
ABSTRACT 

TONG YAO. The Development of In Vitro Abrasion Test Method for the Textile and Metal 
Components of Endovascular Stent Grafts. (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]. 

  Implantable endovascular stent-grafts have become routine devices for the 

treatment of abdominal and thoracic aneurysms [3]. The endovascular stent-graft consists 

of a tubular flexible non-permeable graft fabric or membrane and a rigid stent [4]. Given 

that such devices are permanent implants, the question of long-term biostability needs to 

be addressed [5-7]. Examples of explanted specimens indicate that in certain cases 

premature failure is caused by the abrasive action that can occur between the textile graft 

fabric and the metallic stent [8-11]. 

An in vitro abrasion test method between the graft fabric and metal stent material 

of an endovascular device has been developed in this research study by modifying an 

existing commercial Stoll Flexing and Abrasion Tester. This modified abrasion tester enables 

a stent wire abradant to abrade against a tensioned strip of graft fabric material under 

either a wet or dry environment to mimic in situ abrasive motion.



Three endpoints, the number of abrasive holes, the number of broken yarns and the 

loss of breaking strength, were established to determine the fabric’s abrasion resistance 

after a certain number of abrasion cycles.  

Two types of graft fabric materials, multifilament woven polyester fabric and 

monofilament woven polyester fabric,  and two types of stent materials, laser cut nitinol 

stents and regular nitinol stent wire, were evaluated under dry and wet conditions using 

two different but equivalent abrasion testers.  

First, the results showed that number of holes and broken yarns created by the two 

abrasion testers under the same conditions were statistically the same. Also, the breaking 

strength of the multifilament polyester fabrics were the same for both testers, while greater 

variability was observed for the monofilament fabric due to the uneven tension applied 

during specimen mounting. Secondly, the number of holes and broken yarns of the 

multifilament polyester fabric under wet conditions were the same as in the dry state, while 

more of these defects were observed for the monofilament polyester fabric when wet 

compared to the dry condition. Besides, the breaking strength of both fabrics fell during wet 

abrasion. Thirdly, the number of broken yarns created in the multifilament polyester fabric 

was smaller than that for the monofilament polyester fabric.  Additionally, the strength loss 

of the multifilament polyester fabric was smaller than that of the monofilament polyester 

fabric. Finally, for both fabrics, the laser cut nitinol stent created more holes and broken 

yarns than the regular nitinol stent wire.  However, this perceived damage resulted in less 

strength loss.



In conclusion, this test method was useful in testing the abrasion resistance of the 

components of endovascular stent grafts. The two different abrasion testers behaved 

similarly and gave equivalent results during this research study. The abrasion resistance of 

both fabrics was lower in a wet environment compared to being tested dry. Additionally, 

the multifilament polyester fabric had better abrasion resistance than the monofilament 

polyester fabrics. The laser cut nitinol stent was more aggressive in creating holes and 

broken yarns in both fabrics, while the regular nitinol stent wire caused a greater loss in 

fabric strength. These conclusions have led to the recommendation of a new in vitro stent-

graft abrasion test method for endovascular devices which includes the use of this modified 

Stoll Flexing and Abrasion Tester operating for at 120 cycles per minute under wet 

conditions and using the three endpoints described above.   
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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 between 65 and 75 years old. They 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 old.  

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

endovascular surgery, is being used with increasing frequency to treat abdominal aortic 

aneurysms (AAA) and thoracic aortic aneurysms (TAA). The device that is implanted 

permanently during in 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 surgical fabric supported by a rigid “stent” structure, usually made from 

metal. The graft fabrics are usually woven polyester fabric or an expanded 

polytetrafluoroethylene (ePTFE) membrane while the metallic stents are made of stainless 

steel or nitinol which has self-expanding property.   

Although endovascular repair offers many advantages over open surgery, such as 

less pain and faster recovery, its long term performance needs to be investigated, such as 

the durability of the device, and the long term mortality and health-related quality of life for 
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the patient Many complications or failures due to blood leaking through the wall of the 

grafts, migration of the device, and aneurysm rupture have been reported. 

Among all the types of complications and failures of endovascular stent grafts, a 

common type of blood leakage is due to the formation of holes in the graft material caused 

by abrasive wear between the rigid metallic stent and flexible graft fabric. The relative 

motion and friction between the stent and the graft can cause abrasion and may lead to 

perforation and the formation of a hole in the textile structure. The literature reveals that 

5%-20% of complications associated with endovascular repair are caused by wear holes in 

the graft material.  

Therefore, the relative motion between components of an endovascular stent graft, 

namely the metallic stent and graft fabric, is worth investigating. This research study has 

established a new test method which can evaluate the abrasion resistance of a graft fabric 

under a condition similar to the body environment. With this method, an appropriate 

selection of materials can be achieved to avoid such complications in the next generation of 

endovascular stent grafts.  

 

1.1 Problem Statement 

 
Implantable endovascular stent-grafts have become routine devices for the 

treatment of abdominal and thoracic aneurysms. Because they are fabricated from a 
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tubular flexible non-blood-permeable graft fabric or membrane, which is attached to a rigid 

stent, they can be collapsed, loaded into a sheath and delivered to the site of the aneurysm 

by means of a delivery catheter. They are then expanded in situ so as to occlude the 

aneurysmal sac and ensure that it is isolated from normal pulsatile arterial blood pressure.  

However, given that such devices are permanent implants and should continue to 

function in a pulsatile blood flow environment for the life of the patient, the question of 

long-term biostability needs to be addressed. Examples of explanted specimens that have 

been retrieved from patients after only a few months or after many years indicate that in 

certain cases premature failure is caused by the abrasive action that can occur between the 

textile graft fabric and the metallic stent. 

There is a need to study this phenomenon in vitro so as to understand the 

contributing factors that lead to abrasion and wear. This will lead to the appropriate 

selection of materials and their structures that favor reduced levels of abrasion between 

the components and thus avoid such complications in future generations of endovascular 

stent grafts.  

 

1.2 Goals and Objectives 

 

The ultimate goal of this study is to develop a reliable test method that will operate 

under various test conditions, such as applied pressure, applied tension, type of metal stent, 
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type of woven graft fabric, abrasion rate, and duration, so as to mimic the abrasion 

between the graft fabric and the stent material of an endovascular prosthesis. The 

achievement of this goal requires an appropriate design of experiment using standard 

materials and structures, and the establishment of appropriate and reliable “endpoints” 

that accurately measure the extent of abrasion between the components.  The objectives of 

this study are listed below:  

1. Establish a new abrasion test method for endovascular stent graft devices. 

2. Establish appropriate and reliable “endpoints” for an accelerated test lasting 

around 60 minutes. 

3. Compare the experimental abrasion resistance results of two different 

abrasion machines. 

4. Compare the fabric wear resistance of endovascular graft fabrics under dry 

and wet conditions. 

5. Compare the fabric wear resistance of different types of polyester 

endovascular graft fabric materials: 

a) Multifilament polyester fabric (Cook Zenith fabric) 

b) Monofilament polyester fabric (Medtronic Talent fabric) 

6. Compare the fabric wear resistance of different types of stent: 

a) Laser cut nitinol stent (Teramed Inc.) 

b) Regular Nitinol stent wire(W. L. Gore and Associates Inc.) 
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Chapter 2: Review of Literature 

2.1 Endovascular Stent Graft 

 

             2.1.1 Abdominal and Thoracic Aortic Aneurysms and Endovascular Repair 

 

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

(thorax) and abdominal cavities is called the aorta (Figure 2.1[19]). In humans it can range in 

size from about 40mm in diameter near the heart (the aortic arch) to about 24mm [20] in 

diameter at the bifurcation where the two iliac arteries in the abdominal cavity carry the 

blood to legs. For patients with atherosclerosis an abdominal aortic aneurysm (also known 

as AAA) and thoracic aortic aneurysm (also known as TAA) are localized dilations of the 

abdominal aorta and thoracic aorta respectively (figure 2.1 [19]). 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 arch join the descending aorta [1] 

(Figure 2.1). With the variation of age, sex, body weight, and disease state, the size of the 

aneurysm will tend to increase over time [21]. 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 [22].  
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Figure 2.1. Abdominal and thoracic aortic aneurysm[19] 

 

Abdominal and thoracic aortic aneurysms occur most commonly in individuals 

between 65 and 75 years old and are more common among men, smokers [23,24] and 

people with atherosclerosis [1,25]. 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 [26], although 

occasionally they cause pain in the chest, abdomen and back or in the legs [3]. The major 

complication of such aneurysms is rupture which causes large amounts of blood loss in the 

abdominal or thoracic cavity, and leads to death within minutes [27]. The rate of mortality 

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

reached a hospital [3].  

The patient’s age, disease state and aneurysm size are the key factors to be 

considered when choosing alternative management options. The doctor has to choose 

between no treatment, active surveillance and delayed repair, immediate open surgical 

repair (OSR), or endovascular repair (EVAR) [3]. Among these options, endovascular 
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aneurysm repair (EVAR) involves a less invasive type of endovascular surgery which is being 

used with increasing frequency to treat abdominal aortic aneurysms (AAA) and thoracic 

aortic aneurysms (TAA). The principle of endovascular aneurysm repair (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 [28]. 

 

Figure 2.2. Endovascular repair of an abdominal aortic aneurysm, with the use of an endograft [29] 

 

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 

anaestheic or will have local anaesthesia such as an epidural. [29] Catheters which include 

guidewires and a vascular sheath are introduced into the patient’s femoral arteries, and 
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then, the endovascular stent-graft is inserted and visualized by diagnostic angiography 

which captures images of the aorta to determine the position of the stent-graft. The body 

or proximal end of the stent graft is first deployed into the aorta and the bards or hooks 

that ensure the device achieves adequate fixation are engaged in the luminal arterial wall so 

as to prevent distal migration. Then, the limbs will be deployed into the iliac arteries and 

joined to the of the stent graft [29]. Figure 2.2 shows the delivery procedure of 

endovascular stent grafts.  

             2.1.2 Endovascular Stent-Grafts and their Delivery Systems 

 

The device that is implanted permanently during in endovascular surgery is called an 

endovascular stent-graft (Figure 2.3). A stent-graft is a modular tubular device, which 

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

rigid “stent” structure, usually made from metal. Surgical sutures are used to sew the graft 

material to the stent which is usually made of self-expanding stainless steel or nitinol 

[30,31]. The surgical fabric is usually a polyester woven fabric or an expanded 

polytetrafluoroethylene (ePTFE) membrane [4]. Since the graft material is more rigid 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 [28]. The stent graft has one 

or two modular components that are collapsed and loaded into a sheath before being 

introduced into the body catheters. The delivery system is used to allow placement of the 

stent graft in the correct location through the aneurysm and to permit the two or more 

modular components to be permanently connected in situ.  
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Figure 2.3. Endovascular stent-graft 

 

For a better selection of the graft material, there are several recommended criteria 

to be considered. They include: low profile (thin fabric), flexible, radio opaque markers, 

deployable and durable. These characteristics ensure that the stent graft can be safely 

deployed and secured in the patient’s aorta, will not migrate over time, will cause the 

aneurysm to shrink and will last in the patient for a long period of time without 

complications [32].  

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. If a patient requires the stent-

graft to fit his or her aorta and iliac artery diameters precisely, if the two iliac limbs need to 

be different sizes; diameter or length, then a modular graft will be a better choice. However, 

the risk of modular stent-grafts compared to the one-piece device is that they may become 

disconnected over time and lead to device failure [32].  

Endovascular repair is a comparatively recent type of treatment. It has superseded 

the traditional open surgery to the chest. It involves making a small incision in the thigh and 

inserting a catheter into the femoral artery. This catheter enables the insertion of a guide 
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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 be expanded to fit the size of aorta and iliac arteries by the self-

expanding stents or with the use of a compliant balloon. 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 [32]. Figure 2.4 shows a typical delivery system which 

is called the Flexor introduction system (Cook Medical, Bloomington, IN). This system can 

help deploy stent-grafts in the aorta and fix them against the wall of the aorta. Coatings and 

some kink-resistance treatments are added to the sheath to enhance the ease of delivery 

[33].  

 
 

    
 

Figure 2.4 A) Flexor hydrophilic, kink-resistant sheath, B) Flexor delivery system [33] 
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              2.1.3 Advantages and Limitations 

 

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

an aneurysm will expand and rupture [29]. Traditional open surgery is a direct and effective 

way to repair an aneurysm. However, it carries with it substantial risks depending of 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 can’t have open chest surgery 

[29]. 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 anaesthesia associated with open chest surgery [32].  

Endovascular repair also provides the patient with less pain and a faster recovery. 

That is because of the smaller incision used for endovascular repair compared to the larger 

incisions associated with open surgery. Following endovascular surgery (EVAR), patients 

may have to stay in the hospital for only a few days. They can usually return to normal 

activity after 4 to 6 weeks [5]. On the other hand, open surgical repair is a proven procedure, 

but it has a long overall recovery time, which can last up to 3 months [5]. Additionally, open 

surgery is often performed under general anesthesia and associated with a higher 30-day 

mortality rate [29].   

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 

http://www.tx2lowprofile.com/what-is-open-surgical-repair.html
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long term mortality and health-related quality of life for the patient [6, 7]. 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 mortality and health-related quality of life 

(HRQL), it is more expensive, and leads to a greater number of complications and 

reinterventions. However, it does result in a 3% better aneurysm-related survival rate” [6].  

The complications specific to EVAR include endoleaks, graft rupture, graft infection, graft 

migration, graft kinking, renal infarction, iliac dilatation and aneurysm enlargement.  

Therefore, problems with endovascular repair and endovascular stent-grafts 

continue to exist. The types of failure and reasons for complications should be identified 

and investigated. In fact, the long term biostability of stent-grafts should be improved 

significantly through further research and development. 

 

2.2 Problems of Endovascular Stent-Grafts 

 

              2.2.1 Clinical Examples of Failure 

 

The first endovascular stent-grafts implanted into the human body by Parodi, Palmaz, 

and Barone in the 1990’s to treat aortic aneurysms [34]. Since then, this technique has 

evolved rapidly with developments in metallurgy and fabric science [8]. However, failures 

due to endoleaks, stent graft migration, and aneurysm rupture have been reported [6, 8-

11,]. In March 2008, the Food and Drug Administration (FDA) published a report on the 
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mortality rate associated with AneuRx graft. The report indicated that the average risk of 

late abdominal aortic aneurysm related mortality associate with the AneuRx graft exceeded 

that with open surgical repair [10].  Many studies have been carried out to investigate the 

long term biostability and mechanisms responsible for these failures.  

One clinical research study undertaken by Jacobs and Marin at the Montefiore 

Medical Center and the Mount Sinai Hospital, New York City, USA, followed 686 patients 

with endovascular stent grafts over a 10 year period [8]. They found that, stent grafts of 60 

patients (15%) showed evidence of poor stability and fatigue. Of these 60 patients, 43 

patients had metallic stent fractures, 14 had suture disruptions, and three had graft holes. 

The average time it took before such complications were recognized was 19 months and of 

the 60 patients, 11 patients died due to stent graft failure [8].   

Another follow-up research study taken in Japan over 5 years also found evidence of 

device failure among 41 patients [9]. Of these 41 patients, five (12.2%) had endoleaks, two 

(4.9%) had stent graft migration, and another two patients (4.9%) died as a results of device 

failure [9]. 

 It is clear from these clinical studies that the potential for stent graft failure remains 

a real and significant risk. More surgical experience and longer term patient follow–up are 

both required in order to improve the effectiveness and reliability of this type of device [9]. 
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             2.2.2 Complications and Endoleaks 

 

Complications associated with endovascular aneurysm repair (EVAR) can increase 

the morbidity and mortality 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 [14]. 

Endoleaks  

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

blood percolates into the aneurysm sac and increases the internal pressure on the 

aneurysm despite deployment of a stent graft [14]. This kind of complication was reported 

in 12-44% of cases using the first generation of stent grafts [55-59], compared to 15-22% of 

cases using the current generation of stent grafts [14, 35-38]. 

Endoleaks are divided into five types based on the anatomical location of the 

leakage or perfusion. They are as follows [15]:  

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, inadequate seal, or from a 

disconnection of the modular graft components. 
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Type IV: Leakage due to graft fabric permeability (sometimes referred to as 

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

aneurysm sac.  

Type V: leakage from an unknown origin. 

 

Figure 2.5. Four specific types of endoleaks [15] 

 

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

an endovascular repair (EVAR), and they can lead to proximal and distal zone infection and 

aneurysm expansion and possible rupture [14]. This situation demands immediate attention, 

which may involve extending the proximal or distal ends of the stent graft with extension 

cuffs to improve the seal [14]. Type II endoleaks are due to blood entering and filling the 

aneurysm sac via retrograde flow through the hypogastric or pelvic collateral arteries as 

shown in Figure2.5. 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 [15]. Type III 
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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 

and/or modular disconnection [15]. 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 [14]. 

Migration  

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

The general definition of graft migration agreed to by different companies indicates that 

this displacement is larger than 10 mm [14]. Those stent grafts that are designed to include 

active fixation with the use of protruding hooks or pins have found to have lower migration 

rates than grafts that rely solely on radial force for fixation [14]. 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 [14].  
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Device Failure 

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

graft device [39-41].  They include stent fracture, fixation hook fracture, and perforation 

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

inevitable lead to increased internal blood pressure in and expansion of the aneurysm sac, 

which can lead to rupture and possibly death of the patient. 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.  

             2.2.3 Wear Holes in Graft Material 

 

Among all the types of complications and failures of endovascular stent grafts, 

endoleaks are the most common for endovascular repair. In particular, type III endoleaks 

can be caused by abrasive wear between the rigid metallic stent and the flexible graft fabric. 

The relative motion and friction between the stent and the graft can cause abrasion and 

may lead to perforation and the formation of a hole in the textile structure. This relative 

motion and friction can result from blood flow, arterial pressure, and movements of the 

aorta itself [12]. In fact, fabric wear and abrasion fatigue was one of the first reported 

causes of aneurysm rupture and stent graft failure in the earliest generation of stent graft 

design. [8, 42-45] 

Figure 2.6 shows wear holes in an explanted endovascular stent graft caused by 

abrasion between the apex of a metallic stent strut and the neighboring graft fabric [8].  
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Many complications related with these wear holes have been reported in the literature 

describing either clinical studies or device retrieval studies of explanted stent grafts [45-47].  

 

Figure 2.6. Maginified image of wear holes in the textile portion of a stent graft [8] 
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2.3 Failure Caused by Wear Holes 

 

The literature reveals that 5%-20% of complications associated with endovascular 

repair were caused by type III endoleaks with wear holes in the graft material [9, 12-18].  

  

Figure 2.7. Scanning electron photomicrographs of the surface of specimen graft fabric. A) and B) 
yarn distortion and damage due to abrasive action at original magnification x 20 and higher 

magnification x200 respectively, C) and D) abrasive hole at x20 and x200 magnification respectively 
[45]  

 

In one of our previous studies [45], six explanted endovascular stent-grafts were harvested 

over 13 to 53 months implantation. The woven polyester graft fabric showed evidence of 

yarn shifting and distortion, yarn damage and filament damage by abrasive motion.  All of 

these phenomena may lead to the formation of holes in the structure. Holes or openings in 

the fabric structures were also found. They may have been caused by the impact of a sharp 

C 
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surface against the fabric. Figure 2.7 shows the evidence of yarn distortion and damage 

caused by surface abrasion and the holes in the graft fabric. 

In one case it was reported that 12 months after an endovascular repair of a TAA for 

a 78-year-old man, his computer tomography (CT) scan showed an enlarged aneurysm sac 

and a type III endoleak. Arteriography confirmed that this endoleak was caused by a hole in 

the stent-graft fabric [16]. Relative motion and friction between the metal stent component 

and the fabric may have been the cause for the hole. Another 86-year-old male patient also 

developed an endoleak 1 year after endovascular of repair. At his re-operation, the 

endoleak was traced to small holes in the graft fabric (Figure 2.8) [17]. Following device 

retrieval it was observed that the graft fabric contained perforations that were due to 

breakage of the polyester yarns by either fractured metallic stent components and/or by 

abrasive wear from protruding Nitinol stent wires [17].   

 

Figure 2.8. Photograph of the explanted stent graft showing multiple holes in the graft fabric [17] 

 

 



 
 

21 
 

In the long term follow-up clinical study by Jacobs and Marin they followed 686 

patients with endovascular stent grafts for a period of 10 years [8]. From this cohort 60 

patients presented chronic complications due to stent device fatigue. Of these 60 patients, 

three (5%) had type III endoleaks due to fabric graft wear holes [8]. 

One retrieval study has reviewed the data for all bifurcated AneuRx stent grafts 

implanted at one clinical center between 1996 and 2003 [18]. These stent grafts were 

explanted either at reoperation or at autopsy and 120 explanted devices were analyzed. 

The results showed that the mean number of graft fabric holes per explanted device was 2 ± 

3 and the median hole size was 0.5mm2. It was concluded that these abrasion holes were 

related to abrasive wear between the fabric and the apex of the metallic stent struts, 

particularly in those areas of severe angulation and where the sutures were broken and 

there was greater freedom of relative movement between the metallic stent and the graft 

fabric [18]. The frequency distribution of the total number of fabric holes per explanted 

device is shown in Figure 2.9. 
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Figure 2.9. Frequency distribution of the number of fabric holes (>0.2 mm2) per explanted device 
[18] 

Once a wear hole has been formed by relative motion, surface friction and abrasive 

action will lead to a type III endoleak. This in turn will cause complications such as aneurysm 

enlargement, which, if left untreated, could result in aneurysm ruptures and death [8]. 

Therefore, whenever there’s any symptom of an endoleak, open surgery or endovascular 

stent graft replacement is necessary to avoid the risk of aneurysm sac rupture and death.  

 

2.4 Friction and Wear of Materials 

 

            2.4.1 Material Friction 

 

Friction refers to the resistance to motion of one solid object which is in contact with 

a second object and the two objects are moving relative to each other. Frictional forces may 

also apply tangentially to surfaces so as to oppose and actually prevent any motion [48].  

Friction is of great importance because it occurs everywhere there is relative movement in 

daily life. For instance, 0.5% of the Gross National Product of industrialized countries is lost 

because of the lack of knowledge of minimizing friction forces by lubrication between 

sliding surfaces [48].   

The coefficient of friction, µ, is defined by the equations: µ = F / N, where F is the 

force to move one surface over another, and N is the normal force pressing the surface 
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together[49]. Friction can be divided into two categories, 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 friction force. Kinetic friction is the force that must be overcome to 

continue sliding [49].   

The frictional properties of metal need to be considered first since metals are the 

most prominent components in today’s machines and devices [48]. 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 include 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 [48]. 

Typically, metals have an initial coefficient of friction in the range from 0.1 to 0.3 [48]. 

Therefore, before evaluating its friction properties, 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 reactivities with 

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

less important [48]. 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 [48]. 

Softer polymers and nonmetal materials such as textiles show more surface damage and 

abrasive wear compared to more rigid materials [50].  
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The fundamental cause of friction can be explained in microscale. All the surfaces 

are assumed rough on a microscale. When surfaces touch at 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 tends to 

weld and establish primary bonds bridging the interface with atoms and molecules. This 

process will be accelerated by the heat generated from plastic deformation [49]. 

The total friction force is the sum of adhesion force and 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 (u = 0.04) [49].  

 

              2.4.2 Material Wear 

 

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

such as rubbing [48]. The amount of material removed is quite small and sometimes 

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

and cumulative [48].  

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

and surface fatigue wear [48]. 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 
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and adhere to the other. Abrasive wear happens when a rough hard surface slides on a 

softer surface and leaves a groove in it. The hard surface may also be composed of a soft 

material containing hard abradant particles at the surface. Corrosive wear occurs when 

sliding takes place in a corrosive environment and corrosion products form a film on the 

material’s surface. This film will either prevent, slow down, or even accelerate the corrosion 

process. On the other hand, if friction damages this film, then the corrosive attack 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 [48, 50]. 

  

              2.4.3 Friction in Textile Materials  

 

When it comes to fibers and textiles, friction plays an important role in the ease of 

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 fibers, yarns and fabrics [51].    

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 and treatments, fiber blends and moisture 

content [52, 53].  
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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 [52, 52]. 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 would 

develop within the fiber as a result of the abrasion force [53].  

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

reported to affect the frictional properties of the yarn and the fabric made from it [52, 53]. 

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

will also be increased [52]. The woven design or weave pattern is another factor that 

determines the frictional properties of fabric [52, 53]. 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 good yarn binding and uniform distribution of applied stresses [52]. Furthermore, 

when the warp yarns are protected by floats, the abrasion resistance will improve further. 

[52] 

Among all types of fibers nylon is believed to have the highest abrasion resistance 

[50]. As a result, the blending of nylon and other synthetic fibers has been studied 

extensively to improve the abrasion resistance of natural fibers [52, 53]. Fiber 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 [52]. 
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Moisture is also an important factor that influences both hydrophilic and 

hydrophobic fibers [52]. All textile fiber other than natural celluloses lose strength when 

wet, expecting those with 0% moisture regain. [52]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 surfaces. This phenomenon 

supports the results of a study carried out by Wake [52] who found that a woven raincoat 

was stronger when wet. Therefore, moisture content and the presence of liquid water 

should be evaluated for all types of fibers, yarns and fabrics before reaching any conclusions.  

 

              2.4.4 Currently Used Abrasion Test Method for Textiles  

 

Abrasion can occur under many different conditions when textiles are in contact 

with and move against a second surface. For example, fabrics may rub against another 

fabric surface when you are seated and your clothes are in contact with upholstered 

furniture. Or alternatively, during manufacturing or processing, yarns and fabrics rub 

against metal or ceramic guides and other equipment surfaces which can result in abrasion 

damage to both the flexible textile and rigid metal surface. Therefore, there are many 

different types of abrasion test methods each with its own machines, abradants and testing 

conditions [54]. 

In fact there are six different standard test methods each with its own testing 

instrument being used in laboratories and industries around the world. They include the:           
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1) inflated diaphragm, 2) flex and abrasion, 3) oscillatory cylinder, 4) rotary platform, 5) 

uniform abrasion and 6) impeller tumble test method [54]. They are described in the 

following six ASTM standard test procedures:   

1. ASTM D 3886 – 99, “Standard Test Method for Abrasion Resistance of Textile 

Fabrics (Inflated Diaphragm Apparatus)” 

2. ASTM D 3885-07a, “Standard Test Method for Abrasion Resistance of Textile 

Fabrics (Flex and Abrasion Method)” 

3. ASTM D 4157 – 10 “Standard Test Method for Abrasion Resistance of Textile 

Fabrics (Oscillatory Cylinder Method)” 

4. ASTM D 3884 – 09 “Standard Test Method for Abrasion Resistance of Textile 

Fabrics (Rotary Platform, Double-Head Method)” 

5. ASTM D 4158 – 08 “Standard Guide for Abrasion Resistance of Textile Fabrics 

(Uniform Abrasion method)” 

6. ASTM D4966 – 10 “Standard Test Method for Abrasion Resistance of Textile 

Fabrics (Martindale Abrasion Test Method)” 

When establishing a standard abrasion test method there are two main approaches 

for measuring and quantifying the end point which allow one to determine the relative 

abrasion resistance: 1) abrade the sample until a certain visible or easily identifiable 

endpoint is reached, such as yarn breakage or the formation of a hole, and then record the 

number of cycles of abrasion, 2) abrade the sample for a fixed period of time or a fixed 
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number of cycles and then evaluate the fabric for any changes in breaking strength, weight, 

thickness, or fabric count [54]. 

             2.4.5 Important Factors and Considerations in Abrasion Tests 

 

In a standard abrasion test, there are some important factors or variables that either 

have to be controlled or taken into account. When designing an abrasion test method the 

following principles need to be considered: 1) the type of abrasion should mimic the real 

service conditions, and the surface of the abradant should be well documented and 

precisely controlled or renewed as necessary so as to ensure sound repeatability and 

effective reproducibility of the test method,  2) the speed and displacement of the abrasive 

should be comparable to that found in service, 3) the pressure applied to the specimen 

should be suitable, relevant and constant, 4) excessive amounts of heat should not be 

developed, 5) the extent of the abrasive displacement and motion should be constant, and 

6) it is important to choose an accurate and quantifiable endpoint in order to determine the 

relative level of abrasion resistance between samples [52].  

The abrasion testers used currently are listed below: 1) Wyzenbeek tester, 2) Taber 

Abraser,3) Schiefer teser, 4) Accelerator, 5) Stoll flexing and abrasion tester, 6) Martindale 

tester. These testers have different abradant and abrasive motion. Only the Stoll flexing and 

abrasion tester can provide an abrasion between a metal and a fabric strip. Therefore, this 

machine was chosen in this research study.   
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Chapter 3: Materials and Methods 

This chapter describes a detailed discussion of the materials and methods need in 

this research study. Test method development is the key step of this research project to 

evaluate the wear and abrasion resistance of endovascular stent graft fabrics. The 

investigation surrounding this development, which focuses on finding appropriate 

“endpoint” and the key variables for this test method, is also outlined and discussed. 

3.1 Design of Experiment 

 
The research for this study consisted of developing a reliable test method under certain test 

conditions to mimic the abrasion between the graft fabric and the stent material of endovascular 

prostheses and evaluating the wear resistance of different types of endovascular graft fabrics. 

Therefore, this research is divided into three steps: 

1) Development of an abrasion tester based on an existing commercial Stoll Flexing and 

Abrasion Tester. 

2) Development and validation of the test method by establishing reliable and appropriate 

endpoints of it. 

3) Preliminary evaluation of different graft and stent materials using this new test method.  
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3.2 Materials  

 

Two different graft fabric materials were used throughout the research. They are: 1) 

multifilament polyester fabric used in Cook Zenith® device, and 2) monofilament Medifab® 

polyester fabric (Sefar) used in Talent® endovascular stent graft. These two types of graft 

material provided a good representation of the range of polyester fabrics currently used in 

commercial endovascular grafts.  

Table 3.1 reports detailed information of the materials used in this research study. 

Figure 3.1 shows photographs of two types of fabric samples.  

Two types of metal stent materials were used in this research. They are 1) laser cut 

nitinol stent supplied by Teramed Inc. (formerly Plymouth, MN), and 2) regular nitinol stent 

wire supplied by W. L. Gore and Associates Inc. (Flagstaff, AZ). The detailed information of 

these two stent materials is presented in Table 3.2.  

During preliminary testing samples of nitinol and stainless steel stent wires were 

evaluated. It was found that the stainless steel wire took about 10 hours to create a hole in 

the standard graft fabric compared to about 40 minutes for the nitinol wire. With a view to 

developing an accelerated test that would reach an observable endpoint within a 

comparative short time, it was decided to use nitinol wire and laser cut nitinol stents in this 

research study.  

 



 
 

32 
 

Table 3.1 Fabric Materials Used in this Study 

Materials Manufacture Structure Polymer/ Yarn 
Measured 

Weight 
Measured Woven Fabric 

Count 

Multifilament 
Woven Polyester 

Cook Medical Inc. 

4 x 1/1 plain 
weave + 2 x 

3/1/1/1 satin 
weave 

PET/ Multifilament 106 g/m2 
Warp: 61.4 ends/cm 
Weft: 54.6 picks/cm 

Monofilament 
Woven Polyester 

Sefar Inc. 4 X 4 Twill PET/ Monofilament 69 g/m2 
Warp: 275.2 ends/cm 
Weft: 200.0 picks/cm 

 

Table 3.2 Stent Materials Used in this Study 

Materials Manufacture Metal Composition Wire Diameter  Length 

Laser Cut Nitinol Stent Teramed Inc. Titanium and Nickel 0.34mm 7mm 

Regular Nitinol Stent Wire 
W. L. Gore and 
Associates Inc. 

Titanium and Nickel 0.27mm 5mm 



 
 

33 
 

 

Figure 3.1 Photographs of as received A) multifilament polyester fabric used in Cook Zenith® device, 
B) monofilament Medifab® polyester fabric (Sefar) used in Talent® endovascular stent graft 

A 

B 
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3.3 Development of Abrasion Resistance Test Method 

 

             3.3.1 Stoll Flexing and Abrasion Tester 

 

The abrasion tester used in this research was developed from an existing 

commercial Stoll Flexing and Abrasion Tester (Figure 3.2 [60]). This tester consists of 

balanced head and flexing block assembly, flexing bar yoke, thumb screw, machine stopping 

mechanism, cycle counter, automatic shutoff, calibrated tension and head weights, and 

working flex bar.  

The Stoll Flexing and Abrasion Tester enables a tensioned strip of fabric to pass over 

the working flex bar and experience abrasive motion against it. Calibrated tension and head 

weights will make sure that there is right amount of pressure and tension applied on the 

fabric specimen. During the test, two approaches are available to terminate the test: 1) set 

the number of abrasion cycles and stop it with the stop bottom, or 2) the tester will stop 

automatically when the fabric is broken by its stopping mechanism. Either of these 

approaches can be used depending on which endpoint has been selected for the test. More 

detailed information of this tester will be found in ASTM Test Method D3885-07a, 

“Standard Test Method for Abrasion Resistance of Textile Fabrics” [60]. 

Two equivalent Stoll Flexing and Abrasion Tester were included in the study to 

enable a measurement of repeatability and reproducibility of the proposed new test 

method. 
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Figure 3.2 A) Schematic diagram and B) image of flexing and abrasion tester with head raised to 
show the threading of the fabric specimen around the flexing bar [60].  

A 

B 
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              3.3.2 Modifications of Abrasion Tester 

 

A series of three different modifications were made to the original equipment in this 

study to better mimic the abrasive motion of the endovascular stent graft. The differences 

among these three modifications are the types of abradant used in the test and the test 

parameters of the machine. Compared to the final modification, the first two attempts 

appear to provide only limited improvements in the results. The details of each modification 

are listed and discussed chronologically in the following section.  

              3.3.2.1 First Modification of the Abrasion Tester 

The first modification was focused on the replacement of the flexing bar with a 

curved stent wire surface which was inserted in the stent wire holder (Figure 3.3). After the 

modification, this test instrument was expected to enable flexible fabric specimens to rub 

against the stent wire materials under controlled test conditions that mimic typical in situ 

abrasion phenomena.  

The flexing bar on the Flexing and Abrasion Tester was replaced by a specially 

designed component to control the position and orientation of the wire specimen to rub 

against the flexible fabric specimen. This designed component called the “Stent Wire 

Holder-I” (Figure 3.3 (B)) held the wire in a curved arch that protruded from the holder in 

the center and rubbed against the graft fabric in the middle section only. 
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Figure 3.3 Replacement of the flexing bar with a stent wire holder A) original flexing bar, B) stent 
wire holder-I, C) curved nitinol stent mounted in the stent wire holder-I 

 

The metallic abradant and stent wire holder design have been evaluated 

experimentally so as to determine the rate and extent of abrasion that occur red between 

graft fabrics and the protruding smooth and curved stent wire. 

However, after these preliminary experiments, the results were unsatisfactory, 

unreliable and unexpected. Using the abrasion conditions of 1 lb pressure and 4 lb tension 

no broken filaments or yarns were observed after more than 30,000 cycles of abrasion 

which took at least four hours to complete. Therefore, a modification in the metallic 

abradant and stent wire holder was required so as to create more stringent and severe 

abrasion conditions. 

A B 

C 
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              3.3.2.2 Second Modification of the Abrasion Tester 

An alternative metallic wire configuration was selected and a new way of holding 

the wire was designed.  Following these two modifications the results of our initial 

experiments were more encouraging than the previous experimental data. The photographs 

of this reconfigured stent wire and modified wire holder are shown below (Figure 3.4). 

          

 
 
Figure 3.4 Modified stent wire abradant and Holder (a) stent wire holder-II with straightened zig-zag 
abradant mounted inside (b) circular zig-zag stent as received (c) cut and straightened stent ready to 

mount in holder  

 

(a) 

(c) (b) 
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Instead of presenting a slightly curved smooth wire to the graft fabric, it was decided 

to use a zig-zag shaped stent wire instead. It was anticipated that, because the area of 

contact between the stent wire and the fabric would be significantly reduced, and the only 

contact would be at the points of the stent, this would present a more severe challenge to 

the graft fabric specimen.  Hence the duration of the test required to generate a 

measurable degree of abrasion would be much shorter.   

This also required a modification to the design of the Stent Wire Holder-I.  The 

modification to this component was focused on the slot which holds the stent wire 

abradant in place.  The previous slot, which was in the shape of  curved arch, was replaced 

by a 0.2 inch deep horizontal slot causing the points of the stent wire to protrude a distance 

of 1mm above the smooth rounded surface of the stent wire holder. This modified holder is 

called “Stent Wire Holder-II” in this study. 

A critical dimension of this revised stent wire holder is the depth of the slot which 

controls the distance the points of the stent wire protrude above its smooth rounded 

surface.  The distance of 2mm was evaluated and resulted in fabric hole formation in less 

than 10 cycles.  A compromised protrusion distance of 1mm was found to provide a slower 

and more controllable rate of abrasion. (See results in Chapter 4.)   

The experimental results of this modified Stent Wire Holder-II are satisfactory, and 

reliable. We have made progress to generate visible and measurable abrasion on standard 

graft fabric material during 8-15 minutes of testing using the zig-zag nitinol wire stent 
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material. Additionally, useful fabric characteristics have been measured to determine the 

endpoint of the test. They are the loss in tensile breaking strength and number of broken 

yarns. The experimental data, results and established endpoint are listed in “Chapter 4 

Results and Discussions” in detail.  

              3.3.2.3 Final Modification of the Abrasion Tester  

The ultimate goal of this research study has been to develop a test method which 

mimics the in situ abrasive motion. Therefore, an abrasion test undertaken in a wet 

environment is of great importance. Meanwhile, parameters of the abrasion tester should 

also be modified to mimic the in situ environment better.  

With a better understanding of the abrasion tester and in situ environment, we 

made some modifications again to the abrasion tester which included adding a liquid bath 

to the tester, adjusting the height of the stent protruding out from the Stent Wire Holder 

and changing the displacement of the flexing block.  

 

Figure 3.5 Plastic bath for the abrasion tester 
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A Plexiglas ™ plastic bath (Figure 3.5) was added to the tester to enable the test to 

be undertaken under wet conditions. This bath is made of plastic with a smooth and 

transparent surface. The smooth surface will not affect the abrasive motion and the 

transparent wall of this bath enables visibility of the abrasive motion inside. The size of this 

bath fits snuggly to the flexing block of the abrasive tester, so that this bath will not move 

once mounted on the flexing block.  

The liquid selected for this study was distilled and deionized water having a pH value 

of 7.0. This provided a wet environment without complicating the test conditions by adding 

salt or other protein compounds or thickeners to resemble blood plasma.   

Table 3.3 shows the modifications for the machine, and Figure 3.6 presents the 

photographs of the tester.  

Table 3.3 Modifications for the Abrasion Tester 

 
First Modification of 

Abrasion Tester 
Second Modification 

of Abrasion Tester 
Final Modification of 

Abrasion Tester 

Test Conditions Dry Dry Dry and Wet 

Abradant 
Straight curved stent 

wire 
Zig-zag shaped stent Zig-zag shaped stent 

Height of Stent 
Protruding from 

the Holder 
0.5 mm (0.02”) 1mm 1 mm 

Displacement 12.7mm (0.5”) 12.7mm (0.5”) 1mm 

 



 
 

42 
 

 

Figure 3.6 Modified abrasion tester: A) Showing fabric test specimen being mounted and clamped 
into position prior to testing. B) Showing specimen immersed in the liquid bath under test 

conditions  

Bath 

B 

A 
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3.4 Testing Method 

 

Table 3.4 lists the various testing procedures and analyses that were performed on 

the “as received” and abraded graft fabric samples. 

Table 3.4 Testing Procedures and Analyses 

 Non-destructive Tests Destructive Tests 

As received 
Specimens 

Macroscopic evaluation                 
Microscopic evaluation                             

Fabric dimension determination           
Woven fabric count 

Tensile breaking strength                  
Scanning Electron Microscopy 

(SEM)   

Abraded 
Specimens 

Macroscopic evaluation                 
Microscopic evaluation                             

Fabric dimension determination           
Woven fabric count 

Tensile breaking strength 

As received 
Stent Specimen  

Scanning Electron Microscopy (SEM)  
Energy-Dispersive X-ray Spectroscopy (EDS) 

N/A 

Abraded Stent 
Specimen  

Scanning Electron Microscopy (SEM)  
Energy-Dispersive X-ray Spectroscopy (EDS) 

N/A 

 

             3.4.1 Macroscopic Evaluation 

 

The materials were analyzed macroscopically with naked eye before and after 

abrasion. The area surrounding the abrasion site was examined and photographed. The 

photographs were taken by a Nikon D3000 camera.  All macroscopic changes or alterations 

in the fibers, yarns and materials were documented.   
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             3.4.2 Microscopic Evaluation 

 

Microscopic evaluation was performed on each of the materials using a standard 

optical microscopy. Those features which were not apparent during macroscopic evaluation 

of the specimens were then observed microscopically. Fabric construction, yarn damage, 

filament damage, and abrasion hole formation were all able to be investigated through 

microscopic evaluation. Microscopic evaluations of the materials and specimens were 

performed using a stereoscopic zoom microscope, (Nikon SMZ1000) (Figure 3.7). 

Magnifications in the range of 8-40X were undertaken with this equipment, and images of 

the materials and specimens were captured using the microscope’s software.  

 

Figure 3.7 Image of stereoscopic zoom microscope, (Nikon SMZ1000) 
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              3.4.3 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Spectroscopy (EDS) 

 

Scanning electron photomicrographs were taken of the “as received”/ control graft 

fabrics using a Phenom Scanning electron microscope (Phenom-World BV Hillsboro, OR) 

instrument (Figure 3.8). Different areas of the sample of magnifications of 500×, 1000×, 

2000× and 3000× selected at random, after sputter coating with gold/palladium to make 

them conductive. 

 

Figure 3.8 Image of Phenom scanning electron microscope 

 

Scanning electron photomicrographs were taken of the “as received”/ control and 

abraded stent material using a Variable Pressure Scanning Electron Microscope (VPSEM), 

Hitachi S3200. A non-conductive specimen maybe inserted directly into the VPSEM and 

observed in its natural state without the need for metallized coatings. Acetone was used to 

wash the stent before it was inserted in the machine.  Stent points were observed under 
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the magnifications of 100× and 300×. Energy-Dispersive X-ray Spectroscopy (EDS) was carried 

out to characterize the elemental compositions of the stents.  

3.4.4 Material Dimension Determination 

 

The specific material dimensions analyzed during the study included material 

thickness and fabric mass per unit area. They were performed in accordance with ASTM 

D1777 – 96. “Thickness of Textile Materials” [61] and ASTM D3776M – 09a. “Mass Per Unit 

Area (Weight) of Fabric” [62] respectively. Fabric thicknesses were measured using the 

Thwing – Albert Electronic Thickness Tester Model II (Albert Instrument Company, 

Philadelphia, PA, figure 3.9). The pressure foot had a diameter of 0.63’’ and the pressure 

employed to measure the thickness of the specimens was 3.3 psi (22.75kPa). At least ten 

thickness measurements were taken at random for each type of material under 

investigation and the average value and standard deviation of these readings were 

calculated and reported. 

 

Figure 3.9 Photograph of Thwing-Albert electronic thickness tester 
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When determining the weight of the materials (mass per unit area), Option C in 

ASTM D3776 was followed. The following equation was used to calculate the mass per unit 

area of material: g/ m2 = 106 G/ Ls W [62], where G = mass of specimen (g), Ls = Length of 

specimen (mm) and W = width of specimen (mm).  Five measurements were taken for each 

material using the EXPLORER® Analytical and Precision Balance (Ohaus Corporation, 

Switzerland, figure 3.10).  The average value and standard deviation of these readings were 

calculated and reported. 

 

Figure 3.10 Photograph of EXPLORER® analytical and precision balance 

 

             3.4.5 Woven Fabric Count 

 

Woven fabric count of the Cook Regular Wall Graft fabric and the Medifab® 

polyester fabric was measured in accordance with Standard Test Method ASTM D 3775-03a. 

“Standard test method for warp end count and filling pick count of woven fabric” [63]. The 

stereoscopic zoom microscope (Nikon SMZ1000) (Figure 3.7) was used to measure the 
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woven fabric count of the above two materials. Five measurements were made in both 

directions from different parts of each specimen taken at random. The average value and 

standard deviation of these readings were calculated and reported. 

              3.4.6 Tensile Strength 

 

The tensile strength of each specimen before and after abrasion was measured using 

a MTS Q-Test/5 Universal Testing Machine (Figure 3.11). The test procedure was based on 

Standard Test Method ASTM 5035-11. “Standard Test Method for Breaking Force and 

Elongation of Textile Fabrics (Strip Method)” [64]. The specimen dimensions were 8 inch x 

1.25 inch. The load cell was 250 lbf and the cross head was operated at a speed of 

300mm/min. The breaking strength and breaking elongation of each specimen was 

obtained by identifying and recording the peak load for each test specimen. Four 

measurements were made in the warp direction for each sample. The average value and 

standard deviation of these readings were calculated and reported. 

 

Figure 3.11 Photograph of MTS Q-Test/5 universal testing machine 
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3.5 Statistical Analysis 

 

              3.5.1 Experimental Model 

 

The experimental design of this study involves four independent variables, namely, 

fabric materials selection (2 types), stent materials selection (2 types), abrasion test 

conditions (wet and dry conditions), and abrasion tester (2 testers). The assumptions 

associated with this model include a normal distribution for the data, a null hypothesis, and 

a confidence interval of 95% or an alpha value of 0.05. 

             3.5.2 Test for Equal or Unequal Variances 

 

An f-test was used to verify the equivalence of the variances between each group. 

The null hypothesis of the test was that all variances of each group were equal. If the p-

value was smaller than 0.05, then the hypothesis was rejected, which indicated that the two 

variances were unequal. If the variances were equal, then a single factor Analysis of 

Variance (ANOVA) was performed between the sample means. Following the results of 

ANOVA, a student t-test was considered for making comparisons between two sample 

means. The t-test used depended on whether the variances were equal or unequal as 

determined by the f-test.   
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              3.5.3 Analysis of Variance (ANOVA) 

 

A single factor Analysis of Variance (ANOVA) test was performed when the variances 

were equal.  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. 

             3.5.4 Student T-test 

 

If the null hypothesis of ANOVA test was rejected, a student t-test was used to 

compare the differences between two sample means. An f-test determined whether the 

variances were equal or unequal. Then a student t-test was performed assuming equal or 

unequal variance to calculate the significance of observed differences between the means 

of two samples at 95% confidence interval, α = 0.05.   
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Chapter 4: Results and Discussion 

In this chapter, the results of the test procedures, explained in Chapter 3, will be 

reported and discussed. As described in Chapter 3, in the second step of the series of 

modifications to the abrasion tester, a number of reliable endpoints were established. 

Therefore, this chapter is divided into two parts: 1) the results and discussion of the 

endpoints established following the second modification to the abrasion tester, and 2) the 

results and discussion of in vitro abrasion testing following the third modification step. Due 

to the different goals of these two parts, different materials and test parameters were 

employed in these experiments. Table 4.1 shows the materials and test parameters that 

were used in these two parts.  

Table 4.1 Materials and Test Parameters of Two Series of Experiments 

 Endpoint Establishment In vitro Abrasion Test 

Materials 
1. Multifilament Woven 

Polyester 
1. Multifilament Woven Polyester 
2.Monofilament Woven Polyester 

Conditions Dry Dry and Wet 

Displacement 12.7mm (0.5”) 1mm 

Abradant Laser cut nitinol stent  
1. Laser cut nitinol stent Wire 
2. Regular nitinol stent wire 

Height of Stent 
Protruding from the 

Holder 
1mm 1mm 

Abrasion Cycles 
1,000 cycles 
2,000 cycles 

7,200 cycles (1 hour) 
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4.1 Establishment of Endpoints 

 

              4.1.1 Macroscopic Evaluation 

 

Macroscopic evaluations were performed on the multifilament polyester fabric 

specimens after 1000 and 2000 cycles of abrasion under dry conditions. Upon inspection of 

the control specimens, the 1000 abrasion cycle specimens and the 2000 abrasion cycle 

specimens, it became apparent that each behaved differently. Figure 4.1 shows the 

photographs of each specimen.  

                                                                                          

                          

Figure 4.1 Photographic images of multifilament polyester fabric specimens after 1000 and 2000 
cycles of abrasion under dry conditions. A) 0 cycle specimen, B) 1000 cycles specimen , C) 2000 
cycles specimen and their enlarged photographs D), E) and F) (Arrow shows the warp direction 

A C B 

F E D 
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The dimensions of each specimen were 8 inches in length and 1.25 inches in width. 

There was no hole in the control group specimen, one hole on average in the 1000 cycle 

specimen and four holes on average in the 2000 cycle specimen.  The size of the hole was 

1mm ± 0.2mm in width and 11.0 mm ± 0.2mm in length (For the individual measurements 

made on each holes, see Appendix A.) 

 

              4.1.2 Microscopic Evaluation 

 

Microscopic evaluations were performed on the multifilament polyester fabric 

specimens after 1000 and 2000 cycles of abrasion under dry conditions. The images of the 

abraded holes were taken at 8x and 40x magnification by a Nikon SMZ1000 

Stereomicroscope. These images clearly showed the holes that had been created by this 

abrasion test method.  

Figure 4.2 shows one hole created after 1000 cycles and four holes after 2000 cycles. 

The position of initial abrasion was influenced by the tension applied on the fabric specimen 

and the height of the stent protruding from the stent wire holder. Following further analysis, 

it became apparent that the reason why for holes had not been created simultaneously 

across the width of the specimen was due to the uneven tension applied across the fabric at 

the time of mounting the specimen.   
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Figure 4.2 Stereoscope Images of abraded holes of multifilament polyester fabric under dry 
conditions (a) 1000 cycles 8x,  (b) 2000 cycles 8x, (c) 1000 cycles 40x and (d) 2000 cycles 40x (Arrow 

shows the warp direction) 

 

 

              4.1.3 Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy was performed to characterize the structure of the 

control materials as received. SEM confirmed that the polyester fabric used in the Cook 

Zenith® device was woven from multifilament yarns and the Medifab® polyester fabric was 

composed of monofilament yarns (Figure 4.3).  

(a) 

(c) (d) 

(b) 1.25 mm 1.25 mm 

0.25 mm 0.25 mm 
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Figure 4.3 SEM images of as received samples A) polyester fabric used in the Cook Zenith® device 
(500x) and B) Medifab fabric (450x) (Arrow shows the warp direction) 

 

  

Figure 4.4 Stereomicroscopic images of as received samples A) multifilament polyester fabric surface 
(10x) and B) monofilament polyester fabric surface (20x) (Arrow shows the warp direction) 

 

Due to the higher magnification of SEM than that of a stereomicroscope, the Nikon 

SMZ1000 Stereomicroscope was used to observe and characterize the weave structure of 

A B

n 

A B 

200µ m 220µ m 

1 mm 0.5 mm 
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the fabrics. The six end weave repeat of the multifilament polyester fabric was four ends of 

1/1 plain weave plus two ends of 3/1/1/1 satin weave. The woven design of the 

monofilament polyester fabric was a basic 4/4 twill weave (Figure 4.4). 

 

              4.1.4 Material Dimensions 

 

The thickness and weight (mass per unit area) of the multifilament polyester fabric 

before and after abrasion were determined according to the procedures outlined in Chapter 

3. Since the width of the abraded area was about half an inch in length, a thickness gauge 

foot with 0.63” a diameter foot was used to determine the thickness of the unused control 

specimens and the abraded specimens. In the case of the weight determination, fabric 

specimens were cut into a size of 5.1 cm x 1.7 cm, which included the abraded area, to 

achieve better accuracy. The as received control group, the 1000 abrasion cycle and 2000 

abrasion cycle specimens were weighed on a balance to the nearest 0.1mg and the average 

mass (g) was determined.     

              4.1.4.1 Thickness  

Thickness measurements of the unused control specimens and the abraded 

specimens were taken. An average thickness value, calculated from 10 different readings 

taken for each specimen type is reported as mean ± standard deviation in Table 4.2. (For 

the individual measurements made on each specimens, see Appendix B). 
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Table 4.2 Results of Fabric Thickness (n = 10) 

Sample Abrasion Cycles Thickness (mm) CV% Thickness Increase (%) 

0 0.2231 ± 0.0061 2.7 - 

1000 0.2367 ± 0.0139 5.9 6.1 

2000 0.3156 ± 0.0862 27.3 41.5 

 

The average thickness of the unused and abraded samples has been presented in 

Table 4.2. The variation in thickness for all three samples was found to be increasing, with 

the CV% was in the range of 2.7% to 27.3%. A t-test assuming equal variances (derived from 

an f-test) was used to calculate the significance of the observed difference between the 

sample means (α = 0.05). There was a significant difference in thickness between the 

unused sample and abraded sample. There was also a significant difference in thickness 

between the 1000 abrasion cycle and the 2000 abrasion cycle specimen. The increase in 

thickness for the 1000 abrasion cycle and the 2000 abrasion cycle specimen were 6.10% and 

41.46% respectively. The thickness increase is believed to be due to the effect of abrasion 

on removing filaments from the bulk of the weave and causing the broken yarns and 

filaments to lie on the surface of the woven fabric. 
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Figure 4.5 Results of fabric thickness for the control, 1000 abrasion cycle and 2000 abrasion cycle 
multifialment samples tested under dry condition (Error bars indicate the standard deviation for 

each sample) 

 

              4.1.4.2 Weight (Mass per Unit Area) 

A 5.1 cm x 1.7cm area of the control and abraded specimens were weighted. This 

area is the abraded area for the abraded group. The average mass per unit area calculated 

from 5 different readings taken for each sample are reported in Table 4.3. (For the 

individual measurements made on each specimen, see Appendix C). 

Table 4.3 Results of Fabric Weight (n = 5) 

Sample Abrasion Cycles Mass per Unit Area (g/m2) CV% 

0 99.7232 ± 3.6950 3.70 

1000 104.2745 ± 2.7246 2.62 

2000 101.8686 ± 4.0240 3.96 
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The average mass per unit area for the unused and abraded samples were calculated 

and presented in Table 4.3. The variations in mass per unit area for all three samples were 

found to be small, with CV% in the range of 2.62% to 4.34%. And the differences between 

the average values for the control group, the 1000 abrasion cycle and 2000 abrasion cycle 

specimens were found not to be statistically significant. The single factor ANOVA test, at a 

confidence interval of 95% gave a p-value = 0.167 for these three groups of specimens. This 

confirms that no significant amount of material was lost or destroyed as a result of abrasion. 

Therefore, it is not recommended that weight loss be considered as a viable “endpoint” for 

this particular type of abrasion test.  

 

Figure 4.6 Results of fabric weight mass per unit area for the control, 1000 abrasion cycle and 2000 
abrasion cycle multifialment samples tested under dry condition (Error bars indicate the standard 

deviation for each sample) 
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             4.1.5 Woven Fabric Count 

 

The woven fabric count of the multifilament polyester fabric was measured before 

and after abrasion according to the procedure outlined in Chapter 3. An average woven 

fabric count in both the warp and weft directions was calculated from 5 different readings 

taken from each sample at random and type is reported in Table 4.4. (For the individual 

measurements made on the specimen, see Appendix D). 

Table 4.4 Results of Woven Fabric Count (n = 5) 

Sample Abrasion Cycles Ends/ cm CV% Picks/ cm CV% 

0 61.4 ± 6.0 9.8 54.6 ± 0.5 1.0 

1000 61.2 ± 8.6 14.1 54.0 ± 1.4 2.6 

2000 62.4 ± 6.5 10.4 54.8 ± 2.3 4.2 

 

The average woven fabric counts for the unused control and abraded samples are 

presented in Table 4.4. The variability in warp count for all three samples was found to be 

large with CV%’s  in the range of 9.8% to 14.1%. This large variation is believed to be due to 

the uneven distribution of warp yarns during the manufacturing process. As a result, the 

differences in average values between the control group, the 1000 abrasion cycle and 2000 

abrasion cycle samples were determined not to be statistically significant. The single factor 

ANOVA test assuming a confidence interval of 95%, gave a p-value = 0.96 for these three 

samples. This confirms that the frequency of the warp yarns did not change significantly as a 

result of in vitro abrasion.  
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The variation in weft count for all three samples was found to be small, with CV% in 

the range of 1.0% to 4.2%. And differences in average weft count between the control 

group, the 1000 abrasion cycle and 2000 abrasion cycle specimens were found not to be 

statistically significant. The single factor ANOVA test, at a confidence interval of 95% gave a 

p-value = 0.714 for these three groups of specimens. This confirms that the frequency of the 

weft yarn did not change significantly as a result of abrasion. And therefore, the woven 

fabric count is not recommended as a viable “endpoint” for this particular type of abrasion 

test. 

 

Figure 4.7 Results of woven fabric count for the control, 1000 abrasion cycle and 2000 abrasion cycle 
multifialment samples tested under dry condition (Error bars indicate the standard deviation for 

each sample) 
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             4.1.6 Number of Broken Yarns 

 

The number of broken yarns of multifilament polyester fabric was counted before 

and after abrasion testing using the procedure outlined in Chapter 3. The average number 

of broken yarns counted from 5 different images taken for each sample is reported in Table 

4.5. (For the individual measurements made on each specimen, see Appendix E). 

Table 4.5 Results of Number of Broken Yarns (n=5) 

Sample Abrasion Cycles Ends Picks 

0 0 0 

1000 5.6 ± 0.9 55.4 ± 0.5 

2000 75.2 ± 7.3 55.6 ± 0.5 

 

The average numbers of broken yarns observed on the unused control and abraded 

samples are presented in Table 4.5. A t-test assuming equal variances (derived from an f-

test) was used to calculate the significance of observed mean differences between means of 

the samples (α = 0.05). There was a significant difference in broken ends between the 1000 

abrasion cycle sample and the 2000 abrasion cycles sample; but there was no significant 

difference in broken picks between the 1000 abrasion cycle and 2000 abrasion cycle sample. 

The difference highly significant in broken ends resulted from the different durations of 

abrasive motion, while the absence of a difference in broken picks was due to the same 

abrasive displacement in the warp direction. There was on average one hole in the 1000 

cycle abrasion specimens compared to four to five holes in the 2000 cycle abrasion 

specimens. The yarns in between the holes had experienced fracture during the second 

1000 cycles of abrasion. Since the number of broken yarns was found to be significantly 
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different after abrasion, it was concluded that the number of broken yarns would serve as 

an appropriate “endpoint” for this particular type of abrasion test.  

 

Figure 4.8 Number of broken yarns for the control, 1000 abrasion cycle and 2000 abrasion cycle 
multifialment samples tested under dry condition (Error bars indicate the standard deviation for 

each sample) 
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Table 4.6 Results of Fabric Breaking Strength and Breaking Elongation (n = 5) 

Sample Abrasion 
Cycles 

Breaking 
Strength (lb) 

CV% 
Strength 
Loss (%) 

Breaking 
Elongation (%) 

CV% 

0 64.62 ± 1.78 2.75 N/A 31.2 ± 7.1 22.8 

1000 56.89 ± 4.40 7.73 11.96 35.9 ± 9.8 27.3 

2000 49.14 ± 2.57 5.22 23.96 35.0 ± 2.1 6.0 

 

The average breaking strength and breaking elongation of the “as received” control 

and abraded samples were calculated and presented in Table 4.6. The t-test assuming equal 

variances (derived from an f-test) was used to calculate the significance of the observed 

differences between the means of the samples (α = 0.05). The variability in breaking 

strength for all three samples was found to be small with CV%’s in the range of 2.75% to 

7.73%. There were significant differences in mean breaking strength between the “as 

received” control sample and the abraded samples. Also, there was a significant difference 

in average breaking strength between the 1000 cycle and 2000 cycle samples. The strength 

losses for 1000 cycles and 2000 cycles were 11.96% and 23.96% respectively. These losses in 

breaking strength are believed to be due to the broken yarns and filaments caused by 

abrasion. In comparison, the variability in the breaking elongation was observed to be larger, 

with CV%’s in the range of 6.06% to 26.74%. There were no significant differences in 

average breaking elongation among the three samples according to the t-test.  
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In view of the fact that the breaking strength was clearly dependent on the level of 

abrasion, it was concluded that breaking strength would serve as an appropriate “endpoint” 

for this particular type of abrasion test.  

 

Figure 4.9 Results of breaking strength for the control, 1000 abrasion cycle and 2000 abrasion cycle 
multifialment samples tested under dry condition (Error bars indicate the standard deviation for 

each sample) 

 

 

Figure 4.10 Results of breaking elongation for the control, 1000 abrasion cycle and 2000 abrasion 
cycle multifialment samples tested under dry condition (Error bars indicate the standard deviation 

for each sample) 
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4.2 In Vitro Abrasion Test 

 

In this part of the Results Chapter in vitro abrasion test results are reported. The 

multifilament polyester fabric and monofilament polyester fabric were tested under 

different conditions for 1 hour (7,200 cycles). These test conditions and test results were 

divided into 16 groups which are listed in Table 4.7.   

Table 4.7 Fabric Groups for the In Vitro Abrasion Test 

No. Condition Machine Stent material 

 Multifilament Polyester Fabric 

1 dry A Laser cut nitinol stent (Teramed Inc.) 

2 wet A Laser cut nitinol stent (Teramed Inc.) 

3 dry B Laser cut nitinol stent (Teramed Inc.) 

4 wet B Laser cut nitinol stent (Teramed Inc.) 

5 dry A Regular nitinol stent wire(W. L. Gore) 

6 wet A Regular nitinol stent wire(W. L. Gore) 

7 dry B Regular nitinol stent wire(W. L. Gore) 

8 wet B Regular nitinol stent wire(W. L. Gore) 

 Monofilament Polyester Fabric 

9 dry A Regular nitinol stent wire(W. L. Gore) 

10 wet A Regular nitinol stent wire(W. L. Gore) 

11 dry B Regular nitinol stent wire(W. L. Gore) 

12 wet B Regular nitinol stent wire(W. L. Gore) 

13 dry A Laser cut nitinol stent (Teramed Inc.) 

14 wet A Laser cut nitinol stent (Teramed Inc.) 

15 dry B Laser cut nitinol stent (Teramed Inc.) 

16 wet B Laser cut nitinol stent (Teramed Inc.) 
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           4.2.1 Macroscopic Evaluation 

 

Macroscopic evaluations were performed on the multifilament polyester fabric 

specimens and monofilament polyester fabric specimens after 1 hour (7,200 cycles) of 

abrasion under different conditions. Upon inspection of the control and abraded specimens, 

it became apparent that each behaved differently. Table 4.10 and Table 4.11 show the 

photographs of each specimen.  

Table 4.8 Results of Number of Abraded Holes Created by Laser Cut Nitinol Stent (n=5) 

Sample Number of Holes 

Multifilament Polyester Fabric 

Dry, Machine A 6.2 ± 0.8 

Wet, Machine A 5.6 ± 1.3 

Dry, Machine B 7.0 ± 0.0 

Wet, Machine B 6.2 ± 0.4 

Monofilament Polyester Fabric 

Dry, Machine A 0.0 ± 0.0 

Wet, Machine A 2.4 ± 1.7 

Dry, Machine B 1.0 ± 1.0 

Wet, Machine B 6.4 ± 0.9 
 

Table 4.9 Results of Number of Abraded Holes Created by Regular Nitinol Stent Wire(n=5) 

Sample Number of Holes 

Multifilament Polyester Fabric 

Dry, Machine A 0.0 ± 0.0 

Wet, Machine A 0.0 ± 0.0 

Dry, Machine B 0.2 ± 0.4 

Wet, Machine B 0.4 ± 0.9 

Monofilament Polyester Fabric 

Dry, Machine A 0.0 ± 0.0 

Wet, Machine A 3.4 ± 0.5 

Dry, Machine B 0.2 ± 0.4 

Wet, Machine B 3.6 ± 0.5 
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Table 4.10 Photographs of Polyester Specimen Strips Before and After Abrasion with Laser Cut 
Nitinol Stent (Teramed Inc.) 

Specimen 

Multifilament 
Polyester Fabric 
Abraded under 
Dry Conditions 
with Machine A 

Multifilament 
Polyester Fabric 
Abraded under 
Wet Conditions  
with Machine A 

Multifilament 
Polyester Fabric 

Abraded under Dry 
Conditions with 

Machine B 

Multifilament 
Polyester Fabric 
Abraded under 
Wet Conditions 
with Machine B 

8” x 1.25” 
Specimen 

    

Magnified 
Abrasion 

Area 
    

Specimen 

Monofilament 
Polyester Fabric 
Abraded under 
Dry Conditions 
with Machine A 

Monofilament 
Polyester Fabric 
Abraded under 
Wet Conditions 
with Machine A 

Monofilament 
Polyester Fabric 

Abraded under Dry 
Conditions with 

Machine B 

Monofilament 
Polyester Fabric 
Abraded under 
Wet Conditions 
with Machine B 

8” x 1.25” 
Specimen 

    

Magnified 
Abrasion 

Area 
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Table 4.11 Photographs of Polyester Specimen Strips Before and After Abrasion with Regular 
Nitinol Stent Wire (W. L. Gore and Associates) 

Specimen 

Multifilament 
Polyester Fabric 

Abraded under Dry 
Conditions with 

Machine A 

Multifilament 
Polyester Fabric 

Abraded under Wet 
Conditions with 

Machine A 

Multifilament 
Polyester Fabric 
Abraded under 
Dry Conditions 
with Machine B 

Multifilament 
Polyester Fabric 
Abraded under 
Wet Conditions 
with Machine B 

8” x 1.25” 
Specimen 

    

Magnified 
Abrasion 

Area 
    

Specimen 

Monofilament 
Polyester Fabric 

Abraded under Dry 
Conditions with 

Machine A 

Monofilament 
Polyester Fabric 

Abraded under Wet 
Conditions with 

Machine A 

Monofilament 
Polyester Fabric 
Abraded under 
Dry Conditions 
with Machine B 

Monofilament 
Polyester Fabric 
Abraded under 
Wet Conditions 
with Machine B 

8” x 1.25” 
Specimen 

    

Magnified 
Abrasion 

Area 
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The dimensions of the specimens were 8 inches in length and 1.25 inches in width. 

The numbers of abraded holes created on each type of sample are listed in Tables 4.8 and 

Table 4.9 (For the individual measurements made on each specimen, see Appendix G). 

In table 4.8, the average number ± the standard deviation of the holes created by 

the laser cut nitinol stent has been calculated for the different yarn types of samples. The 

apparent differences in mean values between the multifilament polyester yarn group were 

found not to be statistically significant. The single factor ANOVA test assuming a confidence 

interval of 95%, gave a p-value = 0.084 for the four groups of multifilament polyester 

samples. This confirms that the number of holes created in the multifilament polyester 

fabric under different environments and machines were the same. On the other hand, the 

differences among the monofilament polyester group averages were determined to be 

statistically significant. A student t-test assuming equal variances (derived from an f-test) 

was used to calculate the significance of the observed difference between the means of the 

samples (α = 0.05). There was a significant difference in the number of holes between the 

monofilament polyester specimens when testing under dry and wet environments; but 

there was no significant difference in the average number of holes created on dry 

monofilament polyester specimens and tested on Machine A and Machine B. In fact, there 

was a significant difference in the number of holes between the monofilament polyester 

specimens tested dry on Machine A and Machine B. This was most likely due to the fact that 

some of the specimens had not been mounted under uniform tension across their width. 
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In table 4.9, the average number of holes created by the regular nitinol wire is 

reported for both fabric samples. The apparent differences in mean values among the 

multifilament polyester samples were determined not to be statistically significant. The 

single factor ANOVA test at a confidence interval of 95% gave a p-value = 0.535 for the four 

different multifilament polyester samples. This confirms that the numbers of holes created 

in the multifilament polyester fabric samples tested under different environments and on 

different machines were the same. However, the differences in mean values among the 

monofilament polyester samples were found to be statistically significant. A student t-test 

assuming equal variances (derived from an f-test) was used to calculate the significance of 

the observed differences between the means of the samples (α = 0.05). There were 

significant differences in the number of holes between the different monofilament 

polyester samples tested under dry and wet environments. The reason for this difference in 

abrasion resistance between dry and wet conditions is not known, and further work is 

needed to understand this phenomenon better. However, there was no significant 

difference in the average number of holes between the monofilament polyester samples 

testing on Machine A and Machine B. 

By comparing the results in Table 4.8 and Table 4.9, it is apparent that there were 

differences in the abrasion resistance between the laser cut nitinol stent and the regular 

nitinol wire. The average number of holes created by the regular nitinol wire was smaller 

than that created by the laser cut nitinol stent for both fabrics. Besides, the distribution of 

the number of holes created by the regular nitinol wire was more even than that created 



 
 

72 
 

the by laser cut nitinol stent for both fabrics. The reason why more holes were created by 

the laser cut stent was due to the shape of the points. The angle of the points of the zig-zag 

laser cut stent were smaller and sharper compared to the regular stent wire. This smaller 

and shaper point provided a smaller contact area with the fabric, and generated a higher 

pressure on the specimen. Therefore, there were more holes created in the fabric by the 

laser cut stent than by the regular stent wire.  

From these images and results, it is apparent that 1) for the multifilament polyester 

fabric, the number of holes was influenced neither by the dry or wet test environment, nor 

by the test machine. 2) For the monofilament polyester fabric, the number of holes was not 

influenced by the machine, but was influenced by the dry or wet environment. Fewer holes 

created under dry conditions than under wet environment. 3) The laser cut nitinol stent 

created more holes faster than the regular nitinol wire. 

 

             4.2.2 Microscopic Evaluation 

 

Microscopic evaluations were performed on the multifilament and monofilament 

polyester fabric specimens after abrasion testing under various conditions. The images of 

the abraded holes were taken with a Nikon SMZ1000 Stereomicroscope. These images 

clearly show the formation of holes created by this abrasion test method.  
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Figure 4.11 shows the holes created in both types of fabrics after being exposed to   

different dry and wet environments, machines and stent materials. The images on the left 

show the fabric specimen under 10x magnification, whereas the on the right show the same 

holes under 40x magnifications. The broken filaments are clearly visible at the higher 

magnification. The position and rate of initial abrasion was influenced by the tension 

applied on the fabric specimen and the height of the stent protruding from the stent wire 

holder. With further analysis, it has become clear that uneven tension applied cross the 

width of the fabric specimen during mounting was the main reason which why a series of 

holes was not formed simultaneously across the width of the specimen during abrasion 

testing.   
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Figure 4.11 (1) Stereomicroscopic images of abrasion holes: multifilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine A and the laser cut nitinol stent (10x), and 

their magnified images (B) and (D) (40x). 
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Figure 4.11 (2) Stereomicroscopic images of abrasion holes: multifilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine B and the laser cut nitinol stent (10x), and 

their magnified images (B) and (D) (40x). 
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Figure 4.11 (3) Stereomicroscopic images of abrasion holes: monofilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine A and the laser cut nitinol stent (10x), and 

their magnified images (B) and (D) (40x). 
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Figure 4.11 (4) Stereomicroscopic images of abrasion holes: monofilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine B and the laser cut nitinol stent (10x), and 

their magnified images (B) and (D) (40x). 
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Figure 4.11 (5) Stereomicroscopic images of abrasion holes: multifilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine A and the regular nitinol stent wire (10x), 

and their magnified images (B) and (D) (40x). 
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Figure 4.11 (6) Stereomicroscopic images of abrasion holes: multifilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine B and the regular nitinol stent wire (10x), 

and their magnified images (B) and (D) (40x). 

 

 

 

 

A

  A 

D

  A 

C

  A 

B

  A 

1 mm 

1 mm 

0.25 mm 

0.25 mm 



 
 

80 
 

 

 

Figure 4.11 (7) Stereomicroscopic images of abrasion holes: monofilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine A and the regular nitinol stent wire (10x), 

and their magnified images (B) and (D) (40x). 
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Figure 4.11 (8) Stereomicroscopic images of abrasion holes: monofilament polyester specimens 
tested under dry (A) and wet (C) conditions with machine B and the regular nitinol stent wire (10x), 

and their magnified images (B) and (D) (40x). 

 

From these images, it can be observed that 1) for the multifilament polyester fabric, 

the number of holes was influenced neither by the test environment, dry or wet, nor by the 

test machine. 2) For the monofilament polyester fabric, the number of holes was influenced 

by the dry or wet environment but not influenced by the machine. There were fewer holes 

created under the dry environment than under the wet environment. 3) The laser cut nitinol 

stent created more holes more quickly in both fabrics than the regular nitinol stent wire. 
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           4.2.3 Number of Broken Yarns 

 

The numbers of broken yarns for the multifilament and monofilament polyester 

fabrics before and after abrasion were determined according to the procedure outlined in 

Chapter 3. The average numbers of broken yarns calculated from 5 different specimens 

taken from each sample are reported in Table 4.12 and Table 4.13. (For the individual 

measurements made on each of the specimens, see Appendix H). 

 

Table 4.12 Results of Number of Broken Yarns Created by Laser Cut Nitinol Stent (n=5) 

Sample  Ends Picks 

Multifilament Polyester Fabric 

Dry, Machine A 5.6 ± 0.5 5.2 ± 0.8 

Wet, Machine A 5.0 ± 1.0 5.8 ± 0.8 

Dry, Machine B 6.8 ± 1.8 5.4 ± 0.9 

Wet, Machine B 5.6 ± 0.5 5.0 ± 0.7 

Monofilament Polyester Fabric 

Dry, Machine A 0.0 ± 0.0 0.0 ± 0.0 

Wet, Machine A 23.4 ± 1.3 43.2 ± 1.3 

Dry, Machine B 2.6 ± 3.6 8.6 ± 11.8 

Wet, Machine B 24.6 ± 1.7 43.0 ± 2.1 
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Table 4.13 Results of Number of Broken Yarns Created by Regular Nitinol Stent Wire (n=5) 

Sample  Ends Picks 

Multifilament Polyester Fabric 

Dry, Machine A 0.0 ± 0.0 0.0 ± 0.0 

Wet, Machine A 4.2 ± 0.4 5.6 ± 0.5 

Dry, Machine B 0.4 ± 0.9 0.8 ± 1.8 

Wet, Machine B 4.4 ± 0.9 5.4± 0.5 

Monofilament Polyester Fabric 

Dry, Machine A 0.0 ± 0.0 0.0 ± 0.0 

Wet, Machine A 26.8 ± 3.5 23.6 ± 2.5 

Dry, Machine B 0.4 ± 0.9 0.6 ± 1.3 

Wet, Machine B 28.2 ± 3.0 22.6 ± 2.3 

 

Table 4.12 lists the average numbers of broken yarns created by the laser cut nitinol 

stent for all the fabric samples. The differences between the average number of broken 

ends and broken picks for the multifilament polyester were found not to be statistically 

significant. The single factor ANOVA test assuming a confidence interval of 95% gave p-

values of 0.105 and 0.461 for the ends and picks respectively. This confirms that rate of 

holes formation and the numbers of broken yarns created in the multifilament polyester 

fabric under different conditions were the same and were not influenced by the dry or wet 

environment, nor by and the abrasion test machine. On the other hand, the differences 

between the monofilament polyester samples were determined to be statistically 

significant. It was evident that there were fewer broken ends and picks created under dry 

conditions than under wet conditions for both machines. A student t-test assuming equal 

variances (derived from an f-test) was used to calculate the significance of any observed 

difference between the sample means (α = 0.05). In fact no significant difference was found 

between the number of broken ends and picks for the monofilament polyester samples 
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using either machine A and B. This confirms that the number of broken ends and picks in 

the monofilament polyester fabric was influenced by the dry or wet environment, but not 

by the machine.  

In Table 4.13, the average number of broken yarns created by the regular nitinol 

stent wire has been calculated and listed for all the samples. The differences between the 

multifilament polyester samples were determined to be statistically significant. Clearly the 

number of broken ends and picks created under a dry environment were smaller than the 

number created under a wet environment for both machines. A student t-test assuming 

equal variances (derived from an f-test) was used to calculate the significance of any 

observed differences between the sample means (α = 0.05). There was no significant 

difference in the number of broken ends and picks between the multifilament polyester 

samples tested on machine A and B. This confirms that the number of broken ends and 

picks in the multifilament polyester fabric was influenced by the dry and wet environment, 

but not by the particular abrasion test machine. In fact the monofilament polyester fabric 

behaved exactly the same as the multifilament polyester samples in terms of the number of 

broken yarns. 

After 1 hour abrasion shows holes formed under wet conditions, but not under dry 

conditions, particularly for monofilament fabric. The reason for this different behavior is not 

known, and further study will be needed to explain this phenomenon.  



 
 

85 
 

Comparing the results in Tables 4.12 and 4.13, the difference in abrasion resistance 

between the laser cut nitinol stent and regular nitinol stent wire can be readily discerned. 

For both fabrics fewer broken yarns were created by the regular nitinol wire compared to 

the laser cut nitinol stent. This was due to the fact that the point of the regular nitinol wire 

was smoother than the laser cut stent which provided a large contact area and less pressure 

on the fabric specimen. 

 From the statistical analyses, it can be concluded that 1) fewer broken yarns were 

created in the multifilament polyester fabric than in the monofilament polyester fabric. 2) 

For both fabrics, the number of broken yarns was not influenced by the test machine, but 

was influenced by the test dry or wet environment. In fact fewer broken yarns were created 

under dry conditions compared to wet conditions. 3) The laser cut nitinol stent caused more 

yarns to break than the regular nitinol stent wire. 
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Figure 4.12 Number of broken ends for the abraded specimens (Error bars indicate the standard deviation for each sample) 
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Figure 4.13 Number of broken picks for the abraded specimens (Error bars indicate the standard deviation for each sample
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             4.2.4 Tensile Strength 

 

The tensile breaking strength of the multifilament and monofilament polyester 

fabrics were determined before and after abrasion testing according to the procedures 

outlined in Chapter 3. The average breaking strengths were calculated from 5 different 

specimens for each sample and reported in Tables 4.14 and 4.15. (For the individual 

measurements made on each specimen, see Appendix I). 

Table 4.14 Results of Fabric Strength Loss Due to Abrasion with Laser Cut Nitinol Stents   (n = 5) 

Sample Breaking Strength (lbf) CV% Strength Loss (%) 

Multifilament Polyester Fabric 

Control Group 137.95 ± 5.72 4.15 N/A 

Dry, Machine A 103.08 ± 3.75 3.64 25.28 

Wet, Machine A 101.70 ± 2.85 2.80 26.28 

Dry, Machine B 102.77 ± 3.96 3.85 25.50 

Wet, Machine B 98.34 ± 3.69 3.75 28.71 

Monofilament Polyester Fabric 

Control Group 79.18 ± 8.88 11.21 N/A 

Dry, Machine A 60.66 ± 10.09 16.63 23.39 

Wet, Machine A 55.83 ± 4.69 8.40 29.49 

Dry, Machine B 49.59 ± 3.79 7.64 37.37 

Wet, Machine B 44.50 ± 5.83 13.10 43.80 
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Table 4.15 Results of Fabric Strength Loss Due to Abrasion with Regular Nitinol Stent Wire   (n = 5) 

 Sample Breaking Strength (lbf) CV% Strength Loss (%) 

Multifilament Polyester Fabric 

Control Group 137.95 ± 5.72 4.15 N/A 

Dry, Machine A 80.44 ± 7.26 9.03 41.68 

Wet, Machine A 71.78 ± 4.04 5.63 47.97 

Dry, Machine B 96.52 ± 16.41 17.00 30.03 

Wet, Machine B 73.30 ± 3.17 4.32 46.86 

Monofilament Polyester Fabric 

Control Group 79.18 ± 8.88 11.21 N/A 

Dry, Machine A 52.98 ± 0.86 1.62 33.09 

Wet, Machine A 44.99 ± 2.59 5.76 43.18 

Dry, Machine B 43.73 ± 5.96 13.62 44.77 

Wet, Machine B 35.41 ± 5.90 16.67 55.28 

 

The results in Table 4.14 list the average breaking strength and percent strength loss 

for the control group and the samples of both fabrics abraded with the laser cut nitinol 

stent. The degree of variability in breaking strength for the multifilament polyester control 

and abraded samples was found to be small with CV%’s in the range of 2.80% to 4.15%. 

While abrasion testing caused a significant loss in the original breaking strength, the 

differences in breaking strength between the abraded multifilament polyester samples 

were found not to be statistically significant. The single factor ANOVA test, assuming a 

confidence interval of 95%, gave a p-value = 0.182 for this group of samples. This confirms 
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that the loss in breaking strength for the abraded multifilament polyester samples was the 

same, regardless of the test conditions. So in summary, they were influenced neither by the 

dry or wet environment, nor by the abrasion test machine. The strength losses for the 

multifilament polyester samples ranged from 25.28% to 28.71%. Such losses are believed to 

be due to the breaking of yarns and filaments caused by the action of abrasive wear of the 

laser cut nitinol stents.  

In comparison, the relative variability in breaking strength and percent strength loss 

for the monofilament polyester control and abraded samples was found to be larger than 

for the multifilament fabric with CV%’s in the range of 7.64% to 16.63%. And the apparent 

mean differences among the monofilament polyester samples were found to be statistically 

significant. It was obvious that the strengths losses after the abrasion with the laser cut 

nitinol stent ranged from 23.39% to 43.8%. When a student t-test assuming equal variances 

(derived from an f-test) was used to calculate the significance of the observed mean 

differences between samples (α = 0.05), no significant difference was found in the mean 

breaking strength between the monofilament polyester samples tested under dry and wet 

conditions. While no significant difference in mean breaking strength was observed for the 

monofilament polyester samples tested on Machine A and B under dry conditions, a 

significant difference in mean breaking strength was found for the monofilament polyester 

samples tested on with Machine A and B when under wet conditions. This indicates that the 

mean breaking strength of the abraded monofilament polyester fabric were not influenced 
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by which test machine was used when dry. However, when tested under a wet environment, 

the monofilament samples behaved differently on machine A than on machine B.   

The results in Table 4.15 present the average breaking strength and percent strength 

loss for the control group and the samples of both fabrics abraded with the regular stent 

wire. The degree of variability in breaking strength for the multifilament polyester control 

and abraded samples was found to be large with CV%’s in the range of 4.15% to 17%. While 

abrasion testing caused a significant loss in the original breaking strength, the differences in 

breaking strength between the abraded multifilament polyester samples were found to be 

statistically significant. The breaking strengths of the fabric abraded under wet conditions 

were significantly lower than those under dry conditions. A student t-test assuming equal 

variances (derived from an f-test) was used to calculate the significance of observed mean 

differences between the samples (α = 0.05), and it was found that there was no significant 

difference in mean breaking strength between the multifilament polyester samples tested 

on Machine A and Machine B. This indicates that the loss in breaking strength of the 

abraded multifilament polyester samples was influenced by the dry or wet environment, 

but not by the abrasion test machine. The strength losses for the multifilament polyester 

samples ranged from 30.03% to 47.97%. Such losses are believed to be due to the breaking 

of yarns and filaments caused by the abrasive wear of the regular nitinol stent wire. 

The relative variability in breaking strength and percent strength loss for the 

monofilament polyester control and abraded samples was also found to be large with CV% 

values in the range of 1.62% to 16.67%. The apparent mean differences among the 
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monofilament polyester samples were found to be statistically significant. The losses in 

breaking strength for the fabric abraded under wet conditions were significantly greater 

than the loss experienced under dry conditions. A student t-test assuming equal variances 

(derived from an f-test) was used to calculate the significance of observed mean differences 

between samples (α = 0.05), and a significant difference in mean breaking strength was 

found for the monofilament polyester samples tested on Machine A compared to Machine 

B. This confirms that the loss in breaking strength of the abraded multifilament polyester 

samples was influenced by the dry or wet environment as well as by the abrasion test 

machine. The fabric is weaker following abrasion in a wet environment.  Such strength 

losses for the monofilament polyester samples ranged from 33.09% to 55.28% and are 

believed to be due to the breaking of yarns and filaments caused by the abrasive wear of 

the regular nitinol stent wire. 

By comparing the results in Tables 4.14 and 4.15, the level of abrasion caused by the 

laser cut nitinol stent can be compared with that of the regular nitinol stent wire. Invariably, 

for both fabrics, the average loss in breaking strength was greater for samples exposed to 

the regular nitinol stent wire abradant compared with the laser cut nitinol stent abradant. 

From the statistical analyses, it can be concluded that 1) the extent of strength loss 

due to abrasion was smaller with the multifilament polyester fabric than with the 

monofilament polyester fabric. 2) For the multifilament polyester fabric, the loss in breaking 

strength due to abrasion was influenced by the dry or wet test environment,   but not by 

the abrasion test machine. 3) For the monofilament polyester fabric, the loss in breaking 
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strength due to abrasion was influenced by both the dry or wet environment as well as by 

the abrasion test machine.4) Greater abrasion which results in faster losses in tensile 

strength has been found to be associated with the regular nitinol stent wire analogue.  
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Figure 4.14 Mean breaking strengths for the multifilament and monofilament polyester samples (Error bars indicate the standard deviation for 
each sample) 
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              4.2.5 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Spectroscopy (EDS) 

 

             Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

were performed on both stent materials so as to characterize the metal composition of the 

two types of stents before and after abrasion. Abraded stent samples were exposed to 

288,000 cycles of abrasion before being analyzed spectroscopically. The images of the 

stents are shown in Figure 4.15 and the results of the EDS analysis are shown in Figure 4.16.  

 

A 

D C 
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Figure 4.15(1) SEM images showing the abrading surface of the points of the laser cut stents: unused 
control (A) and abraded stent(C) (100x), and their magnified images (B) and (D) (300x). 

 

Figure 4.15(2) SEM images showing the abrading surface of the points of the regular stent wire: 
unused control (A) and abraded stent(C) (100x), and their magnified images (B) and (D) (300x). 
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Figure 4.16(1) EDS results for laser cut nitinol stent – unused control group 
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Figure 4.16(2) EDS results for laser cut nitinol stent after 288,000 cycles of abrasion 
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Figure 4.16(3) EDS results for regular nitinol stent wire - unused control group 
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Figure 4.16(4) EDS results for regular nitinol stent wire after 288,000 cycles of abrasion 
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Figures 4.15 present the SEM images of the surfaces of two types of stent. It was 

observed that the laser cut stent had a flat surface and abrupt edges, while the surface of 

regular nitinol stent wire was smooth and round. In addition, groves were found on the 

surface of the abraded laser cut stent. These grooves were believed to be due to the 

abrasive motion of polyester fabrics. Whereas, fewer and less pronounced grooves were 

found on the regular nitinol stent wire. 

From the EDS results presented in Figures 4.16, it is possible to determine the 

average elemental content of the unused and abraded metal materials used in this study.  

The results indicate that both types of stent contain the elements titanium and nickel. A 

student t-test assuming equal variances (derived from an f-test) was used to calculate the 

significance of any observed differences between the mean elemental content of the 

samples (α = 0.05). No significant difference in titanium or nickel content was found 

between the laser cut stent material and regular nitinol stent wire. Furthermore, no 

significant differences were observed in either titanium or nickel content before and after 

abrading the polyester samples for 288,000 cycles. This finding was as equally true for the 

laser cut stent as it was for the regular nitinol stent wire. This confirms that the elemental 

composition of these two types of stents were the same. In addition, the elemental 

composition of the surface of both stents did not change significantly during 288,000 

abrasion cycles.  
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Chapter 5: Conclusions 

As outlined in Chapter 1, the specific objective of this study has been to develop a 

reliable test method that will operate under various test conditions to mimic the abrasion 

between the graft fabric and the stent material of endovascular prostheses. The goal has 

been achieved by modifying an existing commercial Stoll Flexing and Abrasion Tester and 

measuring the abrasion resistance of various graft materials and stent materials with it. 

Following these procedures, this new test method and each material were evaluated in 

order to answer the following questions: 

1. What is the new abrasion test method for endovascular stent graft devices? 

2. What are the appropriate and reliable “endpoints” in an accelerate in vitro test 

lasting around 60 minutes? 

3. Do the graft fabrics and stents behave similarly on two different abrasion test 

machines? 

4. Does the environment of dry or wet conditions affect the abrasion resistance of 

the graft fabrics?   

5. Are there any differences in abrasion resistance between the multifilament 

polyester fabric and monofilament polyester fabric? 

6. Are there any differences in abrasion resistance between the laser cut nitinol 

stent and regular nitinol stent manufactured from different companies?  
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Based on the results and discussions provided in Chapter 4, each of the above 

questions has now been answered.  

5.1 Specific Aims  

 

             5.1.1 The New Abrasion Test Method for Endovascular Stent Graft Devices 

 

The new abrasion test machine was developed by modifying an existing commercial 

Stoll Flexing and Abrasion Tester. With a series of three modifications, this tester can now 

successfully test the abrasion resistance of graft materials and stent materials in both wet 

and dry environments, to better mimic the in vitro conditions of an implanted stent graft 

prosthesis.  

This modified tester enables a strip of fabric specimen to be mounted under tension, 

then flexed and abraded against an abradant surface so as to measure the relative abrasion 

resistance of the fabric sample. This tester has an abrasive displacement of 1mm which 

mimics the relative motion between the stent and graft fabric of an endovascular stent graft 

in the human body. A specially designed stent wire holder has been mounted on this tester 

and it can hold a stent as a controlled abradant surface. In order to mimic the in situ 

environment, a Plexiglas ™ plastic bath has been designed and fits snuggly onto the flexing 

block of the abrasive tester. Water can be added to the bath when a wet environment is 

needed.  
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This new abrasion test method was development based on the procedure provided 

in the ASTM Test Method D3885-07a, “Standard Test Method for Abrasion Resistance of 

Textile Fabrics”. All tests should be carried out following the procedures in this ASTM Test 

Method. However, due to the tester’s modifications, some parameters should be changed 

so as to accommodate the revised machine design: namely, the size of the fabric specimen 

is 8”x1.25”, the tension applied on the fabric is 4lb, and the head weight is 8.5lb.   

 

              5.1.2 The Appropriate and Reliable “Endpoints”  

 

The endpoints for the test have been established following the second modifications 

to the tester. After abrasion, macroscopic evaluation, microscopic evaluation, scanning 

electron microscopy, material thickness, material weight, woven fabric count, number of 

broken yarns and tensile breaking strength were measured during the study.  

From the experimental observations, the material’s thickness was found to increase 

after abrasion. This thickness increase was due to the overlapping of the broken yarns and 

filaments on the surface of fabric. On the other hand, the material weight and woven fabric 

count did not change significantly after the abrasion. Therefore, fabric thickness, weight and 

woven fabric count are unlikely to be appropriate endpoints for this test method.  

On the other hand, the number of abrasive holes, and the number of broken yarns 

did changed significantly after abrasion. In addition, the loss in breaking strength after 
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abrasion was between 12.0% and 24.0 %. Therefore, the number of abrasive holes, the 

number of broken yarns and the loss of breaking strength are recommended as appropriate 

endpoints when performing this test.  

 

              5.1.3 Comparison of Two Different Abrasion Test Machines  

 

For the in vitro abrasion test, two different abrasion test machines, machine A and 

machine B, were used to test the abrasion resistance of the graft and stent materials. From 

the experimental results, the performances of these two abrasion machines were found to 

be equivalent.  

In terms of the formation abrasive holes, the numbers of abrasive holes created by 

two machines using the same materials and under the same test conditions were 

statistically the same. The numbers broken yarns created by two machines using the same 

materials and under the same test conditions were also statistically the same.  

In terms of the loss in breaking strength of the abraded fabrics, the breaking 

strengths of the multifilament polyester fabric were not influenced by the abrasion test 

machine. However, the breaking strengths of the monofilament polyester fabrics were not 

found to be equivalent on the two machines. Since the results generated by these two 

machines were similar for all other properties, this difference in breaking strength is 
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believed to have been due to the inconsistent and/or non-uniform tension across the 

specimen’s width.  

In conclusion, the two different abrasion test machines gave equivalent results 

during the study. They did not influence the number of abrasive holes, the number of 

broken yarns or the loss in breaking strength of the abraded graft fabric samples. This 

equivalence relies on mounting the fabric specimens under the correct and consistent 

uniform tension across their width.   

 

              5.1.4 Comparison of Polyesters’ Abrasion Resistance under Wet and Dry 

Environments 

 

The graft fabrics were tested under both dry and wet conditions in this research 

study.  From the results, it was observed that a statistically equivalent number of holes 

were created when testing the multifilament polyester fabric under wet environment as 

when testing dry. However, there were more broken yarns created under wet conditions 

than under dry. When testing the monofilament polyester fabric in the wet environment, 

significantly more holes and more broken yarns were observed than in the dry environment. 

Additionally, the breaking absolute value for strength for both fabrics was lower when wet 

than when dry.  
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To summarize, both the multifilament fabric and monofilament fabric became 

weaker in the wet environment compared to the dry, and therefore it is recommended that 

in vitro stent graft abrasion resistance be undertaken under wet conditions.  

 

              5.1.5 Comparison of Abrasion Resistance between Multifilament and 

Monofilament Polyester Fabrics 

 

The experimental results indicate that there were fewer broken yarns created during 

abrasion testing on the multifilament polyester fabric compared to the monofilament 

polyester fabric. In addition, there was a smaller loss in strength for the multifilament 

polyester fabric compared to the monofilament polyester fabric.  

In conclusion, the multifilament polyester graft fabric appears to have better 

abrasion resistance than the monofilament polyester graft fabric. This better abrasion 

resistance is believed to be due to the type of yarns used to weave these two fabrics. 

Multifilament yarns are known to have better abrasion resistance than monofilament yarns.  

 

              5.1.6 Comparison of Abrasion Resistance between Stents 

 

 In this in vitro abrasion test study, two types of stent materials, a laser cut nitinol 

stent and a regular nitinol stent wire, were used to test the abrasion resistance of different 

graft materials. From the experimental observations it is acknowledged that the laser cut 
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nitinol stent created more holes and more broken yarns more rapidly in both fabrics 

compared with the regular nitinol stent wire. This was due to the presence of sharp points 

on the zig-zag laser cut stent compared to the smoother surface tips on the regular nitinol 

stent wire. On the other hand, both graft materials were observed to lose more strength 

when abrading with regular nitinol stent wire than with the laser cut nitinol stent.  

In conclusion, the laser cut nitinol stent was found to be more aggressive in creating 

holes and broken yarns in the graft fabrics. Whereas, the holes created by the regular 

nitinol stent wire appear to cause a higher loss in fabric breaking strength than was 

observed with the laser cut nitinol stent. Additionally, abrasive grooves were found on the 

abraded stents. This indicates that the stent needs to be replaced after a certain number of 

abrasion cycles. Finally, from elemental surface analysis the metal composition of the two 

stents did not appear to change significantly during abrasion. 

5.2 Recommendations for Future Work  

 

Continued research study in this area is essential to ensure safety and reliable 

selection of textile and metal components of endovascular stent grafts. The following areas 

require further study: 

1. More types of graft materials need to be taken into consideration in this 

research study, such as the expanded polytetrafluoroethylene (ePTFE) 

membrane. EPTFE membrane is also a common material for endovascular graft 
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fabric. However, the unique characteristic of this material lies in its membrane 

structure rather than a woven structure. Therefore, its abrasion resistance is 

expected to be different from the woven fabrics. Further study is strongly 

recommended for this material.  

2. The current study research mainly focused on comparing and analyzing the 

abrasion resistance of the graft fabric materials. More study should be carried 

out to investigate the stent materials when abrasion. Various stent types, such as 

the stainless steel stent, need to be included and studied. Also topographical and 

chemical observations of the abraded surface areas of all types of stents need to 

be undertaken. 

3. The abrasion test machine need to be further modified to better mimic the in 

situ abrasion and simplify the test procedure. An optical counter need to be 

mounted on the tester to count the abrasion cycles more precisely. In addition, a 

camera system is prepared to add to the machine to determine when a stent 

apex will protrude the fabric and create abrasive hole.  

4. Use a solution similar to human plasma, such as phosphate buffered saline (PBS), 

for the wet condition to better mimic the in vivo environment.  

   

 

 



 
 

110 
 

References 

1. Sakalihasan, N., Limet, R., & Defawe, O.Abdominal aortic aneurysm. The Lancet, 

365(9470), 1577-1589. doi:10.1016/S0140-6736(05)66459-8  

2. Thompson, M. M. (2003). Controlling the expansion of abdominal aortic aneurysms. 

The British Journal of Surgery, 90(8), 897-898. doi:10.1002/bjs.4280  

3. Duarte, M., Maldjian, C., & Laskowski, I. (2009). Comparison of endovascular versus 

open repair of abdominal aortic aneurysms A review. Cardiology in Review, 17(3), 

112-114. doi:10.1097/CRD.0b013e31819d6124  

4. Haider, S., Najjar, S. F., Cho, J., Rhee, R. Y., Eskandari, M. K., Matsumura, J. S., 

Morasch, M. D. (2006). Sac behavior after aneurysm treatment with the gore 

excluder low-permeability aortic endoprosthesis: 12-month comparison to the 

original excluder device. Journal of Vascular Surger : Official Publication, the Society 

for Vascular Surgery [and] International Society for Cardiovascular Surgery, North 

American Chapter, 44(4), 694-700. doi:10.1016/j.jvs.2006.06.018  

5. Treating your abdominal aortic aneurysm. Retrieved from Cook Medical website: 

http://www.cookmedical.com/zenith_patient_guides/flex_patient/intro.html#a 

6. Rutherford, R. B. (2006). Endovascular aneurysm repair versus open repair in 

patients with abdominal aortic aneurysm (EVAR trial i): Randomized controlled trial. 

Perspectives in Vascular Surgery and Endovascular Therapy, 18(1), 74-76. 

doi:10.1177/153100350601800127  

http://www.cookmedical.com/zenith_patient_guides/flex_patient/intro.html#a


 
 

111 
 

7. Brown, L. C., Epstein, D., Manca, A., Beard, J. D., Powell, J. T., & Greenhalgh, R. M. 

(2004). The UK endovascular aneurysm repair (EVAR) trials: Design, methodology 

and progress. European Journal of Vascular and Endovascular Surgery : The Official 

Journal of the European Society for Vascular Surgery, 27(4), 372-381. 

doi:10.1016/j.ejvs.2003.12.019  

8. Jacobs, T. S., Won, J., Gravereaux, E. C., Faries, P. L., Morrissey, N., Teodorescu, V. J., 

. . . Marin, M. L. (2003). Mechanical failure of prosthetic human implants: A 10-year 

experience with aortic stent graft devices. Journal of Vascular Surgery : Official 

Publication, the Society for Vascular Surgery [and] International Society for 

Cardiovascular Surgery, North American Chapter, 37(1), 16-26. 

doi:10.1067/mva.2003.58  

9. Onitsuka, S., Tanaka, A., Akashi, H., Akaiwa, K., Otsuka, H., Yokokura, H., & Aoyagi, S. 

(2006). Initial and midterm results for repair of aortic diseases with handmade stent 

grafts. Circulation Journal : Official Journal of the Japanese Circulation Society, 70(6), 

726-732.  

10. McCready, R., Bryant, M., Divelbiss, J., & Phillips, J. (2009). Complete endograft 

collapse 9 1/2 years following endograft repair of an abdominal aortic aneurysm. 

Vascular and Endovascular Surgery, 43(6), 627-630. doi:10.1177/1538574409336020 

11. Leurs, L. J., Buth, J., Laheij, R. J. F., for the EUROSTAR Collaborators, for the 

EUROSTAR Collaborators, & EUROSTAR Collaborators. (2007). Long-term results of 

endovascular abdominal aortic aneurysm treatment with the first generation of 



 
 

112 
 

commercially available stent grafts. Archives of Surgery, 142(1), 33-41. 

doi:10.1001/archsurg.142.1.33  

12. Singland, J., Mitton, D., Guillaume, A., Cluzel, P., Goasdoue, P., Lavaste, F., . . . 

Koskas, F. (2010). Dynamics of homemade aortic endografts: In vivo study in humans 

with computed tomography scanner modeling. Annals of Vascular Surgery, 24(1), 

127-139. doi:10.1016/j.avsg.2008.10.013  

13. Jacobs, T. S., Won, J., Gravereaux, E. C., Faries, P. L., Morrissey, N., Teodorescu, V. J., 

. . . Marin, M. L. (2003). Mechanical failure of prosthetic human implants: A 10-year 

experience with aortic stent graft devices. Journal of Vascular Surgery : Official 

Publication, the Society for Vascular Surgery [and] International Society for 

Cardiovascular Surgery, North American Chapter, 37(1), 16-26. 

doi:10.1067/mva.2003.58  

14. Upchurch, G. R., & Criado, E., MD. (2009). Aortic aneurysms: Pathogenesis and 

treatment. New York, NY: Humana Press, Inc. doi:10.1007/978-1-60327-204-9  

15. White, G., May, J., Waugh, R., Chaufour, X., & Yu, W. (1998). Type III and type IV 

endoleak: Toward a complete definition of blood flow in the sac after endoluminal 

AAA repair. Journal of Endovascular surgery, 5(4), 305-309.  

16. Lange, C., Odegard, A., Lundbom, J., Hatlinghus, S., & Myhre, H. (2002). Type III 

endoleak from a thoracic aortic stent-graft. . Journal of Endovascular Therapy, 9(4), 

535-538.  



 
 

113 
 

17. Becquemin, J., Poussier, B., Allaire, E., Kobeiter, H., & Desgranges, P. (2002). 

Endograft fabric disintegration simulating a type II endoleak. Journal of Endovascular 

Therapy, 9(2), 203-207.  

18. Zarins, C. K., Arko, F. R., Crabtree, T., Bloch, D. A., Ouriel, K., Allen, R. C., & White, R. 

A. (2004). Explant analysis of AneuRx stent grafts: Relationship between structural 

findings and clinical outcome. Journal of Vascular Surgery, 40(1), 1-11. 

doi:10.1016/j.jvs.2004.03.008  

19. Endovascular stent graft. Retrieved from vascular web website: 

http://www.vascularweb.org/vascularhealth/Pages/endovascular-stent-graft.aspx 

20. Liddington, M., & Heather, B. (1992). The Relationship Between Aortic Diameter and 

Body Habitus. European Journal of Vascular Surgery, 6(1), 89-92.  

21. Bengtsson, H., Sonesson, B., & Bergqvist, D. (1996). Incidence and prevalence of 

abdominal aortic aneurysms, estimated by necropsy studies and population 

screening by ultrasound. Annals of the New York Academy of Sciences, 800, 1.  

22. Johnston, K., Rutherford, R., Tilson, M., Shah, D., Hollier, L., & Stanley, J. (1991). 

Suggested Standards for Reporting on Arterial Aneurysms. Journal of Vascular 

Surgery, 13(3), 452-458.  

23. MacSweeney, S. T., Ellis, M., Worrell, P. C., Greenhalgh, R. M., & Powell, J. T. (1994). 

Smoking and growth rate of small abdominal aortic aneurysms. Lancet, 344(8923), 

651-652.  

http://www.vascularweb.org/vascularhealth/Pages/endovascular-stent-graft.aspx


 
 

114 
 

24. Brown, L., Powell, J., & UK Small Aneurysm Trial Participants. (1999). Risk factors for 

aneurysm rupture in patients kept under ultrasound surveillance. Annals of Surgery, 

230(3), 289-296. doi:10.1097/00000658-199909000-00002  

25. Gillum, R. F. (1995). Epidemiology of aortic aneurysm in the united states. Journal of 

Clinical Epidemiology, 48(11), 1289-1298. doi:10.1016/0895-4356(95)00045-3  

26. Kniemeyer, H. W., Kessler, T., Reber, P. U., Ris, H. B., Hakki, H., & Widmer, M. K. 

(2000). Treatment of ruptured abdominal aortic aneurysm, a permanent challenge 

or a waste of resources? prediction of outcome using a multi-organ-dysfunction 

score. European Journal of Vascular & Endovascular Surgery, 19(2), 190-196. 

doi:10.1053/ejvs.1999.0980  

27. Upchurch, G., & Schaub, T. (2006). Abdominal aortic aneurysm. American Family 

Physician, 73(7), 1198-1204.  

28. Hinchliffe, R. J., & Hopkinson, B. R. (2007). Development of endovascular stent-

grafts. Proceedings of the Institution of Mechanical Engineers.Part H, Journal of 

Engineering in Medicine, 221(6), 547-560. doi:10.1243/09544119JEIM169  

29. Greenhalgh, R. M., & Powell, J. T. (2008). Endovascular repair of abdominal aortic 

aneurysm. The New England Journal of Medicine, 358(5), 494-501. 

doi:10.1056/NEJMct0707524  

30. Castleman, L. S., Motzkin, S. M., Alicandri, F. P., & Bonawit, V. L. (1976). 

Biocompatibility of nitinol alloy as an implant material. Journal of Biomedical 

Materials Research, 10(5), 695-731. doi:10.1002/jbm.820100505  



 
 

115 
 

31. Hinchliffe, R., Macierewicz, J., & Hopkinson, B. (2004). Early results of a flexible 

bifurcated endovascular stent-graft (aorfix). JOURNAL OF CARDIOVASCULAR 

SURGERY, 45(4), 285-291.  

32. Kribs, S. (2001). Endovascular stent grafting: A review. Canadian Association of 

Radiologists Journal = Journal l'Association Canadienne Des Radiologistes, 52(3), 

145-152.  

33. Ricotta, 2.,Joseph J., & Oderich, G. S. (2008). The cook zenith AAA endovascular 

graft. Perspectives in Vascular Surgery and Endovascular Therapy, 20(2), 167-173. 

doi:10.1177/1531003508321441  

34. Parodi, J., Marin, M., & Veith, F. (1995). Transfemoral, Endovascular Stented Graft 

Repair of an Abdominal Aortic-Aneurysm. Archives of Surgery, 130(5), 549-552.  

35. Zarins, C. K., White, R. A., Schwarten, D., Kinney, E., Diethrich, E. B., Hodgson, K. J., 

Investigators Medtronic AneuRx Multicenter Clin. (1999). AneuRx stent graft versus 

open surgical repair of abdominal aortic aneurysms: Multicenter prospective clinical 

trial. Journal of Vascular Surgery, 29(2), 292-308. doi:10.1016/S0741-

5214(99)70382-4 

36. Matsumura, J. S., Brewster, D. C., Makaroun, M. S., Naftel, D. C., & Excluder 

Bifurcated Endoprosthesis. (2003). A multicenter controlled clinical trial of open 

versus endovascular treatment of abdominal aortic aneurysm. Journal of Vascular 

Surgery : Official Publication, the Society for Vascular Surgery [and] International 

Society for Cardiovascular Surgery, North American Chapter, 37(2), 262-271. 

doi:10.1067/mva.2003.120  



 
 

116 
 

37. Abraham, C. Z., Chuter, T. A. M., Reilly, L. M., Okuhn, S. P., Pethan, L. K., Kerlan, R. B., 

. . . Messina, L. M. (2002). Abdominal aortic aneurysm repair with the zenith stent 

graft: Short to midterm results. Journal of Vascular Surgery, 36(2), 217-225. 

doi:10.1067/mva.2002.125032  

38. Carpenter, J. P., & Endologix Investigators. (2002). Multicenter trial of the PowerLink 

bifurcated system for endovascular aortic aneurysm repair. Journal of Vascular 

Surgery : Official Publication, the Society for Vascular Surgery [and] International 

Society for Cardiovascular Surgery, North American Chapter, 36(6), 1129-1137. 

doi:10.1067/mva.2002.129641  

39. Rutherford, R.B. (2004). Structural failures in abdominal aortic aneurysm stentgrafts: 

Threat to durability and challenge to technology. Semin Vasc Surg,17, 294-297 

40. Beebe, H. G. (2001). Late failures of devices used for endovascular treatment of 

abdominal aortic aneurysm: What have we learned and what is the task for the 

future? Perspectives in Vascular Surgery and Endovascular Therapy, 14(1), 29-46. 

doi:10.1177/153100350101400106  

41. Leurs, L. J., Buth, J., Laheij, R. J. F., for the EUROSTAR Collaborators, & EUROSTAR 

Collaborators. (2007). Long-term results of endovascular abdominal aortic aneurysm 

treatment with the first generation of commercially available stent grafts. Archives 

of Surgery (Chicago, Ill.: 1960), 142(1), 33-41. doi:10.1001/archsurg.142.1.33  

42. Beebe, H. G., Cronenwett, J. L., Katzen, B. T., Brewster, D. C., Green, R. M., Vanguard 

Endograft Trial Investiga, & Vanguard Endograft Trial Investigators. (2001). Results of 



 
 

117 
 

an aortic endograft trial: Impact of device failure beyond 12 months. Journal of 

Vascular Surgery, 33(2), 55-63. doi:10.1067/mva.2001.111663  

43. Riepe, G., Loos, J., Imig, H., Schröder, A., Schneider, E., Petermann, J., . . . Morlock, 

M. (1997). Long-term in vivo alterations of polyester vascular grafts in humans. 

European Journal of Vascular and Endovascular Surgery : The Official Journal of the 

European Society for Vascular Surgery, 13(6), 540-548. doi:10.1016/S1078-

5884(97)80062-7  

44. Alimi, Y. S., Chakfe, N., Rivoal, E., Slimane, K. K., Valerio, N., Riepe, G., . . . Juhan, C. 

(1998). Rupture of an abdominal aortic aneurysm after endovascular graft 

placement and aneurysm size reduction. Journal of Vascular Surgery, 28(1), 178-183. 

doi:10.1016/S0741-5214(98)70213-7  

45. Guidoin, R., Marois, Y., Douville, Y., King, M., Castonguay, M., Traore, A., . . . Harris, 

P. (2000). First-generation aortic endografts: Analysis of explanted stenter devices 

from the EUROSTAR registry. Journal of Vascular Therapy, 7(2), 105-122.  

46. Matsagas, M., Papakostas, J., Katsouras, C., Arnaoutoglou, E., Lagos, N., 

Xanthopoulos, D., . . . Michalis, L. (2006). Endovascular repair for thoracic aortic 

disease: Tertiary single-center experience in northwestern greece. Vascular, 14(4), 

212-218. doi:10.2310/6670.2006.00033  

47. Ellozy, S. H., Carroccio, A., Minor, M., Jacobs, T., Chae, K., Cha, A., . . . Marin, M. L. 

(2003). Challenges of endovascular tube graft repair of thoracic aortic aneurysm: 

Midterm follow-up and lessons learned. Journal of Vascular Surgery, 38(4), 676-683. 

doi:10.1016/S0741-5214(03)00934-0  



 
 

118 
 

48. Rabinowicz, E. (1995). Friction and wear of materials. New York: Wiley.  

49. Warner, S. B., & Subhash K. Batra Collection (North Carolina State University). 

(1995). Fiber science. Englewood Cliffs, NJ: Prentice Hall.  

50. Hearle, J. W. S., Lomas, B. (., Cooke, W. D. (. D. )., & Textile Institute (Manchester, E. 

(1998). Atlas of fibre fracture and damage to textiles. Cambridge [England]: 

Woodhead Publishing.  

51. Gupta, B. S. (. S. ). (2007). Friction in textile materials. Boca Raton, Fla: CRC 

;Woodhead.  

52. Bird, S. L. (1984). A review of the prediction of textile wear performance with specific 

reference to abrasion. Port Elizabeth, Republic of South Africa: South African Wool 

and Textile Research Institute of the CSIR.  

53. Schick, M. J. (1975). Surface characteristics of fibers and textiles. New York: M. 

Dekker.  

54. Hu, J. (2008). Fabric testing. Boca Raton, Fla: CRC ;Taylor & Francis [distributor].  

55. Blum, U., Voshage, G., Lammer, J., Beyersdorf, F., Töllner, D., Kretschmer, G., Langer, 

M. (1997). Endoluminal Stent–Grafts for infrarenal abdominal aortic aneurysms. The 

New England Journal of Medicine, 336(1), 13-20. 

doi:10.1056/NEJM199701023360103  

56. Moore, W. S., Rutherford, R. B., & EVT Investigators. (1996). Transfemoral 

endovascular repair of abdominal aortic aneurysm: Results of the north american 

EVT phase 1 trial. Journal of Vascular Surgery, 23(4), 543-553. doi:10.1016/S0741-

5214(96)80032-2  



 
 

119 
 

57. Buth, J., van Marrewijk, C. J., Harris, P. L., Hop, W. C. J., Riambau, V., Laheij, R. J. F., & 

EUROSTAR Collaborators. (2002). Outcome of endovascular abdominal aortic 

aneurysm repair in patients with conditions considered unfit for an open procedure: 

A report on the EUROSTAR experience. Journal of Vascular Surgery: Official 

Publication, the Society for Vascular Surgery [and] International Society for 

Cardiovascular Surgery, North American Chapter, 35(2), 211-221. 

doi:10.1067/mva.2002.121050  

58. Mialhe, C., Amicabile, C., & Becquemin, J. P. (1997). Endovascular treatment of 

infrarenal abdominal aneurysms by the stentor system: Preliminary results of 79 

cases. Journal of Vascular Surgery, 26(2), 199-209. doi:10.1016/S0741-

5214(97)70180-0  

59. Stelter, W., Umscheid, T., & Ziegler, P. (1997). Three-year experience with modular 

stent-graft devices for endovascular AAA treatment. Journal of Vascular Surgery, 

4(4), 362-369.  

60. ASTM Standard D3885-07a, 2011, “Standard Test Method for Abrasion Resistance of 

Textile Fabrics (Flexing and Abrasion Method),” ASTM International, West 

Conshohocken, PA, 2011, DOI: 10.1520/D3886-99R11E01, www. astm.org.  

61. ASTM D1777, 1996, “Standard Test Method for Thickness of Textile Materials,” 

ASTM International, West Conshohocken, PA, 1996, DOI: 10.1520/D1777-96R11E01, 

www. astm.org.  



 
 

120 
 

62. ASTM D3776 / D3776M,2009, “Standard Test Methods for Mass Per Unit Area 

(Weight) of Fabric”, ASTM International, West Conshohocken, PA, 2009, DOI: 

10.1520/D3776_D3776M-09AE02, www. astm.org.  

63. ASTM D3775, 2008, “Standard Test Method for Warp (End) and Filling (Pick) Count 

of Woven Fabrics”, ASTM International, West Conshohocken, PA, 2008, DOI: 

10.1520/D3775-08, www. astm.org. 

64. ASTM D5035, 2011, “Standard Test Method for Breaking Force and Elongation of 

Textile Fabrics (Strip Method)”, ASTM International, West Conshohocken, PA, 2011, 

DOI: 10.1520/D5035-11, www. astm.org 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

121 
 

 

 

 

 

 

 

 

 

 

 

Appendix 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

122 
 

A. Hole size measurements for all materials investigated  

Multifilament Polyester 
(0.5” displacement) 

Width (mm) Length (mm) 

1 1.0 10.7 

2 1.0 11.0 

3 0.9 11.1 

4 0.8 11.2 

5 1.2 11.0 

Mean 1.0 11.0 

Standard Deviation 0.2 0.2 

 

B. Thickness measurements for all materials investigated and t-test tables for 

thickness comparisons. 

Multifilament Polyester, 
0 abrasion cycles 

Thickness 
(mm) 

1 0.2248 

2 0.2390 

3 0.2212 

4 0.2205 

5 0.2167 

6 0.2220 

7 0.2220 

8 0.2205 

9 0.2245 

10 0.2197 

Mean 0.2231 

Standard Deviation 0.0061 

 

 

 

 

 

 

 

 

Multifilament Polyester, 
1000 abrasion cycles 

Thickness 
(mm) 

1 0.2535 

2 0.2540 

3 0.2283 

4 0.2167 

5 0.2210 

6 0.2421 

7 0.2484 

8 0.2304 

9 0.2253 

10 0.2474 

Mean 0.2367 

Standard Deviation 0.0139 
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t-Test:  Two-Sample Assuming Equal Variances (control group vs. 1000 abrasion cycles 

specimens) 

t-value  -2.8332 
df 18 
Two-tailed p-value 0.011 

95% confidence intervals   
upper -0.0035 
Lower -0.0237 

The two samples are significantly different. 

 

t-Test: Two-Sample Assuming Equal Variances (1000 abrasion cycles specimens vs. 2000 

abrasion cycles specimens) 

t-value  2.8576 
df 18 
Two-tailed p-value 0.0105 

95% confidence intervals   
upper 0.1369 
Lower 0.0209 

The two samples are significantly different. 

 

Multifilament Polyester, 
2000 abrasion cycles 

Thickness 
(mm) 

1 0.4237 

2 0.2929 

3 0.2205 

4 0.2212 

5 0.2192 

6 0.4128 

7 0.2977 

8 0.2642 

9 0.4072 

10 0.3973 

Mean 0.3156 

Standard Deviation 0.0862 
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C. Weight measurements for all materials investigated and ANOVA tables for weight 

comparisons. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      ANOVA: Single Factor (Multifilament Polyester Fabric Weight) 

 SS df MS F P-value 

Between  0.000 2 0.000 3.185 0.078 
Within  0.000 12 0.000   

Total  0.000 14    

 

 

 

Multifilament Polyester, 
0 abrasion cycles 

Weight 
(g) 

1 0.0843 

2 0.0836 

3 0.0899 

4 0.0900 

5 0.0845 

Mean 0.0865 

Standard Deviation 0.0032 

Multifilament Polyester, 
1000 abrasion cycles 

Weight 
(g) 

1 0.0874 

2 0.0981 

3 0.0906 

4 0.0907 

5 0.0939 

Mean 0.0921 

Standard Deviation 0.0040 

Multifilament Polyester, 
2000 abrasion cycles 

Weight 
(g) 

1 0.0856 

2 0.0942 

3 0.0860 

4 0.0886 

5 0.0872 

Mean 0.0883 

Standard Deviation 0.0035 



 
 

125 
 

D. All Woven fabric counts and ANOVA tables for fabric count comparisons 

Multifilament Polyester,   
0 abrasion cycles 

Ends/cm Picks/cm 

1 66 55 

2 54 54 

3 56 55 

4 67 55 

5 64 54 

Mean 61.4 54.6 

Standard Deviation 6.0 0.5 

CV% 9.8 1.0 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

       ANOVA: Single Factor (Multifilament Polyester Fabric Warp Count) 

 SS df MS F P-value 

Between  4.133 2 2.067 0.041 0.960 
Within  608.840 12 50.737   

Total  612.973 14    
 

Multifilament Polyester,   
1000 abrasion cycles 

Ends/cm Picks/cm 

1 54 54 

2 69 52 

3 54 54 

4 57 54 

5 72 56 

Mean 61.2 54.0 

Standard Deviation 8.6 1.4 

CV% 14.1 2.6 

Multifilament Polyester,   
2000 abrasion cycles 

Ends/cm Picks/cm 

1 66 58 

2 69 52 

3 66 54 

4 57 54 

5 54 56 

Mean 62.4 54.8 

Standard Deviation 6.5 2.3 

CV% 10.4 4.2 



 
 

126 
 

       ANOVA: Single Factor (Multifilament Polyester Fabric Weft Count) 

 SS df MS F P-value 

Between  1.733 2 0.867 0.347 0.714 
Within  30.000 12 2.500   

Total  31.733 14    
 

E. Number of broken yarns of multifilament polyester fabric specimens and t-test tables for 

number of broken yarns comparisons. 

 

 

 

 

 

 

  

 

 

 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (1000 abrasion cycles specimens vs. 2000 

abrasion cycles specimens, broken ends) 

t-value  -21.159 
df 8 
Two-tailed p-value <0.0001 

95% confidence intervals   
upper -62.0147 
Lower -77.1853 

The two samples are significantly different. 

Multifilament Polyester,   
1000 abrasion cycles 

Broken Ends Broken Picks 

1 4 55 

2 6 56 

3 6 55 

4 6 56 

5 6 55 

Mean 5.6 55.4 

Standard Deviation 0.9 0.5 

Multifilament Polyester,   
2000 abrasion cycles 

Broken Ends Broken Picks 

1 68 55 

2 72 55 

3 82 56 

4 70 56 

5 84 56 

Mean 75.2 55.6 

Standard Deviation 7.3 0.5 
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t-Test:  Two-Sample Assuming Equal Variances (1000 abrasion cycles specimens vs. 2000 

abrasion cycles specimens, broken picks) 

t-value  -0.6325 
df 8 
Two-tailed p-value 0.5447 

95% confidence intervals   
upper 0.5292 
Lower -0.9292 

The two samples are not significantly different. 
 

 

 

F. Breaking strength and elongation of multifilament polyester fabric specimens and t-test 

tables for breaking strength and elongation comparisons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multifilament Polyester,   
0 abrasion cycles 

Breaking Strength    
(lb) 

Breaking Elongation 
(%) 

1 65.27 24.0 

2 65.77 40.4 

3 65.34 26.4 

4 61.47 37.0 

5 65.27 28.0 

Mean 64.62 31.2 

Standard Deviation 1.78 7.1 

CV% 2.75 22.8 

Multifilament Polyester,   
1000 abrasion cycles 

Breaking Strength    
(lb) 

Breaking Elongation  

1 52.51 34.4 

2 56.84 37.4 

3 61.37 22.5 

4 61.23 50.0 

5 52.51 35.0 

Mean 56.89 35.9 

Standard Deviation 4.40 9.8 

CV% 7.73 27.3 
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t-Test:  Two-Sample Assuming Equal Variances (control group vs. 1000 abrasion cycles 

specimens, breaking strength) 

t-value  3.6417 
df 8 
Two-tailed p-value 0.0066 

95% confidence intervals   
upper 12.6249 
Lower 2.8351 

The two samples are significantly different. 

 

 

t-Test:  Two-Sample Assuming Equal Variances (control group vs. 1000 abrasion cycles 

specimens, breaking elongation) 

t-value  -0.8684 
df 8 
Two-tailed p-value 0.4104 

95% confidence intervals   
upper 7.7801 
Lower -17.1801 

The two samples are not significantly different. 

 

Multifilament Polyester,   
2000 abrasion cycles 

Breaking Strength    
(lb) 

Breaking Elongation  

1 46.21 32.8 

2 51.83 37.8 

3 48.75 35.2 

4 51.72 36.0 

5 47.21 33.0 

Mean 49.14 35.0 

Standard Deviation 2.57 2.1 

CV% 5.22 6.0 
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t-Test:  Two-Sample Assuming Equal Variances (1000 abrasion cycles specimens vs. 2000 

abrasion cycles specimens, breaking strength) 

t-value  3.4009 
df 8 
Two-tailed p-value 0.0093 

95% confidence intervals   
upper 13.0049 
Lower 2.4951 

The two samples are significantly different. 
 

 

 

t-Test:  Two-Sample Assuming Equal Variances (1000 abrasion cycles specimens vs. 2000 

abrasion cycles specimens, breaking elongation) 

t-value  0.2008 
df 8 
Two-tailed p-value 0.8459 

95% confidence intervals   
upper 11.2359 
Lower -9.4359 

The two samples are not significantly different. 
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G. Number of holes in the specimen 

Multifilament Polyester, 
Dry, Machine A, laser cut 

stent 

Number 
of holes 

1 5 

2 6 

3 6 

4 7 

5 7 

Mean 6.2 

Standard Deviation 0.8 

 

 

 

Multifilament Polyester, 
Dry, Machine B, laser cut 

stent 

Number 
of holes 

1 7 

2 7 

3 7 

4 7 

5 7 

Mean 7.0 

Standard Deviation 0.0 

 

 

 

 

 

 

ANOVA: Single Factor (Multifilament Polyester Abraded Fabric Number of Holes with laser 

cut stent) 

 SS df MS F P-value 

Between  4.950 3 1.650 2.651 0.084 
Within  9.960 16 0.622   

Total  14.910 19    

 

Multifilament Polyester, 
Wet, Machine A,  laser 

cut stent 

Number 
of holes 

1 7 

2 5 

3 4 

4 5 

5 7 

Mean 5.6 

Standard Deviation 1.3 

Multifilament Polyester, 
Wet, Machine B,  laser 

cut stent 

Number 
of holes 

1 6 

2 6 

3 6 

4 7 

5 6 

Mean 6.2 

Standard Deviation 0.4 
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Monofilament Polyester, 
Dry, Machine A, laser cut 

stent 

Number 
of holes 

1 0 

2 0 

3 0 

4 0 

5 0 

Mean 0 

Standard Deviation 0 

 

Monofilament Polyester, 
Dry, Machine B, laser cut 

stent 

Number 
of holes 

1 0 

2 2 

3 2 

4 0 

5 1 

Mean 1.0 

Standard Deviation 1.0 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

with machine A under dry environment vs. wet environment) 

t-value  -3.1568 
df 8 
Two-tailed p-value 0.0135 

95% confidence intervals   
upper -0.6468 
Lower -4.1532 

The two samples are significantly different. 

 

 

 

Monofilament Polyester, 
Wet, Machine A,  laser 

cut stent 

Number 
of holes 

1 4 

2 2 

3 0 

4 4 

5 2 

Mean 2.4 

Standard Deviation 1.7 

Monofilament Polyester, 
Wet, Machine B,  laser 

cut stent 

Number 
of holes 

1 5 

2 6 

3 7 

4 7 

5 7 

Mean 6.4 

Standard Deviation 0.9 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

with machine B under dry environment vs. wet environment) 

t-value  -8.9751 
df 8 
Two-tailed p-value <0.0001 

95% confidence intervals   
upper -4.0126 
Lower -6.7874 

The two samples are significantly different. 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B) 

t-value  2.2361 
df 8 
Two-tailed p-value 0.0558 

95% confidence intervals   
upper 2.0313 
Lower -0.0313 

The two samples are not significantly different. 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B) 

t-value  -4.6499 
df 8 
Two-tailed p-value 0.0016 

95% confidence intervals   
upper -2.0163 
Lower -5.9837 

The two samples are significantly different. 
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Mutifilament Polyester, 
Dry, Machine A, regular 

stent 

Number 
of holes 

1 0 

2 0 

3 0 

4 0 

5 0 

Mean 0 

Standard Deviation 0 

 

 

 

Multifilament Polyester, 
Dry, Machine B, regular 

stent 

Number 
of holes 

1 1 

2 0 

3 0 

4 0 

5 0 

Mean 0.2 

Standard Deviation 0.4 

 

 

 

 

ANOVA: Single Factor (Multifilament Polyester Abraded Fabric Number of Holes with 

regular nitinol stent) 

 SS df MS F P-value 

Between  0.550 3 0.183 0.756 0.535 
Within  3.880 16 0.243   

Total  4.430 19    

 

 

 

 

 

Multifilament Polyester, 
Wet, Machine A, regular 

stent 

Number 
of holes 

1 0 

2 0 

3 0 

4 0 

5 0 

Mean 0 

Standard Deviation 0 

Multifilament Polyester, 
Wet, Machine B, regular 

stent 

Number 
of holes 

1 2 

2 0 

3 0 

4 0 

5 0 

Mean 0.4 

Standard Deviation 0.9 
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Monofilament Polyester, 
Dry, Machine A, regular 

stent 

Number 
of holes 

1 0 

2 0 

3 0 

4 0 

5 0 

Mean 0 

Standard Deviation 0 

 

 

 

Monofilament Polyester, 
Dry, Machine B, regular 

stent 

Number 
of holes 

1 1 

2 0 

3 0 

4 0 

5 0 

Mean 0.2 

Standard Deviation 0.4 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B) 

t-value  -1.118 
df 8 
Two-tailed p-value 0.296 

95% confidence intervals   
upper 0.2125 
Lower -0.6125 

The two samples are not significantly different. 

 

 

Monofilament Polyester, 
Wet, Machine A, regular 

stent 

Number 
of holes 

1 3 

2 4 

3 4 

4 3 

5 3 

Mean 3.4 

Standard Deviation 0.5 

Monofilament Polyester, 
Wet, Machine B, regular 

stent 

Number 
of holes 

1 4 

2 4 

3 4 

4 3 

5 3 

Mean 3.6 

Standard Deviation 0.5 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B) 

t-value  -0.6325 
df 8 
Two-tailed p-value 0.5447 

95% confidence intervals   
upper 0.5292 
Lower -0.9292 

The two samples are not significantly different. 

 

 

H. Number of broken yarns of multifilament polyester fabric specimens and t-test tables for 

number of broken yarns comparisons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multifilament Polyester, 
Dry, Machine A, laser cut 

stent  
Broken Ends Broken Picks 

1 6 5 

2 6 6 

3 6 6 

4 5 5 

5 5 4 

Mean 5.6 5.2 

Standard Deviation 0.5 0.8 

Multifilament Polyester, 
Wet, Machine A,  laser 

cut stent 
Broken Ends Broken Picks 

1 4 6 

2 5 5 

3 6 7 

4 4 5 

5 6 6 

Mean 5.0 5.8 

Standard Deviation 1.0 0.8 
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ANOVA: Single Factor (Multifilament Polyester Abraded Fabric Number of Broken Ends) 

 SS df MS F P-value 

Between  8.55 3 2.85 2.405 0.105 
Within  18.96 16 1.185   

Total  27.51 19    

 

 

ANOVA: Single Factor (Multifilament Polyester Abraded Fabric Number of Broken Picks) 

 SS df MS F P-value 

Between  1.75 3 0.583 0.904 0.461 
Within  10.32 16 0.645   

Total  12.07 19    

 

Multifilament Polyester, 
Dry, Machine B,  laser 

cut stent 
Broken Ends Broken Picks 

1 10 6 

2 6 6 

3 6 5 

4 6 6 

5 6 4 

Mean 6.8 5.4 

Standard Deviation 1.8 0.9 

Multifilament Polyester, 
Wet, Machine B,  laser 

cut stent 
Broken Ends Broken Picks 

1 6 4 

2 6 5 

3 6 5 

4 5 5 

5 5 6 

Mean 5.6 5.0 

Standard Deviation 0.5 0.7 
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Monofilament Polyester, 
Dry, Machine A,  laser 

cut stent 
Broken Ends Broken Picks 

1 0 0 

2 0 0 

3 0 0 

4 0 0 

5 0 0 

Mean 0 0 

Standard Deviation 0 0 

Monofilament Polyester, 
Wet, Machine A,  laser 

cut stent 
Broken Ends Broken Picks 

1 22 42 

2 25 44 

3 24 43 

4 24 45 

5 22 42 

Mean 23.4 43.2 

Standard Deviation 1.3 1.3 

Monofilament Polyester, 
Dry, Machine B,  laser 

cut stent 
Broken Ends Broken Picks 

1 0 0 

2 0 0 

3 0 0 

4 7 23 

5 6 20 

Mean 2.6 8.6 

Standard Deviation 3.6 11.8 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B, broken ends) 

t-value  -1.6149 
df 8 
Two-tailed p-value 0.145 

95% confidence intervals   
upper 1.1126 
Lower -6.3126 

The two samples are not significantly different. 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B, broken ends) 

t-value  -1.2538 
df 8 
Two-tailed p-value 0.2453 

95% confidence intervals   
upper 1.007 
Lower -3.407 

The two samples are not significantly different. 

 

 

Monofilament Polyester, 
Wet, Machine B,  laser 

cut stent 
Broken Ends Broken Picks 

1 26 46 

2 26 43 

3 24 40 

4 25 43 

5 22 43 

Mean 24.6 43.0 

Standard Deviation 1.7 2.1 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B, broken picks) 

t-value  -1.6297 
df 8 
Two-tailed p-value 0.1418 

95% confidence intervals   
upper 3.5691 
Lower -20.7691 

The two samples are not significantly different. 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B, broken picks) 

t-value  0.1811 
df 8 
Two-tailed p-value 0.8608 

95% confidence intervals   
upper 2.7471 
Lower -2.3471 

The two samples are not significantly different. 

 

 

 

 

 

 

 

 

 

 

 

Multifilament Polyester, 
Dry, Machine A,  regular 

stent 
Broken Ends Broken Picks 

1 0 0 

2 0 0 

3 0 0 

4 0 0 

5 0 0 

Mean 0 0 

Standard Deviation 0 0 
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Multifilament Polyester, 
Wet, Machine A,  regular 

stent 
Broken Ends Broken Picks 

1 4 5 

2 4 6 

3 4 6 

4 4 5 

5 5 6 

Mean 4.2 5.6 

Standard Deviation 0.4 0.5 

Multifilament Polyester, 
Dry, Machine B,  regular 

stent 
Broken Ends Broken Picks 

1 2 4 

2 0 0 

3 0 0 

4 0 0 

5 0 0 

Mean 0.4 0.8 

Standard Deviation 0.9 1.8 

Multifilament Polyester, 
Wet, Machine B,  regular 

stent 
Broken Ends Broken Picks 

1 4 6 

2 4 5 

3 4 5 

4 4 5 

5 6 6 

Mean 4.4 5.4 

Standard Deviation 0.9 0.5 
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t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric abraded 

under dry environment with machine A vs. machine B, broken ends) 

t-value  -0.9938 
df 8 
Two-tailed p-value 0.3494 

95% confidence intervals   
upper 0.5281 
Lower -1.3281 

The two samples are not significantly different. 
 

 

t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric abraded 

under wet environment with machine A vs. machine B, broken ends) 

t-value  -0.4541 
df 8 
Two-tailed p-value 0.6618 

95% confidence intervals   
upper 0.8157 
Lower -1.2157 

The two samples are not significantly different. 
 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric abraded 

under dry environment with machine A vs. machine B, broken picks) 

t-value  -0.9938 
df 8 
Two-tailed p-value 0.3494 

95% confidence intervals   
upper 1.0563 
Lower -2.6563 

The two samples are not significantly different. 
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t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric abraded 

under wet environment with machine A vs. machine B, broken picks) 

t-value  0.6325 
df 8 
Two-tailed p-value 0.5447 

95% confidence intervals   
upper 0.9292 
Lower -0.5292 

The two samples are not significantly different. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Monofilament Polyester, 
Dry, Machine A,  regular 

stent 
Broken Ends Broken Picks 

1 0 0 

2 0 0 

3 0 0 

4 0 0 

5 0 0 

Mean 0 0 

Standard Deviation 0 0 

Monofilament Polyester, 
Wet, Machine A,  regular 

stent 
Broken Ends Broken Picks 

1 27 26 

2 25 26 

3 22 24 

4 29 21 

5 31 21 

Mean 26.8 23.6 

Standard Deviation 3.5 2.5 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B, broken ends) 

t-value  -0.9938 
df 8 
Two-tailed p-value 0.3494 

95% confidence intervals   
upper 0.5281 
Lower -1.3281 

The two samples are not significantly different. 
 

 

Monofilament Polyester, 
Dry, Machine B,  regular 

stent 
Broken Ends Broken Picks 

1 0 0 

2 0 0 

3 2 3 

4 0 0 

5 0 0 

Mean 0.4 0.6 

Standard Deviation 0.9 1.3 

Monofilament Polyester, 
Wet, Machine B,  regular 

stent 
Broken Ends Broken Picks 

1 29 25 

2 31 19 

3 31 24 

4 25 22 

5 25 23 

Mean 28.2 22.6 

Standard Deviation 3.0 2.3 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B, broken ends) 

t-value  -0.6791 
df 8 
Two-tailed p-value 0.5162 

95% confidence intervals   
upper 3.3539 
Lower -6.1539 

The two samples are not significantly different. 
 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B, broken picks) 

t-value  -1.032 
df 8 
Two-tailed p-value 0.3322 

95% confidence intervals   
upper 0.7407 
Lower -1.9407 

The two samples are not significantly different. 
 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B, broken picks) 

t-value  0.6528 
df 8 
Two-tailed p-value 0.5289 

95% confidence intervals   
upper 4.5033 
Lower -2.5033 

The two samples are not significantly different. 

 

 

 



 
 

145 
 

I. Breaking strength and elongation of all materials and t-test tables for breaking 

strength and elongation comparisons. 

 

 

1. Control Group: Multifilament Polyester Fabric 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 137.37 11.8 

2 138.11 11.8 

3 147.98 13.8 

4 132.15 13.8 

5 139.13 13.8 

Mean 138.95 13.0 

Std. Dev. 5.72 1.1 

 

 

2. Multifilament Polyester Fabric abraded under dry environment with machine A and laser 

cut nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 104.27 9.2 

2 104.52 10.3 

3 107.94 9.8 

4 98.59 10.3 

5 100.07 10.3 

Mean 103.08 10.0 

Std. Dev. 3.75 0.5 

 

 

3. Multifilament Polyester Fabric abraded under wet environment with machine A and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 100.04 9.2 

2 98.52 9.7 

3 102.53 10.3 

4 101.39 9.7 

5 106.03 10.3 

Mean 101.70 9.9 

Std. Dev. 2.85 0.4 
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4. Multifilament Polyester Fabric abraded under dry environment with machine B and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 108.30 10.3 
2 101.01 9.8 
3 105.47 9.7 
4 98.93 9.2 
5 100.15 9.2 

Mean 102.77 9.6 
Std. Dev. 3.96 0.4 

 

5. Multifilament Polyester Fabric abraded under wet environment with machine B and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 97.26 8.7 
2 96.84 9.2 
3 93.52 8.2 
4 101.54 9.2 
5 102.53 10.3 

Mean 98.34 9.1 
Std. Dev. 3.69 0.8 

 

 

6. Control Group: Monofilament Polyester Fabric  

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 71.21 10.8 
2 92.33 16.9 
3 84.23 13.8 
4 74.81 13.3 
5 73.32 11.8 

Mean 79.18 13.3 
Std. Dev. 8.88 2.3 

 

 



 
 

147 
 

7. Monofilament Polyester Fabric abraded under dry environment with machine A and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 68.36 6.8 
2 49.04 6.2 
3 69.88 6.8 
4 50.47 6.2 
5 65.55 6.3 

Mean 60.66 6.5 
Std. Dev. 10.09 0.3 

 

 

 

8. Monofilament Polyester Fabric abraded under wet environment with machine A and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 61.00 9.8 
2 48.66 7.7 
3 54.43 8.2 
4 56.49 8.7 
5 58.55 9.2 

Mean 55.83 8.7 
Std. Dev. 4.69 0.8 

 

 

 

9. Monofilament Polyester Fabric abraded under dry environment with machine B and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 47.94 6.2 
2 49.79 6.2 
3 51.03 6.7 
4 54.72 7.2 
5 44.45 5.7 

Mean 49.59 6.4 
Std. Dev. 3.79 0.6 
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10. Monofilament Polyester Fabric abraded under wet environment with machine B and laser 

cut nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 50.37 8.2 
2 48.15 7.2 
3 39.74 4.7 
4 47.32 7.2 
5 36.91 4.7 

Mean 44.50 6.4 
Std. Dev. 5.83 1.6 

 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric control 

group vs. Multifilament polyester fabric abraded with machine A under dry environment) 

t-value  11.7269 
df 8 
Two-tailed p-value <0.0001 

95% confidence intervals   
upper 42.9236 
Lower 28.8164 

The two samples are significantly different. 
 

 

       ANOVA: Single Factor (Multifilament Polyester Fabric Breaking Strength after 

Abrading) 

 SS df MS F P-value 

Between  70.659 3 23.553 1.830 0.182 
Within  205.931 16 12.871   

Total  276.590 19    
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       ANOVA: Single Factor (Multifilament Polyester Fabric Breaking Elongation after 

Abrading) 

 SS df MS F P-value 

Between  2.450 3 0.817 2.700 0.080 
Within  4.840 16 0.303   

Total  7.290 19    
 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric control 

group vs. Monofilament polyester fabric abraded with machine A under dry environment) 

t-value  3.081 
df 8 
Two-tailed p-value 0.0151 

95% confidence intervals   
upper 32.3815 
Lower 4.6585 

The two samples are significantly different. 
 

       ANOVA: Single Factor (Monofilament Polyester Fabric Breaking Strength after 

Abrading) 

 SS df MS F P-value 

Between  750.293 3 250.098 5.811 0.007 
Within  688.629 16 43.039   

Total  1438.921 19    
 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

with machine A under dry environment vs. wet environment) 

t-value  0.9707 
df 8 
Two-tailed p-value 0.3601 

95% confidence intervals   
upper 16.3047 
Lower -6.6447 

The two samples are not significantly different. 
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t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

with machine B under dry environment vs. wet environment) 

t-value  1.6368 
df 8 
Two-tailed p-value 0.1403 

95% confidence intervals   
upper 12.2611 
Lower -2.0811 

The two samples are not significantly different. 
 

 

 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under dry environment with machine A vs. machine B) 

t-value  2.2966 
df 8 
Two-tailed p-value 0.0507 

95% confidence intervals   
upper 22.1854 
Lower -0.0454 

The two samples are not significantly different. 
 

 

t-Test:  Two-Sample Assuming Equal Variances (Monofilament polyester fabric abraded 

under wet environment with machine A vs. machine B) 

t-value  3.3859 
df 8 
Two-tailed p-value 0.0096 

95% confidence intervals   
upper 19.0463 
Lower 3.6137 

The two samples are significantly different. 
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11. Multifilament Polyester Fabric abraded under dry environment with machine A and 

regular nitinol stent 

 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 83.61 9.2 
2 72.59 10.8 
3 82.21 11.8 
4 90.01 13.8 
5 73.77 11.3 

Mean 80.44 11.4 
Std. Dev. 7.26 1.7 

 

 

12. Multifilament Polyester Fabric abraded under wet environment with machine A and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 72.37 8.7 
2 70.01 8.2 
3 78.01 9.8 
4 66.97 8.2 
5 71.54 9.8 

Mean 71.78 8.9 
Std. Dev. 4.04 0.8 

 

 

13. Multifilament Polyester Fabric abraded under dry environment with machine B and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 72.52 11.3 

2 87.90 8.7 

3 104.66 9.8 

4 103.29 7.7 

5 114.25 11.3 

Mean 96.52 9.8 

Std. Dev. 16.41 1.6 
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14. Multifilament Polyester Fabric abraded under wet environment with machine B and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 76.18 8.2 

2 73.35 10.3 

3 73.17 10.3 

4 78.54 10.3 

5 70.25 9.2 

Mean 74.30 9.6 

Std. Dev. 3.17 0.9 

 

 

 

15. Monofilament Polyester Fabric abraded under dry environment with machine A and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 53.57 9.7 

2 51.49 11.3 

3 53.13 10.8 

4 53.17 11.3 

5 53.53 11.3 

Mean 52.98 10.9 

Std. Dev. 0.86 0.7 

          

 

              

16. Monofilament Polyester Fabric abraded under wet environment with machine A and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 49.43 8.7 

2 44.44 8.7 

3 43.20 7.7 

4 44.80 8.7 

5 43.10 6.7 

Mean 44.99 8.1 

Std. Dev. 2.59 0.9 
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17. Monofilament Polyester Fabric abraded under dry environment with machine B and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 36.86 4.7 

2 52.77 10.3 

3 45.27 7.7 

4 43.25 9.2 

5 40.48 6.7 

Mean 43.73 7.7 

Std. Dev. 5.96 2.2 

 

 

 

18. Monofilament Polyester Fabric abraded under wet environment with machine B and 

regular nitinol stent 

Specimen Breaking strength (lbf) Breaking Elongation (mm) 

1 34.93 4.7 

2 40.74 5.7 

3 27.51 6.7 

4 32.27 4.2 

5 41.59 6.7 

Mean 35.41 5.6 

Std. Dev. 5.90 1.2 

                                   

t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric abraded 

under dry environment with machine A vs. machine B) 

t-value  -2.0038 
df 8 
Two-tailed p-value 0.08 

95% confidence intervals   
upper 2.4255 
Lower -34.5855 

The two samples are not significantly different. 
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t-Test:  Two-Sample Assuming Equal Variances (Multifilament polyester fabric abraded 

under wet environment with machine A vs. machine B) 

t-value  -1.0973 
Df 8 
Two-tailed p-value 0.3044 

95% confidence intervals   
Upper 2.7758 
Lower -7.8158 

The two samples are not significantly different. 
 

 

J. T-test tables for element contents of nitinol stents 

 

t-Test:  Two-Sample Assuming Equal Variances (Ti contents: laser cut stent vs. 

regular stents) 

t-value  0.956 
Df 8 
Two-tailed p-value 0.3671 

95% confidence intervals   
Upper 2.2179 
Lower -0.9179 

The two samples are not significantly different. 
 

 

 

t-Test:  Two-Sample Assuming Equal Variances (Ni contents: laser cut stent vs. 

regular stents) 

t-value  -0.7187 
Df 8 
Two-tailed p-value 0.4928 

95% confidence intervals   
Upper 1.4356 
Lower -2.7356 

The two samples are not significantly different. 
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t-Test:  Two-Sample Assuming Equal Variances (Ti contents of laser cut stent: 

control group vs. abraded group) 

t-value  0.6472 
Df 8 
Two-tailed p-value 0.5357 

95% confidence intervals   
Upper 2.0079 
Lower -1.1279 

The two samples are not significantly different. 
 

 

t-Test:  Two-Sample Assuming Equal Variances (Ni contents of laser cut stent: 

control group vs. abraded group) 

t-value  -0.4882 
Df 8 
Two-tailed p-value 0.6385 

95% confidence intervals   
Upper 1.6383 
Lower -2.5183 

The two samples are not significantly different. 
 

 

t-Test:  Two-Sample Assuming Equal Variances (Ti contents of regular stent: 

control group vs. abraded group)  

t-value  -0.2186 
Df 8 
Two-tailed p-value 0.8325 

95% confidence intervals   
Upper 1.4326 
Lower -1.7326 

The two samples are not significantly different. 
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t-Test:  Two-Sample Assuming Equal Variances (Ni contents of regular stent: 

control group vs. abraded group) 

t-value  0.1619 
Df 8 
Two-tailed p-value 0.8754 

95% confidence intervals   
Upper 2.2869 
Lower -1.9869 

The two samples are not significantly different. 
 

 


