
ABSTRACT 

YAO, TONG. Accelerated Fatigue Study of In Situ Fenestrated Endovascular Stent Grafts 

Deployed inside the 3D Phantom of a Patient's Aortic Arch Aneurysm. (Under the direction 

of Dr. Martin W. King.) 

Abdominal aortic aneurysms (AAA) and thoracic aortic aneurysms (TAA) are 

localized dilations of the abdominal aorta and thoracic aorta respectively. They are the 

thirteenth leading cause of death in the United States [1, 2]. Endovascular aneurysm repair 

(EVAR) has become a routine approach to treat aortic aneurysms. At the same time, an in 

situ fenestration technique is used to treat complex aortic aneurysms when the aneurysm 

involves vital adjoining arteries such as the renal arteries or left subclavian artery, and 

deployment of a conventional stent-graft would block blood flow to the kidneys or the left 

arm [3,4].  

The objective of the present study was to investigate the long-term fatigue properties 

of this in situ fenestration technique, by developing a unique and personalized fatigue test 

method. The approach was to augment an Electroforce pulsatile accelerated fatigue tester 

with an accelerated cyclic cardiac motion system so as to reproduce the external stress  of 

cardiac motion and the internal pulsatile pressure and evaluate the long-term stability of a 

stent graft which had been deployed and in situ fenestrated inside a patient-specific 3-D 

aortic aneurysmal model.  

Four identical polyurethane elastomeric phantoms of a specific patient’s aortic arch 

aneurysm were fabricated by using a 3D printing technique. The patient had previously 

undergone endovascular stent graft deployment and retrograde in situ fenestration via the left 

subclavian artery. Then four Medtronic Valiant
®
 stent grafts were deployed inside the 



phantoms followed by in situ fenestration. Atrium
®
 covered stent extensions were then 

deployed at the fenestration site. An accelerated fatigue testing method was established by 

modifying an Electroforce
®
 pulsatile pressure fatigue tester and designing and fabricating a 

dynamic tensile cardiac motion system. The cardiac motion system was fabricated by 

utilizing a high speed 3000 rpm motor driven cam, which was selected to achieve 50 Hz 

frequency. This test method combined two types of fatigue, a pulsatile test and a tensile test, 

to mimic the actual fatigue situation for the endovascular stent grafts and the covered stents.   

The phantoms containing the stent-grafts were then attached to the fatigue tester and 

cycled at 50 Hz for up to 300 million cycles which is equivalent to 7.5 years of heart activity. 

CT scanning was used to capture changes in the dimensions of the covered stent, and 

endoscopy was used to view the shape and appearance of the covered stent and the luminal 

surface of the graft fabric during a series of fatigue testing intervals, namely: 0 days, 10 days, 

3 months, 8 months, 1 year, 5 years and 7.5 years. After fatigue testing, the phantoms were 

cut open and the medical devices were taken out for further examination and characterization. 

The fatigue test duration for the four phantoms terminated at different time points, that is: 8 

months, 1 year, 5 years and 7.5 years.   

As a result, it was found that this novel combined fatigue testing system was successful 

in exposing a deployed stent graft to a controlled and accelerated dynamic fatigue 

environment that included both an internal pressure waveform and a cyclic tensile 

displacement.  The results show that the dimensions, shapes and sizes of the fenestrated areas 

were not changed significantly during fatigue testing of all four phantoms as measured by CT 

scanning and endoscopy followed by a one way ANOVA test or a Welch’s ANOVA test 



assuming a confidence interval of 95%. The fabric properties, including fabric count, fabric 

thickness and bursting strength, around the fenestration opening were changed by the activity 

of in situ fenestration but did not change during subsequent fatigue testing. In summary, the 

results conclude that in situ fenestration was a reliable technique which for this particular 

patient should withstand up to 7.5 years in vivo without mechanical failure or complications.  
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Chapter 1: Introduction 

An aneurysm is a localized dilation of an artery. Aneurysms often occur in the 

abdominal aorta and thoracic aorta and so are known as abdominal aortic aneurysms (AAA) 

and thoracic aortic aneurysms (TAA) respectively. Abdominal and thoracic aortic aneurysms 

occur most commonly in individuals who are between 65 and 75 years old. Aneurysms are 

the thirteenth leading cause of death in the United States and the fifth leading cause of death 

for men over the age of 70 years.  

Endovascular aneurysm repair (EVAR), which involves a less invasive type of 

vascular surgery, is being used with increasing frequency to treat AAA and TAA. The device 

that is implanted permanently during endovascular surgery is called an endovascular stent-

graft. A stent-graft is a modular tubular device, which consists of one or more components, 

each one composed of a tubular surgical fabric or membrane supported by a rigid “stent” 

structure, which is usually made from metal. The graft fabrics are usually woven polyester 

fabric or an expanded polytetrafluoroethylene (ePTFE) membrane while the metallic stents 

are made from stainless steel or nitinol which has self-expanding properties.   

During the last decade, EVAR has become an accepted alternative to open repair. 

However, EVAR is only applicable when an aneurysm has adequate and suitable proximal 

and distal landing zones for the endovascular stent graft to achieve a proper seal above and 

below to aneurysm. If there is a complex aortic aneurysm with an inadequate landing zone, 

then extending the placement of either the proximal or the distal end of the endovascular 

stent graft is required. As a result, some branches or visceral arteries will be blocked by the 

deployment of the stent graft. Under these circumstances, a customized stent graft with 
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unique extensions for the particular patient needs to be ordered or fabricated. Alternatively, 

the surgeon may deploy more than one stent graft in the same aneurysm using a chimney or 

sandwich technique or, in an emergency situation, may perform an in situ fenestration on the 

graft material.  This will ensure that blood perfusion is maintained to the adjoining arteries 

for these more complex aneurysms with short necks which are not suitable for standard 

EVAR therapy.    

However, this technique has some uncertainty because of the lack of long-term clinical 

follow-up. Most of the literature points to the importance of long-term studies in order to 

verify the biostability of such a clinical approach. Because the in situ fenestration technique 

involves both an endovascular stent graft and one or more covered stents in the same aorta, 

complications due to fatigue and/or abrasion are likely to occur over the long term due to the 

continuous pulsatile blood flow and dynamic reciprocating movement of the heart. 

As a result, the long-term fatigue performance of these new EVAR approaches needs 

investigation. This study has established a novel and unique fatigue test method, which can 

evaluate the effect of both a pulsatile pressure waveform and dynamic cardiac motion on 

medical implants that have been deployed in the aorta and in situ fenestrated. With this 

approach, the long-term performance of individual patients’ specific medical implants can be 

evaluated and an appropriate selection of materials can be made to avoid complications and 

improve the next generation of endovascular stent grafts.  
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1.1  Problem statement 

In situ fenestration is a new technique introduced in the last decade that extends the use 

of EVAR to include patients with more challenging anatomy. It can be utilized to repair 

aortic aneurysms which have inadequate landing zones, or in emergency situations. However, 

the long-term results of this technique remain unknown. Therefore, a replica of a previous 

patient’s aortic arch aneurysm phantom was fabricated and the EVAR procedure with in situ 

fenestration was performed inside this phantom. By attaching the phantom with the 

fenestrated stent graft to the new fatigue tester, it was possible to investigate the long-term 

performance of the in situ fenestration technique. The size of the fenestration opening in the 

endovascular stent graft fabric was a vital dimension to be monitored in this study. For 

example, if the opening enlarged, this would lead to endoleaks and/or migration of the 

stented ancillary devices and result in further complications for the patient.  

The novel fatigue test method based on this problem was established to study the long-

term biostability of endovascular stent grafts following in situ fenestration.     
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1.2  Goals and Objectives 

The ultimate goal of this study was to develop a reliable fatigue test method that would 

operate under various test conditions, such as applied systolic/diastolic pressure, applied 

cardiac motion, the type of biomedical implants, and the shape and the size of an aortic 

aneurysm model. One of the objectives was to mimic the pulsatile fatigue of the medical 

implant after it had been deployed in an aortic aneurysm model and in situ fenestrated. Any 

changes in the appearance and integrity of the endovascular stent graft after in situ 

fenestration have been closely monitored during mechanical fatiguing.  

  In order to achieve this goal required an appropriate experimental design using 

various materials and equipment. The specific objectives of this study are listed below:  

1. Develop a fatigue test method using an Electroforce
®

 9110 Stent/Graft Test 

Instrument to test the long-term stability of a stent graft system which is deployed and in situ 

fenestrated inside a 3-D aortic aneurysmal model known as a phantom. 

2. Develop an accelerated cardiac motion system to reproduce the stress applied 

by reciprocating cardiac motion and to monitor the fatigue properties of the stent graft system, 

deployed in the aortic arch.  

3. Investigate alternative imaging modalities to visualize the polyester graft 

fabric and the size of the fenestrated opening deployed inside the polyurethane phantom. 

4. Use the accelerated fatigue test system to mimic the long-term mechanical 

fatigue and inter-device abrasion of commercial stent grafts deployed and in situ fenestrated 

inside the phantom.  
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5. Evaluate the change in diameter of the fenestrated opening, and any change in 

the size, structure and surface appearance of the stent graft and covered stent component 

deployed in the 3-D polyurethane phantom during the process of fatigue testing.  
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1.3  Outlines of the written dissertation 

This dissertation is divided into 10 chapters and the contents of each chapter are 

described briefly as follows.  

Chapter 1 includes the introduction to this dissertation which states the problem and 

the goal and objectives of this research study. Chapter 2 is a review of literature that provides 

background knowledge about the incidence of aortic aneurysms and current clinical therapies 

used to repair them. Chapter 3 described the methodology used in this study and explains the 

scope and role of each of the following chapters. Chapters 4-9 describe the main content of 

the dissertation that includes the design, fabrication and establishment of the new fatigue test 

method, the conceptual design and fabrication of the cardiac motion system, a comparative 

investigation of different imaging modalities, as well as the results and discussion during and 

after the fatigue test environment. The last, Chapter 10 serves as the concluding section of 

this dissertation. This means that the questions raised by the objectives have now been 

answered.  
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Chapter 2: Review of Literature 

2.1 Anatomy and Pathology of Aortic Aneurysms 

2.1.1 Abdominal and Thoracic Aortic Aneurysms  

The major large caliber artery that carries blood from the heart through the thorax and 

abdominal cavities is called the aorta (Figure 2.1) [5]. In humans it can range in size from 

about 40mm in diameter near the heart (the aortic arch) to about 24mm [6] in diameter at the 

bifurcation where the two iliac arteries in the abdominal cavity carry the blood to the legs. 

For patients with atherosclerosis an abdominal aortic aneurysm (AAA) and thoracic aortic 

aneurysm (TAA) are localized dilations of the abdominal aorta and thoracic aorta 

respectively (Figure 2.1) [5].  

 

Figure 2.1. Abdominal and thoracic aortic aneurysms [5] 

 

For patients with AAA the most common position to find the aneurysm is either 

above (suprarenal), across (intrarenal) or below (infrarenal) the junction with the two renal 

arteries, whereas for patients with a TAA, the aneurysm is usually located where the aortic 
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arch joins the descending aorta [1] (Figure 2.1). Additionally, TAA are further subdivided 

depending on their location as: ascending aortic aneurysms, aortic arch aneurysms and 

descending thoracic aneurysms [1].  Furthermore, the anchoring zones of these aneurysms 

can be described as five different zones (Figure 2.2), according to Ishimaru and Mitchell 

classification [7]. 

 

Figure 2.2 Anchoring zones of the thoracia aorta classfication according to Mitchel et al. [7] 

 

With the variation of age, sex, body weight, and disease state, the size of the 

aneurysm will tend to increase over time [8]. However its diameter usually has to exceed the 

diameter of the aorta by at least 50% before it is considered large enough to put the patient at 

risk of rupturing and requiring surgical intervention [9].  

Abdominal and thoracic aortic aneurysms occur most commonly in individuals 

between 65 and 75 years old and are more common among men, smokers [10,11] and people 

with atherosclerosis [1,12]. Additionally, it is the thirteenth leading cause of death in the 

United States and the fifth leading cause of death in men over age 70 [1, 2]. Abdominal and 

thoracic aortic aneurysms tend to remain asymptomatic for years [13], although occasionally 
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they cause pain in the chest, abdomen, back or legs [14]. The major complication of these 

aneurysms is rupture which causes rapid blood loss (hemorrhage) in the abdominal or 

thoracic cavity, and leads to death within minutes [15]. The rate of mortality from such 

hemorrhage remains high, i.e. between 40 and 60 percent for patients who have reached a 

hospital [14].  

 

2.1.2 Other Complex Aneurysms  

With improved techniques for the detection, diagnosis and monitoring of aortic 

aneurysms during the past decade, some complex aortic aneurysms are formed with this 

disease. The most typical ones are aortic arch aneurysms, thoracoabdominal aortic aneurysms 

(TAAA) and iliac artery aneurysms [3].  

Aortic arch aneurysms are a localized dilation in the thoracic arch (Figure 2.3). 

Patients presenting with an aneurysm of the aortic arch often have multiple aortic lesions or 

aneurysmal disease which involves extensive segments of the aorta [4]. These features of 

arch aneurysms are related to the location and the pathogenesis of the arch aneurysm itself 

[4]. More importantly, most of these aneurysms are either involved with left subclavian 

arteries and common carotid arteries, or have a short and inadequate landing zone for 

endovascular stent-graft deployment. Therefore, the treatment of this type of aneurysm by 

endovascular repair remains difficult and additional procedures, such as a fenestration, 

sandwich or chimney technique need to be introduced to treat these more challenging aortic 

arch aneurysms.  



   10 

 

 

Figure 2.3 Computed tomography scan of aortic arch aneurysm [16] 

 

Thoracoabdominal aortic aneurysms (TAAA) are aneurysms that extend anywhere 

from the left subclavian artery down to the aortic bifurcation [3].  Based on the extent and 

severity of an aneurysm, Crawford has classified them into four different types (Figure 2.4) 

[17]. The aneurysm that extends from the subclavian artery to the level of the renal arteries is 

a Type I TAAA. If it continuous to the bifurcation of the abdominal aorta in the pelvis it is a 

Type II aneurysm. These aneurysms that extend from the middle of the descending aorta to 

the bifurcation of the abdominal aorta in the pelvis are called Type III, while those that 

extend from the upper portion of the abdominal aorta to the bifurcation are referred to as 

Type IV aneurysms. The incidence of expansion and the risk of rupture of TAAA remains 

extremely high with a 76% untreated 2 year mortality rate and 4% to 20% operative mortality 

[3]. In addition to the aneurysm characteristics (Type I, II, III and IV), advanced age and an 

unhealthy lifestyle can add additional risks for aneurysm repair. [18] 
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Figure 2.4. The Crawford classification of thoracoabdominal aortic aneurysms [17] 

 

Most iliac artery aneurysms are associated with an AAA. When an iliac artery has a 

diameter greater than 1.8 cm and a hypogastric artery’s diameter is larger than 0.8 cm, then 

they are considered iliac aneurysms [3]. Patients present with either a unilateral or bilateral 

iliac aneurysm with equal frequency. In fact the literature reveals that nearly 10% of AAAs 

are associated with an iliac artery aneurysm whose etiology is usually associated with 

degenerative disease, but may also be secondary to trauma, inflammation, infection or an 

autoimmune disease [3].   
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2.2 Endovascular Stent Graft and Endovascular repair 

2.2.1 Endovascular Repair 

The patient’s age, disease state, aneurysm size and rate of expansion are all key 

factors to be considered when selecting the most appropriate option for patient management 

and/or therapy. The doctor has to choose between either no treatment, active surveillance and 

delayed repair, immediate open surgical repair (OSR), or endovascular repair (EVAR) [14]. 

Among these options, EVAR involves a less invasive type of surgery which is being used 

with increasing frequency to treat aortic aneurysms. The principle of EVAR is to create a 

blood tight seal against the internal wall of the artery above and below the aneurysm, thereby 

reducing the blood pressure on the aneurysmal wall and preventing rupture [19]. 

 

Figure 2.5. Endovascular repair of an abdominal aortic aneurysm with the use of an endovascular 

stent-graft [20] 
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Endovascular repair should be carried out in a sterile environment by a vascular 

surgeon or an interventional radiologist. The patient will be given either a general anesthetic 

or will have local anesthesia such as an epidural. [20] Catheters which include guidewires 

and a vascular sheath are introduced into the patient’s femoral artery or arteries, and then, the 

collapsed endovascular stent-graft is inserted inside its sheath. The catheter and its contents 

are visualized by diagnostic angiography which captures images of the aorta and determines 

the position of the stent-graft. The body or proximal component of the stent graft is first 

deployed into the aorta and the barbs or hooks that ensure the device achieves adequate 

fixation are engaged in the luminal arterial wall with the use of a balloon expansion catheter 

in order to prevent distal migration. Then, the limb components are deployed in the iliac 

arteries and attached by radial expansion inside the body of the stent graft [20]. Figure 2.5 

shows the sequence of the steps required for the delivery and deployment of a bifurcated 

endovascular stent grafts.  

 

2.2.2 Endovascular Stent-Grafts and their Delivery Systems 

The device that is implanted permanently during endovascular repair is called an 

endovascular stent-graft (Figure 2.6). This stent-graft is a modular tubular device, which 

consists of one or more components, each composed of a surgical fabric supported by a rigid 

“stent” structure, usually made of stainless steel or self-expandable nitinol. Surgical sutures 

are used to sew the graft material to the stent [21, 22].  
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The surgical fabric is usually a polyester woven fabric or an expanded 

polytetrafluoroethylene (ePTFE) membrane [22]. Since the graft material is more rigid and 

less compliant than the weakened artery, it acts as a conduit allowing the blood to pass 

through it without applying any pressure to the weakened wall of the aneurysm [19]. The 

stent graft has one or more modular components that are collapsed and loaded into a sheath 

before being introduced into the catheter delivery system. This system allows for the 

placement and deployment of the stent graft in the correct location extending through the 

length of the aneurysm and enables the two or more modular components to be permanently 

connected in situ.  

 

Figure 2.6. Endovascular stent-graft 

 

In order to optimize the selection of the graft material, there are several recommended 

criteria to be considered. They include a low profile i.e. a thin fabric and a flexible, tubular 

material. It should have radio opaque markers, be easily deployable and be durable and 

biostable. These characteristics ensure that the stent graft can be safely deployed and secured 

in the patient’s aorta without migrating over time. If successfully deployed this will cause the 

aneurysm to shrink and the stent-graft will last for the life expectancy of the patient without 

complications [24].  



   15 

 

Stent-grafts are designed to meet individual patient requirements either as a one-piece 

device or a modular one with one or two iliac limbs and/or extensions. If for example a 

patient requires a stent-graft to precisely fit the aorta and iliac artery diameters, and if the two 

iliac limbs need to be different sizes, either diameters or lengths, then a modular graft will be 

the better choice. However, the disadvantage of modular stent-grafts compared to the one-

piece device is that because they are continuously exposed to pulsatile fatiguing they may 

become disconnected over time and lead to device failure [24].  

Endovascular repair is a comparatively recent type of therapy [25]. It has superseded 

the traditional open surgical approach to the chest [26]. It involves making a small incision 

usually in the thigh and inserting a catheter into the femoral artery. This catheter enables the 

insertion of a guide wire and the delivery system, which comprises a sheath containing the 

stent-graft. When the stent-graft is in position inside the aneurysm, the sheath is pulled back 

to deploy the device. The stent-graft will then be expanded to fit the size of aorta and iliac 

arteries either by the nitinol stent which is self-expanding stents or with the use of an 

expanding balloon catheter. After expansion, the stent-graft will remain permanently in the 

aorta sealing off the aneurysm and providing a new path for the blood to flow to the iliac 

arteries [24]. Figure 2.7 shows a typical delivery system called the Flexor introduction 

system (Cook Medical, Bloomington, IN). This system enables stent-grafts to be deployed in 

the aorta and then fixed against the wall of the aorta. Low friction coatings and kink-

resistance treatments are applied to the surface of the sheath to enhance the ease of delivery 

[27].  
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Figure 2.7 A) Flexor hydrophilic, kink-resistant sheath, B) Flexor delivery system [27] 

 

2.2.3 Advantages and Limitations 

Surgical aneurysm repair provides a mechanical solution to reduce the chance that an 

aneurysm will continue to expand and eventually rupture [20]. Traditional open surgery is a 

direct and effective way to repair an aneurysm. However, it carries with it substantial risks 

depending on the surgical procedure and patient’s condition. Compared to open chest 

surgery, less invasive endovascular repair provides a more effective way to reduce the risk 

associated with open surgery and is ideally suited for older and frail patients who are unable 

to tolerate the trauma of open chest surgery [20]. Endovascular repair is a technique which 

can deliver a stent-graft through a relatively small delivery system from a remote site, such as 

the femoral artery. This reduces the risks of blood loss, infection and general anesthesia 

associated with open chest surgery [24].  

Endovascular repair also causes the patient less pain and allows faster recovery. This 

is primarily due to the smaller incision required compared with open surgery. Following 

EVAR, patients may require hospitalization for only a few days. They can usually return to 

normal activity after 4 to 6 weeks [28]. Comparatively, open surgical repair is a proven 

http://www.tx2lowprofile.com/what-is-open-surgical-repair.html
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procedure, but it requires long recovery and rehabilitation time, which can last up to 3 

months [28]. Additionally, open surgery is performed under general anesthesia and is 

associated with a higher 30-day mortality rate [20].   

Although endovascular repair offers many advantages over open surgery, its long 

term performance needs to be investigated, such as the durability of the device and the long 

term mortality rate and the health-related quality of life for the patient [29, 30]. In one study 

with 1,082 patients aged 60 years or older, those who received the EVAR therapy found that 

“EVAR offers no advantage with respect to the long term mortality rate and the health-

related quality of life (HRQL) It is found to be more expensive, and leads to a greater number 

of complications and re-interventions. However, it does result in a 3% better “neurysm-

related survival rate” [29].  The complications specific to EVAR include endoleaks, graft 

rupture, stent fracture, infection, stent-graft migration, graft kinking, renal infarction, iliac 

dilatation and aneurysm enlargement.  

Therefore, with the tendency for endovascular repair to be applied to a growing 

cohort of patient, problems with endovascular stent-grafts continue to exist. The types of 

failure and reasons for complications need to be identified and investigated. In fact, the long 

term biostability and biocompatibility of stent-grafts can only be improved through further 

research and development. 
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2.2.4 Complications for EVAR 

Complications associated with endovascular aneurysm repair (EVAR) invariably 

increase the morbidity and mortality rates of patients suffering from aortic aneurysms. 

Complications and failures of stent-grafts can be divided into the following six categories: 

endoleaks, stent-graft migration, limb ischemia, device failure, graft infection and other 

access-related complications [3]. 

Endoleaks  

An endoleak is the most common complication associated with EVAR. It occurs 

when blood continues to percolate into the aneurysmal sac and increases the internal pressure 

on the aneurysm despite the deployment of a stent-graft [3]. This kind of complication has 

been  reported in 12-44% of cases using the first generation of stent-grafts [31-35], compared 

to 15-22% of cases using the current generation of stent-grafts [3, 36-39]. 

Endoleaks are divided into five types based on the anatomical location or the reason 

for the leakage. They are as follows [40]:  

Type I: Perigraft leakage at the proximal and/or distal attachment zones. 

Type II: Retrograde flow from the patient’s lumbar or inferior mesenteric arteries. 

Type III: Leakage from a defect in the graft fabric, or due to inadequate sealing, or 

when the modular graft components become disconnected. 
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Type IV: Leakage due to graft fabric permeability (sometimes incorrectly referred to 

as “porosity”), which results in a generalized mild blush of contrast agent within the 

aneurysmal sac.  

Type V: leakage from an unknown origin. 

 

Figure 2.8. Four specific types of endoleaks [40] 

 

Type I endoleaks are the most ominous because they occur immediately following an 

EVAR, and they can lead to proximal and distal zone infection, aneurysm expansion and 

possible rupture [3]. This situation requires immediate attention, which may involve 

extending the proximal or distal ends of the stent graft with extension cuffs to improve the 

seal, or repeating the stent expansion procedure with a balloon catheter [3]. Type II 

endoleaks are due to blood entering and filling the aneurysmal sac via retrograde flow 

through the hypogastric or pelvic collateral arteries as shown in Figure2.8. In these cases, the 

complication is not related to the stent-graft or its placement since a complete seal has been 

achieved at the attachment zones [3].  
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Type III endoleaks can occur at the time of initial implantation or they may occur at a 

later date. They are primarily due to structural or mechanical failure of the graft, such as a 

fabric tear, stent fracture and fabric perforation and/or modular disconnection [40]. Type IV 

endoleaks are no longer common due to improvements in the design of the woven graft 

material which now has a very low blood permeability [3]. 

Stent- Graft Migration  

Migration refers to the movement of a stent graft within an artery after implantation. 

The general definition of graft migration which has been agreed to by the FDA and the 

various manufactures stipulates that the displacement must be greater than 10 mm [3]. Those 

stent grafts that are designed to promote active fixation with the use of protruding barbs or 

hooks have been found to have lower migration rates than grafts that rely solely on radial 

force for fixation [3]. Sometimes migration may lead to a type I endoleak which will require 

immediate clinical attention or a reoperation.  

Limb Ischemia 

Ischemia refers to the situation where there is inadequate blood supply due to a 

narrowing (stenosis) or blockage (occlusion) of a blood vessel. Stent graft limb ischemia can 

occur at the time of implantation or many months post operatively. The incidence of acute 

limb ischemia (i.e. at the time of implantation) is higher than it is during later months, when 

it is observed during follow-up. It can occur either near the attachment zones or in the body 

of the stent-graft and may be due to kinking, stenosis, thrombosis, and/or progression of the 

patient’s arterial occlusive disease [3].  
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Device Failure 

The literature reports a number of different reasons for in situ failure of a stent-graft 

device [41-43].  They include stent fracture, fixation hook fracture, or perforation and the 

formation of holes in the graft material. Those reports of clinical complications are inevitably 

associated with an increase in internal blood pressure and expansion of the aneurysmal sac, 

which can lead to rupture and the risk of death. Improvements in the functionality and 

durability of the next generation of endovascular stent grafts are therefore essential to ensure 

the long term safety and efficacy of EVAR therapy.  

Graft Infection 

Most graft infections occur between 6-36 months after implantation and occur at a 

rate of less than 0.05%. However when present, these infected endografts could result in 

catastrophic problems and lead to explantation and either extra-anatomic bypass or in situ 

reconstruction.  Strict adherence to sterile technique and administration of appropriate 

preoperative antibiotics are mandatory to reduce the risk of graft infection [3].  

Access-Related Complications 

 Access-related complications include both vascular and wound problems. The 

occurrence of these complications varies widely between devices. This group of 

complications can include dissection, rupture, embolus, thrombosis, lymphocele, 

pseudoaneurysm, and infection [3].  
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2.3  Fenestration Technique for EVAR 

2.3.1 Fenestrated endovascular aortic repair 

During the last decade, EVAR has become an accepted alternative approach to open 

repair [3]. However, EVAR is only applicable when an aneurysm has adequate and suitable 

proximal and distal landing zones to achieve an effective seal [3]. If there is a complex aortic 

aneurysm with inadequate landing zones, then the placement location of the proximal and/or 

distal ends of the stent graft need to be extended. As a result, some branch or visceral arteries 

may become blocked by the deployment of the stent graft. Under such circumstances, given 

that the standard EVAR procedure cannot ensure blood perfusion to these adjoining arteries, 

the technique of stent graft fenestration has been developed.  In particular complex 

abdominal aortic aneurysms with short necks encourage the addition of one or more 

fenestrations.  

In order to accommodate such patients a number of manufacturers of endovascular 

stent grafts are now fabricating customized "off-the-shelf" fenestrated devices for individual 

patients (Figure 2.9) [44,45]. 

 

Figure 2.9. Abdominal aorta after deployment of a prefabricated fenestrated stent graft that ensures 

blood flow to the renal arteries [44] 
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This requires the surgeon to provide detailed information about the size, diameter and 

length of the required stent-graft as well as the size, exact location and angle of the branches 

to fit the adjoining artery or arteries.  These branches will usually be made by inserting a 

covered stent or metal ring into the fenestrated opening and attaching it to the graft material 

of the main stent graft with a series of knotted sutures.  This stabilizes the fenestrated 

opening that has been created. While such "off-the-shelf" branched configurations can be 

tailor-made for a large number of patients, they will be more expensive to assemble and the 

time needed to wait for delivery is usually about 6-8 weeks.   

In emergency situations some skilled surgeons, who know the precise anatomy of 

their patient, are prepared to fenestrate and add customized branches to a standard 

endovascular stent graft in the operating room.  Such a physician-modified endovascular 

graft (PMEG) will first require deployment of the stent graft in the controlled sterile field. It 

will then be necessary to create one or more fenestrations at the desired locations, and 

manually attach the required stent extensions (Figure 2.10).  The PMEG stent graft must be 

reloaded back into its sheath for deployment in the patient.  This approach requires both 

technical skill and clinical experience, and is not recommended as a standard EVAR 

procedure [46].   
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Figure 2.10 A) A collapsed stent in a sheath is placed into the opening after the graft fabric has 

undergone physician-modified fenestration; B) The stent is deployed via balloon dilation; C) A 

balloon catheter is placed inside the proximal portion of the deployed stent; D) Inflation of the 

compliant balloon catheter results in flaring of the aortic end of the stent. [44] 

 

Regardless of the size of the landing zone, when an aortic arch or abdominal aortic 

aneurysm includes the adjoining branch arteries such as the carotid, subclavian, mesenteric or 

visceral arteries, the approach to ensure preservation of arterial flow within the branches is 

equally vital and challenging [47]. The use of a fenestration technique is therefore an 

effective way to create a hole in the graft fabric and allow blood flow to the required branch 

artery [48].  
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As indicated above, this fenestrated stent-graft technology is now being provided 

commercially by a number of device manufacturers who provide "off-the-shelf" fenestrated 

devices that meet the anatomic requirements of a large number of patients [45].  To date this 

approach has shown encouraging short and mid-term results [49]. However, the fabrication 

of a patient-specific customized device has certain limitations in emergency cases. There is 

the delay in device manufacture, the higher cost, and the anatomical and technical challenges 

that need a high degree of 3-dimensional imaging, analysis and planning [47]. For these 

patients an alternative clinical technique called “in situ fenestration” has become an 

alternative procedure in certain jurisdictions for patients undergoing emergency surgery.  

 

2.3.2 In Situ Fenestration  

 In situ fenestration is a procedure using an endograft or stent extension to re-

establish blood flow to a branch artery by fenestrating the graft fabric after the stent graft has 

been deployed in the patient’s body, rather than customizing the design and fabrication of the 

branched stent graft prior to implantation.  This technique gives surgeons and interventional 

radiologists the opportunity to manage complex aneurysms in an emergency setting [47].  

The literature reveals that both polyester (Dacron) fabric and ePTFE membrane can 

be fenestrated with the use of a radio frequency puncture probe, a laser probe or a robotically 

steered catheter. When using a mechanical device ePTFE is easier to perforate and cut, and 

the fenestrated area can be dilated with a standard angioplasty balloon, but tearing is more 

likely to occur with ePTFE graft material [47]. Standard angioplasty balloons or cutting 
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balloons can be used to enlarge the fenestration opening to the desired size [50].  

This fenestration approach requires the creation of a hole in the endovascular graft 

fabric, followed by the introduction of a short endograft or covered stent through the 

fenestrated opening and into the branch or visceral artery. Fixation is achieved by placing a 

balloon-expandable catheter inside the endograft or stent that passes through the customized 

fenestration site. By inflating the balloon catheter to the same diameter as the branch or 

visceral artery and by flaring the proximal end that remains in the aorta, the stent extension is 

fixed and firmly deployed through the fenestration [44]. 

The initial fenestration of the endograft material in the target location has already 

been described with the use of a needle, radiofrequency, or laser catheter device [4].  After 

fenestration, the opening in the fabric is then dilated to the desired diameter and a covered or 

uncovered stent is placed in the dilated opening to maintain the desired size and ensure 

perfusion of the target vessel [47]. This technique can be performed in either a retrograde or 

an antegrade approach and has been described most frequently in the aortic arch vessels. 

In situ fenestration has been used most frequently in the left subclavian artery (LSA) 

(Figure 2.11) [51, 52].  The literature also includes a case study when antegrade in situ 

fenestration of a renal artery was used as a bailout technique following inadvertent coverage 

during EVAR [53]. A hybrid approach with laparotomy and retrograde puncture has also 

been reported involving in situ fenestration of the superior mesenteric artery.   
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In aortic arch aneurysm repair, the LSA is often covered by the stent graft because of 

the need to extend the proximal landing zone or to allow the proximal part of the stent graft 

to lie in a relatively straight zone [16]. If a dominant left vertebral artery is covered by an 

endovascular stent graft this occlusion can result in an infarction in the posterior circulation. 

It should be noted that the LSA and its adjoining arteries also contribute to spinal 

cord perfusion [16].   

 

Figure 2.11 In situ fenestration showing A) the sheath inserted into the left subclavian artery. The 

thoracic stent graft has been partially deployed. B) The graft material is cut with a coronary cutting 

balloon. C) A Jomed covered stent is inflated across the expanded PTFE graft fenestration. D) Post-

surgical angiography shows no endoleaks and adequate antegrade flow into the left subclavian artery 

[51]. 
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In situ fenestration is an alternative solution for endovascular repair of complex 

aneurysms in the aortic arch as well as the proximal descending thoracic aorta. It does not 

require clamping or dissection of the common carotid artery and preserves antegrade blood 

flow [16]. However, given that the durability of the seal between the margins of the 

fenestration and the bridging stent extension is vital for the success of the procedure, a long-

term study is needed to ensure the stability and long term efficacy of this technique [47].  In 

situ fenestrations differ from standard preoperatively placed fenestrations in not having a 

metallic circumferential supporting ring attached to the margins of the opening.   

 

2.3.3 Clinical Examples of in Situ Fenestration 

McWilliams et al. [51] performed the first successful clinical application using in situ 

stent graft fenestration in order to maintain blood flow to the left subclavian artery. This 

treatment was employed during endograft repair of a saccular thoracic aortic aneurysm in a 

77-year-old woman. A modified Zenith TX1 stent graft was deployed and cutting balloons 

were then introduced through the fenestrated area to expand the covered stent. After the 

repair, it was confirmed that the aneurysm was excluded by the stent graft, while blood flow 

into the left subclavian artery (LSA) was preserved. Additionally, six months after the repair 

CT scans confirmed that no endoleak had formed and the LSA was still patent [51].  

This study demonstrated that in situ fenestration can serve as a suitable treatment for 

the repair of a thoracic aortic aneurysm, which had too short a landing zone for a routine 

stent graft approach. However, McWilliams et al pointed out that there remains some 



   29 

 

uncertainty about its long-term stability, because the fabric or membrane component could 

tear or fatigue over time [51].  

Bismuth et al [4] reported an endovascular aneurysm repair of a juxtarenal abdominal 

aortic aneurysm in 2012 with in situ fenestration.  In this case, the patient was a 70-year old 

man with a past medical history of diabetes who was found to have an infrarenal AAA [15]. 

The patient was discovered to have an inadequate proximal landing zone around the renal 

arteries and so in situ fenestration was performed to maintain blood flow to the left renal 

artery and the left kidney.   

During the endovascular repair, a W.L. Gore C3 Excluder® endovascular stent-graft 

was used. The procedure was routine with no complications and the patient returned to 

normal activities in less than a week. At 1 month follow up, no endoleaks, migration or stent 

occlusion were observed. While this in situ fenestration case was successful, the authors also 

suggested that a larger series with long-term follow-up would be necessary to enhance the 

understanding and suitability for appropriate patient selection [4].  In situ fenestration in the 

visceral and renal segment of the aorta has not been widely applied because of technical 

restraints in end organ ischemia and lack of easy access to branch vessels.  

Wheatley [54] performed in situ fenestration of the internal iliac artery (IIA) for a 76-

year-old patient in 2012. This patient’s left IIA was unintentionally covered by the infrarenal 

AAA repair with the deployment of an Excluder stent graft. Surgeons successfully 

fenestrated the polytetrafluoroethylene graft material in situ and an iCast balloon-expandable 

stent was placed across the fenestration to create a patent side branch and maintain the IIA 

patency [54].  Long term stable repair was demonstrated with a successful six year follow-up.  
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2.4  Chimney Technique and Sandwich Technique for EVAR 

2.4.1 Chimney Technique 

The chimney approach is a technique to treat complex aneurysms and requires 

multiple stent grafts or covered stents to be deployed in the same aorta. It was first described 

by Greenberg as an additional procedure that includes a bare or covered stent implanted 

parallel to the main endovascular stent graft to maintain vital blood perfusion to side 

branches [55, 56].   

This technique is applied specially to patients who have AAA and their proximal 

neck diameter, length, angulation and/or shape is not suitable for standard EVAR.  In 

addition, patients with juxtarenal or suprarenal aortic aneurysms larger than 5.5 cm, 

persistent proximal Type I endoleaks after standard EVAR, or proximal para-anastomotic 

pseudoaneurysms after open infrarenal repair can benefit from this approach [55, 57]. It is 

important to note that nearly 50% of AAA patients cannot use standard EVAR because the 

length of their infrarenal neck is too short. For example, if a patient’s infrarenal neck length 

is less than 15mm, then they are at a higher risk of generating a Type I endoleak [57]. The 

chimney technique can also be used for TAA patients so as to maintain flow to the vital supra 

aortic branches, such as the brachiocephalic, the left common carotid and left subclavian 

arteries [56]. Therefore, the concept of the chimney technique is to extend the sealed zone of 

a complex aneurysm neck so as to achieve aneurysm exclusion and the preservation of blood 

flow to the adjoining vessels [58].  
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Figure 2.12 shows an example of a chimney treatment with an endovascular stent 

graft plus two renal chimney stents [55]. To achieve this approach, the literature describes the 

following steps [57].   

1) Deploy two covered stents into the renal arteries with the stent extending outside 

the renal artery in the cranial direction.  

2) Deploy an endovascular stent graft into the aorta so that the graft material is 

covering the renal arteries.  

3) Dilate the covered stents and main stent graft simultaneously with balloon 

catheters. In this way, a “chimney” is formed that lies parallel to the stent graft but outside 

the main graft so as to preserve flow to the renal arteries [57]. 

 

Figure 2.12  Example of a chimney treatment with an endovascular stent graft and two renal chimney 

stents [57] 
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The chimney technique has the advantage of saving surgeons' and patients’ time 

because of the ability to use off-the-shelf stent graft devices that are immediately available on 

the commercial market.  As a result, this makes the chimney technique suitable for 

emergency cases when it is not possible for patients to wait for custom-made devices to be 

assembled by the manufacturer. This approach is also technically less demanding than some 

other alternative endovascular strategies [56, 57]. More importantly, the chimney technique 

may be able to provide a better solution for extending the proximal sealed zone, 

accommodating any native arterial angulation, potentially improving proximal fixation and 

restoring perfusion to the arterial branches [56, 57]. The disadvantage of this technique is the 

potential “gutter’ endoleak between the branch stent and the main endograft. The need for 

this technique will likely diminish with the wider availability of off-the-shelf fenestrated 

devices. 

 

2.4.2 Clinical Examples of Chimney Approach 

Moulakakis et al [58] reviewed 15 published reports describing the use of a chimney 

technique for maintaining blood flow to the visceral vessels. In these 15 reports, 93 patients 

were involved with a mean age of 71.9 ± 0.9 years. Out of the 93 patients, 77.4% had 

abdominal aortic aneurysms and 24.7% were operated on in a non-routine urgent setting. A 

total of 134 chimney grafts were deployed in these patients to preserve blood flow to the 

renal arteries, the superior mesenteric artery, the celiac trunk and inferior mesenteric artery. 

Between one to four chimney extensions were used in the same aneurysm depending on the 

patient’s anatomy [58].  
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Primary technical success was achieved for all patients [58]. Thirteen patients (14%) 

developed a Type I endoleak. Three of them were treated intraoperatively and four of them 

required a secondary intervention.  With the inclusion of a 9 ± 1 month follow-up, 131 of the 

134 chimney grafts remained patent [58]. 

Moulakakis et al claimed that this chimney technique generated relatively successful 

short term clinical outcomes despite anatomic limitations associated with the aortic neck. 

However, both long-term endograft durability and proximal fixation remain significant 

concerns [58].   

 

2.4.3 Sandwich Technique 

The sandwich technique was first introduced by Lobato et al in 2008 [59]. It is used 

to treat complex aortic aneurysms when the current standard endovascular repair (EVAR) has 

particular limitations and challenges due to the patient's unique anatomy. This technique 

involves deploying more than one stent graft in the same aneurysm so as to ensure blood 

perfusion to the adjoining vessels. For example, when a patient has an AAA combined with a 

common iliac artery (CIA) aneurysm, there is difficulty in obtaining an adequate distal 

landing zone for the stent graft limbs with standard EVAR [59]. In addition, these are 

potential sites for endoleaks. Therefore, a sandwich technique may be an option for such 

patients.  
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From reading the literature, there are four types of complex aortic aneurysms that still 

have technical challenges, which are not entirely overcome either by open surgery or by 

applying the current EVAR techniques. And the sandwich technique may be the most 

appropriate therapy for these aneurysms (Figure 2.13) [59, 60]: 

1) Aortic arch aneurysms (AcA) 

2) Thoracoabdominal aortic aneurysms (TAAA). Standard endovascular 

repair is not currently considered as a suitable method to treat TAAA because of 

the visceral arteries that are connected to the aneurysmal sac [18].  

3) Aortoiliac aneurysms (AIA) 

4) Isolated iliac artery aneurysms (IAA). The reason for using a sandwich 

technique for these two types of aneurysms (AIA and IAA) is because there is a 

lack of adequate vascular access and an absence of landing zones in the arterial 

segments proximal and/or distal to the aneurysm [3].  

Another advantage of using a sandwich technique is that the patient does not have to 

wait for the commercial custom-made device to be fabricated, which can take up to 6-8 

weeks [18]. This avoids requiring urgent patients to wait for surgery and so avoids the risk of 

their aneurysms expanding and rupturing during the waiting period.  
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Figure 2.13 Sandwich technique for A) aortic arch aneurysms (AcA), B) thoracoabdominal aortic 

aneurysms (TAAA), C) aortoiliac aneurysms (AIA) and D) isolated iliac artery aneurysms (IAA) [60] 
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2.4.4 Clinical Examples of Sandwich Technique 

A sandwich approach was first described by Lobato [59] to preserve the blood flow in 

the internal iliac artery (IIA) for patients with an abdominal aortic aneurysm (AAA) which 

either involved the common iliac arteries (CIA) or presented with an isolated CIA/IIA 

aneurysm [59].  

Lobato applied this technique during endovascular aneurysm repair of two patients. 

One patient was a 68-year-old Asian man with an expanding AAA and short CIAs [59]. A 

sandwich technique was preferred to a branched stent graft because both right and left CIAs 

had a diameter of less than 18 mm. By deploying a sandwich approach, blood flow to both 

IIA was preserved, and at the 6 and 12 month follow-ups both IIAs were patent and the 

aneurysm was still excluded [59]. Another patient was a 61-year-old asymptomatic man with 

an isolated bilateral CIA aneurysm, which extended to the right IIA [59]. Likewise, aneurysm 

exclusion and patency in both IIAs were confirmed at the 6 and 12 month follow-ups. Laboto 

also pointed out that a sandwich technique is a potentially promising tool whenever EVAR is 

practiced.  However, more experience with this method and longer periods of follow-up are 

necessary in order to compare this approach to other strategies and determine how to treat 

these complex aneurysms more successfully [59].  
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In 2010 Kolvenbach et al [61] reported that they used a sandwich approach for urgent 

endovascular treatment of patients with TAAA. Five patients were treated with a sandwich 

technique as illustrated in Figure 2.14, and only one patient presented postoperatively with a 

Type I endoleak, which was resolved 2 months later. A total of 17 devices were deployed in 

these five patients, and with the use of covered stent grafts blood flow to the patients’ 

visceral and renal branches was maintained (Figure 2.14).   

 

Figure 2.14. Schematic drawing of the sandwich technique used by Kolvenbach et al [61] 
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2.5 Advantages and Limitations of Fenestration, Sandwich and Chimney 

Techniques 

According to the literature described above, all three techniques: in situ fenestration, 

sandwich and chimney techniques are promising alternative approaches for emergency cases 

of complex aortic aneurysm repair.  They are not only able to exclude aneurysms from 

normal blood pressure by extending the proximal and/or distal landing zones, but they can 

also preserve blood flow to a range of vital branches, such as the left subclavian artery, the 

renal arteries, the hepatic artery, the splenic artery and the internal iliac arteries. These 

approaches are able to offer significant advantages for emergency cases compared to 

standard EVAR or open surgery. They have the ability to use off-the-shelf devices, provide a 

short waiting time, be cost effective and require less technically demanding and surgery.  

However, some complications such as endoleaks are known to occur, which means 

that additional studies need to be undertaken to reduce the incidence of further problems. 

Additionally, these three techniques all have some uncertainty because of the lack of long-

term clinical follow-up. All the authors listed above point to the importance of long-term 

studies to verify the stability of these techniques, since all of these approaches involve 

deploying more than one endovascular stent-graft or covered stent in the same aneurysm. 

Potential fatigue or abrasion problems caused by the pulsatile blood flow and/or body 

movement are likely to occur in the long term after implantation. 
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2.6  Fatigue of materials 

2.6.1 Introduction of fatigue 

Fatigue is defined as the failure of a material to perform as intended after repeated 

cyclic stresses at a level less than its ultimate failure strength as measured by a single 

application of stress [62].  This is a problem that causes the failure of many materials such as 

metals on the railway and in aircraft, concrete in buildings and textile fabrics used for 

clothing, medical and industrial applications. These materials were designed with what 

appeared to be an adequate margin of strength, but then during use unexpected catastrophic 

failure occurred after months or years of use because of the accumulative effect of the cyclic 

application of stress [62].  

Figure 2.15 shows a stress-strain curve of a brittle or elastic–plastic material under 

repeated stress [62]. This fatigue phenomenon can be caused either by tension-tension, 

compression-compression, or tension-compression stress.    

 

Figure 2.15 Stress-strain curves of materials under cyclic deformation 
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2.6.2 Fatigue in Textile Materials 

For textile fibers and fabrics, there are four major types of fatigue: tensile fatigue, flex 

fatigue, biaxial rotational fatigue, and surface shear and wear fatigue [62]. These four types 

of fatigue happen on a daily basis to both fibers and fabrics. The type of fatigue will be 

dependent on the fiber characteristics, the fabric construction and the particular application 

(Figure 2.16 and Figure 2.17).     

 

Figure 2.16 Loading patterns and/or schematic drawing of (A) tensile fatigue and (B) flexural fatigue, 

and SEM image of polyester fabric at different fatigue degree (C) tensile fatigue and (D) flexural 

fatigue [62] 
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Tensile fatigue happens when fibers are under cyclic longitudinal tension. The shape 

and pattern of the breaking crack of a fiber depends on the loading pattern and the 

characteristic of the fiber. Flexural fatigue occurs when fibers are bent. Kinkbands, which are 

localized buckling points within the oriented fiber structure, are often developed on the inside 

of the bend. With cyclic loading, the kinkbands fail and become an angular split through the 

bending zone and weaken the fiber (Figure 2.16) [62]. 

 

Figure 2.17 Loading patterns and/or schematic drawing of (A) biaxial rotational fatigue and (B) 

Surface shear and wear fatigue, and SEM image of polyester fabric at different fatigue degree (C) 

biaxial rotational fatigue and and (D) Surface shear and wear fatigue [62] 
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When a thick monofilament fiber is bent through 90
o
 and then rotated a number of 

times, biaxial rotational fatigue occurs. The fiber will start to crack axially and will 

eventually split in the lengthwise direction and generate a failed fiber with multiple split 

ends. Surface shear and wear fatigue occurs when fibers are in contact with each other and 

there us relative movement between them. Surface shear and wear also occurs when fibers or 

fabrics surface rub against any other type of materials, such as metals or ceramics. This type 

of fatigue is the most common type since every single fiber on the surface of the yarn and 

fabric is in contact with other materials in use. Different failure modes can occur based on 

the materials in contact with the fabric and the direction and level of the resulting tensile, 

flexural, rotational, compression and shear forces [62] (Figure 2.17).   

 

2.6.3 Fatigue in Endovascular stent-grafts 

The fatigue properties of endovascular stent-grafts are important in determine their 

long-term stability and clinical performance after deployment in the human body. Because of 

the pulsatile, function of the heart, the patient’s higher blood pressure and the continuous 

movement of the body and the aorta, endovascular stent-grafts are under continuous cyclic 

forces and pressures once implanted. Moreover, since these devices are designed to be 

permanent implants and are required to continue functioning in the aorta for ten or more 

years, superior fatigue properties are essential to ensure a long the service life that exceed the 

patient’s life expectancy.  
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Many different types of complications have been reported to occur . Most of them are 

related to the fatigue properties, such as endoleaks, graft migration, thrombosis, stent 

disruption, yarn shifting, fabric distortion and perforation [63]. In order to minimize these 

problems, fatigue testing should be carried out during the stage of new product development. 

A Bose ElectroForce® pulsatile radial fatigue/ stent-graft tester (Figure 2.18) can be 

used to test the fatigue properties of endovascular stent-grafts. Up to 12 stent-grafts can be 

mounted independently between a pair of manifolds each with its linear motor driven pump. 

The computer controlled system is able to deliver a known level of pulsatile radial strain to 

the stent devices under controlled temperature conditions. The applied systolic and diastolic 

pressures , the pulsatile frequency and the number and shape of the pulsatile cycles can be set 

by the computer’s control system to ensure the test conditions are known and reproducible.             

In addition to the pulsatile radial stress applied by the fatigue tester, it is also possible 

to mimic the accelerated pulsatile movement of the aorta. The displacement of the aortic root 

during the normal pumping function of the heart has be reported [64]. It has been shown to 

cause a movement of 8.9 mm vertically downward and a displacement of 5.5mm 

perpendicular to the plane of arch. In order to represent the appropriate displacement and 

pulsatile pressure profile of the aortic arch during fatigue testing, it is recommended that 

future accelerated in vitro fatigue trails incorporate a combination of both of these 

mechanical stresses during testing. 
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Changes in the appearance, dimensions and structure of the stent-graft and its 

components as a results of fatigue testing, such as endoleaks, device migration, yarn shifting, 

fabric distortion and graft perforation can be obtained by comparing the values measured 

before and after fatigue trail. If the accelerated frequency of the pulsatile wave form is set as 

50Hz, 10 years of life data, or 400 million cycles can be obtained in only three months.   

 

Figure 2.18 ElectroForce® pulsatile radial fatigue/ stent-graft tester 
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2.7 Friction and Wear of Materials 

2.7.1 Material Friction 

Friction refers to the resistance to motion of one solid object in contact with a second 

object when the two objects are moving relative to each other. Frictional forces may also 

apply tangentially to the surfaces so as to oppose and actually prevent any motion [65].  

Friction is of great importance because it occurs wherever there is relative movement 

between two objects. For instance, 0.5% of the Gross National Product of industrialized 

countries is lost because of the lack of knowledge of minimizing frictional forces by 

lubrication between sliding surfaces [65].   

 

The coefficient of friction, µ, is defined by the equation:  

                                                 µ = F / N,                                            (1) 

Where F is the force to move one surface over another, and N is the normal force 

pressing the two surfaces together [65]. Friction can be divided into two types, static friction 

and kinetic friction. Static friction is the force that must be overcome to begin sliding, and it 

is always at least as great as the kinetic frictional force. Kinetic friction is the force that must 

be overcome to continue sliding [66].   
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The frictional properties of metals need to be considered first since metals are the 

most prominent component in today’s machines and devices [65]. The frictional properties of 

metals are greatly affected by the presence of a surface film. In general, an unlubricated 

metal surface will be covered by a series of film layers, which includes an external first a 

contaminant layer on the outer surface. This is followed by an adsorbed gas layer, an oxide 

layer, and then a work-hardened layer at the bottom of the film closest to the metal’s interior 

[65]. Typically, metals have an initial coefficient of friction in the range from 0.1 to 0.3 [65]. 

Therefore, before evaluating the frictional properties of a metal, it is important to know what 

types of films are present on the metal’s surface and whether the metal is “clean” or is 

covered in contamination.  

On the other hand nonmetals, such as polymers and textile fabrics, show marked 

differences in frictional properties. Nonmetals tend not to have such high reactivity’s with 

oxygen and water vapor in the air. The presence of surface contamination for nonmetals is 

less important [65]. When nonmetals slide on themselves, the coefficient of kinetic friction 

ranges from 0.25 to 0.50 and the coefficient of static friction ranges from 0.4 to 0.6 [65]. 

Softer polymers and nonmetal materials, such as fibers and textiles, show more surface 

damage and abrasive wear compared to more rigid materials [67].  

The fundamental cause of friction can be explained in terms of its surface topography 

at the microscale level. All the surfaces are assumed to be rough at a microscale level. When 

two surfaces touch at their high points or asperities, compressive and shear stresses will lead 

to plastic deformation. The energy associated with plastic deformation will then cause 

localized heating, so that the clean surface will tend to soften and establish covalent bonds 
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bridging the interface between polymer molecules. This process will be accelerated by the 

heat generated from plastic deformation [66]. 

The total frictional force is the sum of an adhesion force and a deformation force. 

Because of the low surface energy, polytetrafluoroethylene, one of the common graft 

materials for endovascular stent-graft, does not adhere easily to other surfaces. This gives 

polytetrafluoroethylene the lowest coefficient of friction of any material (µ = 0.04) [66].  

 

2.7.2 Material Wear 

Wear is the removal of material from a solid surface as a result of mechanical action 

such as rubbing [61]. The amount of material removed is quite small and is sometimes 

undetectable by casual inspection. Additionally, wear is a slow process which is continuous 

and cumulative [65].  

There are four main types of wear: adhesive wear, abrasive wear, corrosive wear, and 

surface fatigue wear [65]. Adhesive wear is the type of wear when two smooth bodies slide 

over each other and fragments of material are pulled or removed from one surface and adhere 

to the other. Abrasive wear occurs when a rough hard surface slides on a softer surface and 

leaves grooves in it. The hard surface may also be composed of a soft material containing 

hard abradant particles in the surface.  

Corrosive wear occurs when sliding takes place in a corrosive environment and 

corrosion or oxidized products form a film on the material’s surface. This film will either 
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prevent, slow down, or alternatively accelerate the corrosion process. On the other hand, if 

friction damages this film, then the corrosion process will continue. Surface fatigue wear is 

observed after repeated sliding and friction over a limited area. The repeated loading and 

unloading cycles leads to the formation of surface cracks which will eventually cause the 

surface to break up into large fragments [65, 67]. 

 

 

Figure 2.19 schematic drawing of wear process (A) adhesive wear and (B) abrasive wear, SEM image 

of were (C) adhesive wear and (D) abrasive wear [65] 
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Figure 2.20 schematic drawing of wear process (A) corrosive wear and (B) surface fatigue wear, SEM 

image of were (C) corrosive wear and (D) surface fatigue wear [65] 

             

 

 2.7.3 Friction in Textile Materials  

When it comes to fibers, yarns and textiles, friction plays an important role in 

determining the ease of textile processing and the quality of the intermediate and final 

products. The behavior of many textiles is governed by their surface, mechanical and 

physical properties, which are all related to the frictional performance of the fibers, yarns and 

fabrics from which they are made [68].    
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When attempting to predict the abrasion resistance of textile products it is important 

to evaluate a number of major factors such as the fiber properties, yarn and fabric structure 

and geometry, fabric finishes, surface treatments, fiber blends and moisture content [69, 70].  

When a fiber has a low tensile modulus of elasticity, a large immediate elastic 

deformation, a high ratio of primary to secondary creep and a high level and rate of primary 

creep, then this fiber will have high abrasion resistance [69, 70]. Fiber length, diameter, and 

cross-sectional shape can also influence abrasion resistance. The shape of the fiber can 

change the interfiber cohesion within yarns and the magnitude of stresses that are 

experienced between fiber surfaces as a result of abrasion forces [69].  

Yarn twist, linear density and the number of plies are all yarn parameters that are 

reported to affect the frictional properties of a yarn and the fabric made from it [69, 70]. By 

increasing of the yarn twist, linear density and number of plies, the abrasion resistance will 

also increase [69]. The woven design or weave pattern is another factor that determines the 

frictional properties of a fabric [69, 70]. For example, a plain weave is reported to possess a 

higher resistance to flat abrasion compared to a twill or satin weave due to its superior yarn 

binding and the more uniform distribution of applied stresses [69]. Furthermore, when the 

warp yarns are protected by weft floats, the abrasion resistance will improve further. [69] 

Among the different types of fibers, nylon is believed to have the highest abrasion 

resistance [67]. As a result, the blending of nylon with natural fibers has been studied 

extensively to improve the abrasion resistance of natural fibers [69, 70]. Fiber cross-sectional 

shape, length and diameter will all influence the physical properties of a staple spun yarn 

whose strength is highly dependent on the fibers’ abrasion properties [69]. 
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Moisture is also an important factor that influences both hydrophilic and hydrophobic 

fibers [69]. All textile fibers other than natural celluloses lose strength when wet, expect for 

those with 0% moisture regain [69]. Regardless of whether fibers are hydrophilic or 

hydrophobic, the presence of liquid water on their surfaces is likely to act as a “lubricant” 

and change the friction properties of the sliding surface. This phenomenon supports the 

results of a study carried out by Wake [69] who found that a woven raincoat was stronger 

and more abrasion resistant when wet. Therefore, the moisture content and the presence of 

liquid water should be determined for all types of fibers, yarns and fabrics before reaching 

any conclusions about their frictional and abrasion performance.  
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Chapter 3 Methodologies 

This chapter describes a general summary of the methodologies used in this study. Test 

method development is the key step of this research project so as to evaluate the long-term 

stability of in situ fenestration procedure and the fatigue resistance of endovascular stent-

grafts. The investigation surrounding this development, which focuses on fabricating an 

aortic arch model, establishing a fatigue testing system, developing a cardiac system and 

finding appropriate image modalities to visualize the graft materials, is outlined and 

discussed in this chapter. 

3.1 Design of Experiment 

The research plan for this study consisted of developing a reliable fatigue test method 

with appropriate test conditions, such as the shape of the aorta and aneurysm, the pressure 

and temperature of the liquid environment and the correct cardiac motion, so that the fatigue 

test could reproduce the implantation conditions of an in-situ fenestrated endovascular stent-

graft and so evaluate the fatigue properties of this particular stent-graft/phantom system. 

Therefore, this research study is divided into seven steps, and each step is explained in the 

following separate chapters. 

1) Fabrication of custom designed polyurethane models (phantom) of the 

thoracic aorta containing a patient specific aortic arch aneurysm. 

2) Fabrication of a phantom mounting frame which allowed two 

phantoms to be attached to the Electroforce
® 

Stent/Graft pulsatile fatigue tester so 

they could both be fatigued simultaneously. 
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3) Fabrication of a cardiac motion system so that the affect of heart 

movement on the stability of the stent graft could be evaluated.  

4) Investigation of image modalities to visualize the polyester fabric of 

the endovascular stent-grafts while deployed inside the phantoms. 

5) Stent graft deployment and in situ fenestration carried out by a 

vascular surgeon and interventional radiologist utilizing the polyurethane 

phantom as an aneurysm model.   

6) Completion of 300 million cycles (7.5 years) of accelerated fatigue 

testing with the stent-grafts deployed inside the polyurethane phantoms while 

mounted on the Electroforce
® 

Stent/Graft pulsatile fatigue tester. 

7) Post-fatigue analysis of the endovascular stent grafts and covered 

stents to monitor changes in their dimensions and physical properties during the 

accelerated fatigue trial.  

 

3.2 Electroforce
®
 9110 Stent/Graft Test instrument  

An Electroforce
®

 9110 Stent/Graft Test Instrument (Figure 3.1) was employed to 

achieve accelerated pulsatile fatigue testing for the in situ fenestrated stent grafts. This 

fatigue tester was originally designed to monitor the fatigue life of intravascular prostheses 

such as vascular stents, grafts, heart valves, occluders and shunts under simulated human 

physiological stresses and strains.  
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Figure 3.1. Electroforce
®
 9110 Stent/Graft Test Instrument 

 

This tester provided an accelerated fatigue test by reducing the duration of a test and 

providing multi-billion cycle reliability. The pulsatile motion was achieved with two Bose® 

proprietary high-bandwidth, low distortion linear actuators which displaced a controlled 

volume of water inside the fatigue tester. The proprietary dual pulsatile power heads 

provided uniform pulsatile displacement at accelerated test frequencies. By changing the 

water level in the tank a controlled height above the tester and adjusting the volume of water 

displaced by the movement of the actuators enabled the pulsatile pressure of the water to be 

adjusted. In this way it was possible to control the systolic and diastolic pressures similar to 

any human blood pressure whether that was hypertensive, normotensive or hypotensive.  A 

thermal controller connected to the fatigue tester was used to control the temperature of the 

water inside the tester.  
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The operation of this Electroforce® pulsatile fatigue tester was controlled by a 

computer with a Bose® WinTest® programmable closed-loop servo control system. The 

number of cycles, the volume of water displaced, the pulsatile frequency and the waveform 

were set with the use of this software. The software, as presented in Figure 3.2, provided a 

continuous real-time display of the water displacement and water pressure.  

In this research study, instead of testing a series of straight vascular prostheses, which 

is how this Electroforce test instrument was originally designed, a long-term fatigue study 

was required to monitor the performance of stent grafts and a covered stent deployed in one 

phantom of a thoracic aortic aneurysm. Therefore, novel accommodations were needed to be 

carried out to provide the connection between the tester and the phantoms.  

 

Figure 3.2 Bose® WinTest® programmable closed-loop servo control system showing the real time 

display of water pressure and water displacement. 
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Chapter 4 Fabrication and Mounting of Custom Designed 

Thoracic Aorta Phantoms 

 

4.1  Patient information  

A patient specific aortic arch aneurysm was used to design the size and shape of a 

polyurethane model (phantom) for use in this study. The phantoms were fabricated in the 

Research Center of the University of Montreal Healthcare Center in Montreal, Quebec, 

Canada. The shape and size of the phantom were designed based on computed tomography 

(CT) scans of the patient who had the aortic arch aneurysm (Figure 4.1).   

This is a 74-year-old male patient who underwent a TEVAR for a thoracic aortic 

aneurysm with planned coverage of his left subclavian artery (LSA, Zone 2 deployment) in 

April of 2007.  As a result of this he had persistent claudication symptoms in his left arm that 

he felt quite debilitating.  Decision was eventually made to do a carotid subclavian bypass 

(Jan 2009) however he developed occlusion of the carotid subclavian bypass in May 2011.  

Symptoms of claudication subsequently returned and he underwent in-situ fenestration of his 

left subclavian to recanalize in Jun 2011. This TEVAR and in situ fenestration were carried 

out at Toronto General Hospital (Toronto, ON, Canada) under the direction of Dr. Leonard 

W. Tse (Vascular Surgeon) and Dr. K. T. Tan (Interventional Radiologist).   

Figure 4.1 shows a longitudinal view of the aorta and the aneurysm site. From this 

figure a convex shaped aortic aneurysm can be clearly seen. In addition, it is evident that the 
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aneurysm is close to the left subclavian artery and an in-situ fenestration was needed to 

preserve blood flow to the left subclavian artery. After conducting the TEVAR and in-situ 

fenestration, another CT scan was taken to locate the stent-graft and the covered stent. Figure 

4.2 shows the CT images of the same patient after endovascular repair. In this figure, a 

covered stent can be observed as it was deployed through the fenestration hole of the 

endovascular stent graft.  

 

Figure 4.1 CT image of the patient’s aortic arch aneurysm 

 

Figure 4.2 CT image after TEVAR repair and in situ fenestration of the same patient’s aneurysm 
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4.2 Phantom fabrication 

The molded thoracic aortic arch aneurysm phantom was a replica of computed 

tomography (CT) scans taken from the patient with a thoracic aortic arch aneurysm before 

undergoing surgery (Figure 4.1). In order to identify the 3D geometry, the outer arterial wall 

and the luminal boundary were manually segmented with ORS Visual software (Object 

Research Systems Inc., Montreal, QC, Canada) by measuring the image gradient in Figure 

4.3A. The 3D model was then transferred into PolyWorks (Version 8.1, InnovMetric Inc., 

Quebec City, QC, Canada) to smooth and resample the contours and to produce output files 

compatible with our 3D printer [71].  

An epoxy resin skeleton (Figure 4.3B) representing both the smoothed surface of the 

lumen and the lumen with the thrombus, was generated by a Dimension Elite 3D printer 

(Stratasys Ltd., Eden Prairie, MN). These positives were then used to create the master 

negative silicone molds, and so cast the replicas of the lumen and thoracic aortic arch 

thrombus [71].  

After fabricating the negative master silicone molds, a “lost-material” casting method 

was used, based on isomalt, which is a commercial sugar polyalcohol mixture widely used as 

a sweetener. The isomalt was melted at a temperature between 145 
o
C and 150 

o
C and poured 

into the two-part silicone mold to reproduce the shape of the lumen [71]. After casting, the 

isomalt core was cooled to room temperature for 2 h. It was then poured from the mold and 

the molded surface gently hand-polished to remove unavoidable residues at the mold 

junctions [71]. The diameter of the aortic root at the base of the ascending aorta was 
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estimated at 1 inch, while the luminal diameter of the descending aorta was 0.75 inch (Figure 

4.3C).  

To avoid diffusion of contrast material during imaging (typically gadolinium in MRA 

or iodine in CTA and DSA), 8 thin layers of liquid polyurethane (Product no: REN-6400-1, 

Huntsman International, Mississauga, ON, Canada) were painted uniformly onto the surface 

of the isomalt core. Additional time was allowed for the polyurethane coated layers to dry 

and Figure 4.3D shows the final phantom shape which was fabricated for this study.  Using 

this phantom fabrication approach, four identical phantoms were made and were used in the 

accelerated fatigue test with in situ fenestrated stent-graft deployed inside. 

 

Figure 4.3 A: 3D geometic rendering. B: 3D printed epoxy resin skeleton. C: Epoxy skeleton with 

specific connectors. D: Final polyurethane phantom model 
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4.3 Phantom dimensions 

The original dimensions of the phantoms were exactly the same as the size of the patient’s 

aneurysm and the diameter of the patient’s thoracic aorta. However, in order to properly 

attach the phantoms on the Electroforce Stent/Graft Fatigue Tester, the size of the connectors 

of each end of the aorta and arteries were modified as shown in Figure 4.4.  

The ends of brachiocephalic and carotid/subclavian trunks had a ¼ inch (6.35 mm) inside 

diameter and the proximal aortic root had a 1 inch (25.4 mm) inside diameter while the end 

of descending aorta had a ¾ (19.05) inch inside diameter to accommodate adapters which 

were designed for tubular connectors with these inside diameters respectively. 

 

Figure 4.4 Original dimensions of the polyurethane phantom 
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4.4  Phantom mounting frame  

A Plexiglas mounting frame was designed and fabricated to accommodate two  

identical phantoms and facilitate the connection between the two phantoms, the cardiac 

motion system and the Electroforce® Stent/Graft test instrument so that the two phantoms 

could be fatigued simultaneously. Figure 4.5 shows the shape, the structural details and role 

of this mounting frame, which is described in part 1 through to part 4 below.  

 

Figure 4.5 Phantom mounting frame 

Part 1: In order to accelerate the experiment and have statistically valid results, this 

mounting frame was designed based so as to accommodate and operate two identical 

phantoms at the same time. Thus, the two phantoms were tested simultaneously under the 

same conditions using the Electroforce® pulsatile fatigue tester.    

Part 2: Polyester/nylon spacer fabrics were used to hold the phantoms loosely in place 

(Figure 4.6). Since there was a dynamic pulsatile circumferential force applied to the 

phantoms while being tested, a compressible material was needed to accommodate the 
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pulsatile movement of the phantom so that during each cycle it was able to deform and then 

return to its original shape. Within this polyester/nylon spacer fabric, the nylon yarns inserted 

in Z or thickness direction could withstand the compressive forces and provide good shape 

recovery. This is the reason why polyester/nylon spacer fabrics were selected for this study.  

 

Figure 4.6 Phantom mounting frame with polyester/nylon spacer fabric and silicon/latex tubes 

 

Part 3: Silicon and latex rubber tubes were utilized to connect the phantoms to the 

fatigue tester (Figure 4.6). The size of these tubes was selected based on the size of the 

phantoms. For the brachiocephalic and carotid/subclavian trunks, ¼’’ silicon tubes were 

selected and connected to the phantom with straight barbed connectors (Figure 4.7). The 

proximal aortic root was connected by a 1’’ reduced Y-connector (Figure 4.7) and two ¾’’ 

latex rubber tubes, while the distal end of the descending aorta was connected by a ¾’’ 

reduced Y-connector and two 5/8’’ latex rubber tubes.  
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The reason to use the Y-connectors was to reduce resonance while operating the 

pulsatile fatigue tester. After all the tubes had been connected to the tester, the frame was 

attached to the fatigue tester by brackets and a stainless steel strut that enabled it to be kept in 

a secure position while testing.   

 

Figure 4.7 Straight braded connectors (left) and Y-connector 

Part 4: In order to introduce an additional cardiac motion to the system, a high-speed 

motor with cam a design was connected to the phantoms by an aluminum bar and clamps 

(Figure 4.8). The aluminum crosspiece enabled both phantoms to be attached and pulled up 

and down by the cam and motor. 

 

Figure 4.8 Aluminum crosspiece and clamps 
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The importance of using this frame was to mount the samples connected to the fatigue 

tester. The space where the samples were mounted did not need to be limited in between the 

linear actuators which was part of the original design. This new design can now also provide 

a new approach to test different irregular shaped samples on the Electroforce stent/graft test 

instrument. In addition, two phantoms were attached to the tester simultaneously, which 

reduced the testing time. And furthermore, the cardiac motion system was also attached to 

the phantoms while they were connected to the mounting frame.  
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Chapter 5 Cardiac Motion System 

5.1 Cardiac motion 

Several studies have shown that every time when the heart beats, there is a downward 

motion of the aortic root during systole and it returns to its previous position during diastole 

[72].  With cine-MRI studies, an axial downward displacement of 8.9mm was found in 

healthy subjects [73]. The force driving this aortic root motion accompanying every heartbeat 

is transmitted from the ventricular contraction of the aortic annulus through the aortic root, to 

the ascending aorta, the aortic arch, the supra-aortic vessels and ultimately the descending 

aorta [74]. Thus, the displacement of the aortic root has a direct influence on the deformation 

of the aorta and on the mechanical stresses applied to the aortic wall [72].  

Beller et al. [72] performed a finite element analysis of an aortic arch model by 

applying a luminal pressure of 120 mm Hg pressure and an 8.9mm axial displacement with a 

6-degree twist to the base of the aortic root. Figure 5.1 shows the resulting of vertical 

displacements along the aortic arch. It can be seen that the aortic root undergoes the largest 

displacement and the extent of the displacement is then gradually decreased along the arch. 

In addition, Beller et al. found that the twist did not influence the deformation of the aorta, 

nor did it significantly alter the related circumferential and longitudinal stresses [72].   
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Figure 5.1 Results of finite element analysis showing the extent of vertical downward displacements 

(mm) [72] 

 

 Since the main propose of this study was to evaluate the mechanical fatigue 

properties of stent-grafts deployed in the aortic arch, the motion of the aortic root was 

considered a key factor which could influence the fatigue properties of the stent-graft. 

Therefore, a mechanical vertical cardiac motion system needed to be designed and attached 

to the phantom system so as to better mimic the dynamic environment of the aortic arch.  

 

5.2 Linear solenoid 

A linear electrical solenoid was first chosen as the device to provide the reciprocating 

vertical cardiac motion to the phantom system (Figure 5.2). This solenoid consisted of a coil, 

a soft magnetic housing and a steel core. When an electrical current flowed through the coil, 

the electromagnetic field created by the coil attracted the steel core (Figure 5.3A). Then when 
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the coil was de-energized, the coil released the steel core and the external force returned it to 

its original position (Figure 5.3B). 

 

Figure 5.2 Electronic linear soleniod 

 

Figure 5.3 Principle of the electronic linear solenoid 

 

 A tubular designed extended life pull style solenoid (Figure 5.3) was selected due to 

the nature of this research study. Its superior wear resistance and extended service life was 

achieved by having a PTFE-coated rod and an O-ring return cushion to eliminate metal-to-

metal contact. Continuous motion was achieved by connecting the solenoid to a DC electrical 

programmable control system to mimic the continuous pulsing coming from the heart.  
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The working frequency of this solenoid could be changed using programmable 

software. It could provide a range of frequencies from 1 Hz to 10Hz. Figure 5.4 shows the 

linear solenoid attached to the phantoms and the pulsatile fatigue tester.      

 

Figure 5.4 Electronic linear solenoid attached to the phantoms and the fatigue tester 
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5.3 High speed motor-cam design 

Because the frequency provided by the linear solenoid, 1 Hz to 10 Hz, for the cardiac 

motion was slower than the accelerated pulsatile fatigue motion, which was set at 50 Hz, 

another motion system was fabricated by utilizing a high speed motor driven cam system. 

This cam could transfer a circumferential motion to a linear movement by adding a specially 

designed cam shaft to the motor (Figure 5.5). A pivot point and linear ball bearing were used 

to ensure linear vertical movement.  

 

 

Figure 5.5 High-speed cam designs 

A 3000 rpm (revolutions per minute) motor was selected to achieve a frequency of 50 

Hz. Furthermore, in order to provide the phantoms with a force comparable to that which  the 

heart supplies the aorta, a motor with a torque of 1.31 in-lbs was selected. This torque was 

calculated using the following equation: 



   70 

 

Torque= rFsinθ,                             (2) 

Where r represents the radius between the axis of rotation and the point of application of the 

force, which according to the literature is 5mm (0.197 inch) in this study [72]. F stands for 

the applied force, which in this study is 4lb and θ represents the angle between the radius and 

the applied force. In this calculation 90
o
 was chosen to achieve the minimum torque that the 

system should provide. Therefore the minimum torque provided in this study was 0.79 in-lbs, 

which led to the selection of a 1.31 in-lbs motor.  

A stainless steel bracket was made to attach the motor to a custom made plastic 

container. This container was fabricated to accommodate the size of the fatigue tester and 

protect the motor and cam from the pulsatile liquid environment (Figure 5.6). A stainless 

steel round disc was fabricated to magnify the rotational motion generated by the motor, and 

then a stainless steel shaft was added to connect the disc to a vertical aluminum bar that 

reciprocated through a stainless steel slotted guideway. A T-bar was installed to connect the 

vertical aluminum bar to the two phantoms through shoulder bolts and bearings. With this 

design the rotational motion could be transferred to a linear motion (Figure 5.5). In addition, 

a fan was attached to the plastic container so as to keep the high speed motor cool and avoid 

overheating. Also, rubber feet were added to the bottom of this container to eliminate 

vibration (Figure 5.6).  
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Figure 5.6 Cardiac motion system 

  



   72 

 

5.4 Modifications to the high-speed motor-cam design 

In was necessary to modify the motor-cam design three times so as to accommodate 

the high speed, high vibration and high friction while in operating. The modifications were 

mainly focused on finding the optimal material and design for the vertical metal connecting 

bar.   

The vertical movement was originally achieved by using an aluminum guide bar 

connected to a ball bearing (Figure 5.7A). The reason for this design was to ensure that the 

guide bar followed a vertical reciprocating motion. However, this set up resulted in a large 

amount of vibration which made the whole motor-cam system shake heavily while working. 

Therefore, the ball bearing was replaced with a rigid aluminum guideway with a plastic bar 

inside the slot (Figure 5.7B). With this second modification, the plastic bar remained within 

the slot which limited any sideways displacement so that only vertical motion was achieved. 

Since there were twelve screws in place along the length of the aluminum guide, there was a 

lot of wear and abrasion between the screws and the plastic bar. So eventually, the plastic bar 

broke due to the extensive wear and abrasion. 

The third and final modification solved the vibration and abrasion problems by 

changing the vertical bar back to an aluminum bar and adding a Plexiglas panel in between 

the screws and the vertical connecting bar (Figure 5.7C and 5.7D). With this design, the 

aluminum bar was able to move up and down continuously with little friction.  
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Figure 5.7 Three modifications of the cardiac motion system 

 

The final combined fatigue testing system is shown in Figures 5.8 and 5.9. With this 

design, the two phantoms, each containing a deployed and fenestrated stent-graft, underwent 

two types of fatigue. One was the pulsatile fatigue generated by the Electroforce Stent/Graft 

Test Instrument, while the other was the tensile fatigue generated by the high speed motor. 

These two types of fatigue motion provided simultaneous pulsatile and heart displacement 

mimicry to the stent grafts inside the phantoms.   

A B C D 
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Figure 5.8. Schematic drawing of combined fatigue testing system 

 

 

Figure 5.9  Photo of fatigue testing systems 

  



   75 

 

Chapter 6 Image Modalities Investigation 

6.1 Introduction 

In the situation when an aortic aneurysm needs to be repaired by in situ fenestration, it 

is important to follow the size of the fenestrated area and to monitor any subsequent changes 

that occur over time in vivo. While in the situation when an aortic aneurysm needs to be 

repaired by chimney/sandwich techniques, the deployed stent grafts do not achieve reach a 

circular cross-sectional shape, and the relative movement between adjacent devices can 

contribute to long-term fatigue and abrasion. Therefore, it is important to evaluate the 

performance of the polyester fabric graft material after implantation using an appropriate 

image modality. The aim of this chapter is to evaluate alternative visualizing modalities in 

order to determine which technique can be used to visualize polyester graft fabric either in 

vivo, or inside a polyurethane aneurysm phantom used for an accelerated in vitro fatigue test.    

The specific objectives of this chapter are: 

1) to coat commercial polyester stent graft fabrics with radio opaque 

coatings to make the graft material radio opaque;  

2) to determine whether these coated polyester fabric samples can be 

visualized by radiographic and computed tomographic (CT) scanning techniques;  

3) to evaluate whether these clinical CT scans or micro CT techniques are 

able to visualize the polyester material with and without contrast agent. In this case, 

no radio opaque coating was applied. 
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6.2  Methods 

6.2.1 Radio Opaque Coating 

Two types of coatings were applied to commercial polyester stent graft fabric materials. 

They include a layer of experimental silver nanoparticles and a layer of commercial silicon 

based radio-opaque ink.  

 Nano silver layer coating 

Cook Zenith
®
 flat graft fabric and Cook low profile (TX2

®
) flat graft fabric were 

initially coated by atomic layer deposition technique with Al2O3 films to try to facilitated the 

adhesion of silver nano particles to the fiber’s surface. The nanocoatings were achieved by 

applying a silver solution to the fabric’s surface in a dotted pattern. A solution of 1 mg/mL 

silver nanoparticle spheres in ethanol was used. The approximate diameter of the 

nanoparticles was 100nm. After coating, x-ray images were taken in a Faxitron x-ray cabinet 

imaging system (Faxitron Bioptics, LLC, Tucson, AZ) to determine whether the silver dots 

were able to provide enough radio-opacity to measure the dimensions of a fenestrated 

polyester fabric to the nearest ±1mm.      

Silicon-based radio opaque ink coating   

An alternative approach was to paint three different polyester fabric materials 

(Medtronic Endurant
®
 stent-graft containing polyester woven graft material and nitinol stent 

wire, Cook Zenith
®

 flat graft fabric, and Cook low profile TX2
®
flat graft fabric) with silicon-

based radio-opaque ink dots (Creative Materials Inc., Ayer, MA) measuring 1 mm apart 
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using a syringe and needle (Figure 6.1). The coated stent grafts and the flat fabrics (Cook 

Zenith
®
 and Cook low profile) were then cured at 120

o
C for 4 hours in a hot air oven. The 

cured materials were then immersed and rinsed in deionized water for 24h.  The mechanical 

properties, including the bursting strength, elongation at failure and initial Young’s modulus 

of the fabrics were measured before and after coating under both dry and wet conditions 

using the Standard Test Method ASTM D3787-15 “Standard Test Method for Bursting 

Strength of Textiles – Constant Rate of Traverse Ball Burst Test.” [75]. The load cell was 2 

kN and the cross head was operated at a speed of 305mm/min. Five repeated specimens were 

tested using an initial gauge length of 2 cm for the bursting test. 

 

Figure 6.1 A: Painted stent-grafts. B: Cook Zenith® flat fabric and C: Cook low profile TX2
®
 flat 

fabric 

 

6.2.2 X-ray visualization using a Faxitron cabinet imaging system  

The silver coated and silicon radio-opaque ink coated polyester materials were 

visualized using a Faxitron cabinet radiographic imaging system (Faxitron Bioptics, LLC, 

A 

B 

C 
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Tucson, AZ). Radiographs were taken using energy of 10kVp for 80s and the radio-opacities 

of both coatings were compared (Figures 6.2 and 6.3).  

6.2.3 Images scanned using clinical CT and micro CT  

A custom designed polyurethane thoracic aortic phantom containing a specific 

aneurysm in the aortic arch was utilized in this part of the study. Uncoated and radio-opaque 

ink coated Medtronic Endurant endovascular stent-grafts were deployed inside the phantom 

to mimic an in situ environment. Both a clinical CT scan and a micro CT scan were 

performed in order to visualize the polyester graft material with and without a liquid 

environment inside the phantom.  

The clinical CT scanning system, a Siemens Biograph
TM

 64 (Siemens, Germany) 

instrument was used to take longitudinal views of the stent-graft under wet conditions with 

water inside the phantom. Micro CT scans were undertaken using a GE Explore CT120 

system to view the stent-graft both in air and with iodine contrast medium.  

Contrast noise ratio (CNR) values were measured with a picture archiving and 

communication system to illustrate the differences in contrast between materials.  
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6.3 Results and Discussions 

6.3.1 Radiographic evaluation of nanosilver layer and silicon based radio-opaque 

ink coatings  

Radiographic images of the nanosilver particles and silicon based radio-opaque ink 

coated stent-grafts and flat fabrics are shown in Figure 6.2 and Figure 6.3.  

 

Figure 6.2 Radiographic images of the nanosliver coated polyester fabrics with different 

concentration levels of silver concentration (A) Cook Zenith® flat fabric control, (B) Cook Zenith® 

flat fabric coated with 1mg/ml nanosilver particle, (C) Cook low profile TX2
®
 flat fabric control and 

(D) Cook low profile TX2
®
 flat fabric coated with 1mg/ml nanosilver particle. 

 

 

 

Figure 6.3 Radiographic images of the silicon based radio-opaque ink coating (A) a stent-graft and 

(B) flat polyester fabric. B 

A 

B 
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Figure 6.2 shows that when viewed in a Faxitron x-ray cabinet, the nanosilver coated 

polyester could not be distinguished from the uncoated polyester material. At the same time 

the silicon based radio-opaque ink dots could be observed on the polyester fabric when 

viewed in the x-ray radiographic imaging system (Figure 6.3), which indicates that the radio-

opacity of the silicon based ink appeared to be similar to that of the nitinol stent material.  

 

6.3.2 Mechanical testing of silicon based ink coated polyester fabircs 

The average bursting strength test results measured before (control) and after coating 

the polyester fabrics with silicon based radio opaque ink, were calculated and are shown in 

Tables 6.1 and 6.2 (For the individual measurements made on the specimen, see Appendix A 

and B): 

Table 6.1: Bursting strength results of Cook Zenith® flat polyester fabric (mean ± 

standard deviation) 

Specimen 
Maximum load 

(N) 

Extension at Maximum Load 

(mm) 

Modulus 

(MPa) 

Control 137.8 ± 7.8 5.2 ± 0.6 195.8 ± 35.0 

Dry ink 139.9 ± 14.2 4.9 ± 0.5 212.6 ± 44.1 

Wet ink 145.1 ± 9.9 5.7 ± 0.9 183.1 ± 46.0 

 

Table 6.2: Bursting strength results of Cook low profile (TX2®) flat polyester fabric 

(mean ± standard deviation) 

Specimen 
Maximum load 

(N) 

Extension at Maximum Load 

(mm) 

Modulus 

(MPa) 

Dry control 88.3 ± 6.1 4.9 ± 1.0 120.4 ± 28.8 

Dry ink 83.9 ± 2.9 5.0 ± 0.5 127.4 ± 15.8 

Wet control 84.8 ± 8.6 5.1 ± 0.4 144.2 ± 26.5 

Wet ink 87.2 ± 5.4 5.8 ± 0.7 111.2 ± 8.9 
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The results in Tables 6.1 and 6.2 were analyzed by an analysis of variance (ANOVA) 

statistic assuming a normal distribution and confidence interval of 95%. All the comparisons 

between the treated and untreated (control) samples gave p > 0.05, which indicates that the 

application of the silicon based radio-opaque ink and water had no significant effect on the 

bursting strength, elongation at break or initial modulus of the polyester fabrics. 

  

6.3.2 Clinical CT scans with water and a contrast agent 

The images obtained from clinical CT scanning of the silicon based radio-opaque ink 

coated stent graft inside the aortic phantom in the presence of water are shown in Figure 6.4. 

 

Figure 6.4 CT scanned image of silicon based radio-opaque ink dots coated around a fenestrated hole 

in a Medtronic Endurant stent graft (left). A 3D volume rendering of the same fenestrated and coated 

Medtronic Endurant stent graft (right). 

 

Figure 6.5 CT scan of the uncoated stent graft deployed inside the phantom with contrast agent. 
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Table 6.3: Contrast noise ratio (CNR) values between different materials 

No. Material CNR 

Clinical CT 

CNR1 Ratio between polyester graft and water - 29.54 

CNR2 Ratio between silicon based ink dots and polyester graft 42.65 

CNR3 Ratio between silicon based ink dots and nitinol stent - 0.70 

CNR4 Ratio between nitinol stent and contrast agent 29.45 

CNR5 Ratio between polyester graft and contrast agent -1.76 

Micro CT 

CNR6 Ratio between nitinol stent and contrast agent 92.94 

CNR7 Ratio between polyester graft and contrast agent -1.15 

 

Images of the uncoated nitinol/polyester stent graft deployed inside the phantom are 

presented in Figures 6.5 and 6.6. Prior to taking these two images iodine contrast agent had 

been added to the solution inside the phantom. The contrast noise ratio (CNR) values 

between the different materials in this study are listed in Table 6.3.  

 

 

Figure 6.6 Cross-sectional CT scan view of the stent graft deployed inside the phantom with contrast 

agent. 

 

Figure 6.4 is an image sliced parallel to the axis of the stent graft, and it shows that 

there is a difference in CT number between the graft fabric and the water. In this case the 

difference in CNR value of -29.54 between the polyester fabric and water (Table 6.3) was not 
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enough to clearly define the hole. A more clearly visualized opening was achieved using ink 

dots (CNR2 = 42.65, Table 6.3) at the bottom of Figure 6.4. The radio-opaque ink shows up 

distinctly because it has a similar CNR value to that of the nitinol stent (CNR3 = -0.70, Table 

6.3). However, it does not appear to be precise enough so as to measure the dimensions of the 

fenestrated hole to the nearest ± 1mm.  

After deploying the Medtronic Endurant endovascular stent graft inside the phantom, 

4.5ml of Omnipaque iodine contrast agent solution were added to the water. In Figures 6.5 

and 6.6, the enhanced solution inside the vessel facilitated the viewing of the metal stents 

(CNR4 = 29.45, Table 6.3). And given the fact that the stent is assembled in contact with the 

fabric, these images ought to show where the fabric is located. However, there is insufficient 

contrast to visualize the polyester fabric separately from the liquid contrast agent (CNR5 = -

1.76, Table 6.3).  

 

6.3.2 Micro CT scans with air and a contrast agent  

Micro CT was used to visualize the stent graft while it was deployed inside the 

phantom. Figures 6.7 and 6.8 illustrate how the stent graft was visualized inside the phantom 

either with contrast agent or with air.  

 

Figure 6.7 Micro CT image of stent graft inside the phantom with contrast agent 
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Figure 6.8 Micro CT image of stent graft inside the phantom in air 

 

Figure 6.7 shows that the nitinol stent is clearly visible (CNR6 = 92.94, Table 6.3), but 

there is insufficient difference in CNR between the contrast agent and the polyester fabric 

(CNR7 = -1.15, Table 6.3) to allow them to be distinguished. Furthermore, when scanning the 

stent graft by Micro CT in air (Figure 6.8), the polyester fabric can be visualized because it 

has a CT number of voxels around -800. This confirms that the fabric with a thickness of 

only 0.22 mm stops very few x-rays and would be difficult to distinguish from water at any 

resolution. This suggests that visualization might be possible with micro-CT resolution in air, 

but this approach would not fit the need to image the fabric in the phantom that is pressurized 

by liquid. In addition, the nitinol wires create metal artifacts in the CT images that interfere 

with the ability to accurately locate the polyester fabric in all the slices. 
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6.4 Conclusions 

In order to detect fenestrated polyester graft fabrics as one of the components of a 

nitinol/polyester stent graft deployed inside a polyurethane phantom, two methods of coating 

with radio-opaque materials and two different imaging modalities were employed so as to 

visualize the polyester graft material. From the experimental results the following 

conclusions have been drawn. 

1. Nanosilver particles are not able to provide enough radio-opacity for 

polyester fabrics to be observed under x-ray imaging. 

2. Silicon based radio-opaque ink can be coated on polyester fabrics to 

provide adequate radio-opacity for use with x-ray radiographic imaging systems or 

CT modalities. The use of this technique will facilitate defining the location of the 

graft fabric, but not for measuring its dimensions to within + 1mm. The application of 

this ink has been shown not to affect the mechanical properties of the polyester graft 

fabric.  

3. Clinical CT and micro CT scanning are not suitable imaging 

modalities to visualize the polyester graft fabric as one of the components of an 

implantable stent graft regardless of whether if it is viewed with contrast agent or in 

air.      
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6.5 Next steps 

Another imaging modality, a high definition endoscope, was inserted into the phantom 

and the size of the fenestrated hole was measured by taking photographic images. The 

images obtained from the endoscope were able to provide accurate dimensions of the holes. 

Since the nitinol stent is readily visualized using plain radiographs or CT scans, and given the 

fact that the stent is attached to the fabric, the dimensions of the stent measured from 

radiographs or CT scans can be compared with the dimensions of the fenestration holes taken 

from the endoscopic images (Section 8.9.1). These comparisons will help to test whether the 

dimensions of the covered stent are equal to the dimensions of the fenestration in the graft 

fabric which is adjacent to the stent.   If they are equal or comparable, the radiographs or CT 

scans will be able to serve as the appropriate imaging modalities for measuring the 

dimensions of the fenestration in polyester fabrics as one of the components of endovascular 

stent grafts.  At the same time, the silicon based radio-opaque ink can be utilized to create 

locating lines on the polyester graft fabric for visualizing with either imaging modality. 
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Chapter 7 Endovascular Stent Graft Deployment and In Situ 

Fenestration 

7.1 Materials 

Four identical polyurethane phantoms were fabricated in the shape of a patient’s aortic 

arch aneurysm, and four endovascular stent grafts were deployed, one inside each, followed 

by in situ fenestration via the left subclavian artery.    

The materials being utilized were four Valiant
® 

thoracic endovascular stent grafts, their 

Captivia
®
 delivery systems (Medtronic Ltd, Brampton, ON, Canada) and four V12 covered 

stents (Atrium Medical Corporation, Hudson, NH). Amplatz extra stiff fixed core wire guides 

(Cook Medical Inc., Bloomington, IN), Baylis power wire, 5.0 French KMP Beacon Tip 

Torcon NB
®
 Advantage catheter (Cook Medical Inc., Bloomington, IN), Check-Flo 

Performer sheath (Cook Medical Inc., Bloomington, IN) and Mustang balloon dilatation 

catheter (Boston Scientific Corporation, Natick, MA) were used to assist in the stent 

deployment and in situ fenestration.  

The whole procedures were conducted in a liquid plasma-LYTE (Baxter, Mississauga 

ON, Canada) bath (Baylis Medical, Mississauga, ON, Canada) (Figure 7.1) and under 

Arcadis
®
 Orbic C-arm system (Siemens, Germany) (Figure 7.1) by vascular surgeons and 

interventional radiologists at Toronto General Hospital. 
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Figure 7.1 The phantom in a liquid plasma-LYTE bath (left) and Arcadis
®
 Orbic C-arm system (right) 
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7.2 Procedures  

The detailed procedures of an in situ fenestrations are as follows: 

1. The phantom was first mounted in a bath which is built by Baylis medical Inc. 

The bath contained a liquid Plasma-LYTE (Baxter, Mississauga ON) environment 

necessary for in situ fenestration (Figure 7.1). 

2. Four Valiant
®
 thoracic endovascular stent grafts (Medtronic Ltd, Brampton, 

ON, Canada) were deployed by means of Captivia
®
 delivery systems (Medtronic Ltd, 

Brampton, ON, Canada) inside the phantoms, so that the proximal end of the stent graft 

was resting just distal to the left common carotid artery and covering the left subclavian 

artery (Figure 7.2 A-C). Amplatz extra stiff fixed core wire guides (Cook Medical Inc., 

Bloomington, IN) were used during the deployment. The dimensions of these stent grafts 

are listed in Table 7.1:  

  

Table 7.1 Dimensions of Valiant
®
 thoracic endovascular stent grafts deployed in 

phantoms 

Phantom Number Diameter Graft length Overall length 

1 36mm 107mm 119mm 

2 36mm* 167mm 179mm 

3 36mm 107mm 119mm 

4 36mm* 207mm 219mm 

   *Proximal bare stent 
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3. A Baylis Medical Inc. power wire (Baylis Medical Inc., Mississauga, ON, 

Canada)  was then deployed by using a 5-French KMP Beacon Tip Torcon NB advantage 

catheter (Cook Medical Inc., Bloomington, IN) inside a 7-French Check-Flo Performer 

sheath (Cook Medical Inc., Bloomington, IN) (Figure 7.2 D). 

4. The endovascular stent graft was fenestrated by the power wire at the site 

where the blood should flow to the subclavian artery (Figure 7.2 D). 

5. The KMP catheter was advanced over the Powerwire and used in exchange 

for the Amplatz guidewire.  

6. The Powerwire was directed into the descending thoracic aorta. 

7. The KMP catheter was advanced into the descending thoracic aorta (Figure 

7.2 E). 

8. In two cases the Powerwire was changed for a Rosen wire (Cook Medical, 

Bloomington, IN), while in the other two cases the Powerwire continued to serve as the 

workhorse wire. 

9. A 5.0mm Mustang balloon dilatation catheter (Boston Scientific Corporation, 

Natick, MA) was then employed to expand the fenestration area. It was inflated up to 20 

atmospheres of pressure using a manometer. 

10. An 8.0 x 38mm V12 covered stent (Atrium Medical Corporation, Hudson, NH) 

was deployed in the left subclavian artery by means of an Amplatz extra stiff guidewire 

(Cook, Bloomington, IN) through the ballooned fenestration inside the endovascular stent 

graft and expanded at 10 atmospheres(Figure 7.2 F and G). 
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11. A 10.0mm balloon dilatation catheter (Boston Scientific Corporation, Natick, 

MA) was employed to flare the proximal end of the deployed covered stent at 10 

atmospheres (Figure 7.2 H).  

12. The phantom was then detached from the bath without disrupting the 

fenestrated stent graft or the covered stent. 

13. The above procedure was repeated for the other three phantoms.  

Radiographs of the procedures are shown in Figure 7.2. Four stent grafts were 

deployed and fenestrated following the same method, and the radiographs of the four 

phantoms after stent grafts deployment are shown in Figure 7.3.  

 

Figure 7.2 Radiographs of endovascular stent graft deployment and in situ fenestration 
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Figure 7.3 Radiographs of the four phantoms after stent graft deployment and in situ fenestration 
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Chapter 8 Accelerated Fatigue Testing 

8.1 Materials 

Four polyurethane aortic arch phantoms with Medtronic Valiant
®
 endovascular stent 

grafts deployed inside were tested by the purpose built fatigue testing system described in 

Section 5.4. These four endovascular stent grafts were in situ fenestrated and the four 

Atrium
®
 covered stents were deployed thought the fenestrated openings of the stent graft 

created close to the subclavian artery junction.   

The Medtronic Valiant
®
 endovascular stent grafts consist of a woven polyester 

(polyethylene terephthalate) graft fabric and stainless steel stent wires [27]. The graft fabric 

and stents were sewn together with braided polyester sutures. While the Atrium
®
 covered 

stents consist of stainless steel wire which is covered by polytetrafluoroethylene (PFTE) 

membranes. These two medical devices are often associated with endovascular aneurysm 

repair (EVAR), and they were also used to repair the patient’s aneurysm whose shape was 

selected for this study.  

Water was used throughout the Electroforce
®
 9110 stent/graft test instrument to 

transfer the pulsatile pressure move to the samples. The reason water was chosen in this 

study is because of its ease of manipulation and its ability to eliminate other factors which 

may have confounded the results of this study.  

A Plexiglas mounting frame was designed and constructed to hold two phantoms 

above the Electroforce
® 

fatigue tester. Polyester/nylon spacer fabrics, ePTFE tape, self-fusing 
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tapes and silicone and latex tubes were employed to attach the phantoms on the Electroforce 

Stent/Graft test instrument. In additional, T-shaped aluminum bars and zinc plated metal 

clamps were utilized to connect the cardiac motion system and the phantoms on the pulsatile 

fatigue tester.  

 

8.2 Fatigue testing system 

Two types of fatigue were carried out simultaneously throughout the fatigue test 

period. One was the pulsatile internal pressure fatigue generated by the Electroforce
®
 9110 

stent/graft test instrument. And the other was the external tensile fatigue provided by the 

cardiac motion system.  

A schematic drawing of the purpose built fatigue testing system is illustrated in 

Figure 8.1 and a photograph of the system is shown in Figure 8.2. Pulsatile fatigue is shown 

in the top part in the schematic drawing, while the tensile fatigue is shown in the bottom part.  

The equipment from the left to right shown in Figure 8.2 are: A) the Electroforce
®
 

9110 Stent/Graft test instrument, B) the cardiac motion system, C) the water pressure storage 

container on a shelf (upper right), D) a monitoring camera, E) a power transformers, F) an 

emergency stop switch, G) the pulsatile fatigue tester controller, and H) the computer with 

the Bose
®
 WinTest

®
 software.  
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Figure 8.1 Schematic drawing of the purpose built fatigue testing system 

 

 

Figure 8.2 Photograph of the purpose built fatigue testing system 
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In order to set up the fatigue test conditions, the cyclic frequency, the shape of the 

waveform, the volume of water displacement, the systolic and diastolic pressures, and the 

duration of the pulsatile fatigue test regime were was controlled by the Bose
®
 WinTest

®
 

software program. The temperature of the water in the system was controlled by a 

thermometer connected to the pulsatile fatigue tester. The frequency, speed and extent of 

displacement of the cardiac motion were established and provided by a compact round-face 

DC motor.  The conditions of the fatigue test are shown as follows:  

1)  Frequency: 50Hz 

2) Systolic/ Diastolic pressure: 129/80 mmHg 

3) Waveform: sinusoidal 

4) Temperature: 37.0  ± 1.0 °C 

5) Cardiac motion vertical displacement: 10 mm 

In order to monitor the phantoms’ behavior during the fatigue test, a video camera 

and an emergency stop switch were introduced in to the test system. As a result, when the 

test was in operation, the camera was able to capture the movement of the samples and be 

used to identify any inappropriate function or in correct displacement of the cardiac motion 

system.   
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8.3 Video analysis 

Real time and slow motion videos were recorded throughout the fatigue testing to 

better analyze the movement of the phantoms. The real time video was taken with 30 frames 

per seconds (fps) while the slow motion video was taken with 240 fps, which is 8 times 

slower than real time. After recording, the videos were analyzed by video editing software 

for further investigation.  

Figure 8.3 shows an example of a photograph captured by the slow motion video 

which had been slowed again by 25%. It was possible to identify the vertical movement path 

of the cardiac drive system through these images, and the displacement of the phantoms’ 

ascending aorta of the phantom could be measured.  

 

Figure 8.3. Displacement analysis 

In this figure, the image on the left (with red lines) represents the shape and position 

of the phantom when it reached its highest position, while the image on the right (with blue 

lines) shows the shape and position of the phantom when it had arrived at its lowest position.  

 Highest 

position 

 Lowest 

position 
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Two independent displacements were measured separately at different locations: a) along the 

center line of the ascending aorta and b) along the axis of the aortic root. They are marked as 

displacement “a” and displacement “b” in Figure 8.3 respectively. The mean and standard 

deviation of these measured displacements are listed in Table 8.1. (For the individual 

measurements made on the specimen, see Appendix C). These vertical displacements were 

compared with values reported in the literature, which indicate the actual situation in the 

human aorta (Figure 8.4) [72].   

Table 8.1 Vertical displacements of phantoms 

 Phantoms (mean ± standard deviation) Literature 

Center of descending aorta 

(Displacement a) 
5.32 ± 1.19 mm 5.32 mm - 6.33 mm 

Aortic root 

(Displacement b) 
8.05 ± 1.19 mm 7.34 mm - 8.35mm 

 

 

Figure 8.4 Vertical displacement (mm) reported in the literature [72] 
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From these results, it can be seen that the experimental results measured in this study 

all fall within the displacement range provided by the literature. Additionally, the amount of 

displacements measured along the phantoms’ aorta and reported along the human aorta both 

gradually decrease from the aortic root to the subclavian artery. Thus, it can be concluded 

that the design of the cardiac motion system was successful in providing a comparable force 

and displacement to the phantom as the heart normally provides to the aorta.  

 

8.4 Time intervals 

A series of time intervals were selected during the fatigue test to better monitor any 

changes to the endovascular stent grafts, the covered stents and the phantoms over time. The 

time intervals in this study were defined as the duration equivalent to real implantation time 

during the accelerated in vitro fatigue test procedure. They are: 0 days, 10 days, 3 months, 8 

months, 1 year, 5 years and 7.5 years. The time chart and numbers of cycles needed to be 

tested are shown in Figure 8.5.  

 

Figure 8.5 Time intervals of fatigue testing on a linear time scales 
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At each time interval, the phantoms were removed from the pulsatile fatigue tester. 

This enabled endoscopy examinations and computed tomography imaging to be performed 

so as to evaluate the dimensions, shapes and sizes of the fenestrated areas and compare them 

to the original condition prior to fatigue testing when t = 0 days.   

After all the fatigue testing was completed, macroscopic and more detailed 

examination of the textile structure and the fenestrated areas were undertaken after opening 

the phantoms and removing the stent-grafts. This facilitated analysis of the integrity and 

condition of the fabric and the stent components after fatigue testing. 

 

8.5 Computed tomography (CT) scanning evaluations 

Acquiring computed tomography scan, also called a CT scan, an X-ray CT, or a 

computerized axial tomography scan (CAT scan), is a technique which makes use of 

computer-processed combinations of many X-ray images taken from different angles to 

produce cross-sectional (tomographic) images of specific areas of a scanned object. Digital 

geometric processing is used to generate a three-dimensional image of the inside of the object 

from a large series of two-dimensional radiographic images taken around a single axis of 

rotation. So with this technique the inside of an object can be viewed without cutting the 

images into many parallel slices.  
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During the fatigue testing in this research study, it was necessary to evaluate the stent 

grafts and covered stents inside the phantoms without cutting the phantoms open. Therefore, 

the use of CT scans was an appropriate technique to be utilized at each time interval so as to 

investigate the shape and size of the medical devices deployed inside the phantoms and the 

size of the in situ fenestration areas. Siemens Sensation 64 CT Scanner (Siemens, Germany, 

Figure 8.6) was used in this study. 

 

Figure 8.6 Siemens Sensation 64 CT Scanner (Siemens, Germany) 

 

Since the phantoms were being pressurized with water during fatigue testing, it was 

necessary to scan and measure the dimensions of the medical devices when they were filled 

with water and pressurized. A water pump and a pressure gauge were connected to the 

phantoms after removing them from the fatigue test system. A water pressure of 2.5 psi (129 

mmHg) was employed and maintained in the phantom, which was equivalent to the fatigue 

testing pressure of 129/80 mmHg. 
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Figure 8.7 Pressurized phantom being scanned by CT scanner 

 

Figure 8.7 is a photograph of one of the pressurized phantoms being scanned by the 

CT scanner. A series of three-dimensional and two-dimensional X-ray images were 

generated. Then the images were further analyzed by OsiriX Image Software (Pixmeo SARL, 

Geneva, Switzerland) so as to identify and measure the dimensions of the phantoms and their 

contents.    

Figure 8.8 is an example of 3D MPR images generated by the OsiriX software. They 

are a cross-sectional view of the fenestration hole and a longitudinal view of the phantom. 

From these images, different dimensions of the covered stents have been measured. These 

include the dimensions of the fenestration areas in mm
2
, the fenestration hole diameters (mm) 

(axial diameters and transverse diameters), the overall length of the covered stent (mm) and 

the length of covered stent protruding inside the stent graft (Figure 8.9).  
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Figure 8.8 3D MPR images generated by OsiriX Image Software 

 

 

Figure 8.9 Dimensions measured from 3D MPR images 

 

These five dimensions were measured by CT scan at each time interval before and 

after fatigue testing so as to evaluate if there were any changes in dimensions as a result of 

the fatigue test. Furthermore, the dimensions measured by CT scan at 0 cycles before 

fatiguing were compared with the dimensions measured by endoscopy to determine which 

imaging modality served better in identifying the fatigue behaviors of the materials in this 

study. 
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8.6 Endoscopy evaluations 

Endoscopy involves viewing inside the body for medical reasons using an endoscope, 

an instrument used to examine the interior of a hollow organ or cavity. Unlike most other 

medical imaging techniques, endoscopes are inserted directly into the organ through a natural 

orifice or through the skin using a small trocar.  

In this research study, the stent grafts and covered stent were deployed inside a 

phantom. This phantom was opaque so that the medical devices inside could not be seen. 

However, the phantom was hollow, and so an endoscope could be inserted into it and provide 

a means of visualizing the medial devices inside. An Olympus BF Q180 bronchoscope 

(Olympus, Tokyo, Japan) with a 5.5mm outer diameter, 600mm working length, and a 

2.0mm channel (Figure 8.10) was selected for use in this study to evaluate the appearance of 

the covered stents and the endovascular stent grafts, and to enable  measurements of the 

dimensions of the fenestrated areas.   

 

Figure 8.10. Olympus BF Q180 bronchoscope 
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Similarly, at each time interval, the phantoms were removed from the fatigue testing 

system and pressurized with water for endoscopic viewing. Special adapters and valves were 

needed to maintain the water pressure inside the phantom while inserting the endoscope. 

Figure 8.11A is an example of a photograph of a covered stent captured by the endoscope. 

From this photograph, the appearance of the graft fabric around the fenestration openning can 

be visualized and the diameter and length of the covered stent can be measured (Figure 

8.11B).  

 

Figure 8.11 Endoscopic photograph of the covered stent inside the phantom 

 

  

A B 
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8.7 Patient comparison  

In order to compare the fatigue study’s results with the real patient’s situation, post 

fenestration CT scanned images of the patient were collected during follow-up visits to the 

hospital. In June 2011 this patient experienced, in situ fenestration during a TEVAR 

procedure at Toronto General Hospital through the left subclavian artery. During follow up 

visits to the hospital, two sets of CT scanned images were obtained, one in July 2012 and the 

other one in January 2014. As a result 1-year and 2.5- year follow-up images were available 

to complement this fatigue research study.  

The transverse diameter of the covered stent at the fenestration area was measured 

and compared at these two different time points. Figure 8.an example of 3D MPR images and 

how this dimension was measured. The shape and transverse dimension of the covered stent 

following 1 and 2.5 years implantation were also compared in section 8.9.4.  

 

Figure 8.12 3D MPR image showing the measured covered stent’s transverse diameter (8.19 mm) 
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8.8  Statistical analysis 

8.8.1 Test for normal distribution 

The data collected from each sample was tested statistically to determine if the data 

was normally distributed within each sample by JMP pro 11. The null hypothesis of the test 

was that the data was normally distributed. If the p-value was smaller than 0.05, then the 

hypothesis was rejected, which indicated that the data was not normally distribution. If the 

data was normally distributed, then parametric methods were applied to the data for further 

analysis. Next, a test for equal or unequal variances was conducted.  

 

8.8.2 Test for Equal or Unequal Variances 

An f-test was used to verify the equivalence of the variances between two sample 

groups while Levene’s test was used if there were more than two sample groups.  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 variances were 

unequal. 

 If the variances were equal, then a t-test was performed to make comparisons 

between two sample means and a One Way Analysis of Variance (ANOVA) was performed 

when there were more than two sample means. The t-test used depended on whether the 

variances were equal or unequal as determined by the f-test.   

If the variances were unequal, a Welch’s ANOVA was performed.  
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8.8.3 Student T-test 

A t-test was performed assuming equal variances to calculate the significance of 

observed differences between the means of two samples at a 95% confidence interval, α = 

0.05.   

 

8.8.4 One Way Analysis of Variance (ANOVA) 

A single factor Analysis of Variance (ANOVA) test was performed when the 

variances were equal at a 95% confidence interval, α = 0.05.  This test was used to evaluate 

whether there were any significant differences among the means for each dependent variable. 

The null hypothesis of this test was that all means were equal. If the p-values were smaller 

than 0.05, the null hypothesis was rejected, which indicated that at least one mean was 

significantly different from the others.  

 

8.8.5 Welch’s ANOVA 

A Welch’s ANOVA test was performed when the variances were unequal at a 95% 

confidence interval, α = 0.05.  This test was used to evaluate whether there were any 

significant differences among the means for each dependent variable. The null hypothesis of 

this test was that all means were equal. If the p-values were smaller than 0.05, the null 

hypothesis was rejected, which indicated that at least one mean was significantly different 

from the others.  
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8.9 Results and discussions 

8.9.1 Imaging modalities comparison at 0 cycles  

After endovascular stent graft deployment and in situ fenestration, the phantoms with 

the medical devices deployed inside were examined by CT scanning and endoscopy at 0 

fatigue cycles. These examinations provided the dimensional and shape information for the 

control group that received no fatigue testing. In addition, the dimensional results from the 

CT scans were compared with those obtained by endoscopy so that the reliability of those 

two imaging modalities could be established and compared.    

Table 8.2 reports the results measured with CT scanning and endoscopy at 0 fatigue 

cycles. In this table, the “CT axial diameter” represents the diameter of the fenestration hole 

in the axial direction, while the “CT transverse diameter” is the diameter of the fenestration 

hole in the transverse direction. Further, the “CT protruding length” shows the length of the 

covered stent protruding inside the endovascular stent graft. On the other hand, the“CT 

covered stent length” refers to the overall length of the covered stent, which was measured 

and reported in Table 8.8, section 8.9.2. The “CT area” refers to the area of the fenestration 

opening, the “Endoscopy diameter” represents the diameter of the fenestration opening, 

while the “Endoscopy length” is the length of the covered stent protruding inside the 

endovascular stent graft. The average dimensions were calculated from 3 different x-ray 

images and 3 different measurements from the endoscopy images for each phantom and they 

are reported in Table 8.2. The results are also illustrated in Figure 8.13. (For the individual 

measurements made on the specimen, see Appendix D). 
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Table 8.2 Results of device dimensions measured with CT scanning and endoscopy at 0 

fatigue cycles (n=3, unit: mm or mm
2
) 

 
Phantom A Phantom B Phantom C Phantom D 

CT axial diameter 7.06 ± 0.09 6.95 ± 0.05 7.48 ± 0.01 7.36 ± 0.08 

CT transvers diameter 7.29 ± 0.13 7.45 ± 0.00 7.08 ± 0.06 7.01 ± 0.06 

CT protruding length 9.81 ± 0.59 8.71 ± 0.78 9.80 ± 0.33 11.74 ± 0.12 

CT area 40.89 ± 0.78 41.31 ± 0.36 43.04 ± 0.75 40.53 ± 0.72 

Endoscopy diameter 7.47 ± 0.97 7.41 ± 0.46 7.10 ± 0.36 6.84± 0.17 

Endoscopy length 10.56 ± 0.45 8.60 ± 0.45 9.76 ± 0.65 11.32 ± 0.35 

 

 

Figure 8.13 Results of dimensions with CT scanning and endoscopy (Error bars indicate ± one 

standard deviation) 

 

The results in Table 8.2 list the average dimensions for the control group that is 0 

fatigue cycles measured with two different imaging modalities. The same dimensions 

measured by both approaches were compared statistically to determine whether equivalent 

results could be obtained by the two different methods. And those two different methods 
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were: 1) CT transverse diameter and Endoscopy diameter, 2) CT protruding length and 

Endoscopy length, and 3) CT transverse diameter and CT axial diameter were also compared 

statistically so as to confirm the shape of the fenestrated area.  

Initially all the data were introduced in to statistical method assuming a normal 

distribution (α = 0.05). By performing a Goodness-of-Fit Test, the p-values for all the groups 

were larger than 0.05, which confirms that all the data within each sample were normally 

distributed. Then the mean values for each pair of samples discussed in the previous 

paragraph were evaluated. An F-test was used to verify the equivalence of the variances 

between the two sample groups (α = 0.05). A t-test or Welch’s ANOVA was chosen 

depending on whether the variances were equal or unequal. Table 8.3 reports the results of 

the F-test and the p-values for the t-test or Welch’s ANOVA. Figure 8.14 represents an 

example of the statistical analyses for one pair of data that is, the comparison between the CT 

transverse diameter and the endoscopy diameter for Phantom D. These two sets of data 

generated the same mean values of this dimension despite being measured by two different 

imaging modalities.  
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Table 8.3 Results of F-test, t-test and Welch’s ANOVA 

CT transverse diameter and Endoscopy diameter 

Phantom P-value of F-test P-value of t-test P-value of Welch’s ANOVA 

A 0.0333 -- 0.7738 

B 0.0001 -- 0.8754 

C 0.0625 0.9405 -- 

D 0.2406 0.1699 -- 

CT protruding length and Endoscopy length 

Phantom P-value of F-test P-value of t-test P-value of Welch’s ANOVA 

A 0.7392 0.1588 -- 

B 0.5069 0.8426 -- 

C 0.4050 0.9290 -- 

D 0.2156 0.1263 -- 

CT transverse diameter and CT axial diameter 

Phantom P-value of F-test P-value of t-test P-value of Welch’s ANOVA 

A 0.6813 0.0659 -- 

B 0.0057 -- 0.0031 

C 0.0235 -- 0.0078 

D 0.8358 0.0036 -- 

 

For the pair of parameters which were the CT transverse diameter and the endoscopy 

diameter, the p-values calculated from a t-test or Welch’s ANOVA are larger than 0.05. This 

indicates that there were no significant differences between the transverse dimensions 

measured the two different imaging modalities for all four phantoms.  For the pair of 

parameters corresponding to the CT protruding length and the endoscopy length, the p-values 

calculated from the t-test are larger than 0.05. This indicates that there were no significant 

differences between the covered stent lengths measured by the two different imaging 

modalities for all four phantoms.   

When comparing the CT transverse diameter with the CT axial diameter, three out of 

the four p-values calculated from t-test and Welch’s ANOVA are smaller than 0.05 This 
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indicates that there were significant differences between the two diameters measured by CT 

scanning, and confirms that the fenestration holes were not circular, but instead were oval in 

shape due to the compression forces applied by the zig-zag metal stents of the endovascular 

stent grafts.    

 

Figure 8.14 Statistical analysis for data under a normal distribution. An F-test to determine equal 

variances and a t-test to compare the means of the CT transverse diameter and the endoscopy 

diameter 
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In summary, endoscopy and CT scanning used in this study provided equivalent results 

when it came to measuring dimensions. So either imaging modality could be utilized to 

investigate the shape of the fenestrated area and the length of the covered stent. Since the 

radiographs could be measured with OsiriX which gave a lower variance, CT scanning was 

selected as the preferred method to measure the dimensions of the devices at different time 

intervals during this fatigue study. At the same time, endoscopy was selected as the preferred 

approach to monitor the appearance of the covered stent and the internal surface of the 

endovascular stent grafts.  

 

8.9.2 CT scanning results at each time interval during fatigue testing  

During fatigue testing, the changing shapes and sizes of the medical devices inside the 

phantoms were determined by using CT scanning and endoscopy at each time interval of 0 

days, 10 days, 3 months, 8 months, 1 year, 5 years and 7.5 years. This enabled monitoring of 

devices inside the phantoms without cutting them open.  

The average fenestration diameter, the fenestration area, the length of the covered stent 

protruding inside the stent graft and the overall length of covered stents were calculated from 

3 different x-ray images for each phantom and reported in Tables 8.4-8.8 and Figures 8.15-

8.19. (For the individual measurements made on the specimen, see Appendix D and E). 
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Table 8.4 Results of CT axial diameter measured after different numbers of fatigue 

cycles (Mean ± standard deviation, n=3, unit: mm) 

CT axial diameter 

Fatigue Cycles Equivalent time Phantom A Phantom B Phantom C Phantom D 

0 0 days 7.06 ± 0.09 6.95± 0.05 7.48 ± 0.01 7.36 ± 0.08 

1 million 10 days 7.06± 0.03 6.96 ± 0.10 7.43 ± 0.05 7.34 ± 0.08 

10 million 3 months 7.01 ± 0.06 6.93 ± 0.18 7.41 ± 0.02 7.33 ± 0.09 

27 million 8 months 7.07 ± 0.06 N/A 7.46 ± 0.03 N/A 

40 million 1 year N/A 7.00 ± 0.09 N/A 7.34 ± 0.07 

200 million 5 years N/A N/A 7.42 ± 0.03 7.38 ± 0.04 

300 million 7.5 yeas N/A N/A N/A 7.31 ± 0.04 

 

 

Table 8.5 Results of CT transverse diameter measured after different numbers of 

fatigue cycles (Mean ± standard deviation, n=3, unit: mm) 

CT transverse diameter 

Fatigue Cycles Equivalent time Phantom A Phantom B Phantom C Phantom D 

0 0 days 7.29 ± 0.13 7.45 ± 0.00 7.08 ± 0.06 7.01 ± 0.06 

1 million 10 days 7.26 ± 0.10 7.40 ± 0.06 7.08 ± 0.03 7.01 ± 0.03 

10 million 3 months 7.25 ± 0.05 7.36 ± 0.08 7.07 ± 0.08 7.01 ± 0.06 

27 million 8 months 7.22 ± 0.03 N/A 7.09 ± 0.01 N/A 

40 million 1 year N/A 7.18 ± 0.18 N/A 7.05 ± 0.04 

200 million 5 years N/A N/A 7.10 ± 0.02 6.96 ± 0.04 

300 million 7.5 yeas N/A N/A N/A 6.95 ± 0.07 

 

Table 8.6 Results of CT area measured after different numbers of fatigue cycles (Mean 

± standard deviation, n=3, unit: mm
2
) 

CT area 

Fatigue Cycles Equivalent time Phantom A Phantom B Phantom C Phantom D 

0 0 days 40.89 ± 0.78 41.31 ± 0.36 43.04 ± 0.75 40.53 ± 0.72 

1 million 10 days 40.71 ± 0.63 41.10 ± 0.18 43.08 ± 0.41 40.32 ± 0.62 

10 million 3 months 40.30 ± 0.37 40.95 ± 0.40 42.38 ± 0.65 40.21 ± 0.57 

27 million 8 months 40.39± 1.16 N/A 43.11 ± 0.35 N/A 

40 million 1 year N/A 40.14 ± 0.95 N/A 40.43 ± 0.39 

200 million 5 years N/A N/A 42.65 ± 0.78 40.10 ± 0.52 

300 million 7.5 yeas N/A N/A N/A 40.11 ± 0.46 
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Table 8.7 Results of CT protruding length measured after different numbers of fatigue 

cycles (Mean ± standard deviation, n=3, unit: mm) 

CT protruding length 

Fatigue Cycles Equivalent time Phantom A Phantom B Phantom C Phantom D 

0 0 days 9.81 ± 0.59 8.71 ± 0.78 9.80± 0.33 11.74 ± 0.12 

1 million 10 days 9.88 ± 0.66 8.99 ± 0.20 9.83 ± 0.40 11.63 ± 0.31 

10 million 3 months 9.75 ± 0.23 8.98 ± 0.24 10.01 ± 0.21 11.67 ± 0.21 

27 million 8 months 9.87 ± 0.40 N/A 9.90 ± 0.08 N/A 

40 million 1 year N/A 8.33 ± 0.40 N/A 11.87 ± 0.06 

200 million 5 years N/A N/A 9.86 ± 0.15 11.77 ± 0.25 

300 million 7.5 yeas N/A N/A N/A 12.03 ± 0.25 

 

 

 

Table 8.8 Results of CT covered stent length measured after different numbers of 

fatigue cycles (Mean ± standard deviation, n=3, unit: mm) 

CT covered stent length 

Fatigue Cycles Equivalent time Phantom A Phantom B Phantom C Phantom D 

0 0 days 33.83 ± 0.25 33.63 ± 0.25 33.30 ± 0.10 33.50 ± 0.20 

1 million 10 days 33.60 ± 0.10 33.33 ± 0.15 33.10 ±0.10 33.50 ± 0.20 

10 million 3 months 33.77 ± 0.15 33.50 ± 0.20 33.40 ±0.20 33.60 ± 0.20 

27 million 8 months 33.70 ± 0.20 N/A 33.47 ± 0.32 N/A 

40 million 1 year N/A 33.37 ± 0.15 N/A 33.70 ±0.10 

200 million 5 years N/A N/A 33.00 ± 0.20 33.13 ± 0.25 

300 million 7.5 yeas N/A N/A N/A 33.33 ± 0.35 
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Figure 8.15 Results of CT axial diameter measured after different numbers of fatigue cycles (Error 

bars indicate the standard deviation for each sample) 

 

 

 

Figure 8.16 Results of CT transverse diameter measured after different numbers of fatigue cycles 

(Error bars indicate ± one standard deviation) 
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Figure 8.17Results of CT area measured after different numbers of fatigue cycles (Error bars indicate 

± one standard deviation) 

 

 

 

Figure 8.18 Results of CT protruding length measured after different numbers of fatigue cycles (Error 

bars indicate ± one standard deviation) 
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Figure 8.19 Results of CT covered stent length measured after different numbers of fatigue cycles 

(Error bars indicate ± one standard deviation) 

 

Initially all the data for the samples were introduced into a statistical model assuming a 

normal distribution (α = 0.05). By performing a Goodness-of-Fit test, the p-values for all the 

groups were larger than 0.05, which confirms that all the data within each sample were 

normally distributed. Then the mean values for each phantom were compared between the at 

different time intervals. A Levene test was used to verify the equivalence of the variances 

among the different sample groups (α = 0.05). Then a one way ANOVA or a Welch’s 

ANOVA test were chosen depending on whether the variances were equal or unequal.  

The results in Table 8.4 and Figure 8.15 list the average axial diameter of the 

fenestration opening in the four deployed stent graft. A one way ANOVA test assuming a 

confidence interval of 95% and equal variances, derived from a Levene test, gave p-values 

ranging from 0.060 to 0.908 for Phantoms A, B, C and D. This confirms that the axial 
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diameters of the fenestrations opening for all four stent grafts did not change significantly 

during a period of up to 7.5 years of fatigue testing.   

The results in Table 8.5 and Figure 8.16 list the average transverse diameter of the 

fenestration opening in the four deployed stent grafts. A one way ANOVA test assuming a 

confidence interval of 95% and equal variances, derived from a Levene test, gave p-values of 

0.307 and 0.804 for Phantoms A and D respectively, while the Welch’s ANOVA test 

assuming a confidence interval of 95% and unequal variances, derived from a Levene test, 

gave p-values of 0.179 and 0.882 for Phantoms B and C respectively.  This confirms that the 

transverse diameters of the fenestrations for all four stent grafts did not change significantly 

during a period of up to 7.5 years fatigue testing.   

The results in Table 8.6 and Figure 8.17 list the average area of the fenestration 

opening in the four deployed stent grafts. A one way ANOVA test assuming a confidence 

interval of 95% and equal variances, derived from a Levene test, gave p-values ranging from 

0.126 to 0.920 for Phantoms A, B, C and D. This confirms that the areas of the fenestration 

opening for all four stent grafts did not change significantly during a period of up to 7.5 years 

of fatigue testing.   

The results in Table 8.7 and Figure 8.18 list the average length of the covered stent 

protruding inside the endovascular stent graft deployed in the four phantoms. A one way 

ANOVA test assuming a confidence interval of 95% and equal variances, derived from a 

Levene test, gave p-values of 0.343, 0.934 and 0.988 for Phantoms A, C and D respectively, 

while the Welch’s ANOVA test assuming a confidence interval of 95% and unequal 

variances, derived from Levene test, gave a p-value of 0.276  for Phantom B.  This confirms 
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that none of the covered stents deployed and expanded in the stent grafts moved significantly 

inside the fenestration opening during a period of up to 7.5 years of fatigue testing.  

The results in Table 8.8 and Figure 8.19 list the average length of the covered stent 

deployed in the four phantoms. The one way ANOVA test assuming a confidence interval of 

95% and equal variances, derived from a Levene test, gave p-values ranging from 0.079 to 

0.496 for Phantoms A, B, C and D. This confirms that the length of the covered stents inside 

all four phantoms did not change significantly during a period of up to 7.5 years of fatigue 

testing.  

In summary, the dimensions of the medical devices deployed inside the phantoms did 

not change their dimensions significantly after 10 days, 3 months, 8 months, 1 year, 5 years 

and 7.5 years fatigue testing. This indicates that the dimensions of the fenestration opening 

did not enlarged and the covered stent remained in its expected position after implantation.  

 

8.9.3 Endoscopy results at each time intervals during the fatigue testing  

At each time interval during fatigue testing, the appearance of the covered stent and 

the luminal surface of the endovascular stent graft were observed using endoscopy inside the 

water-pressurized phantom. High definition photographs of each phantom at each time 

interval were captured and are presented in Figures 8.20-8.23.    
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Figure 8.20 Endoscopic images of the appearance of the Atrium stent in Phantom A after 0 days, 10 

days, 3 months and 8 months of fatigue testing. 

 

Figure 8.21 Endoscopic images of the appearance of the Atrium stent in Phantom B after 0 days, 10 

days, 3 months and 1 year of fatigue testing 
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Figure 8.22 Endoscopic images of the appearance of the Atrium stent in Phantom C after 0 days, 10 

days, 3 months, 8 months and 5 years of fatigue testing 

 

Figure 8.23 Endoscopic images of the appearance of the Atrium stent in Phantom D after 0 days, 10 

days, 3 months, 1 year, 5 years and 7.5 years of fatigue testing 
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In Figures 8.20 - 8.23, front, back and top views were captured so that the entire 

covered stent was examined by the endoscope. For Phantoms A and B, fatigue testing was 

undertaken for up to 8 months and 1 year respectively. It can be seen from in Figure 8.20 and 

8.21 that no additional broken yarns or filaments were created around the fenestrated opening 

during fatigue testing of Phantom A and B. At the same time, the dimensions, shape and 

appearance of the covered stent did not change significantly. For Phantoms C and D which 

were fatigue tested for 5 years and 7.5 years respectively. It can be seen in Figures 8.22 and 

8.23 that no additional broken yarns or filaments were observed to have been created around 

the area of the fenestration opening after fatigue testing. However, the appearance of the 

covered stent did change significantly in the 5 year images. Following further analysis, it 

became apparent that the reason why certain covered stents changed their appearance was 

due to the absorption of water in the expanded PTFE layers. When the PTFE absorbed water, 

the material turned clear and transparent. As the water dried out it transferred back to   white 

and opaque again. Further studies to justify this phenomenon will be reported in a future 

chapter.  

In summary, it can be concluded that the dimensions, size and shape of graft fabric 

did not changed significantly around the fenestration area. Furthermore no additional broken 

filaments were found after different durations of pulsatile fatigue testing.  
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8.9.4 CT scanning results of clinical follow-ups of the patient  

CT scans were performed on the patient who underwent in situ fenestration during 

follow-up visits to the hospital after 1 year and 2.5 years. The transverse diameter of the 

covered stent was measured and is reported in Table 8.9and Figure 8.24. (For the individual 

measurements made on the specimen, see Appendix F). 

Table 8.9 Results of CT transverse diameter measured from the patient’s follow-up 

scans (Mean ± standard deviation, n=3, unit: mm) 

Follow-up time Transverse Diameter 

1 year (2012) 8.30 ± 0.17 

2.5 years (2014) 8.32 ± 0.13 

 

 

The results in Table 8.9 and Figure 8.24 list the average transverse diameter of the 

covered stent 1 and 2.5 years following deployment at the time of in situ fenestration in the 

patient. A t-test assuming a confidence interval of 95% and equal variances, derived from an 

F-test, gave p-values of 0.857 for these two groups. This indicates that there was no 

significant difference between the stent’s transverse diameters after 1 year and 2.5 years in 

vivo.  This confirms that the covered stent and the fenestration area did not enlarge during 2.5 

years of implantation. This finding is in agreement with the experimental results found 

during this pulsatile fatigue study.  
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Figure 8.24 Results of the transverse diameter of the covered stent from the patent’s follow-up CT 

scans (Error bars indicate ± 1 standard deviation) 

 

 

In addition, the shape of the covered stent was compared between the two follow-up 

CT scan images. As seen in Figure 8.25 the shape of covered stent did not change 

significantly between the 1 year and the 2.5 years of implantation.  

 

Figure 8.25 CT scanned radiographs of the covered stent shape in the patient at the time of the 1 year 

and 2.5 years follow-up. 
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Chapter 9 Post-Fatigue Physical Property Testing 

After undertaking up to 300 million cycles of fatigue testing and visualization by CT 

scanning and endoscopy, the polyurethane phantoms were cut open longitudinally and the 

fenestrated stent grafts were removed for physical property testing. These tests enabled 

monitoring of changes in the physical properties before and during fatigue testing. The 

physical testing included: macroscopic observations, and measurements of porosity, fabric 

count, thickness and bursting strength for the endovascular stent grafts and measurements of 

mass for the covered stents.   

 

9.1 Macroscopic observations 

Macroscopic observations were performed under identical conditions on the phantoms, 

endovascular stent grafts and covered stents after 0 months, 8 months, 1 year, 5 years and 7.5 

years of fatigue testing. Upon inspection of the control and the fatigued specimens, it was 

apparent that each behaved differently. Figures 9.1 and 9.2 show the photographs of each 

specimen.  

 

Figure 9.1 Photographs of the control phantom and four phantoms after fatigue testing 
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Figure 9.2 Photographs of the cracks that appeared on the four phantoms as a result of fatigue testing 

 

Figure 9.3 Distribution of circumferential (A) and longitudinal (B) stresses (Nmm
 -2

) in the aortic arch 

[72] 
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In Figure 9.1 the appearance of the phantoms after fatigue testing is shown in 

chronological order.  No major damage was found on the phantoms despite the fact that they 

were all terminated at different time intervals. However a small crack or fissure, shown with 

a red circle in Figure 9.2, was found on each phantom. The locations of the cracks were all 

close to the root of the brachiocephalic trunk connections on the phantoms. This indicated 

that the root of the brachiocephalic artery on the four phantoms resulted in the highest stress 

concentrations. This was due to the cardiac vertically reciprocating motion, which was 

responsible for the stress distribution along the ascending aorta as discussed in the literature 

(Figure 9.3) [72]. This also confirmed that the mounting frames for the phantoms and the 

direction of the cardiac motion was designed and applied correctly in this mechanical fatigue 

study.  

 

Figure 9.4 Photographs of the four endovascular stent grafts with covered stents attached after fatigue 

testing and removal from the phantoms (Scale of ruler in cm.) 

 

Figure 9.4 illustrates the appearance of the four endovascular stent grafts with covered 

stents attached. No major damage or evidence of failure was observed on the endovascular 

stent grafts macroscopically. The shapes of all four covered stents were different from each 

other and this is believed to be due to the variability of each individual in situ fenestration 
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procedure. Further microscopic observations were undertaken so as to monitor the detailed 

structure of the medical devices.  

 

9.2 Microscopic observations 

Microscopic observations were performed on each of the materials using a 

stereoscopic zoom Model SMZ1000 Nikon optical microscopy. Those features which were 

not apparent during macroscopic observation were then observed microscopically. The 

fenestration area, fabric construction, yarn and filament damage and abrasion were all able to 

be observed through an optical microscope. Microscopic observations of the materials and 

specimens were performed using a stereoscopic zoom microscope, (Nikon SMZ1000) 

(Figure 9.5). Magnifications in the range of 8X-30X were undertaken with this equipment, 

and the images of the materials and the specimens were captured using the microscope’s 

software.  

 

Figure 9.5  Image of stereoscopic zoom microscope, (Nikon SMZ1000) 
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Images of the covered stents and fenestration openings on the endovascular stent graft 

were taken and are shown in the figures below.  

 

Figure 9.6 Stereomicroscopic images of the four covered stents attached to the endovascular  

stent grafts after fatigue testing (8x) 

 

Figure 9.6 shows the stereomicroscopic images of the four covered stents attached to 

the endovascular stent graft after fatigue testing in chronological order. The appearances of 

the covered stents were not significantly different. More broken filaments were found around 

the fenestration opening of Phantom D, which was fatigue tested for the longest duration.  

Figure 9.7 shows the stereomicroscopic images of the fenestration openings in the four 

endovascular stent grafts after removing the covered stents. Broken filaments were observed 

around the edges of the fenestration openings and no additional cracks or signs of 

enlargement were found in Phantoms A to C.  



   132 

 

Similarly, more broken filaments were observed around the fenestration hole of 

Phantom D, and this is believed to be due to micro-motion and abrasion between the covered 

stent and endovascular stent graft.   

 

Figure 9.7 Stereomicroscopic images of fenestration holes on four endovascular stent after fatigue 

testing (10x) 

 

Additionally, it can be seen that the fenestration holes were not circular. They tended 

to be elliptical in shape and the ellipse was not the same for all four stent grafts. In Phantom 

C’s stent graft, the major axis of the ellipse lay in the axial direction of the stent graft, 

whereas in the other three samples it was in the circumferential direction. Following further 

analysis under higher magnification, it was found that the 4x4 twill weave graft fabric in 
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Phantom C was oriented during assembly and manufacture in a different direction to the 

other three stent grafts as explained in Figure 9.8. The black arrows in Figure 9.8 represent 

the warp direction of the graft fabric and it was found that only the endovascular stent graft 

in Phantom C was fabricated with the warp direction aligned in the axial direction of the stent 

graft. This led to the formation of elliptical shaped openings with different directions at the 

time of in situ fenestration.  For example, when the fabric was punctured and the opening 

expanded, it was the weft yarns that were weaker and were the ones that broke. 

 

Figure 9.8 Warp direction alignment of graft fabrics for the four endovascular stent grafts. (Arrows 

pointing in the warp direction) 

This is further confirmed by measuring the diameter of the warp and weft 

monofilament yarns at higher magnification (Figure 9.9). The results are shown in Table 9.1 

and Figure 9.10. (For the individual measurements made on the specimen, see Appendix G). 

Following a Welch’s ANOVA test assuming unequal variances (derived from an F-test), the 

p-value was 0.0084, which confirms that there was a significant difference between the yarn 

diameter of the warp and weft yarns. Given that the weft yarns were thinner and weaker than 



   134 

 

the warp yarns, it was the weft yarns that were more readily broken at the time of in situ 

fenestration.    

 

Figure 9.9 Microscopic image of warp and weft yarns taken from the graft fabrics (100x) 

 

Table 9.1 Results of yarn diameter (mean ± standard deviation, n=10, unit: μm) 

Yarns Diameter 

Warp yarn 39.05 ± 3.97 

Weft yarn 35.33 ± 1.09 

 

 

Figure 9.10 Results of yarn diameter of warp and weft yarns taken from the graft fabrics (Error bars 

indicate ± 1 standard deviation) 
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Given that the weft yarns were weaker than the warp yarns for this particular graft 

fabric, then it is likely with further pulsatile fatigue either in vitro or in vivo, that the 

fenestration openings would enlarge in the warp direction. Therefore, if surgeons were able 

to take the opening’s direction into consideration while performing the in situ fenestration, it 

is recommended that the manufacturer of the Valiant endovascular stent graft should keep the 

warp direction of the graft fabric always oriented and assembled in a consistent manner.   

Figure 9.11 shows the stereomicroscopic image of filaments as they appear on the edge 

of one fenestration hole.  It is clear that the lengths of the broken filaments are short, which 

indicates that raveling did not occur after fenestration and fraying was not an issue during 

fatigue testing.   

 

Figure 9.11 Stereomicroscopic image of the frayed yarn appearance around the fenestration hole of 

the stent graft (30x) 

An unexpected observation was that the graft fabric on one stent graft had two small 

holes with black boundaries as seen in Figure 9.12.  Following further analysis, it became 

apparent that the reason why these holes were formed was due to the Powerwire failing to 

puncture the graft fabric when performing in situ fenestration. The Powerwire discharge hit 
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the metal stent wire so that the puncture did not go straight through the graft fabric.  Instead 

there was a misshapen hole and blackened melted yarns formed around the edge of the hole.     

 

Figure 9.12 Stereomicroscopic image of a hole on the graft fabric close to the stent wire (30x) 

 

Figure 9.13 shows the stereomicroscopic images of the four covered stents after fatigue 

testing. These sections of the covered stent protruded inside the stent graft, and did not 

change significantly during fatigue testing.  In one instance the stainless steel stent wire was 

observed to be outside the covered stent in the area above the fenestration opening (Figure 

9.14). This is also believed to be due to abrasion between the covered stent and the 

endovascular stent graft.  

 

Figure 9.13 Stereomicroscopic images of the four covered stents after fatigue testing (8x) 
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Figure 9.14 Stereomicroscopic image of a covered stent showing exposed stainless steel wire after 

fatigue testing (20x) 

 

In summary, the appearance of endovascular stent grafts, the covered stents and the 

fenestration holes did not change significantly following the series of fatigue testing 

durations, namely: 0 days, 8 months, 1 year, 5 years and 7.5 years. However, minor damage 

was observed around the area where the covered stent was in contact with the stent graft 

during prolonged periods of fatigue testing. In addition, the orientation of the graft fabric had 

been assembled differently for different devices.  This determined the orientation of the 

elliptical fenestration hole, and this non-uniformity should be drawn to the attention of the 

manufacturer.  
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9.3 Fabric counts around the fenestration area of the endovascular stent 

grafts 

The woven fabric count of the Medtronic Valiant polyester graft fabric was measured 

around the fenestration area in accordance with Standard Test Method ASTM D 3775-03a 

“Standard test method for warp end count and filling pick count of woven fabric” [76].  A 

stereoscopic zoom microscope (Nikon SMZ1000) (Figure 9.5) was used to determine the 

woven fabric count of both the fatigued and control samples. Five measurements were made 

in both directions from each specimen taken at random. The average value and standard 

deviation of these readings were calculated and reported in Table 9.2. (For the individual 

measurements made on the specimen, see Appendix H). 

Table 9.2 Results of Woven Fabric Count (n = 5) 

Fatigue Cycles Equivalent Time  Ends/ cm Picks/ cm 

0 0 month 272.8 ± 3.3 196.0 ± 4.0 

27 million 8 months 279.2 ± 3.3 208.8 ± 3.3 

40 million 1 year 285.6 ± 4.6 206.8 ± 3.0 

200 million 5 years 283.2 ± 3.3 207.2 ± 3.3 

300 million 7.5 years 283.2 ± 3.3 212.4 ± 5.7 

 

The average woven fabric warp and weft counts for the control and fatigued samples 

are presented in Table 9.2.  Statistical analysis determined that there were no significant 

differences in average values for warp and weft count between the stent graft fabrics exposed 

to 27 million, 40 million, 200 million and 300 million fatigue cycles.  A one-way ANOVA 

test was carried after showing that the data were distributed normally and had equal variances.  

The one way ANOVA test assumed a confidence interval of 95%, and gave p-values equal to 
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0.089 and 0.152 for the warp and weft counts respectively.  At the same time, a significant 

difference was observed between the control group and the fatigued group of samples. This 

was found by obtaining p-values of 0.0002 and 0.0001 respectively from a one way ANOVA 

test. A comparison of the results can be found in Figure 9.15.  

 

Figure 9.15 Results of woven fabric count for the graft fabric exposed to zero, 27 million, 40 million, 

200 million and 300 million fatigue cycles (Error bars indicate +/-1 standard deviation) 

 

The experimental results and statistical analysis have confirmed that the warp and weft 

yarn counts of the graft fabric have increased significantly around the fenestration areas after 

in situ fenestration. This is believed to be due to yarn shifting, caused by the compression 

forces in the plane of the fabric, which were applied to expand of the covered stents during in 

situ fenestration. On the other hand the frequency of the warp and weft yarns did not increase 
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or decrease significantly during fatigue testing, which indicates the fatigue test conditions did 

not affect the fabric shape or the yarn structure.  

 

9.4 Thickness around the fenestration area of the endovascular stent 

grafts  

Measurements of fabric thickness were performed in accordance with ASTM D1777 – 

96. “Thickness of Textile Materials” [77] using Option 1 for woven fabric. Fabric 

thicknesses were measured using an SDL 94 thickness gauge (Shirley Developments Ltd, 

Stockport, England), under a small and constant applied pressure of 50 g/cm
2
 (4.90 kPa, 0.72 

psi) (Figure 9.16). The presser foot diameter was 23 mm, and the gauge measured thickness 

to a precision of 0.01mm. Ten thickness measurements were taken at random around the 

fenestration hole for each specimen and the average value and standard deviation of these 

readings were calculated and are reported in Table 9.3. (For the individual measurements 

made on the specimen, see Appendix I). 

 

Figure 9.16 Photograph of SDL 94 thickness gauge 
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Table 9.3 Results of fabric thickness around the fenestration area of the endovascular 

stent grafts (n = 10) 

Fatigue Cycles Equivalent Time  Thickness 

0 0 month 0.18 ± 0.02 

27 million 8 months 0.23 ± 0.02 

40 million 1 year 0.21 ± 0.03 

200 million 5 years 0.21 ± 0.02 

300 million 7.5 years 0.23 ± 0.02 

 

 

The average fabric thickness around the fenestration area of graft fabric after fatigue 

and the thickness of the unused control fabric are presented in Table 9.3. Following statistical 

analysis, no significant differences in average fabric thickness were found among the 27 

million, 40 million, 200 million and 300 million fatigue cycle groups. First, a normality test 

and a Leneve test were undertaken to show that the data were distributed normally and had 

equal variances. Then a one way ANOVA test assuming a confidence interval of 95%, gave a 

p-value equal to 0.079.  On the other hand, a significant difference in average thickness was 

found between the control group and the fatigued group of samples. Statistical analysis using 

a one way ANOVA test generated a p-value < 0.0001.  A comparison of the results is also 

illustrated in Figure 9.17.  
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Figure 9.17 Results of thickness around the fenestration area of the endovascular stent grafts (mm) 

(Error bars indicate +/-1 standard deviation) 

 

The results and statistical analysis confirmed that the fabric thickness around the 

fenestration area of graft fabric increased significantly during the initial fatigue testing 

regime. This is believed to be due to the presence of broken filaments and yarn shifting 

caused by in situ fenestration. It took a number of initial fatigue cycles for the new additional 

yarn and fabric stress concentrations created by the in situ fenestration to be dissipated into 

the neighboring regions of the fabric.  On the other hand, after the initial few million cycles, 

the fabric thickness around the fenestration area did not change significantly, which indicates 

that after the fenestrated area had reached a stable state, the fatigue testing no longer affected 

the yarn or weave structure of the graft fabric.  
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9.5 Total Porosity of the endovascular stent grafts 

The total porosity of the endovascular stent grafts was measured before and after 

fatigue testing. This property of the fabric material was calculated as follows: 

Porosity (%) = 1- Mfabric / (Vcube x ρ)                       (3) 

where Mfabric is the weight or mass of the fabric, Vcube is the volume of the fabric and ρ is the 

density of the material, which is assumed to be 1.39 g/cm
3
 for polyester in this study. Both 

the thickness and the mass per unit area of the graft fabric were measured in accordance with 

ASTM D1777 – 96. “Thickness of Textile Materials” [77] and ASTM D3776M – 09a. “Mass 

Per Unit Area (Weight) of Fabric” [78] respectively.  

The measurement of fabric thickness of the graft materials has been described 

previously in Section 9.4.  When determining the weight (mass per unit area) of a material, 

Option C in ASTM D3776 was followed. The following equation was used to calculate the 

mass per unit area of the material: g/ mm
2
 = G/ Ls W [78], where G = mass of specimen (g), 

Ls = Length of specimen (mm) and W = width of specimen (mm).  The specimens were cut 

into 1 cm x 1 cm squares. Five measurements were taken for each material using the 

EXPLORER® Analytical and Precision Balance (Ohaus Corporation, Switzerland) (Figure 

9.18).  The average total porosity value and standard deviation of the graft fabric before and 

after fatigue testing were calculated and are reported in Table 9.4. (For the individual 

measurements made on the specimen, see Appendix J). 
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Figure 9.18 Photograph of EXPLORER® analytical and precision balance 

 

Table 9.4 Results of total porosity of graft fabric (n = 5) 

Fatigue Cycles Equivalent Time  Total Porosity (%) 

0 0 month 69.03 ± 1.44 

27 million 8 months 68.19 ± 1.09 

40 million 1 year 70.77 ± 0.65 

200 million 5 years 70.22 ± 0.46 

300 million 7.5 years 70.07 ± 0.99 

 

The average total porosity values of the graft fabrics before and after fatigue testing are 

presented in Table 9.4. When comparing the average values for total porosity, no significant 

differences were observed between the non-fatigued control group and the 27 million fatigue 

cycle group. Initially a normality test and an F-test for unequal variances was undertaken to 

show that the data were distributed normally and had equal variances. This was followed by 

performing a t-test, that assumed a confidence interval of 95%, and which gave p-value equal 

to 0.378.  However, a significant difference was found between the 27 million cycle (8 

months) group and the rest of the longer fatigue group samples. This was found by using a 
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one way ANOVA test with a p-value = 0.010. On the other hand, no significant difference 

was found in the total porosity between the 40 million, 200 million and 300 million cycle 

group, because the one way ANOVA test generated a p-value of 0.392.  A comparison of the 

results is also illustrated in Figure 9.19.  

 

Figure 9.19 Results of total porosity of fatigue tested graft fabrics (Error bars indicate +/-1 standard 

deviation) 

 

The results and statistical analysis confirmed that initially within the first 1 year of 

fatigue testing, the total porosity of stent graft fabrics increased. This was believed to be due 

either to an initial increase in fabric thickness, or to abrasion between the fabric and the 

sutures used to attach the metal stent wires, which caused an enlargement of the suture holes 

during fatiguing. Then the total porosity of the stent graft fabrics did not change further after 

1 year of fatigue (40 million cycles).  
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9.6 Bursting strength around the fenestration area of the endovascular 

stent grafts 

The bursting strength in the area around the fenestration hole of each fatigued graft 

fabric was measured and compared with an unused endovascular stent graft fabric control.  

The tests were carried out on an Instron Model 5584 mechanical tester (MA, USA) as 

illustrated in Figure 9.20. The test procedure was based on Standard Test Method ASTM 

D3787-15 “Standard Test Method for Bursting Strength of Textiles – Constant Rate of 

Traverse Ball Burst Test.” [75].  The capacity of the load cell was 2 kN, the cross head was 

operated at a speed of 305 mm/min, and a miniature ball burst probe with a diameter of 3 mm 

was mounted inside a compression cage (Figure 2.20). The bursting stress, which was 

assumed to be the stress at the maximum load, was obtained by identifying and recording the 

peak load for each test specimen.  The following calculation was then used: 

Bursting stress = F/(2πR
2
),                             (4) 

Where F is the maximum load measured by the testing machine. R is the radius of the 

bursting probe and half the area of a sphere (2πR
2
) was used as the contact area to calculate 

the stress since the end of the bursting probe was a half sphere.   
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Figure 9.20 The compression cage and sample frame ready for the ball bursting strength test 

 

First the metal stent wires were removed from the endovascular stent graft.  Then three 

specimens with dimensions of 1 cm x 1cm were cut from the area around the fenestration 

hole and their bursting strength measured. The positions of the specimens on the graft fabric 

are shown in Figure 9.21. The average value and standard deviation of bursting stress were 

calculated and reported in Table 9.5 and shown in Figure 9.22. (For the individual 

measurements made on the specimen, see Appendix K). 

 

Figure 9.21 Schematic drawing of specimen locations for bursting strength test 
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Table 9.5 Results of bursting stress of graft fabric around the fenestration area 

Fatigue Cycles Equivalent Time  Bursting stress (MPa) 

0 0 month 5.04 ± 0.58 

27 million 8 months 4.92 ± 0.57 

40 million 1 year 4.93 ± 0.19 

200 million 5 years 4.29 ± 1.32 

300 million 7.5 years 4.74 ± 1.18 

 

The average bursting stress of the graft fabric around the fenestration area before and 

after fatigue testing are presented in Table 9.5. Initially the data were analyzed by running a 

normality test and a Levene test, to show all data sets fell under a normal distribution and had 

equal variances (Levene test gave a p-value of 0.121). Then it was found according to a one 

way ANOVA test with a confidence interval of 95%, that the differences in average values of 

bursting stress among the different groups were not statistically different (p-value equal to 

0.788). The comparisons of the results can be found in Figures 9.22 and 9.23.  

 

Figure 9.22 Results of bursting stress of graft fabrics around fenestration hole  

(Error bars indicate +/- 1 standard deviation) 
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The results and statistical analysis confirmed that, although the graft fabrics were 

fenestrated through radio frequency powerwires, their bursting strength did not changed 

significantly, neither after in situ fenestration nor after up to 7.5 years pulsatile fatigue testing.  

However for endovascular stent graft in phantoms C and D, the variation (standard deviation) 

of the bursting stress in large. This may be due to the longer duration of fatigue testing for 

these two samples, which may cause some deterioration in fabric strength around the 

fenestration hole.    

 

Figure 9.23 Results of bursting stress (MPa) of all fabric specimens around the fenestration 

holeopening (Error bars indicate +/- 1 standard deviation) 
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9.7 Atrium covered stent  

When the Atrium covered stents were examined by endoscopy inside the phantoms, 

clear and transparent areas were observed after 5 years of fatigue testing. Therefore, on 

removal of the covered stents from the stent graft, microscopic observations were carried out 

to study the reason of this appearance transition and the mass of the covered stents was 

measured under wet and dry conditions.  

Figure 9.24 shows the stereomicroscopic images of the covered stent under wet and 

dry conditions removed from Phantom C after 5 years of fatigue testing. This particular 

covered stent was selected because it contained the largest transparent regions when viewed 

endoscopically.  

 

Figure 9.24 Stereomicroscopic images of the covered stent under wet and dry conditions removed 

from Phantom C after 5 years of fatigue testing (8x) 
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From Figure 9.24 it become apparent that when the covered stent was wet, it turned 

partially clear and transparent. However, when it dried out, it became white and opaque again, 

similar in appearance to the un-fatigued control sample.  

Table 9.6 reports the mass of the covered stents under wet and dry conditions.  These 

measurements were taken on the EXPLORER® Analytical and Precision Balance (Ohaus 

Corporation, Switzerland) (Figure 9.18). Three measurements were carried out on each 

covered stent under both wet and dry conditions. (For the individual measurements made on 

the specimen, see Appendix L). 

Table 9.6 Results of mass of covered stents under wet and dry conditions (n = 3) 

Covered stents Wet (g) Dry (g) Mass increase 

when wet 

27 million (covered stent A) 0.289 ± 0.006 0.243 ± 0.001 18.80% 

40 million (covered stent B) 0.272 ± 0.003 0.235 ± 0.000 15.52% 

200 million (covered stent C) 0.300 ± 0.001 0.241 ± 0.000 24.28% 

300 million (covered stent D) 0.300 ± 0.014 0.243 ± 0.001 23.55% 
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Figure 9.25 Results of the mass of the covered stents under wet and dry conditions  

(Error bars indicate +/- 1 standard deviation) 

 

The average mass of each covered stents is presented under wet and dry conditions in 

Table 9.6. By running a normality test, it was found that all the data were normally 

distributed. This was followed by Welch’s ANOVA test assuming unequal variances, which 

demonstrated that, the mean mass of each covered stents under dry and wet conditions was 

statistically different and the wet mass was invariably higher than the dry mass. The p values 

were calculated, assuming a 95% confidence interval, and found to be 0.005, 0.002 and 0.018 

for the covered stents A, B and D respectively. The result from a T-test, assuming equal 

variances and a confidence interval of 95%, gave a p-value of < 0.001 for covered stent C.  
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This confirms that there were significant differences between the dry and wet mean mass 

values.  The increases in wet mass for the four covered stents ranged from 15.5% to 24.3%. 

This confirms that despite being a highly hydrophobic material, during any prolonged 

exposure to wet pulsatile fatigue testing conditions, water was absorbed by the ePTFE 

covered stents. A comparison of the results is also illustrated in Figure 9.25.  

In summary, the experimental results and statistical analyses confirmed that, water was 

absorbed into the ePTFE membranes during fatigue testing and this caused them to change 

their appearance.    
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Chapter 10: Conclusions 

As outlined in Chapter 1, the principal goal of this study has been to develop a reliable 

test method that will operate under various test conditions to mimic the internal pulsatile 

pressure and the external tensile cardiac motion on an aortic aneurysm and to monitor any 

changes in an endovascular stent graft after in situ fenestration followed by mechanical 

fatiguing. This primary goal has been achieved by establishing a pulsatile fatigue test method 

with an Electroforce® 9110 Stent/Graft Test Instrument and by designing and fabricating a 

mechanical cardiac motion system that was mounted and operated simultaneously with the 

pulsatile stent graft tester. Following these procedures, this new test method and the in situ 

fenestration technique were evaluated in order to answer the following questions: 

1. What is the new fatigue testing method to test the long-term stability of an 

endovascular stent graft system that is deployed and in situ fenestrated into a 3-D aortic 

aneurysmal phantom? 

2. How is the cardiac motion system fabricated and performed?  

3. What type of imaging modalities can be used to visualize and monitor the 

medical devices in the phantom for this research study? 

4. What is the time duration of this long-term accelerated fatigue test?   

5. What is the long – term performance of this in situ fenestration technique and 

did the fenestration opening changed its size after fatiguing?   

Based on the results and discussions provided in Chapters 3-9, each of the above 

questions has now been answered.  
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10.1 Specific Aims  

10.1.1 Fatigue test method for endovascular stent graft devices 

A fatigue test method was successfully developed by reproducing a specific patient’s 

aortic arch aneurysm phantom, fabricating a phantom mount frame, developing an 

accelerated cardiac motion system, and attaching the phantoms on to a Electroforce® 9110 

Stent/Graft Test Instrument and a newly designed cardiac motion system. With this fatigue 

test system, two types of fatigue tests were archived; one an internal pulsatile pressure 

fatigue and secondly an external tensile fatigue.  

The phantoms, the endovascular stent grafts and covered stents were tested with this 

fatigue testing system under pressure and temperature that is similar with the patient’s 

condition.  

The establishing of this new fatigue test method provided a novel way of evaluating 

the long-term performance of multiple medical devices with a certain configuration. 

Meanwhile, it offered a new approach to utilize the Electroforce® 9110 Stent/Graft Test 

Instrument which is originally designed to test the straight vascular prosthesis and 

endovascular stent grafts.  
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10.1.2 Accelerated cardiac motion system 

The accelerated cardiac motion system was an essential component in this research 

study. By adding this motion it id now possible to undertake made this fatigue testing more 

reliably and with greater accuracy now that the fatigue system mimics more closely the 

reciprocating heart motion which directly influences the performance of endovascular stent 

grafts.  

This accelerated cardiac motion system was fabricated from a high-speed motor and a 

mechanical cam design which cooperated at a frequency of 50 Hz. The displacement it 

moved the phantoms was in the same range as the amount of vertical movement to the aorta 

caused by the beating of the human heart. The frequency, displacement and failure mode of 

the phantoms confirmed the correct design of this cardiac motion system and ensured the 

reliability and accuracy of the total fatigue test system.  

Limitations of this cardiac motion system were apparent. Due to the high frequency 

(50Hz) requirements for this study the following maintenance activities were required to be 

repaired at the following stoppages of the test system: 1) replacement of the connection T-bar 

between the phantom and the motor, and 2) replacement of the burnt-out motor. Additionally, 

it needed frequent lubrication and maintenance to ensure proper function, on average, of 

every 500,000 cycles.  

However, these limitations could be further improved by changing the metal material 

from aluminum to stainless steel, and by re-designing the vertical bar to a circular shaped rod 
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with smooth surface which would eliminate the abrasion and friction phenomena. These 

modifications are recommended to be done in the last section called “future works”.  

 

10.1.3 Imaging modalities 

Two imaging modalities were found to be useful in this study. They were computed 

tomography scanning and endoscopy. Each of these imaging modalities serves as a unique 

tool to evaluated different properties of the medical devices inside the patient’s tent graft.  

CT scanning was employed to visualize the dimensions of the endovascular stent grafts 

and the covered stents inside the pressurized phantom at each time interval during fatigue 

testing. Precise measurements were archived using this approach.  

Endoscopy was utilized to visualize the shape and appearance of endovascular stent 

grafts and covered stents inside the pressurized phantom at each time intervals during fatigue 

testing. This enabled close monitoring of the changes to covered stents and found out the 

PTFE covered stents would change their appearance from white to transparent while wet.  

 

10.1.4 Fatigue testing  

The fatigue trial undertaken in this project continued for 300 million cycles, which is 

equivalent to 7.5 years in vivo. During fatigue testing, the phantoms expericed both 
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normotensive pulsatile pressures and reciprocating cardiac motion simultaneously from the 

fatigue test system.  

Over time the four polyurethane phantoms generated small cracks that resulted in 

water leakage at different time intervals. This led to the need to remove the phantoms from 

the study which generated four different end points: 8 months (27 million cycles), 1 year (40 

million cycles), 5 years (400 million cycles) and 7.5 years (300 million cycles). This 

facilitated the comparison and monitoring of the four in situ fenestrated stent grafts over time, 

and made it easier to determine when and to what extend the changes in properties of the 

medical devices occurred.       

 

10.1.5 Post-fatigue property analysis   

Various properties were measured before, during and after the fatigue testing, and the 

separate conclusions are made as follows:   

a) Dimensions and appearance of fenestration openings  

The diameters and areas of the fenestration openings and the covered stent lengths 

inside the endovascular stent grafts were monitored and evaluated with CT scanning. It was 

concluded that, the size and dimensions of the fenestration opening did not expand during the 

fatigue testing protocol. However, with endoscopy and microscopic analysis, a few more 

broken filaments were observed after longer periods of fatiguing. Overall, it is concluded that 

the covered stent did not migrate because of the mechanical fatigue environment, and that the 
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clinical use of in situ fenestration for this particular patient is unlikely to lead to complication 

for up to 7.5 years in vivo.     

b) Shape and appearance of covered stents  

The shape and appearance of the covered stents were monitored and evaluated through 

endoscopic, macroscopic and microscopic observations. It was concluded that the shape of 

covered stent did not change during the equivalent of 7.5 years of fatigue. However, one of 

the PTFE covered stents changed its appearance from being white to being translucent. It is 

believed that this change was related to the PTFE membranes ability to absorb moisture.   

c) Properties of the stent graft fabric around the fenestration opening 

Fabric count, thickness and bursting strength of the graft fabric around the fenestration 

opening were measured and compared with the unused fabric control sample. It was found 

that the fabric count and thickness increased after in situ fenestration, but did not change 

during the subsequent fatigue testing. In addition, the bursting strength did not change either 

after fenestration or after fatiguing. So these findings suggest that the action of fenestration 

can cause changes in the graft fabric structure, but once the fenestration opening is formed, 

the fabric structure remains stable and does not alter during mechanical fatiguing.  

d) Other properties of the stent graft fabric  

The porosity of the graft fabric was measured before and after fatiguing. It was noted 

that the porosity began to increase after 1 year of fatigue testing. It is believed that this may 

be due to an increase in thickness of the graft fabric during fatiguing, or due to an 

enlargement of the suture holes in the graft fabric, or both.  
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An additional unexpected observation was that the orientation of the graft fabric was 

not consistent in the assembly of the endovascular stent grafts. In some stent grafts the warp 

direction of the fabric was in the axial direction of the device, while in others the fabric warp 

direction lay in the circumferential direction.  This resulted in the fenestration opening in 

different directions depending on fabric orientation during assembly and manufacture. It is 

recommended that the graft fabrics be orientated and cut consistently during the 

manufacturing process so as to ensure controlled alignment of the fenestration hole.  

The one potential problem that could arise from in situ fenestration is the finding of 

holes in the graft fabric bear the stent wires most likely caused by failure of the power-wire 

to puncture the fabric. Such unintentional small openings in the graft fabric could lead to 

endoleaks if they were to enlarge during implantation. From the observations during this 

study the melted polyester polymer around the hole did not show evidence of fraying or hole 

enlargement. 

 

 

10.2 Recommendations for Future Work  

Continued research study in this area is essential to ensure that endovascular repair 

techniques and endovascular stent graft materials enjoy improved safety and reliability. It is 

recommended that the following areas require further study: 

1. The cardiac motion system needs to be improved to enhance its reliability and 

overall performance. This would be achieved by changing the materials and the vertical 

motion guide design.  
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2. The long-term performance and prognosis of using a chimney/sandwich technique 

needs to be evaluated using a similar approach. This can be done by creating a polyurethane 

elastomeric phantom from the CT image of a second specific patient, who has previously 

undergone thoracoabdominal aortic aneurysm repair using a chimney/sandwich technique. 

An example of a The patient’s CT scan after endovascular repair using a chimney/ sandwich 

approach is shown in Figure 10.1.  

 
 

Figure 10.1. The CT image (left) and sectional diagram (right) of a patient’s thoracoabdominal aortic 

aneurysm after repair with a bifurcated aortobiiliac endovascular stent-graft plus 4 additional stent-

grafts that provided blood flow to the hepatic, splenic, left renal and superior mesenteric arteries. 

 

There are two major challenges for vascular surgeons and interventional radiologists 

using the chimney/sandwich technique. First, the stent grafts have been designed to acquire a 

circular cross-sectional shape, and not a D shape or other cross-sectional shape once 

deployed. There is therefore the potential problem of blood leakage along the “gutter” 

between the devices. The second challenge relates to the potential problem of abrasion and 

wear when the external stents on one stent graft cause damage to the graft fabric of the 

neighboring stent grafts. These issues need to be evaluated by in vitro fatigue testing.  
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Appendix 

A. Bursting strength results of Cook Zenith® flat polyester fabric (Section 6.3.2) 

 

Control 
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 132.50 4.64 223.16 

2 131.79 5.77 158.60 

3 138.15 5.65 173.34 

4 148.58 4.69 228.05 

Mean 137.76 5.19 195.79 

Standard Deviation 7.76 0.60 35.01 

 

Dry ink 
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 148.40 4.56 244.67 

2 153.85 4.66 256.46 

3 122.12 4.76 176.61 

4 135.01 5.57 172.67 

Mean 139.85 4.89 212.60 

Standard Deviation 14.22 0.46 44.13 

 

Wet ink 
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 150.72 5.83 184.64 

2 141.07 4.41 247.57 

3 133.18 6.29 147.03 

4 155.24 6.21 153.12 

Mean 145.05 5.69 183.09 

Standard Deviation 9.88 0.87 46.04 
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B. Bursting strength results of Cook low profile (TX2®) flat polyester fabric 

(Section 6.3.2) 

Dry Control 
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 84.46 5.08 106.36 

2 85.22 5.11 101.88 

3 97.53 6.13 99.16 

4 82.90 3.49 168.30 

5 91.16 4.53 126.15 

Mean 88.25 4.87 120.37 

Standard Deviation 6.06 0.96 28.80 

 

Dry ink  
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 79.66 4.25 149.69 

2 82.29 5.45 111.51 

3 87.09 5.48 115.81 

4 85.02 4.56 137.04 

5 85.46 5.06 122.78 

Mean 83.90 4.96 127.37 

Standard Deviation 2.93 0.54 15.80 

 

Wet Control 
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 85.39 4.72 154.92 

2 91.69 4.84 159.63 

3 72.50 5.70 104.66 

4 89.58 5.00 157.68 

Mean 84.79 5.06 144.22 

Standard Deviation 8.60 0.44 26.45 
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Wet ink  
Maximum 

load (N) 

Extension at 

Maximum Load (mm) 

Modulus 

(MPa) 

1 91.37 5.86 3.71 

2 80.99 5.09 3.29 

3 91.59 6.29 3.72 

4 81.64 5.12 3.31 

5 90.27 6.50 3.67 

Mean 87.17 5.77 3.54 

Standard Deviation 5.37 0.65 0.22 

 

 

 

C. Vertical displacements of phantoms (Section 8.3) 

 
Center of descending aorta 

(Displacement a/mm) 

Aortic root 

(Displacement b/mm) 

1 5.065 7.792 

2 6.623 9.351 

3 4.286 7.013 

Mean 5.3247 8.0519 

Standard Deviation 1.19 1.19 

 

 

D. Results of device dimensions measured with CT scanning and endoscopy at 0 

fatigue cycles (Section 8.9.1) (Unit: mm or mm
2
) 

0 Cycles 

Phantom A 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.169 7.015 7.009 7.064 0.091 

CT transvers diameter 7.435 7.208 7.226 7.290 0.126 

CT protruding length 10.18 10.13 9.132 9.814 0.591 

CT area 41.742 40.227 40.698 40.889 0.775 

Endoscopy diameter 8.323 7.683 6.417 7.474 0.970 

Endoscopy length 10.111 11.016 10.545 10.557 0.453 
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0 Cycles 

Phantom B 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 6.925 7.006 6.916 6.949 0.050 

CT transvers diameter 7.455 7.451 7.456 7.454 0.003 

CT protruding length 7.811 9.207 9.1 8.706 0.777 

CT area 41.153 41.725 41.065 41.314 0.358 

Endoscopy diameter 7.921 7.028 7.271 7.407 0.462 

Endoscopy length 8.581 8.151 9.056 8.596 0.453 

 

 

0 Cycles 

Phantom C 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.485 7.474 7.487 7.482 0.007 

CT transvers diameter 7.006 7.127 7.104 7.079 0.064 

CT protruding length 10.05 9.908 9.428 9.795 0.326 

CT area 43.636 42.201 43.289 43.042 0.749 

Endoscopy diameter 7.413 7.166 6.708 7.096 0.358 

Endoscopy length 9.512 10.489 9.266 9.756 0.647 

 

 

0 Cycles 

Phantom D 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.444 7.313 7.317 7.358 0.075 

CT transvers diameter 7.077 7.007 6.951 7.012 0.063 

CT protruding length 11.71 11.87 11.63 11.737 0.122 

CT area 41.354 40.081 40.152 40.529 0.715 

Endoscopy diameter 6.681 6.808 7.019 6.836 0.171 

Endoscopy length 11.081 11.161 11.726 11.323 0.351 
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E. CT scanning results at each time interval during fatigue testing (Section 8.9.2) 

1 Million Cycles 

Phantom A 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.08 7.03 7.06 7.06 0.03 

CT transvers diameter 7.32 7.14 7.31 7.26 0.10 

CT area 40.869 41.235 40.016 40.71 0.63 

CT protruding length 9.95 10.5 9.19 9.88 0.66 

CT covered stent length 33.5 33.6 33.7 33.60 0.10 

 

10 Million Cycles 

Phantom A 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 6.94 7.04 7.06 7.01 0.06 

CT transvers diameter 7.29 7.27 7.19 7.25 0.05 

CT area 39.959 40.693 40.245 40.30 0.37 

CT protruding length 9.91 9.85 9.49 9.75 0.23 

CT covered stent length 33.6 33.8 33.9 33.77 0.15 

 

27 Million Cycles 

Phantom A 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.13 7.07 7.01 7.07 0.06 

CT transvers diameter 7.19 7.23 7.25 7.22 0.03 

CT area 41.477 40.538 39.165 40.39 1.16 

CT protruding length 10.2 9.43 9.97 9.87 0.40 

CT covered stent length 33.5 33.7 33.9 33.70 0.20 

 

1 Million Cycles 

Phantom B 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 6.93 7.08 6.88 6.96 0.10 

CT transvers diameter 7.45 7.34 7.42 7.40 0.06 

CT area 41.283 41.086 40.918 41.10 0.18 

CT protruding length 9.17 8.78 9.03 8.99 0.20 

CT covered stent length 33.3 33.5 33.2 33.33 0.15 
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10 Million Cycles 

Phantom B 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.02 6.73 7.05 6.93 0.18 

CT transvers diameter 7.33 7.45 7.29 7.36 0.08 

CT area 40.505 41.032 41.299 40.95 0.40 

CT protruding length 8.9 8.79 9.24 8.98 0.23 

CT covered stent length 33.7 33.5 33.3 33.50 0.20 

 

40 Million Cycles 

Phantom B 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.1 6.97 6.93 7.00 0.09 

CT transvers diameter 6.99 7.23 7.33 7.18 0.17 

CT area 39.134 40.267 41.016 40.14 0.95 

CT protruding length 7.87 8.48 8.63 8.33 0.40 

CT covered stent length 33.2 33.4 33.5 33.37 0.15 

 

1 Million Cycles 

Phantom C 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.41 7.48 7.39 7.43 0.05 

CT transvers diameter 7.07 7.05 7.11 7.08 0.03 

CT area 42.744 42.975 43.534 43.08 0.41 

CT protruding length 9.46 9.76 10.26 9.83 0.40 

CT covered stent length 33 33.1 33.2 33.10 0.10 

 

10 Million Cycles 

Phantom C 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.40 7.39 7.43 7.41 0.02 

CT transvers diameter 7.10 7.13 6.98 7.07 0.08 

CT area 42.086 43.273 43.128 42.83 0.65 

CT protruding length 9.96 9.84 10.24 10.01 0.21 

CT covered stent length 33.2 33.4 33.6 33.40 0.20 
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27 Million Cycles 

Phantom C 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.44 7.49 7.45 7.46 0.03 

CT transvers diameter 7.08 7.09 7.1 7.09 0.01 

CT area 42.931 43.519 42.889 43.11 0.35 

CT protruding length 9.5 9.8 10.4 9.90 0.46 

CT covered stent length 33.1 33.6 33.7 33.47 0.32 

 

200 Million Cycles 

Phantom C 
1 2 3 Mean 

Standard 

Deviation 

CT axial diameter 7.39 7.45 7.41 7.42 0.03 

CT transvers diameter 7.08 7.12 7.1 7.10 0.02 

CT area 43.533 42.38 42.044 42.65 0.78 

CT protruding length 9.86 9.71 10 9.86 0.15 

CT covered stent length 33 33.2 32.8 33.00 0.20 

 

 

F. Results of CT transverse diameter measured from the patient’s follow-up scans 

(Section 8.9.4) 

 1 year/mm 2.5 year/mm 

1 8.26 8.19 

2 8.15 8.33 

3 8.48 8.44 

Mean 8.30 8.32 

Standard Deviation 0.17 0.13 
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G. Results of yarn diameter (Section 9.2) 

 Warp yarn/ μm Weft yarn/ μm 

1 39.04 34.62 

2 37.27 33.71 

3 47.92 33.72 

4 37.27 36.38 

5 39.94 36.39 

6 32.83 35.49 

7 35.49 36.38 

8 34.62 35.5 

9 41.7 36.39 

10 40.82 34.71 

11 40.82 -- 

12 40.82 -- 

Mean 39.045 35.329 

Standard Deviation 3.968 1.086 

 

 

H. Results of Woven Fabric Count (Section 9.3) 

Warp count Control A B C D 

1 272 276 288 280 280 

2 276 280 292 284 280 

3 276 280 280 280 284 

4 272 276 284 284 284 

5 268 284 284 288 288 

Mean 272.80 279.20 285.60 283.20 283.20 

Standard Deviation 3.35 3.35 4.56 3.35 3.35 

 

 

Weft count Control A B C D 

1 192 212 210 204 212 

2 200 212 210 212 212 

3 196 208 206 204 214 

4 192 208 204 208 204 

5 200 204 204 208 220 

Mean 196.00 208.80 206.80 207.20 212.40 

Standard Deviation 4.00 3.35 3.03 3.35 5.73 
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I. Results of fabric thickness around the fenestration area of the endovascular 

stent grafts (Section 9.4) 

Thickness (mm) Control A B C D 

1 0.18 0.21 0.21 0.23 0.23 

2 0.18 0.21 0.17 0.18 0.21 

3 0.16 0.22 0.19 0.23 0.25 

4 0.21 0.24 0.18 0.17 0.21 

5 0.18 0.24 0.23 0.22 0.22 

6 0.18 0.23 0.27 0.21 0.22 

7 0.2 0.25 0.26 0.24 0.21 

8 0.15 0.25 0.22 0.19 0.24 

9 0.17 0.22 0.19 0.2 0.26 

10 0.16 0.22 0.22 0.19 0.25 

Mean 0.177 0.229 0.214 0.206 0.230 

Standard Deviation 0.018 0.015 0.033 0.024 0.019 

 

 

J. Results of total porosity of graft fabric (Section 9.5) 

Porosity Control A B C D 

1 71.14% 67.63% 70.84% 69.99% 68.84% 

2 68.30% 67.23% 71.60% 70.76% 71.53% 

3 67.89% 68.82% 70.47% 69.61% 69.22% 

4 70.33% 70.02% 69.71% 70.76% 70.76% 

5 67.48% 67.23% 71.22% 69.99% 69.99% 

Mean 69.03% 68.19% 70.77% 70.22% 70.07% 

Standard Deviation 1.44% 1.09% 0.65% 0.46% 0.99% 
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K. Results of bursting stress of graft fabric around the fenestration area (Section 

9.6) 

Bursting stress (MPa) Control A B C D 

1 5.853 5.540 4.834 4.411 3.397 

2 5.200 4.428 5.143 5.538 5.233 

3 4.456 4.799 4.802 2.916 5.590 

4 4.486 -- -- -- -- 

5 5.208 -- -- -- -- 

Mean 5.041 4.922 4.926 4.288 4.740 

Standard Deviation 0.584 0.566 0.189 1.315 1.177 

 

 

L. Results of mass of covered stents under wet and dry conditions (Section 9.7) 

Stent Wet Weight (g) A B C D 

1 0.2823 0.2683 0.2996 0.3105 

2 0.2946 0.2744 0.3008 0.2845 

3 0.2890 0.2724 0.2989 0.3042 

Mean 0.2886 0.2717 0.2998 0.2997 

Standard Deviation 0.0062 0.0031 0.0010 0.0136 

 

 

Stent Dry Weight (g) A B C D 

1 0.2423 0.2349 0.2415 0.2427 

2 0.2428 0.2351 0.2411 0.2418 

3 0.2438 0.2356 0.241 0.2433 

Mean 0.2430 0.2352 0.2412 0.2426 

Standard Deviation 0.0008 0.0004 0.0003 0.0008 

 

 


