likelihood of the medical condition of ISR. 

This stent design is therefore a beneficial BMS platform. Further simulations and study of 

this design will show the benefits of using Flexinol as a medium for this life-saving 

technology.  
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Chapter 4 

Blood Flow through Flexinol Stent 

4.1 Introduction 

  In order for the proposed stents to be validated as a solution for constricted arteries, 

it is necessary to simulate the flow of blood through such arteries before and after the 

placement of the stents. This chapter of the thesis is dedicated to research involving such 

simulation with the commercial computational fluid dynamics (CFD) software packages 

included in ANSYS Fluent. 

  This chapter presents the characteristics of each instance of blood flow through 

medium-sized arteries. This starts with a study of current literature on the structure of said 

arteries, as well as the flow of blood within. With this knowledge, the mathematical 

formulation of the blood flow is developed and presented. Flow characteristics are then 

used to perform CFD analysis of blood flowing through a stented artery in order to compare 

the simulated results with those of a healthy and unstented artery configuration. 

It is important to understand the flow characteristics of normal blood flow, as well 

as the flow of blood through a stenosed artery. Comparing these with the simulation of an 

artery that has been stented with the proposed Flexinol stent, it is possible to verify the 

effectiveness of the stent and to investigate the impact the stent structure has on the stream 

of blood flowing through the arteries. To ensure a proper understanding of the 

aforementioned flow, the literature review in this chapter includes an examination of the 

arterial structure as well as the flow of blood through said arteries. 
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   The simulation results will prove invaluable to the understanding of the flow of 

blood through stented arteries. Knowledge of particular flow patterns through stented 

arteries can aid in the design process to avoid critical medical conditions, including arterial 

ruptures. As a result, this chapter provides valuable insights into the medical viability of 

the proposed Flexinol-based BMS in clinical applications. 

 

4.2 Literature Review 

The first consideration in the complex nature of blood flow is that of the arteries 

themselves. Blood vessels exhibit highly nonlinear elastic behaviors owing to their 

complex material properties [101]. The behavior of individual blood vessels is dependent 

upon their structure and the materials that comprise each of their layers. 

Large arteries are comprised of three major layers: the tunica externa, the tunica 

media, and the tunica interna. The tunica externa is primary composed of loose connective 

tissue and is very flexible. The tunica media is comprised of smooth muscle fibers with 

various elasticities. The tunica interna is the layer of arterial tissue that directly contacts 

the flow of blood and is comprised of elastin fibers and simple squamous epithelium [102]. 

It is this layer that dictates the boundary conditions associated with the governing equations 

for the flow of blood through human arteries.  

Figure 12 shows blood vessels both before and after a stenting operation. Part (A) 

displays a diseased coronary artery with lumen narrowed by presence of atherosclerotic 

plaque, part (B) shows that stent implementation causes severe injury to the vessel wall, 
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including endothelial denudation, resulting in platelet adhesion/activation with recruitment 

and activation of neutrophils, monocytes, and macrophages,  part (C) demonstrates the 

release of cytokines and growth factors triggers smooth muscle cells to proliferate and 

migrate towards the lumen, and part (D) shows that the mature neointima is formed, 

comprising smooth muscle cells and extracellular matrix, covered by a restored 

endothelium [7]. 

 

 

Figure 12. Schematic overview of in-stent restenosis. Figure shows key responses to stent 

implantation within a diseased coronary artery [103].  

 

Because of the substantial amount of elastic tissue in larger blood arteries, the 

vessels expand and contract with the flow of blood. This elastic recoil produces a smoother 
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and more uniform flow of blood through the circulatory system, rather than pulsatile blood 

flow as it enters smaller arteries [102]. Therefore, stents placed in medium-sized arteries 

will not be subjected to flow patterns of an excessively pulsatile nature.  

Smaller arteries are more rigid than their larger counterparts. As a result, they do 

not experience the same degree of expansion and contraction. However, while the flow of 

blood remains relatively constant through these portions of the cardiovascular network, the 

pressure within these arteries fluctuates in a pulsatile manner [102]. As the most common 

stenting procedure is performed on the arteries that lead to the legs, this thesis will examine 

the physiognomies of stent interaction within medium-sized arteries [48]. Concentrating 

the focus of this research upon these scenarios allows for the generation of knowledge that 

is most applicable to real-world scenarios. Such knowledge can be used as the basis for 

adapting the proposed stent design and placement procedure for use in a variety of 

biological applications. 

Arterioles lack the muscle layer of the tunica media and capillaries are comprised 

only of a thin layer of squamous epithelium, also known as an endothelium [102]. This 

allows for cells to permeate the endothelium and oxygenate the local tissue. Blood vessels 

of this size are far too small for stenting procedures, and thus, will not be considered in this 

thesis. 

There are a few other considerations for the development of the mathematical 

formulation of blood flow in human vessels. Arterial junctions provide a unique set of 

challenges, owing to the complex flow within [4]. In particular, arterial junctions often 

cause a great deal of swirling or other abnormal flow characteristics that can be difficult to 
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model. Additionally, stents placed near arterial junctions can disrupt the normal flow 

through the subsequent branches by diverting an imbalance of blood flow through one or 

more branches. In partially blocked coronary arteries, antherosclerosis causes abnormal 

blood flow patterns [6]. This imbalance of flow can lead to a variety of health issues, so it 

is important that the proposed stent design not cause a substantial disruption to the normal 

flow of blood through the affected arteries, especially in the vicinity of a significant arterial 

junction. 

Arterial junctions, as well as arterial blockages, can also experience high 

concentrations of shear stress as a result of recirculation. Unlike veins, typical arteries do 

not have internal valves to stop the backflow of blood through the system [104]. The 

pressure of the blood being pumped from the healthy heart is enough to keep the flow 

moving in the correct direction. However, arterial junctions and constricted arteries can 

cause blood to swirl within the blood vessel. High vorticity of blood flow can shear layers 

at constricted portions of the artery, leading to uneven shear stresses within the blood 

vessel, which causes wear and subsequent rupture of the arterial wall [4]. Thus, laminar 

flow is desired. 

As fluid flow is characterized by variations in pressure within the fluid, stenosis has 

a tremendous impact on the flow of blood through human arteries. As expected, unsteady 

Newtonian flow through a stenosed artery attains a peak pressure at the smallest cross-

sectional area [105]. It has been observed that the pressure-drop increases with a reduction 

in the available cross-sectional area of an arterial passage [106]. Thus, the pressure of the 

blood decreases as the flow passes the blockage but increases in the artery near the 

constricted section. This variation in pressure throughout the artery impacts the flow of 
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blood as it passes through affected regions. The characteristics of this flow can have 

impacts on the health of the patient, including the likelihood of stroke, arterial ruptures, 

and several other medical conditions [107]. It is therefore crucial for the blood flow through 

the proposed stent to be similar to the flow of blood through a healthy artery. 

Because the health of the involved patients is of paramount importance, predicting 

the patterns of blood flow through the implanted stent is crucial to the development of such 

stents [108]. The properties of the blood flowing through human arteries are extremely 

important for understanding the impact of the proposed stents. Even in stenosed arteries, 

the flow of blood tends to be laminar, with typical Reynolds numbers below 540 [6]. While 

blood is a non-Newtonian fluid, the behavior of its flow through arteries can be effectively 

modelled as Newtonian for simplicity [4]. This allows for a straightforward analysis of the 

flow patterns after the stent is placed. 

Two-way fluid structure interaction between blood and the artery presents a basis 

for predicting the flow of blood with an assumption of non-Newtonian behavior. Utilizing 

pulsatile flow simulations, it is seen that recirculation effects increase as the arterial wall 

expands and contracts [109]. It makes sense that recirculation effects within smaller, more 

rigid, arteries are subjected to less recirculation effects than their elastic counterparts. For 

purposes of the simulations within this chapter, it is assumed that smooth, laminar flow 

enters the stented portion of the artery. This assumes that the arteries in question are 

negligibly elastic, and that they are far enough downstream of large elastic arteries to 

experience flow that is negligibly pulsatile. With these considerations, it is possible to 

construct straightforward mathematical formulations for the flow of blood through the 
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affected arteries and apply such formulations toward use in CFD simulations as a method 

of inspecting the stents’ impact on the blood flow. 

The flow of blood through arteries can follow complex patterns that have been 

studied through the use of a variety of mathematical models [110] [111] [112] [113]. Blood 

flow can change dramatically in arteries that have been subjected to plaque build-up or 

constriction, sometimes leading to unsteady flow [114] [115] [116] [117] [118]. The flow 

of blood also exhibits different characteristics in arteries that have been stented. 

A recent thesis by a graduate student in the Department of Mathematics at the 

University of Groningen named de Bruin compiled a great deal of research on the blood 

flow through elastic vessels [119]. This research is a wonderful basis for the simulation of 

blood flow through human arteries. 

To engage in the computational simulations necessary for this research, there are 

several considerations that must be noted. Finite element methods are powerful tools for 

approximating the solution of partial differential equations in which the boundary 

conditions are tremendously complex [86]. Many traditional mathematical approaches fail 

to achieve reasonable solutions to these types of problems. Due to the tremendous amount 

of computation power necessary to simulate three-dimensional FSI, utilizing image-based 

CFD or related discretized particle models is a difficult endeavor without reasonable 

simplification [1]. 

The simulations of blood flow in this chapter are three-fold. The first set of 

simulations involves a healthy, open artery in order to study normal blood flow conditions 

ion the human body. The second set of simulations involves an artery that has been 



61 

 

stenosed or collapsed, which will reveal how blood travels through arteries that are 

constricted and in need of coronary stent procedures. Finally, the last set of simulations 

includes an artery that has been stented with the proposed stent design in order to validate 

its use as a viable technology for renormalizing the blood flow in affected regions of the 

cardiovascular system. 

 

4.3 Mathematical Simulation of Blood Flow 

For purposes of this study, I examine the case where the stent has been implanted 

in the artery and compare it to the normal flow of blood through a healthy artery. This 

approach assesses the implications of the stent while in use. By opening the artery, normal 

blood flow is restored. In cases such as this, blood flow through small or medium-sized 

arteries is typically laminar and three-dimensional flow, in which blood is considered to 

be incompressible [120]. Therefore, I can use the Navier-Stokes equations to govern the 

laminar flow of blood, which is a non-Newtonian, incompressible fluid. Utilizing 

continuity, I assume the following: 
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Where 𝜌𝑓 is the density of the fluid, 𝑢𝑖 is the velocity component of the fluid, 𝐹𝑖
𝑒𝑥𝑡 

is the external force, 𝑝 is the pressure of the fluid, and 𝜇 is the fluid viscosity based on the 

Carreau model. [6] 

 

𝜇 = 𝜇∞ + (𝜇0 − 𝜇∞) {1 + [𝜆 (√2 ∑ 𝑆𝑖𝑗
2
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𝑎
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Where 𝜇∞ is the infinite shear velocity, 𝜇0 is the zero shear velocity, 𝑎 is the shape 

parameter, 𝑛 is the index, 𝜆 is the time constant, and the function 𝑆𝑖𝑗
2  is described below. 

 

𝑆𝑖𝑗
2 =

(
𝜕𝑢𝑖
𝜕𝑋𝑗

+
𝜕𝑢𝑗

𝜕𝑋𝑖
)

2

4
       (31) 

 

Using the conservation of momentum equations in normal blood flow, as in de 

Bruin’s research, the following set of equations must hold true. These equations govern 

the behavior of blood as it flows through the arteries in the x, y, and z directions within the 

cartesian coordinate system. As shown, the flow is dependent upon the forcing function 

for each direction. 
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𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
+

𝜕𝑝

𝜕𝑥
− Υ (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) = 𝐹𝑥  (32) 

𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
+

𝜕𝑝

𝜕𝑦
− Υ (

𝜕2𝑣

𝜕𝑥2 +
𝜕2𝑣

𝜕𝑦2 +
𝜕2𝑣

𝜕𝑧2) = 𝐹𝑦  (33) 

𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
+

𝜕𝑝

𝜕𝑧
− Υ (

𝜕2𝑤

𝜕𝑥2 +
𝜕2𝑤

𝜕𝑦2 +
𝜕2𝑤

𝜕𝑧2 ) = 𝐹𝑧 (34) 

 

Where t represents time, p represents blood pressure, Υ is the kinematic viscosity. 

Much of the research does not include appreciable applied forces, such as gravity, so it can 

be approximated as zero. I set the forcing functions to be negligible, as external factors do 

not have a great impact on the flow of blood through human arteries. 

Setting boundary conditions for the fluid flow simulations, the arterial walls 

included a no-slip condition. The condition at the outlet was set so that the fluid could be 

modeled as unidirectional, as per contemporary literature [119]. The mathematical 

formulation of such is presented in equation 35. For the sake of simplicity, 𝜗 is defined in 

equation 36. 𝑗  represents the directional components of the outward pointing normal 

vectors at the outlet. 

 

𝜕𝜗

𝜕𝑗
= 0         (35) 

𝜗 = (𝑢, 𝑣, 𝑤)𝑇        (36) 
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It is known that the flow velocity of blood is different at each point within the 

circulatory system. Smaller arteries typically have higher flow velocities as a result of the 

smaller cross-sectional area. In small and medium sized arteries, where the arterial wall 

can be assumed to be rigid, the flow velocity is relatively constant throughout the flood 

cycle. In these sections of the circulatory system, the velocity profile through a segment of 

the artery is independent of the upstream pulsatile motion of the flow. As a result, it is 

reasonable to model the flow of blood through such arteries as constant flow. 

 The density of blood is approximately 1055 kg/m3 at normal body temperature [6]. 

This is the value that I chose to use for my simulations. The CFD software used in this 

thesis utilizes this set of equations to solve for the fluid flow at any point in the artery. 

There are other parameters that need to be considered in order to setup a complete flow 

simulation. Among these are the Reynolds number of the flow, which I took to be equal to 

1200, which is the maximum Reynolds number of steady-state blood flow through human 

arteries. It is also important to determine the typical fluid velocity of the flow of blood 

through an artery. This is dependent upon the size and location of the blood vessel within 

the human body. For the purposes of this thesis research, the arterial case that is studied 

can be assumed to have a maximum flow velocity of approximately 0.1 m/s through the 

interior [121]. CFD simulations shown within this thesis are based upon these 

experimentally derived values for the properties of blood within a human artery. 
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4.4 CFD Model Setup and Validation 

 CFD simulations were conducted in order to analyze the flow effects of the 

proposed stent design. For the purposes of this analysis, three separate scenarios were 

modeled in AutoDesk Inventor CAD software. These CAD models were then discretized 

with a set of mesh parameters in ANSYS commensurate with studies of blood flow through 

human arteries with a finer mesh surrounding areas of particular interest to this study [122]. 

The CFD simulations were validated by using the same meshing parameters as an existing 

study that uses ANSYS Fluent to examine blood flow through an arterial section [123]. 

The walls of such arteries are semi-rigid and were assigned properties to model them like 

so. Each CAD model was drafted to the same dimensions, including length, diameter, and 

wall thickness. This ensures that the results gleaned from CFD simulations are truly 

comparable analyses that provide valuable information regarding the flow characteristics 

in medium-sized sections of human arteries. 

 Flow simulations were conducted in ANSYS Fluent. Each case was setup in a 

similar manner. The most important of these is the stented case and its comparison to the 

others. In this instance, a fine mesh was utilized at the location of the implanted stent in 

order to provide better results. Blood flow through the CAD models was set for standard 

conditions, including a typical human body temperature of 310 K and a viscosity of 0.002. 

The inlet flow condition was modeled as steady-state flow with a constant centerline 

velocity of 0.15 m/s in order to simulate an appropriate scenario in accordance with typical 

human biology. A roughness factor of 0.01 was selected for the inside of the arterial wall 

to be an approximate average roughness coefficient across typical biological material. The 

roughness factor of the Flexinol was based upon the values provided by the manufacturer 
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of the wires. From here, a set of 150 simulations was run for each case, with the composite 

results collected for analysis. There is a one particular characteristic of the blood flow that 

is of utmost importance for determining the impact of the use of the proposed stent design 

in clinical applications. Specifically, the pressure distribution is a key indicator of potential 

thrombosis.  

 The setup of the CFD models was done with similar mesh parameters to the 

aforementioned reference case. For purposes of model verification, the tetrahedral mesh 

parameters were adjusted to replicate the conditions present in the blood flow simulations. 

Figure 13(a) shows the reference artery with its mesh. Figure 13 (b) compares both versions 

of the displacement results of an ANSYS Fluent 16.2 simulation of this case using a section 

of the model, with the mesh parameters and boundary conditions present in this study. 

 

 

 

Figure 13. CFD model verification. 
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 The CFD models were further validated an examination of iterative convergence. 

The simulations were set to run 150 times in order to examine the convergence of the 

simulation results. The convergence plots indicate that the solution converged within 80 

iterations, which signifies that the CFD is solvable to a reasonable solution. The 

simulations were checked for consistency by confirming the confirmation of mass. 

 As previously discussed, three cases are of interest for this study. The CAD 

models of the each of these cases are shown in Figure 14 for reference. The CAD models 

were designed in AutoDesk Inventor and exported as STP files for use as the geometry 

models for ANSYS Fluent simulations of blood flow. 

 

Figure 14. Computer-aided design models of each artery case. (a) Healthy artery, (b) 

stenosed artery, (c) stented artery. 

 



68 

 

4.5 Results and Discussion 

 The first case represents a healthy artery, the second represents an artery with a 

stenosis of approximately 60%, and the final scenario represents an artery with an 

implanted Flexinol stent. Each of these arterial section models were designed to simulate 

the real-world situation with a medium-sized artery in the human body. The first set of 

results presented below represents the pressure on the arterial wall. Due to bugs with the 

ANSYS software, the resulting simulation images were unable to be set to similar scales. 

Figures 15-17 below demonstrate the pressure distributions across the arterial wall in all 

three cases that warrant examination. 

 

 

Figure 15. Static pressure distribution for the healthy artery case. 
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Figure 16. Static pressure distribution for stenosed artery case. 

 

 

Figure 17. Static pressure distribution for stented artery case. 
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As shown in Figure 15, the magnitude of the pressure decreases as the blood flows 

through the artery, which is to be expected. Fluids flow from areas of high pressure to low 

pressure. In this case, the maximum static pressure within the arterial wall is less than 1.5 

kPa, which is in the normal range for human arteries. 

This increases in the stenosed case, which is displayed in Figure 16. As shown, the 

pressure within the artery builds ahead of the stenosis, creating a large pressure differential 

between the upstream and downstream sections. This large static pressure difference 

contributes to abnormal flows and the generation of aneurysms. This is also an early sign 

of potential thrombosis within the artery itself. The maximum pressure in this case is 

approximately 2 kPa, which is a 33% increase from the healthy case. A stenosis of this 

type can cause deadly consequences with the increased pressure, so it is important that the 

pressure be reduced by implanting an arterial stent.  

The stented artery case is shown in Figure 17. As displayed, the pressure 

distribution through the artery is scaled similarly to the healthy case, and the simulation 

shows that the maximum pressure is similar in the two cases. This is a result of the 

revascularization of the stenosed artery, which restores the artery to a state that is 

comparable to a healthy blood vessel. The high-pressure region is larger in this case than 

the healthy case, which is to be expected, due to the stent creating a minor obstruction 

within the artery. However, the pressure drop across the artery section is much smaller than 

the unhealthy case. In fact, Figure 17 displays a smooth pressure drop across the stent, as 

opposed to the stenosed case, where there is an abrupt pressure change at the site of the 

stenosis. As shown, the stent design considered in this study is able to restore the flow of 

blood to healthy pressure distributions.  



71 

 

4.6 Closure and Future Work 

 Through the use of ANSYS CFD simulations, it is shown that the proposed stent 

design is a great candidate for revascularization procedures to restore the flow of blood to 

affected arteries. The simulation results show that the stenosed artery case increases the 

maximum pressure by over 30%, which is very dangerous if sustained for a long period of 

time. The simulation results of the stented artery case demonstrate the stent’s ability to 

reestablish healthy pressure distribution within the artery. 

 In future work, this study of the proposed stent design could be applied to broader 

studies of the effects of the strut shapes on the flow of blood through the artery. The 

findings from this thesis may be compared to additional studies on contemporary stent 

designs, such as the studies by Lally, et al. and Li et al., among others [41] [77]. Such a 

study is out of the scope of this research but will serve to further the contemporary 

knowledge of how different stent designs impact the distribution of blood pressure through 

the affected region of a stented artery. Further research may involve the use of open-celled 

stent designs for added flexibility in the stent structure, which would allow for placement 

of Flexinol stents in biological locations that undergo an appreciable amount of movement. 
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Chapter 5 

Concluding Remarks and Future Work 

5.1 Key Results 

  The valuable research presented within this thesis demonstrates the viability of 

Flexinol as an SMA stenting platform. The presented research includes an experimentally 

verified mathematical model governing the contraction behavior of Flexinol that serves as 

the basis for further advances in the use of the material in engineering applications. By 

demonstrating the predictability of the material, it is shown to be controllable for actuation.  

This principle was applied through the design of an SMA stent with the properties 

of Flexinol. Implementing a closed cell stent design for the proposed BMS platform, it was 

shown that the design exhibits low stresses when subjected to typical loading conditions. 

This signifies that the stent developed in this study is likely to retain its deployed 

configuration without significant deformation, in turn reducing occurrences of the critical 

condition known as restenosis. 

  Further, the ANSYS CFD simulations demonstrated the effectiveness of the 

proposed stent in restoring blood flow in diseased arteries. The pressure patterns present 

in the stented artery models indicate that the proposed stent is a viable option for use in 

PCI operations. 

  In sum, this research demonstrates that the SMA Flexinol can be utilized as a 

controllable method of actuation in small robotic applications. This work shows the 

viability of its use as a BMS stenting platform that can be controlled during deployment to 
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reduce the likelihood of complications resulting from improperly placed stents. These 

complications are further reduced by the demonstrated durability of the stent design 

developed within this work. 

 

5.2 Application of Machine Learning 

It is recommended that the proposed stent design be utilized in conjunction with 

advanced machine learning techniques to improve success rates for the applicable 

procedures. In particular, it will prove beneficial to incorporate classification algorithms in 

the selection of the optimum stent dimensions. As previously stated, incorrect stent sizing 

can cause a multitude of serious medical complications, including the potentially deadly 

conditions of restenosis and thrombosis [59] [60]. Because of the likelihood of human error 

in the selection of correct stent size for a given arterial application, it will prove 

advantageous to automate the process. 

Machine learning is a subset of soft artificial intelligence that involves computers 

gathering information to perform a particular task. In such applications, the computer 

produces better results with a greater quantity or quality of input data. Machine learning 

can be used in a variety of ways to provide valuable advancement of the commercial use 

of the stents developed in this thesis. Namely, machine learning can be used as a predictive 

mechanism or as a classification algorithm. In fact, some work has been done to predict 

turbulent fluid flow that could be applied to assist doctors that are examining radiological 

imaging of stenosed or diseased arteries, among these are a doctoral dissertation on such 

[124]. There has also been valuable research presented in a conference paper on the use of 
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magnetic imaging to predict turbulent flows. These two will prove incredibly useful to 

researchers that wish to understand the effects of constricted arteries on the flow of blood 

through the body [125]. This information can be used to predict or simulate the flow and 

identify regions of high shear stress that may require additional stenting solutions.  

The second type of machine learning that ought to be implemented in future 

Flexinol stent research is that of classification. In this type of machine learning, a computer 

is provided with a set of data or images with defined characteristics and tasked with 

classifying new images or data into sets that correspond with practical categories. For the 

purposes of this research, it is recommended that images of stenosed arteries be uploaded 

into the computer with a classification learning algorithm along with corresponding 

dimensional data. Of course, the computer also requires the desired solution to each of 

these problems before it can learn what to do with the information. This will take the form 

of a set of stent dimensions for the stents that are successfully placed in the stenosed 

arteries. With this information, the computer will learn to classify new patient images into 

categories that correspond with different sizes of Flexinol stents, which can prove a 

valuable tool to reduce human error in the selection of stenting platforms for patients 

undergoing critical surgeries to reopen stenosed arteries. 

 

5.3 Closure 

  This research advances crucial knowledge of SMA behavior and its applications in 

modern engineering technologies. In particular, this thesis develops models for controlling 

the actuation of Flexinol SMA wires and applies such findings to life-saving biomedical 
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applications. The valuable research presented within this thesis demonstrates the viability 

of Flexinol as an SMA stenting platform. This advancement of knowledge in the area of 

SMAs serves as a basis for additional research and applications in the biomedical field. 

The utilization of electrically-controlled Flexinol wire as a BMS stenting platform is an 

innovative solution to address complications surrounding the use of typical stenting 

technologies. 

Chapter 2 involved the development and experimental verification of constitutive 

equations for the electrothermal contraction behavior of the SMA Flexinol. Such research 

advances our understanding of SMA behavior and allows for the further development of 

control mechanisms for utilizing SMA wires as sources of mechanical actuation in 

mechanical engineering applications.  

The third chapter of this work presented the practical application of the SMA 

Flexinol as a platform for BMS technologies. The research presented includes SolidWorks 

CAD modeling and FEA simulation of the stress loads when working conditions are 

applied, which reveals the response behavior of the proposed stent design. With the FEA 

verification that the Flexinol stent design will be able to sustain normal working conditions 

once implanted into the human body, one can see that the proposed low stress design has 

the potential to reduce the rate of stent failure in comparison to typical technologies 

available on the market. 

Chapter 4 included a valuable study of the blood flow patterns and associated fluid-

structure interaction through the implanted Flexinol stent. The ANSYS Fluent CFD 

solutions demonstrated the stent’s impact on restoring the flow of blood through a stenosed 



76 

 

artery to that of a healthy artery. The simulations also showed minimal turbulence in the 

stented region, which corresponds to lower stresses in the arterial wall and a reduced 

likelihood of thrombosis as compared to typical stent designs. 

The fifth chapter suggested areas of advancement for Flexinol stent technologies 

through the use of machine learning to select stent designs and summarized the key results 

from this research. Such research will build upon the crucial work presented in this thesis 

and will grow from the successful development of the Flexinol stent technology presented 

in this composition. 

In its entirety, the work presented within this thesis demonstrates that the SMA 

Flexinol can be utilized as a controllable method of actuation, which has broad implications 

in the engineering disciplines. Applying such knowledge to the biomedical field in 

particular, this research shows the viability of using Flexinol as the platforming for BMS 

technology that can be controlled during deployment to reduce the likelihood of 

complications. The proposed Flexinol stent has the prospect of further reducing medical 

complications through its demonstrated characteristics. This can have massive implications 

for the biomedical industry and the treatment of the world’s most lethal diseases. 
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Appendix A 

 

Stress-dependent Flexinol Wire Actuation 

%variables% 

d_i=0.000125 %initial diameter% 

nu=0.3 %Poisson ratio% 

L=0.2 %initial length in meters% 

rho=0.00009 %resistivity% 

A_i=(pi*(d_i^2))/4 %initial area of the wire% 

F_o=2.187 %pull force of the wire% 

  

Sigmamax=F_o/A_i  %stress in the wire% 

  

syms Sigma 

  

  

a_h=0.000002*Sigma^2-0.0009*Sigma+0.6875 %slope coefficient for 

heating% 

b_h=-0.00005*Sigma^2+0.0203*Sigma-11.927 %intercept coefficient for 

heating% 

  

%Coefficients% 

  

A=pi*((d_i)^2)*(nu^2)/(L^2) 

B=((d_i^2)*nu/L)*(-(2*pi)-(b_h*nu/L)) 

C=(pi*(d_i^2))-(4*a_h*rho)+(2*b_h*(d_i^2)*nu/L) 

D=(-4*a_h*rho*L)-(b_h*(d_i^2)) 
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%Governing equation for the actuation of the wire% 

  

Dh=[A B C D] 

delta_h=roots(Dh) 

%delta_h% %actuation of the wire% 

%A*(delta_h^3)+B*(delta_h^2)+C*delta_h+D=0% 

  

%Control Equation% 

%Constants% 

alpha=(L^2)/(nu^2) 

beta=(2*rho)/(pi*(d_i^2)) 

gamma=2/d_i 

epsilon=(rho^2)/((pi^2)*(d_i^2)) 

theta=(nu*rho*(nu+1))/(pi*L) 

 

%Measured constants% 

R_0M=5.08 

R_0A=4.82 

T_0M=0 

T_0A=225 

dRM_dT=0.00614 

dRA_dT=0.000802 

dRM_dsigma=0.000821 

dRA_dsigma=0.000390 
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%Variables% 

sigma=200 

T=(0:1:210) 

  

%Equations% 

R_M=R_0M+((T-T_0M)*dRM_dT)+(sigma*dRM_dsigma) 

R_A=R_0A+((T-T_0A)*dRA_dT)+(sigma*dRA_dsigma) 
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