
ABSTRACT 

NAVADA, SANTOSH SURESH. Surface Activation to Improve Adhesion between Nitinol 

Wire and Polyurethane Film. (Under the direction of Professor Martin W. King). 

 

Since the late 1980s, Nitinol has been utilized in an array of medical devices and, in some 

cases, has become one of the materials of choice for many designers and engineers. 

Similarly, Polyurethane elastomers have been extensively used in many biomedical devices 

for over four decades because of their excellent biocompatibility and mechanical properties. 

One of the limitations in their use in the assembly of medical devices is the difficulty in 

bonding these elastomers to metallic components such as wire stents. Embolic protection 

devices, whose skeletal structure may consist of these aforementioned materials, face a 

similar difficulty. 

In this study, the nitinol wire and the polyurethane film, which can be used in designing 

embolic protection devices were treated with helium, helium-oxygen plasma treatment as 

well as mechanical roughening method followed by thermal bonding process to create an 

adhesion test sample. Various combinations of treated and untreated samples were assessed 

using a modified ASTM adhesion strength method to determine the strongest combination. It 

was observed that mechanically roughened wire with normal polyurethane film gave the best 

adhesion compared to the other combinations. 

To characterize the differences between untreated and treated polyurethane samples, 

Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and contact 

angle measurements were used. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Background 

Over the last 15 years both patients and care providers have benefitted from the transition 

from traditional open surgical procedures to less invasive techniques.  The main advantages 

of this move are that traditional open surgery requires long hospital stays and long periods, 

sometimes several months, of rehabilitation, and it involves the added risks of blood loss and 

possible infection.  On the other hand arthroscopic or endovascular techniques are usually 

performed with less surgical trauma in out-patient clinics and they can result in patients being 

discharged within less than 24 hours with rapid rehabilitation in less than 2 weeks. The 

demand for these minimally invasive procedures has encouraged the design of novel 

instrumentation and innovative implantable devices.  An increasing number of these devices 

use nitinol, a shape-memory alloy made from nickel and titanium, as a critical component. 

Examples of its use in medical applications range from orthodontic arch wires and 

endoscopic instruments to endovascular stent-grafts and embolic protection devices. 

Over 500,000 persons in the United States alone are afflicted with a pulmonary thrombo-

embolism each year. In at least 10 percent of cases, it is the cause of death. Pulmonary 

emboli are detected, on an average, during more than one quarter of all routine autopsies. In 

patients with severe pulmonary embolism, who are threatened by acute circulatory failure, 

temporary percutaneous pulmonary stent placement represents an additional option before a 

surgical procedure or an embolectomy is considered. 

For such surgical procedures, embolic protection devices are designed so as to capture any  
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debris present in the bloodstream which may lead to complications such as diminished or no 

blood flow to certain key organs, which could lead to a stroke, heart attack or difficulty in 

breathing. [1][20] 

The skeletal structures for these devices are typically made out of stainless steel or nitinol 

wire, and the basket/net capture component can be made from an open polyurethane or 

fluorocarbon film material which serves as the filter.[18] 

By improving the surface adhesion between the polyurethane film and nitinol wire one can 

aid in the design of a future generation of a more effective, more stable and easily deployable 

embolic protection device. 

1.2 Problem Statement 

Since the late 1980s, nitinol has been utilized in an array of medical devices and, in some 

cases, has become one of the materials of choice for many designers and engineers. [29][30] 

Similarly, polyurethane elastomers have been extensively used in many biomedical devices 

for over four decades because of their excellent biocompatibility and mechanical properties. 

One of the limitations in their use as a component of a medical device is the difficulty in 

bonding this elastomeric film to metallic components such as wire stents and filters.  It would 

be advantageous to harness the highly elastomeric mechanical behavior of polyurethanes and 

develop an effective biomedical implant consisting of a rigid metallic wire component 

attached to a flexible polyurethane film. The implant would thereby take advantage of the 

mechanical properties of the nitinol as well as the polyurethane.  
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In order to improve the adhesion between nitinol wire and polyurethane film, we intend to: 

1) optimize the thermal bonding technique between these two components. 

2) modify the surface properties of the prebonded nitional wire and polyurethane film by 

undertaking different chemical, helium plasma and mechanical modification 

treatments. 

3) compare the surface properties and adhesion performance of the polyurethane film 

before and after modification with those of fluoropolymer (FEP) film whose 

properties had been assessed previously. 

4) Compare the appearance of nitinol wire and polyurethane film before and after 

various surface modification techniques with the aid of scanning electron microscopy 

(SEM) images. 

5) Determine the elemental chemical composition of the polyurethane surfaces before 

and after modification with the aid of x-ray photoelectron spectroscopy (XPS) analysis.  

1.3 Objectives of the Study  

1. The initial objective of this study was to determine the general level of adhesion and 

establish the optimum thermal bonding conditions between an untreated polyurethane film 

and an untreated nitinol wire using a modified ASTM adhesion strength test method.  Given 

that the focus of this thesis was on the design of an implantable embolic protection device, 

the materials had to be biocompatible, and the untreated surfaces had to be thermally bonded 

together and then tested.  
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2. The second objective was to assess which surface treatments either to the wire or to the 

film or  

both, would create a significant increase in the level of adhesion between the two 

components.  Specifically, there were three treatments that were considered potentially 

advantageous for nitinol wire. They were:  

a) To roughen of the smooth metal surface with abrasive sandpaper;  

b) To roughen of the smooth metal surface by the etching action of a helium plasma. 

c) To roughen of the smooth metal surface by the etching action of a helium-oxygen plasma. 

In addition, there were two treatments that were considered potentially advantageous for the 

polyurethane film.  They were: 

a) To increase the surface contact area of the polyurethane film by etching with helium-

plasma treatment. 

b)  To change the surface chemistry of polyurethane film and increase the chemical 

bonding by treating with helium-oxygen-plasma treatment 

3. The third objective was to estimate and measure the physical and chemical surface 

properties before and after the various surface modification treatments. These measurements 

relied on: scanning electron microscopy (SEM), x-ray photoelectron spectroscopy (XPS), and 

a goniometer to measure the static contact angle of distilled water. 
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1.4 Limitations of the Study  

This study was conducted using polyether polyurethane film and nitinol wire procured from 

American Polyfilms and Fort Wayne Metals respectively.  As a result, this study is limited to 

those materials possessing a similar chemical composition as the aforementioned materials. 

In fact it should be recognized that the results generated in this thesis research study may not  

be generalized for all polyurethane films. The nitinol wires used in medical devices most 

likely have an oxidized surface, which effectively prevents the nickel present in the alloy 

from leaching out into the bloodstream and the in vivo environment. The mechanical 

roughening of the nitinol wire may increase the chance of finding nickel on the wire’s 

surface, which would increase the risk of nickel ions being released in vivo and entering the 

bloodstream. 

The effects of helium and helium-oxygen plasma treatments may have varied due to factors 

that were not controlled during the experiment, such as the relative humidity in the room.  In 

addition the amount of mechanical roughening that the nitinol wire was exposed to is likely 

to have depended on the type of and grit number of the sandpaper used. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

Pulmonary embolism (PE) continues to be a major cause of morbidity and mortality in the 

United States.   Currently, the preferred treatment for deep venous thrombosis is anti-

coagulation therapy. However, one in five of these patients face the chance of recurring 

pulmonary embolism. 

Deep vein thrombosis is a common but serious condition, which occurs when a blood clot or 

thrombus forms in a large vein, usually in the lower limbs, leading to a partial or complete 

blockage of circulation. This loss of blood circulation can cause localized pain, swelling and 

skin discoloration. In more serious cases, the blood clot breaks loose and travels through the 

bloodstream and the heart to the lungs, blocking circulation to that organ. This can lead to a 

far more serious and potentially lethal complication called pulmonary embolism (PE). 

PE, thus, occurs when a blood clot breaks loose from the wall of a vein and travels to the 

lungs, blocking the pulmonary artery or one of its branches. This blocks the blood flow from 

the heart. Obstruction of a large pulmonary artery by one or more of these migrating clots, 

called emboli, may be life threatening. Symptoms of pulmonary embolism may include: 

unexplained shortness of breath and coughing, chest pain, rapid heart rate, coughing up 

blood, sweating, low blood pressure, dizziness.  

Certain risk factors that are associated with deep venous thromboembolism are: 

 Surgery or trauma (especially to the legs) or orthopedic surgery 
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 Situations in which mobility is limited, such as extended bed rest, sitting while flying 

or riding long distances, or paralysis 

 Previous history of clotting 

 Old age 

 Cancer and cancer therapy 

 Certain medical conditions, such as heart failure, chronic obstructive pulmonary 

disease (COPD), hypertension (high blood pressure), stroke, and inflammatory bowel 

disease (chronic inflammation of the digestive tract) 

 Genetic conditions that increase the risk of blood clot formation 

 

 Certain medications, such as oral contraceptives (birth control pills) and hormone 

replacement therapy (estrogen pills for postmenopausal women) 

 Pregnancy (during and after pregnancy, including cesarean section) 

 Obesity 

 Varicose veins (enlarged veins in the legs) 

 Cigarette smoking 

It should be stressed that the factors listed above do not cause disease, rather increase the 

person’s risk of developing deep venous thrombosis (DVT). 

Some of the approaches for treating pulmonary embolism include: 

 Anticoagulants. Also described as "blood thinners”.  These medications decrease the 

ability of the blood to clot. Examples of anticoagulants include warfarin and heparin. 
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 Fibrinolytic therapy. Also called "clot busters".  These medications are given 

intravenously (IV) to break down the clot. 

 Pulmonary embolectomy. Surgical removal of a pulmonary embolism. This 

procedure is generally performed only in severe situations in which the PE is very 

large, the patient either cannot receive anticoagulation and/or thrombolytic therapy 

due to other medical considerations or has not responded adequately to those 

treatments, and the patient's condition is unstable. 

 Percutaneous thrombectomy. Insertion of a catheter (a long, thin, hollow tube) to 

the site of the embolism, using x-ray or fluoroscopic imaging for guidance. Once the 

catheter is in place, the catheter is used to break up the embolism (for example with a 

balloon catheter), to extract or remove it, or to dissolve it by injecting thrombolytic 

medication. 

 Vena cava filter. A blood filter device placed in the vena cava (the largest vein that 

returns blood from the body to the heart) may be used to prevent clots from traveling 

into the heart and from there to the lungs. These filters are generally used in patients 

who cannot receive anticoagulation treatment (for medical reasons), who develop 

additional clots even with anticoagulation therapy, or who develop bleeding 

complications from anticoagulation.[5] 
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2.2 Criteria for Vena Cava Filters 

Inferior vena cava (IVC) filters are designed for their physical properties, clot-trapping 

effectiveness, ability to maintain blood flow in the IVC, and ease of placement. Of the 

currently available filters, each type has some but not all of the following properties or 

capabilities:  

 The filter should be able to trap most, if not all, thrombi to prevent new or recurrent 

pulmonary emboli (PE). 

 The filter should be non-thrombogenic. 

 The filter should be made of a biocompatible material that is durable and 

noncorrosive. 

 The filter's shape and structural integrity should be maintainable over a long time. 

 The filter's delivery system should have a low profile and allow for easy placement. 

 Clot trapping should be reasonably effective even if the filter deployment is 

suboptimal. 

 The filter should not migrate after deployment. 

 No perforation of the wall of the vena cava should occur. 

 The filter should be designed so as to allow magnetic resonance imaging (MRI) to be 

performed after its placement. 

Vena cava filters are implanted into vascular vessels to prevent distal embolization. 

Depending on the access site and the blood flow property of the site of insertion, 

different types of vena cava filter may be used. [2]It should also be noted that these  



 

 

10 

are exposed to biological interactions for a limited period of time, usually a few 

minutes.[19]The device is usually inserted in the collapsed configuration to an 

impaired blood flow area. On opening and deploying, the device will start filtering 

the blood flowing through the vessel. [1][3] 

Although the current models have come a long way from their initial designs, the 

search for the ideal filter continues. The first vena cava filter to be developed was the 

Mobin-Uddin umbrella filter in 1967. Compared with modern vena cava filters, 

placement of this prototype and its contemporaries was far more invasive, and the 

placement site was susceptible to local thrombosis.[4] Current filters approved by the 

United States Food and Drug Administration (FDA) include the following (Fig 2.1):  

(a) Stainless steel Greenfield filter (Kimray-Greenfield filter) 

(b) Titanium Greenfield filter 

(c) Vena Tech-LGM filter 

(d) Vena Tech LP filter 

(e) Simon nitinol filter 

(f) Bird's nest filter 

(g) TrapEase filter 

(h) Gunther Tulip filter – retrievable 

(i) Recovery filter – retrievable 

(j) OptEase filter – retrievable. 

A new vena cava filter with an innovative design has recently been developed by the Crux  
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Biomedical Inc. of Menlo Park, CA.  It has been under FDA consideration for regulatory 

approval for the last 3 years.  It recently successfully completed all the required animal and 

clinical trials in the USA and abroad and will be approved by the FDA within the coming 

month.  The materials it is fabricated from include nitinol wire and a fluoropolymer (FEP) 

film. [16] 

Vena cava filter placement is usually done in the following cases: 

 Proximal DVT with absolute contraindication for anticoagulation 

 New or ‘extended’ (prolonged) DVT/PE despite therapeutic anticoagulation 

 Complications of anticoagulation 

 ‘Free floating’ thrombus in the IVC, iliac or femoral veins 

 Spinal cord injury 

 Poor compliance with anticoagulation 

 Multiple long bone/pelvic fractures 

 Prophylaxis in high-risk (e.g. bariatric) patient populations  

 Closed head injury 

 Severe cardiopulmonary disease (including COPD) with concomitant DVT 

 Prophylaxis in joint replacement surgery (e.g. total hip replacement) 

 Risk of fall with anticoagulation 

 Pre/postpulmonary embolectomy[5] 
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Fig 2.1: Examples of Permanent and Retrievable filters: (A) Simon nitinol filter; (B) 

Vena Tech-LGM filter; (C) Vena Tech LP filter; (D) Bird's nest filter; (E) Kimray-

Greenfield filter; (F) Gunther Tulip; (G) Bard recovery filter; (H) Optease filter.  
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Fig 2.2: Proposed New Prototype IVC Filter Based on a Textile Construction.[22]  
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2.3 Adhesion between Dissimilar Materials 

If one is designing a new prototype vena cava filter like the Crux Biomedical device that is 

assembled from metallic and polymeric components, one must ensure that there is good 

adhesion between the metallic and polymeric materials.  In order to achieve this goal, one 

must have a detailed understanding of the various mechanisms of adhesion phenomena.  In 

the following section we review the existing theories of surface adhesion and relate them to 

the adhesion phenomena taking pace between metallic wire and different types of films. 

2.4 Principles of Adhesion 

Diffusion, adsorption, mechanical interlocking, surface reaction, and electrostatic theories 

were formerly considered to elucidate the various mechanisms of adhesion between 

materials. In recent times, more theories have been added to this pool to describe bonding in 

a more complete and systematic manner. It must be noted, however, that a single mechanism 

cannot fully define bonding in a given adhesive system. Nonetheless, understanding these 

theories will throw light on the combination of mechanisms at work in a given system. A 

crucial aspect of any adhesive bond is the scale to which the adhering interaction occurs. 

Table 2.1 below shows the typical scale of action for each mechanism. 
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Table 2.1: Theories of Adhesion.[17] 

 

Traditional Recent Scale of Action 

Diffusion Diffusion Molecular 

Electrostatic Electrostatic Macroscopic 

Mechanical 

interlocking 

Mechanical 

interlocking 

Microscopic 

Adsorption/surface 

reaction 

Wettability Molecular 

 Chemical Bonding Atomic 

 Weak Boundary layer Molecular 

 Acid-Base Molecular 

 

2.4.1 Mechanical Interlocking Theory 

This theory points to the occurrence of adhesion by the seepage of adhesives into pores, 

cavities, and other surface irregularities present on the surface of the substrate or adherend. 

The adhesive replaces any air trapped in the irregularities on the surface, resulting in a strong 

bonding between the two adherends. The bond strength is further increased by “mechanical 

interlocking” of the adhesive and adherends. 

In this study, as no adhesive was introduced, it was assumed that the polymeric film was  
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supple enough to penetrate the cavities and other surface irregularities present on the nitinol 

wire.  

This, in turn, depends upon the pressure applied and the interface temperature at the time of 

thermal bonding. It has been demonstrated that bond durability and joint strength is related to 

an increase in surface roughness.[6][32][33] Thus, this theory suggests that it might be 

possible to increase bond strength between nitinol wire and polymeric films by roughening 

the surface of the wire. 

2.4.2 Electrostatic Theory 

According to the electrostatic theory, adhesion occurs because of electrostatic effects 

occurring between adhesive and adherend.  One may visualize an electron transfer occurring 

between the adhesive and the adherend because of unlike electronic band structures. This 

leads to the formation of an electrical double layer at the adhesive-adherend interface, which 

binds the two tightly. This theory gains further credence from the fact that electrical 

discharges have been observed when an adhesive is peeled from a substrate. [7]This theory 

does provide a reasonable explanation for the adhesive bond between a polymeric film and 

metallic wire. However, it must be noted that its contribution is significantly less compared 

to, for example, chemical bonding. [8] 

2.4.3 Diffusion Theory 

According to this theory, adhesion is established through the interdiffusion of molecules in 

and between the adhesive and adherend. This theory is mainly used when both the adhesive 

and substrate are long-chained polymer molecules capable of movement and interpenetration.  
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In this case, the interphase layer has a thickness range of 10-10,000 Angstroms. 

 As in previous theories, the bonding conditions and nature of material used play a critical 

role in determining the extent of diffusion. This theory is likely to play a role when we 

attempt to bond the polymeric film with the aid of a tissue adhesive. However, the bonding 

did not take place exactly as expected as the film started to curl up with the application of the 

tissue adhesive. 

 

2.4.4 Wetting Theory 

This theory states the adhesion occurs due to molecular contact of two materials and the 

surface forces that develop between them. Wetting is the process of developing continuous 

contact between the adhesive and the adherend. The adhesive should have a lower surface 

tension than the critical surface tension of the solid for an adhesive to wet a solid surface. 

Figure 2.3 shows how the behavior of an adhesive spreading across a  substrate’s surface can 

differ depending on whether there is complete and incomplete wetting. [18]Good wetting 

means that the adhesive flows into the valleys, cracks, and crevices. Poor wetting means that 

the adhesive forms bridges over the valleys, cracks, and crevices, which results in a reduction 

in the actual contact area. This lower overall contact area causes lower bond strength. In this 

study, as the polyurethane film softened at higher and higher temperatures, it was thought 

that would trigger more and more complete wetting. 
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Fig 2.3: Examples of good (complete) and poor (incomplete) wetting by an Adhesive 

spreading across a Surface. 

2.4.5 Chemical Bonding 

This mechanism refers the adhesive bond formation caused by surface chemical forces such 

as hydrogen, covalent and ionic bonding as well as dispersion forces. The exact nature of the 

interactions for a given adhesive bond depends on the chemical composition of the interface. 

Generally, covalent and ionic bonds tend to show higher adhesion values compared to 

secondary forces such as hydrogen bonding. It should also be noted that the chemical 

interactions binding the adhesive and adherend may be aided by mechanical interlocking, 

diffusion, or electrostatic mechanisms. The usage of helium-oxygen plasma treatment may  
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aid in increasing hydrogen bonding and hydrophilicity, which may lead to better adhesion at 

the wire/polymeric film interface. Covalent chemical bonds may be formed across the 

interface leading to higher adhesion strength. 

 

Table 2.2: Examples of Energies of Chemical Bonds and Atomic Interactions. 

 

 

2.4.6 Acid-Base Theory of Adhesion 

Compared to other theories, this theory is fairly recent. According to this theory, adhesion 

results from the polar attraction of Lewis acids and bases represented by electron-poor and 

electron-rich elements at the interface. In this theory, this may occur when nitinol wire acts 

as a Lewis base resource while polyurethane film acts as Lewis acid.  

2.4.7 Weak Boundary Layer theory 

This theory put forward by Bikerman, attributes bond failure at the interface to a break in  
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cohesive forces or a weak boundary layer. Weak boundary layers can occur either in the 

adhesive or in the adherend, particularly if an impurity concentrates near the bonding surface 

and forms a weak attachment to the substrate.[12] In this study, as the titanium oxide 

boundary layer on the outer surface of the Nitinol is well integrated into the alloy through the 

chemical etching and annealing processes, the possibility of failure through a weak boundary 

layer mechanism is low. 

2.5 Summary of Adhesion 

Therefore in conclusion, in order to increase the level of adhesion between Nitinol wire and 

polyurethane film we need to consider strategies that will either by 

 1)  increase mechanical interlocking, or  

 2)  increase the energy level associated with chemical bonding, or 

 3) increase the opportunity for inter-diffusion of long-chain molecules into the other     

substrate. 

 To achieve this, we plan to 

 a)  increase the surface contact area of nitinol by roughening the wire, 

 b)  increase the surface contact area of nitinol wire and the polyurethane film by etching 

with helium-plasma treatment, 

 c)  change the surface chemistry of polyurethane film and increase the chemical bonding by 

treating with helium-oxygen-plasma treatment, 
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2.6 Surface Modification Techniques 

Surface treatments take on a pivotal role in bonding materials that have different surface 

energies such as metals and polymers. Polymers especially have a comparatively lower 

surface energy than metals, so polymers tend to form intrinsically poor adhesive bonds 

without some types of surface treatment. The important feature of surface treatments is that 

they only affect the properties of the region near the surface, and do not alter the bulk 

properties of the substrate. Table 2.2 shows a simple classification of surface treatment 

techniques.[9] In this study mechanical roughening and plasma treatments including surface 

coating were chosen to be the simplest and most likely approaches to increase the bonding 

strength between nitinol wire and polyurethane film. Figure 2.3 provides an illustration of 

how the functionality of interfaces, particularly between polymers and nitinol, can be 

modified so as to improve the adhesion between polymer and metal surfaces. In the upper 

figure the nitinol wire has already acquired an oxide layer. So to improve adhesion, the 

polymer surface needs exposure to oxygen plasma in order to acquire reactive functional 

groups. 

2.6.1 Mechanical Treatment 

Surface roughening of plastics and/or metals accomplishes the same purposes. By 

roughening the surface of substrates, the contacting surface area increases polarities. Usually 

sand-blasted methods are used to increase surface roughness. In the thermal bonding 

procedures during wire/film assembly it is assumed that increasing the surface area of the 

nitinol wire will increase the bonding strength of the wire to the film. 
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 In addition, bonding strength may also be enhanced due to the mechanical interlocking or 

inter-digitation between the roughened wire and polymer surfaces. This approach has been 

reported by Caroll et. al. who have shown that the level of adhesion of nitinol wire to 

polymer coatings is best when the state of the wire’s surface is roughest.  

2.6.2 Plasma Treatment 

The effect of a radio frequency plasma treatment on polymer surfaces can vary considerably 

depending on the initial chemistry and morphology of the surface as well as the plasma 

conditions [28]. Some of them are: 

1. Removal of a weak surface layer by oxidation;  

2. Cleaning of a surface by removal of adsorbed materials through kinetic action; 

3. Removal or etching of polymer; 

4. Chemical crosslinking of the existing polymer at the surface; 

5. Polymerization of a monomer on the surface to form an interpenetrating network; 

6. Chemical reaction or grafting, e.g., production of unsaturation or addition of ether 

            linkages.  

One or more of these changes may occur at the same time.  Radio frequency plasma 

treatments can be applied to a variety of plastic parts as well as powder additives like 

pigments and fillers.  

The plasma used in this study was a radio frequency atmospheric discharge glow type 

plasma. Atmospheric plasma sometimes referred to as non-thermal plasma consists of a 

mixture of highly reactive species like electrons, ions and excited state species. The ratio of  
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the number of electrons to the number of ions and neutrals can be altered by changing the gas 

flow rate, the power input (Watts) and the frequency (MHz).  The surface treatment depends 

on all these as well as the exposure time.[15][34]  It should also be noted that compared to 

corona discharge plasma as well as dielectric barrier plasma, the highest concentrations of 

electron density and reactive species is attained by atmospheric discharge plasma. [10]In a 

study conducted by Hall et al, polyethylene samples treated by helium plasma gave better 

adhesion strength compared to the control samples with no plasma treatment. [11] 
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CHAPTER 3: MATERIALS AND METHODS USED 

3.1 Materials 

The polyether urethane film under study was supplied by American Polyfilm (Branford, CT).  

The film had a gauge of 5mil (i.e. thickness = 0.11 mm) and was optically clear in 

appearance. The film was shipped and stored in a paper envelope and covered with a hard 

cardboard folder. This particular polyurethane film was selected because it was believed to 

meet the performance and durability requirements of the biomedical industry. This 

polyether’s unique combination of strength, biocompatibility, and inherent anti-microbial 

qualities make it an ideal material for extensive use in the biomedical field. 

The typical way of synthesizing polyurethanes, particularly biomedical polyurethanes, 

consists of two steps, and is commonly referred to as the prepolymer method. The first step 

involves production of a prepolymer from the diol in excess diisocyanate to produce an 

isocyanate terminated molecule. The prepolymer generally has a low molecular weight, but 

can be as high as 15,000-20,000, and is either a viscous liquid or a melting solid. Some 

prepolymers can be stabilized with 0.01-0.1% acid chloride and stored. Subsequent reaction 

of the prepolymer with a diol or diamine chain extender constitutes the second step, which 

produces a multi-bock copolymer of the (AB) type. Depending on the conditions used, side 
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reactions leading to the creation of allophante and biuret linkages may occur.[23][24][25] 

 

Fig 3.1:Two-step Polyurethane synthesis. First step: prepolymer synthesis from a 

diisocyanate and dihydroxy compound. Second step: chain extension. 

 

Isocyantes are the primary starting materials for the polyurethanes. The isocyanate group is 

very reactive and exists in a number of canonical forms. Isocyanates with two or more 

functional groups are required for the formation of polyurethane polymers. Volume wise, 

aromatic isocyanates account for the vast majority of global diisocyanate production. 

Aliphatic and cycloaliphatic isocyanates are also important building blocks for polyurethane 

materials, but in much smaller volumes. There are a number of reasons for this. First, the 

aromatically linked isocyanate group is much more reactive than the aliphatic one. Second,  
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aromatic isocyanates are more economical to use. Aliphatic isocyanates are used only if 

special properties are required for the final product. For example, light stable coatings and 

elastomers can only be obtained with aliphatic isocyanates. Even within the same class of 

isocyanates, there is a significant difference in reactivity of the functional groups based on 

steric hindrance. 

Polyols are hydroxyl terminated macromolecules, with molecular weights ranging from 250 

to 8000. The structure of polyol is an important factor in determining the properties of 

polyurethane. A wide range of polyols are used for the manufacture of polyurethanes. 

However, most of them fall under two classes: hydroxyl terminated polyethers and hydroxyl 

terminated polyesters. Some of the characteristic features imparted by the use of polyether 

polyols are :  

• High hydrolysis resistance  

• Excellent low temperature flexibility  

• Resistance to microbial degradation  

• Excellent clarity  

 

The nitinol wire which was used in this study was supplied by Fort Wayne Metals (Fort 

Wayne, IN). It was silver colored, chemically etched and annealed. Because of the annealing 

process, the as-received wire was very elastic (Table 3.1). The continuous wire sample was 

delivered and stored on a roll in a blue unsealed plastic bag. According to Fort Wayne 

Metals, the chemical composition of the material was equal to the alloy defined by the 
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ASTM Standard F20063. 

 

Table 3.1: Composition of Nitinol Wire Supplied by Fort Wayne Metals. 

 

 Element Weight (%) 

 Nickel 54.5 to 57.0 

 Titanium Balance 

 Carbon < 0.05 (500 PPM maximum) 

 Cobalt < 0.05 (500 PPM maximum) 

 Copper < 0.01 (100 PPM maximum) 

 Chromium < 0.01 (100 PPM maximum) 

 Hydrogen < 0.005 (50 PPM maximum) 

 Iron < 0.03 (300 PPM maximum) 

 Niobium < 0.025 (250 PPM maximum) 

 Oxygen < 0.05 (500 PPM maximum) 

 Any Trace Element < 0.1 

 Total Trace Elements < 0.25 
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3.2 Cleaning Methods 

As the polyurethane film was shipped encased in a paper folder and bag, there was a strong 

possibility of contamination. Hence, in order to remove any contaminants present on the 

surface of the film, the following cleaning procedure was applied. 

1. The polyurethane film was first cut to the required size, i.e. 1 inch x 2inch rectangles, 

while the nitinol wire was cut into 2 inch lengths. 

2. The cut specimens were immersed and stirred in liquid hexane (50ml) for 15 minutes in a 

beaker. 

3.The specimens were then dried for an hour in a ventilated fume hood and then washed with 

50ml of 2% Triton-X non-ionic detergent for 15 minutes. 

3. The specimens were then rinsed in distilled water to remove any remaining traces of 

contaminants. 

4. Lastly, the specimens were dried again for an hour in the ventilated fume hood. 

3.3 Material Treatments 

3.3.1 Plasma Treatments 

A laboratory atmospheric pressure plasma reactor (APPR) Model 300-13 from APJeT was 

used for exposing the samples to plasma treatment. The reactor is equipped with a plasma 

generator, an electrode power supply, an evaporator/applicator, and a moving stage. This unit 

operates on the atmospheric pressure glow discharge principle at 400–675W at 13.56 MHz. 

A helium gas flow of 40 L/min was used as the feed gas to initiate and maintain the plasma, 

and the stage was cooled using a chiller which operated at 20 °C. 
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Fig 3.2: APJeT Plasma Treatment Module. 

 

Technical specifications of the plasma treatment are as follows: 

Power applied: 750W for helium plasma treatment and 500W for helium-oxygen plasma 

treatment 

Timing: 1 minute 
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Helium gas consumption rate: 40 SLPM (Standard Liters per Minute); 

Oxygen gas consumption: 0.2 SLPM 

Distance between electrode and metal conveyor plate: 0.12 inches 

The samples undergoing the plasma treatment were placed on a rectangular metal plate 

which was moved by an electric motor and drive chain under the plasma-emitting electrode.  

 

 

   Fig 3.3: A schematic diagram of the Atmospheric Pressure Plasma Reactor 

(APPR).[15]  

3.3.2 Helium Plasma Treatment 

To apply a helium plasma treatment to the nitinol wire , cleaned 2 inch-long wire specimens  
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were aligned longitudinally on a metal plate. For the polyurethane films, 7 pairs of specimen-

shape-cut films were aligned in two rows on the metal plate conveyor. The volume of 40 

standard liter per minute (SLPM) of helium gas was supplied to the electrode as 

recommended by a previous study with the machine.  The electric power level applied to the 

electrode was set at 750 watts so as to generate the helium plasma. For helium-oxygen 

plasma treatment, the electric power applied was set at 500 watts. It was noted that on 

applying greater amounts of power to the electrode, arcing phenomena was observed.   The 

conveyor plate was moved into position under the helium-plasma-emitting electrode and held 

there for 1 minute. After 1 minute the electric power was switched off and the helium valve 

was closed. 

The conveyor plate was moved away from the electrode. 

Pieces of tape were attached at each end of the parallel wires aligned in rows, which were 

then flipped over so as to treat the other side of the wires with helium-plasma only. 

The other side of the wires was then exposed to the same helium plasma conditions for one 

more minute. 

3.3.3 Helium-oxygen Plasma Treatment 

The procedure was the same to that of helium-plasma treatment except for opening and 

closing the oxygen valve, so as to provide the flow of 0.2 SLPM, in addition to the helium 

valve at the same time. 
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3.3.4 Mechanical Roughening of the Wire 

An unused 120 grit sandpaper was used to roughen the nitinol wire. The nitinol wire was 

rubbed along the jaded surface for period of 30 seconds until the wire acquired a roughened 

appearance. 

3.4 Material Characterization Methods 

3.4.1 Scanning Electron Microscopy (SEM) 

The images were taken by a Phenom World BV Model SEM machine. The system consisted 

of an imaging module, a 17” touch monitor, a diaphragm vacuum pump, a power supply and 

a 128 MB USB 2.0 flash drive. The optical magnification was fixed at 24 X, while the 

Electron Optical magnification range extended from 525 X to 24,000 X. The polyurethane 

film specimens were prepared for SEM imaging by mounting each specimen on a piece of 

carbon tape attached to an aluminum stub, and then sputter coating the stub with silver in a 

Desk sputter coater. 

3.4.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy was performed on an x-ray photoelectron spectrometer 

module supplied by SPECS (Germany) and installed at the Analytical Instrumentation 

Facility at NCSU. The film specimen size was 1cm by 1cm, and a beam energy of 10-14 kV 

was used. The SPECS machine had 2.5V 1µA emission electron gun and a 5 kV electron 

gun. Prior to characterization, the specimens were treated and stored in fluoroware 

containers. 
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3.4.3 Contact Angle Measurement 

A DataPhysics OCA20 goniometer (San Jose, CA) was used to measure the contact angle of 

the untreated and treated polyurethane films. Its accessories included a high performance 6x 

parfocal zoom lens with an integrated continuous fine focus for adjustable observation.  A 

500 μL water droplet was placed on the substrate’s surface with the aid of a dosing needle. 

The contact angle was measure after an interval of 60 seconds with the help of the software 

package SCA 20 Version 2. A total of three measurements were taken for each sample. 

3.5 Specimen Preparation and Assembly 

In order to generate consistent and reproducible results from the wire/film pull out test, a 

previously developed and uniquely shaped multi-component test specimen was used to assess 

the level of adhesion between a polymeric film and a straight wire. This was necessary as the 

existing standard adhesion strength test methods were based on the measurement of peel 

strength between two adhering film components. [7][8][9] 

It was observed that while bonding PU film with the use of the heat press, aluminum foil was 

inserted over the polymeric sample to prevent the film substrate adhering to the heating plate. 

However, it was noted that the creases in the aluminum foil had a deleterious effect on the 

subsequent bond strength and the film exhibited lower values of pull-out force. On using 

aluminum foil without creases, one observed a higher pull-out force which indicated greater 

bond strength between the polyurethane film and nitinol wire.    
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Fig 3.4: Dimensions of Film and Nitinol Wire Components for Pull-out Strength Test. 

 

The specific dimensions of the five specimen components, namely four films and one wire 

component are depicted in Figure 3.4. The components were bonded together thermally with 

the help of a DC 5 heat press (Geo Knight & CO. INC, Brockton, MA).The following 

procedure was used to create the thermally bonded specimen: 

1. The temperature and the time setting were adjusted to the required level manually.  

2. The upper film components, that is, the “U” shaped parts were first bonded together on top 

of each other with the wire in between. In order to do that, the specimen components were 

placed on the lower table and the top heating plate was brought down with the help of the  
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handle.  Due care was taken to ensure proper alignment of the film components.  In order to 

prevent sealed end effects that could affect the adhesion performance during the pull-out test, 

a small length of wire was allowed to protrude upwards out of the center of the “U” shaped 

film specimen. 

3.The lower rectangular film components were then bonded together on top of each other 

taking into account a spacing of 1cm between the rectangular shaped film components and 

the upper “U” shaped components. 

 

 

 

 

Fig 3.5 DC 5 Heat Press used for Thermal Bonding. 
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3.6 Pull-out Test Method 

 

A tabletop mechanical testing machine, Model 313 Series (Test Resources Inc., Minneapolis, 

MN)  was used to perform the pull out test method.  

The specimen was mounted such that the top jaw held only the two prongs of the upper “U” 

shaped film section while the bottom jaw gripped the rectangular film components which 

sandwiched the wire. On starting the test, the upper jaw moved upward with the displacement 

of the crosshead while the lower jaw stayed stationary. The test continued under separation 

occurred between the wire and film components.  

 

 

Fig 3.6: Tabletop Test Resource mechanical testing machine. 
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The force required to separate the upper “U” shaped film components from lower portion 

gave a measure of adhesion between the polyurethane film and nitinol wire.  

3.7 Experimental Design 

The nitinol wire procured from Fort Wayne Metals (Fort Wayne, IN) was assessed and four 

different types of wire specimens were created:  

i. “as received” or cleaned wire,  

ii. roughened wire ,  

iii. helium plasma treated wire, and  

iv. helium-oxygen plasma treated wire.  

Prior to thermal bonding, all the samples were pre-treated (cleaned) with hexane and a 2% 

Triton X-100 solution followed by rinsing with distilled water. 

The mechanically roughened wire specimen was created with the aid of unused 120 grit 

sandpaper which was rubbed along the surface of the wire for a period of 30seconds. 

For the helium plasma treatment, a volume of 40 standard liter per minute (SLPM) of helium 

gas was supplied to the electrode as recommended by a previous study.  The electric power 

level applied to the electrode was set at 750 watts so as to generate and maintain the helium 

plasma. 

 A similar procedure was followed for the helium-oxygen plasma treatment except that in 

addition the oxygen valve was opened so as to provide a flow of 0.2 SLPM of oxygen in 

addition to the helium. 

In a similar fashion, three different combinations of polyurethane (PU) film, namely, “as  



 

 

38 

received” or cleaned film, helium plasma treated film and helium-oxygen plasma treated 

polyurethane (PU) film were generated. Using these, a total of 12 combinations of the test 

specimen were created which are listed below. A total of 5 repeated specimens per 

combination were made so as to measure the mean pull-out force for each combination.  The 

means or averages and standard deviations for all 12 combinations were calculated. These 

pull-out force results of various paired combinations were also entered into a statistical 

analysis of variance (ANOVA). This tool, which is available as an add-in in MS Excel, was 

used to perform a one way analysis of variance on the data for the given sample set.  The p 

value so obtained would give us a picture of whether the means of the paired groups were 

significantly different from each other (p<0.05) or whether they were essentially the same 

(p> 0.05).  
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Table 3.2: The 12 Film/Wire combinations . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number Combination 

1 Untreated wire/untreated film 

2 Untreated wire/ 

Helium plasma treated film 

3 Untreated wire/ Helium-oxygen treated film 

4 Roughened wire/untreated film 

5 Roughened wire/helium plasma treated film 

6 Roughened wire/ Helium-oxygen treated film 

7 Helium plasma treated wire/ untreated film  

8 Helium plasma treated wire/ Helium treated 

film 

9 Helium treated wire/ Helium-oxygen treated 

film  

10 Helium-oxygen treated wire/ untreated film 

11 Helium-oxygen treated wire/Helium treated 

wire 

12 Helium-Oxygen wire/Helium-oxygen film 



 

 

40 

CHAPTER 4: RESULTS 

4.1 Preliminary Thermal Bonding Experiment Results 

 

 Table 4.1 Preliminary Thermal Bonding Experiment Results. 

 

Temperature Maximum Load (in Newtons) 

160 7.01 

180 18.45 

200 11.64 

240 15.07 

 

In the preliminary thermal bonding experiments, it was observed that optimum bonding 

between the nitinol wire and the polyurethane film occurred at 180° C. At higher 

temperatures, the film degraded resulting in lower levels of adhesion, while at temperatures 

below 180° C, lower levels of adhesions were observed because of insufficient bonding 

between the wire and the film. Following this, all the twelve combinations were bonded at 

this temperature in order to ensure maximum bonding between nitinol wire and film. 
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4.2 Scanning Electron Microscopy Images 

The SEM images showed a pronounced difference between the “as received” and cleaned 

polyurethane (PU) film samples (Figures 4.1 and 4.2). The photomicrographs of the surfaces 

before and after cleaning were observed at different magnifications The pretreated (cleaned) 

film samples were observed to exhibit white cyst like structures. These were presumably, 

caused by the action of hexane and Triton X-100 pretreatment. 

SEM images of the plasma treated samples using different conditions were captured to see if 

there was any discernible difference between the helium and helium oxygen plasma treated 

samples (Figures 4.3 and 4.4). For both the helium and helium-oxygen treated samples, the 

cyst like structures appeared to be cloaked under some sort of coating, presumably caused by 

the plasma treatment.  No discernible differences in appearance were observed between the 

film samples exposed to the helium plasma and those exposed to the helium-oxygen plasma. 
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Fig 4.1: SEM image of untreated “as received” PU film sample. 
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Fig 4.2: SEM image of pre-treated (cleaned) Polyurethane Film. 
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Fig 4.3: SEM image of 750 W Helium Plasma treated Polyurethane Film sample. 
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Fig 4.4: SEM image of 500 W Helium-oxygen Plasma treated Polyurethane Film.  
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The SEM photomicrographs of the Nitinol wire samples as viewed at 500 X magnification 

before and after the different treatments are shown in Figures 4.5-4.8.One can observe fine 

longitudinal striations on the surface of the cleaned untreated wire. These striations do persist 

after the helium plasma treatments at various intensities as well as Helium-Oxygen plasma 

treatment at 500W. 

No significant morphological differences could be discerned between the cleaned and plasma 

treated samples. However, there were some apparent differences between the cleaned and 

roughened wire. One could easily observe the undulations present on the surface of the 

roughened wire, caused due to the scrapping action of the grit paper on the nitinol for a 

period of 30 seconds. These undulations aided in increasing the available contact area, 

resulting in better adhesion compared to the control sample. 
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Fig 4.5: SEM image of cleaned wire. 
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Fig 4.6:SEM image of Helium Plasma treated Wire at 750W. 
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Fig 4.7: SEM image of Helium-Oxygen Plasma treated Wire at 500W. 
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Fig 4.8: SEM image of Roughened Wire. 
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4.3 XPS Analysis 

Marginal differences in carbon, nitrogen and oxygen content were found between the untreated 

“as received”, pretreated (cleaned) and plasma treated samples (Figures 4.9 – 4.12). 

The untreated “as received” PU film contained 6.887% oxygen while the pre-treated (cleaned) 

sample contained 5.722% oxygen. On exposing the cleaned film samples with helium plasma at 

500W and 750W, the oxygen content increased to 6.948 and 7.795% respectively. As might be 

expected, the biggest gain in oxygen content was found with the helium-oxygen plasma treatment 

as the sample indicated an oxygen content of 11.53%. It is interesting to note that while the 

carbon content did not exhibit large reductions after helium plasma treatments, the helium-oxygen 

plasma treated sample showed a marked decrease in carbon content. Naturally, this was in part, to 

compensate for the large increase in oxygen content. 

As the sample was exposed to air just after plasma treatment, it is reasonable to expect that 

the radicals formed on the polymer surface during plasma treatment reacted with oxygen in the air 

to form oxygen containing species on the surface. Through the interaction of active species in the 

plasma with the sample substrate, surface modification of the polyurethane film sample by the 

plasma treatment was attained. For example, the constituents of the plasma discharge are known 

to possess sufficient energy to break C-C and C-H bonds at the substrate surface leading to 

subsequent radical oxidation chemistry.[26][27] 

Typically, all the species of a plasma treatment, such as electrons, ions, radicals and UV radiation, 

are known to play a significant role in surface modification. Inagaki et al also reported that 

radicals formed during plasma treatment on the sample surface are “relatively stable” and tend to 

play a major hand in post plasma reaction.[35]  
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Fig 4.9: XPS Analysis of the untreated “as received” Polyurethane Film. 
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Fig 4.10: XPS Analysis of Polyurethane Film cleaned with Hexane and 2% Triton X-

100 solution. 
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Fig 4.11: XPS Analysis of Polyurethane Film treated with Helium Plasma at 750W. 
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Fig 4.12: XPS Analysis of Helium-oxygen Plasma treated Polyurethane Film at 500W. 
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Table 4.2: Percentage content of Carbon, Oxygen and Nitrogen in as-received, cleaned, 

helium plasma treated and helium-oxygen plasma treated samples. 

 

 

 

 

 

 

 

 

 

 

Sample Carbon Oxygen Nitrogen 
Nitrogen/ 

Oxygen 

Carbon/ 

Oxygen 

Carbon/ 

Nitrogen 

As-received 89.3 6.9 3.8 0.55 13.0 23.5 

Cleaned 88.4 5.7 5.9 1.02 15.5 15.1 

Helium 

plasma 

treated 

88.9 7.8 3.3 0.43 11.4 26.7 

Helium-

Oxygen 

plasma 

treated 

84.8 11.5 3.7 0.32 7.4 23.1 
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4.4 Contact Angle Measurement 

 

Table 4.3: Average Contact Angle Measurements of untreated (cleaned) and plasma 

treated Polyurethane (PU) films (Mean + standard deviation). 

 

 

 

 

 

 

 

The average values and standard deviations of the contact angle measurements for the 

untreated (cleaned) and plasma treated film samples are shown in the Table 4.1. The average 

contact angle for the cleaned PU film was 98.94 degrees. After the application of helium and 

helium-oxygen plasma treatments, this value fell to 97.63 and 94.02 degrees respectively. 

The reduction in contact angle measurements suggests that either the polyurethane film 

experienced a change in surface topography, or it acquired more polar chemical groups on its 

surface that would have reduced the inter-facial energy.  [13][14][36] 

A similar study conducted by Trigwell et al on untreated polyurethane film yielded similar 

results. The contact angle measurements suggested the film to be highly hydrophobic 

(contact angle θ > 90
◦
). On exposing the polyurethane film to atmospheric helium plasma, the 

hydrophobicity of the film was reduced (contact angle θ = 79
◦
).[21] 

FILM (STATE) CONTACT ANGLE (DEGREES) 

Cleaned PU film 98.9 + 0.4 

Helium plasma treated PU film 97.6 + 0.3 

Helium-oxygen plasma treated PU film 94.0 + 0.2 
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4.5 Stress-Strain Curve 

 

 

 

 Fig 4.13: Stress strain curve for control combination. 

 

The stress strain curve for the control sample combination was observed as follows. 

 4.6 Pull Out Force Results 

From the twelve combinations of wire and film samples, the pull-out force results showed 

that the roughened nitinol wire and cleaned untreated film gave a superior performance 

compared to all the others (Table 4.3). Compared to the “as received” nitinol wire, there was 

an increase of around 12%. In fact, the mechanical roughening of wire had a much more  
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positive effect on the bond strength compared to the plasma treatments. It is believed that this 

was due to the increase in available contact area between the two components. However, this 

increase in bond strength was not significant at a 95% confidence interval. It was also 

observed that the roughened wire when thermally bonded with helium plasma treated film 

and helium-oxygen plasma treated film gave readings comparable to the cleaned untreated 

film/as received wire. 

The application of either helium or helium-oxygen plasma treatment to the nitinol wire did 

not result in better adhesion to the polyurethane film. This is due, to the smoothing effect of 

the plasma treatment, resulting in poorer adhesion between the nitinol wire and the film. It 

also suggests that the chemical bonding mechanism was less important than the mechanical 

interlocking theory. Judging from the p-values, the four samples which gave p values less 

than 0.05, were 

1) Helium-oxygen plasma treated wire/ untreated film,  

2) Helium-oxygen plasma treated wire/ helium plasma treated film,  

3) Roughened wire/ helium plasma treated film, and  

4) Untreated or “as-received” wire/ helium plasma treated film combinations.  

Looking at these 4 types of combinations, one could not find a definite correlation between 

the p values and corresponding combination. It is possible this might be due to the small 

number repeat specimens (5) for each sample combination. A larger set of data points might 

well have shown a possible correlation between p values and the respective combination. 
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Table 4.4: Pull Out Force (N) recorded for the 12 Wire/Film combinations.  

 

 

 

 

Trial 

No. 

Combination Mean 

(Average) 

(N) 

Standard 

Deviation 

(N) 

P value 

1 Untreated wire/untreated film 18.45 1.97 ----- 

2 Untreated wire/ 

Helium plasma treated film 

11.67 1.86 0.0005 

3 Untreated wire/ Helium-oxygen plasma treated 

film  

16.85 2.54 0.298 

4 Roughened wire/ untreated film 20.76 4.36 0.313 

5 Roughened wire/ Helium plasma treated film 18.31 4.82 0.004 

6 Roughened wire/ Helium-oxygen treated film 17.44 1.29 0.367 

7 Helium treated wire/ untreated film  16.36 3.79 0.306 

8 Helium plasma treated wire/ Helium treated 

film 

14.93 3.21 0.160 

9 Helium plasma treated wire/ 

Helium-oxygen treated film  

13.41 0.67 0.070 

10 Helium-oxygen plasma treated wire/ untreated 

film 

14.60 2.28 0.021 

11 Helium-oxygen plasma treated wire/ Helium 

plasma treated wire 

13.29 0.66 0.001 

12 Helium-oxygen treated wire/ Helium-oxygen 

treated film 

15.18 3.70 0.119 
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CHAPTER 5: CONCLUSION 
 

The initial objective of this study was to determine the general level of adhesion and 

establish the optimum thermal bonding conditions between an untreated polyurethane film 

and an untreated nitinol wire using a specially designed test method. A temperature close to 

180 degree Celsius, applied for a period of 30 seconds was found to be optimal for bonding 

the film to the wire. At higher temperatures, it was found that the film degraded resulting in 

much lower levels of adhesion. 

The second Objective was to assess which surface treatments either to the wire or to the film 

or both, would create a significant increase in the level of adhesion between the two 

components. It was found that mechanical roughening of the nitinol wire increased the 

adhesion between nitinol wire and Polyurethane film. Therefore, roughened wire coupled 

with untreated and treated polyurethane films gave higher values of pull out force compared 

to other combinations. The pull out force value attained by the untreated cleaned 

film/roughened wire sample was 20.76N compared to 18.45N attained by the unroughened 

wire control sample. However, it must be noted that in other cases of mechanical roughened 

wire, thermally bonded with helium and helium-oxygen plasma treated polyurethane film, 

gave values of 18.31N and 17.44N, respectively which are close to the untreated control 

sample value. 

 It was also found that the cleaned untreated wire when bonded with helium plasma treated 

polyurethane showed a significant decrease in pull out force . In this case, it dropped to 11.67 

N. This suggests the helium plasma treatment had a smoothing effect on the film leading to  
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lower levels of adhesion between film and wire. 

The p values attained by comparing the control sample with other eleven combinations did 

not draw any specific correlations. We think this was because of the small number of trials(5) 

taken by each combination. 

The third objective was to evaluate the physical and chemical changes taking place at the 

surface of the nitinol wire and polyurethane film. Surface characterization techniques such as 

scanning electron microscopy (SEM), x-ray photoelectron spectroscopy (XPS) have been 

used to a good effect to achieve this. The elemental chemical composition of the 

polyurethane surfaces before and after modification with the aid of x-ray photoelectron 

spectroscopy (XPS) analysis has been assessed. Contact angle measurements showed that the 

hydrophobicity of the film reduced when the PU film was subjected to helium and helium-

Oxygen plasma treatment. Using SEM, one observed the morphological differences in the 

surface of the untreated and pre-treated samples. The pretreated samples exhibited cyst like 

structures which were not present on the untreated samples. Further, these cyst like structures 

appeared to be covered in the plasma treated samples. The XPS analysis of the treated and 

untreated polyurethane film samples gave us a picture of the changes occurring on the 

substrate surface during RF plasma treatment. We gathered that the plasma treatment 

increased the level of oxygen content, with the largest increase of 67.41% observed in the 

helium-oxygen treated polyurethane film sample. 
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5.1 Future Work 

 

1. Level of cell adhesion to the polyurethane film surface. 

In this study, the polymer’s surface properties were investigated.In future projects, blood 

contacting response of the polymer film should be assessed. The thrombogenic properties of 

the polymer will give us a picture of blood platelet and fibrinogen deposition on to the film. 

2.Usage of other types of PU film. 

One may try to change the composition of the film. For instance, select films having different 

ratios of polyether to polyurethane linkages and gauge the change in surface and 

thrombogenic properties. 

3. Other surface treatments and bonding techniques. 

In this study, mechanical roughening of the wire gave an apparent increase to the surface 

adhesion between the wire and film. It is quite possible, other kinds of surface treatments and 

bonding techniques such as ultrasonic welding may improve the bonding strength of the 

sample. 

4. Microstructure of nitinol wire. 

Further studies on the microstructure of nitinol wire and its subsequent impact on the 

physical properties of the wire could be investigated and the mechanical property/structure 

relationship defined.  
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 Appendix A: P-Values of all the paired combinations 
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Appendix B: Values of all test Results and their respective mean 

Sample 

Description

normal 

wire/normal 

film

normal 

wire/He 

treated film

normal 

wire/He-O2 

treated film

Roughened 

wire/normal 

film

Roughened 

wire/He 

treated film

Roughen

ed 

wire/He-

O2 

treated 

film

He 

treated 

wire/nor

mal film

He 

treated 

wire/He 

treated 

film

He 

treated 

wire/He-

02 

treated 

film

He- O2 

wire/nor

mal film

He-O2 

wire/He 

film

He-O2 

wire/He-

O2 film

Results# 1 16.73 11.61 18.91 21.65 15.87 18.02 22.53 13.56 17.80 18.25 12.32 20.54

Results# 2 21.82 9.81 20.17 27.26 18.13 15.40 15.96 17.96 18.66 12.79 13.24 13.31

Results# 3 17.58 9.91 14.78 21.41 19.39 17.64 16.70 19.17 14.37 12.61 13.92 17.49

Results# 4 17.79 13.03 15.87 16.56 25.58 18.89 13.84 11.78 12.36 14.43 13.71 12.75

Results# 5 18.34 14.01 14.53 16.90 12.58 17.27 12.77 17.04 11.44 14.94 13.88 11.82

Average 18.45 11.67 16.85 20.76 18.31 17.44 16.36 15.90 14.93 14.60 13.41 15.18

Std. Dev. 1.97 1.86 2.54 4.36 4.82 1.29 3.79 3.11 3.21 2.28 0.67 3.70


