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ABSTRACT 

Nitinol self-expanding stents are commonly used to treat peripheral artery disease. However, 

the femoropopliteal artery presents a challenging environment for stent placement, where large 

arterial deformations occur many times daily during limb flexion. Compared to other arterial 

locations, femoropopliteal stenting is associated with relatively low clinical success and high 

rates of fracture. Recently, novel device platforms have emerged in the form of polymer-

covered self-expanding stents that have shown promising clinical outcomes in femoropopliteal 

applications. For these devices, a traditional metallic stent frame is combined with a flexible 

polymer covering, whose primary function is to act as mechanical barrier to tissue ingrowth 

and intimal hyperplasia, thereby reducing the likelihood of long-term restenosis. While this 

provides opportunities to improve the design of peripheral stents and enhance patient outcomes, 

there are distinct challenges in understanding their behaviour across existing laser-cut and wire 

braided stent platforms. In particular, the relative contributions of the stent frame and polymer 

cover properties towards the functional performance of these composite systems is not known. 

The objective of this thesis is to investigate the mechanics of polymer-covered self-expanding 

wire braided and laser-cut stents for femoropopliteal applications through a combined 

experimental-computational approach. 

In this thesis, detailed experimental benchtop studies were carried out to investigate the 

mechanics of polymer-covered self-expanding wire braided and laser-cut stents. In parallel, a 

finite element-based computational framework was developed, whereby novel strategies were 

used to implement polymer coverings across wire braided and laser-cut stents and predict 

mechanical performance. For self-expanding wire braided stents, this combined experimental-

computational approach was used to systematically evaluate the effect of braid angle and 

polymer cover thickness on the response under a number of different loading regimes. 

Similarly, for laser-cut stent systems, the approach was used to evaluate the role of the 

characteristic cell design (e.g. open-cell, closed-cell and separated z-ring) and polymer cover 

properties on functional performance. Finally, the computational frameworks were used to 

predict the in vivo implant performance of bare-metal and polymer-covered wire braided and 

laser-cut stent systems, and investigate the influence of severe bending loading on the fatigue 

response of these devices.  

It was found that polymer coverings fundamentally alter the deformation mechanisms and 

functional performance of self-expanding wire braided stents, while laser-cut stents largely 

retain their characteristic behaviour when compared to their original bare-metal design. It was 

shown that braid angle is a key governing parameter that dictates the radial and kink 

performance of both bare-metal and polymer-covered wire braided stents. Despite their 

complex behaviour, the distinct design flexibility offered by these systems mean that 

performance could still be tailored for specific applications, in particular with low braid angles 

and relatively thin cover thicknesses. The predicted implanted performance of each stent type 

showed that laser-cut stents demonstrated superiority in lumen gain and vessel conformance 

upon deployment, but promoted vessel kinking and their fatigue life was estimated to be in a 

low-cycle range even for moderate bending. The results showed that wire braided stents had 

lower lumen gain and vessel conformity compared to laser-cut systems, with good predicted 

fatigue performance, but substantial malapposition under bending. In conclusion, the work 

performed in this thesis enhances current understanding on the functional performance of both 

wire braided stents and covered stents. The outcomes from the experimental data and 

computational frameworks developed in this thesis form a benchmark for the future 

development of covered wire braided and laser-cut stent systems.  
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CHAPTER 1  

Introduction 

Endovascular stenting is a low-risk alternative to open-surgery that has revolutionised the 

treatment of diseased arterial vessels. Since the introduction of the first coronary stent in 1986, 

stents have been developed to treat blockages in many other locations, including the biliary, 

cerebral, peripheral, and respiratory systems. An especially challenging environment for 

stenting is the femoropopliteal artery, where the implanted stent is subjected to large bending, 

torsion and compressive loading during leg flexion (Poulson et al., 2018). Unfortunately, these 

large dynamic deformations have challenged the efficacy of peripheral stents, with peripheral 

stenting associated with high incidence of stent fractures and restenosis, which has ultimately 

led to high rates of clinical failures (Neil, 2013; Tosaka et al., 2012). Recently, novel device 

platforms have emerged, whereby the addition of a polymer cover to a metallic stent frame has 

shown promising clinical outcomes by acting as a mechanical barrier to restenosis. While this 

technology has the potential to be applied to a wide variety of existing self-expanding laser-cut 

and wire braided stent platforms in a range of applications, there are distinct challenges in 

understanding the complex behaviour of these composite systems. To realise the true potential 

of these polymer-covered stent systems and ultimately progress the development of next-

generation peripheral stents, a comprehensive understanding is required on the mechanical 
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characteristics and influencing factors of these stent configurations. The work of this thesis 

adopts both experimental and computational techniques to investigate the biomechanical 

behaviour of polymer-covered self-expanding wire braided and laser-cut stents. 

1.1 Peripheral Artery Stenting and Associated Complications 

Peripheral artery disease (PAD) is defined as a partial or complete obstruction in the peripheral 

arteries (Criqui and Aboyans, 2015). It is most commonly caused by atherosclerosis, where 

plaque accumulates on the arterial wall and restricts blood flow. PAD is estimated to affect 

more than 200 million people worldwide (Shu and Santulli, 2018) and is acutely related to age, 

shown in Figure 1.1 (Criqui and Aboyans, 2015). PAD presents a considerable financial burden 

on the United States healthcare system with annual costs exceeding $21 billion (Mahoney et 

al., 2008). The prevalence of PAD is expected to grow rapidly over the next decade given the 

global aging population, where the population of those aged over 60 years is expected to double 

by 2050 (Newgard and Sharpless, 2013). 

 

Figure 1.1 Prevalence of PAD in men in the United States increases non-linearly with age. 

Various ethnic groups are shown where AA indicates African Americans; AI, American 

Indians; AS, Asian Americans; HS, Hispanics; and NHW, non-Hispanic whites (Criqui and 

Aboyans, 2015). 
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A common treatment option for PAD is an endovascular procedure, whereby a stent is deployed 

at the site of the occlusion to restore blood flow. Despite the widespread use of peripheral 

stents, there are several recurring clinical problems including high stent fracture rates (Neil, 

2013), restenosis (Alfonso et al., 2014; Tosaka et al., 2012), plaque embolization (Lam et al., 

2007), and thrombus formation (Katsanos et al., 2017). These complications can partially be 

explained by the severe arterial deformations that occur many times daily during leg flexion 

(Poulson et al., 2018). The implanted stent must withstand a cyclic loading environment with 

axial, bending and twisting deformations, as well as maintaining sufficient radial force to keep 

the artery patent (Maleckis et al., 2018). Peripheral stenting also increases the arterial stiffness, 

which subsequently alters the global deformation characteristics of the artery during limb 

flexion (Ní Ghriallais and Bruzzi, 2014). Both stent fracture and alterations in arterial 

deformation cause an increased risk of initiating a restenosis response (Adlakha et al., 2010; 

Gökgöl et al., 2019). Interestingly, the clinical outcomes of peripheral stenting are wide-

ranging, with reported one-year patency rates between 53 % and 85 % (Ho and Owens, 2017) 

and stent fracture rates between 0 % and 65 % (Neil, 2013). There are significantly fewer 

clinical studies in the realm of peripheral stenting compared to other arterial locations, with the 

majority consisting of clinical trials that report outcomes for only one type of stent (Laird et 

al., 2010; Lammer et al., 2013). Nonetheless, one clinical study considered the impact of stent 

design on the clinical outcome, where it was shown that closed-cell stents (46 %) were 

associated with poor patency rates, which improved considerably when both open-cell (72.5 

%) and interwoven braided (86.7 %) stent designs were considered (Treitl et al., 2017). This 

highlights the importance of stent selection in treating PAD and suggests a distinct link between 

the mechanical properties, which vary considerably across commercially-available devices 

(Maleckis et al., 2017), and long-term performance in the implanted environment. 
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1.2 Overview of Peripheral Stents 

1.2.1 Laser-Cut Stents 

Given the success of balloon-expandable stents in the treatment of coronary artery disease, 

several balloon-expandable stent systems were trialled in the treatment of PAD in the 1990s 

(Schillinger and Minar, 2009). While initial results were promising, long-term clinical data 

failed to show any benefits to balloon-expandable stents compared to balloon angioplasty 

(Becquemin et al., 2003; Cejna et al., 2001). Two key drawbacks of balloon-expandable stent 

systems were that they could only be used to treat relatively short lesions, and they were 

susceptible to irrecoverable crushing deformation when subjected to external forces. The 

introduction of self-expanding Nitinol stents provided shape-memory characteristics that 

improved crush recoverability and stent flexibility, with reduced foreshortening that enabled 

accurate placement during deployment. Since the approval of the first Nitinol peripheral stent 

in 2009 (Schneider, 2017), these properties have led to better patency rates compared to earlier 

stent designs and, today, the overwhelming majority of commercial stents used in the treatment 

of PAD are self-expanding Nitinol laser-cut stents. The design features of these Nitinol stents 

have evolved in the last decade from closed-cell to open-cell designs. Several of these open-

cell designs are shown in Figure 1.2, with further design parameters varying through geometric 

features such as strut shape, thickness, length and width and the number or profile of the 

interconnecting segments. Clinical results for self-expanding Nitinol laser-cut stents have 

demonstrated stent fracture at ~one-year follow up in the LifeStent (3.1 % ), Innova (1.9 %) 

and Smart stents (26.9 %) (Neil, 2013; Powell et al., 2017). Primary patency rates at two-year 

follow up were similar for Innova (68.7 %) (Powell et al., 2017), Absolute Pro (68.7 %) and 

Complete SE stents (66.7 %) (Han et al., 2019).  
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Figure 1.2 Commercially-available laser-cut peripheral stents. Adapted from Maleckis et al. 

(2017). 

 

The introduction of drug-eluting stents (DES) also represents a significant advancement in 

improving restenosis rates, where antiproliferative drugs are used to inhibit neointimal 

hyperplasia. There are two existing FDA-approved DES for the peripheral system, the Zilver 

PTX stent (Cook Medical, Indiana) and the Eluvia (Boston Scientific, Massachusetts), shown 

below in Figure 1.3. The Zilver PTX stent has demonstrated improved five-year patency rates 

(72.4 %) compared to the Zilver bare-metal stent (53.0 %) (Dake et al., 2013). More recently, 

the Eluvia stent has shown improved two-year patency rates compared to the Zilver PTX stent 

(83.0 % vs 77.1 %) (Müller-Hülsbeck et al., 2021). 

Although Nitinol self-expanding stents and DES represent significant milestones in the 

advancement of PAD treatment, these clinical outcomes are much worse than other arterial 

locations, such as coronary applications where patency rates are consistently above 90 % (Allie 

et al., 2004), and there is clearly need for further improvement.  



Chapter 1 

 

 

6 

 

 

Figure 1.3 Drug-eluting peripheral stents (a) Zilver PTX stent (Cook Medical, Indiana) and 

(b) Eluvia (Boston Scientific, Massachusetts). 

 

1.2.2 Wire Braided Stents 

Self-expanding wire braided stents are composed of sets of interlacing Nitinol wires in 

clockwise and anti-clockwise directions. Wire braided stents have been used across a range of 

applications (Suzuki et al., 2017), including digestive (Hindy et al., 2012), biliary (Yokota et 

al., 2017) and respiratory indications (Freitag et al., 2017), while also being used as flow 

diverter systems (Suzuki et al., 2017). To date, the only braided peripheral stent currently 

available commercially is the Supera stent (Abbott Vascular, Santa Clara, CA), which is shown 

in Figure 1.4. Clinical outcomes are good, with several studies reporting no stent fractures 

(Chan et al., 2014; Scheinert et al., 2011; Werner et al., 2014), and one-year and two-year 

primary patency rates of 85 % and 76 % respectively (Scheinert et al., 2005). The Supera stent 

has demonstrated improved patency compared to other commercially available 

femoropopliteal laser-cut stents (Bishu and Armstrong, 2015) and hence, it is an attractive 

option for femoropopliteal stenting.  

 

Figure 1.4 Braided Supera stent (Abbott Vascular, CA, USA) with braid angle (ɓ) and 

external diameter (De) parameters labelled (DAC, 2013). 
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1.2.3 Polymer-Covered Stents 

Polymer-covered stents incorporate a cover onto the stent frame through a suturing, wrapping, 

compression/vacuum forming, dip-coating or electrospinning process (Farhatnia et al., 2013). 

An advantage to polymer-covered stents is that the use of a cover allows more innovative stent 

frame design, while providing a mechanical barrier between the vessel wall and bloodstream. 

This has seen polymer-covered stents used in a wide range of applications, for example, 

excluding aneurysms in the abdominal artery (Teijink et al., 2019), preventing tumour in-

growth in the digestive system (Wang et al., 2020), or sealing perforated coronary vessels 

(Lansky et al., 2006). For the peripheral vasculature, the only polymer-covered device 

commercially available is the Viabahn endoprosthesis (Gore, Arizona), which is composed of 

separated wire rings that are wrapped with an expanded polytetrafluoroethylene (ePTFE) 

polymer cover, as shown in Figure 1.5. The Viabahn endoprosthesis (Gore, Arizona) has 

demonstrated significant clinical benefits in peripheral regions compared to traditional bare-

metal stents, with improved success in terms of patency and restenosis, where 12-month 

patency rates improved from 54 % when treated with a bare-metal stent to 79 % when treated 

with the Viabahn stent (Lammer et al., 2013). The Viabahn stent has also demonstrated no stent 

fracture and 81 % patency after three years (Shammeri et al., 2012), therefore providing an 

excellent solution for PAD treatment.  

 

Figure 1.5 Covered Viabahn endoprosthesis (Gore, Arizona). 
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1.3 Biomechanics of Bare-Metal and Polymer-Covered Stents  

1.3.1 Potential for Polymer-Covered Stents 

The recent clinical success of the Viabahn endoprosthesis (Gore, Arizona) has furthered the 

developed of the next-generation of ñcovered stentsò, whereby a traditional metallic stent frame 

is combined with a flexible polymer covering. These coverings are typically made from 

expanded polytetrafluoroethylene (ePTFE), polyurethane (PU) or polyethylene terephthalate 

(PET/Dacron) and are applied to the stent frame through suturing, wrapping, 

compression/vacuum forming, dip-coating or electrospinning processes (Farhatnia et al., 

2013). Covered stents were initially developed for the treatment of large-diameter aortic 

aneurysms (Farhatnia et al., 2013), where the purpose of the polymer covering was to protect 

the aneurysm belly from haemodynamic blood forces, thereby reducing radial pressure and 

providing an unobstructed lumen. More recently, covered stents are being exploited in the 

treatment of traditional vessel occlusions in peripheral (Venturini et al., 2017), coronary 

(Panduranga et al., 2011) and biliary (Conio et al., 2018) systems. Here, the primary function 

of the polymer cover is to act as a mechanical barrier to tissue in-growth and intimal 

hyperplasia, thereby reducing the likelihood of long-term restenosis (Farhatnia et al., 2016; 

Lammer et al., 2013). Current clinical research on covered stents shows improved patency 

outcomes and reduced incidences of re-occlusion compared to bare-metal stents in complex 

femoropopliteal (Hajibandeh et al., 2016; Lammer et al., 2013; Vartanian et al., 2013) and iliac 

lesions (Chang et al., 2008; Marin, 1996; Mwipatayi et al., 2016, 2011). However, 

biomechanical studies of polymer-covered peripheral stents are not present in the literature. 

While polymer coverings provide opportunities to improve the design of peripheral stents 

and enhance patient outcomes, there are distinct challenges in understanding the 

behaviour of these devices, in particular the relative contribution of stent frame (e.g. 
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laser-cut or braided) and cover parameters on the functional performance of these 

composite systems. 

1.3.2 Polymer-Covered Laser-Cut Stents  

There is a substantial body of existing research that evaluates the biomechanical performance 

of commercially-available laser-cut stent designs. During development and certification, 

regulatory bodies require an extensive number of in vitro benchtop tests, some of which are 

used to characterise stent response under radial, bending, torsional and axial loading (ISO, 

2020). Experimental benchtop testing provides real reliable data for evaluating key 

characteristics of stent performance and has been used to assess bare-metal laser-cut stents for 

PAD, for example as reported in (Berti et al., 2021; Duda et al., 2000; Maleckis et al., 2017; 

Nikanorov et al., 2008). Benchtop testing of the covered Viabahn stent demonstrated that it has 

low torsional, bending and compressive resistance compared to other femoropopliteal stents 

(Maleckis et al., 2017). Beyond this, there are limited studies that investigate the mechanics of 

covered stents, with the majority of work focussing on large diameter stent-grafts with 

separated wire rings used for abdominal artery aneurysm treatment (De Bock et al., 2013; 

Demanget et al., 2012; Kleinstreuer et al., 2008; Perrin et al., 2015). Only one study has 

implicitly demonstrated the considerable mechanical effects of stent covering, where the 

addition of a polymer cover in a tracheobronchial laser-cut stent system more doubled the 

maximum radial force at full crimp (McGrath et al., 2016). Given that covered stent systems 

are providing promising clinical results across a range of applications, there is a clear 

need to develop a thorough understanding of their mechanics as we aim for a biometric 

design capable of accommodating arterial deformation. 

1.3.3 Polymer-Covered Wire Braided Stents 

Wire braided stents are weaved structures known for their high flexibility, as individual wires 

have the freedom to slide and rotate at crossover points to accommodate deformations (Zhao 
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et al., 2019). While they tend to have low radial stiffness (Zou et al., 2016), a key benefit of 

braided stents is their versatility as their mechanical properties can be tailored by altering key 

design features including wire density, wire diameter, braid angle (Figure 1.4), and braid 

pattern (Rebelo et al., 2015). Modification of these geometrical features can be used to create 

application-specific devices; for example, wire braided stents used in aneurysm treatment have 

a high wire density with small and numerous pores to create a flow diversion effect (Szikora et 

al., 2010), while wire braided stents used for occlusion treatment are designed with large wire 

diameters and a circumferentially aligned braid angle for improved radial strength (Stoeckel et 

al., 2004). Examples of experimental testing of braided stents are somewhat limited, with few 

stent configurations or experimental tests carried out in any one study (Kelly et al., 2019; Kim 

et al., 2008; Yuksekkaya and Adanur, 2009). Incorporating a polymer cover with a braided 

stent will likely influence the deformation of the wires, which could have important 

implications for crimp, deployment and long-term performance. However, few studies have 

analysed the mechanical behaviour of covered braided stent systems (Isayama et al., 2009), 

particularly for small-diameter systems, and there is a distinct lack of understanding on how 

the functional performance of these covered braided stent systems compares to their bare-metal 

counterparts. To advance these next-generation devices to more widespread 

implementation, it is critical that functional properties relating to crimp, deployment and 

implanted configuration are better understood. 

1.4 Computational Modelling of Polymer-Covered Stents 

Computational modelling is a powerful tool that allows the simulation of complex material 

behaviour and boundary conditions to accurately represent real-life scenarios. Finite element 

analysis (FEA) can facilitate more comprehensive understanding of stent behaviour by 

providing further details on aspects of their performance including crimp, deployment and 

subsequent implanted behaviour. This is particularly important for the continued development 
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of peripheral stents, given the large and complex loading conditions an implanted stent is 

subjected to in the femoropopliteal artery. Simulating stent deployment and arterial 

deformations representative of conditions that the stent experiences in vivo can provide 

information on the fatigue life of stents. Furthermore, FEA can enable large parameter studies 

that would otherwise be unfeasible to conduct with time-consuming and costly experimental 

testing. 

Presently, computational modelling of the mechanics of bare-metal stents has received 

significant attention in the literature including research on geometrical and material properties, 

stent/artery interaction and fatigue life (Auricchio et al., 2016, 2011; Conway et al., 2012; De 

Bock et al., 2012; García et al., 2012; Grogan et al., 2012), as well as analyses considering the 

dynamic femoropopliteal environment (Berti et al., 2021; Dordoni et al., 2015, 2014; Gökgöl 

et al., 2015; He et al., 2021). However, there are few examples of computational models for 

covered stents in the literature, particularly in the braided stent domain, where only one study 

has attempted to model the complex behaviour of a covered braided stent (Liu et al., 2017). 

Several large-diameter stent-grafts have been modelled (De Bock et al., 2013; Demanget et al., 

2012; Kleinstreuer et al., 2008; Perrin et al., 2015), but few of these have presented validated 

computational techniques, with only limited examples providing insight into the mechanical 

implication of stent covering (McGrath et al., 2016). It is currently unknown how the behaviour 

of the implanted stent and the fatigue life compares in different bare and covered stent systems. 

For continued development of polymer-covered stents, robust computational models are 

required to enable predictions on their long-term performance and their response under 

physiological deformations.  
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1.5 Objectives 

The objective of this thesis is to investigate the mechanics of polymer-covered self-expanding 

wire braided and laser-cut stents for femoropopliteal applications through a combined 

experimental-computational approach. This work will facilitate a better understanding of the 

functional performance of these complex devices and significantly contribute towards the 

design and development of next-generation covered stents. The specific aims of this research 

are as follows: 

(i) To experimentally investigate the mechanical response of polymer-covered self-

expanding wire braided stents and evaluate the role of braid angle and cover thickness 

on functional behaviour. 

(ii)  To develop a computational framework that accurately predicts the mechanical 

behaviour of bare-metal and polymer-covered wire braided stents and use it to 

systematically evaluate the effects of various geometrical and material design 

parameters. 

(iii)  To investigate the role of a polymer covering on the functional behaviour of laser-cut 

stent systems through a combined experimental-computational approach. 

(iv)  To predict the deployment behaviour, the response under physiological bending and 

long-term performance of bare-metal and polymer-covered versions of wire braided 

and laser-cut stent systems. 

1.6 Thesis Structure 

The outline of this thesis is as follows: 

Chapter 2 outlines the existing literature relevant to femoropopliteal stenting. This chapter 

describes the function and form of the femoropopliteal artery and provides detail on its disease 

states, treatment options, and complications associated with stenting in the femoropopliteal 
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artery. It also provides a review of various experimental and computational techniques that 

have been employed to evaluate stent performance. 

Chapter 3 presents a review of the fundamental theory of continuum mechanics, particularly 

in context with the finite element method. An analytical model that predicts geometrical and 

mechanical properties of wire braided stents is detailed. 

Chapter 4 represents an experimental investigation into the mechanics of bare-metal and 

polymer-covered wire braided stents. The functional performance of each stent configuration 

is assessed through radial compression, axial compression and tension, kink deformation and 

stent elongation benchtop tests. 

In Chapter 5, a computational framework is developed to predict the functional performance 

of bare-metal and polymer-covered wire braided stents under radial compression and kink 

deformations. A systematic evaluation of the effect of wire braid parameters (e.g. braid angle, 

wire density, wire diameter and Nitinol material properties) and cover parameters (e.g. 

thickness and cover material properties) is presented. The computational framework is 

validated against experimental data reported in Chapter 4, and the radial response for bare-

metal braided stents is compared to an analytical solution. 

Chapter 6 presents a combined experimental-computational investigation into the role of a 

polymer cover on the biomechanical performance of self-expanding laser-cut stents. 

Experimental benchtop testing is conducted on bare and polymer-covered open-cell Precise 

Pro stents (Cordis Endovascular, a Johnson & Johnson company, Miami, FL), and a 

computational framework is developed in parallel that accurately predicts the biomechanical 

characteristics observed experimentally. Further, the computational model is used to provide 

insight into covered stent mechanics by considering closed-cell and separated z-ring stent 

geometries. 
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Chapter 7 develops upon the validated computational models established in Chapters 5 and 6 

to determine the characteristics of bare-metal and polymer-covered stents after deployment and 

under physiological bending deformations. The results provide a relationship between the stent 

radial response and the resulting arterial lumen gain. Stent conformity and fatigue analysis are 

compared for each stent type under bending loading. 

The primary conclusions of this thesis are summarised and recommendations for future work 

are discussed in Chapter 8. 
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CHAPTER 2   

Literature Review on Femoropopliteal 

Stenting 

This chapter provides an overview of the literature relevant to the subject areas of this thesis. 

In Section 2.1, a background to arterial function and structure is given, with a particular focus 

on femoropopliteal arteries and peripheral artery disease. Typical features of femoropopliteal 

stenting and the performance characteristics of Nitinol stents are discussed in Section 2.2. 

Section 2.3 reviews various experimental and computational techniques that have been used to 

evaluate stent performance.  

2.1 Arteries and the Femoropopliteal Artery 

2.1.1 Arterial Function and Structure  

The primary function of an artery is to carry oxygenated blood from the heart to other regions 

of the body. The aorta is the largest artery in the human body, measuring approximately 300 

mm in length and 25 mm in diameter (Padsalgikar, 2017). It originates in the left ventricle of 

the heart and extends through the abdomen, where it then bifurcates into left and right iliac 

arteries. Several branches extend directly from the aorta, including the right- and left-coronary 
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arteries, and arteries supplying blood to the upper limbs, the pulmonary system and the 

digestive system, shown in Figure 2.1 (Netter, 2018).  

 
Figure 2.1 Principal systemic arteries in the human body circulatory system (Netter, 2018). 

 

Traditionally, arteries can be classified as large, medium or small. Large arteries, such as the 

aorta and pulmonary arteries, are elastic arteries which facilitate the continuous and uniform 

flow of blood by allowing the arterial wall to recoil and distend in response to blood pressure. 

Medium and small arteries are muscular. A healthy artery typically consists of three main 

layers; the tunica intima, the tunica media and the tunica adventitia, as shown in Figure 2.2 

(Holzapfel et al., 2000). The composition of each arterial layer varies depending on the artery 

size and location.  
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Figure 2.2 Image showing the three layers of healthy arterial tissue (Holzapfel et al., 2000). 

 

The intima layer is in direct contact with blood flow and it acts as a semipermeable membrane, 

allowing the transfer of nutrients and chemical signals. In large elastic arteries, the tunica 

intima consists of endothelium, subendothelial connective tissue, and an inconspicuous internal 

elastic membrane. The endothelium is composed of a layer of endothelial cells which release 

surface adhesion molecules and receptors, while the subendothelial layer of connective tissue 

has a contractile function and is composed of smooth muscle cells, elastin fibres and collagen 

fibres. In muscular arteries, the tunica intima is much thinner and it has a noticeable internal 

elastic membrane. The tunica media is a smooth muscle layer embedded in collagen and elastin. 

Large elastic arteries have fenestrated sheets of elastin between layers of radially arranged 

smooth muscle cells, while medium arteries predominantly consist of concentric layers of 

smooth muscle, with little elastic material. The tunica adventitia layer is mostly composed of 

connective tissue to reinforce the vessel. It also contains collagen and elastin fibres to allow 
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the artery to expand in response to internal blood flow pressure. Compared to elastic arteries, 

the tunica externa layer in muscular arteries is thicker, almost the same thickness as the tunica 

media layer (Pawlina and Ross, 2018).  

2.1.2 Peripheral Arteries and the Femoropopliteal Artery  

Peripheral arteries are small diameter vessels encompassing all non-cerebral and non-coronary 

arteries. They can be differentiated into upper and lower extremity arteries, whereby the upper 

extremity arteries supply blood to the arm and hand, and the lower extremity arteries supply 

blood to the leg and foot (Drake et al., 2015). The major artery supplying the lower limb is the 

femoral artery, which is a continuation of the iliac artery and begins at the point where the iliac 

artery passes under the inguinal ligament and enters the femoral triangle (Figure 2.3). The 

femoral artery passes through the adductor hiatus in the adductor hiatus muscle and transitions 

to the popliteal artery behind the knee joint (Drake et al., 2015). The superficial femoral artery 

(SFA) and the popliteal artery (PA) together are known as the femoropopliteal artery (FPA). 

The external arterial diameter of a healthy femoropopliteal artery varies from 9.3 mm at the 

common femoral artery to 4.4 mm at the distal popliteal artery (Wolf et al., 2006), and the total 

wall thickness ranges between 0.71 mm 1.1 mm (Kornaat et al., 2009). Femoropopliteal arteries 

are unique compared to other major vessels in the body in that they are subjected to large 

external deformations, applied through movement from the surrounding muscles in the thigh. 

A typical healthy artery follows the movement of the leg during leg flexion, and the artery 

curves several times proximal to the knee joint (Wensing et al., 1995). The behaviour of the 

femoropopliteal artery during leg flexion is not obvious, because there are more than twelve 

muscles in the thigh controlling hip and knee movement (Cheng et al., 2006). As the leg bends, 

the femoropopliteal artery experiences axial compression and bending (Smouse et al., 2005), 

as well as torsion (Desyatova et al., 2017).  
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Figure 2.3 Contents of the femoral triangle in the lower limb (Drake et al., 2015).  

 

2.1.3 Peripheral Artery Disease 

Peripheral artery disease (PAD) is estimated to affect more than 200 million people worldwide 

(Shu and Santulli, 2018). It is primarily caused by atherosclerosis, where plaque accumulates 

on the artery wall and causes narrowing of the artery, as shown in Figure 2.4. Less commonly, 

PAD can be induced from inflammatory diseases of the arterial wall such as vasculitis and non-

inflammatory diseases of the arterial wall such as fibromuscular dysplasia (Kullo and Rooke, 

2016).  

In the majority of cases (78 %), PAD is asymptomatic (Stoffers et al., 1996), however in some 

cases, patients may have limited walking ability and hence a reduced quality of life (Robertson 

et al., 2017). Symptomatic PAD patients can experience numbness, discomfort or coldness in 

the leg, or claudication, painful exercise-induced leg cramping. Less than 5-10 % of patients 
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have critical limb ischemia, with a risk of limb loss (Hankey et al., 2006). PAD is often 

evaluated and measured with the ankle-brachial index (ABI), the ratio of blood pressure at the 

ankle to the blood pressure in the upper arm, where an ABI of less than 0.9 suggests blocked 

arteries due to PAD (Hirsch et al., 2001). 

 

Figure 2.4 Peripheral artery disease caused by atherosclerosis, where plaque builds up on 

the artery wall and reduces blood flow (Topfer and Spry, 2016). 

 

The Trans-Atlantic Inter-Society Consensus (TASC) Document provides recommendations in 

the classification and treatment of PAD (Dormandy and Rutherford, 2000). The anatomical 

lesion classification, where lesion patterns are grouped into A-D lesions (Figure 2.5), is used 

widely in the clinical setting. The TASC group recommends the use of endovascular therapy 

for the treatment of TASC A and B lesions, while open surgical repair should be used for TASC 

C lesions when the patient is medically fit and always for the treatment of TASC D lesions.  
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Figure 2.5 Trans-Atlantic Inter-Society Consensus (TASC) lesion classification for 

femoropopliteal disease (Jaff et al., 2015).  

 

2.1.4 Treatment for Peripheral Artery Disease ï Current State of the Art  

Mild forms of PAD can be treated by improving lifestyle choices and limiting risk factors, like 

exercise, smoking cessation and introducing a low cholesterol diet. Clinicians may prescribe 

medication to target hypertension and hypercholesterolemia, like cholesterol-lowering agents, 

antihypertensives and antiplatelets (Buchwald et al., 1996; Hiatt, 2001). In more severe cases, 

endovascular or surgical intervention is required, with the former recommended for TASC type 

A and B lesions and the latter recommended for TASC type C and D (Norgren et al., 2007). 
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Currently, endovascular stenting is the most common treatment option for revascularisation of 

diseased peripheral arteries, with bypass surgery reserved for complex and/or extensive lesions 

in medically fit patients (Jaff et al., 2015). Endovascular stenting is a minimally-invasive 

procedure where a tubular metallic scaffold is deployed into the diseased artery to restore vessel 

patency. Self-expanding stents are manufactured in their expanded configuration, and then 

crimped and constrained within a sheath. The endovascular stenting procedure begins by 

inserting a catheter with the mounted stent through an incision in the groin, which is then is 

navigated to the site of occlusion in the peripheral artery. When the crimped stent is positioned 

at the blockage, the sheath is removed to allow the stent to expand into the artery, where it 

remains in place as a permanent metallic scaffold. Endovascular treatment has the advantage 

of lower 30-day morbidity compared to bypass surgery, however, it is associated with higher 

technical failure (Antoniou et al., 2013). For femoropopliteal applications, a wide variety of 

stent platforms are currently available commercially (Maleckis et al., 2017), with recent 

devices moving towards combinations of self-expandable Nitinol laser-cut or wire-braided 

frames (Werner et al., 2014) and polymer covered systems (Madassery et al., 2016). While the 

evolution of endovascular stents has revolutionised the treatment of occluded vessels, current 

clinical success rates in the femoropopliteal artery are much poorer compared to other arterial 

locations, where patency rates of 60 - 70 % are common in the femoropopliteal artery compared 

to > 90 % in coronary and aortoiliac arteries (Allie et al., 2004; Powell et al., 2017). 

A major driving factor for the poor clinical performance of femoropopliteal stenting is the large 

deformation the femoropopliteal artery undergoes under daily activity, experiencing bending, 

torsion and compression during leg flexion, which induces repetitive trauma to the artery and 

implanted stent (MacTaggart et al., 2014). It is also understood that stent placement within the 

femoropopliteal artery increases the arterial stiffness and impedes the amount of axial 

compression in the vessel (Ní Ghriallais et al., 2016) (see section 2.1.5 for further details). This 
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is associated with higher curvature levels in the unstented vessel distal to the stent, which could 

lead to vessel wall damage and stent failure due to restenosis. Axially-stiff stents experience 

higher stress concentrations, putting them at risk for fatigue failure and stent fracture. 

Furthermore, because body movement is repetitive and leg flexion occurs many times daily, 

the implanted stent is placed within a cyclic loading environment (Ansari et al., 2013). This 

explains why femoropopliteal stenting is linked to high rates of stent fracture, which can in 

turn cause vascular injury and in-stent restenosis. In-stent restenosis is an overreaction response 

of wound healing after vessel injury, which results in excessive neointimal thickening causing 

a significant reduction in the lumen cross-sectional area and reocclusion of the vessel as 

illustrated in Figure 2.6. 

 

Figure 2.6 Cross-sectional and longitudinal views representing the development of in-stent 

restenosis. (a) Plaque build-up reduces the lumen diameter and disrupts blood flow. (b) 

Endovascular stenting restores lumen diameter by compressing the plaque against the 

arterial wall. (c) In-stent restenosis is present after neointimal hyperplasia, and the vessel is 

reoccluded (Simard et al., 2014).  
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Scheinert et al. (2005) evaluated 121 implanted self-expanding Nitinol stents to find a stent 

fracture rate of 37.2 % after a mean follow-up time of 10.7 months, with increased fracture 

rates in long stented regions. It was also demonstrated that in-stent restenosis or re-occlusion 

occurred in approximately two-thirds of patients with stent fractures. Restenosis rates with 

femoropopliteal stenting are generally high, with studies reporting restenosis rates of 58 % 

within three years (Siracuse et al., 2012), and occlusion rates of 16-65 % after two years 

(Tosaka et al., 2012). Other complications can occur during stent implantation, such as injury, 

rupture, or perforation of the vessel wall, as well as embolization of plaque fragments (Bekken 

et al., 2012). The complications associated with FPA stenting can eventually necessitate re-

intervention (Rits et al., 2008; Scheinert et al., 2005), and in some cases, re-intervention rates 

can be up to 31 % (Malas et al., 2014). 

2.1.5 Deformation Characteristics of the Femoropopliteal Artery  

The femoropopliteal artery is a particularly challenging environment for endovascular stenting 

due to the large dynamic deformations that occur during leg flexion. As well as typical design 

considerations relating to the radial performance of the stent, we must strongly consider the 

physiological loading exerted on the vessel from the surrounding muscles. A femoropopliteal 

stent that accommodates these physiological deformations without causing large stress 

concentrations in the stent will be less likely to fracture due to stress failure. This section 

reviews existing studies that have quantified femoropopliteal deformations. 

The biomechanical deformations of the femoropopliteal artery have been evaluated in both 

healthy and diseased states. An early study by Wensing et al. evaluated the curvature of femoral 

vessels in healthy volunteers aged 23-68 years using 2D magnetic resonance angiography 

(Wensing et al., 1995). The study observed that the artery adopted a tortuous configuration in 

all volunteers upon leg flexion, with three or more small curves proximal to the knee joint. 

Upon leg extension, young participants (<45years) regain normal straight arteries, but some of 
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the arterial curves remain in older participants, a feature which can be attributed to reduced 

arterial elasticity and impaired gliding of the femoral vessels in the adductor canal (Figure 2.7). 

This study demonstrates that deformations and tortuosity in the femoropopliteal artery are age-

dependent, and suggests that this could lead to changes in local hemodynamics and therefore 

contribute to atherogenesis (Wensing et al., 1995).  

 

Figure 2.7 Coronal view of an extended leg in a (a) 21-year old and (b) 68-year old. The 

artery in the older volunteer has not regained its normal physiological morphology and small 

curves still remain (Wensing et al., 1995).  

 

Smouse et al. (2005) evaluated the movement of fourteen human cadaver limbs with 2D 

arteriography to observe that during leg flexion, the straight-line distance between the hip and 

calf decreases and the arterial segment must shorten in length to avoid kinking. To achieve this, 

the artery axially compresses as much as possible, before bending to allow further shortening, 

with the most severe bending occurring in the popliteal artery below the knee. Cheng et al. 

(2006) were the first to investigate the three-dimensional nature of femoropopliteal 

deformations by utilizing magnetic resonance imaging. Eight healthy volunteers were assessed 

in straight and flexed positions to show that the femoropopliteal artery deforms up to 25 % in 
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axial compression, 17 % in axial tension and twisting deformations ranging from 4° to 113°. 

At a later stage, the same group carried out a similar study with seven healthy older subjects 

aged 50-70 years (Cheng et al., 2010). They showed that the older group exhibited less arterial 

axial compression compared to the younger group, with a mean axial reduction of 6.9 % across 

the SFA. In addition, it was proven that the older group showed a greater maximum change in 

curvature in the bottom third of the SFA with curvature rates of 0.41 cm-1 ±  0.22 for the older 

group and 0.04 cm-1 ±  0.16 for the young group. Reduced arterial axial compression and 

increased bending are both consequences of stiff arteries in older vessels, which can lead to 

kinking, shown in Figure 2.8. 

 

Figure 2.8 Magnetic resonance angiograms of a young adult (top row) and older adult 

(bottom row) in supine and flexed leg positions. Upon leg flexion, the superficial femoral 

artery remains straight in the young adult, while the vessel in the older adult exhibits kinking 

(Cheng et al., 2010). 

  

A literature review performed in 2013 evaluated twelve studies that analysed femoropopliteal 

biomechanics with limb flexion. Although there is large variability between studies, the results 
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showed that under walking conditions, the artery deforms up to 13.9 % in axial compression, 

twists up to 3.5 °/cm and the vessel is pinched such that the aspect ratio of the lumen changes 

by 12.5 % (Ansari et al., 2013).  

Recent studies have employed the use of intra-arterial markers for more accurate and repeatable 

measurements (MacTaggart et al., 2018, 2014; Poulson et al., 2018). Bending, torsion and 

compressive arterial deformations were examined by implanting v-shaped stainless steel 

markers in five lightly embalmed cadavers (MacTaggart et al., 2014). Findings of the study 

showed that the largest deformations occurred at the adductor hiatus and below the knee with 

bending values measured as radii of spheres with 11 ± 3ï6 ± 1 mm. Bending deformations are 

commonly described with sphere radii, illustrated in Figure 2.9. The arteries exhibited twisting 

of 28 ± 9ï77 ± 27 °/cm and axial compressive deformations of 19 ± 10ï30 ± 8 % (MacTaggart 

et al., 2014). This study was furthered developed by Poulson et al. (2018), with an improved 

Nitinol marker design, arterial pressurisation and a larger sample size with 28 limbs. To 

account for the range of human motion, deformations were recorded under standing, walking, 

sitting and gardening postures (shown in Figure 2.10). Both studies found more severe bending 

and compression deformations through the intra-arterial marker method than previously 

reported through imaging methods (Poulson et al., 2018). 

The results of the studies discussed have established that the femoropopliteal artery exhibits 

complex deformations during leg flexion. It is important to remember that these deformations 

occur many times in daily life during walking, sitting or kneeling. An implanted stent should 

be able to mimic arterial deformations, as well as having good durability to withstand the 

repetitive loading of the vessel. 
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Figure 2.9 Computed tomography (CT) reconstructions of the femoropopliteal artery 

measuring 3D bending with sphere radii (shown in green). Here, smaller radii indicate 

higher degrees of bending (Poulson et al., 2018). 

 

 

Figure 2.10 Computed tomography (CT) images of femoropopliteal deformations including 

standing (180°), walking (110°), sitting (90°) and gardening (60°) postures. Most severe 

deformations occur at the adductor hiatus (AH) and popliteal artery (PA) sections (Poulson 

et al., 2018). 

 

2.2 Femoropopliteal Stent Features 

2.2.1 Stent Design and Associated Clinical Outcomes 

Femoropopliteal stents can be characterised by the form of the material (e.g. sheet, wire, tube) 

and by manufacturing methods (e.g. laser-cutting, waterjet-cutting, photo-etching, wire-
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forming) (Stoeckel et al., 2002). As discussed in Section 1.2, laser-cut stents make up the 

majority of femoropopliteal stents, however more recently there is increasing attention towards 

braided stent systems and polymer-covered stent systems. This section provides a brief 

overview of clinical studies that have compared outcomes with different stent types (laser-cut, 

braided, polymer-covered). 

The impact of stent design on one-year patency rates was compared for three distinct self-

expanding femoropopliteal stents, shown in Figure 2.11. Poor patency rates were shown after 

implantation with closed-cell laser-cut stents (46 %), which improved with the use of an open-

cell laser-cut stent design (72.5 %). However, superior patency was demonstrated in patients 

stented with an interwoven braided stent design (86.7 %), shown in Figure 2.12. 

 

Figure 2.11 Peripheral stents with distinctive features. (a) Laser-cut closed-cell stent design, 

(b) laser-cut open-cell stent design and (c) wire braided stent design (Treitl et al., 2017). 
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Figure 2.12 Kaplan-Meier estimate showing improved patency for the interwoven braided 

stent (IW) compared to laser cut open-cell (OC) and closed-cell (CC) stent designs (Treitl et 

al., 2017). 

  

To date in the literature, many studies have compared the clinical outcomes of bare-metal stents 

(BMS) and covered stents (CS), with reports that covered stents result in improved patency 

rates and freedom from revascularisation (Hajibandeh et al., 2016; Marin, 1996). Marin (1996) 

was the first to evaluate stent covering effects by implanting stents that were half covered and 

half bare-metal in human iliac arteries. After 6 months of follow-up, the mean diameter in the 

covered portion (7.7 mm) was significantly larger compared to the bare portion (6.7 mm). Since 

then, covered stents like the Viabahn (Gore, Arizona) have demonstrated significant clinical 

and patency benefits in femoropopliteal regions compared to a bare-metal stent, where 12-

month patency rates improved from 54 % when treated with a bare-metal stent to 78 % when 

treated with the Viabahn stent. Additionally, the Viabahn group showed improved freedom 

from revascularisation (84.6 % vs 77 % in the BMS) and a higher ankle-brachial index (0.94 
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vs 0.85 in the BMS) (Lammer et al., 2013). However, other studies, where Dacron is used as 

the polymer cover material, have found less favourable results, with poor patency rates (27 % 

patency at 6 months, 17 % patency at 72 months), as well as increased restenosis at the edges 

of the stent-graft compared to a bare-metal stent (Ahmadi et al., 2002). Also, there is evidence 

that covered stents are more prone to thrombosis (Katsanos et al., 2017) and have poorer 

patency rates compared to drug-eluting stents (DES) (Thukkani and Kinlay, 2015). Few long-

term studies exist on the clinical outcomes of covered stents, however, one study has 

demonstrated improved patency rates in covered stents over five years, as shown in Figure 2.13 

(Mwipatayi et al., 2016). 

 

Figure 2.13 Kaplan-Meier estimate from the COBEST trial showing improved primary 

patency rates for a covered stent compared to a bare-metal stent after implantation in the 

iliac arteries (Mwipatayi et al., 2016). 

 

2.2.2 Nitinol Shape Memory and Superelasticity 

Due to the large deformations experienced in the femoropopliteal artery, most stent devices use 

Nitinol in their stent frame due to its superelastic properties. Nitinol is a nickel-titanium metal 

alloy used for many medical applications including self-expanding stents. The uniqueness of 

Nitinol lies in its ability to shift in structure with changes in temperature or strain, giving rise 
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to distinct shape memory and superelasticity characteristics. Nitinol has two main phases which 

are characterised by crystal structure; the austenite phase has an ordered, simple cubic structure, 

and the martensite phase has a monoclinic crystal structure (Robertson et al., 2012), depicted 

in Figure 2.14 (a).  

 

Figure 2.14 (a) Schematic representation of Nitinol phases and its related crystal structures. 

(b) Austenite composition-temperature curve. Austenite is stable at temperatures above Af, 

while martensite is stable at temperatures below Mf. Where As ï austenite start temperature, 

Af ï austenite finish temperature, Ms ï martensite start temperature, Mf ï martensite finish 

temperature. 

 

Shape memory effects of Nitinol allow the material to return to a pre-trained geometry upon 

heating through thermal-induced reversible phase transformation. Thermal hysteresis of 

Nitinol, shown in Figure 2.14 (b), is caused by a delay in the transformation from austenite to 

martensite phases, or vice versa. At high temperatures, Nitinol is stable in the austenite phase, 

while at low temperatures, Nitinol is stable in the martensite phase. Thus, if Nitinol is cooled 

to below the austenite start temperature (As), deformed in the martensitic phase, and then heated 

above the austenite finish temperature (Af), the material will recover its original unformed 

geometry (see Figure 2.14 (b)). Phase transition temperatures can be manipulated by changing 

the nickel-titanium composition of Nitinol, as well as the heat set temperature, time and cooling 

rate during manufacture (Yeung et al., 2004).  
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While shape memory relies on temperature to induce a phase change, superelastic behaviour is 

stress-induced. Superelastic effects allow Nitinol to accommodate large and fully reversible 

strains up to 10 %, by changing phase from austenite to martensite (Duerig et al., 2000). As 

shown in Figure 2.15, Nitinol exhibits highly non-linear behaviour with four distinct stages. 

The first stage is mostly elastic, as the chemical bonds deform in the austenite microstructure. 

After this, austenite begins to transform to martensite (ˋS
AM) and the curve plateaus. As strain 

increases, the volume fraction of martensite increases until the entire structure is composed of 

twinned martensite (̀EAM). When the applied stress is removed, the reverse reaction takes place 

as martensite becomes unstable and begins transforming to austenite (ˋS
MA). The martensite 

volume fraction decreases until the structure is fully austenite (̀E
MA) (Maleckis et al., 2018). 

It is worth noting that the elastic modulus for austenite (EA) is usually stiffer than that of 

martensite (EM), owing to a more ordered crystalline austenite structure.  

 

Figure 2.15 Stress-strain graph of Nitinol showing the typical profile of stress-induced 

superelasticity. In Part I of the curve, Nitinol has a fully austenitic structure. Part II of the 

curve is the transformation region ï where the Nitinol structure transforms from austenite to 

martensite on the top plateau and martensite to austenite on the bottom plateau. Part III 

corresponds to a fully martensitic Nitinol structure.  
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Table 2.1 Summary of key terms of a Nitinol stress-strain curve 

Symbol Parameter 

EA Austenite elasticity 

EM Martensite elasticity 

ὑL Transformation strain 

ůS
AM Start of transformation loading 

ůE
AM End of transformation loading 

ůS
MA Start of transformation unloading 

ůE
MA End of transformation unloading 

 

2.2.3 Nitinol Stent Characteristics 

Both stent design and Nitinol properties can be optimised to fully exploit the shape memory 

and superelasticity characteristics of Nitinol. Nitinol superelasticity allows a Nitinol stent to be 

crimped into a small diameter catheter and reach high strains (8-10 %) without causing plastic 

deformation (Henderson et al., 2011). This allows minimally invasive deployment in vivo, 

whereupon sheath withdrawal, stored energy in the stent causes it to expand into the vessel. To 

ensure that the stent expands upon removal of the sheath, the Af temperature of Nitinol used 

for stent manufacturing is set below 37 °C (Petrini and Migliavacca, 2011). A typical stress-

strain response of Nitinol shows stress hysteresis (Figure 2.15), where loading and unloading 

paths are distinctly different. This is also reflected in the radial force curve of a Nitinol stent as 

biased stiffness, where the radial force is dependent on whether the stent is subjected to loading 

or unloading. Furthermore, Nitinol is a favourable material for medical applications as it is 

biocompatible and corrosion-resistant. These characteristics can be contributed to the 

formation of a titanium oxide layer, which acts to protect the bulk material from corrosion and 

prevents the release of toxic nickel ions (Wever et al., 1998). In the context of femoral stenting, 

where the vessel is subjected to large external pressures, a flexible and kink resistant material 

is important. Conventional materials like stainless steel deform elastically to approximately 1 

%, whereas Nitinol (and biological materials) can deform up 10 % in a non-linear manner 
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(Kapoor, 2017). Nitinolôs large recoverable strains and associated low plateau stress make 

Nitinol 10-20 times more flexible compared to stainless steel (Duerig et al., 1999). The kink 

resistance of Nitinol is closely related to its flexibility, but more specifically the stress-strain 

curve, where stress plateaus with increasing strain until it reaches a fully martensitic structure 

at which point stress increases rapidly. In terms of local stress, if Nitinol is strained beyond the 

plateau strain and high local stresses are generated, the strain will partition to an area of lower 

strain, hence preventing strain localization or kinking (Duerig et al., 1999). 

2.3 Evaluating Stent Biomechanics  

Stent biomechanics can be evaluated through both experimental and computational methods. 

Experimental testing is important to provide real reliable data and is useful to directly compare 

key mechanical attributes between different stent designs. However, benchtop testing cannot 

capture the complex loading conditions experienced in vivo and has limitations in terms of cost. 

Computational modelling can be used to accelerate the development of stents by rapidly 

simulating a wide range of stent parameters. It can add knowledge to traditional benchtop tests 

by providing information on failure mechanisms by indicating stress in the struts and the use 

of in silico modelling can provide insight into realistic stent deployment and evaluate stent-

artery interaction. 

2.3.1 Stent Experimental Testing 

2.3.1.1 In Vitro Benchtop Testing of Stent Biomechanics 

The International Organization for Standardization (ISO) provides minimum test requirements 

for vascular stents in the ISO document entitled ñCardiovascular implants ï Endovascular 

devices: Part2: Vascular stentsò (ISO-25539-2). These recommendations provide guidance on 

assessing device performance, where experimental benchtop testing is a major component for 

evaluating stent behaviour. As shown in Table 2.2, there is an extensive list of experimental 
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tests required during cardiovascular device development and validation, which are costly and 

time-consuming. It is important that benchtop testing is representative of physiological loading 

conditions for the intended application. The benchtop tests, detailed below in Table 2.2, are 

used to determine the radial, axial, torsional and kink behaviour of self-expanding stents, as 

well as fatigue and durability behaviour. 

Table 2.2 Relevant tests for self-expanding stents, summarised from ISO-25539 (ISO, 2020). 

Tests Test description and requirements 

Simulated use Evaluate the ability to access, deploy, and withdraw the stent system, including 

pushability, flexibility, torquability, and trackability, and determine deployment 

accuracy, using an anatomical model(s) representative of the anatomy in the 

intended patient population. Evaluate the conformability of the deployed stent to 

the vessel wall, positioning (including orientation, if applicable), and absence of 

anomalies (e.g. kinks, twists, non-uniform expansion, stent damage). 

Force to deploy Determine the force required to deploy the stent by the operator under simulated 

anatomical conditions. 

Tensile bond strength Determine the bond strength of all joints and/or fixed connections of the delivery 

system. 

Torsional bond 

strength 

Evaluate the torsional strength of the joints and/or fixed connections in the 

segments of the delivery system that are subjected to torsion during clinical use. 

Haemostasis Evaluate the ability of any haemostatic seal or valve in the delivery system to 

minimize leakage of blood. 

Biocompatibility  The biocompatibility of the delivery system and the vascular stent shall be 

evaluated in accordance with ISO 10993-1 and appropriate other parts of the ISO 

10993 series. 

Corrosion Evaluate the susceptibility of a stent with metallic materials to corrosion. 

Fatigue and durability 

ð Computational 

analyses 

Calculate the magnitude and location of the maximum stresses and/or strains for 

each appropriate loading scenario. 

Radial fatigue and 

durability - in-vitro 

Evaluate the long-term structural integrity of the stent when subjected to cyclic 

radial loading conditions using a mock vessel with a physiologically relevant 

radial deformation. Demonstrate a minimum design life of 10 years. 

Axial fatigue and 

durability - in-vitro 

Evaluate the long-term structural integrity of the stent when subjected to cyclic 

axial loading conditions, demonstrating a minimum design life of 10 years.  

Bending fatigue and 

durability - in-vitro 

Evaluate the long-term structural integrity of the stent when subjected to cyclic 

bending loading conditions. 

Torsional fatigue and 

durability - in-vitro 

Evaluate the long-term structural integrity of the stent when subjected to cyclic 

torsional loading conditions, demonstrating a minimum design life of 10 years. 
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Compression fatigue 

and durability - in-vitro 

Evaluate the long-term structural integrity of the stent when subjected to cyclic 

compressive loading conditions perpendicular to the stent axis (e.g. compression 

along the entire length, local compression), demonstrating a minimum design life 

of 10 years.  

Compression resistance 

to perpendicularly-

applied load 

Determine the force at which a pre-specified displacement occurs under a load 

applied perpendicular to the longitudinal axis of the stent. 

Radial force Determine the outward force as a function of the diameter of the stent. 

Kink resistance 

(flexibility)  

Determine the minimum radius that the stent can accommodate without kinking. 

Stent-free surface area 

and stent outer surface 

area 

Determine the proportion of free or open surface area of the stent at minimum 

and maximum indicated deployed stent diameters and the maximum contact area 

between the stent and the vessel. 

Dimensional 

verification of stent 

Determine the deployed stent dimensions including outer diameter(s), wall 

thickness(es), and all other appropriate dimensions, for verification to design 

specifications. 

Stent length Determine the relevant lengths of the stent on the delivery system and as 

deployed. 

Magnetic resonance 

imaging (MRI) safety 

Determine the appropriate MR safety term (i.e. MR safe, MR conditional, or MR 

unsafe) as defined in ASTM F2503. 

 

In the literature, benchtop tests are often used to evaluate commercially available stents, since 

they allow comparisons of the mechanical performance of different stent types without patient-

dependent factors. The radial force response is one of the most commonly used metrics to 

assess stent performance, where radial stiffness, radial resistive force (RRF) and chronic 

outward force (COF) are compared between different stent types (Dabir et al., 2018). The most 

appropriate benchtop test to determine radial force is with an iris crimping head which 

uniformly reduces the radial diameter of the stent, shown in Figure 2.16. Radial properties have 

also been measured using a myler-sheet loop setup (Gong et al., 2004), v-block testing 

(Maleckis et al., 2017), parallel plates (Müller-Hülsbeck et al., 2009) or localised compression 

with a probe (Xue et al., 2018).  
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Figure 2.16 Radial force test machine showing (a) radial crimping head and (b) uniaxial test 

machine (Dabir et al., 2018). 

 

Figure 2.17 shows a typical radial force curve of a Nitinol stent during crimp and release. First 

the stent is crimped, changing phase from austenite to martensite, until it reaches the desired 

delivery diameter (point A). When the stent is correctly positioned, it is deployed into the 

vessel, and the radial force curve follows a lower plateau associated with martensite to austenite 

transformation. At point B, the stent contacts the artery wall and reaches equilibrium with the 

vessel. The biased stiffness of Nitinol means that the force resisting radial compression, or the 

radial resistive force (RRF) increases rapidly (point B-C), while the force acting on the vessel 

wall, or the chronic outward force (COF) remains low (Duerig et al., 2000). 

 

Figure 2.17 Radial force versus diameter curve showing typical superelastic behaviour 

during crimping and unloading of a stent. Adapted from Duerig, Tolomeo and Wholey 

(2000). 
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Other benchtop tests have focused on the stent longitudinal strength by quantifying stent 

compressive and tensile forces. Axial compression benchtop testing is typically conducted by 

applying an axial compressive load to one end of a stent that is constrained at the ends, while 

axial tension is carried out by reversing the loading direction and causing stent extension. Axial 

compression and tension testing provide information on the stent compressive/tensile forces as 

well as the deformed configuration (stent buckling, cross-sectional area reduction). One such 

study demonstrated that stent longitudinal strength, measured as the resistance to shortening or 

elongation (Figure 2.18), increases with the number of interconnecting segments between the 

radial rings (Ormiston et al., 2011).  

 

Figure 2.18 Benchtop testing where A/B shows 5 mm axial compression and C/D shows 8 

mm axial tension (Ormiston et al., 2011). 

 

The bending behaviour of self-expanding stents has been analysed with several experimental 

techniques. Measures for bending stiffness have been acquired by measuring the force exerted 

to bend a stent around a block (Krischek et al., 2011) or with a three-point bending test 

(Maleckis et al., 2017), while bending deformation profiles have been analysed by deploying 

stents in curved silicone tubes (Krischek et al., 2011) and with three-point bending deformation 

profiles (Maleckis et al., 2017), as shown in Figure 2.19. 
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Figure 2.19 Comparison of bending deformation profiles using (a) deployment in silicone 

tubes and (b) three-point bending. Adapted from Krischek et al. (2011) and Maleckis et al. 

(2017) respectively.  

2.3.1.2 Femoropopliteal Stent Biomechanics 

When evaluating femoropopliteal stent biomechanics, it is important to consider application-

specific deformations like bending and torsional behaviour, ideally under both static and cyclic 

loading regimes. Maleckis et al. (2017) carried out a comprehensive evaluation on the 

mechanical performance of twelve commercially-available femoropopliteal stents including 

laser-cut, braided and covered stent configurations (see Table 2.3). A range of benchtop tests 

were conducted, including axial and radial compression, axial tension, bending and torsion 

(Figure 2.20). Each stent was subjected to large bending (10 mm 3-point pin displacement) and 

torsion (90 °/cm) deformations, reflective of the severe femoropopliteal artery loading 

environment. 

Table 2.3 List of commercially available femoropopliteal stents which were evaluated by 

Maleckis et al. (2017). 

Stent Name Manufacturer  Stent Type 

Absolute Pro Abbott Vascular Laser-cut 

Supera Abbott Vascular Wire Braided 

Lifestent Bard Laser-cut 

Innova Boston Scientific Laser-cut 

Zilver  Cook Medical Laser-cut 
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S.M.A.R.T. Control Cordis Endovascular Laser-cut 

S.M.A.R.T. Flex Cordis Endovascular Laser-cut 

EverFlex Covidien Laser-cut 

Viabahn Gore Medical Wire scaffold, Covered 

Tigris  Gore Medical Wire scaffold, Coated 

Misago Terumo Laser-cut 

Complete SE Medtronic Laser-cut 

 

 

Figure 2.20 Schematic of benchtop tests used to assess the performance of femoropopliteal 

stents (Maleckis et al., 2017).  

 

Force-strain behaviour, stent stiffness (the slope of the initial force-strain curve for axial 

compression, axial tension, radial compression and torsion testing), and the deformed stent 

geometry were compared for each stent type. Axial compression testing found that the Viabahn, 

Tigris, Misago and Supera stents offered the least resistance to axial compression and the Smart 

Control, Smart Flex and Zilver stents offered the most resistance. The Innova, Zilver, Smart 

Control, Smart Flex, and EverFlex stents buckled at 25 % axial compression (Figure 2.21), 

while the Absolute Pro and Supera stents didnôt buckle even after 50 % compression. Under 

axial tension, the stiffest stents included the Viabahn (12387 N/m) and Smart Flex (2469 N/m) 

stents, while the lowest tensile stiffness was seen in the Misago (32 N/m), Absolute Pro (47 

N/m) and Supera (94 N/m) stents. Three-point bend testing demonstrated the highest bending 

stiffness in the Smart control stent (98 N/m) and the lowest in the Viabahn (3 N/m) and Tigris 

(2 N/m) stents. Bending deformations showed that the laser-cut Innova, Zilver, Smart Control, 

EverFlex and Complete SE stents kinked at the point of contact with the load pin, and Misago 



Chapter 2 

 

 

50 

 

and Zilver stents showed a ñgator-backò appearance, likely caused by their long acutely-angled 

struts. The radial response was most non-linear for the braided Supera stent, where the initial 

radial stiffness was modest (295 N/m) when the crossing wires could slide, followed by an 

exponential stiffness increase when the cross-sectional area of the stent reduced by more than 

10 %. Aside from the Supera stent, the highest radial stiffness was observed in the Complete 

SE, Lifestent and Viabahn stents and the lowest in Smart Control and Zilver stents.  

Overall, results showed large variation in mechanical performance with different stent designs, 

however, no stent design demonstrated superior characteristics across all deformations (Figure 

2.22). Yet, notably, the covered Viabahn stent exhibited low bending, compression and 

torsional stiffness (Figure 2.22). Although the ideal mechanical behaviour and most important 

mechanical characteristic for an improved clinical outcome are unclear, it was suggested that 

low axial forces and the ability to accommodate severe bending will minimise stent/artery 

interaction, reducing arterial wall injury and therefore reducing the likelihood of stent failure.  
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Figure 2.21 Femoropopliteal stents in the neutral position, under 25 % axial tension, and 

under 25 % axial compression (Maleckis et al., 2017). 
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Figure 2.22 Comparison of stent stiffness under bending, compression and torsion 

deformations with marker size representing radial stiffness. No stent type demonstrated 

superiority under all deformations, and the most important deformations in terms of the 

clinical outcome are not yet established (Maleckis et al., 2017). 

 

As discussed in Section 2.1.5, the femoropopliteal artery is subjected to large cyclic 

deformations, including axial compression, bending and torsion that may lead to pre-mature 

stent failure. Stent fatigue has been analysed experimentally by applying repetitive loading 

directly to the stent (Berti et al., 2021; Müller-Hülsbeck et al., 2010) or to stents implanted in 

silicone tubes (Nikanorov et al., 2008). The fatigue behaviour of six commercially-available 

laser-cut femoral stents was analysed by applying 107 cycles of physiological bending (48°) 

and axial compression (5 %) to stents implanted in silicone tubes (Nikanorov et al., 2008). 

Axial compression fatigue resulted in high fracture rates for Luminexx (80 %) and LifeStent 

(50 %) stents, and lower fracture rates for Absolute Pro (3 %), EverFlex (0 %), and Smart 

Control stents (0 %). However, contrasting behaviour was seen with a different loading mode 

where, under bending fatigue, high fracture rates were observed in the EverFlex (100 %), Smart 

Control (100 %), as well as Luminexx stents (100 %), with lower fracture rates observed in 

Absolute Pro (3 %) and LifeStent (0 %). The varying stent fracture rates observed reflect the 
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differences in stent geometry, where some stents are more susceptible to local strain which 

ultimately causes strut fracture (Nikanorov et al., 2008). 

 

Figure 2.23 Fatigue testing apparatus set-up. (a) Measured vessel deformation in cadaveric 

femoropopliteal arteries (b) Cyclic loading between 0 % and 5 % axial compression and (c) 

cyclic bending to a bend angle of 48°. Adapted from Nikanorov et al. (2008). 

 

More recently, multi-axial fatigue loading was carried out on two laser-cut stents representative 

of the commercially-available Absolute Pro and Complete SE peripheral stents (Berti et al., 

2021). The stents were simultaneously subjected to axial compression, bending and torsion 

deformations. Results demonstrated no stent fracture after 106 cycles when cyclic loading 

conditions had a fatigue ratio of 0.75 (min load/max load), i.e., axial compression cycles 

between 1.26 mm and 0.93 mm, bending cycles between 30° and 23°, torsional cycles between 

30° and 23°. However, with a more extreme fatigue ratio of 0.62, the Absolute Pro stent 

fractured at 2x105 cycles and the Complete SE stent fractured at 2x104 cycles. This 

demonstrates that extreme deformations considerably reduce stent fatigue life.  

2.3.1.3 Braided Stents 

While the previous section outlined existing knowledge of FPA stent biomechanics, the vast 

majority of this data related to laser-cut stents with very few examples in the literature on the 

biomechanics of braided configurations. This section outlines details of experimental testing 

of braided stents from other more general applications, although this is still somewhat limited 
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in the literature. In many cases, experimental benchtop testing has been used to provide input 

and/or validation for computational analyses. Hence, there is typically a small range of 

experimental tests conducted with few braided stent geometrical parameters analysed in any 

one study.  

Braided stents demonstrate several unique characteristics that can be attributed to the 

geometrical structure of their weaved wires. Several analytical (Jedwab and Clerc, 1993) and 

computational (Kelly et al., 2019; Zaccaria et al., 2020) models have demonstrated that the 

functional properties of braided stents are dictated by features that include the wire material, 

number of wires, wire diameter, braid pattern and braid angle. While these approaches are 

discussed in more detail in Section 2.3.2.2, it is perhaps surprising that no experimental study 

to date has evaluated the effect of braid angle, wire density or wire diameter on either radial or 

axial response of Nitinol wire braided stents. Kim et al. (2008) analysed the effect of braid 

angle and number of wires under localised compression. Results demonstrated that as braid 

angle became more circumferentially-aligned and the number of wires increased, the 

compressive loading stiffness increases. Similar results were observed when polymer braided 

stents were evaluated, whereby radial stiffness increased with braid angle (Freitas et al., 2010), 

wire diameter and polymer properties (Yuksekkaya and Adanur, 2009). Isayama et al. (2009) 

radially compressed laser-cut and braided biliary stents and noted that the radial response of 

the braided stents had a characteristic high radial force at small crimp diameters, followed by 

a sharp drop in force. This was attributed to the wire braided structure, where large amounts of 

friction are generated at wire crossover points with the initial expansion motion. Further studies 

have demonstrated that the end configurations are critical in determining the overall response. 

Braided stents with open ends, welded ends and looped ends were analysed under radial 

compression and v-block compression to show that the force to compress a braided stent with 

open-ends is considerably less (~10 times) than that required to compress the stents with closed 
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ends (Kelly et al., 2019). In the carotid system, laser-cut and braided stents were deployed into 

a silicone vascular bifurcation to evaluate stent conformability (Tanaka et al., 2004). The 

braided stents (Wallstent, Expander) analysed in this study had a limited capability in 

conforming to the vessel geometry compared to their laser-cut counterparts, as the continuous 

wires induced a straightening effect, shown in Figure 2.24. 

 

Figure 2.24 Stent conformity in a silicone carotid bifurcation. The continuous wires in the 

braided stents (Wallstent and Expander) have a stiffening effect (Tanaka et al., 2004). 

 

2.3.1.4 Polymer-Covered Stents 

Again, while Section 2.3.1.2 outlined the existing knowledge of FPA stent biomechanics, the 

vast majority of this data related to laser-cut stents with very few examples in the literature on 

the biomechanics of polymer-covered stented configurations. This section outlines details of 

experimental testing of covered stents from other application areas. Few experimental studies 

investigate the specific influence of stent covering on the overall stent biomechanical 

performance. Isayama et al. (2009) measured radial and axial bending forces in commercially-

available self-expanding biliary stents, where several large-diameter (10 mm) stent geometries 

(laser-cut, braided) and covering materials (silicone, polyurethane, expanded 

polytetrafluoroethylene) were included. Although the effect of covering was not the specific 

focus of this study, bare and covered versions of the braided Wallstent Endoprosthesis (Boston 
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Scientific, MA) were analysed. Results demonstrate that stent covering caused an increase in 

the radial stiffness (Figure 2.25) and higher axial bending forces, suggesting greater tendencies 

to kinking (Isayama et al., 2009). Two covering polymers were evaluated to show that the 

polyurethane-covered Wallstent had a greater radial force throughout the crimp step (Figure 

2.25) compared to the silicone-covered Wallstent, but a lower chronic outward force at 4 mm 

and lower axial force at 60° bend (Table 2.4). No covered laser-cut stents were evaluated in 

this study, as the main focus was on the mechanical behaviour of existing biliary stents.  

 

Figure 2.25 Radial force profiles of a Wallstent Endoprosthesis with (a) no cover (b) a 

silicone cover and (c) a polyurethane cover. Adapted from Isayama et al. (2009). 

 

Table 2.4 Radial force (RF) and axial bending force (AF) in bare and polymer-covered 

Wallstent Endoprotheses. Adapted from Isayama et al. (2009). 

Stent Type RF at 4 mm (N) AF at 60° (N) 

Bare Wallstent 2.08 0.66 

Silicone-covered Wallstent 3.41 0.95 

Polyurethane-covered Wallstent 2.19 0.73 

The biomechanical effect of stent covering was evaluated in a combined experimental-

computational study by McGrath et al. (2016), who carried out radial compression, flat plate 

testing, and non-uniform radial compression on bare and polycarbonate-urethane (PCU) 

covered tracheobronchial stents. Again, this was a large-diameter application (15 mm) and 

experimental results showed that the addition of a cover caused a 136 % increase in radial force 

at full crimp and 27 % increase in the reaction force at full crush in the flat plate test (Figure 

2.26). Whilst this represents the first study to directly compare bare and polymer-covered 

behaviour, only one laser-cut stent configuration has been evaluated and this stent is designed 
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for a large diameter application. The cover folding observed during radial compression, shown 

inset in Figure 2.26 (a), may become even more influential at smaller crimp diameters. 

 

Figure 2.26 Response of bare-metal and covered stents under (a) radial compression with 

inset figure showing cover folding and (b) flat plate testing. Adapted from McGrath et al., 

(2016). 

 

Other studies have evaluated the mechanical characteristics of covered stents used for the 

treatment of abdominal aortic aneurysms. Demanget et al. (2012b) evaluated the bending 

behaviour of two commercially available large-diameter (12-16 mm) stent-grafts where a 

Dacron polymer was stitched to the stent frame. A 3D image of the deformed geometry was 

obtained by X-ray and used to validate a computational model (Figure 2.27). It was shown that 

curvature was more constant across the Aorfix stent graft (where the Nitinol frame is composed 

of a single spiral wire) compared to the Zenith stent graft (where the Nitinol frame is composed 

of separated Z-Rings). However, these deformation profiles were primarily used for validation 

and no mechanical tests were carried out on these stent-grafts. More recently, stent-graft 

damage was assessed in stent-grafts with z-rings and continuous ring geometries after 

accelerated twisting (Lin et al., 2016). Results showed stretching in the graft fabric around the 

holes for sutures, which worsened with increasing height and angle of the z-rings. Although 

this study thoroughly investigates fatigue of the graft under torsion, no insight is provided on 

the short-term mechanical behaviour of the stent-grafts.  
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Figure 2.27 Bending deformation apparatus used to deform the stent-graft to a bending angle 

Ŭ of 180Á (Demanget et al., 2012b). 

 

Few studies exist on small-diameter covered stents, with certain challenges associated with 

crimping and deliverability limiting their implementation. The feasibility and durability of a 

new small-diameter coronary covered stent were analysed by assessing the stent/cover bond 

strength, fatigue, recoil, bending and radial strength (Farhatnia et al., 2016). The authors 

showed severe stent/cover dislodgement in untreated covered stents, which much improved 

when the bare-metal stent was chemically treated through silanisation (Figure 2.28). Different 

membrane thicknesses were analysed (20 µm, 50 µm, 100 µm) to show as membrane thickness 

increases, recoil increases and greater force is required to bend the stent. This provides detail 

on the effect of cover thickness, although other fundamental mechanical characteristics like 

axial loading and bending deformation profile were not provided. 

 

Figure 2.28 Stent/cover integrity after three cycles of expansion (Farhatnia et al., 2016).  
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2.3.2 Stent Computational Modelling 

Computational modelling through finite element analysis (FEA) has proven a valuable tool for 

predicting stent performance and essential for the continued development of stents. As with 

any computational model, it is important to inform and validate the models with experimental 

data (McHugh et al., 2016). Simulated mechanical testing of laser-cut stents is now well-

established and has been used to provide insight into various aspects of stent design including 

strut geometrical parameters (Lim and Jeong, 2017), stent design and material properties 

(Grogan et al., 2012), as well as providing robust validation for computational techniques 

(McGrath et al., 2014). Computational models have also been utilised to predict deployment 

behaviour and provide insight into clinical outcomes by simulating laser-cut stent deployment 

in idealised arterial geometries (Auricchio et al., 2010; Conway et al., 2012; García et al., 2012) 

and patient-specific arterial geometries (Auricchio et al., 2013, 2011; Chiastra et al., 2016; 

Morlacchi et al., 2013; Mortier et al., 2010; Zahedmanesh et al., 2010). These approaches have 

been implemented for a range of laser-cut stents across diverse application areas, which include 

coronary (Chiastra et al., 2016; Conway et al., 2012; Grogan et al., 2012), tracheobronchial 

(McGrath et al., 2014) and carotid (Auricchio et al., 2011; García et al., 2012) systems, and 

comprehensive reviews are available elsewhere (Amir Paisal et al., 2017; Conway, 2013; 

McGrath, 2017). Here, computational modelling approaches that have been used for 

femoropopliteal stenting are reviewed in Section 2.3.2.1. Since the majority of computational 

modelling of femoropopliteal stents involves laser-cut stents, modelling approaches taken for 

braided and covered stents are reviewed for all applications, in Sections 2.3.2.2 and 2.3.2.3 

respectively.  

2.3.2.1 Femoropopliteal Stent Modelling  

A number of computational studies have been developed with a focus on the dynamic 

femoropopliteal artery environment, either by considering the complex geometric and/or 
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deformation characteristics of the femoropopliteal artery and others that consider stent fatigue 

performance in this environment. In a computational analysis considering a patient-specific 

geometry, Rebelo et al. (2009) determined stent deformation in both supine and fetal positions. 

It was shown that the stent implanted in the fetal arterial geometry didnôt fully conform to the 

vessel wall and the peak maximum principal strain in the stent was three times greater than that 

observed in the stent implanted in the supine geometry (Figure 2.29), highlighting the 

importance of considering the bent arterial geometry. 

 

Figure 2.29 Maximum principal strain of the deployed stent in straight and bent arterial 

positions (Rebelo et al., 2009). 

 

Ghriallais and Bruzzi (2014) evaluated the effect of stenting on the global arterial deformation 

using an anatomically accurate model of the leg with bone and individual muscles modelled. 

Here, it was shown that stent length and location alter the resulting curvature, shortening and 

twisting deformation characteristics of the artery. However, the stent was not included in the 

model, and instead represented by localised stiffening of the vessel wall. Conti et al. (2017) 

also focused on arterial kinematics, by using Computed Tomography Angiography images to 

establish extended and flexed arterial geometries. FEA was subsequently used to simulate 

patient-specific arterial deformations with an implanted self-expanding Precise Pro stent, to 
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show that the stent experiences higher levels of stress in the stent portions located above the 

knee. As is common in the literature, arterial deformations were considered over a relatively 

conservative limb flexion, shown in Figure 2.30. 

 

Figure 2.30 (a) 3D rendering of CTA scans in straight and bent configurations (b) 

Reconstructed arterial geometry in straight and bent configurations (Conti et al., 2017). 

 

The Laboratory of Biological Structure Mechanics (Politecnico di Milano, Italy) has performed 

a large number of fatigue analyses of peripheral stents considering cyclic axial compression 

and bending (Dordoni et al., 2015, 2014; Meoli et al., 2014, 2013; Petrini et al., 2016). The 

results highlight the importance of including the stent/artery interaction (Meoli et al., 2013) 

and considering plaque geometry (Dordoni et al., 2014). The usefulness of FEA in predicting 

the clinical outcome of femoropopliteal stenting was demonstrated by Petrini et al. (2016), who 

simulated cyclic axial compression and bending to an implanted femoropopliteal artery. 

Results showed the highest strain amplitudes were found at the apex of stent struts, which 

concurred with the stent fracture locations in a patient-specific clinical case. Other studies have 

implemented fatigue analyses to evaluate the effects of stent over-sizing (Gökgöl et al., 2015). 

Recently, Lei et al. (2019) were the first to consider both complex physiological deformation 

and plaque geometry in an FEA model. Results showed that simulation of both plaque and 
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physiological deformations simultaneously generates significantly larger strain values, 

important for accurate stent fatigue conclusions. To date, computational fatigue analysis has 

only considered high-cycle fatigue from walking arterial deformations (107 cycles), while 

neglecting low-cycle fatigue from more severe arterial deformations (103-105 cycles).  

Generally, computational fatigue studies compare fatigue data to the Nitinol fatigue strain limit 

curve for 107 cycles proposed by Pelton (2011), as shown in Figure 2.31 (a). The fatigue strain 

limit was determined from experimental pulsatile loading of diamond-shaped laser-cut Nitinol 

specimens until the sample fracture or until 107 cycles were exceeded. It was also shown that 

the fatigue behaviour of Nitinol can be divided into low-cycle fatigue (103-105 cycles) and 

high-cycle fatigue (Ó 105), where the low-cycle data fits a power-law slope of -0.49, shown in 

Figure 2.31 (b). 

 

Figure 2.31 (a) Nitinol fatigue strain limit curve for 107 cycles (red line). (b) Strain-life data 

from experimental data can be split into low cycle fatigue (103 to 105 cycles) and high cycle 

fatigue (>105 cycles) (Pelton, 2011). 

 

Although these studies have provided great insight into femoropopliteal stent behaviour, 

research to date only concerns laser-cut stents, with few computational studies comparing 

different stent types. None of the mentioned studies have investigated a braided stent 

configuration, nor considered a covered stent under femoropopliteal deformations.  
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2.3.2.2 Braided Stents 

While there are limited examples in the literature of a braided stent computational model in a 

femoropopliteal application (Zaccaria et al., 2020), this section reviews computational 

techniques used to model braided stents in all applications, and general findings surrounding 

their geometrical parameters. As discussed in Section 2.3.1.3, very few experimental studies 

on braided stents are available (Kelly et al., 2019; Kim et al., 2008), and much of our general 

understanding of how geometrical features influence overall braided performance have been 

provided by the analytical model developed Jedwab and Clerc (Jedwab and Clerc, 1993). They 

described a mathematical model relating the geometrical features of a wire braided stent to 

stent elongation and radial force. The analytical model provides a number of equations that 

describe the deformation of a braided stent under an axial load (Ὂ) with initial braid angle (‍), 

initial external diameter (Ὀ ) and initial length (ὒ) to a braided stent with a new elongated 

length (ὒ), while reducing in diameter (Ὀ) and rotating at wire crossover points to give a new 

braid angle (‍) (Figure 2.32). Then, assuming that the braided stent acts as a helical spring with 

rotationally-constrained ends and that the wires undergo elastic deformations only, the axial 

force (Ὂ) and radial pressure (ὖ) can be determined based on equations for helical springs: 
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where ὑȟὑ and ὑ are constants relating to braid angle and stent diameter. Further details of 

this analytical model are provided in Section 3.4. 

Validation of this analytical model was performed by conducting a radial force test with Delrin 

blocks on a Phynox braided Wallstent (Jedwab and Clerc, 1993). 
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Figure 2.32 Stent elongation (ŭ) under the action of a load (F) results in a change in braid 

angle (ɓ), stent diameter (De), and stent length (L) (Jedwab and Clerc, 1993). 

 

In terms of computational modelling techniques, the geometrical structure of a braided stent 

has previously been constructed in the literature using the open-source software Pyformex 

(Verhegghe, 2019) which generates a braided stent mesh using a sequence of translations (De 

Beule et al., 2009; Ochola et al., 2017; Peirlinck et al., 2018), or by using an analytical model 

with a numerical programming software (Zaccaria et al., 2020; Zhao et al., 2019). Typically, 

the wire mesh is described with beam elements with a circular cross-sectional profile due to 

the significantly lower computational cost compared to 3D elements (Fu et al., 2017a; Kelly et 

al., 2019; Kim et al., 2010, 2008; Ochola et al., 2017; Zaccaria et al., 2020; Zheng et al., 2019). 

To describe contact between wires, there are several existing strategies. The most realistic 

technique is to model weaved wires with friction between crossing wires, and allowing slip 

(Alherz et al., 2016; Kim et al., 2008; Zhao et al., 2012; Zheng et al., 2019). Alternatively, for 

a simpler computational solution, connector elements can be employed to join (Auricchio et 

al., 2011; De Beule et al., 2009; Zhao et al., 2013) or hinge (Shanahan et al., 2017) the crossover 

points. This means that the crossing nodes stay in contact and only allow rotational deformation 

at crossover points. Abaqus/Standard can be used to model join/hinge type connections, while 

Abaqus/Explicit is required to solve the complex contact between beam crossover points in a 

general contact modelling technique. (Kelly et al., 2019) evaluated these modelling techniques 

by comparing the simulated behaviour of braided stents with weave- and join- connections to 

experimental data under radial force, v-block and flat plate testing. The authors demonstrate 
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that simulating the crossover point as a weaved structure produces more accurate results 

compared to a joined crossover point, in terms of both deformation and loading behaviour. 

However, they also acknowledge that modelling a simplified join type connection requires 

significantly fewer CPU hours compared to the weave method. Similarly, Zaccaria et al. (2020) 

demonstrate large differences in deformation and stress distributions for braided stents 

modelled with general contact, hinge connections and join connections. This is the only 

computational simulation that includes the femoropopliteal Supera stent (Abbott Vascular, 

Santa Clara, CA), but the authors acknowledge that the results may not accurately capture the 

mechanical behaviour of real devices and the main objective of the study is to compare contact 

strategies under bending, crimping and confined release (Zaccaria et al., 2020). 

One of the first computational studies to investigate the effect of geometrical parameters in 

braided stents was performed by Kim, Kang and Yu (2008), where localised compression and 

bending was performed on a range of braid angles (30°, 45°, 60°) and numbers of wires (16, 

32). The authors observed that braided stents with circumferentially aligned wires showed 

increased stability, increased compression resistance and a greater ability to maintain the cross-

sectional profile under bending. In a follow-up study, the deployment behaviour of shape 

memory polyurethane braided stents was compared to Nitinol braided stents (Kim et al., 2010). 

Since then, other studies have also analysed geometrical parameters of wire braided stents. The 

influence of wire pitch, diameter and number of crowns on a ñlooped endò wire braided stent 

was evaluated through radial and bending deformations using Ansys (Ni et al., 2015). The 

study establishes that wire pitch is the most influential structural parameter and proposes a 

braided stent with a variable pitch, to reduce the radial stiffness in the end portions of the stent 

and hence avoid excessive stress in a healthy artery. More recently, Zheng et al. (2019) 

evaluated radial stiffness and flexibility of wire braided stents with welded ends and varying 

braid angles (30°,45°, 60°), wire diameters (25 µm, 50 µm, 100 µm), wire number (24,36,48) 
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and braid patterns (one-over-one, two-over-two, one-over-two), shown in Figure 2.33. The 

results suggest that braid angle is the most important parameter for radial stiffness, while braid 

diameter is the most important parameter for longitudinal flexibility (Figure 2.34). Braid 

pattern did not have a noteworthy effect on the radial stiffness, but under bending, the most 

flexible braided stent had a two-over-two braid pattern. Other research has simulated radial 

compression to assess geometrical features like the end type (looped, open) (Shanahan et al., 

2017) and braid pattern (one-over-one, two-over-two) (Ochola et al., 2017). However, few of 

these studies have validated the computational model with experimental testing (Kelly et al., 

2019; Kim et al., 2008) and many braided stent models use the analytical model developed 

Jedwab and Clerc as a means to validate their computational predictions (De Beule et al., 2009; 

Fu et al., 2017b; Ma et al., 2012). 

 

Figure 2.33 Braided stents with (a) one-over-one (b) two-over-two and (c) one-over-two 

braid patterns (Zheng et al., 2019). 
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Figure 2.34 (a) Radial resistive force is most influenced by braid angle. (b) The bending 

moment increases 15-fold when the strand diameter doubles (from 0.05 mm to 0.1 mm) 

(Zheng et al., 2019). 

 

The effect of deploying a braided stent into an artery was considered in Auricchio et al. (2011), 

who compared stress and lumen gain in a patient-specific carotid artery following the 

deployment of laser-cut stents and braided stents. Results found similar arterial stress generated 

from a braided stent and a tapered laser-cut stent. Zhao, Liu and Gu (2012) simulated 

deployment into an idealised stenotic vessel to evaluate the effect of welding crossover sections 

of wire braided stents. They found that the wire braided stent had a low radial force and was 

less effective at restoring patency compared to the welded stent, but the welded stent had large 

wire deformation resulting in high strain. More recently, braided stents were deployed into 

curved vessels to relate stent expansion to arterial curvature (Shiozaki et al., 2020). Findings 

show incomplete expansion regardless of arterial curvature, where there is incomplete 

expansion at stent ends when implanted in low curvature vessels, and stent flattening in high 

curvature vessels. 

Several studies have investigated braided stents as flow diversion devices for the treatment of 

intracranial aneurysms (Alherz et al., 2016; Fu et al., 2017a; Ma et al., 2013, 2012; Suzuki et 

al., 2017). Fu et al. (2017) evaluated the mechanical characteristics of braided flow-diverter 

devices with different braid angles, numbers of wires and wire diameters. Results show that 
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radial stiffness is non-uniform along the length, and elongation decreases with increasing braid 

angle, increasing wire density, and increasing wire diameter. Other studies have evaluated 

braided stents for the treatment of tumour stenosis in the urethra and esophagus to investigate 

foreshortening and end type respectively (De Beule et al., 2009; Zhao et al., 2013).  

2.3.2.3 Covered Stents 

With limited examples of computational models of covered stents for femoropopliteal 

applications in the literature, this section reviews computational techniques used to model 

covered stent systems across other applications. A large area of focus for covered stents is for 

the treatment of aortic aneurysms (De Bock et al., 2013, 2012; Demanget et al., 2012a; 

Kleinstreuer et al., 2008; Perrin et al., 2015), but more recently, computational analysis has 

been carried out on covered stents for treatment of trachea obstructions (McGrath et al., 2016) 

and biliary strictures (Liu et al., 2017).  

Covered stents are typically modelled with a separate metallic stent frame and an adhered 

polymer cover. Cover attachment is most commonly implemented with a ñTieò constraint 

(Demanget et al., 2012a), but óno slipô contact has also been used (De Bock et al., 2012), and 

rigid connections have been used to replicate sutures (De Bock et al., 2013). The cover itself 

has been represented with membrane (De Bock et al., 2012), shell (De Bock et al., 2013; 

Demanget et al., 2012a) and solid elements (Kleinstreuer et al., 2008; Liu et al., 2017; McGrath 

et al., 2016).  

The first computational study on covered stent deployment was carried out by Kleinstreuer et 

al. (2008), who deployed diamond-shaped stents into straight vessel silicone models and 

analysed the fatigue life of stents with ePTFE and PET grafts under pulsatile loading. Results 

show that while PET-covered stents have the most promising durability and fatigue life, they 

result in stiffer wall compliance compared to ePTFE-covered stents. 
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Figure 2.35 Constant life diagram showing improved safety in PET-covered stents 

(Kleinstreuer et al., 2008).  

 

Since then, De Bock et al. (2012) validated deployment of a bifurcated stent-graft in a realistic 

silicone aneurysm. Perrin et al. (2015) assessed the deformation of five commercial stent-grafts 

in curved aneurysmal arteries, to show varying levels of malapposition on the inner curvature 

(Figure 2.36).  

 

Figure 2.36 Deformed geometries of six stent-grafts deployed in curved abdominal artery 

aneurysm vessels. Black circles highlight gaps between the stent-graft and the arterial wall 

(Perrin et al., 2015). 

 

The mechanical performance of covered stents has also been assessed through simulated 

bending (Demanget et al., 2013, 2012a), as well as flat plate, and radial force tests (De Bock et 

al., 2013; McGrath et al., 2016). Simulated bending of aortic stent-grafts showed that stent 

design plays an important role in the bending deformation profile, with spiral-type stents 
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demonstrating better flexibility (Figure 2.37). De Bock et al. (2013) compared experimental 

and computational results from flat plate and radial force tests of four stent-grafts, and showed 

that inclusion of the cover was essential for accuracy. Of all the covered stent studies mentioned 

in this section, only one explicitly investigates the influence of the cover by comparing the 

covered stent radial response to that of its bare-metal counterpart (McGrath et al., 2016). 

Results from this study showed that stent covering caused large increases in the maximum 

radial force (shown previously in Figure 2.26) and reduced stent stability, making the covered 

stent more susceptible to buckling.  

 

Figure 2.37 Comparison of the bending behaviour in eight stent-grafts (Demanget et al., 

2013). 

 

To date, just one study has attempted a finite element analysis of a covered braided stent. The 

bending behaviour of covered braided biliary stents was considered by Liu et al. (2017). Three-

point bending tests were simulated on polycaprolactone (PCL) covered polymer braided biliary 

stents (Figure 2.38). Results indicated greater bending loading with increased wire number and 

increased wire diameter. While this computational model was experimentally-validated with 
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bending load data, the relative effect of the polymer cover and its material/geometrical 

properties are left unexplored.  

 

Figure 2.38 Model set-up to evaluate the bending behaviour of a covered braided stent. 

Stent/cover adhesion is implemented with a Tie constraint in Abaqus (Liu et al., 2017). 

 

2.4 Conclusion 

In this chapter, several stent types (laser-cut, braided, polymer-covered) and their design 

features were described. An in-depth overview was provided on existing experimental and 

computational literature that adopts a range of methodologies to evaluate the mechanical 

performance of stents.  

However, there are significant gaps in the literature relating to polymer-covered stents and wire 

braided stents. Overall, little is known on the biomechanical effect of incorporating a polymer 

cover with a metallic stent frame (McGrath et al., 2016). Also, there is limited experimental 

testing of both bare-metal and polymer-covered braided stents, despite their clinical success 

(Bishu and Armstrong, 2015). From a computational modelling perspective, there is inadequate 

knowledge on methodologies for stent covering and a lack of understanding of the complex 



Chapter 2 

 

 

72 

 

mechanical behaviour of covered braided stents, with only one existing study that has 

computationally modelled a covered braided stent (Liu et al., 2017).   
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CHAPTER 3  

Theory 

This chapter provides a background on fundamental continuum mechanics theory and the finite 

element method. The mechanical response of materials under complex loading can be modelled 

by implementing continuum-based equations, which describe the response of a material to an 

applied load using continuum mechanics and large deformation kinematics (Humphrey, 2003). 

This chapter starts with an overview of key continuum mechanics concepts in Section 3.1. The 

constitutive laws used in this thesis are described in Section 3.2, and Section 3.3 presents the 

governing equations used for finite element analysis. In Section 3.4, an analytical model 

describing the geometrical and mechanical properties of a braided stent is detailed. 

3.1 Continuum Mechanics 

3.1.1 Notation 

A summary of the notation used in this chapter is presented for clarity. Capital letters are used 

for tensors and matrices, while small letters are used for vectors. Bold font denotes vectors, 

tensors, and matrices, and their component parts are shown in italics. Index notation is often 
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employed to simplify the representation of vector equations, where summation is implied by 

repeated index. For example, the dot product of two 3D vectors (◊ȟ○) may be written as:  

◊ ○ όὺ όὺ όὺ όὺ όὺ 

(3.1) 

where i=1,2,3. In the case of a 3x3 tensor, the location of each component is denoted by two 

subscripts, i and j, which indicate its location in the tensor. For example, component ὃ  is the 

value located in the i th row and j th column of the second order tensor ═.  

3.1.2 Deformation and Motion 

A schematic of the deformation and motion of an arbitrary body in space is shown in Figure 

3.1, where a body in the reference configuration (ɱ ) at time ὸ π undergoes a motion (Ⱶ) to 

the deformed configuration (ɱ ) at time ὸ ὸ. The position of a particle that has moved from 

a position in the reference configuration (╧) to a new position in the current configuration (●) 

is given as: 

● Ⱶ╧ȟὸ (3.2) 

In Figure 3.1, the position vector ╧ defines the material (Lagrangian) coordinates and the 

position vector ● defines the spatial (Eulerian) coordinates. The displacement (◊) between a 

point P in the reference configuration and P in the current configuration therefore is 

◊ ●  ╧, otherwise written as: 

◊ Ⱶ╧ȟὸ ╧ (3.3) 

Consider another material point Q on the body, which is related to P with ‬╧ and ‬● on the 

reference configuration and current configuration respectively. The deformation gradient 

tensor ╕ defines the transformation of ‬╧ to ‬● as the body moves from reference to current 

configurations, such that: 
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╕
‬●

‬╧
 (3.4) 

The determinant of ╕ is the Jacobian of the deformation gradient (ὐ), which denotes the ratio 

of volume change from the reference to current configurations.  

 

Figure 3.1 Schematic of a continuum body in space undergoing deformation from a reference 

configuration to a current configuration. 

 

3.1.3 Strain Measures 

The deformation gradient tensor ╕ is used to determine a variety of different strain measures. 

The Green-Lagrange strain ╔ is a commonly used strain measure defined as:  

╔
ρ

ς
╕╕ ╘ (3.5) 

where ╕  is the transpose of ╕ and ╘ is the identity tensor, where ╕Ͻ╘ ╕.  

The Green-Lagrange strain may also be stated in index notation to give:  

Ὁ
ρ

ς

‬ό

‬ὢ

‬ό

‬ὢ
 
‬ό

‬ὢ

‬ό

‬ὢ
 (3.6) 
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Assuming that the product of the infinitesimal strain is negligible π, the 

infinitesimal strain ὭὮ is given by: 

‐
ρ

ς

‬ό

‬ὢ

‬ό

‬ὢ
 (3.7) 

The right and left Cauchy-Green tensors, denoted ╒ and Ἄ respectively, are useful measures of 

stretch, given by: 

╒ ╕╕ and ║ ╕╕ (3.8) 

The second-order deformation gradient ╕ can be decomposed into an orthogonal rotation tensor 

╡ and symmetric left and right stretch tensors, ╥ and ╤: 

╕ ╡╤ ╥╡ (3.9) 

These stretch tensors can be related to the right and left Cauchy-Green tensors with: 

╥ ║ and ╤ ╒ (3.10) 

The eigenvalues of ╤ give the principle stretches (ʇ ȟȟ). The logarithmic strain Ⱡ can be 

derived from ╥: 

Ⱡ ὰὲ╥ (3.11) 

It is useful to define strain-energy density functions using strain invariants. Where ʇ is the 

stretch, three principle invariants can be derived from the Cauchy-Green deformation tensors 

as follows: 

Ὅ ὸὶ╒  ‗  ‗  ‗   

Ὅ
ρ

ς
 Ὅ ὸὶ╒  ‗  ‗  ‗  ‗  ‗  ‗   
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Ὅ ὨὩὸ╒  ὐ ‗ ‗ ‗  (3.12) 

The velocity ○ of a material point P is the rate of change of spatial position ● as a function of 

time: 

○
‬●

‬ὸ
 (3.13) 

The difference in velocity between two neighbouring points can therefore be expressed as: 

Ὠ○
‬○

‬●
Ὠ● ╛ Ὠ● (3.14) 

where ╛ is the spatial velocity gradient tensor ╛
○

●
. ╛ is related to the deformation gradient 

╕ as follows: 

Ὠ○ ╛ Ὠ● ╛ ╕ Ὠ╧ (3.15) 

Ὠ○
‬

‬ὸ
╕ Ὠ╧  ╕ Ὠ╧ (3.16) 

This can also be expressed as: 

╕ ╛╕ or ╛ ╕╕  (3.17) 

where ╕  is the derivative of the deformation gradient with respect to time.  

The spatial velocity gradient can be decomposed into a symmetric rate of deformation tensor 

╓ and an asymmetric spin tensor ⱷ with: 

╓  
ρ

ς
╛ ╛ ίώά╛  

ⱷ  
ρ

ς
╛ ╛ ὥίώά╛ (3.18) 

Considering ╓ represents the rate of true strain ╓ ‐, the logarithmic strain ὑ, described in 

the Abaqus Theory Manual (DS SIMULIA, RI, USA), can be expressed by the following: 



Chapter 3 

 

 

89 

 

‐ὸ  ╓Ὠὸ (3.19) 

3.1.4 Stress Measures 

Traction ◄ is the force per unit area that acts on an infinitesimal surface element ὨὛ in the 

vicinity of a material point P in the current configuration, as depicted in Figure 3.2. The surface 

element ὨὛ is described by its unit normal ▪. The Cauchy (true) stress Ɑ is given by: 

◄ Ɑ ▪ (3.20) 

 

Figure 3.2 Schematic showing a traction t acting on an infinitesimal surface dS with surface 

normal n. 

 

The symmetric Cauchy stress can be further decomposed into two parts; the deviatoric stress ╢ 

which governs the shape change of a body and the hydrostatic, or pressure, stress ὴ which 

controls the volumetric change in a body. 

Ɑ ╢ ὴ╘ (3.21) 

where  

ὴ
ὸὶⱭ

σ
 (3.22) 
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The Kirchhoff stress Ⱳ is a symmetric tensor defined as: 

Ⱳ ὐⱭ (3.23) 

where ὐ is the ratio of infinitesimal volumes in the current and reference configurations in the 

vicinity of a point P. In the case of incompressible materials, the Kirchhoff stress is equal to 

the Cauchy stress. The first Piola-Kirchhoff stress ╟ is a non-symmetric tensor that represents 

the force per unit area in the undeformed configuration: 

╟ ὐⱭ╕╣ (3.24) 

The nominal stress Ɑ can be related to the Cauchy stress Ɑ through: 

Ɑ ὐ╕ Ɑ ╟╣ (3.25) 

The von Mises equivalent stress Ɑ, useful for analysis of elastic-plastic materials, is defined 

as follows: 

Ɑ  
σ

ς
ὛὛ  (3.26) 

3.2 Material Constitutive Behaviours 

3.2.1 Elasto-Plasticity 

The material behaviour of a polymer cover investigated in Chapters 6 and 7 is assumed to be 

homogeneous, isotropic, rate-independent and elastic-plastic. The constitutive formulation 

used is composed of a recoverable elastic deformation and a permanent plastic deformation. 

This can be written as: 

╕ ╕  ╕  (3.27) 

where ╕  is the elastic recoverable part and ╕  is the plastic non-recoverable part.  
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When elastic strains are small, the multiplicative decomposition of the deformation gradient ╕ 

can be approximated in terms of an additive decomposition of mechanical strain rates in the 

system (Dunne and Petrinic, 2005): 

Ⱡ Ⱡ Ⱡ  (3.28) 

where Ⱡ  is the elastic strain rate and Ⱡ  is the plastic strain rate.  

The integral of the strain rate Ⱡ with respect to time gives the total strain tensor Ⱡ, which again 

contains elastic and plastic components: 

Ⱡ Ⱡ Ⱡ  (3.29) 

The elastic component of the material deformation for an isotropic material can be related to 

stress through the bulk modulus ὑ and the shear modulus Ὃ. These can be calculated from 

using the Youngôs Modulus Ὁ and the Poissonôs ratio ὺ: 

ὑ
Ὁ

σρ ςὺ
 (3.30) 

Ὃ
Ὁ

ςρ ὺ
 

(3.31) 

The elastic strain is composed of volumetric and deviatoric parts, which can be related to the 

hydrostatic pressure ὴ and deviatoric stress ╢ respectively: 

‐ ὸὶⱠ
ὴ

ὑ
 (3.32) 

The deviatoric elastic strain ▄ and deviatoric stress ╢ are defined as: 

▄ Ⱡ
ρ

σ
‐ ╘ (3.33) 

╢ ςὋ▄  (3.34) 
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3.2.2 Isotropic Hyperelasticity 

Hyperelastic materials exhibit non-linear behaviour, where the stress-strain relationship derives 

from a strain energy density function ɰ. Hyperelastic constitutive laws are useful for materials 

that experience large deformations and they are widely used to describe the behaviour of 

biological tissue (Holzapfel et al., 2000; Nolan et al., 2014). The first Piola-Kirchhoff stress ╟ 

can be expressed as a derivative of ɰ with respect to the deformation gradient ╕: 

╟
‬ɰ╕

‬╕
 (3.35) 

This can then be transformed into the current configuration to give the Cauchy stress, which 

can also be expressed in terms of the right and left Cauchy-Green tensors, ╒ and ║ respectively: 

Ɑ ὐ ╕
‬ɰ╕

‬╕

╣

 ςὐ ╕
‬ɰ╒

‬╒
╕  ςὐ ╕

‬ɰ║

‬║
 (3.36) 

The strain energy density function can then be written as a function of the strain invariants, 

shown in equation (3.12). For an isotropic material, the strain energy function is a function of 

the first three invariants: 

ɰἌ ɰὍȟὍȟὍ  (3.37) 

The derivative of ɰ can be determined with the chain rule, such that: 

‬ɰ║

‬║
 
‬ɰ

‬Ὅ

‬Ὅ

‬║
 
‬ɰ

‬Ὅ

‬Ὅ

‬║
 
‬ɰ

‬Ὅ

‬Ὅ

‬║
 (3.38) 

The derivatives of the invariants with respect to the left Cauchy-Green tensor ║ are: 

‬Ὅ

‬║
╘ 

‬Ὅ

‬║
Ὅ╘ ║ ‬Ὅ

‬║
Ὅ║  (3.39) 

Substituting these entities back into equation (3.38), the Cauchy stress can be expressed as a 

function of ║, to give: 
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Ɑ ςὐ  Ὅ
‬ɰ

‬Ὅ
╘  

‬ɰ

‬Ὅ
Ὅ
‬ɰ

‬Ὅ
║  

‬ɰ

‬Ὅ
 ║  (3.40) 

Assumption of incompressibility gives Ὅ ὐ ρ, so for an incompressible material, the strain 

energy density function is a function of the first two strain invariants: 

 ║  ὍȟὍ  (3.41) 

The Cauchy stress for any incompressible isotropic hyperelastic material can be expressed as: 

Ɑ ὴ╘ ςὡ║  ςὡ║  (3.42) 

where ὡ   , ὡ  , and ὴ is the hydrostatic pressure.  

3.2.3 Superelasticity 

As discussed in Chapter 2, Nitinol exhibits superelastic and shape memory material behaviour 

induced by a thermal or stress phase change. In this thesis, Nitinol material behaviour is 

implemented in Abaqus/Explicit through the in-built superelastic user material (VUMAT) 

developed by Auricchio and Taylor et al. (Auricchio et al., 1997; Auricchio and Taylor, 1997). 

The theory of the model is based on generalised plasticity, where a change in strain ɝⱠ has a 

linear elastic component ɝⱠ▄■ and a transformation component ɝⱠ◄►: 

ɝⱠ ɝⱠ▄■ ɝⱠ◄► (3.43) 

The austenite to martensite transformation takes place between the start of transformation 

loading „ and the end of transformation loading „ . During phase transformation, the elastic 

properties of Nitinol can be calculated from the elastic moduli of the austenite Ὁ and 

martensite Ὁ phases using the rule of mixtures: 

Ὁ Ὁ ‒Ὁ Ὁ  (3.44) 

where ‒ is the martensite fraction.  
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The transformation strain increment ɝⱠ◄► is calculated according to the flow rule: 

ɝⱠ◄► ɻɝ‒
‬Ὂ

‬Ɑ
 (3.45) 

for Ὂ Ὂ Ὂ   

where Ὂ is the transformation potential and ɻ is a scalar parameter that represents the maximum 

deformation obtainable from detwinning of the martensite. This is also true for the reverse 

transformation, but between stress levels „  and „ . 

The intensity of the transformation follows a stress potential law: 

ɝ‒ ὪⱭȟ‒ɝὊ (3.46) 

A linear Drucker-Prager approach is used to model volume change associated with these stress 

induced transformations: 

Ὂ  ʎ ὴ ὸὥὲ‍ὅὝ  (3.47) 

where ʎ is von Mises equivalent stress defined in equation (3.26), ὴ is the pressure stress, ὅ 

is a material constant, and Ὕ is temperature. The angle ‍ is calculated from the tensile and 

compressive transformation stress levels. 

In Abaqus/Explicit, fourteen input parameters are used to define the superelastic VUMAT for 

Nitinol behaviour, shown in Table 3.1. These parameters can be derived from the stress-strain 

and thermal hysteresis properties of Nitinol, as indicated previously in Figure 2.14 and Figure 

2.15. While other approaches could be used to capture the non-linearity of Nitinol, a key aspect 

of the current model is the distinctive unloading behaviour of superelastic Nitinol. The in-built 

Abaqus VUMAT for superelastic materials uses additive strain composition and stress-induced 

transformation, allowing 3D characterisation of Nitinol. Since Nitinol properties are highly 

variable, it is beneficial to carry out experimental testing. A more in-depth discussion of the 
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shape memory constitutive model, and its implementation into a three-dimensional user 

subroutine in Abaqus can be found in the studies by Aurrichio and Taylor et al. (Auricchio et 

al., 1997; Auricchio and Taylor, 1997). 

 

Table 3.1 List of input parameters required to implement the superelasticity VUMAT in the 

Abaqus/Explicit solver.  

Parameter Symbol 

Austenite elasticity Ὁ 

Austenite Poisson's ratio ὺ 

Martensite elasticity Ὁ  

Martensite Poisson's ratio ὺ  

Transformation strain ‐ 

ŭů/ŭT loading 
„‏

Ὕ‏
 

Start of transformation loading „  

End of transformation loading „  

Reference temperature Ὕ 

ŭů/ŭT unloading 
„‏

Ὕ‏
 

Start of transformation unloading „  

End of transformation unloading „  

Start of transformation stress during loading in 

compression 
„  

Volumetric transformation strain  ‐ 

  

3.3 Finite Element Method 

The finite element method involves the discretisation of a body into a finite number of 

subdivisions (elements) which are connected at the joints (nodes). The total collection of 

elements and nodes representing a body is the finite element mesh. To describe the overall 

behaviour of a body, the governing constitutive equations are calculated for each element of 

the mesh and then assembled to form a system equation. Mechanical behaviour of the body 

(e.g. stress, strain, displacement) is incrementally calculated by applying boundary conditions 

to the system equation. 
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The computational analyses presented in this thesis utilise finite element methods to 

numerically solve continuum mechanics problems. Abaqus/Explicit (Dassault Systemes, RI, 

USA), a commercially available finite element solver, is employed to solve the dynamic and 

complex problems tackled within this thesis. This section presents an overview of the 

fundamental theory of implicit and explicit finite element solutions. A more in-depth discussion 

is available in the Abaqus Theory Manual (Dassault Systèmes, 2016). 

3.3.1 Implicit Finite Element Method  

An implicit finite element solution updates the state of the model from time ὸ to time ὸ ɝὸ. 

Displacements are applied incrementally over each time step ɝὸ and an implicit solution at ὸ

ɝὸ is determined based on the information at ὸ ɝὸ. The Abaqus/Standard implicit solver 

implements the Newton-Raphson method, where successive approximations of a tangent 

function Ὢὼ  are calculated iteratively until the solution converges to an accurate solution 

within a specified tolerance. It has the generic formulation of: 

ὼ ὼ
Ὢὼ

Ὢᴂὼ
 (3.48) 

where ὼ represents a value at time Ὥ and ὼ  represents the value at the next time step. 

The finite element method determines governing equations for each element in a mesh and then 

assembles the equations to form a global system that represents the behaviour of the body as a 

whole. The principle of virtual work, the principle that the total work done by all forces in a 

system in static equilibrium is zero, provides the fundamental equation for the finite element 

method: 

ⱠⱭὨὠ‏  ὨὛ◄◊‏
(3.49) 

where ὠ is the reference volume on which equilibrium is enforced and S is the surface bounding 

the reference volume. Ɑ and ◄ are the stress and surface traction vectors respectively, and ‏Ⱡ 
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and ‏◊ are the virtual strain and virtual displacement vectors. This finite element 

approximation can be calculated over every element Ὡ of volume ὠ and surface Ὓ, so that 

displacement and strain can be written as: 

◊‏  (3.50) ▄◊‏▄╝

Ⱡ‏  (3.51) ▄◊‏▄║

where ╝▄ is the element shape function matrix, ║▄ is the element shape function gradient 

matrix, and ‏◊  is a vector of nodal displacements for the element. Substituting these equations 

back into the principle of virtual work gives: 

Ɑ◊▄Ὠὠ║◊‏  ὨὛ◄╝◊‏
(3.52) 

A global expression can then be obtained by assembling the element values into global values 

and removing the arbitrary virtual displacement ‏◊ . The global expression can be written as: 

║Ɑ◊Ὠὠ ╝◄ὨὛ π (3.53) 

where ║  is the global shape function gradient matrix, ╝  is the global shape function matrix 

and ◊ is the global nodal displacement. Given that this expression signifies the balance of 

forces in a simulation, the difference of these is equal to the out of balance residual force ╖: 

╖◊  ║Ɑ◊Ὠὠ ╝◄ὨὛ (3.54) 

The implicit finite element method iteratively solves this non-linear set of equations to achieve 

an equilibrium stress state such that ╖◊ π. For non-linear problems involving non-linear 

geometries, materials, boundary conditions and/or non-linear constitutive laws, equation (3.54) 

is non-linear and should be updated to reflect this. As mentioned previously, the 

Abaqus/Standard implicit solver uses the Newton-Raphson methodology whereby loads are 
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applied in timesteps (Ўὸ), starting at an initial time increment (ὸ ), to a final time increment 

(ὸ ). Following an initial guess for all nodal displacements ◊ Ў in a particular increment, 

the Newton-Raphson scheme iterates until a stable equilibrium is reached between the internal 

forces and externally applied loads for that increment. An estimation of the roots of equation 

(3.52) is made using the Newton-Raphson methodology, such that for the i th iteration: 

◊‏ ◊ Ў ◊ Ў ‬╖◊ Ў

‬◊
╖◊ Ў  (3.55) 

This may be expressed in terms of the tangent stiffness matrix ╚: 

╚ ◊ Ў ‬╖◊ Ў

‬◊
 (3.56) 

╚ ◊ Ў  ‬◊ ╖◊ Ў  (3.57) 

These finite element equations are solved for each iteration until the magnitude of ╖◊ Ў  is 

below the specified convergence tolerance. The tangent stiffness matrix ╚ can be written in 

terms of displacement: 

╚◊
‬╖◊

‬◊
 
‬

‬◊
║Ɑ◊Ὠὠ ╕   

‬

‬◊
║Ɑ◊Ὠὠ  ║

‬Ɑ◊

‬◊
Ὠὠ  

║
‬Ɑ◊

‬Ⱡ

‬Ⱡ

‬◊
▀╥  ║

‬ⱭⱠ

‬Ⱡ
║▀╥  

╚◊  ║╓◄╪▪║▀╥ 
(3.58) 

where the consistent tangent matrix ╓◄╪▪ is the Jacobian of the constitutive law: 

╓◄╪▪ 
‬ⱭⱠ

‬Ⱡ
 (3.59) 
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For each Newton-Raphson iteration, it is necessary to calculate and invert the tangent stiffness 

matrix ╚. This requires significant computational expense, but it ensures an accurate solution 

with relatively large time steps. Complications can arise with the implicit solution if simulating 

large deformation problems or high contact/sliding simulations. An alternative within Abaqus 

is the explicit finite element solution, described in the following section. 

3.3.2 Explicit Finite Element Method 

The explicit finite element method was developed to allow the modelling of dynamic situations 

with large contact or large deformation problems. The explicit finite element solution assumes 

constant acceleration and velocity at a particular time point ὸ, and uses this to solve for the next 

time point ὸ Ўὸ . The central difference integration scheme is used: 

◊ ◊ Ўὸ ◊  (3.60) 

◊ ◊
Ўὸ Ўὸ

ς
◊ 

(3.61) 

where ◊, ◊ and ◊ represent displacement, velocity, and acceleration vectors respectively. In 

this case, Ὥ refers to the increment number (as opposed to the implicit solving method where Ὥ 

referred to the number of iterations). Accelerations are calculated at the start of each increment 

according to: 

◊ ╜ ╕░ ╘░ (3.62) 

where ╜ is the lumped mass matrix, ╕░ is the vector of externally applied forces and ╘░ is the 

vector of internal element forces, given by: 

╜ ”╝Ὠὠ (3.63) 

╘ ║Ɑ░Ὠὠ 
(3.64) 
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╕ ╝◄ὨὛ ╝╟Ὠὠ 
(3.65) 

where ╟ is the vector of nodal forces and ” is the material density. All other quantities have 

previously been defined in the global expression in equation (3.53). Rearranging equation 

(3.63) for the lumped mass matrix gives ╜◊ ╕ ╘, a comparable expression to the linear 

equation (3.57) used in the implicit solving method. Each time increment is relatively 

computationally efficient to solve since the lumped mass matrix ╜ is diagonalised, and 

therefore easily inverted, unlike the global stiffness matrix ╚ in the implicit method. 

To ensure accuracy with the explicit finite element solver, small time increments should be 

used, as there is no iterative process to impose equilibrium. The size of the time increment is 

determined by the stability limit: 

Ўὸ
ς

‫
 (3.66) 

where ‫  is the maximum element eigenvalue. The above inequality can be implemented 

practically by using: 

Ўὸ ÍÉÎ 
ὒ

ὧ
 (3.67) 

where ὒ is the characteristic element length and ὧ is the dilatational wave speed. Considering 

the stability limit is dependent on element length, a mesh with regular element sizes throughout 

is important to prevent excessively small time increments. The dilatational wave speed ὧ can 

be derived from material density ” and the Lamé constants, ‗ and ‘: 

ὧ
‗ ς‘

”
 (3.68) 

The run time of an Abaqus/Explicit simulation can be artificially reduced by decreasing the 

time which the deformation is applied over, or by increasing the mass of the model (mass 
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scaling). Mass scaling is the preferred method, particularly if the problem is rate dependent. In 

order to prevent dynamic effects in an explicit model and ensure a quasi-static analysis, the 

ratio of kinetic energy to internal energy should be maintained below 5 % for the duration of 

the simulation (Choi et al., 2002). For further details on finite element methods, the reader is 

referred to Fagan (1992) and Bathe (2006). 

3.4 Analytical Solution for Braided Stents 

An analytical model to describe the geometrical and mechanical properties of self-expanding 

braided stents was proposed by Jedwab and Clerc (1993). The model is based on the 

assumption that the braided stent acts as a number of independent open-coiled helical springs 

with rotationally fixed ends. First, equations describing geometrical features of the braided 

stent are given. The initial average stent diameter Ὀ  (the stent diameter at the wire crossover 

points) can be related to the initial stent external diameter Ὀ : 

Ὀ Ὀ ςὨ (3.69) 

where Ὠ is wire diameter. Here the wire diameter is multiplied by two to account for 

overlapping wires in a wire braided stent structure. 

 

Figure 3.3 Schematic showing initial geometrical features of a wire braided stent, and 

deformed geometrical features after the action of an axial load F (Jedwab and Clerc, 1993). 

 

The initial pitch ὴ is then calculated from the initial average stent diameter Ὀ  and the initial 

pitch angle ‍: 
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ὴ  “Ὀὸὥὲ‍ (3.70) 

Here, the pitch angle ‍ is defined as the angle between the normal cross-section and the wire 

tangent. However, sometimes in the literature pitch angle is defined as the angle between 

axially-directed wires (Xue et al., 2018). The number of helical coils ὧ in a given wire braided 

stent can be given as: 

ὧ  
ὒ

ὴ
 (3.71) 

where ὒ is the initial stent length. 

Upon loading with an axial force Ὂ, the stent elongates by a distance ‏, to give a deformed 

stent with a new length ὒ, a new average diameter Ὀ, and a new pitch angle ‍. This new average 

diameter Ὀ is defined as: 

Ὀ  
Ὀὧέί‍

ὧέί‍
 (3.72) 

The new external diameter Ὀ can be written as: 

Ὀ Ὀ ςὨ (3.73) 

The new stent length is given as: 

ὒ ὒ
“ὧὈ

ὧέί‍
 ίὭὲ‍ίὭὲ‍  (3.74) 

Based on these geometrical features of a braided, mechanical properties can then be determined 

using Wahlôs theory of springs (Wahl, 1963). The axial force Ὂ acting on a braided stent with 

rotationally-fixed ends is given by: 

Ὂ ςὲ
ὋὍ

ὑ

ςίὭὲ‍

ὑ
ὑ

ὉὍ ὸὥὲ‍

ὑ

ςὧέί‍

ὑ
ὑ  (3.75) 
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where Ὃ is the shear modulus of the wire, Ὁ is the elastic modulus of the wire, Ὅ is the moment 

of inertia, Ὅ is the polar moment of inertia and constants (ὑ, ὑ and ὑ) are described by: 

ὑ
ÓÉÎς‍

Ὀ
 ὑ

ςÃÏÓ‍

Ὀ
 ὑ

Ὀ

ὧέί‍
 (3.76) 

Similar to the response of braided stent under axial loading, radial loading causes stent 

elongation to give a deformed stent with a new length ὒ, a new average diameter Ὀ, and a new 

pitch angle ‍. Based on the theory of virtual work, it can be shown that the radial pressure ὖ is 

given by: 

ὖ
ςὊὧ

Ὀὒ ὸὥὲ‍
 (3.77) 

The analytical solution presented here was compared to experimental axial force testing and 

radial pressure testing with Delrin blocks, shown in Figure 3.4. The results showed close 

agreement between the analytical solution and experimental data for axial loading, but under 

radial loading, the analytical solution overpredicted the radial pressure. This difference is 

thought to be a result of the experimental set-up including frictional effects between crossing 

wires and the frictional coefficient of the Delrin blocks.  

 

Figure 3.4 Comparison between the analytical solution and experimental data for (a) axial 

loading and (b) radial loading (Jedwab and Clerc, 1993).  
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It should be noted that several limitations are associated with this model, namely the 

assumption of elastic material properties for the metallic wires and neglecting frictional effects 

between wires.  
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CHAPTER 4   

An Experimental Evaluation of the 

Mechanics of Bare and Polymer-

Covered Self-Expanding Wire Braided 

Stents 

4.1 Introduction  

Self-expanding wire braided stents have been used in a wide range of medical implant 

applications due to the distinct flexibility offered by the wide-range of tunable design features, 

which includes braid angle, wire diameter and braid pattern. Recently, there has been 

increasing attention on developing covered stent systems in endovascular repair, whereby the 

stent frame is wrapped with a graft or textile material. However, it is currently unknown how 

the addition of a polymer cover affects the deformation characteristics of a wire braided stent 

and there is a distinct lack of understanding of how the functional performance of these systems 

compares to their bare-metal counterparts. This chapter aims to address this deficiency by 

presenting the first systematic evaluation of the effect of a polymer cover on braided stent 

mechanics using radial compression, axial compression and tension, kink deformation and 

stent elongation testing. 
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As discussed previously in Section 2.1.3, Peripheral artery disease (PAD) is characterised by a 

build-up of plaque in the peripheral arteries, which limits blood flow and can cause 

claudication, mobility problems, and critical limb ischemia. PAD is commonly treated with an 

endovascular stenting procedure, where a tubular metallic scaffold is deployed into the diseased 

artery to restore vessel patency. The evolution of endovascular stenting has revolutionised the 

treatment of occluded vessels but, unfortunately, current clinical success rates in the 

femoropopliteal artery reflect the need for further innovation in device design to reduce current 

reintervention rates, which can be up to 31 % (Malas et al., 2014). Compared to other vessels, 

the femoropopliteal artery undergoes extreme deformations, experiencing bending, torsion and 

compression during leg flexion, which induces repetitive trauma to the artery and implanted 

stent (MacTaggart et al., 2014) (see Section 2.1.5 for further detail). This leads to high 

incidences (up to 65 %) of stent fracture (Neil, 2013) and presents significant challenges in the 

development of devices as they must accommodate the dynamic loading conditions of the 

femoropopliteal artery (Soga et al., 2015), while also maintaining sufficient radial force to keep 

the vessel open. For femoropopliteal applications, a wide variety of stent platforms are 

currently available commercially (Maleckis et al., 2017), with more recent devices moving 

towards combinations of self-expandable Nitinol wire braided frames (Werner et al., 2014) and 

polymer covered systems (Madassery et al., 2016). 

Wire braided stents are composed of sets of interlacing wires that are circumferentially 

wrapped in clockwise and anticlockwise directions. Compared to their laser-cut counterparts, 

wire braided stents can accommodate substantially larger deformations as the individual wires 

have the capacity to slide and/or rotate relative to one other. Wire braided stents offer a large 

range of tunable design parameters, including braid angle, wire diameter and braid pattern, 

which have previously been evaluated through a combination of analytical (Jedwab and Clerc, 

1993), computational (Fu et al., 2017; Liu et al., 2017; Zhao et al., 2019), and experimental 
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methods (Freitas et al., 2010; Kim et al., 2008; Nuutinen et al., 2003; Yuksekkaya and Adanur, 

2009). These studies have demonstrated that the functional properties of a braided stent can be 

tailored for a wide range of applications (Suzuki et al., 2017), which has seen them deployed 

in the digestive (Hindy et al., 2012), biliary (Yokota et al., 2017) and respiratory systems 

(Freitag et al., 2017), while also being used as flow diverter systems (Suzuki et al., 2017). At 

present, the Supera stent (Abbott Vascular, Santa Clara, CA) is the only commercially available 

wire braided stent for treatment in the lower peripheral vessels and initial clinical results show 

promise, with short- and medium-term follow-up data suggesting improved patency and 

reduced stent fracture rates compared to other commercially available femoropopliteal laser-

cut and wire stents (Bishu and Armstrong, 2015). From a mechanical perspective, the braided 

Supera stent exhibits excellent radial resistance with low axial stiffness and high torsional 

stability (León et al., 2013; Maleckis et al., 2017). Recently, there has been increasing attention 

on covered stent designs for cardiovascular lesions (Farhatnia et al., 2013), whereby the stent 

frame is wrapped with a graft or textile material, typically made from expanded 

polytetrafluoroethylene (ePTFE) or polyester (PET, Dacron) (Santos et al., 2012). These 

covered stents have been used for endovascular repair of arteries with abnormal lumen surfaces 

due to aneurysms (Briguori et al., 2002), perforations (Kandzari and Birkemeyer, 2019), or 

fistulas (Morgan et al., 1997). While the initial purpose of covering these stent systems was to 

provide a new lumen in flow-based applications, more recently, covered stents are being 

exploited in traditional angioplasty-based applications, where the function of the polymer cover 

is to act as a mechanical barrier to tissue ingrowth, thereby limiting restenosis (Mwipatayi et 

al., 2011). Few studies have evaluated the mechanical behaviour of either covered braided 

stents (Isayama et al., 2009) or composite polymer-metal stents (Zou et al., 2016) and there is 

a distinct lack of understanding of how the functional performance of these systems compares 

to their bare-metal counterparts. To advance the development of covered braided stents, further 
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knowledge is required on the mechanical behaviour of these devices with consideration for 

crimp, deployment and the implanted configuration. 

The objective of this study is to compare the mechanics of self-expanding bare and polymer-

covered wire braided stents through experimental testing. A systematic evaluation of the effect 

of braid angle and polymer cover thickness on the response of self-expanding wire braided 

stents is presented, whereby radial compression, axial compression and axial tension testing 

were used to assess functional performance. Kink behaviour and stent elongation are also 

investigated to provide insight into crimp and deployment behaviour during implantation.  

4.2 Material and Methods 

4.2.1 Stent Manufacture 

To evaluate the functional performance of covered braided stents, a range of configurations 

were considered (see Table 4.1). Wire stents with braid angles of Ŭ=30Á, Ŭ=45Á and Ŭ=60Á were 

manufactured by Aran Biomedical (Spiddal, Ireland) with a braiding machine that generates a 

3D braided stent by translating carriers in circumferential and radial directions to interlace the 

Nitinol wires. Braid angle, defined as the angle between the radial axis and the direction of the 

wires (see Figure 4.1), is controlled by changing the translation speed of the mandrel that the 

braided stent is mounted on. All stents were manufactured from the same spool of Nitinol wire 

(diameter = 100 µm) in a one-over-one pattern to an inner diameter of 5 mm and length of 60 

mm. Each braided stent comprised of 24 wires in total and was heat-set at 500 °C for five 

minutes subsequent to the braiding process. The Nitinol wire used to manufacture these braided 

stents was experimentally tested and used to determine the material properties for Nitinol, 

provided in Table 4.2. Further details of this experimental testing can be found in Section 

5.2.2.1, where they are implemented in the computational model of wire braided stents. In the 

case of the covered systems, the wire braided stents were dip-coated with a polycarbonate-
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based silicone elastomer with an initial elastic modulus of 11.4 MPa. During the dip-coating 

process, the stent was loaded on a mandrel and immersed in a polymer solution, as shown in 

Figure 4.2. Then the stent was withdrawn and the solvent evaporated to create a braided stent 

with a thin polymer coating. Cover thicknesses of t=25 µm and t=100 µm were produced by 

varying the viscosity of the solution and the withdrawal time. 

 

Figure 4.1 Braiding pattern for braided stents with braid angles of (a) Ŭ=30Á, (b) Ŭ=45Á, and 

(c) Ŭ=60Á. 

 

Table 4.1 Summary of all tested stent and cover configurations. 

Sample Braid Angle (°) Bare or Covered Cover Thickness 

1 30 Bare N/A 

2 45 Bare N/A 

3 60 Bare N/A 

4 30 Covered 25 µm 

5 45 Covered 25 µm 

6 60 Covered 25 µm 

7 30 Covered 100 µm 

8 45 Covered 100 µm 

9 60 Covered 100 µm 

 

Table 4.2 Measured properties of Nitinol wire (diameter = 100 µm). 

Symbol Parameter Value 

EA Austenite elasticity (MPa) 56,700 

EM Martensite elasticity (MPa) 25,600 

ὑL Transformation strain 0.046 

ůL
S Start of transformation loading (MPa) 590 

ůL
E End of transformation loading (MPa) 600 

ůU
S Start of transformation unloading (MPa) 420 

ůU
E End of transformation unloading (MPa) 380 
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Figure 4.2 The dip-coating process showing immersion, withdrawal, and solvent evaporation 

steps.  

 

4.2.2 Stent Testing  

The functional performance of each bare and covered braided stent configuration was evaluated 

by conducting radial compression, axial compression and axial tension tests, as well as 

observing kink and elongation deformations, illustrated in Figure 4.3. Radial compression 

testing was conducted at 37 °C, and all other testing was performed at room temperature.  
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Figure 4.3 Experimental setup of (a) radial compression, (b) axial compression and tension, 

(c) kink deformation and (d) elongation deformation setups in this study. 

 

4.2.3 Radial Compression 

To evaluate the radial response of each configuration, stents were radially compressed using 

an 8-plate crimping head (RCM-H60, MPT Europe), shown in Figure 4.3 (a), connected to a 

Zwick uniaxial test machine with a 1 kN load cell (Zwick Roell, GmbH & Co., Germany). The 

plates were heated to 37 °C and the stent was placed in the crimping head for 5 minutes prior 

to testing. The stents were crimped from their fully expanded diameter to 2 mm followed by 

uncrimping, all at a displacement rate of 0.1 mm/s (McGrath et al., 2016). Friction between 

crimper plates was measured by pre-testing without a stent present, and the recorded load 

profile was subtracted from subsequent radial force curves. The initial stent length and crimper 

plates both measured 60 mm, so as the stent elongated, it partially moved out of the crimper 

head. To account for this, the radial response was normalised to length. Three samples of each 

stent/cover combination were tested to ensure repeatability and mean results were presented. 

The resulting loading curve indicates the radial resistance force (RRF) or the force to resist 
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compression, and the unloading curve indicates the chronic outward force (COF) or the force 

acting on the artery as the stent expands (Duerig et al., 2000). 

4.2.4 Axial Compression and Tension 

Axial compression and tension tests were performed on each stent using a Zwick uniaxial test 

machine at a displacement rate of 0.5 mm/s (Maleckis et al., 2017), using 10 N and 100 N 

XForce HP load cells respectively. The stent samples were loaded on cylindrical supports at 

each end, which consist of a steel rod placed inside the stent and parafilm wrapped on the 

outside of the stent (see Figure 4.3 (b)), resulting in complete restriction in radial, axial and 

torsional deformations in the supported portion of the stent. The cylindrical supports hold 5 

mm of the stent at each end and they are secured with spring clamps. For each test, the bottom 

support is fixed, and the top support is displaced downwards to compress the stent to 50 % 

strain in the case of axial compression, or displaced upwards to strain the stent to 24 % strain 

in the case of axial tension, where strain is defined by the amount of displacement divided by 

the original gauge length. The values for axial displacement were selected based on typical 

femoropopliteal motion (Cheng et al., 2006) and for comparison to existing experimental data 

(Maleckis et al., 2017) 

4.2.5 Kink Test 

To evaluate each stentôs resistance to kink deformation, the stents were held at a radius of 

curvature of 11 mm, as shown in Figure 4.3 (c). This radius of curvature is reflective of severe 

bending observed in the femoropopliteal arteries (MacTaggart et al., 2014). The stents were 

secured with cylindrical clamps similar to the clamps used for axial tension/compression, but 

in this set-up, the end of the rod was bent at a 90° angle. The end of the support was then 

inserted into tight fit holes parallel to each other and 22 mm apart, thus the stent was forced to 

deform by bending or kinking and the resulting deformation observed. 
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4.2.6 Elongation 

Stent elongation was evaluated to provide the deformation profile of each stent in its crimped 

configuration, an important consideration in terms of deliverability. Elongation of the stent was 

measured by crimping and deploying into a glass tube with an inner diameter of 2.4 mm. To 

crimp the stent, first two pieces of kevlar thread were inserted at each end of the stent 

perpendicular to each other and across the stent diameter. Using the string, both ends of the 

stent were pulled to reduce the stent diameter, inserted in the glass tube and released to simulate 

deployment.  

4.3 Results 

4.3.1 Radial Compression 

The radial force response of all tested stent configurations was normalised to their original 

length, as shown in Figure 4.4. In the case of bare-metal stents, shown in Figure 4.4 (b), it was 

found that stents with more circumferentially aligned wires have a stiffer response to radial 

compression. Here, the wire braided stent with a braid angle of Ŭ=30Á exhibits the stiffest radial 

response, while a braid angle of Ŭ=60Á exhibits the most compliant response. This trend is 

preserved throughout both covered and uncovered configurations, as shown in Figure 4.4 (b)-

(d). It is also notable that all stents with a braid angle of Ŭ=30Á have an initial peak upon 

loading. Comparing radial response for bare and covered braided stents in Figure 4.4 (e)-(g), 

the addition of a polymer cover results in a substantial increase in RRF for each braid angle 

considered. At full crimp, braided stents with braid angles of Ŭ=30Á, Ŭ=45Á, and Ŭ=60Á exhibit 

3-, 2.7- and 5.8-fold increases in radial force respectively with the addition of a thin 25 µm 

cover, and 10.3-, 19.4- and 102.9-fold increases respectively with the addition of a thick 100 

µm cover. Small levels of deviation are seen between samples, an example of which is provided 

in A.1 Appendix 1. 
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Figure 4.4 Stent behaviour under radial compression. (a) Shows radial force curves for all 

stent/cover combinations, while (b)-(d) show changing braid angle with respect to the cover, 

and (e)-(g) show the influence of the cover with respect to braid angle. 

 

4.3.2 Axial Compression and Tension 

Axial compressive behaviour is shown in Figure 4.5. Force-strain results show increasing axial 

stiffness with increasing braid angle under axial compression, whereby a braided stent with a 

braid angle of Ŭ=30Á exhibits the most compliant response, and a braided stent with a braid 

angle of Ŭ=60Á exhibits the stiffest response. The addition of a cover to a braided stent causes 
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an increase in axial force response across all stent configurations. Evaluating a braided stent 

with braid angle of Ŭ=45Á at 19 % axial compression (which has been reported to be the peak 

compressive strain in the femoropopliteal artery (MacTaggart et al., 2014)) shows that the 

addition of a cover with t=25 µm causes a 2.7 fold increase in axial compressive force, while 

the addition of a cover with t=100 µm causes a 5.4 fold increase in axial compressive force. 

Figure 4.5 (e)-(g) show the deformation profiles of several stent configurations at 50 % 

compressive strain, where bare and covered stents were found to exhibit entirely different 

deformation mechanisms. A bare-metal braided stent with a braid angle of Ŭ=45Á shortens and 

thickens to accommodate loading, while those with a 25 µm cover undergo bending, and those 

with a 100 µm cover experience kink behaviour. In Figure 4.5, bending is reflected in the axial 

force curves with a decrease in stiffness, while kinking causes a sharp decrease in force. Wire 

braided stents with a braid angle of Ŭ=60Á and a cover thickness of 100 Õm generate a negative 

force after kinking, as the kinked configuration of the stent does not resist compression, but 

instead pulls downwards on the load cell (Figure 4.5 (d)). 
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Figure 4.5 Force ï strain behaviour under axial compression for (a) all stent/cover 

combinations, and for wire braided stents with (b) no cover, (c) a 25 µm cover, and (d) a 100 

µm cover. In all cases, increasing braid angle results in an increase in the maximum axial 

compressive force. Figures (e)-(g) show deformation profiles at 50 % axial compression for 

wire braided stents with a braid angle of Ŭ=45Á where (e) is uncovered, (f) has a 25 Õm 

cover, and (g) has a 100 µm cover. Note that negative compressive forces are not shown. 

 

The response of each stent configuration to axial tension is summarised in Figure 4.6. With 

increasing braid angle, there is a general increase in the magnitude of the tensile response, 

shown in Figure 4.6 (b)-(d), where a bare-metal braided stent with a braid angle of Ŭ=60Á 

generates a peak tensile force of 7.81 N, compared to 0.175 N in those with a braid angle of 

Ŭ=30Á. This behaviour is further explained with the tensile deformation profiles in Figure 4.6 
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(e)-(g), where the cross-sectional area of a braided stent with a braid angle of Ŭ=60Á is 

dramatically reduced at 25 % tension, while at lower braid angles the cross-sectional area is 

preserved. The effect of a cover on axial tension of braided stents is shown in Figure 4.6 (b)-

(d), where the addition of a 25 µm cover causes approximately a two-fold increase in axial 

force, and the addition of a 100 µm cover causes almost fourteen times greater axial force in 

stents with braid angles of Ŭ=30Á and Ŭ=45Á. 

 

Figure 4.6 Stent behaviour under axial tension for (a) all stent/cover combinations, and for 

stents with braid angle of (b) Ŭ=30Á, (c) Ŭ=45Á, and (d) Ŭ=60Á. The general trend shows 

increasing force with increasing braid angle and with increasing cover thickness. Figures 

(e)-(g) show the influence of braid angle on deformation profiles at 24 % axial tension for 

stents with a 25 µm cover and a braid angle of (e) Ŭ=30Á, (f) Ŭ=45Á, and (g) Ŭ=60Á. 
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4.3.3 Kink Deformation  

Kink deformation profiles (Figure 4.7) show that wire braided stents with low braid angles are 

superior under kink deformations, as braid angles of Ŭ=30Á maintain their cross-sectional area 

(CSA) profile throughout the deformation process, even with the addition of a cover. Bare-

metal braided stents with a braid angle of Ŭ=45Á maintain their CSA profile under kink 

deformation. With the addition of a polymer cover, the CSA profile is mostly retained. 

However, braided stents with a braid angle of Ŭ=60Á exhibit a dramatic decrease in cross-

sectional area, and those with a thick cover kink. 

 

Figure 4.7 Stent deformation profiles when bent to a radius of curvature of 11 mm. Kink 

resistance decreases with increasing braid angle and increasing cover thickness. 

 

4.3.4 Elongation 

Figure 4.8 shows that the elongation of braided stents is greatest in stents with low braid angles. 

Braided stents with a braid angle of Ŭ=30Á elongate to a maximum elongation of 195 %, those 
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with a braid angle of Ŭ=45Á elongate up to 148 % and those with a braid angle of Ŭ=60Á elongate 

up to 118 %. Elongation is predominantly controlled by braid angle, and the addition of a cover 

did not have a noteworthy effect.  

 

Figure 4.8 Stent elongation after deployment in a 2.4 mm diameter glass tube. Elongation 

increases with decreasing braid angle.  
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4.4 Discussion 

In this chapter, the mechanics of self-expanding bare and polymer-covered wire braided stents 

were evaluated through experimental testing. This study represents the first systematic 

evaluation of the effects of braid angle and polymer-covering on the functional performance of 

self-expanding wire braided stents. It was demonstrated that braid angle is a key controlling 

parameter that largely dictates the response of both bare-metal and covered wire braided stents 

across all loading regimes. In particular, it was shown that the bare-metal stents exhibited 

higher stiffness under radial and axial loading when the direction of loading was closer aligned 

to the orientation of the wires. Similar trends were found for covered braided stents under radial 

and axial loading; however, the addition of a polymer cover led to a stiffer response across all 

braid angles and, in some cases, this could be up to two orders of magnitude greater when 

thicker covering systems were considered (t=100 µm). It was also demonstrated that bare and 

covered braided stents can exhibit drastically different modes of deformation during kink 

testing. Importantly, it was demonstrated that increased radial force and good flexibility could 

be achieved by using lower braid angles (Ŭ=30Á) and thinner covering systems (t =25 µm).  

Braided stent design parameters have previously been evaluated through analytical (Ayranci 

and Carey, 2010; Jedwab and Clerc, 1993), computational (Fu et al., 2017; Liu et al., 2017; 

Zhao et al., 2019), and experimental methods (Freitas et al., 2010; Kim et al., 2008; Nuutinen 

et al., 2003; Yuksekkaya and Adanur, 2009). While it is already known that braid angle is a 

key controlling parameter of stent behaviour, a surprisingly limited number of experimental 

studies have systematically demonstrated this over several different loading regimes. Results 

in this chapter show that for a braid angle of Ŭ=30Á, the stent provides low resistance to axial 

tension and axial compression, but much better resistance to radial compression. These results 

are, in part, explained by the fact that a higher stiffness response is experienced when loading 

is more aligned to the orientation of the wires. However, in the case of radial compression, it 
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is also important to consider that a lower braid angle leads to a higher wire density, which also 

contributes to greater resistance under radial compression. Additionally, it was found that for 

the lower braid angle of Ŭ=30Á, the stent shows excellent kink resistance, maintaining its 

effective cross-sectional area under bending due to the ease at which individual wires can rotate 

relative to one another during deformation. In contrast, for a higher braid angle of Ŭ=60Á, wires 

are less likely to slide/rotate past one another and instead buckling takes place, leading to poor 

kink resistance. Interestingly, the only commercially available wire braided stent for PAD 

treatment, the Supera stent (Abbott Vascular, Santa Clara, CA), has a braid angle in the region 

of Ŭ=30Á. This further reinforces the results presented in this chapter, which indicate that this 

configuration should contribute to favourable functional properties in terms of radial resistance 

and flexibility in the axial direction. 

Despite the widespread use of covered wire stents in endovascular repair (Ohki et al., 2017; 

Parodi et al., 1999; Wiesinger et al., 2005), few studies have directly compared their behaviour 

to bare-metal wire braided stents. It was demonstrated that the introduction of a cover to a 

braided stent causes a stiffer response for all loading modes considered, with further increases 

in stiffness observed with larger cover thicknesses. Here, it was clearly observed that the 

introduction of the polymer cover fundamentally changes the deformation mechanism, from 

sliding and rotating of individual wires in a bare-metal braided stent to more ñtube-likeò 

deformations in the covered configuration, whereby movement of wires at crossover points is 

partially constrained by the polymer which it is embedded in. This difference in behaviour is 

best observed during axial compression and kink tests, where the bare-metal braided stent can 

easily accommodate the load by adjusting individual wires (see Figure 4.7), while several of 

the covered braided stents undergo kink deformations more easily (e.g. the covered braided 

stent with cover thickness of 100 Õm and braid angle of Ŭ=60Á). However, it is interesting that 

the addition of a cover does not always have a negative impact on bending behaviour, as 
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demonstrated for the covered stents with a braid angle of Ŭ=30°. Here, the cross-sectional area 

profile of the systems is maintained during bending, where the wire braided component of the 

covered stent has more influence for stents with low braid angles. This is likely a result of the 

greater radial resistance provided by the low braid angle configuration, in addition to the greater 

wire density and greater wire/cover ratio that is present at the low braid angles.  

Interestingly, these results also demonstrate that the addition of a cover can stabilise the 

structure of a braided stent and increase its radial resistive force, whilst maintaining preferable 

properties of a wire braided stent, such as flexibility. Covered wire braided stents with braid 

angles of Ŭ=30Á and Ŭ=45Á performed very well, where it was demonstrated that the addition 

of 25 µm cover increased RRF and had minimal negative effects in terms of flexibility or 

elongation during crimp. Therefore, these results demonstrate that incorporating a polymer 

cover with a braided wire stent is another parameter that can be exploited to tailor stent 

mechanics for particular applications. Importantly, we demonstrate that a covered wire braided 

stent has good potential in femoropopliteal stenting, whereby the device can be tailored to 

provide high radial resistance, whilst maintaining good axial flexibility. 

Certain limitations of this study should be noted. Firstly, benchtop tests are only a 

representation of what happens in the femoropopliteal artery, while stents in vivo are usually 

subjected to several deformations occurring simultaneously, as well as interactions with the 

artery wall. Perhaps further development is required for benchtop tests that more accurately 

replicate the in vivo deformations of the femoropopliteal artery. It is also worth noting that, 

while we evaluated five mechanical responses, there are other relevant parameters in 

femoropopliteal stenting, including torsion and stent fatigue life, that could be investigated in 

the future to provide a more comprehensive description of the functional performance. 

Furthermore, computational modelling could provide a more effective tool to provide detailed 

evaluations of stent performance, particularly for evaluating stent-vessel interactions and 
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accounting for stress distributions in the stent and arterial tissue. It is also worth noting that 

radial force testing was carried out at 37°C and all other benchtop tests were carried out at room 

temperature. However, since the behaviour of braided stents is largely controlled by the 

geometrical structure, it is unlikely that temperature effects would change the findings of this 

study. The second limitation concerns the range of design variable parameters that were not 

considered in this study, where geometric parameters including wire density, wire diameter, 

and the one-over-one braid pattern were held constant. While these design parameters would 

further affect functional performance, it was decided that they were outside the scope of this 

chapter and the chosen parameters were adequate for an initial evaluation of the effect of 

covering braided stents. Again, this study represents the first systematic evaluation of the effect 

of braid angle and polymer cover thickness on the mechanics of self-expanding wire braided 

stents and provides an excellent basis for further development of covered braided stent systems. 

4.5 Conclusions 

This study represents the first systematic evaluation of the effects of braid angle and polymer-

covering on the functional performance of self-expanding wire braided stents. Benchtop testing 

presented in the study shows that braid angle is a key controlling parameter that largely dictates 

the response of bare-metal and covered wire braided stents. Generally, it was found that higher 

braid angles resulted in increased axial compressive and tensile forces and decreased radial 

forces, as well as a decrease in stent elongation and increased likelihood of kinking. It was 

demonstrated that the addition of a cover to a braided wire stent causes an increase in stiffness 

under all deformation modes. Specifically, the introduction of a 25 µm polymer cover can cause 

up to a six-fold increase in force under radial compression, a two-fold increase in force under 

axial compression, and almost a three-fold increase in force under axial tension. In addition to 

this, the deformation mechanism changes from sliding and rotating of individual wires in bare-

metal braided stents to tube-like behaviour in the composite structure of a covered braided 
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stent. Importantly, it was demonstrated that optimum performance of covered wire braided 

stents for peripheral applications could be achieved by using low braid angles (Ŭ=30Á) and thin 

covering systems (t =25 µm). 
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A.1 Appendix 1 

 

Figure A1.1 Radial force results for individual stent samples and the average curve. 

Examples are given for braided stents with (a) a braid angle of Ŭ=45Á, bare and (b) a braid 

angle of Ŭ=30Á, t=25 Õm. 
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CHAPTER 5   

A Finite Element Investigation on 

Design Parameters of Bare and 

Polymer-Covered Self-Expanding Wire 

Braided Stents 

5.1 Introduction  

Self-expanding covered braided stents are routinely used across a diverse range of clinical 

applications, but few computational studies have successfully predicted their complex 

mechanical behaviour. In this chapter, a computational framework is developed to predict the 

functional performance of bare and covered self-expanding wire braided stents, with a 

systematic evaluation of the effect of various braid and cover parameters presented. 

Self-expanding wire braided stents comprise of interlacing wires that slide and rotate in 

response to deformation, giving rise to an extremely flexible and conforming endovascular 

device. The functional performance of wire braided stents is largely controlled by geometrical 

features, including braid angle, wire density, wire diameter and braid pattern, with wire 
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material properties also an important contributor to performance. Considering the vast array of 

possible geometrical configurations, self-expanding wire braided stents have diverse potential 

across a range of clinical applications, including biliary (Mangiavillano et al., 2016), cerebral 

(Szikora et al., 2010), peripheral (Geraghty et al., 2013; Lammer et al., 2013), and respiratory 

(Thomas et al., 2019) interventions. Geometrical features of the wire braided stent are generally 

tailored for application-specific treatment. For example, wire braided stents for aneurysm 

treatment are designed with a high wire density, so that the small and numerous pores create a 

moderate flow diversion effect by allowing blood to flow into the aneurysm sac while also 

allowing the formation of intra-aneurysm thrombosis (Szikora et al., 2010). Meanwhile, for 

occlusion treatment, radial force is a more important factor (Stoeckel et al., 2004) and the 

braided stent design will tend towards a structure with a circumferentially aligned braid angle 

and larger wire diameters. Recently, covered wire braided stent designs have emerged, whereby 

the wire frame is combined with a graft or textile material, typically made from silicone 

(Shanahan et al., 2017), expanded polytetrafluoroethylene (ePTFE) or polyester (PET, Dacron) 

(Santos et al., 2012). These devices are highly versatile and have many applications beyond 

endovascular repair, with several wire braided stent platforms being adapted with polymer 

coverings and used in the treatment of biliary stenosis (Tsuchiya et al., 2011) oesophageal 

strictures (Repici et al., 2014) and even off-label applications like oesophageal fistulas (Seven 

et al., 2013). Although the polymer cover generally enhances radial performance (Zou et al., 

2016), its primary function in most applications is to prevent unwanted narrowing of the lumen 

by providing a mechanical barrier that inhibits processes such as restenosis (Mwipatayi et al., 

2011) or tumour ingrowth (Kitano et al., 2013). While this has further expanded the application 

areas of wire braided stents, there are distinct challenges in understanding device behaviour, in 

particular the relative contribution of braid and cover parameters on the functional performance 

of these composite systems. 
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Computational modelling can be used to accelerate the development of wire braided stents by 

simulating a wide range of stent configurations. The influence of the geometric features of bare-

metal braided stents, including braid angle, wire diameter and wire density, have been predicted 

under radial compression (Fu et al., 2017; Suzuki et al., 2017; Zaccaria et al., 2020; Zheng et 

al., 2019), localised radial compression (Kim et al., 2008), bending (Alherz et al., 2016; Fu et 

al., 2017; Kim et al., 2008; Ni et al., 2015; Zaccaria et al., 2020; Zheng et al., 2019) and 

elongation (De Beule et al., 2009; Zhao et al., 2013). However, relatively few studies have 

presented an experimentally-validated computational model for wire braided stent behaviour 

(Kelly et al., 2019; Kim et al., 2008). More commonly, model predictions are compared to an 

analytical model developed by Jedwab and Clerc (Alherz et al., 2016; De Beule et al., 2009; 

Fu et al., 2017; Ma et al., 2012). While this analytical approach can estimate parameters such 

as radial stiffness and axial elongation, it neglects important non-linear aspects of braided stent 

behaviour (e.g. friction effects, Nitinol super-elasticity) and fails to capture more intricate 

performance, such as hysteresis or kinking, seen in experiments (Kelly et al., 2019; Rebelo et 

al., 2015). Chapter 4 showed that polymer encapsulation of wire braided stents fundamentally 

changes their biomechanics by limiting the sliding and rotation capability between individual 

wires (McKenna and Vaughan, 2020). In particular, it was demonstrated that the cover 

enhanced the radial stiffness across all braid angles, but impaired the kink performance in more 

axially-aligned braids under bending. Incorporating the polymer cover onto the wire frame 

adds further to the possible design variables of these braided systems, resulting in a plethora of 

potential device configurations that are not feasible to explore through experimentation, 

highlighting the need for robust computational models of covered wire braid stents. Already, 

several computational studies have been developed to predict the performance of covered laser-

cut stents (De Bock et al., 2013; Gu et al., 2005; McGrath et al., 2016), typically using a layer 

of shell elements bonded to the metallic frame that consists of three-dimensional elements. 
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However, there are limited examples of models covered braided stents (Liu et al., 2017), as 

predictions become highly challenging due to the complex geometries involved and increased 

interactions between device components.  

The objective of this study is to develop a computational framework to predict the functional 

performance of bare and covered self-expanding wire braided stents and explore the role of 

geometric and material properties on device biomechanics. The computational model uses 

pyFormex to create wire braided stents and generates covered configurations by simulating the 

wrapping process in Abaqus/Explicit. The computational framework is validated against 

experimental radial testing and existing data on kink performance in Chapter 4 (McKenna and 

Vaughan, 2020), and the radial loading response for bare-metal braided stents is compared to 

an analytical solution (Jedwab and Clerc, 1993). A systematic evaluation of the effect of wire 

braid parameters (e.g. braid angle, wire density, wire diameter and Nitinol material properties) 

and cover parameters (e.g. thickness and cover material properties) on both radial response and 

kink behaviour of these devices is presented.  

5.2 Material and Methods 

5.2.1 Stent Geometry 

All wire braided stent geometries considered in this study were created using the open-source 

pyFormex modelling tool (Verhegghe, 2019), and imported into Abaqus/Explicit (v6.14). 

Preliminary simulations used for model validation considered self-expanding wire braided 

stents with an inner diameter of 5 mm and braid angles of Ŭ=30Á, Ŭ=45Á, Ŭ=60Á, similar to the 

experimental work presented in Chapter 4 (McKenna and Vaughan, 2020), as shown in Figure 

5.1. Each stent had a one-over-one braid pattern with 24 crossing wires and a wire diameter of 

100 µm. The braided stents were meshed with linear Timoshenko beam elements (B31), and 
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the number of elements for each configuration is provided in Table 5.1. General contact with a 

friction coefficient of 0.2 is assumed at wire crossover points (Kelly et al., 2019). 

Covered braided stent geometries were created by pressurising the cover onto the stent frame 

to create a morphed cover geometry that follows the profile of the braided stent, and is 

representative of the cover geometry following a dip-coating process. An image of the real 

bare-metal and polymer-covered stents can be seen in the Appendix (Figure A2.1). A three-

dimensional cover was treated as a hollow cylinder, with inner diameter equal to the outer 

diameter of the wire braided stent, and slightly longer in length (0.2 mm). To simulate the 

covering process, pressure was applied to the outer surface of the cover while the wire braided 

stent was held fully constrained. The applied pressure magnitude was proportional to the cover 

thickness; for example, a pressure of 2.5 kPa is applied where the cover thickness is t=25 µm, 

while a pressure of 10 kPa is applied where the cover thickness is t=100 µm. The cover was 

meshed with 8-node linear brick elements with reduced integration and enhanced hourglass 

control (C3D8R). Brick elements were chosen to define the cover instead of more commonly 

used shell elements, as a sufficiently refined mesh on the cover didnôt allow for a suitable 

element thickness to length ratio that is recommended for shell elements. Each cover had three 

elements through the thickness and an element size of 0.05 on all other surfaces. The resulting 

deformed cover, shown in Figure 5.1, was imported into a new model in a stress-free state, to 

appropriately reflect the stress-free state of the experimental dip-coated polymer cover 

following solvent evaporation. Bonding between the wire braided stent and cover was imposed 

with a tie constraint with a position tolerance of 0.05. To account for subsequent contact not 

included in the tie constraint, general contact with a friction coefficient of ɛ=0.2 was defined 

between the wire braided stent and cover, and self-contact in the cover (Kelly et al., 2019). 
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Figure 5.1 Bare and covered stent geometries used for model validation. Wire braided stents 

with braid angles of (a) Ŭ=30Á, (b) Ŭ=45Á, and (c) Ŭ=60Á were considered, as well as 

covered braided stents with a braid angle of Ŭ=45Á and cover thicknesses of (d) t=25 Õm and 

(e) t=100 µm. 

 

Table 5.1 Braided stent mesh size for wire braided stents with a length of 60 mm. 

Braided stent braid angle  Number of elements  

Ŭ=30Á 15168 

Ŭ=45Á 8832 

Ŭ=60Á 4992 

 

5.2.2 Experimental Testing 

5.2.2.1 Nitinol Material Properties  

Nitinol material properties were determined by performing tensile tests on lengths of wire 

(n=5), taken from the same spool of Nitinol from which the braided stents were manufactured. 

Samples of length 80 mm were tensile tested to 6 % uniaxial strain, with loading and unloading 

carried out at a rate of 0.8 mm/min in a water bath at 37 °C. An average of the resulting tensile 

data, shown in Figure 5.2 (a), was used to calibrate the inbuilt user-defined material model 

(UMAT) for Nitinol in Abaqus (Auricchio and Taylor, 1997). The calibrated parameters shown 
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in Table 5.2 were taken from key points in the Nitinol stress-strain curve. A detailed description 

of each input parameter for the Nitinol UMAT was discussed previously in Section 2.2.2. 

Table 5.2 Experimentally determined Nitinol material properties used to calibrate the Abaqus 

UMAT for superelasticity. 

Symbol Parameter Value 

EA Austenite elasticity (MPa) 56,700 

vA Austenite Poisson's ratio 0.3 

EM Martensite elasticity (MPa) 25,600 

vM Martensite Poisson's ratio 0.3 

ὑL Transformation strain 0.046 

ůL
S Start of transformation loading (MPa) 590 

ůL
E End of transformation loading (MPa) 600 

ůU
S Start of transformation unloading (MPa) 420 

ůU
E End of transformation unloading (MPa) 380 

ůCL
S Start of transformation stress during loading in compression (MPa) 590 

ὑV
L Volumetric transformation strain  0.046 

 

5.2.2.2 Polymer Material Properties 

Material properties of the polycarbonate-silicone composite polymer were obtained by tensile 

testing thin strip samples at room temperature. Five samples with dimensions of 100 x 25 mm 

and thickness of 200 µm were tested under uniaxial loading at 25 mm/min using a Zwick 

uniaxial tester. The resulting average tensile data shows linear elastic behaviour with an elastic 

modulus of 11.4 MPa for strains up to 10 %, shown in Figure 5.2 (b). In this study, the 

polycarbonate-silicone composite polymer material model is assumed to be isotropic and 

linear-elastic (E = 11.4 MPa). 
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Figure 5.2 Stress-strain plots show the computational material fit compared to average 

experimental tensile testing results for (a) Nitinol wire and (b) polycarbonate-based polymer 

strips. 

 

5.2.2.3 Radial Force Testing 

Previous experimental testing carried out in Chapter 4 (McKenna and Vaughan, 2020) 

performed radial force tests on wire braided stents of length 60 mm in a 60 mm crimper head, 

resulting in the wire braided stent elongating and displacing out of the crimper head. For 

validation purposes in this study, further radial force testing was carried out on shorter bare 

and covered braided stents with a length of 30 mm. This is a more appropriate test setup for 

replicating with computational modelling, as the braided stent is completely contained in the 

crimper plates. Stents were radially compressed to a diameter of 2 mm and unloaded at a 

displacement rate of 0.1 mm/s using an 8-plate crimping head (RCM-H60, MPT Europe) at 37 

°C (McKenna and Vaughan, 2020).  

5.2.3 Computational Benchtop Testing 

Each test configuration was simulated using Abaqus/Explicit v6.14 (SIMULIA, Dassault 

Systèmes) to capture the complex contact interactions and non-linearities caused by folding of 

the cover. Computational cost was reduced by using a mass scaling factor of 1e-6, while 

ensuring a quasi-static regime throughout the simulation, verified with a ratio of kinetic to 
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internal energy of less than 5 %. General contact was applied to all contacting surfaces (wire 

braided stent, cover, crimper) using a penalty contact method with a friction coefficient of 0.2. 

5.2.3.1 Radial Force 

Radial force testing was simulated by placing the wire braided stent in the centre of eight 

radially patterned rigid plates which were radially displaced with a smooth step amplitude to 

crimp the stent from its original diameter to a crimped diameter of 2 mm, followed by 

unloading to allow the stent to expand back to its original diameter. For comparison of radial 

characteristics across many braided stent systems, the work presents the initial radial stiffness 

of the braided stent, as well as the radial resistive force (RRF) at 4.5 mm or the force to resist 

compression, and the chronic outward force (COF) at 4.5 mm or the force acting on the artery, 

as indicated in Figure 5.3 (a). Radial compression of covered braided stents at small diameters 

was an extremely challenging computational problem due to the large amount of self-contact 

in the cover. To reduce the computational complexity, but still capture the important features 

of the radial profile, the radial deformation of covered braided stents was considered up to 

diameters of 3.95 mm.  

5.2.3.2 Kink Test 

Kink deformation was simulated on wire braided stents with length 60 mm by applying equal 

and opposite 90° rotations to each end of the stent, as well as displacing the ends downwards 

and towards the centre of the stent, to achieve a deformation with a radius of curvature of 11 

mm. Loads were applied to a reference point coupled to 5 mm sections at each end of the stent 

(see Figure 5.3 (b)).  
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Figure 5.3 (a) Radial force testing was simulated with eight rigid crimper plates. Results 

focus on key features indicated on the radial force profile; radial stiffness, radial resistive 

force (RRF) and chronic outward force (COF). (b) Kink deformations were simulated with 

displacements applied through reference points at each end of the stent. 

 

5.2.3.3 Covered Braided Stent Parameter Study 

A systematic evaluation of the effect of geometric and material properties on the functional 

performance of bare-metal and covered wire braided stent configurations was carried out. From 

a baseline wire braided stent geometry with a braid angle of Ŭ=45Á and 24 wires of 100 µm 

diameter, wire braided stent and cover parameters were varied independently. The influence of 

Nitinol austenite modulus, wire density, wire diameter and braid angle were evaluated in bare-

metal wire braided stents, according to the values presented in Table 5.3. Meanwhile, the elastic 

modulus and thickness of the polymer cover were evaluated in covered wire braided stent 

systems. 

Table 5.3 Table presenting the baseline parameter properties for a covered braided stent 

system and parameter variations investigated.  

Wire Parameter  Baseline Variations Unit  

Nitinol austenite modulus (EA) 56700 30,000, 40,000, 50,000, 60,000, 70,000 MPa 

Wire density (n) 24 12, 24, 36, 48, 72, 96 wires 

Wire diameter (d) 100 60, 80, 100, 120, 140 µm 

Braid angle (Ŭ) 45 15, 20, 25, 30, 45, 60, 75 ° 

Cover Parameter    

Cover elastic modulus (EC) 10 1, 10, 50, 100, 500 MPa 

Cover thickness (t) 25 10, 25, 50, 100 µm 
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5.2.4 Analytical Modelling  

An analytical solution for each bare-metal braided stent design was determined following the 

method proposed by Jedwab and Clerc (1993), who predicted geometrical and mechanical 

properties of an open-ended self-expanding wire braided stent. When an axial load (Ὂ) is 

applied to a braided stent with an initial external diameter (Ὀ ), initial braid angle (‌) and 

initial length (ὒ), the stent elongates to a new length (ὒ), while reducing in diameter (Ὀ), and 

the wires rotate to give a larger braid angle (‌). These geometrical changes can be described 

with the equations given in Table 5.4. 

Table 5.4 Formulae for predicting the geometrical behaviour of a bare-metal braided stent. 

Braid geometrical characteristic Symbol Formula  

Initial average stent diameter Ὀ  Ὀ Ὀ ςὨ (5.1) 

Initial pitch ὴ ὴ  “Ὀὸὥὲ‌ (5.2) 

Number of coils ὧ ὧ  
ὒ

ὴ
 (5.3) 

New average stent diameter Ὀ Ὀ  
Ὀὧέί‌

ὧέί‌
 (5.4) 

New external stent diameter Ὀ  Ὀ Ὀ ςὨ (5.5) 

New stent length ὒ ὒ ὒ
“ὧὈ

ὧέί‌
 ίὭὲ‌ίὭὲ‌  (5.6) 

Length of a single wire of one pitch ὒ ὒ
“Ὀ

ὧέί‌
 (5.7) 

Total wire length ὒ  ὒ ὧὲὒ (5.8) 

Axial distance between intersections ὒ  ὒ
ς“Ὀ ὸὥὲ‌

ὲ
 (5.9) 

Number of intersections ὔ ὔ
ὲὒ

ὒ
 (5.10) 

Total area of intersections ὃ ὃ
ὔὨ

ίὭὲς‌
 (5.11) 
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The mechanical response of a wire braided stent was evaluated based on equations for helical 

springs (Wahl, 1963), assuming that a braided stent is composed of independent coiled springs 

with rotationally-fixed ends, anµµd the springs undergo elastic deformation only. As already 

shown in Chapter 3, it can be shown that the axial load (Ὂ) acting on the stent is: 

Ὂ ςὲ 
ὋὍ

ὑ

ςίὭὲ‌

ὑ
ὑ

ὉὍ ὸὥὲ‌

ὑ

ςὧέί‌

ὑ
ὑ  (5.12) 

where Ὃ is the shear modulus of the wire, Ὁ is the elastic modulus of the wire, Ὅ is the moment 

of inertia, Ὅis the polar moment of inertia and constants (ὑ, ὑ and ὑ) are described by: 

ὑ
ÓÉÎς‌

Ὀ
 ὑ

ςÃÏÓ‌

Ὀ
 ὑ

Ὀ

ὧέί‌
 (5.13) 

Under a radial pressure (ὖ), the wire braided stent structure responds in a similar way to that 

described with axial loading, where the stent elongates and wires realign. Based on the theory 

of virtual work, it is shown: 

ὖ
ςὊὧ

Ὀὒ ὸὥὲ‌
 (5.14) 

From this analytical pressure solution, the initial radial stiffness response was assessed for each 

braided stent by calculating the secant modulus for radial compression to a diameter of 4.5 mm.  
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5.3 Results 

5.3.1 Model Validation 

Results show that the computational model correctly predicts radial force trends for braided 

stents across a range of braid angles (Figure 5.4) and cover thicknesses (Figure 5.5). The 

predicted radial response of bare-metal braided stents is shown in Figure 5.4 (a), with this data 

compared to the experimental radial force response (both of which are normalised to the length 

of the stent). The computational framework captures increasing radial response as braid angle 

decreases, although the radial force at full crimp is under-predicted, which is a common feature 

in such models (Kelly et al., 2019). In terms of crimped deformation, the predicted stent 

elongation at a crimped profile of 2.4 mm shows excellent agreement to the experimentally-

determined crimped profile in Chapter 4 (Figure 5.4(b)). 

 

Figure 5.4 Comparison of experimental and computational data for bare-metal braided 

stents with varying braid angle under (a) radial force and (b) elongation at 2.4 mm. 

 

The predicted radial response of covered wire braided stents is shown in Figure 5.5. For cover 

thicknesses of t=25 µm and t=100 µm, the model captures the loading and unloading radial 

force profile up to a crimped diameter of 3.95 mm and the relative effect of cover thickness 

compared to experimental data. However, it should be acknowledged that there are deviations 
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between experimental and computational data, with the RRF at 4.5 mm over-predicted (64 %) 

for braided stents with a cover thickness of t=25 µm and under-predicted (-19 %) for braided 

stents with a cover thickness of t=100 µm. Meanwhile, the COF at 4.5 mm is under-predicted 

for braided stents with cover thicknesses of both t=25 µm (-16 %) and t=100 µm (-6 %). These 

errors can be partially explained by the complicated cover deformations of the crimped braided 

stents shown in Figure 5.6, where there is substantial folding and self-contact in the cover. 

Interestingly, cover deformation is dependent on cover thickness, with thin covers showing 

creases in the windows between the wire frame, and thick covers folding along the entire length 

of the stent, which results in localised braid buckling (Figure 5.7). Small levels of strain 

develop in the Nitinol wire as the stent is crimped, generated by torsional effects from the 

unconstrained ends as they taper. 

 

Figure 5.5 Experimental and computational radial force response for bare and covered 

(t=25 Õm, t=100 Õm) wire braided stents with braid angle of Ŭ=45Á. Inset figure shows the 

radial response for the bare-metal braided stent and the braided stent with cover thickness 

t=25 µm. 
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Figure 5.6 Comparison of the stent cross-sectional profiles under radial force testing 

showing cover folding in (a) the experimental setup and (b) the computational model. 

 

 

Figure 5.7 Radial crimp deformations for braided stents with braid angle of Ŭ=45Á, 

specifically (a) shows strain in a bare-metal stent and (b) shows cover stress in polymer 

covered stents with thin and thick covers.  

 

Figure 5.8 shows the predicted kink performance of bare-metal and covered wire braided stents 

compared to deformations observed experimentally in Chapter 4 (McKenna and Vaughan, 

2020). Generally, it was observed that the kink resistance of the braided stent configurations 






































































































































































