
ABSTRACT 

EADIE, LESLIE ANGELA. The Investigation of the Effect of in situ Radiofrequency Fenestration 
on the Textile Components of Endovascular Stent Grafts. (Under the direction of Martin W. 
King and Moon W. Suh). 
 

An abdominal aortic aneurysm (AAA) is a weakening of the arterial wall in the 

abdominal aortic region, resulting in a localized dilation [1]. As of 2005, it was found that 

this disease state affects approximately 2.7 million Americans [2]. If AAA goes untreated, it 

can be potentially fatal [3].  

The limitations imposed by the currently used minimally invasive endovascular 

aneurysm repair (EVAR) procedure [4] have resulted in the investigation into endograft 

fenestration techniques, devised to allow continued blood flow to the kidneys.  

One such technique concerns the in situ radiofrequency (RF) puncture of the endograft 

fabric and subsequent angioplasty ballooning of the generated fenestration to the desired 

diameter. Determining the effect of this procedure on the mechanical, dimensional and 

geometric performance of the endograft material was the ultimate goal of this study.  

Five different representative materials, currently being used in endovascular stent 

grafts, were chosen for this study. These were specifically: (1) a monofilament twill woven 

polyester (Medifab) chosen to represent the fabric used in the Talent™ device, (2) a 

multifilament tubular woven polyester (Atex) which represented the fabric component of 

the Zenith device, (3) a multifilament plain woven tubular polyester used in the Endurant 

device and (4) two different types of ePTFE membranes (Standard and Next Generation). 

These materials were RF punctured using the Baylis Medical (Toronto, Canada) PowerWire™ 

Radiofrequency (RF) Puncture Generator. Subsequent to RF puncturing, select specimens’ 

fenestrations were expanded to 7 mm diameter using angioplasty balloons. 



Macro and microscopic evaluations of the materials were made to determine their 

reactions to these procedures and the resultant effect on their respective woven and/or 

membrane structures. The various materials were also evaluated in terms of their tearing 

and bursting strengths. Additionally, their fenestration fatigue resistance to 40 million 

pulses was determined, using the Bose EnduraTec® stent/graft accelerated mechanical 

fatigue test instrument. 

The results indicated that the Atex tubular woven fabric produced the highest bursting 

and tearing strengths when compared to all other materials investigated. It should however 

be noted that it did exhibit an increase in the RF punctured fenestration area of 75% as a 

result of fatiguing. The Medifab twill woven fabric had the lowest tearing and bursting 

strengths of the polyester fabrics, which could be attributed to the fact that it was the 

thinnest and lightest material investigated. The Medifab fabric also exhibited an increase in 

ballooned fenestration area of 30.7% after fatiguing. The Endurant fabric performed 

between these two extremes with regards to tearing and bursting strengths, but exhibited 

no change in fenestration area after fatiguing. With regards to the ePTFE membranes, no 

change in the Standard ePTFE tearing strength as a result of fenestration was noted. On the 

other hand, the Next Generation ePTFE exhibited an increase in its longitudinal tearing 

strength. Of all materials investigated, the lowest pre- and post- fenestration and ballooning 

bursting strengths were noted in the Next Generation ePTFE. Neither of the ePTFE 

membranes exhibited an increase in fenestration area after fatiguing.  

It was concluded that the type of fabric and membrane and as well as their construction 

played a distinct role in each of the material’s performance after fenestration. Additionally, 

the various materials exhibited significant changes in their dimensional, geometric and 

mechanical characteristics as a result of radio frequency (RF) puncture and balloon 

expansion. 
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Chapter 1 : Introduction 

An aortic aneurysm is a weakening of the aortic arterial wall resulting in the formation 

of a bulge or localized dilation. This distortion is termed an abdominal aortic aneurysm 

(AAA) when it occurs in the abdominal region of the descending aorta. In some cases, 

extension into one of the iliac arteries leading to the legs is possible. Untreated aneurysms 

can be fatal with mortality rates as high as 90% upon rupture [1]. Traditionally, treatment 

for this type of ailment entailed open surgery, characterized by large incisions and the 

insertion of a synthetic graft [1]. Today however, minimally invasive procedures are used to 

treat specific types of AAAs [4]. One such procedure is termed EVAR (endovascular 

aneurysm repair) and has been gaining popularity since its introduction by Dr. Juan Parodi 

[5] in 1991.  

There are various types of AAAs, namely, juxtarenal, pararenal, transrenal and infrarenal 

aneurysms, each of which  refers to the location of the aneurysm relative to the renal 

arteries. Some of these are not treatable with current EVAR devices or other existing 

technologies. Although EVAR is successfully being used to repair many AAAs, one of the 

difficulties associated with it, is its variable efficacy when treating aneurysms in different 

locations. An additional limitation of EVAR is that the proximal neck of the artery has to be 

sufficiently long and of a specific shape and diameter to allow for fixation of the device [6]. 

Especially tortuous arteries also present a challenge for endovascular repair of aortic 

aneurysms.  

If the aneurysm is located in such a way that placement of the device would lead to 

occlusion of the renal arteries, and the patient cannot undergo traditional open surgery, it is 

necessary to fenestrate the device to allow for maintained blood flow to the kidneys. 

Presently, the only commercial product that has this capability is the Zenith® Fenestrated 
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AAA Endovascular Graft (William A. Cook Australia., Ltd., Brisbane, Australia), a system in 

which devices are individually customized for patients based on their unique anatomical 

morphology [7]. The use of this device requires adequate time and planning, since unique 

fenestrations have to be made to meet a patient’s individual medical needs. This 

customization is based on information gained from computed tomography (CT) scans, 

magnetic resonance imaging, and intravascular ultrasound scanning [7, 8]. These scans, 

coupled with additional patient information, are then sent to the manufacturers in 

Australia, where the devices are designed and assembled. At this stage, this “customized” 

device has not been approved for use in the USA. Although no serious clinical problems 

have been noted with these devices, their use is limited due to the fact that it takes several 

weeks for a device to be manufactured and delivered. Due to the idiosyncratic nature of the 

devices, they are also more expensive. Additionally, due to the amount of time taken to 

assemble and deliver a particular device, it is possible for the vascular morphology of the 

patient to have changed [9, 10]. 

In an attempt to diminish the disadvantages of the currently available system, 

research has recently focused on in vivo fenestration of devices. Various attempts at 

creating in situ fenestrations of endovascular devices have been made, using a variety of 

technologies and methods. These include guide-wire puncture in conjunction with cutting 

needles and cutting balloons [10, 11], robot-assisted fenestration [12], Brockenbrough® 

needles [13] and the use of radiofrequency (RF) ablation devices [14]. Research studies have 

been performed to determine the clinical applicability of these techniques and determine 

their overall level of success.  
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1.1 Problem statement 

Although clinical studies have been performed to determine the applicability and 

relevance of in situ endograft fenestrations, to date only limited in vitro or in vivo studies 

have been performed to determine the effects of these fenestrations on the fabric 

component of the endovascular stent grafts.  

It is well known that tear propagation is greatly affected by changes in yarn and fabric 

geometry [15]. Since the insertion of a fenestration into such a device would undoubtedly 

result in changes in yarn and fabric structure, geometry and the resulting mechanical 

properties, it would be valuable to know the extent and effect of such changes.   

Since this information is currently unavailable, it is important that an improved level of 

understanding be achieved, and that surgeons employing such techniques be made aware 

of the effect of fenestrations on the overall durability of the fabrics used in various 

endovascular stent grafts. 

 

1.2 Goals and Objectives 

The immediate goal of this study is to determine the stability of various fenestrated flat 

endovascular graft fabrics by performing an in vitro evaluation of the geometric and 

mechanical performance subsequent to their fenestration. The materials and fabric 

structures have been carefully chosen and investigated before extending this approach to 

include tubular endovascular stent grafts, which will occur at a later date. Any modification 

or damage to the flat fabrics’s structure caused by the fenestration could have serious 

implications on the useful life and applicability of such devices. The ultimate aim is to 

determine the effect of fenestration on the performance of tubular stent graft fabrics. 
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However the current study examines only flat fabrics as a first step towards obtaining a 

complete and holistic understanding of the fabric’s and stent-graft’s performance.  

The materials to be examined during this study include: (1) a monofilament twill woven 

polyester (Medifab) chosen to represent the fabric used in the Talent™ device, (2) a 

multifilament tubular woven polyester (Atex) representing the fabric component of the 

Zenith device, (3) a multifilament plain woven tubular polyester used in the Endurant device 

(4) and two different types of ePTFE membranes (Standard and Next Generation). During 

the study, the fabrics will be punctured using radiofrequency (RF) and then some of the 

specimens will subsequently be ballooned in an attempt to mimic the forces that they 

would be exposed to during this procedure if it were performed in vivo. The different fabric 

types will be evaluated in terms of their tearing and bursting strength. Additionally, their 

fatigue resistance will be analyzed post-fenestration. All of these properties will be 

evaluated in an attempt to answer the following questions:  

1. Does the type of fabric and membrane and their construction play a role in material 

performance in terms of tearing and bursting strength after fenestration? 

2. Does a distinct and significant difference in performance exist between traditional 

textile structures and expanded membrane type structures? 

3. Do fenestrated fabrics and membranes have the potential to withstand the fatigue 

forces experienced by an implanted graft during one year in vivo? 

4. Are there significant changes in the dimensional, geometric and mechanical 

characteristics of the materials being investigated due to radio frequency (RF) 

puncture and balloon expansion? 

 

In the context of this study, “performance” is evaluated in terms of tearing and bursting 

strength changes. If there is a statistically significant drop in tearing and/or bursting 
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strength of the materials after fenestration and/or ballooning, the fabric’s performance will 

be deemed questionable, which will lead to further experimental investigations.  

When considering “dimensional and geometric characteristics”, the weave structure, 

woven fabric count and mass per unit area (fabric weight) of the various materials will be 

measured and reported.  

In the context of this study, the “mechanical characteristics” of the materials concern 

the tearing and bursting strengths, as well as the pulsatile fatigue resistance of the 

materials under investigation.  

 

1.3 Limitations 

 Angioplasty balloon catheters were supplied by the manufacturers in limited quantities, 

requiring them to be reused. Though the pressure used to inflate the balloons was 

maintained between specimens, it is possible that on reusing them there were differences 

in the forces exerted by the balloons on the fabric samples. Additionally, all the materials 

used in this study were supplied by outside sources and were available in limited supply.  

Therefore the sampling of the materials was not undertaken by this researcher.  As a result, 

a limitation was placed on the number of specimens that could be fenestrated and tested 

per material type and condition. This made it difficult to complete a full design of 

experiment so as to ensure robust and reliable data. In addition, because of the limited 

fabric quantities at the researcher’s disposal, there were constraints pertaining to specimen 

size. This resulted in modifications being made to standard test methods, so the testing 

procedures that were used in this study have not been rigorously evaluated statistically for 

precision and bias.   
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Chapter 2 : Review of literature 

2.1 Definitions 

An endovascular stent graft is a type of endoprosthesis which can be described as any 

type of prosthesis which is entirely inside the body (See sections 2.4.2 and 2.5 for more 

information on endovascular prostheses). Many different types of endoprostheses exist, but 

the one that is the focus of this study is the endovascular stent graft used to repair 

abdominal aortic aneurysms (AAA). 

An aneurysm, as defined by the Encyclopedia Britannica, refers to the “widening of an 

artery that develops from a weakness or destruction of the medial layer of the blood vessel” 

[16+. The word “aneurysm” is derived from the Greek word aneurusma which means 

“widening” and therefore an aneurysm can also be defined as “a permanent and 

irreversible localised dilatation of a vessel” *17]. This deformity usually produces a bulge or 

localized dilation of the artery, which has a tendency to continuously increase, finally 

resulting in a possibly fatal rupture. Aortic aneurysms can occur in any position of the aorta, 

but abdominal aortic aneurysms usually occur in the vicinity of the infrarenal section of the 

abdominal aorta (Figure 2.1) [17, 18]. Aneurysms occurring near the ostia of the renal 

arteries, specifically at the suprarenal or intrarenal aorta, are also classified as abdominal 

aortic aneurysms [17]. When specifically considering the size of an aortic aneurysm, an AAA 

has conventionally been defined as: “a ≥50% increase in aortic diameter compared with the 

normal proximal aorta” *19+. Other general definitions include: “a maximal aortic diameter 

of ≥3 cm or ≥4 cm” or “an infrarenal to suprarenal diameter ratio of 1.2 to 1.5” *3, 18]. Due 

to the fact that there is no definitive definition of AAA, it is oftentimes difficult to determine 

its exact prevalence. A further complicating factor is that there are many different types of 

AAAs, each dependant on the position of the aneurysm along the aorta. The Society of 
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Vascular Surgery and the International Society for Cardiovascular Surgery reached an 

agreement in 1991, regarding the definition of an aneurysm.  Based on the accord, an 

aneurysm is defined as:  

“A permanent localized dilation of an artery having at least a 50% increase in 

diameter compared with the expected normal diameter of the artery, or of the 

diameter of the segment proximal to the dilation” *20, 21]. 

 

 

 

Figure 2.1: Diagrammatic representation of an abdominal aortic aneurysm [22]. 

 

2.2 Incidence of AAA 

Untreated aneurysms are potentially fatal and it has been stated that the mortality rate 

is as high as 90% in cases where the aneurysm has ruptured during patient hospitalization. 

Renal 

arteries 

Iliac arteries 
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Aneurysms are typically asymptomatic and it is believed that approximately 9% of US 

citizens over the age of 65 have an undetected aneurysm. Additionally, it has been found 

that AAA is more prevalent in men than it is in woman, with aortic aneurysms being the 

10th leading cause of death in older men [1, 3].  It has further been found that 1-2% of 

deaths in male patients over the age of 65 years occur as a result of AAA rupture [20]. In 

2005, it was estimated that approximately 2.7 million Americans suffer from AAA, yet only 

half have been properly diagnosed [2]. The incidence of AAA is on the rise as a result of an 

ageing population as well as improvements in diagnostic and screening techniques [17, 23]. 

 

2.3 Causes of Abdominal Aortic Aneurysm (AAA) 

The causes of AAA have been studied and debated for some time. Traditionally it was 

believed that an abdominal aortic aneurysm developed as a result of the patient having 

atherosclerosis (arterial wall thickening due to plaque and fatty build up) [17, 24].  In recent 

years though, this theory has been challenged. Although it has been found that AAA’s are 

oftentimes present in patients suffering from atherosclerosis, a direct relationship between 

these two disease states has not been confirmed. 

Histologically, it has been found that AAA’s are associated with degradation of the 

collagen and elastin found in the medial wall tissue of arteries [17, 20, 25]. This degradation 

occurs as a result of old age, since adults no longer produce elastin in their aortic walls [20]. 

Although this is now cited as the main cause of AAA, there are many other causes for the 

enlargement of the aorta, namely: trauma, infection, inflammation, inflammatory diseases 

and connective tissue disorders [17]. Additionally, various predisposing factors have been 

found to increase the probability of developing AAA. These include: smoking, hypertension, 
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male sex, age, diabetes, chronic obstructive pulmonary disease, hyperlipidaemia, high 

cholesterol and a family history of the disorder [17, 23]. 

 

2.4 Methods of repair 

2.4.1 Open surgery 

Historically, any sort of aortic aneurysm, be it thoracic or abdominal, has been repaired 

using a technique called “aneurysmectomy” or “endoaneurysmorrhaphy”. This entails open 

surgery involving the repair of the weakened section of the aorta and the removal of 

fragments found in the aneurysm (Figure 2.2). Typically, an incision is made in the patient, 

thereby exposing the aneurysm. The vessel is clamped above and below the aneurysm to 

inhibit blood flow through the defect. A polyester or ePTFE tubular vascular prosthesis is 

attached above and below the aneurysm and the wall of the aneurysm is then wrapped 

around the synthetic graft to protect it. On removal of the clamps, blood flow is re-

established through the prosthesis and the patient is closed up [26, 27].  

Figure 2.2: Diagrammatic representation of the steps used in an open surgical repair of AAA 

[27]. 
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This type of surgery can be performed either as emergency or elective surgery.   Risks 

associated with this type of surgery include: bleeding, kidney failure, respiratory 

complications, heart attack, stroke and infection. The frequency of such complications 

generally increases when emergency surgery is performed [26].    

 

2.4.2 Endovascular repair procedure  

In 1991, Parodi et al. [28] introduced a new technique to repair AAA intraluminally (i.e. 

inside the lumen of the artery). This was the first encounter with endovascular repair of 

abdominal aortic aneurysms. He deployed a custom-made polyester tube that was fixed in 

place by means of balloon-expandable stents [5]. However, it was not until 1999 that the 

first endovascular stent graft became commercially available in the USA [1].  

The method commonly used to repair abdominal aneurysms today involves a minimally 

invasive procedure and can only be used to treat specific types of AAA [4].  The  procedure, 

termed EVAR (endovascular aneurysm repair), has consistently been gaining popularity 

since its inception as it poses less risk to patients, involves shorter procedure times and less 

anesthesia, it results in less scarring, reduces the risk of wound complications (blood loss 

and infection) and leads to faster recovery times [6, 29]. Additionally, many patients 

undergoing aortic repair procedures suffer from various comorbidities, which considerably 

increase the risks associated with open surgery.  

This procedure involves some form of patient anesthesia, such as general endotracheal 

anesthesia, spinal epidural, or conscious sedation. The choice of the anesthetic procedure 

to be followed depends on patient preference and the presence of comorbidities. The 

femoral artery is accessed either by needle puncture of the skin (percutaneous access) or 

through an incision (femoral artery cut down) [30]. The device is compacted or reduced in 
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volume so that it fits inside a hollow sheath that is placed inside a catheter. It is then 

introduced into the artery using a guidewire and the catheter and is maneuvered to the site 

of the aneurysm. Next, the device is deployed, expanded and fixed in place. Methods of 

fixation and deployment differ, depending on the type of device used. Visualization of the 

maneuver, deployment and fixation taking place in the aorta is maintained using 

fluoroscopy [6, 30]. 

 

2.5 Devices used in endovascular repair of AAA 

An endovascular stent graft (endograft) can be defined as: “an endovascular prosthesis 

that excludes the aneurysm from the circulation, protects the artery indefinitely from aortic 

rupture and allows normal blood flow through the aorta and its branches” *31]. There are 

some ideal characteristics that all endografts should possess, and these include: 

 

1. The materials used should be biocompatible and non-thrombogenic. 

2. There should be some method of permanent fixation of the device to the patients’ 

anatomy. 

3. There should be long durability or biostability and long term hemodynamic function 

over the lifetime of the device (which is typically longer than the life expectancy of 

the patient). 

4. Ease and accuracy of deployment. 

5. Devices should have the ability to be deployed in complex and varying anatomies 

[31]. 
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Several other factors that need to be taken into consideration by surgeons when 

selecting a device to use, which include: stent configuration, fabric composition, global 

design, device configuration, fixation mechanism, size, delivery system, manufacturing 

company’s reputation and price *31].  

Various types of endovascular device configurations exist, namely aorto-aortic, aorto-

uni-Iliac/aorto-uni-femoral, single-piece bifurcated and modular bifurcated. Aorto-aortic 

endografts are the simplest types and are typically used in areas of the aorta with few side 

branches. As such, its use for infrarenal aneurysm repair is limited. A slightly more 

complicated system is the aortic uni-iliac endograft. It is a single, tapered tubular device 

that originates in the aorta and its distal end is deployed in one of the iliac arteries. The use 

of this device necessitates complete occlusion of one of the femoral arteries and therefore 

a contralateral femoro-femoral conduit needs to be constructed to maintain blood flow to 

the other extremity. Although this makes the procedure more complicated the benefits of 

such a system is that it can be used for patients with angulated proximal necks and severely 

tortuous iliac arteries. The third configuration that is found is the single-piece bifurcated 

endovascular device. It is a singular device that originates in the infrarenal aorta and it 

straddles the aortic bifurcation. Since the device is composed of only one piece, its 

deployment can actually be more complicated. The benefit of such a design is that the risk 

of endoleaks and device migration is reduced. The fourth, and most commonly found 

endovascular device configuration, is the modular bifurcated type. This consists of separate 

limbs called “iliac occluders” that are connected in vivo (inside the patient) to the main body 

of the device which originates in the infrarenal aorta and extends into one or both of the 

iliac arteries. The advantage of this system is that it allows for more individualization of the 

device to suit specific patient needs and sizes. The major disadvantage of such a device is 
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that there is an increased risk of one of the extension pieces becoming detached causing 

leakage at the joint [6].  

In the USA, there are currently 5 FDA-approved devices for use in endovascular repair of 

AAA. These include: the AneuRx® AAAdvantage stent-graft (Medtronic AVE, Santa Rosa, CA), 

the PowerLink™ AAA stent graft system (Endologix Inc., Irvine, CA), the Gore EXCLUDER® 

AAA Endoprosthesis (WL Gore and Associates, Flagstaff, AZ), the Talent™ aortic stent-graft 

(Medtronic AVE, Santa Rosa, CA) and the Zenith® AAA Endovascular Graft (Cook Inc., 

Bloomington, IN) [5, 31]. All of these devices are composed of a metallic stent portion and 

tubular fabric or membrane graft portion. They differ from one another with regards to 

their specific device configuration and the materials used in their construction (Table 2.1). 
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Table 2.1: Devices currently approved by the FDA for endovascular AAA repair [1, 5, 32] 

Device Manufacturer Alloy used 
Fabric/membrane 

used 
Year approved 

AneuRx® 

AAAdvantage 

stent-graft 

Medtronic AVE Nitinol Woven polyester 1999† 

EXCLUDER® AAA 

Endoprosthesis 

WL Gore and 

Associates 
Nitinol ePTFE 

2002  
based on careful 

examination of each 

specific patient’s 

anatomy 

Zenith® AAA 

Endovascular 

Graft 

Cook Medical Stainless-steel Woven polyester 2003 

PowerLink™ 

system 
Endologix Inc. 

Cobalt 

chromium 

alloy 

ePTFE 2004 

Talent™ aortic 

stent-graft 
Medtronic AVE Nitinol Woven polyester 2008 

†At the same time that the AneurRx® stent graft was approved by the FDA, another device, the Ancure (Guidant 

Corporation) was also approved. The Ancure was however taken off the market in 2001 due to the failure of Endovascular 

Technologies to report 2628 cases to the FDA [1, 33]. 

 

Biostability, or long term durability, of the device and endoleaks are typical problems 

associated with endovascular stent grafts. The use of the term “endoleak” (Figure 2.3) was 

first coined by White et al. in 1996 [34]. It was used to describe postsurgical blood leakage 

or flow outside of the endograft device and into the aneurysmal sac. Four different types of 

endoleaks (numbered I to IV) are associated with different types of endograft usage [6, 35-

37].  
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Figure 2.3: Diagram describing the four types of endoleaks associated with endografts [35]. 

 

Type I endoleaks occur as a result of insufficient fixation between the proximal and/or 

distal ends of the device and the arterial wall [27]. Type I endoleaks can further be divided 

into 3 different types, namely: leaks originating at the proximal end of the device, endoleaks 

initiated at the distal end of the stent graft and leaks originating at the iliac occluder. 

Although it is common practice to oversize devices by 10-20%, excessive oversizing could 

lead to the creation of folds in the fabric, which in turn could create channels for blood 

flow. On the other hand if the device is undersized, it will not create an adequate seal, 

which could also result in the formation of a Type I endoleak [38].  Endoleaks that arise due 

to inadequate sizing of the device or its extensions can cause parts of the graft to become 

disconnected from one other [38]. Type II endoleaks are less graft related and are caused by 

blood flowing into the aneurysm from the lumbar arteries, the inferior mesenteric arteries, 

or other collateral vessels. Type II endoleaks can occur even if a complete seal has been 

generated by the endograft at both the proximal and distal ends of the aneurysm [39]. Type 

II endoleaks pose fewer risks with regards to sac rupture. Type III endoleaks are classified as 

leaks resulting from the fabric or membrane tearing, migrating, disintegrating or 

disconnecting from other parts of a modular stent-graft. All of these incidents result in 
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blood flowing out of the device into the aneurysm sac. Fabric erosion, resulting from the 

constant pulsatile motion of the fabric and extension cuffs, could result in holes being 

formed in the fabric, which results in creating an endoleak. Holes can also be formed by 

sutures or sharp ends of fractured stents puncturing the fabric. Blood flow through the 

endograft fabric, resulting from its “porosity”, is classified as a Type IV endoleak *35]. This 

type of endoleak typically resolves itself due to the deposition of fibrin and platelets onto 

the fabric. Typically Types I and III are considered the most risky types of endoleaks [37]. 

The consequences of these two types of endoleaks are the same; they expose the aneurysm 

to potentially high rates of direct blood flow, thereby creating a high risk of aneurysm 

rupture [38].  

 

2.5.1 AneuRx® AAAdvantage stent-graft (Medtronic AVE, Santa Rosa, CA) 

The AneuRx® device was one of the first of its kind to be approved for endovascular 

repair of AAA in the USA.  The FDA approved this device for use in humans in September 

1999. Patients selected for treatment with this device, should posses the following 

characteristics. They should have: 

1. Adequate infrarenal aortic neck length (≥1.0 cm). 

2. Adequate neck diameter (18-26 mm). 

3. Iliac arteries with adequate diameters to accept the delivery catheters (≥6mm). 

4. Limited iliac tortuosity [40]. 

The AneuRx® device is composed of nitinol wire, which has no welded joints and which 

forms the “exoskeleton” of the device. The nitinol stents are formed into diamond shaped 

rings within which the fabric graft tube fits. The device is designed to fit into patients’ 
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vasculature by means of friction and no barbs or other mechanisms are therefore used for 

device fixation [1, 33].  

The fabric tube that is used in the AneuRx® is made from polyester multifilament yarns, 

which are woven into a plain weave configuration. The fabric component of this device is 

sutured to the nitinol metal stent, using more than 2,500 individually knotted polyester 

sutures [41] (Figure 2.4). 

 

 

Figure 2.4: AneuRx® AAAdvantage (Medtronic, AVE) [32]. 

 

The entire system can be described as a bifurcated and modular system in which the 

different segments are assembled in vivo [6]. Various cuffs and extensions are available 
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allowing the device to be adapted to the patient’s specific anatomy [40, 41]. Typically, the 

device is loaded into 22F and 16F deployment sheaths for the main body and the 

contralateral iliac components respectively. The main body of the device is available in 

various lengths, the most common ones being 13.5 cm and 16.5 cm lengths. Additionally, 

iliac extensions are available in diameters of 12-16 mm, with a standard length of 5.5 cm. 

Distinct radiopaque markers are located at strategic points on the device to assist 

visualization of the device during deployment [1, 33, 40-42]. 

Since the device utilizes friction as its means of fixation to the arterial wall, one of the 

most commonly cited problems with the AneuRx® device is migration. Migration occurs due 

to changes in the morphology of the aortic neck and aneurysmal sack. Typically device 

migration can lead to the development of various types of endoleaks, some of which pose 

high risks to patients. However, if the device is sized and deployed correctly, these risks are 

reduced [40]. Another problem that has been observed with this device pertains to the 

fabric and sutures used to fix the fabric to the metal stents. Since such a thin fabric is being 

used, in conjunction with a large number of sutures to secure the fabric to the nitinol stent, 

Type III endoleaks have been found to occur at the sites where the sutures have caused 

fabric weave deformations [37]. Other complaints about this device include its stiffness and 

its lack of conformability to angulated necks [31]. 

The most relevant advantage of the AneuRx® AAAdvantage system is its ease of 

deployment [31] and the fact that since it was the first device to be approved for use in the 

USA, surgeons have considerable experience with this device. 

Foreseeable future modifications to the AneuRx® device and system could include 

modification to the tip of the device, in order to assist delivery in tortuous iliac arteries. This 

could be done by developing a tapered nose cone. Another modification that is being 
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explored is the use of aortic extension cuffs in a stacked configuration to repair saccular 

aneurysms. This application of the AneuRx® system, though still experimental, has provided 

surgeons with a viable, alternative method of treating saccular aneurysms which have 

traditionally gone untreated or have required open surgery [40]. 

 

2.5.2 Talent™ Aortic stent graft (Medtronic AVE, Santa Rosa, CA) 

The Talent™ aortic stent graft (Figure 2.5) is composed of nitinol support springs which 

are embedded into a woven polyester fabric. Figure-of-eight platinum radiopaque markers 

are strategically sewn into the device to assist in deployment and placement. The metallic 

stents are placed in a serpentine configuration, and spaced discontinuously along the full-

length spine of the nitinol frame. The springs are made of 0.02 inch diameter wire with a 

titanium dioxide coating. This coating was added to resist corrosion and improve 

radiopacity. The individual stent height is approximately 15 mm. In addition to the main 

nitinol stents, there is a shorter support spring which is attached to the proximal end of the 

grafts. The function of this additional, thinner spring is to prevent fabric infolding which 

could occur as a result of graft oversizing. There are also nitinol connecting bars found along 

the length of the device which provide longitudinal support to each segment of the device 

[42-44]. The connecting bar was apparently designed to serve three purposes, namely: 

1. To prevent twisting or buckling of the graft. 

2. To eliminate contraction of the device by maintaining a fixed length. 

3. For the device to potentially provide straightening of anatomical curvature and to 

allow for kink prevention in tortuous vessels [43].  
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  The fabric used in the Talent™ device is a woven monofilament PET (polyethylene 

terephthalate) fabric, which is approximately 0.09 mm thick. This fabric was developed 

especially for this device and is entitled the “Talent™ Low Profile System” or LPS™. The 

benefit of using such thin fabric is that it allows for a device with a lower outer diameter 

[44]. It has also been found that the weave structure used for this fabric is a twill weave 

which creates a fabric with fewer imperfections and a lower risk of fabric tears, degradation 

and latent fabric dilation. Braided polyester sutures are used to sew each individual stent 

ring to the fabric. The stents are inlayed into the fabric and completely sutured in place. This 

is done so that movement of the stents is minimized so abrasion and damage to the fabric is 

reduced [43, 44]. The flat fabric is converted into a tubular structure by inserting a 

longitudinal seam along the length of the device so as to create either bifurcated or straight 

grafts.  

 

Figure 2.5: Talent™ Aortic stent graft (Medtronic AVE) *1]. 

 

The Talent™ device is the only device that has FDA approval for use on aneurysms with 

aortic necks as short as 10 mm [7]. This is the shortest neck length approved for EVAR repair 

at this stage [5+. Additionally, the Talent™ device is the only device capable of treating 
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patients with aortic neck diameters larger than 28 mm [42]. At the proximal end of the 

device, there is a 15 mm-long uncovered stent portion that allows for transrenal or 

suprarenal fixation. Various methods of fixation are utilized in conjunction with each other, 

namely: the suprarenal bare springs, radial forces and columnar strength arising from the 

connecting bar [1, 31, 42+. The main advantage of the Talent™ system has been cited as the 

availability of customized devices which better fit patients’ unique anatomical features 

since they can be designed in various diameters, lengths and tapering configurations. The 

proximal diameter range of this device is 8-46 mm (increasing in 2 mm increments) with 

iliac limb diameters of 8 to 20 mm (also in 2 mm increments). The iliac length range is 50-

200 mm (increasing in 10 mm increments) with aortic body lengths of 35 to 75 mm. The 

Talent™ system is also a modular one and it is available in both bifurcated and aorto-uni-

iliac configurations [5, 33, 42-44]. 

 

2.5.3 EndurantTM Abdominal Stent Graft (Medtronic AVE, Santa Rosa, CA) 

The Endurant™ abdominal stent graft (Figure 2.6) is the next-generation graft available 

from Medtronic AVE. It received the CE mark of approval in July 2008 and was enrolled in a 

clinical trial in the USA at the same time [45]. It is composed of high-density multifilament 

polyester fabric externally supported by nitinol stents [46]. The stents are shorter than 

those of Medtronic’s previous abdominal stent grafts. Another difference between them is 

that in the Endurant device, the stents are in an “M” configuration, which, it is claimed, 

results in the device being more flexible. The downside of this increased flexibility is that the 

device has lower columnar strength. To counteract this decrease in columnar strength, 

barbs or hooks have been added to the bare transrenal stents. These hooks also increase its 

fixation to the arterial wall and decrease the risk of device migration [46, 47].  The fabric of 
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the device is attached to the transrenal stents using ultrahigh molecular weight 

polyethylene sutures [46]. 

 

Figure 2.6: The Endurant™ Abdominal Stent Graft (Medtronic AVE) *48]. 

 

The Endurant™ is available in sizes up to 36 mm diameter aortic segments and 28 mm 

diameter iliac grafts. The Endurant™ endograft is also available in various configurations, 

which include:  a bifurcated main body with straight or flared limbs; a contralateral limb 

with tapered, straight, or flared ends; iliac extensions; and/or aortic extensions [46]. The 

device is deployed using a delivery system with an 18 – 20F outer diameter for the main 

body and a 14 - 16F for the extensions or limbs. Currently this comprises the smallest outer 

diameter delivery system available on the market [49]. The device also consists of a delivery 

catheter with a hydrophilic coating to decrease friction and facilitate device delivery [49, 

50].  
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2.5.4 Zenith® AAA Endovascular Graft (Cook Inc., Bloomington, IN) 

The Zenith® endograft system is composed of 3 parts, namely: the bifurcated main body 

and two iliac extensions. It is composed of stainless steel, self-expandable Z-stents and 

thick-walled (0.15 mm) woven polyester fabric.  The stents are attached to the outside of 

the fabric using double knotted individual sutures.  In addition, at the proximal and distal 

ends of the device, the stents are sutured to the inside of the fabric. These sutures are both 

braided polyester and polypropylene monofilament sutures (Figure 2.7). The device has 

bare proximal and distal stents which are placed at a 3 mm stagger. The bare stents are 20 

mm long and have barbs placed on the apexes and 3 mm apart to ensure secure device 

fixation. In total there are between 10 and 12 barbs in the proximal zone that assists to 

prevent device migration. Gold radiopaque markers can be found at the top of the device to 

assist in device placement. Additional markers can be found along the contralateral limb [1, 

31, 41, 51, 52].  

The main body of the Zenith® device is extended and it is designed to split just above 

the aortic bifurcation. This was done to provide the device with added stability. Additional 

cuffs and aortic extensions are also available for this device, making it usable to treat a wide 

range of anatomical morphologies. The main body is available in diameters ranging from 22-

36 mm (in 2 mm increments). The different diameter configurations of the illac leg 

components and the distal end of the main body were carefully designed to ensure good 

stent overlap between the parts and minimize the development of endoleaks at those 

positions [1, 33, 51, 52].  
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Figure 2.7: Zenith® AAA Endovascular Graft (Cook Inc., B Bloomington, IN) [51]. 
 

 

Even though this device can be used on a wide array of aneurysms, there are still some 

limitations with regards to its applicability. Exclusion criteria for the Zenith® system include: 

1. Significant occlusive disease, calcification or tortuosity of the iliac vessels. 

2. Swelling of the arterial wall in the proximal neck [52]. 

 

For this device to be used on a patient they need to have a proximal aortic neck length 

of ≥15 mm and diameter of between 18 and 28 mm. Additionally, the length of the iliac 

artery landing zone should be ≥10 mm.  

When considering the cost of this device, it tends to lie towards the more expensive end 

of the range when compared to the price of other devices available to patients in the USA. 

This is understandable though, since most other devices consist of only 2 components, 

whilst the Zenith® device needs to have a minimum of 3 parts [51]. Another disadvantage of 
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this device that has been noted is that the Z-stents do not always conform well to highly 

tortuous arteries and they have a tendency to kink.   

 

2.5.5 Gore EXCLUDER® AAA Endoprosthesis (W.L. Gore & Associates, Flagstaff, 

AZ) 

This device, although used to repair the same ailment as the rest of the devices 

described, is quite different. The stent portion of the device is also made of nitinol, but 

instead of polyester fabric being used, a thin-walled expanded polytetrofluoroethylene 

(ePTFE) membrane forms the graft portion of the device. The membrane is wrapped on 

both the inner and outer surface of the nitinol stents (Figure 2.8). It is thought that this 

configuration has the potential to decrease movement between the graft and metal 

components of this device, thereby lowering the risk of membrane damage due to abrasion.  

Additionally, the ePTFE membrane is not sutured to the metal stents, but rather fixed or 

thermally bonded to the nitinol using fluorocarbon tape and other technologies. The nitinol 

rings all vary in shape and this provides the device with added flexibility and allows it to be 

delivered using a small catheter [1, 32, 33, 37].  
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Figure 2.8: Gore EXCLUDER® AAA Endoprosthesis (W.L. Gore & Associates, Flagstaff, AZ) 
[30]. 

 

This device is a modular, bifurcated type and proximal fixation of this device to the 

aortic wall is achieved using barbs found on the stent. There are approximately seven pairs 

of proximal anchors found on this device [33]. It has a minimum of two components with 

iliac and aortic extensions.  The EXCLUDER® was approved for use in the USA in 2002 and 

was the first device of its kind to use ePTFE as the graft component. The membrane is fully 

supported by the nitinol exoskeleton [41]. The advantage that this device has over the other 

available devices is its superior flexibility, allowing it to be used on tortuous anatomies. 

Additionally, throughout trials it was found that few endoleaks presented themselves with 

the use of this device [2, 31, 37]. 
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2.5.6 PowerLink™ AAA stent graft system (Endologix Inc., Irvine, CA) 

This was the last of the currently approved devices to receive approval from the FDA to 

market and sell the product in the USA. This occurred in October 2004 [53+. The PowerLink™ 

device has a unibody configuration and rests on the natural bifurcation of the patient. This 

forms part of its method of fixation, together with one configuration in which suprarenal 

fixation is employed.  Otherwise no form of active fixation with barbs or hooks is currently 

used [37, 53].  

The PowerLink™ device is fully supported and has a unique “single-wire” design. It is 

composed of self-expanding cobalt-chromium alloy diamond shaped stents covered with an 

expanded polytetrafluoroethylene membrane (Figure 2.9) [1, 41, 53]. It is made to treat 

aortic necks of up to 32 mm diameter and iliacs up to 23 mm.  

Some problems associated with this device include device migration and the 

development of Type I endoleaks. Additionally, in 2005 there were some problems 

observed with the tip of the device separating from the delivery catheter during insertion 

[1].  

 

Figure 2.9: PowerLink™ AAA stent graft system (Endologix Inc., Irvine, CA) *33]. 
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Two specific advantages of this device are: 1) the unibody configuration allows the 

device to be deployed and seated on the aortic bifurcation which reduces the risk of late 

migration and 2) the attachment of the graft to the stent “cage” only at the proximal and 

distal ends, allows the graft to balloon out during the cardiac cycle.  This allows for less wear 

and fatigue of the stent which provides the device with extended durability [31].  

 

2.6 Branched and Fenestrated devices 

2.6.1 Fenestrated devices 

All of the devices currently available have to be fixed to the walls of the aorta in some 

manner. Some utilize hooks to anchor into the arterial wall, whilst others use friction to 

adhere to the wall of the aorta. This indicates that a substantial length of the proximal neck 

of the aneurysm is required to ensure sufficient adhesion and/or fixation. If the aneurysm is 

close to the renal arteries, and the prosthesis is deployed with part of the graft fabric 

extending beyond one or both junctions to the renal arteries, then the placement of the 

device could inhibit blood flow to the kidneys. Some devices have been designed with bare 

stents at their proximal end to allow renal access whilst maintaining an adequate method of 

fixation for the device.  In some cases, however this is not sufficient. As result of this and 

other limitations, EVAR cannot be used on all patients to repair AAA. It has been suggested 

that approximately 40% - 50% of all AAA patients are not eligible for EVAR and therefore 

still require open surgery [4, 8]. With regular EVAR, simple endografts have to be implanted 

so that they occupy an infrarenal location. It is imperative that implanted devices do not 

impinge on the pararenal aorta (part of the aorta extending up to, and including the renal 

ostia) and occlude the blood flow to the renal arteries [54, 55]. If the aneurysm is positioned 

juxtarenally, in which the renal arteries do not form part of the aneurysm, but the aneurysm 
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extends within 1 cm of the renal artery ostia, it could pose problems with the implantation 

of an endograft, since there is no adequate neck for device anchorage. Juxtarenal 

aneurysms have also been described as aneurysms that originate 4 mm or less below the 

lowest renal artery [56]. This could lead to device migration and the occurrence of Type I 

endoleaks [55, 57, 58]. 

If the aneurysm is positioned in such a way that placement of the device would lead to 

occlusion of the renal arteries, it is necessary to fenestrate the device to allow blood flow to 

the kidneys. This involves the creation holes through the fabric component of the device 

that are aligned with the branch arteries.  This technique is termed “fenestrated EVAR (f-

EVAR)”. The fenestrations allow the endograft to be placed higher up in the aorta, resulting 

in enhanced fixation to the arterial wall, as well as maintaining adequate blood flow to the 

renal and visceral arteries (Figure 2.10). Although f-EVAR is still in its infancy, short-necked 

infrarenal and juxta-renal AAAs in high risk patients are currently the principal cases being 

considered for f-EVAR [59]. The most difficult part of this technique is to ensure that the 

fenestrations are precisely orientated and aligned with the branch arteries so that no 

leaking can occur [54]. 
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Figure 2.10:  Image showing (A) a device using bare proximal stents for fixation; (B) 
endograft with fenestrations for branch artery access; (C) endovascular stent graft with 
branches for branch artery access [60]. 

 

The two broad categories for the repair of abdominal aneurysms using branched 

technology are, fenestrated devices and branched endovascular repair (See the following 

section, 2.6.2, for an explanation of branched devices). Fenestrated devices are used when 

no gap exists between the device and the target vessel (Figure 2.10 B), and there is 

therefore no need for covered branches to provide adequate seal. In this case, branch 

vessels usually originate from the proximal landing zone of the normal aorta.  Scallops can 

be generated on devices too, and are created in the proximal section of the stent graft.  

They allow for proximal extension across the ostia of branched vessels. The size of the 

fenestrations can be classified as either small or large. Typically, a fenestration is deemed 

small when it is 6-8 mm and located between the struts of the stent. Large fenestrations on 

the other hand are typically 8-10 mm and have additional stent struts installed around their 

edges [7, 59]. 

The first encounter with a fenestrated device used to repair AAA was in 1996. Park et al. 

[61+ reported two cases in which they repaired AAA’s using devices that were fenestrated 
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prior to implantation into patients. In both cases hand-made endografts composed of 0.35 

mm thick stainless steel wire and a microporous polytetrafluroethylene (ePTFE) membrane 

were utilized. These devices differed in terms of their length and the positioning of the 

fenestrations. Both of these cases proved successful after 6 month’s follow-up. However, 

these researchers noted that there were certain risks involved in using fenestrated 

endovascular devices. These included: 

1. Inadequate exclusion of the aneurysm and possible continuation of blood flow 

into the aneurysm. 

2. Accidental occlusion of major branch vessels due to malpositioning of the device 

or the prefabricated fenestrations. 

3. Migration of the device, which could lead to both of the above mentioned 

complications.  

 

Since that time, based on careful examination of each specific patient’s anatomy, there 

have been other reports of researchers fenestrating endografts prior to implantation. More 

specifically, surgeons at the Mayo Clinic, Rochester, MN, occasionally elect to construct 

their own fenestrated devices by modifying commercially available devices. This practice is 

only performed in extreme cases where it would be too risky for the patient to undergo 

open-repair of para- or juxtarenal aneurysms. These surgeons require only 20 to 30 minutes 

to create the fenestrations, depending on how many fenestrations need to be made. 

Although there are not many documented cases involving this technique, a 100% short term 

success rate has been recorded to date [7]. 
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2.6.2 Branched Devices 

Branched endovascular repair on the other hand can be performed using three different 

approaches. The first involves branch artery stenting anchored in the fenestrations which 

are reinforced with a metal ring. This is known as “fenestrated-branched stent grafting”. 

With this procedure the devices usually have bare balloon-expandable stents inserted into 

the fenestrations to ensure proper alignment between the fenestration and the target 

vessel, as well as to guarantee that the fenestration remains open [7, 62]. The second type 

of device is called a “cuffed-branched stent graft”. Cuffs are attached to the main device 

and serve as directional branches to direct blood flow into the branch arteries. These cuffs 

are not long enough to reach the target arteries without requiring extensions. The main 

advantage of cuffed-branched stent grafts over fenestrated branched stent-grafts is that the 

former provide at least 2 cm of overlap between the main device and the branches. This 

ensures an improved seal when compared to fenestrated-branched stent grafts. The third 

device option is known as the “unibody branched stent-graft”. This device has branched 

limbs permanently attached to the main body of the device. These limbs are either pushed 

or pulled into the target arteries at the time of deployment [7, 62].  

Presently, the only commercially available product with fenestrations or branches is the 

Zenith® AAA Endovascular Graft (WA Cook Australia Ltd., Brisbane, Australia). Cook Medical 

individually customizes devices for patients based upon their unique anatomical 

morphology [7]. The use of these devices however requires adequate time and planning, 

since unique fenestrations have to be made according to the patient’s individual medical 

needs. This customization is based on information gained from computed tomography (CT) 

scans, magnetic resonance imaging, and intravascular ultrasound scanning [7]. The scans, 

coupled with additional patient information, are sent to the manufacturers in Australia, 

where the devices are designed, modified and assembled accordingly. At this stage, this 
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“custom-made” device has not been approved for use in the USA. Although no serious 

clinical problems have been noted with these devices, their use is limited due to the fact 

that it takes several weeks for a device to be manufactured and delivered. Due to the 

idiosyncratic nature of each device, they tend to be more expensive than traditional devices 

available on the market. Another challenge associated with this method is that a patient’s 

vascular morphology could have changed [9, 10] during the additional time needed to 

order, design, assemble, ship and receive the device.   

 

2.7 In vivo fenestration techniques 

In an attempt to diminish the disadvantages of the currently available systems, research 

has recently focused the in vivo fenestration of devices. Various attempts at creating in situ 

fenestration of endovascular devices have been made, using various technologies and 

methods. In vivo/in situ techniques are defined as studies or procedures performed within a 

living organism, (e.g. they would apply to in vivo clinical studies vs. in vitro laboratory 

investigations). 

One of the first in vivo endograft fenestrations was reported by McWilliams et al. [11] in 

2004, and was performed whilst repairing a thoracic aneurysm. According to these 

pioneers, there are two options when considering the method of fenestration, namely: 

1. Create the fenestration via the lumen of the device into the branch vessel 

(antegrade). 

2. Create the fenestration from the branch vessel into the lumen of the device 

(retrograde). This option obviously requires prior access to the branch vessel.  
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These researches focused on the latter option, with the lumen of the device being their 

target since they were puncturing the fabric from the branch vessel. The advantage of this 

technique is that there is less risk of puncturing vessel walls, since access is gained from the 

smaller diameter branch vessel.  

Various techniques have been attempted as a means of generating in vivo fenestrations 

in endografts. Some of these include the use of guide-wire puncture in conjunction with 

cutting needles and cutting balloons [10, 11], robot-assisted fenestration [12], 

Brockenbrough® needles [13] and the use of radiofrequency (RF) ablation devices [14] such 

as the Baylis PowerWire™ Radiofrequency (RF) Puncture Generator and the Valleylab Force 

FX™ RF generator instruments. Studies have been performed to determine the clinical 

applicability of these techniques and to determine their overall success.  

In 2003 McWilliams et al. [10] set about investigating the potential of in situ retrograde 

fenestration by first attempting to fenestrate a device using a bench model. They created a 

hollow glass model of an AAA, with side branches to represent the renal arteries. A Zenith 

stent graft was inserted into the model and fenestration was attempted by puncturing the 

fabric, which covered the renal artery ostia, using the stiff end of a coronary 0.014-inch 

guidewire. The outer cutting edge of a 2-part 20-G cutting needle was passed over the 

guidewire and rotated so as to cut some of the yarns in the fabric. Subsequent to that, a 3 

mm cutting balloon was threaded along the guidewire and passed through the fabric. The 

balloon was then inflated, resulting in the cutting of the endograft fabric. The fenestration 

that was formed was sufficient for a coronary stent to be deployed. All of this was 

performed from the 5 mm hollow glass renal artery, directed towards the lumen of the 

device.  

Animal studies were then performed on canines to evaluate the clinical applicability of 

this method. Two different approaches were used, namely: 1) fenestration of the 
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endograft from the renal artery and 2) fenestration of the endograft from the common 

iliac artery. These researchers found that in vivo fenestration of the Zenith stent graft from 

the target vessel, is technically feasible. They also noted that the woven fabric used in the 

Zenith graft is resistant to dilation using angioplasty balloons, necessitating the use of a 

cutting balloon to create a fenestration of substantial size. The researchers indicated the 

possibility of a number of potential problems when performing in vivo fenestration of 

endografts. These include:  

1. Longitudinal propagation of the fenestration in the fabric, which could occur since 

the fenestration is not sealed nor reinforced at the edges of the hole in the fabric. 

This could potentially lead to the development of various endoleaks.  

2. Stent damage could occur, since the distance from the fenestration to the metallic 

stents cannot always be controlled. If the metallic struts are impacted, it is unknown 

what the long term effects would be on the stent portion of the endograft. Any 

damage or distress to the stents could result in fracture or decreased fatigue 

resistance [10].  

Work was done by Astarci et al. to test the applicability of in situ fenestration 

techniques on polyester and ePTFE materials used in endografts [63]. Their findings were 

that the ePTFE membranes were easier to fenestrate than the polyester woven fabrics. 

Additionally it was found that in situ fenestration of both ePTFE and polyester materials 

used in endovascular stent grafts was not likely to result in a propagating tear in either 

material. Additional work on evaluating the effects of pulsatile forces on these materials 

was recommended.  

In situ fenestration of AAA endografts has also been studied by Tse et al. These 

researchers conducted preliminary animal studies in a canine model to determine the 

feasibility of in vivo antegrade stent-graft fenestration (IVAF) [13]. Similar device difficulties 
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to those of thoracic aneurysm repair were encountered regarding propagation of the 

fenestration in the fabric.  No stent damage was observed. It was noted however that the 

interface between the struts of the stents could pose difficulties and it was recommended 

that care be taken when inserting stents into the renal arteries. 

Both renal artery stents were inserted before fenestration took place so that they could 

be used as fluoroscopic landmarks to guide fenestration. Penetration through the fabric 

component of the graft was accomplished using two different devices, namely a Pioneer 

catheter and a Brockenbrough needle (Figure 2.11). (A Brockenbrough curved needle is 

usually used to perforate the septum between the two atria in the heart [64]). Although 

puncture was successful in both cases, accuracy proved difficult. With regards to tear 

propagation in the fabric, dilation of the puncture prior to stenting was especially 

problematic for these researchers both in their preliminary bench experiments and in their 

animal studies. The differences observed between the studies done by McWilliams et al. 

and Tse et al. can be assumed to have occurred due to the different devices used by the 

respective research groups.  

 

Figure 2.11: Image of a Brockenbrough needle used to fenestrate endograft fabric [64]. 
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More recently, research has been conducted by Tse et al. to investigate the option of 

creating fenestrations in the endografts by using a Baylis PowerWire™ Radiofrequency (RF) 

puncture generator [14]. Currently this technique is still being refined and further viability 

studies are being performed. An initial comparison was made between needle and 

radiofrequency puncture methods and it was found that it was easier to fenestrate the 

graft using a radiofrequency puncture generator whilst accuracy and control were better 

served with the use of the needle puncture procedure [14].  

In 2009, Murphy et al. [65] reported their experience with laser-assisted in situ 

fenestration of a stent graft used to treat acute traumatic thoracic aortic transaction. They 

employed this technique on a patient of 26 years of age presenting in the emergency room 

after sustaining a blunt force trauma to the chest. A Talent Thoracic Endograft was 

deployed and subsequently fenestrated using a Turbo Elite laser ablation catheter 

(Spectranetics, Colorado Springs, CO, USA). The generated fenestration was subsequently 

ballooned and stented. At follow-up after 8 months, the patient was doing well clinically. 

The researchers claimed that they had previously undertaken in vitro studies to assess the 

laser assisted fenestration technique on a Talent device which had proved successful and 

resulted in no tearing of the graft fabric after fenestration and ballooning. They stated that 

they had only attempted this technique using the Talent device and that the performance 

of other devices was, as yet, unknown. They speculated that, if this technique were to be 

attempted on a Zenith device, the results would be similar to their own findings, as the 

Zenith and the Talent devices are composed of similar graft materials. It is however 

uncertain how a device constructed from an ePTFE membrane would perform under such 

circumstances. Criado [66] commented on this research and posed some noteworthy 

questions to be considered and further investigated, namely: 

1. Will every graft respond in the same manner to fenestration? 
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2. What about possible graft tears and subsequent loss of integrity, especially over 

the lifetime of the device?  

3. What might be the result of pulsatile forces exerting their loads on the branch 

stent/endograft interface with each heart beat? 

 

Riga et al. [12] conducted feasibility studies in 2009, with regards to using a remotely 

controlled robotic steerable catheter to perform in situ antegrade fenestration of aortic 

stent grafts in a porcine model. The Sensei system (Figure 2.12), which allows for precise 

positioning and visualization of a catheter tip at a desired point, was used. The fabric was 

punctured with a 20-G customized flex-tip diathermy needle, which was introduced and 

kept in place by a robotic arm. A 0.014 mm guidewire was threaded through the needle 

and into the right renal artery. The needle was exchanged for a 4 X 20 mm cutting balloon 

with the robotic catheter threaded through its lumen. This procedure was then repeated to 

perform the fenestration for the left renal artery. These researchers have suggested that 

this approach offers advantages over the methods used by both McWilliams and Tse since 

the Sensei system offers versatility and improved accuracy and stability. The conclusions 

drawn by Riga et al. were that robot-assisted antegrade fenestrations of aortic stent grafts 

are technically feasible in large mammalian models, but that further refinement of the 

technique is needed before any clinical application can be made. 
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Figure 2.12: Image of Sensei system being operated by a surgeon [12]. 

 

2.8  Material performance 

When considering fabric performance regarding the insertion of a defect and the 

resulting tear or defect propagation, it has been found that the resistance to tearing is 

significantly affected by changes in yarn and fabric geometry [15]. Tearing occurs due to 

breakage of fabric cross-yarns as a result of lateral applied tension [67, 68]. In fabrics with 

low yarn mobility, such as the high density fabrics used for endovascular grafts, high stress 

concentrations are found to develop at the deformation or tear initiation site [68]. The 

tearing strength of a fabric is described as “the ability of a fabric to resist further rupture 

when a lateral (sideways) pulling force is applied at a cut or hole in the fabric” *69]. In 

woven fabric, tears typically progress yarn by yarn. When performing a tongue tear test, a 

cut is inserted into the fabric thereby generating two “tongues” in the fabric. Each of these 

is then clamped into the testing instrument which applies a lateral force to the fabric 

specimen. The testing instrument then records the force required to continue the tear in 
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the fabric [69]. Much work has been done to determine the exact mechanism of tearing in 

woven fabrics. The work done by Teixeira et al. in 1955 tends to dominate the literature 

regarding the tearing mechanisms of woven fabrics [67, 68]. Teixeira et al. provided a 

schematic diagram regarding the effect on yarns as a tear progresses (Figure 2.13). 

 

Figure 2.13: Diagrammatic representation of the distortion that yarns in a woven fabric 
undergo during tearing [67]. 

 

Teixeira et al. postulated that at the beginning of a tongue tear test, when the load on 

the tails is first applied, several forms of distortion are exhibited: 1) the cross-yarns pull out 

of the fabric and begin to form a triangular del of yarns; 2) the crimp is taken out of both 

sets of yarns near the del, and crimp interchange occurs within the untorn fabric; 3) the 

untorn fabric ahead of the del becomes jammed in the direction of the tear; and 4) at the 

junction of the tails and the untorn fabric ahead of the del, a trellis-type distortion also 

takes place.  In other words the rectangular interstices become parallelograms and the long 

diagonals become parallel to the del yams [67+. The “del” () region of the tear is described 

as the triangular region at the active region of tearing and was first described by Krook and 

Fox [70]. Typically, it has been determined that 3 changes can be made to a fabric in order 

to increase its tearing strength. These are:  

Del () 

region 
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1. Decrease the woven fabric count and reduce the density of the weave. 

2. Change the fibers or yarns that are being used in the fabric to ones with a lower 

initial tensile modulus, higher elongation at break and/or higher tensile strength 

whilst maintaining the original fabric count.  

3. Decrease the frictional properties of the fibers in the weave. This can be done by 

using smoother, flatter, less textured or more “slippery” yarns and/or to include 

longer floats in the weave [70]. 

On the whole, it has been stated that the tearing strength of a fabric is more directly 

related to its overall serviceability than its tensile strength. This fact should be considered 

when determining the functional life expectancy of an endovascular graft fabric that may be 

fenestrated and then fatigued to failure [15, 67, 69, 71]. 

  On the other hand, the bursting strength of a fabric has been defined as “a fabric’s 

ability to retain its physical integrity when subjected to a distending or swelling force; a 

force applied perpendicular to the plane of the fabric”. The bursting strength of a fabric is 

typically determined as the amount of the distending force (in grams, pounds or Newtons) 

needed to cause the fabric to rupture [69]. There are various methods of testing the 

bursting strength of a fabric namely, using a diaphragm, a probe or liquid pressure to burst 

the specimen.  

Since the fenestrations created in these devices can be considered as a type of defect in 

the fabric, it is important to determine the effect that this will have on the fabric’s 

dimensional stability, durability and integrity when exposed to the continuous pulsatile 

pressure and flow conditions found in the human arterial system. Various tests can be 

performed to determine the structural integrity of the fabric after fenestration. 

Additionally, some of these tests can be used to examine how the fabric will perform when 

exposed to internal pulsatile pressures originating in the lumen of the device to determine 
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the fatigue resistance properties of the fabric. Some of these tests include a tongue tear 

test (ASTM D2261) [72], and a ball burst test (ASTM D3787) [73]. There is an ISO approved 

testing protocol for testing cardiovascular implants and tubular vascular prostheses, of 

which some of the methods outlined in this document have been utilized for the testing of 

specimens in this study [74]. Fatigue resistance can be measured using a Bose Electroforce® 

stent graft accelerated mechanical fatigue test instrument [75].  
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Chapter 3 : Materials and Methods 

In this chapter a detailed discussion of the materials and methods used throughout the 

current research, is described. The investigation, which  concerned itself with examining the 

effects of various fenestration techniques on the overall integrity and durability (in terms of 

bursting strength, tearing strength and fatigue resistance) of the materials used for 

endovascular stent grafts, is also outlined and discussed. 

 

3.1 Design of Experiment 

The research for this study consisted of establishing and quantifying the effect which 

certain independent variables such as material selection and fenestration technique have 

on a variety of dependant variables. The dependent variables measured included: tearing 

strength, bursting strength, fatigue resistance, woven fabric count and defect size.  

 

3.1.1 Dependant Variables 

The dependant variables are: 

 Tearing strength: Ability of a fabric to withstand further rupture when a pulling 

force is applied at a cut or hole in a fabric [69]. 

 Probe bursting strength: Ability to retain structural integrity when subjected to a 

distending force [69, 74]. 

 Fatigue resistance: Ability of the fabric to withstand repeated fatigue stresses. 

 Fabric count: Number of warp ends and weft picks per unit area of woven fabric  
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[76]. The woven fabric count is usually reported in two separate units; ends/cm 

and picks/cm.   

 

3.1.2 Independent Variables 

The independent variables are: 

 Material selection 

o Medifab® polyester 

o Endurant™ (HDM) polyester fabric 

o Tubular woven polyester (Atex) fabric 

o Standard ePTFE membrane 

o Next Generation ePTFE membrane 

 Fenestration condition 

o Control/Unfenestrated 

o RF puncture 

o RF puncture and balloon angioplasty 

 

3.1.3 Other Variables 

These other variables were measured to describe the materials as received, but they 

were not monitored as dependent variables to measure changes during the study.   

 Weight: Mass per unit area of material [77]. 

 Thickness: Distance between one surface of a material and its opposite [78]. 
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3.2 Materials 

Five different materials were used throughout this investigation (Table 3.1). The chosen 

fabrics (Figure 3.1) were specifically selected since they provide a good representation of 

the fabrics currently used in endovascular grafts.  The Medifab® polyester fabric (Sefar) was 

selected to represent the LPS fabric used in the Talent® endovascular stent graft. The woven 

polyester fabric used in the Endurant™ endovascular stent graft was supplied by Medtronic 

Canada. The tubular woven polyester (Atex) fabric, which is believed to represent the fabric 

used in the Cook Zenith device, was incorporated in the study to more comprehensively 

examine the effect of RF puncture and balloon angioplasty on a variety of woven polyester 

fabrics used in endografts. This was done despite the fact that Cook Medical already has a 

fenestrated device on the market.  

After correspondence with surgeons regarding fenestration of devices composed of 

ePTFE, their assumption was that the membrane would not perform well after fenestration. 

It was therefore decided that it would be beneficial to include such materials in this study in 

an attempt to compare their performance with that of woven fabrics used for the same 

application. A “Next Generation” ePTFE membrane was also included in the study so that a 

comparison of its performance could be made to that of the ePTFE membranes currently 

being used in endografts. This comparison would determine whether these “Next 

Generation” ePTFE membranes constituted an improvement on those currently being used. 

Both ePTFE membrane samples were supplied by Zeus Inc.  

The materials used in the current Gore EXCLUDER device were analyzed in-house and 

the “currently used/Standard ePTFE membrane” was created to duplicate their 

construction.  It was found that, typically, the Gore device is composed of an internal ePTFE 

extruded tube which is mechanically and thermally expanded in the axial direction. The wall 

thickness is about 0.009 - 0.010 inches (0.229 - 0.254 mm). Externally there is an ePTFE tape 
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which has been expanded lengthwise and which is wrapped around the inner tube so it lies 

primarily in the circumferential direction. It has a thickness of about 0.004 - 0.005 inches 

(0.102 - 0.127 mm). The internodal distance (IND) of the membrane used in the Gore 

EXCLUDER was found to be in the range of 20-30µm. 

 

 

 

 

  

 

Figure 3.1: Photographs of as received (A) Atex fabric, (B) Endurant fabric, (C) Medifab 
fabric, (D) Standard ePTFE membrane and (E) Next Generation ePTFE membrane. 
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Table 3.1: Materials used in this study. 

Materials Manufacturer Structure Polymer/ Yarn 
Measured 

Weight 

Measured Woven  

Fabric Count 

Manufacturers 

specifications 

Medifab® 

polyester 
Sefar Inc. 4 x 4 Twill 

PET/ 

Monofilament 

(34µm 

filaments) 

~69 g/m2 
Warp: 688 ends/2.5cm 

Weft: 500 picks/2.5cm 

Weight: 65 g/m2 

Warp: 686 ends/2.5cm 

Weft: 445 picks/2.5cm 

Endurant™ (HDM) 

Fabric 

Medronic 

Canada 

Plain tubular 

weave 

PET/ 

Multifilament  
~87 g/m2 

Warp: 250 ends/2.5cm 

Weft: 145 picks/2.5cm 
N/A 

Tubular woven 

polyester 

ATEX® 

Technologies, 

Inc. 

4 x 1/1 plain 

weave ends +  

2 x 3/1 1/1 

floating ends 

(tubular) 

PET/ 

Multifilament 
~106 g/m2 

Warp: 151 ends/2.5cm 

Weft: 124 picks/2.5cm 
N/A 

Standard ePTFE  Zeus Inc. 

Membrane with 

circumferentially 

wrapped tape 

(20-30µm IND) 

ePTFE ~210 g/m2 N/A N/A 

Next Generation 

ePTFE  
Zeus Inc. Membrane ePTFE ~200 g/m2 N/A N/A 
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3.3 Fenestration techniques 

3.3.1 Radiofrequency (RF) Puncture Equipment 

Radiofrequency puncture of tissues and cardiovascular biomaterials during surgery or a 

radiological intervention is typically achieved clinically using a machine like the Baylis 

Medical (Toronto, Canada) PowerWire™ Radiofrequency (RF) Puncture Generator (Figure 

3.2). The puncture generator can be run in either pulse or continuous modes. It has a 

maximum power of 50W and a frequency capacity of 460KHz. The voltage of the device can 

also be altered. The commercial puncture generator available from Baylis Medical has 4 

different preset settings available to surgeons, namely: 

 Low setting: 300 Vrms, 100ms duty cycle 

 Medium setting: 300 Vrms, 300ms duty cycle 

 High setting: 400 Vrms, 25ms duty cycle 

 Continuous setting 

 

Figure 3.2: Baylis PowerWire™ Radiofrequency (RF) Puncture Generator. 
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Radiofrequency (RF) lesion creation has gained popularity since it provides surgeons 

with a controlled and accurate method of creating lesions at the tip of an RF probe. It is not 

the same as electrocautery since it does not utilize a heated probe to achieve the lesions 

and current does not flow through the patient. Instead, with RF puncture/lesion creation, 

high frequency (100 000 to 500 000 Hz) alternating current flows from the uninsulated tip of 

the RF probe into the patient. This current causes ionic agitation in the tissue cells around 

the tip of the probe. This agitation results in frictional heating in the tissue around the 

probe tip rather than of the probe itself. The current flows out of the patient through a 

grounding pad placed on the patients’ leg or underneath the patient *79]. The heat 

generated around the tip of the probe is controlled by three main factors, namely: (1) 

distance from the tip; (2) RF current intensity; and (3) the duration of the application. All of 

these factors need to be taken into consideration when deciding on the equipment settings 

to be used [79]. 

 

3.3.1.1 Baylis Medical research instrument 

However, for this research project, a Baylis Medical research instrument was used to 

create the RF puncture in the materials used in this study (Figure 3.3). This research device 

did not have any preset settings, which enabled the user to set the RF puncture conditions 

at any desired level.  
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Figure 3.3: Radiofrequency puncture generator research instrument used at Baylis Medical 
Research Laboratory (Mississauga, Canada). 

 

This particular machine was voltage controlled and had a capacity of 270 Vrms. RF 

puncture settings were selected bearing in mind that if the procedure were to be 

performed in situ, the least harmful settings would be preferable (Table 3.2). Preliminary 

testing was performed to ensure that the chosen settings would puncture all the fabrics in 

this study. Even at the machine’s highest settings, the ePTFE membranes could not be 

punctured. Therefore, an alternative method which was able to penetrate through the 

ePTFE membranes, as described below in Section 3.3.1.2, had to be devised.   

 

Table 3.2: Baylis Research Radiofrequency Puncture Generator settings used per application 
of RF to the fabric surface. 

Modulation 1Hz 

Duration 1s 

Duty cycle 100ms 

Set point/Voltage 270 Vrms 
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The Baylis PowerWire™ Radiofrequency Puncture Generator is typically used in 

conjunction with the Baylis PowerWire™ Radiofrequency Guidewire. The Guidewire is 

composed of a nitinol (NiTi) wire core, which is coated with a hydrophobic PTFE coating. 

This coating results in the wire experiencing low friction as it moves inside the delivery 

catheter. Ceramic and tantalum pellets have been added to the tip of the PowerWire™ to 

protect it from heat generated from the RF puncture procedure (Figure 3.4). The tip of the 

PowerWire™ Guidewire is reported to have a diameter of approximately 0.9mm.  

 

  

Figure 3.4: Diagrammatic representation of the Baylis PowerWire™. 

 

 

This equipment is traditionally used by radiologists to remove occlusions in patients’ 

vasculature. Typically, these technologies are employed when traditional methods are 

insufficient to re-cannulate occluded arteries [80].  
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3.3.1.2 Valleylab Force FX™ RF generator 

In this study, the Valleylab Force FX™ (Covidien, Boulder, CO) RF generator machine 

(Figure 3.5) was also used since it generated a more intense arc at the tip of the 

PowerWire™, which was needed to puncture through the ePTFE membranes. The Valleylab 

machine was set to “continuous cut mode” with a power of 40W operating for as long as 

was needed to puncture through the membranes.  It was determined through preliminary 

testing that this was the lowest setting on the Valleylab Force FX™ device capable of 

puncturing through both types of ePTFE membranes. Voltage readings were taken but were 

found to vary with the sample material under test. Since the Valleylab machine is power 

regulated, its voltage varies according to the type of material or tissue it cuts through. This 

resulted in a higher current being generated by the machine and the arc observed at the tip 

of the RF probe being correspondingly more intense. On the other hand, the Baylis 

PowerWire™ Radiofrequency Puncture Generator is voltage regulated and was therefore 

better able to maintain the average voltage set by the user at for example: 300 or 400 Vrms.  

 

Figure 3.5: The Valleylab Force FX™ (Covidien, Boulder, CO) used to puncture the two ePFTE 
membranes [81]. 
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While neither of these two RF puncture generators are normally used for puncturing 

endovascular graft materials in situ, they were selected for this study because they offer a 

possible new application for this technology and present surgeons with an additional 

approach of using readily available equipment.  

 

3.3.1.3 Material mounting device 

The materials used were mounted onto a specially designed and fabricated material-

mounting double plate device with a 10 mm diameter hole in the centre (Figure 3.6). The 

specimen was sandwiched in a flat configuration between the two plates.   

 

 

Figure 3.6: Image of material-mounting device with a ballooned ePTFE specimen still 
mounted. 
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After the specimen had been fixed in place, the material-mounting device was placed 

into a grounded holder filled with 0.9% saline solution at room temperature (Figure 3.7). An 

artificial artery, devised to mimic the in situ procedure followed by the surgeon or 

interventional radiologist, was attached into the holder. A dilation catheter with the Baylis 

PowerWire™ Guidewire was passed through the artificial artery to the fenestration site. The 

polyester woven fabrics typically required two applications of RF, each consisting of 2 

pulses, as described in Table 3.2, to penetrate through the fabric. The same material 

mounting setup was used when using the Valleylab Force™ FX to puncture through the 

ePTFE membranes. 

 

 

Figure 3.7: RF puncture setup used on flat material specimens. 
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3.3.2 Angioplasty (Ballooning) Technique 

Angioplasty is a term used to describe a procedure used to enlarge a stenosed or 

narrowed artery, typically using a balloon catheter [82]. With respect to using this 

procedure for the fenestration of endovascular devices, the term angioplasty is used to 

describe the process of enlarging the RF fenestration to the desired diameter, which in this 

case is approximately 7 mm. In this study, each of the fabrics was gradually ballooned using 

a 2.5 mm, a 5 mm, and then a 7 mm balloon catheter sequentially. All of the balloons used 

were Medtronic Sprinter® Legend angioplasty balloons. The balloons were all dilated to a 

pressure of 10 atm, which was in between the nominal and burst pressures of all three sizes 

of balloon catheters (Table 3.3). Prior to the dilation of the fabrics with the angioplasty 

balloons, a 5.5F dilator catheter was pushed through the RF puncture. The dilator catheter 

was used primarily to guide the PowerWire™ Guidewire to the correct fenestration position. 

Its secondary function was to dilate the RF puncture hole for the fabrics to be ballooned. 

The dilator catheter that was used was supplied by Baylis Medical. 

 

Table 3.3: Pressure limits for Medtronic Sprinter® Legend angioplasty balloon catheters. 

 
Nominal Pressure 

(atm) 
Rated burst pressure 

(atm) 

2.5 mm balloon 8 14 

5 mm balloon 8 12 

7 mm balloon 8 12 

 

 

The material specimens to be ballooned were dilated with the 5.5F dilator catheter after 

they had been RF punctured. For the sake of efficiency, the materials were then moved to a 

different bath for ballooning. The specimens were again sandwiched in between the 
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material-mounting device and placed in a water bath at room temperature (Figure 3.8). The 

angioplasty balloons were placed in the center of the dilated RF puncture hole and then 

inflated to the desired pressure. With some of the specimens the pressure gradually 

decreased as time passed. In such cases, the pressure would again have to be increased to 

10 atm until it maintained that pressure for at least 10 seconds. The angioplasty balloon 

would then be deflated and removed. Then the next size balloon would be threaded 

through the fenestration and the process repeated.  

 

 

Figure 3.8: Fabric specimen being ballooned to 2.5 mm in a water bath. 

 

It was observed that the Endurant™ (HDM) and the Medifab® fabrics exhibited a 

“popping” sound as they were dilated using the 5 mm and the 7 mm angioplasty balloons. A 

sudden decrease in pressure was associated with these popping noises.  

Material-mounting 
device 

Inflated 2.5 mm 
angioplasty 
balloon over 
metal guidewire 
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3.4 Testing Methods 

Table 3.4 lists the various testing procedures and analyses that were performed on the 

unfenestrated and fenestrated endograft materials.  

 

Table 3.4: Analysis and testing performed on materials 

 Non-destructive Tests Destructive Tests 

Unfenestrated Specimens 

Macroscopic evaluation 

Microscopic evaluation 

Fabric dimension determination 

Woven fabric count 

Tearing strength  

Probe bursting strength  

SEM 

 

Fenestrated Specimens 

Macroscopic evaluation 

Microscopic evaluation 

Fabric dimension determination 

Defect/fenestration measurements 

Woven fabric count 

Tearing strength  

Probe bursting strength  

Fatigue resistance 

 

 

 

3.4.1 Macroscopic Evaluation 

The materials with and without fenestrations were analyzed macroscopically with the 

naked eye, under good illumination. This was especially important with the fenestrated 

specimens since the immediate area surrounding the fenestration was examined, described 

and photographed. All defects or anomalies in the material structure resulting from the 

fenestrations were noted and photographs were taken using a Pentax Optio P70 camera. 

Additionally, all macroscopic changes or alterations in the fibers, yarns and materials were 

documented. When considering the fenestrations per se, a microscopic evaluation was also 
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performed to determine the possible presence of minor tears and other unexpected defects 

in the immediate area surrounding the fenestrations. 

 

3.4.2 Microscopic Evaluation 

Using standard optical microscopy, each of the materials was analyzed to determine its 

construction and to further investigate the fenestration sites. Through microscopic 

evaluation, observations not apparent during macroscopic evaluation of specimens were 

made, and a more accurate determination of the mechanisms involved in radio-frequency 

fenestration and subsequent ballooning was sought. Other mechanisms involved in 

fenestration, such as polymer melting, filament and yarn breakage and fabric unravelling, 

were also examined. Microscopic evaluation of the materials and specimens was performed 

using a stereoscopic zoom microscope, (Nikon SMZ1000) (Figure 3.9). Magnifications in the 

range of 8-80X were undertaken with this equipment, and images of the materials and 

specimens were captured using the microscope’s software. 
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Figure 3.9: Image of the stereoscopic zoom microscope (Nikon SMZ1000) that was used for 
the microscopic evaluation and woven fabric count measurements of the materials 
investigated. 

 

3.4.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy using the FEI Company Phenom™ SEM (Netherlands) 

(Model # 800-03103-02) was performed to evaluate and analyze the unfenestrated/control 

materials. This was done in an attempt to characterize the unfenestrated material’s surfaces 

and their constructions. Typically, minimum magnification (ranging from 400-450X) was 

utilized in an attempt to generate a more comprehensive view of the textile or membrane 

structure. For some of the materials, even at the SEM’s lowest magnification, the surface 

structure could not be adequately visualized. In such cases, the stereoscopic zoom 

microscope (Nikon SMZ1000) was utilized. 
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3.4.4 Material Dimension Determination  

The specific material dimensions analyzed during the study included material thickness 

of the control specimens only, and the mass per unit area of all the specimens. These were 

performed in accordance with ASTM D1777 [78] and ASTM D3776 [77] respectively.  

Material thickness measurements were done using the SDL 94 thickness gauge (Shirley 

Developments Ltd.). The pressure foot had a diameter of 2.1cm and the pressure employed 

to measure the thickness of the specimens was 1.96 x 10-3 N/mm2 (1.96 kPa). Five thickness 

measurements were taken at random for each type of material under investigation and the 

average value of these readings was reported. 

When determining the weight of the materials (mass per unit area), Option C in ASTM 

method D3776 was followed. The following equation [77] was then used to calculate the 

material weight: 

 

              

Where: 

G = Mass of specimen, g 
Ls = length of specimen, mm 
W = width of specimen, mm 

 

Five 4 cm x 4 cm specimens of each material were weighed separately using the 

OHAUS® Explorer Balance (Model: E64). The average of these five measurements was 

calculated and used to represent the weight per unit area of each of the given materials in 

this study. 
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3.4.5 Woven Fabric Count 

Fabric counts for the Medifab® polyester, the Endurant™ (HDM) and the Atex fabrics 

were performed in accordance with the ASTM D3775 test method [76]. The method 

describes determining the count for a specimen size of 25 mm by 25 mm in five randomly 

selected places along the length of the sample. The count measurements for the Endurant™ 

(HDM) and Atex fabrics were performed using a traversing pick counter (Suter Textile 

Machinery, New York, N.Y.) (Figure 3.10). Five specimens per fabric were examined and the 

end and pick count were measured for each of the control fabrics over a 13 mm distance. A 

13 mm distance was used since it was found from preliminary studies that the data 

generated from this count distance was in agreement with the count values expected for 

these fabrics. This value was then used to calculate the end and pick counts of the fabrics 

per inch (25 mm).  

 

Figure 3.10: Image of the traversing pick counter (Suter Textile Machinery, New York, N.Y.). 

 

When determining the woven fabric count of the RF punctured and ballooned 

specimens, counting commenced at a 1 mm distance from the edge of the fenestration for a 
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distance of 5 mm.  This was done on four sides of the fenestration so as to measure the end 

count and pick count twice for each specimen (Figure 3.11). The traversing pick counter was 

used to perform these measurements for the Endurant™ and Atex fabrics. Since 

determining the woven fabric count around a fenestration has not been reported before, 

this novel technique of determining the woven fabric count around the generated 

fenestrations had to be developed. When determining the fabric count of the control, RF 

punctured and ballooned specimens of the Medifab® polyester fabric, the traversing pick 

counter could not be used, since the monofilaments were too fine and the fabric counts 

were too high.  Instead, a stereoscopic zoom microscope, (Nikon SMZ1000) was used to 

obtain a sufficiently high magnification (40X). A 2 mm distance was utilized for measuring 

the fabric count of the control fabric. For the RF punctured and ballooned specimens, 

counting commenced at a distance of 1 mm from the edge of the fenestration for a distance 

of 2.5 mm on four sides of the fenestrations. This procedure was repeated 5 times per 

fabric and an average end and pick count were obtained for each fabric type.  

 

Figure 3.11: Diagram showing how the woven fabric count measurements were undertaken 
on fenestrated and ballooned specimens. 
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Fabric count measurements were not performed on the ePTFE material since the 

structure was an expanded membrane and not a woven textile fabric.   

 

3.4.6 Defect/Fenestration Measurements 

The dimensions of the created fenestrations were measured for all RF punctured and 

ballooned specimens. Since all the materials behaved differently following fenestration and 

ballooning, it was imperative to determine the size of the resultant fenestrations in each of 

the materials respectively. In order to make these determinations, measurements were 

performed using the ImageJ software [83] available from the National Institutes of Health 

(NIH). Photographs were taken with Pentax Optio P70 camera of the different specimens 

after they had been allowed to relax for at least 24 hours after fenestration or ballooning, 

and these images were used to make the measurements. Measurements were taken along 

both the major and minor axes of the RF puncture sites and the ballooned fenestrations. 

Further measurements were also taken to determine the area (in mm2) of the respective 

fenestrations. This procedure was followed prior to and subsequent to exposing the 

specimens to fatigue resistance testing on a Bose EnduraTec fatigue tester as described in 

Section 3.4.9.  The intention of this test protocol was to establish whether or not changes 

occurred in the size of the fenestrations due to subsequent fatigue resistance testing.    

 

3.4.7 Tearing Strength 

The tearing strength of the various unfenestrated and fenestrated specimens was 

determined by using an Instron (Model # 5544) mechanical tester.  The testing procedure 

used was based on the ASTM D2261 Tongue Tear test method [72]. Due to fabric 



64 
 

limitations, specimen sizes were reduced by a factor of 5 from those described in the 

standard test method. Specimen dimensions were 4 cm x 1.5 cm with a cut length of 1.5 cm 

to create the tongues. As a result, the gauge length for the test was also decreased to 8 

mm. Preliminary tests on woven fabrics of 4 cm and 5 cm lengths were performed and it 

was found that they gave equivalent means and variability. Based on this, the 4 cm x 1.5 cm 

specimen size was selected. Flat, smooth metal, pneumatic jaws with a square clamping 

area of 2.5 cm x 2.5 cm were used for mounting the tongue tear specimens (Figure 3.12). 

The load cell had a tensile capacity of 2kN, and the cross head speed was set to 50 ± 2 

mm/min in accordance with the ASTM test procedure. During pre-testing it was found that 

fabric slippage in the clamps was a problem. To avoid this problem the top part of each 

tongue, which fit into the clamps, was covered in masking tape. This increased the friction 

between the specimen and the smooth metal clamps and prevented slippage during tearing 

strength testing.    

 

Figure 3.12: Image of the Instron mechanical tester with pneumatic clamps used to perform 
tearing strength testing. 
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The tearing strength of each specimen was obtained by identifying and recording the 

peak load for each test specimen. This testing was repeated in triplicate for both warp and 

weft directions for the woven fabrics and in the longitudinal and cross directions for the 

ePTFE membranes.  

 

3.4.8 Probe Bursting Strength 

The probe bursting strength of the specimens was determined by using the standard ISO 

test method for Cardiovascular Implants, ISO 7198:1998 [74]. This miniaturized method has 

been modified from the standard ASTM D3787 Ball Burst Test Method [73]. The specimen 

size used was 4 cm x 4 cm and the test was started with the probe just touching the surface 

of the specimen. A compression cage (Figure 3.13) was mounted onto an Instron (Model # 

5544) universal mechanical tester. The probe utilized for all bursting strength testing had a 

diameter of 9.5 mm. In order to perform the bursting strength testing, the rate of traverse 

was set to 305 mm/min. Preliminary tests were performed on 4 cm x 4cm and 5cm x 5cm 

specimens, which were found to have equivalent means and variability. Based on this data, 

the 4 cm x 4cm specimen size was selected. When testing the fenestrated specimens, the 

fenestration was placed in the centre of the hole in the compression cage platform. Testing 

was performed in triplicate and the average of the maximum force measurements exerted 

on each of the 3 specimens was calculated and reported. 
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Figure 3.13: Image of compression cage used to perform probe bursting strength testing 
with inset showing close-up of clamped fabric on platform.   
 

3.4.9 Fatigue Resistance 

The fatigue resistance of the various unfenestrated and fenestrated materials was 

determined using a Bose EnduraTec® stent/graft accelerated mechanical fatigue test 

instrument (Figure 3.14). Flat fabric samples were sewn into tubular specimens and 

mounted on 8 mm diameter latex rubber tubes that provided the internal pulsatile pressure 

from the fatigue test instrument. The constructed tubes were also 8 mm in diameter (Figure 

3.15). 
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Figure 3.14: Image of the Bose EnduraTec® stent/graft accelerated mechanical fatigue test 
instrument with inset showing sewn tubular specimens mounted on latex rubber tubes for 
testing. 

 

Tubes were sewn out of control fabric to determine if the generated tube seams could 

withstand the pulsitile forces they would be exposed to during testing. From this 

preliminary investigation, it was found that the seams were durable to fatiguing and the 

constructed tubes maintained their structural integrity after fatiguing. Two RF punctured 

and two punctured and ballooned specimens per material type were sewn into tubes and 

tested to determine how the fenestration would behave after fatiguing. 
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Figure 3.15:  (A) Schematic diagram showing how the tubes were constructed using two 
parallel lines of stitching and (B) Photograph of stitched tube prior to fatigue testing. 

 

Specimens were fatigued for 40 million cycles, which is equivalent to 1 year in vivo.  The 

Bose EnduraTec® mechanical fatigue tester was run at a frequency of 60 Hz. The maximum 

and minimum operating pressures, which corresponded to systolic and diastolic arterial 

blood pressure, were approximately 180 mm Hg over 120 mm Hg, replicating the pressures 

found in a hypertensive patient. The temperature of the water in the machine was 

maintained at 37±2°C, simulating human body temperature. Before and after the 40 million 

cycles of fatiguing, defect measurements were performed using the Image J software (NIH) 

in order to ascertain whether a change in fenestration dimensions had occurred as a result 

of exposure to the accelerated fatigue testing.  

 

3.5 Statistical Analysis 

3.5.1 Experimental Model 

As described earlier in Section 3.1, the experimental design of this study involves two 

independent variables, namely, materials selection (5 types), and fenestration technique (3 
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conditions). The assumptions associated with this model include a normal distribution for 

the data, a null hypothesis, and a confidence interval of 95% or an alpha value of 0.05.   

 

3.5.2 Test for Equal or Unequal Variances 

The equivalence of the variances between each group needed to be verified. In order to 

do so, the f-test was used. The null hypothesis of the test was that all variances of each 

group were equal. If the p-value was smaller than 0.05, then the hypothesis was rejected, 

which indicated that the two variances were unequal. If the variances were unequal, then a 

student t-test was performed assuming unequal variances. If the variances were found to 

be equal, then a single factor Analysis of Variance (ANOVA) could be performed between 

the sample means. 

 

3.5.3 Analysis of Variance (ANOVA) 

A single factor Analysis of Variance (ANOVA) test was performed when the variances 

were found to be equal. This test was performed to evaluate whether or not there were any 

significant differences between the means for each dependent variable. The null hypothesis 

of this test was that all means were equal. If the p-values obtained by the ANOVA were 

smaller than 0.05, the null hypothesis was rejected, indicating that at least one mean was 

significantly different from the others.  
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3.5.4 Student T-test 

If it was found that the analysis of variance statistic generated at least one mean to be 

significantly different from the rest, the values for all the means and standard deviations 

were plotted in a figure to illustrate where the significant differences might lie.  In addition, 

student t-tests were performed between pairs of the materials and between pairs of the 

fenestration conditions (i.e. control, RF punctured and ballooned) to determine where the 

differences lay. A student t-test assuming equal or unequal variances was used depending 

on the results from the variance f-test. If the p-values obtained were smaller than 0.05, the 

means were considered significantly different from each other.  

 

3.5.5  Correlations 

To determine whether or not correlations between the tearing strength and various 

material properties existed, linear correlation coefficients were calculated for the 

unfenestrated materials. The various material properties that were investigated were 

material thickness, material weight, woven fabric count and the weight of one yarn set. If 

the R2 value fell below 0.5, it was concluded that the linear correlation between the tearing 

strength and the material property under investigation was too weak to have a significant 

impact on the results. The R2 values were reported in text and the correlation plots can be 

found in the appendix.  
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Chapter 4 : Results and Discussion 

In this chapter, the results of the test procedures, explained in Chapter 3, will be 

reported and discussed.  

 

4.1  Scanning Electron Microscopy (SEM) 

Scanning electron microscopy was performed so as to characterize the structure of the 

unfenestrated/control materials. Although the lowest magnification was typically used, for 

certain specimens, this proved to be too high and a stereoscopic zoom microscope had to 

be used to characterize the weave structure of the fabrics. SEM confirmed that both the 

Atex and the Endurant fabrics were composed of multifilament yarns whilst the Medifab 

fabric was composed of monofilament yarns (Figure 4.1). The floats present in the Atex 

fabric were also visible when using the SEM, but were more easily visualized using the 

stereoscopic microscope. The “stripy” appearance of the Endurant fabric was clearly seen 

under optical examination. Originally, it was believed that the fabric consisted of a ribbed 

weave structure, which was not evidenced during microscopic investigation. SEM showed 

that the “stripy” appearance was, in fact, the result of reed marks in the fabric (Figure 4.1 

(B)). SEM imaging distinctly showed the weave structure of the Medifab fabric and the 

monofilament yarns of which it is composed.  
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Figure 4.1: SEM images of (A) Atex fabric surface (400x); (B) Endurant fabric surface (450x) 
and (C) Medifab fabric surface (450x). 

 

The weave structure of the Atex polyester woven fabric is occasionally difficult to 

observe as two of the 4 plain weave yarns are covered by two 3/1/1/1 floating ends in a 

double weave construction.  In Figure 4.2 (A), however, their presence is more easily 

observed.  In Figure 4.2 (B), the reed marks in the Endurant fabric are observed as those 
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C 



73 
 

areas where there is a slightly larger gap between the warp yarns. The basic 4/4 twill weave 

structure of the Medifab fabric is noticeably seen in Figure 4.2 (C). 

  

 

Figure 4.2: Stereoscopic images of (A) Atex fabric surface (20x); (B) Endurant fabric surface 
(40x) and (C) Medifab fabric surface (60x). 

 

When handling the two ePTFE membranes, it is difficult to tactilely differentiate 

between them since they both have smooth surfaces. Although they have been engineered 

to have different properties, this is not visually discernable. Scanning electron microscopy 
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was useful in the visualization of the ePTFE membranes and in the comparison of their 

structures (Figure 4.3 and Figure 4.4). The images below indicate that their inner and outer 

appearance differs markedly. When comparing the inner surface of the Next Generation 

ePTFE membrane (Figure 4.3 (B)), with the Standard ePTFE membrane (Figure 4.3 (A)), it is 

evident that the inner surface of the latter possesses more fibrils connecting the nodes and 

that the fibrils appear to be denser. It was further observed that the internodal distance 

(IND) of the inner surface of the Next Generation membrane seemed to be similar to that of 

the Standard membrane. Using Image J software, twenty random IND measurements were 

taken, of the inner surfaces of both membranes and it was found that the mean IND for the 

Next Generation ePTFE was 24.98 ± 4.58 µm whilst the mean IND for the inner surface of 

the Standard ePTFE was 29.66 ± 9.01 µm. When these two values were compared using a 

student t-test at a 95% confidence interval, it was determined that no significant difference 

between the two membrane’s IND (p-value = 0.071), existed. 

 

  

Figure 4.3: SEM images of (A) the inner surface of the Standard ePTFE membrane (1000x) 
and (B) the inner surface of the Next Generation ePTFE membrane (1000x). 
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Figure 4.4: (A) SEM image of the outer surface of the Standard ePTFE membrane (1000x); 
(B) SEM image of the outer surface of the Next Generation ePTFE membrane (1000x). 
 

 

When examining the outer surfaces of both membranes at the same magnification 

(Figure 4.4), it was observed that the internodal distance of the Next Generation membrane 

was smaller than that of the Standard membrane. This was confirmed by taking twenty 

measurements of the internodal distance of the outer surfaces of both ePTFE membranes. 

It was  established that the mean IND for the outer surface of the Next Generation ePTFE 

was 11.63 ± 2.94 µm and the mean IND for the outer surface of the Standard ePTFE 

membrane was 15.14 ± 3.12 µm. Using a student t-test, a significant difference between 

these internodal distances (p-value = 0.0033), was found.  

It was further observed that the fibrils on the outer surface of the Next Generation 

membrane appeared denser and finer than those of the Standard ePTFE membrane. In the 

Standard ePTFE membrane, the fibrils and nodes appeared to be diagonally orientated on 

both the inner and outer surfaces whereas in the Next Generation membrane, the inner 
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surface’s nodes seemed to be horizontally orientated. The outer surface of the Next 

Generation ePTFE membrane also evidenced some diagonal striations.  

 

4.2  Macroscopic evaluation 

Upon inspection of the various material specimens, it became apparent that each 

behaved very differently, especially to ballooning. Although the RF puncture holes in each of 

the fabrics appeared macroscopically similar, the ballooned specimens were distinctly 

different. With regards to the Endurant and Medifab fabrics, the ballooned fenestrations 

were oval in shape and oriented in the warp direction of the fabric (Figure 4.5 (B) and (D)). 

Additionally, for both the Endurant and Medifab ballooned specimens, broken and frayed 

yarns were observed protruding from the perimeter of the fenestrations.  
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Figure 4.5: Photographic images of (A) RF punctured and (B) ballooned Endurant specimens 
versus (C) RF punctured and (D) ballooned Medifab specimens (arrows show warp direction 
of the fabric). 

 

When considering the resultant fenestration after ballooning of the Atex fabric, it is 

important to note that the fenestration did not enlarge to the same extent as did those of 

the other two woven fabrics. When comparing the pre- and post-ballooning fenestration 

site of the Atex fabric, only minor observable differences in fenestration size, were noted. 

Refer to Section 4.6, for exact fenestration measurements. Contrary to the observed 

orientation in the Endurant and Medifab fabrics, no obvious orientation of the ballooned 

fenestration was noted in the Atex fabric (Figure 4.6 (B)). It is hypothesized that this lack of 

orientation and minimal increase in size after ballooning could be ascribed to the double 

weave structure present in the Atex fabric. The two floating warp yarns present in the 

weave structure of the Atex fabric are believed to be less mobile, and so inhibit the 

enlargement of the original RF puncture, and effectively limit the amount of enlargement as 

a result of ballooning.  

 

B D 
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Figure 4.6: Images of (A) RF punctured Atex specimen and (B) ballooned Atex specimen 
(arrows show the warp direction of the fabric). 

 

The ballooning of both ePTFE membranes resulted in fenestrations that macroscopically 

appeared to be similar. Some of the ballooned ePTFE specimens were found to have tearing 

around the edges of the fenestration that were discernable upon visual inspection (Figure 

4.7). Although this occurred in some specimens, tearing was not evident in all ballooned 

ePTFE specimens.  

A B 
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Figure 4.7: Photographic images of (A) a ballooned Standard ePTFE specimen and (B) a 
ballooned Next Generation ePTFE specimen showing tearing around the edges of the 
fenestrations (arrows show longitudinal direction of ePTFE membranes). 

 

4.3  Microscopic evaluation 

The RF punctured and the ballooned specimens of each material type were examined 

microscopically to determine the mechanisms involved in the RF puncture and subsequent 

ballooning of the material.  

When considering the RF punctured polyester woven specimens, it was evident that the 

applied RF resulted in yarn melting around the edges of the fenestration. As is evidenced for 

the Atex and Endurant fabrics in Figure 4.8 (A) and (B), some of the yarns around the edges 

of the RF puncture site melted, fused together and encroached on the fenestration site.  

This did not occur with the Medifab fabric (Figure 4.8 (C)). This could be the result of the 

fact that both the Atex and the Endurant fabrics are composed of multifilament yarns, 

whereas the Medifab fabric is woven with monofilament yarns. This means that the 

individual filaments used in the Atex and Endurant fabrics are considerably finer and are 

A B 
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packed differently than those in the Medifab fabric. The edges of the RF puncture site in the 

Medifab fabric with monofilament yarns are smoother and free from debris when 

compared to the other two polyester woven fabrics.  

 

  

 
Figure 4.8: Images of the RF puncture site of (A) the Atex fabric [80x]; (B) the Endurant 
fabric [80x]; and (C) the Medifab fabric [80x], showing yarn melting and polymer fusion at 
the edges of the fenestrations. 

 

When specifically considering the RF punctured ePTFE membranes, this melting 

behavior was not as evident. Some blackening and material smoothing was observed at the 

A B 
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edges of the RF puncture sites in both types of ePTFE (Figure 4.9). Some slight melting of 

the ePTFE material was observed.  However, more evident melting was expected since a 

more intense arc was needed to puncture these membranes. At the same time more 

mechanical force was required to puncture through the membranes when compared to the 

polyester fabrics.  A possible explanation for the lack of evident melting of the ePTFE is that 

the edges of the puncture site had been damaged as a result of the mechanical force 

applied during RF puncture. This is supported by Figure 4.9 (A). The observation of a 

reduced amount of melting could also be explained by the fact that the melting point of 

ePTFE (which is typically in the range of 330-340°C [84, 85]), might not have been reached 

when using the ValleyLab machine.  

 

  

Figure 4.9: Images of the RF puncture site of (A) Standard ePTFE [60x] and (B) Next 
Generation ePTFE [40x]. 

 

Once the RF punctured specimens were ballooned, the materials behaved very 

differently. When considering the woven fabrics, fraying around the edges of the ballooned 

A B 
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fenestrations was observed for all fabric types. The extent of the fraying was more extreme 

with the Endurant and Medifab fabrics. The fenestration for the Atex fabric did not enlarge 

further as a result of ballooning. Distinct tearing in the warp direction was observed in the 

Endurant and Medifab fabrics. Upon closer inspection, remnants of the melted fibers and 

yarns and the fused polymer could be seen in all the polyester fabrics (Figure 4.10). 

  

 

Figure 4.10: Images of the ballooned (A) Atex [30x]; (B) Endurant [8x] and (C) Medifab 
fabrics [8x], showing fraying and remnants of molten and fused polymer (circled). 
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When considering the ballooned ePTFE membranes, microscopic evaluation revealed 

partial delamination of the two layers of the Standard ePTFE membrane around the 

fenestration site (Figure 4.11). This delamination was not observed in the Next Generation 

ePTFE membrane sample. The shapes and sizes of the resulting ballooned fenestrations in 

both the Standard ePTFE and the Next Generation ePTFE were quite variable, and did not 

seem to be consistent. From the microscopic evaluation of the ballooned fenestrations, it 

was noted that ballooning of the Standard ePTFE membranes resulted in tearing as well as 

bunching of the membrane in the longitudinal direction. Although bunching was not 

observed with the Next Generation ePTFE membrane, tearing did occur and is reported. 

  

Figure 4.11: Images of ballooned (A) Standard ePTFE [8x] showing delamination and 
membrane bunching around the edges of the fenestration and (B) Next Generation ePTFE 
[8x]. 

 

4.4  Material Dimensions 

The various material thicknesses and weights were determined according to the 

procedure outlined in Chapter 3. With regards to the thickness measurements, only the 

A B 
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unfenestrated specimens were measured. In the case of weight determination, the 

unfenestrated, the RF punctured and the ballooned specimens were weighed and an 

average weight (g/m2) was determined. 

 

4.4.1 Thickness 

Thickness measurements of unfenestrated (control) specimens were taken. An average 

thickness value, calculated from 5 different readings taken for each material type is 

reported in Table 4.1. (For the individual measurements made on each of the materials, see 

Appendix A). It is obvious from the findings that each material differs significantly in terms 

of thickness. This is important to note since thickness is directly related to the strength of 

the material. In addition, thickness also directly relates to the weight or the mass per unit 

area of the sample.  This relationship is discussed further in Section 4.4.2.  

 

Table 4.1: Average and standard deviations of thickness measurements of the five materials 
under investigation. 

 Average Thickness (mm) 

Atex 0.228 ± 0.004 

Endurant 0.118 ± 0.011 

Medifab 0.082 ± 0.004 

Standard ePTFE 0.358 ± 0.022 

Next Generation ePTFE 0.400 ± 0.033 

 

 

The two ePTFE membranes were found to be the thickest of the materials under 

investigation. This could explain why they were more difficult to puncture with the RF probe 

using the Baylis PowerWire™ Radiofrequency (RF) puncture generator and why a more 
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powerful arc was needed to penetrate them. Of the polyester specimens, the Atex fabric 

was the thickest, followed by the Endurant fabric. The thinnest fabric was found to be the 

Medifab polyester. Since the Medifab polyester fabric was chosen to represent the LPS 

fabric used in the Talent AAA stent graft, it was anticipated that it would be the thinnest. 

The value obtained for the Medifab polyester fabric thickness is similar to that cited as the 

thickness of the LPS fabric used in the Talent endovascular stent graft, namely 0.09 mm 

[44]. 

 

4.4.2 Weight (Mass per Unit Area) 

Five unfenestrated, RF punctured and ballooned specimens each measuring 4 cm square 

for all five materials were weighed and the mean and standard deviation of the weight of 

each material was calculated and reported in Table 4.2. [For individual weight 

measurements, see Appendix B.] 

 

Table 4.2: Average, standard deviation and coefficient of variation of material weight for 
unfenestrated, RF punctured and ballooned samples. 

 
Unfenestrated 

(g/m2) 
CV% 

RF 
(g/m2) 

CV% 
Ballooned 

(g/m2) 
CV% 

Atex  105.8 ± 4.6 4.3 105.3 ± 1.8 1.7 106.4 ± 2.5 2.3 

Endurant  86.8 ± 2.5 2.8 88.7 ± 1.2 1.4 87.7 ± 0.9 1.0 

Medifab  69.3 ± 0.8 1.1 69.3 ± 1.4 2.0 70.2 ± 1.0 1.4 

Standard ePTFE  209.5 ± 22.6 10.8 209.5 ± 19.5 9.3 207.3 ± 6.8 3.3 

Next generation 
ePTFE  

198.7 ± 21.6 10.8 227.9 ± 19.8 8.7 213.6 ± 22.8 10.7 
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The weights of the two ePTFE membranes were found to have far greater variability 

when compared to the woven polyester samples (Figure 4.12). The error bars on the chart 

indicate the standard deviation of the data obtained. The coefficient of variation (CV%) for 

the ePTFE membranes ranged from 3.3% to 10.8% compared to the woven fabric specimens 

whose highest CV% was 4.3%. The sizeable deviations observed in the weights of the ePTFE 

membrane weights could indicate that the materials were not produced uniformly in terms 

of thickness, resulting in the higher weight variability compared to the polyester fabrics.  

This variability in weight could be due to the fact that ePTFE membranes have to be 

stretched in order to obtain their required internodal distance and desired mechanical 

properties. Although a considerable variation in the ePTFE membrane weights was 

observed, these differences are not statistically significant neither when comparing the two 

ePTFE membranes, nor when comparing the three conditions for each sample. The single 

factor ANOVA test generated a p-value = 0.14 for the Next Generation sample, and a p-

value = 0.98 for the Standard ePTFE.   

The variations in weight for all three woven polyester fabrics were found to be small, 

with CV% in the range of 1% to 4.3%, and the differences between the unfenestrated, RF 

punctured and ballooned specimens of each fabric were determined not to be statistically 

significant.  The single factor ANOVA test, at a confidence interval of 95% gave a p-value = 

0.86 for the Atex sample, a p-value = 0.24 for the Endurant sample, and a p-value = 0.37 for 

the Medifab fabric. This confirms that no significant amount of material was lost or 

destroyed as a result of either the RF puncturing or the ballooning procedures. The 

observed variations can therefore be ascribed to manufacturing and material variability.  
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Figure 4.12: Material weights for the unfenestrated, RF punctured and ballooned samples 
[Error bars indicate the ± 1 standard deviation for each sample]. 

 

4.5 Woven Fabric Count 

Woven fabric counts for the woven polyester fabrics were determined as outlined in 

Chapter 3. The mean fabric count values for each fabric, in both the warp and weft 

directions, have been enumerated in Table 4.3. [For the individual woven fabric count 

results for each of the three fabrics, see Appendix C]. The coefficients of variation (CV%) for 

all 18 samples fell in the range of between 1.0% and 7.4%, which indicates an acceptable 

degree of precision for these data.  In fact the highest CV% for the Medifab sample (5.2%) is 

lower than that for the Endurant fabric (7.4%) confirming that the novel experimental 

procedure employed to achieve the count for the Medifab fabric with its extremely fine 

yarns gave equivalent precision to the other method used (Section 3.4.5).   
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Table 4.3:  Means, standard deviations and coefficients of variation of woven fabric counts 
for the control, RF punctured and ballooned woven polyester fabrics. 

 
Warp ends/25 mm CV% Weft picks/25 mm CV% 

Atex 

Control 151 ± 2 1.1 124 ± 3 2.1 

RF Punctured 149 ± 2 1.6 127 ± 4 2.8 

Ballooned 151 ± 10 6.8 126 ± 7 5.8 

Endurant 

Control 247 ± 9 3.7 142 ± 3 1.8 

RF Punctured 257 ± 7 2.6 151 ± 7 4.9 

Ballooned 234 ± 17 7.4 153 ± 4 2.8 

Medifab 

Control 688 ± 11 1.5 500 ± 7 1.4 

RF Punctured 635 ± 18 2.8 496 ± 12 2.4 

Ballooned 648 ± 27 3.3 518 ± 22 5.2 

 

 

No significant differences were found in the fabric counts between the control, the RF 

punctured and the ballooned Atex specimens in either the warp or the weft direction.  

Single factor ANOVA gave a p-value = 0.87 for the warp count, and a p-value = 0.44 for the 

weft count. This was to be expected since the float yarns inserted into this double weave 

structure hinder warp yarn motion resulting in a minimal change in count (Figure 4.13).  

When considering the Endurant fabric, the ANOVA test indicated a significant difference 

between the warp fabric counts at a 95% confidence interval (p-value = 0.0264). After 

further t-tests it was found that differences existed between the control and the ballooned 

samples as well as between the RF punctured and ballooned samples. The woven fabric 

count was seen to decrease in the warp direction between both the control and the 

ballooned samples and between the RF punctured and the ballooned samples. Since the 

Endurant fabric had reed marks in the warp direction, the ballooning could have caused the 
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yarns to move into those spaces, thereby spreading out the yarns and decreasing the fabric 

count. With regards to the weft direction the ANOVA test showed that there was a 

significant difference in the weft fabric count between the control, the RF punctured and 

the ballooned specimens (p-value = 0.0013). In this case significant differences in the weft 

fabric count were found between the control and the RF specimens, as well as between the 

control and the ballooned specimens, with the weft count increasing in both cases. 

Generally speaking, one would always expect an increase in count to occur as a result of 

ballooning since the forces exerted on the fabric by the balloon catheter would tend to push 

the yarns in the fabric closer together.  

For the Medifab fabric, the ANOVA test demonstrated that there was a significant 

difference at a 95% confidence interval between the fabric counts in both the warp and the 

weft directions (p-value for warp = 7.19E-05; p-value for weft: 0.0248). Further t-tests 

showed that significant differences in the warp direction existed between both the control 

and the RF and between the control and the ballooned samples. In the warp direction there 

was a decrease in count between the control and the RF punctured as well as between the 

control and the ballooned fabrics. It should be noted that extensive yarn breakage was 

observed in the warp direction, since the fenestration became orientated in the warp 

direction.  It is believed that this breakage of yarns could have allowed for the creation of 

additional space within the woven structure, which facilitated movement of the remaining 

intact yarns. This therefore decreased the fabric count in the warp direction. For the 

ballooned specimens, the decreased warp fabric count observed after ballooning could be 

the reason for the increased tearing strength observed with the Medifab sample (Section 

4.7).  

In the weft direction on the other hand, a significant fabric count difference was found 

to exist between the RF punctured and the ballooned specimens.  In this case, there was an 
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increase in fabric count from RF punctured- to ballooned specimens. This was to be 

expected since the forces exerted on the yarns from the ballooning procedure were likely to 

push the yarns closer together thereby increasing the fabric count. 

 

Figure 4.13: Warp and weft fabric counts for the woven fabrics in all three conditions [Error 
bars indicate the ± 1 standard deviation for each sample]. 

 

4.6 Defect/Fenestration Dimensions 

The measurements obtained for the size of the fenestrations along both the major and 

minor axes as well as the area of the fenestrations after RF puncture and ballooning, are 

provided in Table 4.4 [For the individual defect measurements of each material see 

Appendix D]. When considering the mean ballooned area values obtained for the various 
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materials, the Atex fabric was found to have the smallest ballooned fenestration. This 

corroborates the observation made both macro- and microscopically. Conversely, the 

largest ballooned fenestration area was found to exist in the Standard ePTFE membrane, 

with a mean area of 18.61 mm2 (Figure 4.14). Even though the ballooned Medifab and 

Endurant fabrics produced the largest mean warp direction lengths namely 7.47 mm and 

6.57 mm respectively, the ballooned fenestrations did not expand extensively in the weft 

direction. These two fabrics’ mean ballooned areas were thus smaller than those of both 

the Standard and the New Generation ePTFE membranes. 

 

Table 4.4: Means, standard deviations and coefficients of variation for the fenestration 
measurements of the RF punctured and the ballooned specimens. 

 
Major Axis 

(mm) 
CV% 

Minor Axis 
(mm) 

CV% 
Area 

(mm2) 
CV% 

Defect Measurement After RF Puncture 

Atex  0.70 ± 0.18 25.7 0.63 ± 0.23 36.7 0.36 ± 0.20 56.5 

Endurant  0.60 ± 0.14 23.9 0.56 ± 0.12 21.9 0.37 ± 0.14 37.0 

Medifab 0.70 ± 0.07 10.4 0.69 ± 0.08 11.3 0.48 ± 0.10 19.8 

Standard ePTFE  0.48 ± 0.17 35.8 0.49 ± 0.12 24.1 0.17 ± 0.08 44.8 

Next Generation ePTFE  0.50 ± 0.04 7.9 0.53 ± 0.03 5.9 0.20 ± 0.06 28.1 

Defect Measurement After Ballooning 

Atex  1.80 ± 0.16 8.8 1.00 ± 0.10 9.9 1.47 ± 0.24 16.4 

Endurant  6.57 ± 0.51 7.8 1.82 ± 0.23 12.5 11.71 ± 0.64 5.5 

Medifab 7.37 ± 0.56 7.6 1.62 ± 0.14 8.7 6.64 ± 0.46 6.9 

Standard ePTFE  4.65 ± 0.71 15.4 5.15 ± 1.51 29.3 18.61 ± 2.07 11.1 

Next Generation ePTFE  4.29 ± 1.09 25.5 6.20 ± 0.99 15.9 16.44 ± 1.87 11.4 

 

When considering the RF punctured specimens (Figure 4.15), it was noted that the 

fenestrations in all samples were circular in nature and that there was no significant 

difference between any of the materials in average fenestration size in either direction.  

From a statistical point of view the length of the defect along the major axis did not differ 
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significantly from the length along the minor axis. The error bars on the chart indicate the 

standard deviations between specimens.  

 

Figure 4.14: Mean fenestration areas of RF punctured and balloon expanded samples [Error 
bars indicate ± 1 standard deviation for each sample]. 

 

By calculating the coefficient of variation (CV%) for the experimental data presented in 

Table 4.4, it appears that the most uniform and least variability in RF puncture fenestration 

dimensions, regardless of whether one considers the major or the minor axes, was found 

for the Medifab fabric and the Next Generation ePTFE membrane.  They gave CV% values 

within the 5.9% and 11.3% range.  All the other RF punctured samples gave CV% values in 

excess of 21.9%. Similar trends were observed for the RF puncture area measurements. In 

particular the variability observed for the Atex sample with an area coefficient of variation 

as high as 56.5%.  It has been proposed that this phenomenon was due to the fact that it is 
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a multifilament fabric and that fenestrations therefore tended to appear smaller because 

the edges of the fenestration were difficult to discern due to the fraying of the 

multifilament yarns. The same was true for the Endurant fabric.  The fact that it too was a 

multifilament fabric affected the discernability of the edges of the RF puncture site. On the 

other hand the variability observed with the Standard ePTFE membrane was the result of 

the substantial amount of pressure and mechanical force required to puncture this material 

which in turn lead to the greater size variability of the RF puncture sites.  The CV% obtained 

for the ballooned fenestration areas was considerably lower than that of the RF punctured 

areas.  

 

 

Figure 4.15:  Mean RF punctured fenestration dimensions along the major and minor axes 
[Error bars indicate ± 1 standard deviation for each sample].  
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As indicated by microscopic and macroscopic observations, all three textile samples 

resulted in ballooned fenestrations orientated in the warp direction. For all three ballooned 

samples significant differences were found when the warp and weft dimensions were 

compared using a student t-test. For the Atex sample the p-value = 1.1879E-05, and for the 

Endurant and Medifab fabrics the difference between the major and minor axes is even 

more significant (Figure 4.16). The dashed line in the figure indicated the targeted 

fenestration size of 7 mm diameter. As mentioned previously, when considering the two 

ePTFE membranes, no fenestration orientation was noted macroscopically.  

 

Figure 4.16:  Mean ballooned fenestration dimensions along the major and minor axes 
[Error bars indicate ± 1 standard deviation for each sample]. 
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ePTFE sample generated round fenestrations.  However, a significant difference was noted 

when the major and minor axes dimensions were compared for the Next Generation 

membrane (p-value = 0.0198). This indicates that the ballooned fenestrations in the Next 

Generation ePTFE membrane were orientated in the cross-direction.  

 

4.7 Tearing strength 

The tearing strength of the various materials was determined for both the warp and 

weft directions of the woven fabrics, as well as for the longitudinal and cross directions for 

the ePTFE membranes. It should be noted that, because the tearing test that propagates a 

tear in the weft or cross direction is tearing the warp yarns, it is often referred to as a “warp 

yarn tearing test”.  Similarly, the tearing test that propagates the tear in the warp or 

longitudinal direction is tearing the weft yarns, and so it is often referred to as a “weft yarn 

tearing test”. Therefore for the purpose of comparison in this study, the cross direction 

tearing strengths of the ePTFE membranes have been compared to the weft direction (or 

warp yarn) tearing strengths of the woven fabrics. Similarly, the tearing strengths in the 

longitudinal direction of the ePTFE membranes have been compared to the warp direction 

(or weft yarn) tearing strengths of the woven fabrics. Mean tearing strengths of all the 

materials have been outlined in Table 4.5.  [For the individual tearing strengths of each 

specimen, see Appendix E]. 
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Table 4.5: Mean tearing strengths and standard deviations for the weft/cross direction and 
the warp/longitudinal direction of the five materials (Mean ± standard deviation). 

 Control  
(N) 

RF punctured  
(N) 

Ballooned  
(N) 

Weft/Cross Direction (CD) 

Atex 37.03 ± 0.16 35.99 ± 4.01 34.30 ± 0.87 

Endurant 13.04 ± 1.02 15.59 ± 0.42 16.59 ± 1.90† 

Medifab 6.51 ± 0.60 8.14 ± 0.09 10.08 ± 0.98† 

Standard ePTFE 9.20 ± 0.28 7.83 ± 0.87 11.19 ± 5.66 

Next Generation ePTFE 12.25 ± 0.69 7.93 ± 2.99 5.89 ± 0.82 

Warp/Longitudinal Direction (LD) 

Atex 28.31 ± 1.83 29.34 ± 3.12 26.51 ± 0.51 

Endurant 7.94 ± 0.51 9.20 ± 0.04 8.60 ± 1.18 

Medifab 5.76 ± 0.40 6.84 ± 0.29 7.20 ± 0.50 

Standard ePTFE 10.05 ± 0.85 11.70 ± 2.28 13.47 ± 6.75 

Next Generation ePTFE 5.21 ± 0.85 4.63 ± 1.10 12.23 ± 1.72† 
† All tested specimens for this condition tore on the skew, so results should be interpreted with 

caution. 

 

The Atex fabric exhibited the highest tearing strength of all the materials investigated in 

both the weft and warp directions. As would be expected, the weft direction tearing 

strength was higher than that in the warp direction. This was most likely due to the 

additional warp float yarns present in the double weave structure. For the weft direction a 

significant difference was observed between the tearing strengths of the Atex control fabric 

and the ballooned samples (p-value = 0.0291), which corresponded to a decrease in warp 

yarn tearing strength of 7.4%. Between the other fenestration conditions, the observed 

differences were not significant. Likewise in the warp direction, no significant differences in 

tearing strength were observed for the Atex fabric sample (Figure 4.17).   
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Figure 4.17: Tearing strengths under control, RF punctured and ballooned conditions in both 
weft/cross direction and warp/longitudinal direction [Error bars indicate ± 1 standard 
deviation for each sample]. 

 

Both the Endurant and the Medifab samples had significantly lower average tearing 

strengths than the Atex fabric in both directions.  It is believed that these lower tearing 

strength values reflect the tighter and more compact weave with higher warp and weft 

fabric counts (Section 4.5) combined with a lighter weight and thinner fabric (Sections 4.4.1 

and 4.4.2).   

Like the other textile samples, the Endurant fabric was also found to have a higher 

tearing strength in the weft direction rather than the warp direction. Significant differences 

in warp yarn tearing strength were observed between the control and the RF punctured 
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samples, as well as between the control and ballooned samples, corresponding to increases 

in tearing strength of 19.6% and 27.2% respectively. This increased weft direction tearing 

strength for the RF punctured sample, could be attributed to the polymer melting and yarn 

fusing that was observed around the RF puncture site. For the ballooned sample, the 

increased tearing strength could be attributed to the decrease in warp woven fabric count 

observed after ballooning (Section 4.5). It was found by Krook and Fox [70] that there are 

three main changes that can be made to fabrics to increase their tearing strength, the first 

of which is to decrease their woven fabric count. It is from these findings that the increased 

tearing strength observed in the weft direction for this fabric has been attributed to the 

decrease in the woven fabric count observed after ballooning. It should be noted, however, 

that all the weft direction ballooned specimens tore on-the-skew and therefore these 

specific results may not reflect the Endurant fabric’s true tearing strength in the weft 

direction after ballooning. In the warp direction, it was determined that the only significant 

difference occurred between the Endurant control fabric and the RF punctured specimens 

(p-value = 0.0498). In this case, the tearing strength increased by 15.8%, which could also be 

attributed to the melted polymer and fused filaments and yarns observed around the edges 

of the RF puncture site.  

When examining the Medifab tearing strength results, the control fabric was found to 

be the weakest of all five materials tested, particularly in the warp direction. This is believed 

to be due to the Medifab fabric being the most compact woven, lightweight and thin 

structure with the highest woven fabric count of all the textile materials.  In both the weft 

and warp directions, there existed significant differences in tearing strengths between the 

Medifab control and the RF punctured sample, as well as between the control and the 

ballooned sample, corresponding to increases in tearing strength in the weft direction of 

25% and a 54.7% respectively. In the warp direction, the increases in tearing strength 

amounted to 18.8% and 25.0% respectively. These increases in Medifab RF punctured 
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tearing strength in both directions can be ascribed to polymer melting and filament fusion 

at the edges of the fenestration site, which led to reinforcement along the edges and the 

need for a greater force to tear the Medifab fabric. As far as the ballooned Medifab samples 

are concerned, the decreased warp fabric count observed after ballooning may well explain 

the observed increase in tearing strength (Section 4.5) [70]. It should be noted though that 

all the weft direction ballooned specimens tore on-the-skew and therefore these specific 

results may not reflect the Medifab fabric’s true tearing strength in the weft direction after 

ballooning. 

The tearing strength results for the two ePTFE membranes were different from those 

generated by the three textile fabrics primarily because of the high variability observed 

within these samples. It was found that there were no significant differences at the 95% 

confidence interval between the tearing strengths for the Standard ePTFE membrane in 

either direction and under any of the conditions examined. This indicates that the average 

tearing strength of the Standard ePTFE membrane was unaffected by the RF puncture and 

ballooning techniques. Delamination and bunching of the membrane around the 

fenestration site were observed during the tearing test procedure in both the longitudinal 

and cross directions. This led to a high variability of the ballooned tearing strength for the 

Standard ePTFE membrane.  It should also be noted that because the ballooning procedure 

initiated some tearing of the membranes, during the test some of the specimens tore on-

the-skew which could have affected the tearing strength results.  

As far as the Next Generation ePTFE membrane was concerned, the average results 

presented in Figure 4.17 show different trends from both the three textile fabrics and the 

Standard ePTFE sample. Significant differences were seen to occur between the RF 

punctured and the ballooned specimens as well as between the control and ballooned 

specimens in the longitudinal direction. In the cross (or weft) direction, only one significant 
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difference in tearing strength was found, and that was a decrease of 51.9% between the 

control and the ballooned sample. In the longitudinal (or warp direction) the average 

tearing strength appeared to more than double between the control or the RF punctured 

condition and the ballooned condition (Figure 4.17). These results should be interpreted 

with caution since all the specimens tore on-the-skew, and therefore the results may not 

provide a true reflection of the Next Generation ePTFE membrane’s ballooned longitudinal 

tearing strength.  

For the ePTFE membranes, the on-the-skew tearing occurred due to the already present 

tears around the ballooned fenestration sites that developed as a result of the ballooning of 

the ePTFE membranes. These results have been marked in the table and should be 

interpreted with caution. 

When determining if there was a correlation between the tearing strengths of the 

various materials and their weights, thicknesses, woven fabric counts and weights of each 

yarn set in the woven fabrics, it was found that there were indeed strong correlations 

between the warp and weft direction tearing strengths of the woven fabrics and their 

thicknesses and weights. The R2 value for the correlation between the warp direction 

tearing strength and the woven fabrics thickness was 0.9774 whilst in the weft direction it 

was 0.9988. When considering the mass per unit area correlation with tearing strength, the 

R2 value for the warp direction was found to be 0.8396 and the weft direction was 0.9152.  

When the ePTFE membranes were included, in both cases, it was found that the 

strength of the correlation drastically decreased and when considering thickness, the R2 

values became 5E-05 and 0.0008 for the warp/longitudianal and weft/cross directions 

respectively. The same was observed when considering the mass per unit area. The 

correlation coefficient (R2 value) was seen to decrease to 0.0322 for the warp/longitudinal 

direction and to 0.0345 for the weft/cross direction. This indicates that although there is a 
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distinct and significant correlation between the tearing strength of the woven fabrics and 

their weight and thicknesses, this is not true when all five materials included in this 

investigation are considered.  

When determining if there is a correlation between the tearing strengths and woven 

fabric counts of the three woven fabric samples, it was found that there were weak 

relationships between the two in both directions. The R2 value between the warp yarn 

tearing strength and the warp yarn fabric count was 0.6098 whilst it was 0.3701 between 

the weft yarn tearing and the weft yarn fabric count. This indicates that in the case of these 

specific fabrics that were investigated, the warp yarn fabric count has a bigger influence on 

the tearing strength than the weft yarn fabric count, but that in both cases the influence is 

small.  

Lastly, when examining the correlation between the weights of the warp and weft sets 

of yarns and their tearing strengths, it was found that there was a strong correlation 

between the weight of the weft yarns and their tearing strength (R2 = 0.9987). This was not 

found when examining the correlation between the weight of the warp yarns and their 

tearing strengths (R2 = 0.5971). For the correlation plots, see Appendix F. 

 

4.8 Probe Bursting Strength 

Three specimens of each material type were tested under each fenestration condition 

to determine their probe bursting strength. The mean values for the bursting strengths of 

the five materials under each of the three conditions are presented in Table 4.6.  [For the 

individual bursting strength results for each specimen, see Appendix G]. The Atex 

unfenestrated fabric exhibited the highest mean bursting strength (462.2 N), whilst the Next 

Generation ePTFE material provided the lowest mean value (115.4 N). The three other 
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unfenestrated samples fell in between these two extremes. Likewise after ballooning, the 

mean bursting strengths of the Endurant, Medifab, Standard ePTFE and Next Generation 

ePTFE materials were all of the same order of magnitude. The ballooned Atex fabric’s mean 

bursting strength was approximately 7 times higher than that of the other materials.  

 

Table 4.6: Mean and standard deviations of bursting strengths for the various materials 
used in this study. 

 
Unfenestrated 

(N) 
CV% 

RF punctured 
(N) 

CV% 
Ballooned 

(N) 
CV% 

Atex 462.21 ± 20.86 4.5 366.41 ± 30.08 8.2 363.35 ± 16.75 4.6 

Endurant 261.14 ± 5.94 2.3 191.77 ± 8.65 4.5 58.10 ± 1.25 2.2 

Medifab 320.68 ± 6.88 2.1 202.70 ± 21.01 10.4 52.17 ± 2.99 5.7 

Standard ePTFE 240.97 ± 19.97 8.3 206.11 ± 25.66 12.4 61.42 ± 25.84 42.1 

Next Generation 
ePTFE 

115.39 ± 12.41 10.8 96.59 ± 9.63 10.0 35.15 ± 3.79 10.8 

 

A 21.4% decrease in mean bursting strength was observed between the unfenestrated 

and the ballooned specimens of the Atex fabric (Figure 4.18). This was the smallest decrease 

in bursting strength between unfenestrated and ballooned specimens observed for all 

materials. There was no significant difference between the bursting strength of the Atex RF 

punctured and ballooned samples (p-value = 0.8851). This is likely due to the fact that the 

differences in fenestration sizes between the RF punctured and the ballooned Atex samples 

were not very large, which resulted in ballooning having a minimal effect on bursting 

strength.  
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Figure 4.18: Mean bursting strengths for unfenestrated, RF punctured and ballooned 
samples [Error bars indicate the ± 1 standard deviations for each sample]. 

 

The highest decrease in bursting strength was observed to occur with the Medifab 

fabric. An overall decrease of 83.7% in mean bursting strength between the unfenestrated 

and ballooned specimens was noted. A decrease in mean bursting strength between the 

unfenestrated and RF punctured specimens, and the RF punctured and ballooned 

specimens of 36.8% and 74.3% respectively, was also measured.  

As mentioned previously, the material with the lowest unfenestrated bursting strength 

was the Next Generation ePTFE membrane. Following statistical analysis, no significant 
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punctured sample (p-value = 0.1069). There was an overall decrease in bursting strength 

between the unfenestrated and the ballooned specimens of 69.5%. 

The Endurant fabric experienced significant decreases in bursting strength between the 

three fabric conditions. The decrease in strength from unfenestrated to RF puncture and 

from RF puncture to ballooning was 22.6% and 69.7% respectively. The overall decrease in 

bursting strength between the unfenestrated and the ballooned specimens was 77.8%.  

For the Standard ePTFE membrane, the decrease in bursting strength between the 

unfenestrated and the RF punctured specimens was not found to be significant (p-value = 

0.1369). The overall loss in bursting strength from unfenestrated to the ballooned condition 

was found to be 74.5%.  

No significant differences between the bursting strength of the ballooned Endurant, the 

ballooned Medifab and the ballooned Standard ePTFE (p-value = 0.7572) were found. 

Similar findings were observed when comparing the bursting strengths of the RF punctured 

specimens of these same 3 materials (p-value = 0.6690). It is interesting to note this 

phenomenon, since their respective unfenestrated bursting strengths were found to be 

dissimilar, primarily because the variability of the measurements on the unfenestrated 

samples was small, having CV% values in the range of 2.1 – 8.3%.    

When considering the bursting pressure (Figure 4.19) of the materials the results varied 

slightly. Bursting pressures were calculated by dividing the mean bursting strengths of the 

samples by the area of the hole in the platform of the compression cage minus the mean 

area of the fenestration. It was found that for all the materials, except for the Atex, the 

bursting pressure of the control and the RF punctured specimens were the same whilst the 

bursting pressure of the balloon expanded specimens was drastically lower. These results 

indicate that the size of the fenestration has a direct influence on the pressure/force 
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needed to burst the fabric; the larger the fenestration, the less the force required to burst 

the fabric. For the Atex fabric on the other hand, the change in bursting pressure was 

observed to occur between the control and the RF punctured samples and there was no 

difference in the bursting pressure between the RF punctured and the ballooned 

specimens. This can be explained by considering the fact that the area of the fenestration 

did not change extensively after ballooning in the Atex fabric.   

 

Figure 4.19: Mean bursting pressures for unfenestrated, RF punctured and ballooned 
samples [Error bars indicate the ± 1 standard deviations for each sample]. 
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4.6), the fenestrations were measured along their major and minor axes. Additionally, the 

area of the fenestrations was determined (Table 4.7). [For the individual defect 

measurements before and after fatigue testing, please see Appendix H].  

 

Table 4.7: Mean and standard deviations of measurements for fenestration dimensions 
before and after fatiguing. 

 

Major Axis (mm) Minor Axis (mm) Area (mm
2
) 

Before 
Fatigue 

After 
Fatigue 

Before 
Fatigue 

After 
Fatigue 

Before 
Fatigue 

After 
Fatigue 

RF Punctured 

Atex  0.51 ± 0.05 0.83 ± 0.05 0.46 ± 0.01 0.75 ± 0.01 0.22 ± 0.00 0.38 ± 0.01 

Endurant  0.57 ± 0.10 0.75 ± 0.15 0.51 ± 0.10 0.77 ± 0.21 0.34 ± 0.09 0.45 ± 0.00 

Medifab 0.70 ± 0.01 0.60 ± 0.12 0.69 ± 0.04 0.66 ± 0.05 0.49 ± 0.05 0.47 ±0.03 

Standard ePTFE  0.43 ± 0.11 0.39 ±0.07 0.46 ± 0.11 0.48 ± 0.11 0.14 ± 0.06 0.16 ± 0.03 

Next Generation ePTFE  0.52 ± 0.06 0.51 ±0.11 0.56 ± 0.02 0.68 ± 0.15 0.19 ± 0.08 0.22 ± 0.02 

Ballooned 

Atex  1.91 ± 0.10 1.86 ± 0.26 1.07 ± 0.04 1.56 ± 0.16 1.61 ± 0.14 2.64 ± 0.38 

Endurant  6.11 ± 0.19 6.54 ± 0.05 1.96 ± 0.27 1.85 ± 0.02 11.51 ± 0.83 9.32 ± 0.33 

Medifab 7.39 ± 0.36 8.12 ± 0.04 1.49 ± 0.02 1.62 ± 0.03 6.25 ± 0.05 8.17 ± 0.21 

Standard ePTFE  5.17 ± 1.35 3.83 ± 1.77 4.56 ± 2.21 4.24 ± 1.83 16.22 ± 2.92 10.38 ± 1.69 

Next Generation ePTFE  5.80 ± 0.57 5.12 ± 0.04 3.74 ± 1.17 3.79 ± 0.83 13.88 ± 1.55 11.72 ± 0.26 

 

In Figure 4.20 and Figure 4.21, the “•” symbol indicates that there is no significant 

difference in fenestration dimensions before and after fatiguing for those specimens. The 

error bars indicate the standard deviation between specimens.  

For the RF punctured Medifab fabric, it was found that there was no statistically 

significant change in fenestration dimensions as a result of fatiguing (Figure 4.20). This was 

to be expected since significant melting was observed around the edges of the RF puncture 

site. This melting would be expected to hinder any yarn movement around the fenestration 
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site that might have occurred as a result of fatigue. For the ballooned Medifab specimens, it 

was found that there was a statistically significant change in the width/minor axis length of 

the fenestration. Since the width of the fenestration increased, the resulting area of the 

defects also increased (from an average of 6.25 mm2 before fatiguing to an average of 8.17 

mm2 after fatiguing.  This is an increase of 30.7% (Figure 4.21). 

 

 

Figure 4.20:  Mean fenestration area of the RF punctured specimens before and after 
fatiguing [Error bars indicate ± 1 standard deviation for each sample]. 
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the fenestration areas of the specimens (Figure 4.20). On the other hand, among the 

ballooned samples only the Medifab fabric showed a significant change in fenestration 

dimensions as a result of fatiguing (Figure 4.21). This was to be expected since it was 

observed that the fenestrations did not increase significantly in dimensions as a result of 

ballooning, and it could therefore be concluded that the additional floating yarns in the 

double weave of the Atex fabric hindered the expansion of the fenestration. Therefore, the 

already ballooned fenestrations did not have any room to expand into during fatiguing. 

When considering the RF punctured specimens, although there was evidence of filament 

melting, less fusing of the polymer was observed, when compared to the Medifab fabric. 

This allowed for filament and yarn motion during fatiguing. 

 

 

Figure 4.21:  Mean fenestration area of the ballooned specimens before and after fatiguing 
[Error bars indicate ± 1 standard deviation for each sample]. 
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For the Endurant RF punctured and ballooned samples, statistically, there was no 

significant difference in fenestration dimensions after fatiguing. This could be the result of 

the hindrance imposed by this fabric’s particular weave structure and weave density.  

Analyzing the effects of fatiguing on the ePTFE membranes however, proved to be more 

complicated. As mentioned previously, the ePTFE membranes did not behave consistently 

to ballooning and some of the ballooned fenestrations were oriented horizontally while 

others were oriented vertically. Additionally, in some of the Standard ePTFE ballooned 

specimens, bunching of the membrane around the ballooned fenestration site was seen to 

occur. This could have had an effect on the dimensions of the fenestrations after fatiguing 

since this bunching could have relaxed and resulted in a decrease in fenestration size. 

Additionally, the great amount of variation observed between the Standard ePTFE 

membranes that had been fatigued was directly attributable to the fact that one specimen 

had a slight tear in the horizontal direction whilst the other did not. This ultimately resulted 

in the greatest difference in observed fenestration dimensions. It was found that there was 

no significant change to the dimensions of the RF punctured or ballooned fenestrations in 

the Standard ePTFE membrane as a result of fatiguing. When considering the Next 

Generation ePTFE membranes, it was also found that no dimensional changes existed as a 

result of fatiguing both the RF punctured and the ballooned samples.  
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Chapter 5 : Conclusions 

As outlined in Chapter 1, the specific objective of this study was to determine the 

stability of various fenestrated endovascular graft materials by determining their respective 

geometric and mechanical performances subsequent to both in vitro radio frequency (RF) 

puncture and to ballooning. Following these procedures, each material’s post-fenestration 

tearing strength, bursting strength and fatigue resistance were evaluated in order to answer 

the following questions:  

1. Does the type of fabric and membrane and their construction play a role in material 

performance in terms of tearing and bursting strength after fenestration? 

2. Does a distinct and significant difference in performance exist between traditional 

textile structures and expanded membrane type structures? 

3. Do fenestrated fabrics and membranes have the potential to withstand the fatigue 

forces experienced by an implanted graft during one year in vivo? 

4. Are there significant changes in the dimensional, geometric and mechanical 

characteristics of the materials being investigated due to radio frequency (RF) 

puncture and balloon expansion? 

 

Based on the results and their related discussions provided in Chapter 4, each of the 

above questions has been answered. Table 5.1 gives a brief summary of the results 

obtained in Chapter 4.  
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Table 5.1: Summary of results obtained from testing

 

WOVEN POLYESTER ePTFE MEMBRANES 

Atex Endurant Medifab Standard Next Generation 

RF Balloon RF Balloon RF Balloon RF Balloon RF Balloon 

Yarn Tearing 
Strength 

Highest in 
both 

directions. 
No Change 

Highest in 
both 

directions. 
Warp = 

Decrease 
(7.4%) 

Warp = 
Increase 
(19.6%) 
Weft = 

Increase 
(15.8% 

Warp = 
Increase 
(27.2%) 

Warp = 
Increase 

(25%) 
Weft = 

Increase 
(18.8%) 

Warp = 
Increase 
(54.7%) 
Weft = 

Increase 
(25%) 

No 
change 

No change 
No 

change 

CD = 
Decrease 
(51.9%) 

LD = Increase 
(Doubled) 

Bursting 
Strength 

Highest 
strength. 

No change 

Highest 
strength. 
Decrease 
(21.4%) 

 

Decrease 
(22.6%) 

Decrease 
(77.8%) 

Decrease 
(36.8%) 

Largest 
decrease 
(83.7%) 

No 
change 

Same as 
ballooned 

Endurant & 
Medifab. 
(74.5% 

decrease) 

No 
change 

Lowest 
strength. 
Decrease 
(69.5%) 

Fenestration 
area change 

after fatiguing 
Increase No change 

No 
change 

No change 
No 

change 
Increase 

No 
change 

No change 
No 

change 
No change 

Fabric Count No change No change 

Warp = 
no 

change 
Weft = 

Increase 

Warp = 
Decrease 

Weft = 
Increase 

Warp = 
decrease 

Weft = 
No 

change 

Warp = 
decrease 

Weft = 
increase 

 

Geometric 
description of 
fenestration 

Circular 

Slightly  
orientated 

in warp 
direction 

Circular 

Grossly 
orientated 

in warp 
direction 

Circular 

Grossly 
orientated 

in warp 
direction 

Circular 

Random tears 
around edges 

of 
fenestration 

Circular 

Random tears 
around edges 

of 
fenestration 
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5.1  Specific Aims 

5.1.1 The role of the type of fabric and membrane and their construction in 

the material’s performance.  

Within the context of this study, “performance” refers to a material’s tearing and 

bursting strength. It was hypothesized that the type of fabric and membrane construction 

would play a distinct role in the various materials’ performances in terms of tearing and 

bursting strength as a result of fenestration. 

 The results of the study indicated that a distinct decrease in probe bursting strength, 

resulting from RF puncture and/or ballooning, was evident in all materials investigated. 

Specific mention should be made of the Atex woven tubular polyester fabric, which 

outperformed all other fabric types by producing the lowest decrease in bursting strength 

(21.4%) from unfenestrated to ballooned specimens. Conversely, the Medifab twill woven 

polyester fabric exhibited the highest decrease in bursting strength from unfenestrated to 

ballooned specimens, with a decrease in of 83.7%. This indicates that fabric structure and 

type play a decisive role in a material’s bursting strength subsequent to fenestration. When 

considering the two ePTFE membranes, although constructed from the same polymer, 

these showed considerable differences in both their initial and ballooned bursting 

strengths. The latter findings serve to substantiate the conclusion that both material type 

and structure play a distinct role in controlling the performance following RF puncture and 

subsequent to ballooning.  

When examining the results of the tearing strength testing, the strength of the samples 

in the weft/cross direction and warp/longitudinal direction were considered carefully. 

Again, the Atex tubular woven polyester fabric outperformed the others by possessing the 

highest unfenestrated tearing strength as well as the lowest decrease in tearing strength, in 
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both directions. It is theorized that the Atex fabric’s woven structure plays a distinct role in 

this regard since its double weave structure tends to reinforce the fabric and prevent the 

occurrence of drastic decreases in tearing strength. Though constructed from the same 

polyester polymer, the Medifab fabric’s general level of tearing strength pre- and post-

fenestration, was found to be significantly lower than that of the Atex samples. In fact, the 

Medifab fabric exhibited an increase in tearing strength from unfenestrated to ballooned 

specimens. This is assumed to have occurred due to a change in the woven fabric count 

resulting from ballooning [70]. The same phenomenon was found to occur in the warp yarn 

tearing strength of the ballooned Endurant fabric. This could be attributed to this particular 

fabric’s specific weave type and density. It can therefore be concluded that material type 

and construction evidently play an important role in material performance before and after 

fenestration. In comparison, interpreting the results of the ePTFE membranes’ tearing 

strength performance is decidedly more complex. From the results of this study, it was 

found that the Standard ePTFE membranes remain unaffected by fenestration in terms of 

tearing strength, whilst the Next Generation ePTFE membranes are affected and exhibit an 

increase in tearing strength after ballooning in the longitudinal direction but a decrease in  

the cross direction. The specific construction and fabrication of the Next Generation ePTFE, 

offers a possible explanation for these idiosyncratic results.   

In conclusion, it has been found that fabric and membrane type, as well as material 

construction, all play a distinct role in the performance of the various materials. The effects 

of material type and construction differ from specimen to specimen. As expected, fabrics 

with tighter weaves and higher weave densities produced lower tearing strengths. The 

double weave structure present in the Atex fabric tended to reinforce the fabric and lead to 

its superior performance. Although the membranes performed comparably well to those of 

the woven fabrics, their performance was more variable and less consistent overall.   
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5.1.2 Difference between fabric and membrane performances 

Overall, this study has proven that significant differences in performance as a result of 

fenestration were not due simply because some materials were traditional polyester fabric 

structures and the others were ePTFE membranes. In fact it was noted that each of the five 

materials under investigation behaved very differently from one another. That is, the 

differences in performance between the woven fabrics and the ePTFE membranes were not 

restricted to fabric or membrane structural differences alone, but rather to material 

variation as well.  

The polyester fabric samples behaved significantly differently from one another. The 

Atex fabric consistently exhibited the highest tearing and bursting strengths, whilst the 

Medifab fabric displayed some of the lowest tearing and bursting strengths of the materials 

examined. The Endurant fabric’s performance with regards to both tearing and bursting 

strength, fell somewhere between that of the Atex fabric and the ePTFE membranes (See 

section 4.7 and 4.8 for details).  

When comparing the ePTFE membranes with one another, a significant difference in 

their respective behaviors was also noted. For example, when considering the tearing 

strengths of the Standard ePTFE and the Next Generation ePTFE membranes, no changes 

were observed between the unfenestrated, RF punctured and ballooned samples for the 

Standard ePTFE membrane. On the other hand, a decrease in the cross direction tearing 

strength and an increase in the longitudinal tearing strength, between the unfenestrated 

and ballooned specimens for the Next Generation ePTFE, was evident. 

When considering bursting strength alone, no significant difference in performance 

between traditional textile structures and ePTFE membranes existed. The Atex fabric 

exhibited the highest bursting strength with the lowest decrease in bursting strength after 
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ballooning, whilst the Next Generation ePTFE and the Standard ePTFE membranes showed 

a post-ballooning decrease in bursting strength of 69.5% and 75.9% respectively. As far as 

the other woven fabrics were concerned, the Endurant fabric did not exhibit a decrease in 

bursting strength from RF puncture to ballooning whilst the Medifab fabric showed the 

greatest decrease in bursting strength from its unfenestrated to ballooned specimens of 

83.7%. Additionally, when the ballooned Endurant, Medifab and Standard ePTFE bursting 

strengths were compared, no significant differences were found to exist between them.  

It can therefore be concluded that, while there are clear and evident differences in 

performance between individual endograft materials, there is no distinct and/or significant 

difference in performance between the two groups of traditional textile structures and 

expanded membrane type structures included in this study. 

 

5.1.3 Fatigue Resistance 

In order to determine the effect of fatigue forces on the fenestrations of the materials 

concerned, and to establish each material’s resistance to fatiguing, the size of the 

fenestrations before and after fatiguing, were examined. Most of the materials behaved 

similarly with regards to fatiguing, in as much as no significant change in the size of the 

fenestrated areas was exhibited, except for the RF punctured Atex specimens and the 

ballooned Medifab specimens. This suggests that the woven samples do have the 

propensity to be affected by the pulsatile forces exerted on them by fatiguing whilst the 

ePTFE specimens remained unaffected.  

This is an important factor to take into consideration when contemplating the choice of 

material for use in performing in situ fenestrations, since the chosen material will 

experience constant pulsatile forces resulting from the blood flow in the abdominal aorta. 
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The chosen material will therefore be required to withstand constant pulsatory forces for 

the lifetime of the patient. Even though testing was only performed for 40 million cycles, 

this number of cycles provides a good indicator of each of the material’s long-term relative 

performance, since this test simulates one full year’s functioning in the human body.  

Overall, all the materials investigated performed relatively well and are believed to be 

able to withstand the typical pulsatile forces they would experience in vivo. Certain 

materials clearly outperformed others with regards to fatigue resistance.  In particular, the 

ePTFE membranes superior performance should be noted, since they exhibited no changes 

in fenestration dimensions after fatiguing. This is in contrast to the Atex and Medifab fabric 

samples which gave significant increases in fenestration size dimensions during fatiguing. 

 

5.1.4 Dimensional, Geometric and Mechanical Characteristics 

Each of the five materials included in this study had a significantly different type of 

textile or membrane construction.  Consequently it was expected that each material would 

behave significantly differently as a result of RF puncture and balloon expansion.  

The Atex fabric’s overall performance surpassed all others in terms of maintaining its 

dimensional and geometric characteristics.  In this case, no drastic changes to the weave 

structure were observed as a result of RF puncturing and ballooning.  The size of the 

fenestration defect did not change dramatically, even after the fabric had been subjected to 

ballooning, and only a slight increase in fenestration dimensions were noted, compared to 

the other four materials investigated. This is due to the double weave structure which is 

believed to behave like a “rip-stop” and prevent the fabric structure from becoming 

deformed. 
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When considering the two other woven polyester fabrics, namely the Endurant and the 

Medifab, they both tended to develop fenestrations that were orientated in the warp 

direction of the fabric. They were also found to have lower tearing strengths than the Atex 

fabric, which could be attributed to their high weave densities and lower fabric weights.  

Their fabric count was also seen to change as a result of ballooning. This decrease in count 

was especially noticed in the warp direction, and as expected from tearing strength theory, 

resulted in an increase in warp yarn tearing strength [70]. It is important to draw attention 

to this performance characteristic, given that tearing strength might intuitively be expected 

to decrease as a result of fenestration, whereas in fact, it increased for these particular 

fabrics. This attests to the fact that the Endurant and Medifab fabrics appear to be suitable 

for this type of fenestration procedure, since their tearing strengths increased as a result of 

the RF puncture and angioplasty ballooning techniques they experienced. The Endurant 

fabric reacted excellently to the fatiguing forces it underwent since there was no significant 

change in the size of the fenestration area observed in either the RF punctured or the 

ballooned specimens. This is an important property to consider since it indicates that if this 

procedure were to be employed in situ, the fabric should not fail as a result of the pulsatile 

forces to which it would subsequently be exposed to in vivo.  When considering the Medifab 

fabric’s reaction to fatigue testing, an increase in fenestration area size was noted after 

fatiguing of the ballooned specimens. This is a finding which requires serious consideration 

when choosing the most efficacious material for use in this type of surgical and 

interventional procedure. With additional fatiguing, patients in the long-term would run the 

risk of having a fenestrated endofabric with growing dimensions, which could result in the 

development of endoleaks.   

When considering the ePTFE membranes, the development of random tears around the 

edges of the fenestration site are a cause for concern. It can be concluded that, if this 
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procedure were performed in situ, the substantial variation in the sizes of the tears and 

their varied orientations could result in the development of endoleaks.    

With regards to the mechanical performance of these ePTFE materials, the Next 

Generation ePTFE possessed the lowest unfenestrated bursting strength of all the materials 

tested. This, coupled with a 69.5% decrease in bursting strength from its control to 

ballooned state, resulted in this material having the lowest bursting strength of all five 

materials investigated. The Standard ePTFE membrane on the other hand had the same 

ballooned bursting strength as the Endurant and Medifab samples even though their 

unfenestrated strengths differed.   

From the above discussion it can be concluded that both RF puncture and balloon 

expansion were indeed responsible for causing changes in the dimensional, geometric and 

mechanical characteristics of the materials in this study.  

 

5.2  Recommendations for future work  

Continued research in this area is essential to ensure the safety, efficacy and durability 

of this and other in situ fenestration techniques when they are applied to human patients.  

The following areas require further study: 

1. Further investigation into the effects of stenting of the generated fenestration is 

required. This additional step in the procedure typically represents what would be 

undertaken by surgeons during an in vivo procedure.  Knowledge of the effect which 

stenting may have on the various fabric components of endografts is therefore vital 

since the additional forces exerted on the materials by the metal stent struts could 
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result in different performances to those observed on the materials used in this 

study. 

2. A study of the effect which RF fenestration and ballooning techniques have on the 

safety and durability of endovascular stent grafts should be undertaken so as to 

determine possible differences in material performance and assembly techniques 

when the material components of the endograft are stitched, thermally bonded and 

otherwise connected to metal stents. 

3. A controlled study should be performed to determine what effects the weave type, 

yarn type, material thickness and mass per unit area have on the tearing and 

bursting strengths as well as the fatigue resistance after fenestration. This will aid in 

being able to design an optimum fabric that will perform well to fenestration and 

that could potentially be incorporated into future devices.  

4. Short-term and long-term animal studies should be performed to examine the 

manner in which fenestrations withstand implantation and then respond to the 

dynamic pulsatile in vivo environment.   

5. This study was performed in vitro under direct visualization, which facilitated the 

making of fenestrations in specifically targeted areas. The level of difficulty of this 

procedure will however increase once the fenestrating procedure cannot be 

performed with the benefit of direct visualization. This would be the case if this RF 

puncture and ballooning procedure were performed in a patient. A study conducted 

to determine whether differences in fabric performance would result from non-

visually created fenestrations, would be pertinent to this field of study. 

6. Since various alternative methods of in situ endograft fenestration exist (see Section 

2.7), a comparison of material selection and performance using these different 

techniques (e.g. cutting balloons, a Brockenbrough needle, laser-assisted 

fenestration etc.) should be made. The results of such a study would be useful in 
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establishing which particular interventional approach would result in the best 

material and clinical performance. 
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A. Thickness measurements for all materials investigated 

Atex 

 

inch mm 
 

Endurant inch mm 

1 0.0085 0.2200 
 

1 0.0045 0.1100 
2 0.0090 0.2300 

 
2 0.0045 0.1100 

3 0.0090 0.2300 
 

3 0.0045 0.1100 

4 0.0090 0.2300 
 

4 0.0050 0.1300 

5 0.0090 0.2300 
 

5 0.0050 0.1300 

Average 0.0089 0.2280 
 

Average 0.0047 0.1180 
Standard 
Deviation 

0.0002 0.0045 

 

Standard 
Deviation 

0.0003 0.0110 

CV% 2.51% 1.96% 
 

CV% 5.83% 9.28% 

 

Medifab inch mm 
 

Next Generation  
ePTFE 

inch mm 

1 0.0030 0.0800 
 

1 0.0160 0.4100 
2 0.0035 0.0900 

 
2 0.0160 0.4100 

3 0.0030 0.0800 
 

3 0.0135 0.3500 

4 0.0030 0.0800 
 

4 0.0155 0.3900 

5 0.0030 0.0800 
 

5 0.0175 0.4400 

Average 0.0031 0.0820  Average 0.0157 0.4000 
Standard 
Deviation 

0.0002 0.0045 
 Standard 

Deviation 
0.0014 0.0332 

CV% 7.21% 5.45%  CV% 9.18% 8.29% 

 

Standard ePTFE inch mm 
1 0.0140 0.3600 
2 0.0155 0.3900 

3 0.0140 0.3600 

4 0.0135 0.3500 

5 0.0130 0.3300 

Average 0.0140 0.3580 
Standard 
Deviation 

0.0009 0.0217 

CV% 6.68% 6.06% 
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B. Weight (converted to g/m2) measurements for all materials investigated and ANOVA 
tables for weight comparisons. 

Atex Control Atex RF Atex Ballooned 

 
g/m2 

 
g/m2 

 
g/m2 

1 103.06 1 105.63 1 108.75 

2 100.63 2 102.38 2 108.19 

3 106.56 3 105.25 3 107.63 

4 112.81 4 106.81 4 103.19 

5 106.00 5 106.44 5 104.38 

Average 105.81 Average 105.30 Average 106.43 

Standard Deviation 4.58 Standard Deviation 1.75 Standard Deviation 2.48 

CV% 4.33 CV% 1.66 CV% 2.33 

 

Endurant Control Endurant RF Endurant Ballooned 

 g/m2  g/m2  g/m2 

1 84.00 1 89.00 1 87.44 

2 86.56 2 89.56 2 88.56 

3 84.88 3 89.81 3 87.81 

4 89.56 4 88.38 4 86.31 

5 89.06 5 86.75 5 88.31 

Average 86.81 Average 88.70 Average 87.69 

Standard Deviation 2.47 Standard Deviation 1.22 Standard Deviation 0.88 

CV% 2.84 CV% 1.38 CV% 1.01 

 

Medifab Control Medifab RF Medifab Ballooned 

 g/m2  g/m2  g/m2 

1 70.00 1 67.06 1 70.94 

2 68.38 2 70.69 2 70.94 

3 68.56 3 70.06 3 68.88 

4 69.88 4 69.13 4 70.69 

5 69.69 5 69.69 5 69.44 

Average 69.30 Average 69.33 Average 70.18 

Standard Deviation 0.77 Standard Deviation 1.39 Standard Deviation 0.96 

CV% 1.11 CV% 2.00 CV% 1.36 



132 
 

 

Standard  ePTFE Control Standard ePTFE RF Standard ePTFE Ballooned 

 g/m2  g/m2  g/m2 

1 209.44 1 193.13 1 218.94 

2 190.56 2 193.56 2 206.25 

3 245.25 3 203.44 3 201.50 

4 212.38 4 217.75 4 203.31 

5 189.69 5 239.44 5 206.49 

Average 209.46 Average 209.46 Average 207.30 

Standard Deviation 22.57 Standard Deviation 19.51 Standard Deviation 6.83 

CV% 10.77 CV% 9.32 CV% 3.30 

 

Next Generation ePTFE Control Next Generation ePTFE RF 
Next Generation ePTFE 

Ballooned 

 g/m2  g/m2  g/m2 

1 197.81 1 260.06 1 210.31 

2 175.06 2 212.38 2 184.56 

3 192.19 3 228.13 3 230.25 

4 233.94 4 210.88 4 201.06 

5 194.69 5 227.88 5 241.69 

Average 198.74 Average 227.86 Average 213.58 

Standard Deviation 21.56 Standard Deviation 19.78 Standard Deviation 22.79 

CV% 10.85 CV% 8.68 CV% 10.67 

 

Anova: Single Factor (ATEX) 
    SUMMARY 
     Groups Count Sum Average Variance 

  control 5 529.0625 105.8125 21.01758 
  rf 5 526.5 105.3 3.061328 
  ballooned 5 532.125 106.425 6.158984 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 3.172396 2 1.586198 0.157372 0.856121 3.885294 
Within Groups 120.9516 12 10.0793 
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Total 124.124 14         

 
 
 
Anova: Single Factor (MEDIFAB) 

    
       SUMMARY 

     Groups Count Sum Average Variance 
  control 5 346.5 69.3 0.592578 
  Rf 5 346.625 69.325 1.922656 
  ballooned 5 350.875 70.175 0.914844 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 2.48125 2 1.240625 1.08507 0.368844 3.885294 
Within Groups 13.72031 12 1.143359 

   
       Total 16.20156 14         

 

 

 

Anova: Single Factor (ENDURANT) 
    

       SUMMARY 
     Groups Count Sum Average Variance 

  control 5 434.0625 86.8125 6.087891 
  Rf 5 443.5 88.7 1.494922 
  ballooned 5 438.4375 87.6875 0.78125 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 8.922396 2 4.461198 1.600131 0.242092 3.885294 

Within Groups 33.45625 12 2.788021 
   

       Total 42.37865 14         
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Anova: Single Factor (STANDARD ePTFE) 
    

       SUMMARY 
     Groups Count Sum Average Variance 

  control 5 1047.313 209.4625 509.3723 
  rf 5 1047.313 209.4625 380.802 
  ballooned 5 1036.494 207.2987 46.68112 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 15.60675 2 7.803375 0.024988 0.975372 3.885294 
Within Groups 3747.421 12 312.2851 

   
       Total 3763.028 14         

 

 

Anova: Single Factor (NEXT GENERATION ePTFE) 
  SUMMARY 

     Groups Count Sum Average Variance 
  control 5 993.6875 198.7375 464.9266 
  rf 5 1139.313 227.8625 391.3367 
  ballooned 5 1067.875 213.575 519.325 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 2120.916 2 1060.458 2.312737 0.141398 3.885294 
Within Groups 5502.353 12 458.5294 

   
       Total 7623.269 14         
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C. All Woven fabric counts and ANOVA tables for fabric count comparisons 

Atex Warp/2.5 cm 
 

Atex Weft/2.5 cm 

 
Control RF Ballooned 

  
Control RF Ballooned 

1 153 150 146 
 

1 124 127.5 128 

2 150 150 154 
 

2 120 127.5 115 

3 150 150 143 
 

3 126 122.5 128 

4 150 150 158 
 

4 126 127.5 130 

5 153 150 154 
 

5 122 130 128 

Average 151 150 151 
 

Average 124 127 126 

Standard 
Deviation 

1.64 0.00 6.16 
 

Standard 
Deviation 

2.61 2.74 5.97 

CV% 1.09% 0.00% 4.09% 
 

CV% 2.11% 2.16% 4.76% 

 

Endurant Warp/ 2.5 cm 
 

Endurant Weft/2.5 cm 

 
Control RF Ballooned 

  
Control RF Ballooned 

1 234 265 208 
 

1 144 158 148 

2 254 255 235 
 

2 142 153 155 

3 242 260 230 
 

3 138 148 155 

4 256 250 243 
 

4 144 153 150 

5 248 253 253 
 

5 140 145 155 

Average 247 257 234  Average 142 151 153 

Standard 
Deviation 

9.01 6.02 16.83 
 Standard 

Deviation 
2.61 4.87 3.54 

CV% 3.65% 2.35% 7.21%  CV% 1.84% 3.23% 2.32% 
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Medifab Warp/2.5 cm 
 

Medifab Weft/2.5 cm 

 
Control RF Ballooned 

  
Control RF Ballooned 

1 699 635 625 
 

1 495 485 545 

2 686 640 655 
 

2 495 505 515 

3 686 645 660 
 

3 508 490 500 

4 699 620 635 
 

4 495 505 515 

5 673 635 665 
 

5 508 495 515 

Average 688 635 648  Average 500 496 518 

Standard 
Deviation 

10.63 9.35 17.18 
 Standard 

Deviation 
6.96 8.94 16.43 

CV% 1.54% 1.47% 2.65%  CV% 1.39% 1.80% 3.17% 

 

Anova: Single Factor (ATEX WARP COUNT) 
   

       SUMMARY 
      Groups Count Sum Average Variance 

  control 5 756 151.2 2.7 
  rf 5 750 150 0 
  ballooned 5 753.75 150.75 37.96875 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 3.675 2 1.8375 0.135546 0.874557 3.885294 
Within Groups 162.675 12 13.55625 

   
       Total 166.35 14         
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Anova: Single Factor (ATEX WEFT COUNT) 
   

       SUMMARY 
     Groups Count Sum Average Variance 

  control 5 618 123.6 6.8 
  rf 5 635 127 7.5 
  ballooned 5 627.5 125.5 35.625 
  

       ANOVA 
      Source of 

Variation SS df MS F P-value F crit 

Between Groups 29.03333 2 14.51667 0.872308 0.442886 3.885294 

Within Groups 199.7 12 16.64167 
   

       Total 228.7333 14         

 

 

Anova: Single Factor (ENDURANT WARP COUNT) 
   

       SUMMARY 
     Groups Count Sum Average Variance 

  Control 5 1234 246.8 81.2 
  RF 5 1282.5 256.5 36.25 
  Ballooned 5 1167.5 233.5 283.125 
  

       ANOVA 
      Source of 

Variation SS df MS F P-value F crit 

Between Groups 1333.3 2 666.65 4.992698 0.026441 3.885294 
Within Groups 1602.3 12 133.525 

   
       Total 2935.6 14         
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Anova: Single Factor (ENDURANT WEFT COUNT) 
   

       SUMMARY 
     Groups Count Sum Average Variance 

  Control 5 708 141.6 6.8 
  RF 5 755 151 23.75 
  Ballooned 5 762.5 152.5 12.5 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 349.0333 2 174.5167 12.16144 0.0013 3.885294 
Within Groups 172.2 12 14.35 

   
       Total 521.2333 14         

 

 

Anova: Single Factor (MEDIFAB WARP COUNT) 
   

       SUMMARY 
      Groups Count Sum Average Variance 

  control 5 3441.7 688.34 112.903 
  rf 5 3175 635 87.5 
  ballooned 5 3240 648 295 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 7735.785333 2 3867.893 23.4227 7.19E-05 3.885294 
Within Groups 1981.612 12 165.1343 

   
       Total 9717.397333 14         
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Anova: Single Factor (MEDIFAB WEFT COUNT) 
   

       SUMMARY 
     Groups Count Sum Average Variance 

  Control 5 2501.9 500.38 48.387 
  RF 5 2480 496 80 
  Ballooned 5 2590 518 270 
  

       ANOVA 
      Source of Variation SS df MS F P-value F crit 

Between Groups 1356.081333 2 678.04067 5.1058945 0.024865 3.885293835 
Within Groups 1593.548 12 132.79567 

   
       Total 2949.629333 14         
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D. All defect/fenestration measurements and t-tests for defect size comparisons 

 

Atex RF  

 
Vertical 

(mm) 
Horizontal 

(mm) 
Area 

(mm2) 

1 0.547 0.454 0.222 

2 0.481 0.462 0.216 

3 0.887 1.019 0.648 

4 0.734 0.565 0.209 

5 0.848 0.661 0.492 

Average 0.70 0.63 0.36 

Standard Deviation 0.18 0.23 0.20 

CV% 25.72 36.73 56.47 

 

Atex Ballooned 

 
Vertical 

(mm) 
Horizontal 

(mm) 
Area 

(mm2) 

1 1.699 0.968 1.293 

2 1.589 0.849 1.150 

3 1.917 1.066 1.669 

4 1.975 1.097 1.707 

5 1.838 1.043 1.506 

Average 1.80 1.00 1.47 

Standard Deviation 0.16 0.10 0.24 

CV% 8.78 9.87 16.39 
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Endurant RF 

 

Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 0.77 0.73 0.51 

2 0.42 0.45 0.19 

 3 0.50 0.44 0.27 

4 0.64 0.58 0.40 

5 0.70 0.62 0.48 

Average 0.60 0.56 0.37 

Standard Deviation 0.14 0.12 0.14 

CV% 23.87 21.87 37.01 

 

Endurant ballooned 

 Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 5.98 2.15 10.92 

2 6.43 1.92 12.34 

 3 7.18 1.54 11.12 

4 7.02 1.72 12.05 

5 6.25 1.77 12.09 

Average 6.57 1.82 11.71 

Standard Deviation 0.51 0.23 0.64 

CV% 7.78 12.52 5.45 
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Medifab RF  

 

Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 0.70 0.66 0.52 

2 0.61 0.62 0.41 

3 0.69 0.71 0.45 

4 0.81 0.82 0.63 

5 0.68 0.64 0.39 

Average 0.70 0.69 0.48 

Standard Deviation 0.07 0.08 0.10 

CV% 10.41 11.29 19.78 

 

Medifab Ballooned 

 Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 7.85 1.81 6.63 

2 7.74 1.71 7.38 

3 7.65 1.48 6.22 

4 6.50 1.63 6.69 

5 7.14 1.50 6.28 

Average 7.37 1.62 6.64 

Standard Deviation 0.56 0.14 0.46 

CV% 7.58 8.72 6.94 
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Standard ePTFE RF 

 Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 0.35 0.39 0.09 

2 0.26 0.34 0.10 

 3 0.64 0.60 0.22 

4 0.50 0.54 0.18 

5 0.64 0.59 0.27 

Average 0.48 0.49 0.17 

Standard Deviation 0.17 0.12 0.08 

CV% 35.77 24.08 44.83 

 

Standard ePTFE Ballooned 

 Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 5.73 2.96 15.16 

2 4.05 5.64 20.28 

 3 4.21 6.12 18.28 

4 4.22 6.70 19.49 

5 5.03 4.32 19.86 

Average 4.65 5.15 18.61 

Standard Deviation 0.71 1.51 2.07 

CV% 15.36 29.30 11.12 

 

Next Generation ePTFE RF 

 Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 0.48 0.54 0.14 

2 0.47 0.52 0.16 

 3 0.51 0.51 0.26 

4 0.47 0.50 0.17 

5 0.56 0.58 0.25 

Average 0.50 0.53 0.20 

Standard Deviation 0.04 0.03 0.06 

CV% 7.90 5.87 28.07 
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t-Test: Two-Sample Assuming Equal Variances (Atex RF) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 0.6994 0.6322 
Variance 0.0323493 0.0539207 
Observations 5 5 
Pooled Variance 0.043135 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat 0.511592744 
 P(T<=t) one-tail 0.311377235 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.622754471 
 t Critical two-tail 2.306004133   

 

 

 

 

 

Next Generation ePTFE Ballooned 

 Major axis  
(mm) 

Minor axis  
(mm) 

Area  
(mm2) 

1 6.20 4.49 14.98 

2 3.88 6.92 19.60 

 3 4.06 6.21 15.50 

4 3.81 6.69 16.66 

5 3.47 6.66 15.46 

Average 4.29 6.20 16.44 

Standard Deviation 1.09 0.99 1.87 

CV% 25.51 15.90 11.38 
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t-Test: Two-Sample Assuming Equal Variances (Atex Ballooned) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 1.8036 1.0046 
Variance 0.0251038 0.0098333 
Observations 5 5 
Pooled Variance 0.01746855 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat 9.558469418 
 P(T<=t) one-tail 5.93957E-06 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 1.18791E-05 
 t Critical two-tail 2.306004133   

 

 

 

t-Test: Two-Sample Assuming Equal Variances (Endurant RF) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 0.6026 0.563 
Variance 0.0206818 0.0151565 
Observations 5 5 
Pooled Variance 0.01791915 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat 0.467742129 
 P(T<=t) one-tail 0.326223219 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.652446437 
 t Critical two-tail 2.306004133   
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t-Test: Two-Sample Assuming Equal Variances (Endurant Ballooned) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 6.571 1.8194 
Variance 0.2612025 0.0519173 
Observations 5 5 
Pooled Variance 0.1565599 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat 18.98757972 
 P(T<=t) one-tail 3.06275E-08 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 6.1255E-08 
 t Critical two-tail 2.306004133   

 

 

 

t-Test: Two-Sample Assuming Equal Variances (Medifab RF) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 0.6974 0.6902 
Variance 0.0052658 0.0060727 
Observations 5 5 
Pooled Variance 0.00566925 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat 0.151195789 
 P(T<=t) one-tail 0.441782167 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.883564334 
 t Critical two-tail 2.306004133   
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t-Test: Two-Sample Assuming Unequal Variances (Medifab Ballooned) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 7.374 1.6244 
Variance 0.3122905 0.0200863 
Observations 5 5 
Hypothesized Mean 
Difference 0 

 df 5 
 t Stat 22.30012425 
 P(T<=t) one-tail 1.68432E-06 
 t Critical one-tail 2.015048372 
 P(T<=t) two-tail 3.36865E-06 
 t Critical two-tail 2.570581835   

 

 

 

t-Test: Two-Sample Assuming Equal Variances (Standard ePTFE RF) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 0.478 0.4908 
Variance 0.029228 0.0139657 
Observations 5 5 
Pooled Variance 0.02159685 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat -0.137716117 
 P(T<=t) one-tail 0.446933952 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.893867904 
 t Critical two-tail 2.306004133   
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t-Test: Two-Sample Assuming Equal Variances (Standard ePTFE Ballooned) 

   

  
Major Axis 

(mm) Minor Axis (mm) 

Mean 4.6474 5.1462 
Variance 0.5093923 2.2730452 
Observations 5 5 
Pooled Variance 1.39121875 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat -0.668649829 
 P(T<=t) one-tail 0.261270376 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.522540752 
 t Critical two-tail 2.306004133   

 

 

 

t-Test: Two-Sample Assuming Equal Variances (Next Generation ePTFE RF) 

   

  
Major Axis 

(mm) 
Minor Axis 

(mm) 

Mean 0.4968 0.5294 
Variance 0.0015397 0.0009663 
Observations 5 5 
Pooled Variance 0.001253 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat -1.456169965 
 P(T<=t) one-tail 0.091720615 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.18344123 
 t Critical two-tail 2.306004133   
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t-Test: Two-Sample Assuming Equal Variances (Next Generation ePTFE Ballooned) 

   

  
Major Axis 

(mm) Minor Axis (mm) 

Mean 4.2852 6.1956 
Variance 1.1952472 0.9703683 
Observations 5 5 
Pooled Variance 1.08280775 

 Hypothesized Mean 
Difference 0 

 df 8 
 t Stat -2.902810171 
 P(T<=t) one-tail 0.00990309 
 t Critical one-tail 1.859548033 
 P(T<=t) two-tail 0.019806181 
 t Critical two-tail 2.306004133   
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E. All material’s tearing strengths 

 

Atex Control Weft yarn 
strength  

Atex Control Warp yarn 
strength 

 
Max load (N) 

  
Max load (N) 

1 30.33 
 

1 37.17 

2 26.77 
 

2 37.05 

3 27.81 
 

3 36.86 

Mean 28.31 
 

Mean 37.03 

Std Dev. 1.83 
 

Std Dev. 0.16 

CV% 6.47 
 

CV% 0.43 

     Atex RF Weft yarn 
strength  

Atex RF Warp yarn 
strength 

 
Max load (N) 

  
Max load (N) 

1 32.18 
 

1 39.29 

2 29.85 
 

2 31.53 

3 26.00 
 

3 37.17 

Mean 29.34 
 

Mean 35.99 

Std Dev. 3.12 
 

Std Dev. 4.01 

CV% 10.64 
 

CV% 11.15 

     Atex Balloon Weft yarn 
strength  

Atex Balloon Warp yarn 
strength 

 
Max load (N) 

  
Max load (N) 

1 26.33 
 

1 33.38 

2 27.08 
 

2 35.11 

3 26.10 
 

3 34.40 

Mean 26.51 
 

Mean 34.30 

Std Dev. 0.51 
 

Std Dev. 0.87 

CV% 1.93 
 

CV% 2.55 
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Endurant Control Weft 
yarn strength  

Endurant Control Warp 
yarn strength 

 
Max load (N) 

  
Max load (N) 

1 8.51 
 

1 12.99 

2 7.80 
 

2 14.09 

3 7.52 
 

3 12.05 

Mean 7.94 
 

Mean 13.04 

Std Dev. 0.51 
 

Std Dev. 1.02 

CV% 6.40 
 

CV% 7.83 

     Endurant RF Weft yarn 
strength  

Endurant RF Warp yarn 
strength 

 
Max load (N) 

  
Max load (N) 

1 9.15 
 

1 15.80 

2 9.22 
 

2 15.87 

3 9.22 
 

3 15.12 

Mean 9.20 
 

Mean 15.59 

Std Dev. 0.04 
 

Std Dev. 0.42 

CV% 0.41 
 

CV% 2.66 

     Endurant Balloon Weft 
yarn strength 

 
Endurant Balloon Warp 

yarn strength 

 
Max load (N) 

  
Max load (N) 

1 9.85 
 

1 17.77 

2 7.51 
 

2 17.59 

3 8.43 
 

3 14.40 

Mean 8.60 
 

Mean 16.59 

Std Dev. 1.18 
 

Std Dev. 1.90 

CV% 13.72 
 

CV% 11.44 
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Medifab  Control Weft 
yarn strength  

Medifab Control Warp 
yarn strength 

 
Max load (N) 

  
Max load (N) 

1 5.32 
 

1 6.51 

2 6.11 
 

2 7.12 

3 5.84 
 

3 5.92 

Mean 5.76 
 

Mean 6.51 

Std Dev. 0.40 
 

Std Dev. 0.60 

CV% 7.02 
 

CV% 9.21 

     Medifab RF Weft yarn 
strength  

Medifab RF Warp Yarn 
strength 

 
Max load (N) 

  
Max load (N) 

1 7.09 
 

1 8.18 

2 6.89 
 

2 8.20 

3 6.53 
 

3 8.04 

Mean 6.84 
 

Mean 8.14 

Std Dev. 0.29 
 

Std Dev. 0.09 

CV% 4.18 
 

CV% 1.10 

     Medifab Balloon Weft 
yarn strength 

 
Medifab Balloon Warp 

Yarn strength 

 
Max load (N) 

  
Max load (N) 

1 6.89 
 

1 10.23 

2 6.91 
 

2 9.03 

3 7.78 
 

3 10.98 

Mean 7.20 
 

Mean 10.08 

Std Dev. 0.50 
 

Std Dev. 0.98 

CV% 7.01 
 

CV% 9.77 
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Standard ePTFE Control 
Longitudinal 

 
Standard ePTFE Control 

Cross direction 

 
Max load (N)  

 
Max load (N) 

1 10.31 
 

1 9.23 

2 9.10 
 

2 8.90 

3 10.73 
 

3 9.46 

Mean 10.05 
 

Mean 9.20 

Std Dev. 0.85 
 

Std Dev. 0.28 

CV% 8.44 
 

CV% 3.08 

     Standard ePTFE RF 
Longitudinal 

 
Standard ePTFE RF Cross 

direction 

 
Max load (N)  

 
Max load (N) 

1 14.33 
 

1 8.28 

2 10.26 
 

2 6.84 

3 10.50 
 

3 8.39 

Mean 11.70 
 

Mean 7.83 

Std Dev. 2.28 
 

Std Dev. 0.87 

CV% 19.51 
 

CV% 11.06 

     Standard ePTFE Balloon 
Longitudinal 

 
Standard ePTFE RF + 

Balloon Cross direction 

 
Max load (N)  

 
Max load (N) 

1 10.35 
 

1 8.57 

2 8.86 
 

2 17.69 

3 21.21 
 

3 7.31 

Mean 13.47 
 

Mean 11.19 

Std Dev. 6.75 
 

Std Dev. 5.66 

CV% 50.06 
 

CV% 50.62 
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Next Generation ePTFE 
Control Longitudinal  

Next Generation ePTFE 
Control Cross direction 

 
Max load (N) 

  
Max load (N) 

1 5.44 
 

1 11.49 

2 4.27 
 

2 12.45 

3 5.93 
 

3 12.82 

Mean 5.21 
 

Mean 12.25 

Std Dev. 0.85 
 

Std Dev. 0.69 

CV% 16.33 
 

CV% 5.61 

          

Next generation ePTFE RF 
Longitudinal  

Next Generation ePTFE RF 
Cross direction 

 
Max load (N) 

  
Max load (N) 

1 5.81 
 

1 11.23 

2 4.47 
 

2 7.16 

3 3.62 
 

3 5.40 

Mean 4.63 
 

Mean 7.93 

Std Dev. 1.10 
 

Std Dev. 2.99 

CV% 23.81 
 

CV% 37.71 

     Next Generation ePTFE 
Balloon Longitudinal  

Next Generation ePTFE 
Balloon Cross direction 

 
Max load (N) 

  
Max load (N) 

1 14.13 
 

1 6.07 

2 10.76 
 

2 5.00 

3 11.81 
 

3 6.62 

Mean 12.23 
 

Mean 5.89 

Std Dev. 1.72 
 

Std Dev. 0.82 

CV% 14.08 
 

CV% 13.95 
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F. Correlation plots 

 

Chart showing the correlation between the woven fabrics’ tearing strengths and their 
thickness. 

 

Chart showing the correlation between all five materials tearing strengths and their 
thickness. 
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Chart showing the correlation between the woven fabrics tearing strengths and their mass 
per unit area. 

 

 

Chart showing the correlation between all five materials tearing strengths and their mass 
per unit area. 
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Chart showing the correlation between the woven fabric count and fabric tearing strength. 

 

 

Chart showing the correlation between the weight of one set of yarns and the fabric tearing 
strength.  
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G. All the materials bursting strengths 

Atex Control 
Max Load  

(N)  
Atex RF 

Max Load  
(N)  

Atex Balloon 
Max Load  

(N) 

1 485.94 
 

1 400.98 
 

1 369.33 

2 453.92 
 

2 352.01 
 

2 344.43 

3 446.76 
 

3 346.22 
 

3 376.28 

Mean 462.21 
 

Mean 366.41 
 

Mean 363.35 

Std Dev 20.86 
 

Std Dev 30.08 
 

Std Dev 16.75 

CV% 4.51 
 

CV% 8.21 
 

CV% 4.61 

 

Endurant  
Control 

Max Load  
(N)  

Endurant  
RF 

Max Load  
(N)  

Endurant  
Balloon 

Max Load  
(N) 

1 267.86 
 

1 194.45 
 

1 58.97 

2 258.97 
 

2 198.76 
 

2 58.65 

3 256.60 
 

3 182.10 
 

3 56.66 

Mean 261.14 
 

Mean 191.77 
 

Mean 58.10 

Std Dev 5.94 
 

Std Dev 8.65 
 

Std Dev 1.25 

CV% 2.27 
 

CV% 4.51 
 

CV% 2.16 

 

Medifab 
Control 

Max Load  
(N)  

Medifab 
RF 

Max Load  
(N)  

Medifab 
Balloon 

Max Load  
(N) 

1 313.25 
 

1 215.11 
 

1 55.61 

2 322.00 
 

2 178.43 
 

2 50.67 

3 326.81 
 

3 214.52 
 

3 50.22 

Mean 320.68 
 

Mean 202.69 
 

Mean 52.17 

Std Dev 6.88 
 

Std Dev 21.01 
 

Std Dev 2.99 

CV% 2.14 
 

CV% 10.37 
 

CV% 5.73 
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Standard ePTFE  
Control 

Max Load  
(N)  

Standard 
ePTFE  

RF 

Max Load  
(N)  

Standard 
ePTFE  

Balloon 

Max Load  
(N) 

1 227.01 
 

1 226.51 
 

1 52.09 

2 263.84 
 

2 177.30 
 

2 41.54 

3 232.06 
 

3 214.53 
 

3 90.62 

Mean 240.97 
 

Mean 206.11 
 

Mean 61.42 

Std Dev 19.97 
 

Std Dev 25.66 
 

Std Dev 25.84 

CV% 8.29 
 

CV% 12.45 
 

CV% 42.07 

 

Next 
Generation 

ePTFE Control 

Max 
Load 
(N) 

 

Next 
Generation 

ePTFE RF 

Max 
Load 
(N) 

 

Next 
Generation 

ePTFE Balloon 

Max 
Load 
(N) 

1 103.62 
 

1 86.41 
 

1 38.73 

2 114.19 
 

2 97.83 
 

2 35.53 

3 128.35 
 

3 105.54 
 

3 31.19 

Mean 115.39 
 

Mean 96.59 
 

Mean 35.15 

Std Dev 12.41 
 

Std Dev 9.63 
 

Std Dev 3.79 

CV% 10.75 
 

CV% 9.97 
 

CV% 10.77 
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H. Fenestration measurements of all materials after fatiguing 

BEFORE FATIGUING 
 

AFTER FATIGUING 

Atex RF 
Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 Atex RF 
Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

1 0.48 0.46 0.22 
 

1 0.86 0.75 0.38 

2 0.55 0.45 0.22 
 

2 0.79 0.74 0.39 

Average 0.51 0.46 0.22 
 

Average 0.83 0.75 0.38 

Standard  
Deviation 

0.05 0.01 0.00 

 

Standard  
Deviation 

0.05 0.01 0.01 

CV% 9.08 1.24 1.94 
 

CV% 6.60 1.04 2.95 

         
Atex  

balloon 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 
Atex  

balloon 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

1 1.98 1.10 1.71 
 

1 1.68 1.45 2.37 

2 1.84 1.04 1.51 
 

2 2.04 1.67 2.91 

Average 1.91 1.07 1.61 
 

Average 1.86 1.56 2.64 

Standard  
Deviation 

0.10 0.04 0.14 

 

Standard  
Deviation 

0.26 0.16 0.38 

CV% 5.08 3.57 8.85 
 

CV% 13.82 10.21 14.37 
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BEFORE FATIGUING  AFTER FATIGUING 

Endurant RF 
Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 
Endurant 

RF 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

1 0.64 0.58 0.40 
 

1 0.85 0.62 0.45 

2 0.50 0.44 0.27 
 

2 0.64 0.92 0.45 

Average 0.57 0.51 0.34 
 

Average 0.75 0.77 0.45 

Standard  
Deviation 

0.10 0.10 0.09 

 

Standard  
Deviation 

0.15 0.21 0.00 

CV% 17.49 20.28 27.78 
 

CV% 19.93 27.70 0.95 

         
 

      
 

Endurant  
balloon 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 
Endurant 
balloon 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2)  

1 6.25 1.77 12.09  1 6.57 1.86 9.56 
 2 5.98 2.15 10.92  2 6.50 1.84 9.09 
 Average 6.11 1.96 11.51  Average 6.54 1.85 9.32 
 Standard  

Deviation 
0.19 0.27 0.83 

 
Standard  
Deviation 

0.05 0.02 0.33 

 CV% 3.16 13.64 7.19  CV% 0.74 1.03 3.56 
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BEFORE FATIGUING 

 
AFTER FATIGUING 

Medifab 
RF 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 Medifab RF 
Major 
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

1 0.69 0.71 0.45 
 

1 0.68 0.70 0.45 

2 0.70 0.66 0.52 
 

2 0.51 0.63 0.49 

Average 0.70 0.69 0.49 
 

Average 0.60 0.66 0.47 

Standard  
Deviation 

0.01 0.04 0.05 

 

Standard  
Deviation 

0.12 0.05 0.03 

CV% 1.02 5.25 11.06 
 

CV% 20.20 7.38 5.42 

        
 

        

Medifab 
Ballooned 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 
Medifab 

Ballooned 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

1 7.14 1.50 6.28 
 

1 8.15 1.64 8.31 

2 7.65 1.48 6.22 
 

2 8.10 1.60 8.02 

Average 7.39 1.49 6.25 
 

Average 8.12 1.62 8.17 

Standard  
Deviation 

0.36 0.02 0.05 

 

Standard  
Deviation 

0.04 0.03 0.21 

CV% 4.93 1.09 0.74 
 

CV% 0.51 2.01 2.54 
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BEFORE FATIGUING  AFTER FATIGUING 

Standard 
ePTFE RF 

Major  
Axis 

(mm) 

Minor 
Axis 

(mm) 

Area 
(mm2) 

 
Standard 
ePTFE RF 

Major 
Axis 

(mm) 

Minor 
Axis 

(mm) 

Area 
(mm2) 

1 0.50 0.54 0.18 
 

1 0.44 0.56 0.18 

2 0.35 0.39 0.10 
 

2 0.34 0.41 0.14 

Average 0.43 0.46 0.14 
 

Average 0.39 0.48 0.16 

Standard  
Deviation 

0.11 0.11 0.06 

 

Standard  
Deviation 

0.07 0.11 0.03 

CV% 24.96 23.70 41.23 
 

CV% 18.65 22.13 16.79 

         
Standard ePTFE 

ballooned 

Major 
 Axis 
(mm) 

Minor 
Axis 

(mm) 

Area 
(mm2) 

 
Standard  

ePTFE 
ballooned 

Major 
Axis 

(mm) 

Minor 
Axis 

(mm) 

Area 
(mm2) 

1 (tubular) 6.121 2.997 14.151 
 

1 (tubular) 5.08 2.94 11.57 

2 4.212 6.121 18.280 
 

2 2.59 5.53 9.18 

Average 5.17 4.56 16.22 
 

Average 3.83 4.24 10.38 

Standard  
Deviation 

1.35 2.21 2.92 

 

Standard  
Deviation 

1.77 1.83 1.69 

CV% 26.13 48.45 18.01 
 

CV% 46.06 43.31 16.31 
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BEFORE FATIGUING  AFTER FATIGUING 
Next 

Generation 
ePTFE RF 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 
Next 

Generation 
ePTFE RF 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

1 0.48 0.54 0.14 
 

1 0.59 0.57 0.21 

2 0.56 0.58 0.25 
 

2 0.44 0.78 0.24 

Average 0.52 0.56 0.19 
 

Average 0.51 0.68 0.22 

Standard  
Deviation 

0.06 0.02 0.08 

 

Standard  
Deviation 

0.11 0.15 0.02 

CV% 11.19 4.42 40.30 
 

CV% 20.48 22.02 9.60 

         Next 
Generation 

ePTFE  
ballooned 

Major  
Axis 

(mm) 

Minor  
Axis 

(mm) 

Area 
(mm2) 

 

Next 
Generation 

ePTFE  
ballooned 

Major  
Axis 

(mm) 

Minor 
Axis 

(mm) 

Area 
(mm2) 

1 (tubular) 5.40 2.98 12.78 
 

1 (tubular) 5.09 3.20 11.54 

2 6.20 4.49 14.98 
 

2 5.16 4.37 11.91 

Average 5.80 3.74 13.88 
 

Average 5.12 3.79 11.72 

Standard  
Deviation 

0.57 1.07 1.55 

 

Standard  
Deviation 

0.04 0.83 0.26 

CV% 9.75 28.74 11.18 
 

CV% 0.86 21.85 2.20 
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