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Abstract 
 

Minimally invasive implantable medical devices represent a major advance in the 

treatment of obstructive coronary artery disease with stent implantation becoming the 

standard coronary angioplasty procedure. Such devices interact with tissues at their 

surfaces and therefore surface quality can alter the delivery and performance of the 

device and can affect factors such as the adhesion of drug eluting coatings, 

biocompatibility and friction. Laser Induced Periodic Surface Structures (LIPSS) are 

ripples created on the surface of a material after ultra-short laser material interaction. 

Applications include improved drug coating adhesion, increased surface area and 

surface energy of devices, altered hydrophilic/hydrophobic performance on a surface, 

and modified cell growth.  

  

This study investigates the evolution of LIPSS generated on biomedical alloy 

materials and includes understanding the formation of nanostructures and also the 

biological response of cells. The work focuses on three questions:  

•   How does material reflectivity affect the material response and specifically 

the incubation coefficient? 

•   How do nanostructures develop with increasing number of laser pulses? 

•   What is the biological response on cardiac stents? 

 

LIPSS were generated by applying femtosecond pulses, with a 500 fs pulse duration 

at a repetition rate of 100 kHz, to smooth polished 316LSS and Pt:SS (roughness Ra 

value of 2.9 ± 0.2 nm and 1.5 ± 0.2 nm respectively) cardiac stent surfaces.  Exposing 

the sample to laser radiation slightly above the damage threshold fluence allows the 

formation of LIPSS structures.  In order to create different periodic topographies, 

experiments were performed at two different laser wavelengths, 515 nm and 1030 nm. 

The LIPSS period and depth increased with increasing laser wavelength from a period 

of 388.7 ± 9.0 nm and depth of 86.1± 1.7 nm at a wavelength of 515nm to 740.0 ± 

13.9 nm and 177± 5.2 nm at a wavelength of 1030 nm. 

 

The role of reflectivity in multiple pulse incubation was investigated on the surface of 

Pt:SS, 316LSS and bulk Au. By using fluences below the damage threshold of the 
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material, reflectivity measurements were performed on samples that were modified 

using multiple pulses. The study found that the incubation coefficient significantly 

increases with successive pulses when reflectivity is taken into account. In the case of 

Pt:SS, an incubation parameter was estimated to be 0.75 ± 0.02 and 0.79 ± 0.03 but 

when reflectivity was incorporated, increased to 0.90 ± 0.02 and 1.02 ± 0.03, at 515 

nm and 1030 nm, respectively. This result highlights the important role of reflectivity 

in incubation and provides new insights into the laser material interaction of alloys. 

 

The topography of LIPSS was characterised using high-resolution techniques such as 

Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Focused 

Ion Beam (FIB), X-Ray Photoelectron Spectroscopy (XPS) and Transmission 

Electron Microscopy (TEM). The initial exposure to femtosecond pulses induces 

nanostructures such as nanopillars, nanoparticles and bridges, on the material surface. 

As the number of pulses increases, LIPSS form alongside these nanostructures and it 

is believed that these nanostructures contribute to the onset of LIPSS formation. It 

was also found using FIB that there is no change in the grain structure after LIPSS 

formation.  An examination of the crystal structure of Pt:SS using TEM revealed no 

change in the crystallinity of the material with the formation of LIPSS, a useful 

property in medical device applications.  

 

The interaction of cells with a biomaterial is affected by the surface charge, 

chemistry, nano-topography and curvature of the surface.    Cells attach to the surface 

through adhesion proteins, such as collagen, fibronectin, vitronectin and laminin.  An 

in vitro biological study examined the response of monocytes (cells that circulate in 

the blood), fibroblasts (cells located in connective tissue) and endothelial cells (cells 

lining the interior surface of blood vessels) to LIPSS on Pt:SS and 316LSS coronary 

stents with surface roughness Ra values ranging from 29 nm to 50 nm.  Varying bio-

responses were observed for different cell lines and roughness values. Monocytes 

show a high affinity to bare un-textured surfaces but failed to firmly attach onto 

textured surfaces.  Fibroblast cells did not adhere to un-textured surfaces but formed a 

monolayer on LIPSS surfaces with roughness values of approximately 50 nm 

indicating that the LIPSS surface supports adhesion after 24 hours.  Endothelial cells 

did not attach to either un-textured or textured surfaces. However, it is likely that 
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endothelial cells could attach onto LIPSS surfaces that have a roughness value outside 

the parameters used in this study.   

 

A deeper understanding of LIPSS formation and biological interaction of various 

biomaterials is useful in the development of new technologies. Laser-structured 

surfaces with various topographies can offer new bio-functionalities in the area of 

medical implants both in coronary applications and other surface-contacting devices 

such as orthopaedic joint replacements.   
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Chapter 1. Introduction 
 

Coronary arteries are blood vessels that transport oxygen-rich blood from the heart to 

various tissues in the body. The blood vessels that retract deoxygenated blood from 

the heart are known as cardiac veins. An artery is a muscular tube covered by smooth 

tissue and consists of three layers: the intima, the media and the adventitia. Arteries 

are lined by a thin layer of cells called the endothelium, which keeps the interior of 

the artery toned and smooth allowing blood to flow freely. [1] The aorta is the main 

artery of the body and branches off into two main coronary arteries: the right and left 

coronary artery, both of which provide blood to the heart.  The right coronary artery 

supplies blood mostly to the right side of the heart by the right ventricle and atrium, 

which pumps blood only to the lungs.  The left coronary artery supplies blood to the 

left side of the heart by the left ventricle and atrium and is larger in size as it pumps 

blood to the remainder of the body. [2] The most common cause of heart disease is 

atherosclerosis, where there is a buildup of plaque (consisting of fat, cholesterol, 

cellular waste, calcium and fibrin) in the interior lining of a coronary artery initiating 

blockage or narrowing.  When the arteries are narrowed or occluded due to disease, 

there is a reduced oxygen supply to the heart. Atherosclerosis can lead to a heart 

attack and stroke. [3] 

 

Approximately 17 million people die from cardiovascular diseases every year, 

especially from strokes and heart attacks. [4] An ageing population and lifestyle 

challenges are leading to growth in the number of cardiovascular disease sufferers and 

as a result, sales of interventional cardiology products continues to rise. The medical 

device industry worldwide is estimated to reach approximately €390 billion by 2018 

with a 4.4 % growth forecast each year. [5] Ireland is the second largest exporter of 

medical devices in Europe and exports approximately €7.2 billion products annually. 

[6] The industry has focused on developing stent technology since the release of the 

first stent for percutaneous coronary interventional procedures in 1993. [7] The global 

coronary stent market is expected to reach approximately €10.6 billion by 2016, an 

8.3% growth rate since 2011. [8]  
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A coronary stent is a small wire mesh tube that acts as a scaffold and is used to 

support weak or narrow arteries, as illustrated in Figure 1.1.  The procedure for 

positioning a stent is called angioplasty and involves tracking a stent through the 

vasculature to the site of disease.  The stent delivery system consists of a catheter and 

a guidewire for navigation and either pre-loading of the stent onto a balloon that is 

inflated and removed or by self-expansion of the stent material. [9] Stents can be 

fabricated from materials such as polymers or metals.  Common materials include 

Elgiloy, [10] Nitinol, [10] Tantalum, [11] Platinum, [12] Stainless Steel, [13] 

Polypropylene [14] and Acetol homopolymer or copolymer. [15] Metallic stents are 

preferred because of their capability to reduce the passage of x-rays, known as 

radiopacity, therefore becoming more visible. [16]  

 
Figure 1.1 Stent inside an artery [17] The content has been removed due to copyright restrictions 

 

There are two main types of metal stents: bare metal stents and Drug-eluting stents 

(DES).  DES are metal stents fabricated to reduce restenosis and thrombosis by 

diffusing an anti-proliferative drug continuously and slowly which suppresses the 

proliferation of smooth muscle cells in the stented area of the artery therefore 

preventing occlusion. [18] Restenosis occurs from the excess growth of both smooth 

muscle cells and the inner layer of the arterial wall, known as intimal hyperplasia.  

Thrombosis is the generation of a blood clot inside a blood vessel, thereby obstructing 

blood flow.  A lot of research has been conducted on DES, which have evolved 

considerably since their invention. [19] Drug-eluting stent technologies continue to 

advance and increase in market share.  Stent design, material, polymer coatings and 

drugs have been altered to enhance long-term performance. [20] 
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The surface properties of implantable devices are important, as there is direct contact 

between them and biological substances.  This interaction can affect the performance 

of the device. Parameters such as the surface roughness, area and texture can 

influence the material’s surface properties. [21] An example of surface texturing is 

ripples. Generating ripples on the surface of a material can be performed using 

techniques such as ion beam sputtering [22] and sandblasting. [23] 

 

With the introduction of ultra-short pulsed laser systems, another type of ripple 

formation was observed, known as Laser Induced Periodic Surface Structures 

(LIPSS).  Femtosecond laser surface structuring is beneficial as it is a non-contact 

process, reproducible and a single step process.  It also has a minimal heat affected 

zone and there is rapid heating and cooling.  Next generation femtosecond lasers will 

be able to operate at powers of 400 W and repetition rates able of reaching to 80 

MHz. [24, 25] which has the potential to move femtosecond lasers into industrial 

settings. 

 

LIPSS can be generated on material surfaces such as metals, polymers, glass, 

dielectric and semiconductors. [26] There are a number of applications of LIPSS such 

as increasing the surface area and surface energy, altering the hydrophilic or 

hydrophobic performance of a materials surface, improving coating adhesion, optics, 

and tribology.   LIPSS have the potential to improve the surface properties of stents.  

Increasing the surface area creates a “key hole” effect (depending on the size of 

LIPSS) allowing a greater adhesion between the material surface and the cells or 

polymer coatings. In the case of drug-eluting stents, the polymer could diffuse over a 

longer period thereby suppressing the onset of restenosis.  With an extended drug 

coating, the stent has a longer lifetime that may prolong corrosion. [27] There is also a 

reduced coefficient of friction between the stent and the artery when tracking through 

the vasculature. [28]  

 

The focus of this work was to investigate the physical and biological response of 

LIPSS created using a femtosecond laser on an alloy surface. This includes 

determining the role of incubation and nanostructures, the physical characterization of 

LIPSS structures and the biological response of LIPSS. The main alloys used in this 
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study are 316LSS and Pt:SS.  Platinum-based alloys have been used in medical 

devices and high-temperature space applications due to their resistance to corrosion, 

high melting temperatures and chemical stability.  316LSS alloys are known for their 

high corrosion resistance and tensile strength. 

 

Incubation is an important laser parameter as it quantifies the response of a material 

when exposed to successive laser pulses.  Reflectivity was investigated to gain a 

deeper understanding into incubation.  Other factors such as elemental composition 

and residual thermal heat may also contribute. LIPSS structures are characterized 

using techniques such as high-resolution SEM, FIB and TEM to examine the complex 

surface nanostructures.  These structures can give literature a deeper understanding 

behind LIPSS formation on alloy surfaces.   

 

In order to gain a greater understanding between the interaction of nanostructure-

covered LIPSS and contacting tissues an in vitro study was performed to model the 

response of three cell lines. RAW264.7, MS-5 and HPMEC cell lines were used on 

un-textured and LIPSS textured stent surfaces with varying degrees of roughness.  

Experiments were performed to examine cell response to various surface 

topographies.  In relation to medical devices this is a major advantage because it 

allows a user to design the cell response by altering the LIPSS morphologies. 

 

The motivation of this study is to investigate laser surface structuring on medical 

device materials, in order to improve their overall properties and functionalities using 

short-pulse laser systems.  

 

1.1. Original Contribution 
The novel findings in this study involve: 

1. Relating the incubation model to include reflectivity with increasing number 

of laser pulses. 

2. The onset of nanostructures with LIPSS formation. 

3. Nanostructures increase the surface area by a minimum value of 60%. 

4. LIPSS are created as a single crystal with no amorphous layer present. 

5. LIPSS are generated in a thin molten layer at the surface and do not disturb 
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the grains underneath. 

6. A biological response occurs from nanostructure-covered LIPSS. 

 

To our knowledge, LIPSS have not been fabricated on the surface of Pt:SS stents 

before.  Introducing LIPSS to stent surfaces offer a number of benefits to the 

angioplasty procedure.  Examples include reducing the friction between the stent and 

the artery while the stent is guided through the artery, increasing the adhesion 

between the stent and polymer coating, and designing a specific cell response 

depending on the LIPSS morphology.  LIPSS could also be fabricated on the guide-

wires and catheters, which are devices also used during the angioplasty procedure, to 

reduce the coefficient of friction.  In relation to medical devices, LIPSS could also be 

fabricated on the surface of orthopaedic joint replacements to decrease friction and 

examine cell response. 

 

This study predicts that nanostructures contribute to LIPSS formation. It also found 

that LIPSS cool to become a single crystal and there is no amorphous layer present.  

This means that LIPSS can be generated on a material with no crystal change in the 

material surface. These findings could contribute to LIPSS formation on alloys 

allowing literature to be one step closer to answering how LIPSS are formed.  The 

surface area was increased due to these nanostructured-covered LIPSS, which would 

be valuable for applications such as solar cells [29] and catalysts. [30] 

 

1.2. Thesis Overview 
This section describes a brief overview of each chapter, with the thesis consisting of 

seven chapters in total.  

 

Chapter 2 entitled “Theory and Literature Review” presents a literature review 

focusing mainly on the mechanisms behind nanostructure and LIPSS formation.  It 

provides the theory behind laser-metal interaction and the steps involved in the 

biological response of stents inside the body. 

 

Chapter 3 entitled “Materials and Methods” discusses 316LSS and Pt:SS material and 

the experimental techniques used throughout this study.  A detailed description of the 
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femtosecond laser system is given as well as the techniques involved in examining the 

optical properties of Pt:SS.  Schematics illustrating the process to fully laser texture a 

stent are presented. There is also a discussion on the surface techniques used to 

physically and biologically characterize the LIPSS.  

 

Chapter 4, entitled “Change in Damage Threshold Fluence and Incubation with 

Increasing Laser Pulses”, presents an updated version of the incubation coefficient 

model by including reflectivity.  This change in incubation is also compared to the 

change in surface roughness and elemental composition with increasing number of 

laser pulses.  It also examines the thermal response of an alloy after exposure to a 

femtosecond laser pulse by discussing the two-temperature model. 

 

Chapter 5, entitled “Analysis of Laser Induced Periodic Surface Structures”, explores 

the formation of LIPSS with increasing number of laser pulses.  The concept that 

nanostructures are involved in the onset of LIPSS formation is introduced.  

Nanostructures and LIPSS are characterized using a number of surface techniques.  

The electric field intensity and corresponding plasmon resonance is examined in 

relation to these nanostructures using FDTD simulations.  This chapter also examines 

the surface area of the LIPSS with respect to the laser repetition rate.  A brief study on 

the corrosion of LIPSS is performed and applications such as adhesion and tribology 

are presented. 

 

Chapter 6, entitled “In-Vitro Study on the Response of RAW264.7, MS-5 Fibroblast 

and HPMEC Cells on Laser-Induced Periodic Surface Structures”, describes the 

biological response of LIPSS on Pt:SS and 316LSS stent surfaces.  This chapter 

includes cell preparation and the subsequent protocols for each cell line.  The 

attachment of cells onto LIPSS is visualized using SEM and characterized using a 

live/dead assay. 

 

Chapter 7 entitled “Conclusions and Future Work” summarizes the overall 

conclusions reached by each results chapter and suggest possible future work that 

could continue on from this project. 
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Chapter 2.  Theory and Literature Review 
2.1. Introduction 
This chapter presents cell adhesion, coronary stents and the biological response of 

such stents in vivo. It reviews the metallic properties, such as the electronic and 

crystal structure, grain structure, metal oxidation, alloy phase diagrams and corrosion 

of the alloy.  It then focuses on laser-metal interaction by discussing the absorption 

and optical properties of a metal, the two-temperature model and mechanisms 

involved in the laser ablation process.  The mechanisms and fundamental theory 

behind LIPSS and nanostructured-covered LIPSS on a metal surface are then 

reviewed.  

 

2.2. Biological Response of Stents 

2.2.1. Atherosclerosis 
Atherosclerosis occurs when the arterial wall thickens and becomes inflamed due to 

plaque formation.  Low-density lipoproteins (LDLs) transport cholesterol from the 

liver to peripheral tissues.  When there is a high concentration of LDLs present in the 

bloodstream they accumulate within the arterial wall and become oxidized.  This 

induces genetic changes to the endothelial cells and leads to endothelial injury and 

inflammatory response. [31] There is a response by monocytes that migrate to the 

vessel wall, adhere to the endothelium and differentiate into macrophages.  The 

interaction of these cells with the endothelium recruits more monocytes/macrophages, 

lymphocytes, platelets and smooth muscle cells (SMC). [32] Monocytes recruited to 

the endothelium can secrete a molecule named netrin-1, which eliminates the normal 

migration of macrophage out of the artery. [33] Macrophages consume oxidized 

LDLs, transform into lipid-filled foam cells and express inflammatory cytokines, 

continuing the inflammation process.  The high concentration of foam cells, 

lymphocytes, macrophage and smooth muscle cells increases plaque and lesion 

formation. During plaque development immature blood vessels (that are prone to 

rupture) can form from pre-existing vessels, a process known as angiogenesis.  The 

vasa vasorum neovessel is a network of small blood vessels connected to the walls of 

larger blood vessels, such as the aorta and vena cava. [34] The formation of 
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neovessels containing plaque is an indicator of the disease at an advanced state.  The 

plaque located in the artery typically has a fibrous cap that covers a necrotic core 

consisting of cholesterol, tissue, apoptotic (dead) cells and cell debris. [32] A fibrin 

clot is a mesh of cross-linked fibrin protein. Fibrin is an insoluble protein generated 

from fibrinogen during the clotting of blood.  Once fibrin is generated, any molecules 

circulating within the blood will adhere to the clot. [35] This can result in thrombosis 

formation decreasing the flow of blood throughout the artery, as illustrated in Figure 

2.1. 

 
Figure 2.1 Progression of atherosclerosis [31] 

 

2.2.2. Cell Adhesion 
Cell adhesion occurs from interactions between cell surface molecules and their 

appropriate ligands.  Adhesion can occur between adjacent cells (cell-cell adhesion) 

and cells with the extracellular matrix (ECM) (cell-matrix adhesion). The ECM is a 

network of extracellular molecules secreted by the cell to ensure cell cohesion, 

growth, migration and differentiation.  Examples of ECM molecules include 

collagens, proteoglycans, and multi-adhesive matrix proteins (for example fibronectin 

and laminin).  [36] 

 

Each cell is protected by its plasma membrane, which consists of proteins that act as 

sensors, which allow the cell to change its behaviour depending on its environment.  
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The plasma membrane is a thin film of lipid and protein molecules that are connected 

through non-covalent bonding.  Some proteins connect the membrane to the 

cytoskeleton and ECM while others are receptors to detect chemical signals in the 

cells surroundings. [36] The main proteins involved in cell adhesion are fibronectins, 

which are glycoproteins of the extracellular matrix that bind to receptor proteins 

called integrins (large family of αβ heterodimeric cell surface proteins that have roles 

in cell migration, cell differentiation and apoptosis). Fibronectins are protein dimers 

consisting of two similar polypeptides connected at their C-termini by two disulfide 

bonds.  Fibronectins help cells attach to the ECM by binding to other ECM 

components such as fibrin, collagen, heparin sulfate proteoglycans and integrins. 

Fibronectins impact the movement and shape of cells. [36] 

2.2.2.1. Monocyte Cell Adhesion 

Monocytes are a type of white blood cell that circulate in the bloodstream and are 

produced by bone marrow from precursors named monoblasts. The main integrins 

associated with monocytes consist of various α and β subunits.  Monocytes express 

integrins that have three different β chains, β1, β2 and β3.  Monocyte adhesion is 

initially achieved through β2 integrins by binding to adsorbed protein ligands and 

subsequently β1 integrins assist in the adhesion and fusion to form foreign body giant 

cells (FBGC). [37]  

2.2.2.2. Fibroblast Cell Adhesion 

Fibroblast cells are large, flat, elongated (spindle-shaped) connective-tissue cells that 

originate from the mesenchymal.  These cells secrete proteins and collagen forming 

the extracellular fibrillar matrix of connective tissue. [36] The α5β1 fibronectin 

receptor is largely expressed in human fibroblasts and helps the fibroblasts’ survival 

and mobility. [38] 

2.2.2.3. Endothelial Cell Adhesion 

Endothelial cells are located on the walls of blood vessels.  Numerous integrins are 

expressed on the surface of an endothelial cell, for example the receptors for 

fibronectin, collagen and laminin.    αvβ1 and α5β1 fibronectin receptors are largely 

expressed in endothelial cells. [39] 
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2.2.3. Cell Adhesion to a Biomaterial 
The interaction between cells and a biomaterial surface is through the adsorption of 

adhesive ECM components. Each cell uses cell adhesion receptors (integrins), which 

are attached to the cell membrane and link cells to the ECM. [36] Immediately after 

implantation into the body, protein adsorption occurs on the biomaterial surface. 

Adsorbed proteins host cell interaction and adhesion, examples including albumin, 

collagen, laminin, fibrinogen, fibronectin, vitronectin and gamma globulin.  The 

concentration of cells that adhere to the surface of a biomaterial is dependent on the 

number of proteins that adsorb onto the surface [40]  Factors of the biomaterial 

surface that can influence cell adhesion include hydrophobicity, surface charge, nano-

topography, softness, curvature, chemical composition and roughness. [41, 42] 

 

2.2.3.1. Cell Response to Surface Roughness  

The cells used in this study include monocyte, fibroblast and endothelial cell to 

investigate the integration of LIPSS formation on alloy surfaces.  Monocyte cells have 

a number of immune responses for example they can activate into macrophage, 

express pro-inflammatory surface markers, create stimuli for T-cell recruitment and 

produce inflammatory proteins.  They have been used in a number of in vitro studies 

[43, 44] and the properties of a biomaterial surface can be examined by attracting 

circulating monocytes, prompting an inflammatory response, [45] subdue macrophage 

activation [46] and assist cell adhesion and growth as immune cells.  It is unclear 

whether monocytes prefer smooth or rough surfaces.  Some studies has shown that 

RAW264.7 cells adhere better on smooth surface than rougher surfaces [47] while 

others show an attraction to smooth surfaces [48, 49] and others report no change to 

adhesion. [50] Lee et al [51] found a higher concentration of monocyte cells present 

on the surface of textured flat titanium, with a roughness value of 4.8 nm, compared 

to un-textured samples, with a roughness value of 0.4 nm.  

 

MS-5 fibroblast cells do no have a direct link to in vitro cardiac studies as they are 

located in the connective tissue but due to their robust nature they are the dominant 

cell type used to characterise biomaterials.  In previous studies, they have shown 

positive effects on vasculogenesis and haematopoiesis [52] and have been used to 

examine stent surfaces. [53, 54] It has been found that fibroblast cells are more likely 
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to attach to smooth 316LSS surfaces compared to roughened samples, which have 

been exposed to laser radiation. [55] In comparison, Prasad et al [56] found that on 

the surface of silicone fibroblast cell growth decreases with increasing surface 

roughness (smooth 88 nm, rough from 378 nm to 650 nm).  

 

Li et al [57] observed that after laser texturing of 316LSS there was a decrease in 

cytotoxicity for endothelial cells grown on laser-textured surfaces compared to 

smooth surfaces.  They also found using XPS that the surface chemistry changes with 

316LSS LIPSS.  There was a decrease in the concentration of iron and nickel with an 

increase in chromium.   

 

2.2.4. Coronary Stents 
A coronary stent is a small wire mesh tube placed to treat narrow or weak coronary 

arteries to support the inner wall and keep the arteries open and supply blood to the 

heart.  The stent is positioned in the artery during a procedure called percutaneous 

coronary intervention (PCI), also known as coronary angioplasty.  This procedure 

involves the cardiologist using angiography to determine the location and evaluate the 

size of the blockage by injecting a contrast medium through a guide catheter and 

observing the flow of blood through the coronary arteries. [58] A compressed stent 

premounted on a balloon catheter is pushed over the guide wire and directed to the 

blockage site.  The balloon is then inflated thereby expanding the stent, compressing 

the plaque and expanding the diameter of the artery allowing blood to flow to the 

heart.  The catheter is extracted while the stent is left in place inside the artery.  It is 

essential that the stent be in direct contact with the walls of the artery to decrease any 

complications such as blood clots. [58] The two main types of stents are balloon-

expanded stents and self-expanded stents.  With balloon-expanded stents, the stents 

are premounted on a balloon catheter and expanded by the inflation of the balloon.  

With self-expanded stents, the stents expand when a sheath uncovers them.  They are 

typically made of nickel-titanium alloys due to their thermal memory to expand when 

exposed to the body’s temperature.  Stents can either be bare or drug-eluting stents 

(DES). DES are metallic stents that are coated with a drug known to suppress 

restenosis.  Restenosis occurs when the artery narrows or closes up after angioplasty 
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due to excess tissue growth inside or bordering on the stent.  [58] Malapposition 

occurs when the stent is not positioned correctly. [59] 

 

2.2.5. Stent Materials 
Metals are the main material used for DES, as they acquire flexibility and strength at 

body temperature.  They also have a high density required for X-ray imaging, which 

is determined by the atomic number and density of the component elements of the 

material.  Polymer materials would be advantageous because they are less toxic and 

more flexible than metals, however these materials do not currently have comparable 

mechanical properties (such as tensile strength and impact resistance) to metals. [60] 

Research is currently being performed on bio absorbable stents using polymer [61] 

and metallic [62, 63] materials. 

 

Examples of common metals used for the metal core of a DES are platinum 

chromium (PtCr), 316L stainless steel (316LSS), elgiloy, nitinol, cobalt chromium 

and titanium. [64] PtCr, 316LSS, Elgiloy and nitinol are materials used in this study 

and are explained in Chapter 3.  

 

2.2.6. Drug Eluting Stents (DES) 
The main components to a drug-eluting stent are the stent platform (usually composed 

of metal), the polymer coating (containing the drug, which is diffused over a period of 

several weeks or months) and the drug itself (suppressing restenosis and excess tissue 

growth). [58] The polymer is coated uniformly on the stent using methods such as dip 

coating, dip spin coating, ink-jet coating and ultrasonic spray coating. [65] The 

polymer coatings contain numerous drugs like immunosuppressive drugs, anti-

inflammatory drugs, anti-neoplastic drugs, migration inhibitor drugs and drugs that 

prevent inflammation, cellular proliferation and thrombosis. [65] The drug can be 

released from mechanisms such as diffusion, dissolution or ion exchange. [65] 

 

The limitations associated with DES include the low drug loading capacity, stability 

of coating over time, long-term complications of metal permanently placed in the 

body and corrosion. First-generation DES consisting of a durable polymer are better 
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than bare metal stents at avoiding restenosis.  Yet, late stent thrombosis is a factor that 

can occur because of the chromic inflammation in the vessel wall, delayed healing of 

the artery, artery remodelling and incomplete re-endothelialisation. [66] Recently, 

Taxus® and Cypher® drug eluting stents received negative reviews as reports of 

adverse events occurring in patients were exposed, which lead to stent thrombosis, 

myocardial infraction and death. [67] Second generation DES have recently become 

available and improve the risk of restenosis and thrombosis.  It was found that they 

have a lower percentage of malapposed (strut detached from the vessel wall) and 

uncovered (strut with a neointima hyperplasia thickness of 0 μm) struts. [68] This is 

due to incorporating a thin strut design, improved drugs, improved morphology of the 

polymer and a decreased number of polymer layers. Xience VTM and Endeavor 

Resolute® have been reported to suppress neointima hyperplasia and significantly 

improve long-term effects.  Current examples of DES products on the market include 

are shown in Table 2.1. 

 
Table 2.1 Examples of Drug Eluting Stents on the market 

Product name Company Metal Polymer Coating  

XIENCE V Abbott Vascular CrCo Everolimus [69] 

PROMUS Element  Boston Scientific PtCr Everolimus [70] 

Endeavor Sprint Medtronic CoCr Zotarolimus [71] 

TAXUS Boston Scientific 316LSS Paclitaxel [72] 

 

2.2.7. Stent Physical-Mechanical Properties 
Stents are required to increase the diameter of vessels and allow blood to flow easily.  

Because of this, elasticity for expansion and resistance to elastic recoil are vitally 

important.  Factors such as strength, Young’s modulus and fracture toughness can 

explain how these metals react to such environments. The Oliver and Pharr method 

[73] is the most common method for interpreting unloading-displacement data.   
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2.2.8. Biological Response to DES 
After stent implantation, an immune response occurs because of injury incurred in 

placing the implant.  After injury, inflammatory cells respond to repair the vessels.  

Two processes occur during the healing process: vessel remodelling and neointimal 

hyperplasia. Vessel remodelling synthesizes collagen and SMCs.  The stent itself can 

cause endothelial denudation and the plaque can become crushed which leads to an 

inflammatory response.  Neointima is formed due to SMCs and proliferation.  Excess 

inflammation increases the formation of neointima and restenosis. Restenosis may 

occur where the arteries start to re-narrow as a result of an increase in cellular 

proliferation.  This is a major disadvantage associated with bare stent implantation. 

Restenosis occurs typically in 15-20% of patients who have had a bare stent 

implanted. [32] DES can decrease cellular proliferation after implantation. [32] 

Research has been conducted on bare and DES stents after implantation by examining 

endothelial cell coverage.  It was found that with DES there was a 1-week delay in 

endothelialisation and by 21 days the total strut coverage was greater than 95%. [74] 

 

The body’s response to DES has been studied extensively in vivo post procedure 

using Optical Coherence Tomography (OCT). [75-77] Such a study was performed by 

Raber et al [59] who observed Sirolimus-eluting and paclitaxel-eluting coronary 

stents five years after implantation.   It was found that both stents had similar high 

strut coverage.  OCT can achieve high-resolution intracoronary imaging of strut 

coverage and malapposition. [59]  

 

2.3. Metals 
Metals have a high melting and boiling temperature suggesting that reasonably strong 

bonds hold their atoms together.  Metals conduct heat and electricity because the 

outer electrons are free to travel between ionic cores. Metals are characterized by a 

shiny appearance and a malleable and ductile structure. [78]  

2.3.1. Electronic Structure of Metals 
According to the Drude model [79] the outer electrons are loosely bound to the parent 

atom/ionic core and hence can move easily throughout the metal forming a free 
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“electron gas”.  These electrons are known as conduction band electrons.  The ion 

core retains the valence band electrons and act as essentially positively charged 

particles fixed to the metallic lattice. [78] 

 

Drude used a simple kinetic theory to describe this “gas” of conduction band 

electrons.  From this, Drude calculated the electron number density, n, to be typically 

of the order of 1022 conduction electrons per cubic centimetre for many metallic 

elements.  At room temperature, the density of these electrons is normally a thousand 

times greater than that of a classical gas.  Even though the electron-ion and electron-

electron interactions are neglected, the Drude model develops the dense metallic 

electron gas using the kinetic theory of a neutral dilute gas, with only minor changes.  

The assumptions are: [78] 

 

• In the absence of an applied field, each electron is believed to travel 

uniformly in a straight line.  In the presence of an applied field, each electron 

travels subjected to Newton’s law of motion. 

• Collisions between electrons and ion cores occur rapidly and result in a 

change in the velocity of an electron. 

• An electron undergoes a collision with a probability per unit time τ-1 (where τ 

is the relaxation time). [80] 

• Electrons acquire thermal equilibrium through collisions but the collisions 

themselves are not described. 

 

The Drude model is quite successful, particularly, for estimating the kinetic properties 

of the conduction electrons.  On the other hand, the Drude model fails to describe the 

thermal properties of metals. In the Drude model it is believed that the electrons all 

have the same kinetic energy, 3/2kBT, described by the Maxwell-Boltzmann 

distribution. [78] 

 

The Pauli exclusion principle states that only one electron is allowed per quantum 

state, hence the Maxwell-Boltzmann distribution was replaced with the Fermi-Dirac 

distribution. [81] This is known as the Drude-Sommerfeld model and expresses the 

probability that a state in thermal equilibrium is occupied in an ideal electron as: 
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 fD (E,T ) =
1

e(E−µ )/kBT +1
 ( 1 ) 

 

where E is the energy (J), μ is the chemical potential (J) and kB is Boltzmann’s 

constant (m2 kg s-2 K-1).  A characteristic electron temperature can be calculated by 

applying the Fermi-Dirac distribution to an electron gas. [81] 

 

The Drude-Sommerfeld model also proposes that conduction band electrons travel 

independently of the positive ion cores when in thermal equilibrium.  However after 

the absorption of a laser pulse, this is not the case and a non-equilibrated system 

pertains that requires more complex models.  An essential component of these models 

are the descriptions of how electrons can transfer energy to the lattice through 

electron-phonon collisions, commonly known as electron-phonon coupling. [82]  

 

2.3.2. Crystal Structure of Metals 
The crystal structure is important because it examines the atomic arrangement of 

atoms in a metal.  There are several packing arrangements that can form a crystal.  

Examples include Face Centre Cubic (FCC) (eight atoms at the corner of the unit cell 

and one atom centred in each face) and Body Centre Cubic (BCC) (eight atoms at the 

corner of the unit cell and one atom centred in the unit cell). The crystal structures and 

lattice parameters for the elements used in this study are shown in Table 2.2. [78] 

 
Table 2.2 Crystal Structure and lattice parameters for elelments used in this study. [78] 

Element Crystal Structure Lattice parameter, a (Å) 
Au FCC 4.08 
Pt FCC 3.92 
Fe BCC 2.87 
Cr BCC 2.88 
Ni FCC 3.52 
Mo BCC 3.15 
Mn BCC 8.89 
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2.3.3. Grain Structure 
An important feature of a metal is the average grain size as this governs the properties 

of the metal. As a liquid metal cools (recrystallization), small crystalline nuclei form 

at different locations, each with a random crystallographic orientation shown in 

Figure 2.2(a).  These small nuclei grow when the surrounding liquid of atoms is 

added to the nuclei structure forming crystallites (Figure 2.2(b)). These crystallites 

grow until grains are formed (Figure 2.2(c)).  A grain is a single crystal in a 

polycrystalline metal.  As the grain size increases, the boundary area decreases 

causing a reduction in the total energy.  A grain boundary is the interface dividing two 

bordering grains having different crystallographic orientations and it is where the 

atoms have become misaligned. An example of the grain structure of 316LSS is 

shown in Figure 2.2(d).   The slower the cooling rate, the fewer the number of 

nucleation sites and therefore the larger the grain size and vice versa.  The extent of 

recrystallization depends on the time and the temperature. 

 

The larger the grain size the more ductile a metal is and the smaller the grain size the 

stronger and harder it is.  Alloys have smaller grain sizes compared to metals because 

the atoms of different elements create an irregularity in the structure, which prevents 

rows of atoms easily slipping over each other.  Recrystallization occurs faster in pure 

metals than in alloys.  Grains and grain boundaries can influence the physical and 

mechanical properties of a metal. [83]   
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.2 Model for solidification of a polycrystalline material (a) Small crystalline nuclei, (b) 

Growth of crystallites, (c) Grains are forming, (d) actual 316LSS grain structure as it appears 
under a microscope.  

 
The grain size of 316L SS and Pt:SS was found to be approximately between 12-30 

μm [84] and 10-20 μm [12], respectively. Much research has been conducted to 

reduce the grain size of alloys to fabricate a stronger material.  Tuan et al [85] 

conducted ultrasonic treatment and various pouring temperatures during the 

nucleation and growth of a liquid Al-Mg alloy and found that the grain size decreases 

from 487 μm to 103 μm when the pouring temperature decreases and by introducing 

ultrasonic vibration the grains decrease to 93 μm at a 700 °C pouring temperature.  

Khodabakhshi et al [86] exposed an Al-Mg alloy to friction stir processing to reduce 

the grain size.   

 

2.3.4. Metal Oxidation  
The process of oxidation is an important consideration as all metals oxidize to some 

extent.  Oxidation is defined as the interaction between oxygen molecules and the 

surfaces they come in contact with.  [87] Oxides have a number of applications in 

areas such as gas sensors, [88] heterogeneous catalysis, [89] drug delivery, [89] 

renewable energy [90] and non-linear optics [91].  
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When a metal reacts with oxygen a homogenous layer of oxide is generated on the 

surface of the metal.  This oxide film acts as a barrier between the metal and the 

oxygen atmosphere. The further growth of the oxide film depends on the transport of 

the metal ions or oxygen atoms.  Metal or oxygen will diffuse through the oxide layer 

particularly when its structure has lattice defects, which often are vacancies present 

because of missing metal or oxygen ions.  The concentration of these vacancies in the 

growing oxide layer depends on the partial pressure of oxygen. As the thickness of the 

layer increases the rate of oxidation decreases.  Factors that can affect the oxidation 

rate are temperature, concentration of vacancies, conductivity in the thickness and 

oxygen partial pressure. [92] The adhesion strength between a metal surface and an 

oxide layer is determined by electrostatic, dispersive (van der Waals or London 

forces), chemical or diffusive bonding. [93]  

 

At room temperature in air or oxygen, a thin film of solid oxide can form on the 

surface of platinum.  As temperature is increased, the thickness of the platinum oxide 

increases.  Above a critical temperature, the thickness of the oxide does not continue 

to increase but disappears.  It is believed this occurs due to a phase change from PtO2 

solid to PtO2 gas.  [94] Chromium at room temperature forms a thin oxide layer on its 

surface.  This oxide layer is several atoms thick and contains a spinel structure.  It is 

extremely dense and prevents the diffusion of oxygen into the bulk material.  This 

protects the metal against further oxidation. [95] The thickness of chromium oxide 

increases with increasing temperature. [96] Gold is inert and does not interact with 

oxygen making it resistant to corrosion. 

 

How alloys become oxidized is complicated and is dependent on factors such as 

temperature, pressure, the concentrations of the elements present in the alloy, free 

energies of oxide formation of the compounds and the amount of oxygen solubility of 

the alloy. [87] Studies on a Ti-6Al-4V alloy showed that after laser texturing the 

surface was further oxidised. [97] Using XPS on Pt:SS alloy stents, the outer surface 

is rich in chromium oxide with relatively low amounts of iron and nickel.  Chromium 

oxide contributes to the high corrosion resistance associated with Pt:SS stents.  The 

depth profiling measurements indicate an oxide thickness of approximately 1.5 nm.  

Low levels of metallic platinum are dispersed throughout the oxide. [12] There is an 
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increase in oxide thickness with increasing number of laser pulses. [98] An increase 

in the thickness of a thin oxide can lead to a decrease in reflectivity. [99]  

 

2.3.5. Corrosion 
The corrosion properties of a metal are important as this quantifies the lifetime of the 

material. Corrosion of metal arises by electrochemical reactions at the interface of an 

electrolyte solution and a metal surface. There are two regimes, cathodic and anodic.  

In the cathodic regime, electrons are supplied to the metal surface and they build up a 

negative potential.  In the anodic regime, the metal becomes oxidized and electrons 

are effectively withdrawn from the metal. An oxide layer is formed on the surface of 

many metals during corrosion.  If the oxide layer prevents corrosion to occur further, 

this is known as passivation.  Corrosion can occur in small areas of a metal if the 

passive film breaks down.  This is known as pitting corrosion.  O’Brien et al [12] 

performed corrosion tests on Pt:SS stents using potentiodynamic polarization testing 

in a phosphate buffered saline (PBS) with a pH of 7.4 at a temperature of 37 °C and 

no breakdown of the Pt:SS stent such as pitting was observed. 

 

2.3.6. Alloy Phase Diagram 
The addition of an element into a metal comprised of another element/elements is 

known as alloying. Elements are added together in order to improve factors such as 

strength and corrosion resistance. A mixture of two metals is known as a binary alloy.  

When three elements are present this is known as a ternary alloy.  A phase diagram is 

a map illustrating the different structure of phases: temperature, pressure, density and 

composition.  A phase is part of the map that is chemically or physically uniform; a 

boundary can be placed around it.  Phases can be solids, liquids or gases and when 

crossing from one phase to another it is necessary to cross the phase boundary, which 

requires latent energy.  When cooling, a single solid phase can change into a mixture 

of two new solid phases or the two solid phases can change into a single new phase.  

The shape of the liquid, solid or gas curves are determined by Gibbs energies. Gibbs 

Free Energy is a thermodynamic quantity that can establish if a reaction can proceed 

spontaneously or not.  It is defined as: [100] 
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 ΔG = ΔH −TΔS  ( 2 ) 

 

where ΔG is Gibbs free energy (J), ΔH is enthalpy (J), T is temperature (K) and ΔS is 

entropy (J K-1).   

 

The material in question is a Platinum and 316L Stainless steel (Pt:SS) alloy, 

commonly known as Platinum Chromium.  Pt:SS consists of 37% Iron, 33% 

Platinum, 18% Chromium, 9% Nickel, 2.6% Molybdenum and traces of Manganese. 

[12] The melting temperature of iron is at 1538 °C and of platinum is at 1769 °C.  The 

Fe-Pt phase diagram is illustrated in Figure 2.3. 

 

  
Figure 2.3 Equilibrium phase diagram of Pt and Fe. [101] The red line illustrates the 
concentration of Pt in a Pt:SS alloy. 

 
In Figure 2.3, at 33% Pt demonstrated as the dashed red line, at temperatures above 

approximately 1500 °C, the elements are still in the liquid phase. At 1500 °C the 

liquidis line is touched therefore Pt grains start to form.  As Pt is being drawn from 

the liquid phase, the liquid is enriched with an Fe solid enriched with Pt. As the alloy 

cools further the concentration of the Pt steadily decreases from the Pt enriched core 
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(with outer layers of reducing Pt) until the temperature goes below the liquidis line.  

The temperature of these Pt grains is marginally below the melting point so atoms can 

still relocate through a process known as diffusion. Below 1500 °C, there is a small 

amount of liquid present which solidifies and the grains are composed of 33% Pt.  

The grains have a uniform composition if the cooling proceeds slowly. [102] If 

cooling occurred rapidly, the atoms do not have adequate time to get back into their 

equilibrium positions. Also, reactions may begin or end at different temperatures from 

those shown in the original equilibrium phase diagrams.  This can create unstable 

microstructures, which can harden an alloy. [103] 

 

Ultra-short laser melting depends on the propagation of the melting front from the 

surface and the homogeneous nucleation of the liquid in the bulk crystal.  The 

temperature of the bulk depends on the fast electronic heat conduction.  This leads to 

fast cooling and recrystallization of the liquid. [104] The high thermal conductivity of 

metals and shallow melt depths, created using a ultra-short pulse laser, can generate 

very high cooling rates of more than 1012 K/s, strong undercooling and rapid 

resolidification. [105] In relation to rapid cooling, examples involved in 

resolidification include the generation of an amorphous surface, epitaxial growth, 

latent heat of solidification and nucleation of crystallites distributed along the 

undercooled melted region. [105] In the case of laser processing, a highly non-

equilibrium cooling method occurs so these equilibrium cooling methods are not 

valid. 

 

2.4. Laser Material Interaction 
This section initially focuses on light-metal interaction and then progresses to the 

absorption and thermalization of a metal substrate after ultra-short pulse laser 

exposure. Mechanisms involved in photophysical ablation are examined. Laser 

parameters such as the damage threshold fluence and incubation parameter are 

discussed.  
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2.4.1. Light Propagation in Metals 
Light is an electromagnetic wave containing an electric and magnetic field.  When the 

electric field, E, in a wave is propagating in a non-absorbing medium it can be 

described as: 

  ( 3 ) 

 

where E0 is the electric field amplitude at z = 0 (V m-1), k is the wave vector (m-1), z is 

the direction the wave is propagating and ω is the angular frequency (rad s-1). k is 

related to the wavelength, λ, using the equation k=2π/λ. [106]  Equation ( 3 ) is 

derived from Maxwell’s equations of electromagnetism, which describe the electric 

and magnetic response of a material and are given by [106]: 

 

 ∇.D = ρ              (Gauss’s law) ( 4 ) 

 ∇.B = 0               (Gauss’s magnetism law) ( 5 ) 

 ∇×E = −∂B
∂t

      (Faraday’s law) ( 6 ) 

 ∇×H = j + ∂D
∂t

  (Ampere’s law) ( 7 ) 

 

where D is the electric displacement (C m-2), B is the magnetic flux density (Wb m2), 

H is the magnetic field strength (T), ρ  is the free charge density (C m-1) and j is the 

current density (A m-2). 

 

When an incident beam comes in contact with the surface of a material, the light can 

be reflected, transmitted or absorbed.  The refractive index, η, describes the 

propagation of an incident beam through a material.  It is defined as: 

 

 η =
c
v

 ( 8 ) 

 

where c is the velocity of light in free space (m s-1) and v is the velocity of light in the 

material (m s-1).  The refraction and absorption of incident light by a metal can be 

explained using the complex refractive index, ñ and is given by:  

E = E0e
i(kz−ωt )
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 n =η + iκ  ( 9 ) 

where η and ĸ are the real and imaginary part of the complex refractive respectively.  

η is the real part of the refractive index and ĸ is the imaginary part. ĸ is also known as 

the extinction coefficient and determines the amount of absorption lost when the 

electromagnetic wave propagates through a material by absorption.  Both η and ĸ are 

dependent on the wavelength of the incident light. [106] The Beer-Lambert law 

illustrates the attenuation of the light beam intensity, I (W m-2), at a depth z, as it 

propagates into the material and is given by: 

 

  ( 10 ) 

 

Where t is the time, R is the reflectivity, I0 is the incident intensity (W m-2) and α(λ) is 

the absorption coefficient (m-1).  α is defined as the portion of power absorbed in a 

material unit length and can be related to ĸ by [106]: 

 

 k = 2π
λ
=
ω
υ
=
nω
c
= (η + iκ )ω

c
 ( 11 ) 

  

Substituting Equation ( 11 ) into Equation ( 3 ) gives: 

 

 E = E0e
−κωz/cei(ωηz/c−ωt )  ( 12 ) 

 

The light beam intensity is proportional to the square of the electric field.  From this, 

the intensity decays exponentially with a constant equal to 2(ĸω/c) and is applied to 

Equation ( 12 ). [106] By comparing Equation ( 3 ) and Equation ( 12 ), α is given by: 

 

 α =
2κω
c

=
4πκ
λ

 ( 13 ) 

 

where λ is the wavelength of the light.  Because α is very high for metals (≈106 cm-1) 

the light is completely absorbed between a 100-200 Å depth.  The depth at which the 

I(z, t) = I0 (t)(1− R)exp
−αz
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intensity of the incident laser beam falls to 1/e of the initial value is known as the 

optical penetration depth, α-1 (m).  

 

In regard to metals, the reflectivity is lower at shorter wavelengths, increasing 

dramatically at a specific wavelength, determined by the plasma frequency of the free 

electron plasma, and then stays high at longer wavelengths.  The plasma frequency is 

defined as the natural oscillation frequency of charged electrons/ions in plasma.  

When the frequency of light is below the plasma frequency, reflectivity and 

absorption are high because electrons in the metal can screen the electric field 

associated with light.  Above the plasma frequency, reflectivity and absorptance 

decrease dramatically; here the electrons are unable to screen the electric field fast 

enough. [107] The plasma frequency is dependent on the free carrier density.  [106] 

Reflectivity is high for metals because of the high density of free carriers. [108] The 

reflection at the material surface is quantified by the coefficient of reflection and is 

defined as the ratio of the reflected power to the incident power on the surface. The 

coefficient of reflection, R, at the interface between air and the metal surface 

(neglecting the oxide layer) is given by [106]:  

 

 R = n−1
n+1

2

=
(η −1)2 +κ 2

(η +1)2 +κ 2  ( 14 ) 

 

2.4.2. Absorption of Laser Radiation in Metals 
Laser absorption can be split up into linear and non-linear processes.  Linear 

absorption obeys the Beer-Lambert Law.  At the femtosecond pulse time region non-

linear absorption becomes important.  Non-linear processes include mechanisms such 

as impact ionization (avalanche ionization) and photoionization (multiphoton 

ionization and/or tunnel ionization).  Each of these mechanisms competes for the 

production of free electrons.  When a free electron absorbs a photon its kinetic energy 

increases.  This energy can be partly transferred to bound electrons via collisions and 

hence two free electrons can be created which is known as impact ionization.  

Avalanche ionization occurs when free electrons absorb photons, which in turn leads 

to further creation of mobile carriers and hence the free electron density increases 

significantly.  A large electric field is generated in the material and when large 
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enough it accelerates the electrons and ionizes further electrons.  Multiphoton 

ionization occurs when a bound electron is freed from the valence band due to the 

absorbing of several photons, which have energy greater than the ionization potential. 

Multiphoton ionization peaks in metals at a high pulse energy (>100 μJ cm-2) or peak 

intensity (>10 GW cm-2). [109] These multiphoton processes are most often observed 

in semiconductors and dielectrics. 

 

When the electrons become excited a number of processes can occur such as the 

photoelectric effect and thermionic emission.  If the photon energy is large enough the 

excited electrons near the surface can be ejected out of the metal.  This process is 

known as the photoelectric effect and photon energies greater than several electron 

volts are required. If the electrons do not have enough energy to be ejected they loose 

energy to return to an equilibrium state by undergoing collisions.  This happens when 

excited electrons become thermalized by phonons or scattered by lattice defects such 

as dislocations and grain boundaries.  The overall effect of all processes is to convert 

electronic kinetic energy into heat. [108] Thermionic emission occurs when electrons 

in a heated material are ejected from a surface because their energy is in excess of the 

work function of the metal. [110] 

 

In relation to an ultra-short pulse laser beam, electron excitation occurs in a very short 

time period on the material surface.  The material in question experiences extreme 

heating and cooling rates (103-1010 K/s) while the lattice remains relatively cool. [108] 

The response of a material to ultrashort laser irradiation can be divided into three time 

intervals: 

1. When a metal is exposed to laser radiation, the first stage involves coupling 

of laser radiation to electrons inside the metal.  The conduction band 

electrons absorb photons from the incident laser beam through a process 

known as inverse Bremsstrahlung. The absorption of laser energy results in 

an increase in the electron kinetic energy.  The energy distribution of the 

excited electrons is no longer equilibrated with the lattice.  After absorption, 

two processes take place in the electronic system simultaneously.    The first 

process is the ballistic energy transport by highly excited non-equilibrium 

electrons.  The second process involves the formation of the Fermi-Dirac 
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distribution, due to collisions between excited electrons. [111] 

2. There is a difference in temperature between the hot electrons and the cold 

lattice or phonons.  Hot electrons are diffused into the depth of the bulk 

material, driven by the temperature gradient.  During this time, electron-

phonon equilibrium occurs as a result of electron-phonon scattering, which 

takes place on a picosecond timescale.  The length of time it takes for this 

process to occur depends on the strength of the electron-phonon coupling. 

[111] 

3. The final stage involves thermal diffusion via lattice vibrations. [111] 

 

2.4.3. The Two-Temperature Model  
In femtosecond laser-material interaction non-linear absorption mechanisms occur.  

The interaction between femtosecond pulses and metal is centred on the Two-

Temperature Model (TTM), introduced by Anisimov [112].  In a metal the heat 

capacity of the electrons is smaller than that of the lattice.  When the metal is exposed 

to a femtosecond pulse, energy is deposited and the electrons heat up to a high 

temperature (in the femtosecond time region) while the lattice remains moderately 

cool. The thermalization of these high temperature electrons occurs instantly because 

of the short electron-electron interaction time.  The non-equilibrium system in a metal 

is described as being two sub-equilibrium systems, one being the hot electrons and the 

other the cold lattice.  The TTM achieves thermal equilibrium in a few picoseconds 

by electrons diffusing out of the excited region and electron-phonon interactions. 

TTM is given by two coupled non-linear differential equations [113]:  

 

 Ce
∂Te
∂t

=∇(Ke∇Te )−G(Te −Tl )+ S(x, z, t)  ( 15 ) 

 Cl
∂TL
∂t

=∇(Kl∇Tl )+G(Te −Tl )  ( 16 ) 

 

where Ce and Cl are the electron and lattice heat capacity (J m-3K-1), Ke is the electron 

thermal conductivity (W m-1K-1), G is the electron-phonon coupling coefficient (W 

m3K-1), Te and Tl are the electron and lattice temperatures (K) and S(x,z,t) is the laser 

source term (W m-3).  The laser source term S(x,z,t) is given by [114]: 
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where α is the absorption coefficient (m-1), τp is the pulse duration (s), R is the 

reflectivity, x is the direction across the material (m), ω0 is the beam diameter  (m) 

and y is the direction into the material (m).  

 

The lattice heat capacity remains a constant value as it has small variations with 

changes in temperature.  With changes in temperature, the electron heat capacity, Ce, 

is related to the electron specific heat, Co (J m-3K-2), and is calculated using the 

equation [115]: 

 Ce =CoTe  ( 18 ) 

where [116]: 

 Co =
π 2nekB
2TF

 ( 19 ) 

 

ne is the density of the free electrons (ne = 1022 - 1023/cm3 for most metals), kB is 

Boltzmann’s constant (1.38 × 1023 m2 kg s-2 K-1) and TF is the Fermi temperature (K).  

The electron thermal conductivity, Ke, is expressed as temperature dependent and is 

related to the lattice thermal conductivity, Kl  (W m-1K-1), using the equation [115]: 

 

 Ke = Kl
Te
Tl

!

"
#

$

%
&  ( 20 ) 

 

G should be temperature dependent because there are large changes in the electron 

and lattice temperatures.  G is given by [116]: 

 

 G =G0
A(Te +Tl )
B+1

!

"
#

$

%
&  ( 21 ) 
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where G0 is the electron phonon-coupling factor at room temperature (W m3K-1) and A 

and B are material constants (A and B have units of s-1K-2 and s-1K-1, respectively). A 

and B are not found in literature for Pt:SS therefore the value of G for iron at room 

temperature is used throughout this study.  

 

Even though the TTM is used throughout literature, there are limitations.  It cannot 

take into account phase transformations occurring under highly non-equilibrium 

conditions and thermoelastic stresses. [104] To test the model, the parameters were 

taken from Chen et al [116] and the resulting graph was calculated and presented in 

Figure 2.4.  There is a rapid increase in the electron temperature to ~ 5062 K (Chen et 

al achieved a value of 4680 K, a difference of 8%).  Over time, the electron 

temperature begins to decrease because of coupling to the lattice.  Thermal 

equilibrium occurs at approximately 6.7 ps.  The lattice temperature reaches ~ 370 K 

which is a consistent value with Chen et al.   

 

 
Figure 2.4 Illustrates variation of electron and lattice temperature on Au as a function of time for 
1 fs pulse. 
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2.4.4. Short and Ultrashort Laser Pulses 
The ablation processes are illustrated in Figure 2.5 for short and ultrashort laser 

pulses. In nanosecond processes, after laser energy is absorbed, heat conduction leads 

to an elevated temperature on the sample surface. Depending on the temperature of 

the material surface a molten state, evaporate or plasma state can be formed, shown in 

Figure 2.5(a). [117] The pulse energy and pulse duration are factors that determine 

which mechanisms will dictate.  For ultrashort laser pulses, shown in Figure 2.5(b), 

corresponding to a picosecond and femtosecond pulse time range, the absorption 

process is increased by non-linear multi-photon absorption.  Due to the short time 

scales (<10 ps) associated with these pulses the energy cannot be transferred from the 

electrons to the lattice within the duration of the pulse.  The pulse duration is less than 

the thermalization time of a few picoseconds. [114] The relationship between the 

electrons and lattice is known as the two-temperature model (discussed in Section 

2.4.3).  Intense pressures, densities and temperatures build up and eject material 

(particles, atoms and ions) with extreme velocity.  Picosecond and femtosecond 

pulses also produce plasma but are not subjected to plasma-laser pulse interaction as 

are observed in the nanosecond regimes. [118] Ultrashort pulses allow for high-

resolution laser processing with less debris, a smaller thermal diffusion depth, a 

reduced heat affected zone and molten material is minimized. [119] The damage 

threshold fluence is also reduced with shorter pulses because of improved energy 

confinement.   

 

  
(a) (b) 

Figure 2.5 Laser-material interaction for (a) short and (b) ultrashort pulses 
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Zeng et al [120] compared nanosecond and femtosecond ablation on the surface of Si 

and found after the exposure to femtosecond laser pulses craters were approximately 

twice the depth compare to nanosecond craters.  Nanosecond ablation also generated a 

molten Si raised rim around the edge.  Large particles (100 nm-μm size) were created 

after nanosecond laser ablation while smaller particles (nm) were generated for 

femtosecond laser pulses indicating that ejection of molten liquid is less for shorter 

pulse durations. In nanosecond laser ablation there is a decrease in laser energy on the 

surface due to plasma shielding therefore decreasing the ablation efficiency compared 

to femtosecond ablation where there is no laser-plasma interaction and the laser pulse 

ends before material is ejected from the surface.  On the surface of Ag, Toftmann et al 

[121] found the ablation efficiency and ion generation was 4.5 × 1014 atoms/mJ and 5 

× 1012 ions/mJ, respectively, for femtosecond laser ablation compared to 4.2 × 1013 

atoms/mJ and 2.5 × 1013 ions/mJ for nanosecond ablation.  From this, the ablation 

efficiency is approximately 10 times greater for femtosecond laser ablation compared 

to the nanosecond regime.  In terms of ion generation, femtosecond laser ablation is 5 

times less than nanosecond laser ablation. 

 

2.4.5. Laser Ablation 
There are a number of factors that contribute to laser ablation, which is defined as the 

irreversible physical removal from the surface of a solid or liquid by exposure to laser 

radiation.  Such factors include ambient gas, material properties such as melting 

temperature and absorption coefficient and laser properties such as laser fluence, 

pulse duration, wavelength, and number of successive pulses. [98] There are a number 

of mechanisms for how a material responds to laser ablation that can occur during 

laser-material interaction.  

 

2.4.6. Photophysical Ablation 
Photophysical ablation is a process, which has a combination of photochemical (non-

thermal), photothermal and photomechanical processes. Photochemical is a non-

thermal ablation process resulting in chemical effects and reactions within the 

material.  Photothermal ablation is a thermal ablation process resulting in material 

laser absorption due to a rise in temperature. [98] Photomechanical ablation is due to 
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material stresses produced by the absorption of laser radiation leading to material 

ejection and fracture.  Normally the relaxation time of the material is shorter than the 

laser pulse duration.  These stresses can be generated from thermal effects or non-

thermal effects. [98] A number of photophysical processes are given below. 

2.4.6.1. Spallation 

Because of the short time for laser energy deposition, stress confinement can occur.  

This is the inability of a material to expand during the laser heating time, which can 

create an accumulation of strong compressive stresses at the surface of the material. A 

compressive pressure wave travels through the bulk of the material and when it 

arrives at a liquid/bulk interface it is partly or fully reflected and converted into a 

tensile stress wave. [122] This tensile stress wave then propagates back to the surface, 

increasing with depth (due to the temperature gradient in the substrate) [123] and can 

overcome the dynamic strength of the material, which can lead to expansion, the 

creation of defects, mechanical separation, and ejection of the front layer of the 

material. Perez et al [124] found that pressure waves are dependent on the laser 

fluence and have a bipolar profile at low fluence values and a unipolar profile at high 

fluences due to tensile strength decreasing with temperature. 

 

Rear-surface spallation occurs when separation and ejection of a liquid surface layer 

originates from the bulk of the material (ejected plume).  Front surface spallation (or 

photo-spallation) arises when ejection of a liquid surface occurs from the surface of 

the material, due to thermoelastic stress (propagating perpendicular to the surface).  

One stress component propagates into the material (compressive stress wave) and the 

other towards the surface (tensile stress wave).  The stress wave travelling towards the 

surface can create the material to fracture and eject moderately cold fragments. [125]  

2.4.6.2. Delamination 

Delamination occurs when a thin film separates away from the bulk material due to 

the temperature rise from laser absorption. Stress builds up in the film thereby causing 

the film to fracture.  It was found that the width and heights of the fracture depends on 

parameters such as laser fluence, the angle of incidence and the number of successive 

pulses. [126]  
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2.4.6.3. Nanobump Formation 

After ultra-short pulse laser exposure, when the material melts, the central part of the 

liquid film separates from the substrate and creates rapid bloating of the liquid from 

the substrate, causing a hollow nanobump.  A “nanobump” is formed when fast laser 

heating from the excited electrons to the lattice cause compressive stresses. When the 

heating time is shorter than the time needed for the film to expand thermoelastic stress 

and pressure occurs because of the suppressed volume expansion due to melting.  

This causes compressive stresses to be built up within the first few picoseconds. 

When these compressive stresses relax the substrate starts to expand upwards.  

Expansion is due to a tensile wave travelling toward the substrate.  The separation of 

the liquid film from the substrate is caused by tensile stresses at the liquid film-

substrate interface. At high fluences the nanobumps can separate and produce 

fragmentation.  [127] 

2.4.6.4. Thermoelastic Stress 

Thermoelastic stress is generated when a material liquid expands rapidly after 

absorbing an ultra-short laser pulse creating non-uniform strain rates. [128] 

Thermoelastic stress can be caused by inertial confinement and thermal confinement.  

It is caused when the electron-phonon coupling time is shorter than the time allowed 

for thermal expansion (known as isochoric heating).  This causes stress confinement, 

which generates a high build-up of thermoelastic pressure.  Stress relaxation can 

cause permanent deformations on the surface such as bubble formation and 

fragmentation. [98]  

2.4.6.5. Fragmentation 

Unlike spallation whereby the material surface breaks up without phase 

transformation, fragmentation occurs when the sample breaks into clusters due to 

rapid thermal expansion associated with mechanical stress.  It occurs above the 

delamination and spallation threshold.  It is caused by the conversion of stress 

(isochoric heating) into strain.  The stress present in the material converts to strain and 

then becomes a supercritical fluid, which disperses into droplets. The process of 

fragmentation emits both clusters and molten droplets.  
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2.4.6.6. Vaporization 

Vaporization occurs when a material surface is entirely atomized and travels at high 

speed. [124] The surface progresses from a liquid phase to a gas phase by either 

heterogeneous or homogeneous boiling. Boiling involves a liquid-gas phase change at 

the liquid-gas interface. Heterogeneous boiling occurs when the material surface 

reaches a temperature above the material boiling point and generates vapour bubbles 

below the surface at specific nucleation sites. When boiling occurs, the liquid 

temperature remains approximately constant. This is because the energy added to the 

material is used for the liquid-gas phase change not to increase the liquid temperature.  

Heterogeneous boiling occurs at the solid/liquid interface while homogeneous boiling 

occurs in the bulk of the liquid. [129]  

2.4.6.7. Phase Explosion 

Phase explosion describes when the liquid temperature approaches the 

thermodynamic critical point temperature and homogeneous nucleation occurs.  [128] 

Vapour bubbles are generated and explode to form a liquid and gas phase.  When the 

laser fluence increases above the spallation threshold, there is a spontaneous transition 

from a metastable superheated liquid to a phase consisting of a mixture of individual 

atoms, atomic clusters and small droplets. This occurs at a temperature approximately 

90% of the critical temperature. At laser fluences that exceed the melting threshold, 

the material crystal structure collapses instantly within several picoseconds. [125, 

130] 

2.4.6.8. Coulomb Explosion 

When a material is exposed to a laser pulse and there is a strong photo/thermal 

emission of electrons resulting in unscreened positive ions on the surface of the 

material, a process known as Coulomb explosion occurs.  Coulomb explosion occurs 

mostly in dielectrics but not in metals due to an unlimited number of electrons that 

can counteract the loss of emitted electrons. [131] 
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2.4.7. Plasma Formation 
After short pulse laser ablation (in the nanosecond regime), ablated molecules/atoms 

can become ionized.  When the surrounding vapour becomes ionized it is known as 

plasma plume. The plume can interact with the incoming incident laser beam and 

cause absorption and scattering.  Recoil from the plume can create shockwaves in the 

material, thereby producing plastic deformation.  The recoil can generate expulsion 

from surface molten material.  The resolidification of the ejected liquid and 

condensation of plume material can create clusters and nanoparticles, which surround 

the exposed laser area.  When there is a short temporal pulse length, there is more 

energy deposited into the material quickly, which ejects material faster.  The material, 

which has been excited by the laser, has less time to transfer energy to the lattice 

before it is ejected.  The volume of material ejected depends on the laser spatial 

profile and the optical penetration depth. [21] This process of recoil is usually 

associated with nanosecond laser pulses.  With femtosecond ablation the ejected 

particles do not interact with the laser beam as the pulse ends before the start of the 

plume expansion. [98] The expanding plasma shape and scattering of material is 

considerably narrower for femtosecond laser ablation compared to nanosecond laser 

ablation. [121] 

 

2.4.8. Threshold Fluence 
Threshold fluence (ϕth) is defined as the fluence required for a visible modification of 

a material.  Fluence is defined as the energy per unit area of a material, which is given 

in units of Jcm-2.  Calculating the threshold fluence of a material is important for laser 

processing, as ablating close to ϕth minimises material damage and optimises the use 

of the applied laser energy.  Factors that can affect ϕth include the laser wavelength, 

pulse duration, the number of pulses, the type and geometry of the material in 

question and the ablation mechanism.  When a laser pulse is incident on a material 

above the threshold fluence this causes alterations of the surface.  When multiple 

pulses are incident on a material, the surface experiences structural effects from a 

smooth surface to deep cavities appearing.   After each successive laser pulse, 

electrons dissipate energy to the lattice, thereby exciting phonons. [132] There is 

more ablation occurring in the centre due to the Gaussian shape of the laser beam, as 

there is more energy present at that point compared to the edges. 
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2.4.9. Incubation 
There is a decrease in ablation threshold with an increase number of laser pulses due 

to a behaviour known as the incubation effect.  Incubation is defined as the response 

of a material when it is exposed to incident laser pulses and the threshold fluence 

decreases with increasing number of laser pulses.  The incubation parameter (S) is a 

measure of this effect. It has been suggested in literature that this effect arises from 

the build up of plastic deformation due to laser induced thermal stress fields (in 

metals) and defect generation (in semiconductors) from multiple pulses. [133] This 

changes the optical properties of the material, which increases the optical absorptivity 

and reduces the ablation threshold. [134] Incubation is expressed in Equation ( 35 ).  

 

2.5. Laser Induced Periodic Surface Structures 
LIPSS have been fabricated on metal, [135-141] polymer, [142] semiconductor, [143] 

glass [144] and dielectric [145] surfaces and have been significantly studied since the 

1960s. With metals, LIPSS normally have a period close to the wavelength of the 

incident beam and are orientated perpendicular to the direction of the polarization of 

the beam. [138] It has been recently found that materials such as semiconductors, 

dielectrics and metals achieve LIPSS with a period much smaller than the laser 

wavelength. [146] The spatial period of the LIPSS is dependent on the angle of 

incidence, wavelength and polarization of the laser beam. [147] LIPSS have been 

fabricated in air [135] and liquid [148-152] and it was found that the period of the 

ripples became smaller under water confinement when compared with air.    

 

There are two types of LIPSS that have been reported throughout literature, Low 

Spatial Frequency LIPSS (LSFL) and High Spatial Frequency LIPSS (HSFL).   LSFL 

are created by the interference between the incident laser beam and the surface 

scattered wave and the ripples have a period close to the laser beam wavelength.  In 

contrast, HSFL have a period considerably smaller than the laser beam wavelength 

and the reason how HSFL are formed is still unknown. [153] Normally, the 

orientation of LSFL is perpendicular to the polarization of the incident laser beam 

while the orientation of HSFL’s are parallel to the polarization. [154] 
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2.5.1. Mechanisms of LIPSS Generation 
The mechanisms behind LIPSS formation have been a constant debate since their 

discovery in 1965. There are a number of theories that attempt to explain the 

formation of LIPSS.  Examples of these include excitation of surface plasmon 

polaritons (SPPs), self-organization and the interference between the laser beam and 

the scattered wave from the material surface. 

2.5.1.1. Excitation of surface plasmon polaritons 

Plasmons are a cloud of oscillating free electrons that are centred on fixed positively 

charged ion cores within the bulk of a plasma. Changes in electron density cause 

restoring forces from the fixed ion cores to generate simple harmonic motion.  The 

frequency of these oscillations is given by: [155] 

 

 
ωP =

nee
2

mε0
 ( 22 ) 

 

where ωp is the plasma frequency (Hz), ne is the density of free electrons (m-3), e is the 

electron charge (C), m is the effective mass of the free electrons (kg) and ε0 is the 

permittivity of free space (F m-1).  For most metals ωp has a higher frequency in the 

UV or deep UV region.   

 

Surface plasmons on a metal surface can be perturbed by an external electromagnetic 

wave that is in resonance with the plasmon oscillation frequency.  This perturbation 

gives rise to a solution of Maxwell’s equations that has both longitudinal (charge 

density oscillations) and transverse (radiative oscillations travelling through the 

medium) solutions.  When there is no electromagnetic wave these two solutions do 

not couple together and the charge density oscillations exist on their own. 

 

A polariton is a quasi-particle resulting from the coupling of an electromagnetic wave 

with an electric dipole.  Surface Plasmon Polaritons (SPPs) are the combined 

longitudinal oscillations of electrons and the incident electromagnetic field at a metal-

dielectric interface. [156] When the incident electromagnetic radiation couples with 

the plasmon oscillation, there is an increase of the electric field intensity in the area of 

the structure. [157] The average intensity of the incident laser, I (W m-2) is defined as 
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the energy passing a unit area in unit time and is related to the electric field using the 

equation [106]: 

 
I =

E(t)2
rms

Z
=
1
2
cε0ηE0

2  ( 23 ) 

 

where E(t)2
rms

is the root-mean-square time average, Z is the wave impedance (Ω), 

c is the speed of light in a vacuum (m s-1), ε0 is the permittivity of free space (with a 

value of 8.85 × 10-12 F m-1), η is the refractive index and E0 is the electric field 

amplitude (N C-1).  Equation ( 23 ) shows that the intensity of the incident laser is 

proportional to the square of the amplitude of the electric field.  LIPSS are reliant on 

the polarization. The electric field is related to the polarization using [106]: 

 

 P = ε0χE  ( 24 ) 

 

where  P is the dipole polarization (C m-2), ε0 is the permittivity of free space (F m-1), 

χ is the electric susceptibility and E is the electric field intensity (V m-1).  When light 

is coupled into a surface plasmon mode on the surface of a flat metal, it will propagate 

along the surface but will eventually attenuate because of losses such as 

scattering/absorption in the metal.  The attenuation depends on the dielectric function 

of the metal at the oscillation frequency of the surface plasmon.  An SPP wave vector, 

ksp, (m-1) follows the dispersion relation given by [156]: 

 

  ( 25 ) 

 

where ω is the electromagnetic wave frequency (Hz), c is the speed of light in a 

vacuum (m s-1), εd is the permittivity of the dielectric or air (F m-1) and εm is the 

permittivity of the metal (F m-1).  The real part of εm must be smaller than - εd so that 

the SPP wave vector has positive real and imaginary parts. [156] In metals, the 

magnitude of the permittivity is determined by the high concentration of free 

electrons allowing the excitation and propagation of SPPs.     

 

ksp =
ω
c

εmεd
εm +εd
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A significant amount of research has been done to relate LIPSS with SPPs. [146, 158-

160] It is known that SPPs are associated with low spatial frequency LIPSS (LSFL), 

which have a period smaller than the wavelength of the incident laser beam. The 

decrease in the ripple period may be due to the decrease of the surface plasmon 

wavelength. [158] It has also been suggested that the reduced period of nanostructure-

covered LIPSS is due to a change in the effective refractive index of the air-metal 

interface. [161] Hwang et al [137] proposed that it could be due to a rise in the real 

part of the refractive index of the metal-air interface when nanostructures are created, 

thereby affecting the surface plasmon propagation.   

 

Periodic ripples on the surface of a metal can generate a surface plasmon photonic 

bandgap.  Figure 2.6(b) shows that the wavelength associated with the bandgap with a 

period, a, is equal to half the wavelength of the surface plasmon.  [162] There are two 

surface plasmon standing wave solutions present in crystalline solids, both with the 

same wavelength but with different frequencies because of their different field and 

surface charge distributions.  The upper frequency, ω+, has a higher energy than the 

ω- branch due to the greater distance between the surface charges and larger 

distortion of the field, illustrated in Figure 2.6(b). At the band edges the density of 

surface plasmon states is high and hence there is a rise in the field enhancement. [162] 

Surface plasmons exhibiting frequencies between ω- and ω+ are unable to propagate 

so this frequency range is known as the surface plasmon bandgap or stop gap, as 

shown in Figure 2.6(a). 

 

 
Figure 2.6 (a) Surface Plasmon bandgap and (b) texturing on material surface [162] 

 



Theory and Literature Review   
 

                                                                                                                                      40 
 

2.5.1.2. Self-Organization 

Self-organisation is formed from an “instability induced by the ablation process”. 

[163] This instability occurs due to the competition between ion beam erosion and 

atomic diffusion on the surface.  Recently, self-organisation has been proposed as a 

potential mechanism of LIPSS formation due to LIPSS having similar structures 

induced by ion beam sputtering [22] and with dune formation in deserts [164]. In 

relation to ion sputtering, it has been found that the sputtered area resembles a rippled 

surface by appearance and size. [165]  

 

When a material is exposed to a femtosecond laser pulse, its electronic system 

becomes disturbed leading to thermodynamic instability.  Roughening of the surface 

occurs due to material removal yet diffusion and surface tension tends to smooth the 

surface again. Varlamova et al [166] verify the theory behind ripple formation.  They 

propose that when a surface is subjected to ultra-short laser pulses, it undergoes a 

state of severe non-equilibrium.  This non-equilibrium relaxes at a very short time 

scale by desorption (surface roughening) and diffusion (surface smoothing). There is 

a rapid relaxation, faster than any thermo-dynamic equilibrium process, giving rise to 

self-organized structure formation. [167] Bizi-bandoki et al [168] propose the 

mechanism of LIPSS is a combination of self-organisation and interference.  

 

2.5.1.3. Interference 

When a laser interacts with a material surface, surface defects cause the incoming 

incident laser beam to become partially scattered into a tangential wave, which 

propagates across the material surface.  Scattering of the laser beam may be due to the 

roughness of the surface or defects. [98] Ripples appear because of interference of the 

laser beam with multiple surface defects shown in Figure 2.7. Similar interference 

occurs in Young’s double slit experiment.   In relation to femtosecond pulses, the 

lines of constructive interference cause ablation. [133] The laser beam interferes 

slightly below the surface and absorption occurs in a non-uniform ripple pattern. This 

absorption process excites waves in the molten layer on the surface and the ripples 

solidify becoming “frozen”. [169] If the lifetime of the surface wave is longer than the 

lifetime of the molten layer, the wave structure will be frozen on the surface.  If the 

surface wave has a shorter lifetime than the molten layer, the wave will vanish before 
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re-solidification and the surface will remain flat.  The higher the fluence the longer 

the lifetime of the molten layer. [149] LIPSS features that don’t comply with the 

interference model are [163]:  

1. LIPSS that have a period smaller than the wavelength of the laser beam. 

2. Two sets of LIPSS with different periodicity are observed. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2.7 LIPSS interference mechanism whereby (a) particles are exposed to an ultra-short 

laser pulse, (b) constructive and destructive interference occurs between these surface defects 
and (c) LIPSS are produced on the surface of the substrate.  

 

2.5.2. Nanostructured-Covered LIPSS 
This study specifically focuses on the high-resolution topography associated with 

nanostructured-covered LIPSS, which include bridges, protrusions and nanoparticles 

(experimental images shown in Section 5.3). In recent studies it has been shown that 

femtosecond LIPSS are covered densely by nanostructures.  An example of such 

nanostructures is shown in Figure 2.8.  
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Figure 2.8 Nanostructure-covered LIPSS created on the surface of Platinum [170] 

 

The morphology of high-resolution nanostructured-covered LIPSS includes structures 

such as bridges, nanopillars and nanoparticles.  These structures have been previously 

seen on Cu, Au, Ag, Ti and Pt. [136, 152, 171-173] They have also been seen on the 

surface of steel. [174-176] The possible mechanisms responsible for nanopillars, 

nano-bridge and nanoparticle formations are described below. 

2.5.2.1. Nanopillar Formation 

Mechanisms responsible for the nanopillars include the Marangoni convection [177]  

and Plateau-Rayleigh instability. [178] The Marangoni convection is due to surface 

tension (γ), which determines the cohesive energy existing at an interface (N m-1). 

[179] Surface tension is indirectly proportional to temperature; therefore surface 

tension decreases with increasing temperature as shown in Equation ( 26 ). [180] This 

is due to cohesive forces decreasing thereby increasing molecular thermal motion.  

 

 ∂γ
∂x

=
∂γ
∂T
.∂T
∂x

 ( 26 ) 

 

Surface tension depends on the temperature, chemical composition and cleanliness of 

the surface.  When there is a large temperature difference along the surface, the 

surface tension gradient (δγ /δx) creates a shear force initiating liquid to move from 

the hot to cold region.  This mechanism is known as the Marangoni convection.  In 
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the case of a Gaussian beam, the non-uniform heating causes the surface tension 

gradient to create a flow of molten liquid away from the centre of the exposed laser 

area. [177] 

 

The Plateau-Rayleigh instability mechanism is when a non-moving cylinder of fluid 

or a thin jet of a liquid is unstable to disturbances with a period greater than τm > 2πR0 

and disperse into droplets. R0 is the radius of the initial unperturbed cylinder and τm is 

the period of the fastest growing mode. The droplets change their shape to decrease 

the total surface energy.   The radius of a perturbed cylinder grows exponentially in 

time until it breaks up into droplets.  Small perturbations in radius of a liquid cylinder 

grow in time.  Capillary forces drive fluid away from the throat of the cylinder 

causing the cylinder to break into droplets. [178] This is an important mechanism for 

this study. 

2.5.2.2. Nano-bridge Formation   

Possible mechanisms that could contribute to the bridge effect could be surface 

plasmons (described in Section 2.5.1.1) [171] or a larger electron-phonon coupling 

term. [136] Vorobyev et al [171] investigated LIPSS covered with nanostructures and 

found that the period is less that that of regular LIPSS (with a period approximately 

equal to the incident laser beam).  They believed that the reduced period was caused 

by an increase in the real part of the effective refractive index of the air-metal 

interface when nanostructures are generated and influence the propagation of surface 

plasmon polaritons.  From Equation ( 27 ), an increased real part of the refractive 

index for propagating surface plasmons results in a reduced LIPSS period. 

 

  ( 27 ) 

 

where Λ is the LIPSS period (m), λ is the wavelength of the incident beam (m), η is 

the real part of the effective refractive index of the air-metal interface for surface 

plasmons.  When LIPSS are covered with nanostructures there is an increase in the 

optical absorptance of the metal. [181]  

Λ =
λ
η
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2.5.2.3. Nanoparticle Formation 

Possible mechanisms that could contribute to nanoparticle formation are spallation or 

nanobump formation, described in Sections 2.4.6.1 and 2.4.6.3, respectively. The 

nanoparticles are spherical and elliptical in shape due to surface tension after the 

ejection process. The molten nanoparticles freeze as soon as they hit the bulk surface.    

 

2.5.3. Factors that Affect LIPSS 
The formation of LIPSS depends on several factors, such as: wavelength, 

polarization, laser fluence, the number of pulses and the angle of the incident laser 

beam. The period of the surface ripples (Λ) is controlled by the incident laser 

wavelength (λ) and can be calculated using Equation ( 28 ).  [98] 

 

  ( 28 ) 

 

Flowers et al [182] was able to calculate the speed ripples travelling across a liquid 

surface as: 

 ) ( 29 ) 

 

where c = speed of ripples (m s-1), λ = wavelength, g = acceleration due to gravity (m 

s-2) and ρ = density (kg m-3).  LIPSS travel perpendicular to the direction of 

polarization of the laser beam. It has been documented that with a circularly polarized 

laser beam, the creation of nanoparticles is observed on LIPSS. [38] With laser 

fluence, there are two types of ablative phases that can occur: gentle and strong 

ablation.  Ripples are seen in the gentle ablation phase where there is a low rate of 

removal of material and the fluence is slightly above or equal to the ablation threshold 

fluence. When the fluence is increased, the strong ablation phase takes over and 

increases the ablation rate removing material considerably. [37]   

 

A number of successive laser pulses are needed for LIPSS formation. As few as five 

to ten pulses are needed to generate LIPSS on metal [183] and even glass. [184] It has 

Λ =
λ

1± sinθ

c = (λg
2π

+
2πγ
ρλ
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been shown that as the incident angle of the laser beam increases, the ripples become 

more asymmetric. [24]  

 

2.5.4. Applications of LIPSS 
LIPSS has a number of applications like altering the hydrophilic or hydrophobic 

performance of a materials surface, [154, 185] reducing the reflectivity (as described 

in Chapter 4), plasmon based optical devices, [186] altering cellular bio response (as 

described in Chapter 6), increasing the adhesion, [55] tribology, [187] colouring 

metals, [188] black metals [189] and photocatalysis. [190] LIPSS were also found to 

enhance photoelectric emission. [191]  

 

2.6. Conclusion 
This chapter reviewed the current literature in relation to the theory behind LIPSS 

formation.  It discusses the role of coronary stents and how immune, fibroblast and 

endothelial cells respond to changes in biomaterial surface roughness.  It examined 

metallic properties such as oxidation and grain structure.  It then examined laser-

material interaction by discussing the absorption and optical properties of a metal and 

a thorough account of the mechanisms involved in the laser ablation process.  It also 

reviewed possible current mechanisms involved in LIPSS formation and discussed 

mechanisms that could account for the nanostructures associated with LIPSS.   
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Chapter 3. Materials and Methods 
 

3.1. Introduction 
This chapter describes the materials and methods used for LIPSS formation and the 

characterisation techniques associated with them.  Firstly, this chapter discusses the 

various elements involved in an alloy stent material.  Section 3.3 emphasizes on the 

femtosecond laser setup and considers laser parameters such as repetition rate, pulse 

duration and the number of pulses.  Calculations involved in the threshold fluence and 

incubation will be considered next.  The optical properties of metals and thermal 

modelling of laser-metal interaction is examined in Section 3.6.  The physical and 

chemical changes of an alloy surface after laser exposure are analysed using 

techniques described in Section 3.6.3, and the properties and applications of LIPSS 

are described in Section 3.8 and 3.9.  Finally, the characterization involved in the 

biological response of LIPSS are explained in Section 3.10. 

 

3.2. Materials  
Several alloy stents supplied by Boston Scientific, Galway, were used in this study in 

an effort to create LIPSS on the surface.  The Pt:SS and 316LSS samples were 

coronary artery stents and the Elgiloy and Nitinol samples were self-expanding stents. 

Bulk gold wire was also used to compare against an alloy.  A Pt:SS coronary stent has 

a length of approximately 32 mm; the width of a strut face and of a connector is 

estimated at 112 ± 2 μm and 54 ± 1 μm, respectively.  A 316LSS coronary stent also 

has a length of 32 mm; the width of a strut face and of a connector is estimated at 109 

± 1 μm and 84 ± 3 μm, respectively.  The diameters of the elgiloy, nitinol and gold 

wires are estimated at 177 ± 1 μm, 277 ± 4 μm and 257 ± 1 μm, respectively.   
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(a) (b) 

 
(c) (d) 

 
(e) 

Figure 3.1 Geometry of (a) Pt:SS stent, (b) 316LSS stent, (c) Elgiloy stent, (d) Nitinol stent, (e) 
gold wire obtained using an optical microscope. 

 

3.2.1. Alloy Stent Material 
Metals are currently the principal material used for Drug Eluting Stents (DES), as 

they maintain their flexibility and strength at the body’s temperature.  They also have 

high radiopacity beneficial for X-ray imaging. [60] Examples of the common metals 

used for the metal core of a DES are given as follows.  

 

Platinum Stainless Steel (Pt:SS), known in the market as Platinum Chromium (PtCr), 
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is a metal alloy comprising of 33% Platinum, 37% Iron, 18% Chromium, 9% Nickel, 

3% Molybdenum and traces of Manganese.  The base for Pt:SS is stainless steel with 

an addition of platinum, which creates stronger and more flexible stent struts. Pt:SS is 

a metal alloy exclusively fabricated for coronary stents.  Platinum is twice the density 

of cobalt or iron giving it excellent radiopacity properties (21.1 g/cm3 compared to 8.9 

g/cm3 and 7.9 g/cm3, respectively) and has more radial strength and flexibility 

compared to 316L stainless steel. [192] O’Brien et al [12] studied the concentration of 

human coronary artery endothelial cells (HCAECs) on Pt:SS compared to stainless 

steel stents.  They found that there was a significant increase of HCAECs on the 

surface of Pt:SS stents after 14 days compared to 7 days while to no significant 

difference was observed on the surface of stainless steel. 

 

316L Stainless steel is a Chromium-Nickel-Molybdenum alloy consisting of 61-72% 

Iron, 16-18% Chromium, 10-14% Nickel, 2-3% Molybdenum, 2% Manganese, 0.08% 

Carbon, 0.75% Silicon, 0.45% Phosphorus, 0.03% Sulphur and 0.1% Nitrogen. [193] 

316L stainless steel is known for its strength, biocompatibility, resistance to corrosion 

and it is relatively easy to machine due to the carbon present. [194] Using a 

femtosecond laser, ripples have been created on the surface of 316L stainless steel 

[175] [195] for applications such as increasing the hydrophobicity of the surface [196] 

and colour marking. [197] Au stents have been fabricated by plating Au onto stainless 

steel stents and were found to obtain high radiopacity and flexibility yet decreased 

radial strength compared to stainless steel. [198] There is current research being 

undertaken to improve the corrosion resistance and strength of steel by cold spraying 

samples with 316LSS and cobalt chromium alloy powders.  The strength at failure 

increased to 685 MPa compared to 600 MPa for pure steel. [199] 

 

Elgiloy® (Cobalt-Chromium-Nickel Alloy) is a high-performance alloy containing 

40% Cobalt, 20% Chromium, 16% Iron, 15% Nickel, and 7% Molybdenum and 2% 

Manganese. It also has an enhanced radiopaque tantalum core.  Elgiloy has a number 

of attractive features; high strength, good fatigue resistance, has excellent 

biocompatibility properties and is corrosion resistant in various environments. [200] It 

is also reasonably radiopaque and non-magnetic, which is useful for medical 

applications. [201] 
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Nitinol, also known as nickel titanium, is a metal alloy consisting of equal amounts of 

nickel and titanium.  Nitinol alloys have “shape memory”, which allows them to 

change their dimensions or shape at one temperature and then revert back to its 

original size when heated above its transformation temperature. [202] Nitinol also 

becomes super-elastic at temperatures just above its transformation temperature, 

whereby it displays immense elasticity. [203] The majority of self-expanding carotid 

stents are fabricated from Nitinol and Elgiloy.   

 

3.2.2. Alloy Phase Diagrams 
The two alloys largely used in this study are 316L Stainless Steel and Pt:SS.  The 

phase diagrams were calculated to estimate the melting temperature of each alloy.  

This was achieved using the software Thermo-Calc®, shown in Figure 3.2 and Figure 

3.3.   The melting temperature for each element is given in Table 3.1.  Out of the 

highest percentage elements, nickel is the first element to melt followed by iron, 

platinum and chromium.   

 
Table 3.1 Melting temperature for elements 

Element Melting Temperature (°C) 

Platinum 1768 

Iron 1538  

Chromium 1863 

Nickel 1455 

Molybdenum 2623 

Manganese 1246 
 

Figure 3.2 shows the phase diagram for 316LSS.  It is graphed as temperature (600 – 

3000 °C) against the mass percent of Fe, as this is the largest element present in 

stainless steel.  The components used to create this diagram include 65% Fe, 18% Cr, 

14% Ni and 3% Mo.  The red line indicates the concentration of Fe at 65%.  As the 

316LSS alloy (at 65% Fe) is heated from 600 °C it goes from a FCC + sigma phase to 

a FCC phase (γ-iron allotrope).  As the temperature is increased the alloy changes 

from a BCC + FCC phase to a Liquid + BCC phase (δ allotrope).  With increased 

temperature the alloy then goes into the liquid phase where all the elements are now 
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in liquid form.  The alloy becomes a liquid at 1449-1462 °C (from 65% Fe -72% Fe) 

and the gas phase occurs above 2695-2738 °C (from 65% Fe -72% Fe).  The 

definition of each phase is explained in Table 3.2. 
 

 

Figure 3.2 Phase Diagram of 316LSS alloy from 600-3000 °C.  Red line illustrates the mass % Fe 
present in 316LSS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!
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Table 3.2 Description of each phase in a 316LSS alloy 

Phases Description 

Liquid When a metal becomes a liquid, the metallic bond is still present but the 

ordered structure has broken down.   

BCC Each single unit cell shares 8 corner atoms with its neighbouring unit cells 

and one atom at the centre of the cell.  Therefore, each BCC cell contains 

two atoms. 

FCC Each single unit cell shares 8 corner atoms with its neighbouring unit cells 

and one atom in the centre of each face.  Therefore, each FCC cell contains 

four atoms. 

Sigma  A hard, brittle, non-magnetic phase of tetragonal structure occurring in 

many transition-metal alloys; frequently encountered in high chromium 

stainless steels.  Sigma is the most common secondary phase.  It decreases 

corrosion resistance.  Sigma phase is an intermetallic compound, which can 

precipitate on grain boundaries as a secondary phase.  The general 

composition of sigma phase is (Fe, Ni)3(Cr, Mo)2. [204] 

MU_Phase The μ phase can be broken up into two types: 1. Primary μ phase forms 

during solidification and secondary μ phase precipitates during aging heat 

treatment ranging from 800 to 1140 °C. Decreases corrosion resistance and 

toughness.  μ phase is brittle and acts as a barrier to moving dislocations, 

which can cause cracking. [205] 

P_Phase The Pearlite phase is a thinly laminated mixture of cementite and ferrite, 

which is formed by the cooling of austenite. It is present in cast iron and 

steel. 

 

Figure 3.3 shows the phase diagram for Pt:SS.  It is graphed as temperature (600 – 

3000 °C) against the mass percent of Pt.  The components used to create this diagram 

include 37% Fe, 33% Pt, 18% Cr, 9% Ni and 3% Mo.  The red line indicates the 

concentration of Pt at 33%.  As the alloy (at 33% Pt) is heated from 600 °C it goes 

from a FCC + sigma phase to a FCC phase.  As the temperature is increased the alloy 

changes from a liquid + FCC phase to a liquid phase.  The alloy becomes a liquid at 

1480 °C and the gas phase occurs above 2730 °C.  The melting temperature has 

increased due to the addition of platinum.  
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Figure 3.3 Phase Diagram of the Pt:SS alloy from 600-3000 °C calculated using Thermocalc®.  
The red dashed line illustrates the mass % Pt for Pt:SS. 

 
The phase diagrams presented here are based on equilibrium heating and cooling.  

Because of the fast cooling effect with femtosecond laser pulses, non-equilibrium 

cooling occurs. 
 

3.3. Femtosecond Laser System 

3.3.1. Femtosecond Laser Set-up 
Laser ablation experiments were carried out using a Yb:KYW chirped-pulse-

regenerative amplification laser system (Amplitude Systemes S-pulse HP) that 

delivered laser pulses with a duration of approximately 500 fs. The spatial profile of 

the laser beam is approximately Gaussian in nature with an M2 value <1.2.  The 

specifications for the s-Pulse HP laser are given in Table 3.3. 

 

 

!
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Table 3.3 s-Pulse HP specifications [206] 

Repetition Rate 1-300 kHz 

Pulse Duration <500 fs 

Wavelength 1030 nm, 515 nm, 343 nm 

Beam Diameter at laser head exit X=2.34 mm, Y = 2.12 mm 

Mode quality TEM00 

M2 <1.2 

Pulse to pulse stability 0.5% RMS 

Operating temperature 20 °C to 28 °C 

 

The femtosecond laser set-up consists of the laser head, interface box, power supplies, 

lenses, an XYZ stage and a galvanometer, shown in Figure 3.4.  Mirrors (reflectivity 

> 99.5%) are positioned on fixed and flip mounts to direct the laser beam at various 

wavelength outputs to different workstations.  These are discussed in detail in Section 

3.3.1.1, 3.3.1.2, 3.3.1.3 and 3.3.1.4. 

 
 

Figure 3.4 Femtosecond laser set-up 

!
!

Laser!Head!
500!fs!pulse!dura/on!

!
!
!

!
!

Interface!Box!
!
!
!
!
!
50!fs! 50!fs+! IR! SHG! THG! Osc.!

Galvo! XYZ!
Stage!

Galvo!
Power!
Supply!

+75!cm!



Materials and Methods   
 

                                                                                                                                      54 
 

3.3.1.1. Laser Head 

The laser head consists of an oscillator, pulse stretcher, Pockels cell, regenerative 

amplifier, pulse picker, pulse compressor and closed loop chiller.  It is a Chirped 

Pulse Amplification (CPA) technique used to generate high-energy femtosecond 

pulses.   CPA involves the stretching, amplification and compression of ultrashort 

pulses.  The technique is illustrated in Figure 3.5.   

 

 
Figure 3.5 Laser head based on the CPA technique used to increase the energy of a femtosecond 
pulse 

 

A laser operates on the principle of stimulated emission.  Stimulated emission is a 

process whereby an incoming photon (of an incident wave) interacts with an excited 

atom making it decay from the excited state to the ground state.  This interaction 

creates an additional photon with identical phase, direction, frequency and 

polarization as the incoming photon.  Population inversion must apply whereby a 

system exists with more atoms in an excited state than in lower energy states. [106] 

 

The oscillator contains a Fabry-Pèrot cavity with a Ytterbium doped crystal in the 

centre of two mirrors. Ytterbium is the active laser medium and presents strong 

absorption bands in the near infrared (940-980 nm) allowing it to be compatible with 

direct diode pumping. The crystal is excited at a specific wavelength by two diodes 
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either side of it. The advantages of using Ytterbium include high thermal efficiency 

and creating high-powered femtosecond pulses. [206]   

 
The two mirrors have a reflectivity that change non-linearly with pulse energy (whose 

reflection coefficient increases with incident pulse energy) or intensity.  One mirror is 

100% reflective, which will only reflect high intensity light, while the other is 

partially reflective (output coupler usually composed of BK7 or fused silica material). 

Photons that are travelling in the direction normal to the mirrors are continuously 

reflected between each mirror and pass through the laser medium generating more 

photons (stimulated emission).  Constructive and destructive interference occurs when 

photons bounce between these two mirrors and after multiple reflections standing 

waves are created at certain resonance frequencies.  When the different oscillating 

standing waves/modes are in a fixed phase relative to each other, the oscillator is now 

mode-locked.  Each laser pulse now has temporally and spatially matched photons 

due to the oscillating waves constructively interfering with each other.  The larger the 

frequency separation between these waves, the shorter the pulse duration.  The output 

coupler emits a train of weakly powered femtosecond pulses with low energy 

typically between 10-20 nJ at 1030 nm and a high repetition rate of 30 MHz. 

 

This femtosecond laser pulse then travels to the pulse stretcher.  The pulse is 

stretched, using two diffraction gratings, where the femtosecond pulse undergoes a 

different optical path length.  Light with a lower frequency (longer wavelength) will 

travel a shorter distance through the diffraction gratings than light with a higher 

frequency (shorter wavelength) thereby the spectrum is dispersed (positive 

dispersion). The pulse is stretched out in time (pulse duration increases by a factor of 

103 to 105), decreasing the peak power minimizing any damage that can occur to the 

amplifier. After the pulse is stretched it travels into the regenerative amplifier. 

 

The regenerative amplifier is a device used to intensify the energy of optical pulses 

and contains a laser cavity, Pockels cell and a Faraday rotator.  The laser cavity 

houses a Ytterbium doped medium and two mirrors. Within the cavity, the laser pulse 

is reflected and amplified before it is released.  Once the desired power is reached, the 

Pockels cell opens and releases the laser pulse.  A Pockels cell allows Q-switching 
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and controls the output beam ensuring that only one pulse is amplified at any one 

time. It contains an electro-optic crystal (usually made of potassium di-deuterium 

phosphate or barium borate) that light can transmit through. A voltage is applied that 

creates linear changes in the birefringence of the crystal.  The amount of voltage 

determines the direction of polarization of light applied to the crystal.   A thin-film 

polarizer is used to transmit or block the pulse depending on its polarization.  These 

amplified laser pulses then reach the Faraday rotator that is a device used to separate 

input and output pulses before exiting the amplifier. 

 

Pulses are then recompressed to their original pulse duration in a pulse compressor.  

The pulse is compressed by using two diffraction gratings whereby negative 

dispersion occurs. This creates a pulse that has a much higher peak power, normally 

amplified more than 6 orders of magnitude. 

 

The pulses are then directed to a pulse picker, which is an acousto-optic modulator 

(AOM), otherwise known as a Bragg cell, to pick pulses.  It is a device that can 

control the frequency, power or spatial direction of a laser beam by using the acousto-

optic effect to generate a change in refractive index from the oscillating mechanical 

pressure of a sound wave.  The AOM consists of a transparent crystal (normally 

tellurium dioxide, crystalline quartz or fused silica) attached to a piezoelectric 

transducer (normally lithium niobate) that excites a sound wave with a specific 

frequency.  The transducer vibrates when an oscillating signal is applied thereby 

generating sound waves inside the crystal that change its refractive index.  Incoming 

light scatters from the periodic index modulation and interference occurs comparable 

to Bragg diffraction. The frequency of the sound wave can increase or decrease the 

frequency of the scattered beam and slightly change its direction.  The pulses with the 

required frequency (comparable to the frequency of the sound wave) and direction 

can pass through the exit aperture otherwise they are blocked.  Energy is trapped in 

the pulse picker using a Pockels cell. [206] 

 

A closed loop chiller (Termotek AG) is the most effective cooling method.  A chiller 

is used to dissipate heat from the laser diodes, crystals and Pockels cell drivers.  The 

chiller is filled with deionized water and OptiShield II Plus Corrosion Inhibitor (Opti 
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Temp, Inc.)  The chiller has a flow rate of 2.5 l/min and an optimum temperature of 

22 °C. 

 

3.3.1.2. Interface Box 

After the laser beam exits the laser head it enters the interface box shown in Figure 

3.6. The fundamental laser beam has a wavelength of 1030 nm when entering the 

interface box.  This box consists of a motorized attenuator and a second and third 

harmonic generator (SHG/THG).  There are also a selection of mirrors and lenses 

inside the interface box to guide the laser beam to the exit points. 

 

 
Figure 3.6 Set-up of femtosecond laser interface box 

 

The amplified laser beam enters the interface box and a number of mirrors and lenses 

guide it to a motorized attenuator, which consists of a rotary half wave plate and 

polarizing beam splitter that changes the polarization of the beam.  This beam splitter 

is a polarizing prism that allows vertically polarized light to pass through but reflects 

horizontally polarized light.  From this, the half-wave plate can be adjusted to select 

whether the amplified beam is directed to the 1030 nm exit or to the harmonic crystals 

for the 343 nm and 515 nm exits.  It can also be used to alter the laser power for a 

given wavelength. 
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To convert the infrared laser beam into its second and third harmonic, the beam is 

guided towards the harmonic crystals, SHG and THG. The infrared beam is converted 

to a green radiation at a 515 nm wavelength and UV radiation at a 343 nm wavelength 

due to non-linearities of the crystals.  The SHG crystal is made up of lithium triborate 

(LBO), covered with an anti-reflective coating to inhibit the passing of infrared and 

visible wavelengths. Frequency doubling occurs in the SHG crystal when two IR 

photons travelling through create one green photon (50% conversion efficiency).  The 

THG crystal is composed of barium borate (BBO).  Frequency tripling occurs in the 

THG crystal when infrared and green photons travel though the crystal and combine 

to generate UV photons (30% conversion efficiency). The SHG and THG crystals are 

rotated depending on the maximum output power needed for a specific wavelength.  

To enhance the green output power, the UV output power needs to be minimized and 

vice versa.  Dichroic mirrors (also known as harmonic separators) shown in Figure 

3.6, allow one wavelength to transmit (>85% effective) through while reflecting 

(>90% effective) another wavelength.  They are used to guide the spatially separate 

wavelengths to each exit port of the interface box. 

 

3.3.1.3. Power Supplies 

There are a number of power supplies needed for the femtosecond laser to operate.  

The laser power supply controls the current to the laser diodes, the optical switch in 

the amplifier and the shutter in the laser head.  There are two high voltage power 

supplies needed for the Pockels cell in the amplifier and for the Pockels cell in the 

pulse picker. 

3.3.1.4. Galvanometer 

A galvanometer is used to focus the laser beam onto a sample.  The set-up consists of 

a camera adapter, camera, galvanometer and telecentric lens, shown in Figure 3.7.  

Firstly, the laser beam enters the camera adapter.  This is connected to the beam 

entrance of the galvanometer allowing camera visualization.   The camera adapter 

consists of two adapter plates, a dichroic beam-splitter and an objective unit. The 

objective unit situates above the beam splitter housing and contains a camera 

objective, an adjustable iris diaphragm and a translation stage.  The camera (Infinity 

2-1C, Lumenera®) is housed above the objective unit.  
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The laser beam then travels from the camera adapter to the galvanometer 

(hurrySCAN® II 14, Scanlab®) positioned above the XYZ stage (Aerotech Inc.).  A 

galvanometer is a X-Y scan head used to deflect a laser beam in the x and y direction 

and to focus the beam onto a sample.  The Gaussian laser beam is deflected and 

scanned onto the sample using a pair of rotatable deflection mirrors.  When the laser 

beam first enters the input aperture (14 mm diameter) it is deflected by one mirror in 

the Y direction and then deflected by the second mirror in the X direction.  Each 

mirror is coated for a specific wavelength or wavelength range.  At the galvanometer 

exit a telecentric lens (F-Theta Ronar, Qioptiq®), with a focal length of 100 mm, is 

used to focus the collimated laser beam.  Digital Signal Processor (DSP) control 

boards are the hardware interface connecting the software, the galvanometer and the 

laser together.  The software used is WinLase® Laser Marking Software Suite.   

 

 
Figure 3.7 Galvanometer set-up 

 

3.3.2. Laser Parameters 

3.3.2.1. Repetition Rate 

In the laser head the femtosecond pulses are amplified at a specific repetition rate (Q).  

The pulse picker controls the repetition rate.  The pulse picker consists of a 
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birefringent crystal, which selects every nth pulse from the pulse train. The time (t) 

between each pulse can be related to the repetition rate using the equation, t = 1/Q. 

Figure 3.8 shows the oscillator (yellow), amplified (blue) and pulse picker (pink) 

pulses illustrated by connecting an oscilloscope (model TDS5000 Series, Tektronix) 

to the laser head.  The current repetition rate is 100 kHz for both amplifier and pulse 

picker whereby there is one pulse every 10 μs for both.  If the amplifier were set at 

100 kHz and the pulse picker at 50 kHz, there would be one pulse picker pulse for 

every second amplified pulse. 

 
 

Figure 3.8 Illustrates the oscillator (yellow), amplifier (blue) and pulse picker pulses (pink) at 100 
kHz [Oscilloscope] 

3.3.2.2. Pulse Duration 

The pulse duration, τp, is defined as the time taken between the end of the rise time 

and the start of the decay time for a given pulse.  It is measured at the full width at 

half maximum (FWHM). In other words τp is calculated from the width of the time 

interval within which the power is half the peak power.  To alter the pulse duration in 

the laser head the distance between the gratings in the compressor can be changed 

using a motorized stage.  When the gratings are moved the user can check the 

corresponding average power output.  The maximum output power achieved 

corresponds to the shortest pulse duration (<500 fs).  The pulse duration can be 

changed from 500 fs to 3 ps.  The pulse duration of this particular femtosecond laser 

system is approximately 570 fs, shown in Figure 3.9.  The pulse duration can be 

measured using an autocorrelator. 
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Figure 3.9 Signal Intensity as a function of time for one Gaussian femtosecond pulse.  Pulse 

duration calculated as 570 fs. 

 

3.3.2.3. Number of Pulses 

The user can control the number of pulses incident on the sample using the interface 

software WinLase®, which controls the fast mechanical shutter (acousto-optic 

modulator, described in Section 3.3.1.1) positioned in the laser head. In WinLase®, 

“laser off” time is set to zero and “laser on” time is set to the time the user would like 

the gate left open for, depending on the number of pulses required.  This is shown in 

Figure 3.10 where the “laser on” time is set to 110 μs and the “laser off” time is set to 

zero at a repetition rate of 100 kHz.  From this there are 11 emitted laser pulses.  The 

gate signal comes from the laser controller.  When the signal is zero there is no high 

voltage (HV) on the Pockels cell to allow amplification. 

 

 
Figure 3.10 Oscilloscope showing the gate (blue) and emitted pulses (yellow). In Winlase, “laser 
on” time is 110 μs, “laser off” time = 0 μs at a repetition rate of 100 kHz. 
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3.4. Stent Preparation 

3.4.1. Fully Texturing Stents with LIPSS 
The reproducible process of fully texturing the surface of a stent with LIPSS is 

shown in Figure 3.11.  A Pt:SS and 316LSS stent was placed on a 0.051” diameter 

mandrel.  This mandrel is held at one side by a rotary stage and the other side by a 

collet.  A rectangular array consisting of 45,000 laser spots was fabricated on the 

stent slightly above the threshold fluence at 0.2 Jcm-2.  Each spot was exposed to 30 

successive laser pulses at a repetition rate of 100 kHz.  The stent was then manually 

rotated using an apt-dc servo controller (Thorlabs).  This procedure was repeated 

until each Pt:SS and 316LSS stent was fully textured with LIPSS.  

 

 
Figure 3.11 Stent on mandrel held together by two collets (one in a rotary stage) on an XYZ 
stage. 

3.4.2. Stent Expansion 
An inflatable balloon expands the majority of coronary stents.  The balloon 

expandable stent apparatus, courtesy of Boston Scientific Galway, is shown in Figure 

3.12.  The apparatus consists of a balloon-tipped catheter, which is expanded using 

deionized water under pressure.  The catheter is a long (approximately 150 mm), thin 

(approximately 1 mm), polymer tube that has a small balloon on its tip, shown in the 

inset of Figure 3.12.  Inside the artery, the balloon is inflated at the blockage site to 

compress plaque against the artery wall and allow sufficient blood flow to pass 

through. The balloon is then deflated to allow the catheter to be removed. In this 
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study, the balloon catheter is used to expand stents, known as balloon expandable 

stents.  Each stent is washed with ethanol and expanded to 6 ATM (approximately 80 

psi).  
 

Figure 3.12 Expanding Stent Apparatus illustrating the baloon expanded tip, courtesy of Boston 
Scientific, Galway 

 

3.5. Laser Ablation 
The threshold fluence and incubation coefficient are important parameters in regards 

to laser ablation.  When the applied ϕ0 incident on a material surface is greater than 

the threshold fluence value, laser ablation occurs and when it is below there is no 

ablation. 

 

3.5.1. Calculating Threshold Fluence 
The method used to calculate the damage threshold fluence (ϕth) is described as 

follows. The spatial fluence profile, ϕ(r), for a Gaussian beam is given by:  
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where ϕ0 is the applied peak fluence in the beam, r is the distance from the centre of 

the beam and ω0 is the (1/e2) radius of the Gaussian shaped laser beam at focus.  The 

laser pulse energy (Ep) is given by: 

 

  ( 31 ) 

 

where P is the average laser power (W) and Q is the laser repetition rate (Hz).  The 

maximum peak fluence for the Gaussian pulse is determined from the pulse energy, 

Ep, using: [207] 

 

  ( 32 ) 

 

The maximum diameter, D, of the damaged crater is related to the peak and damaged 

threshold fluence by:  

 

  ( 33 ) 

 

Due to the linear dependence of the maximum laser fluence on the total pulse energy, 

it is possible to determine both ω0 and hence ϕth from the plot of D2 versus the 

logarithm of the pulse energy, an example is illustrated in Figure 3.13. 

 

 
Figure 3.13 Plot of D2 as a function of the natural log of pulse energy in relation to N on the 
surface of Pt:SS.  The laser beam has a wavelength of 1030nm and a repetition rate of 100Hz 
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The beam radius can then be determined by: 

 

  
( 34 ) 

 

When ω0 is calculated the fluence can then be calculated using Equation ( 33 ).  By 

plotting D2 versus the natural log of the applied laser fluence shown in Figure 3.14 

and extrapolating the D2 line to zero ϕth can be calculated. [207] 

 

 
Figure 3.14 Plot of D2 as a function of the natural log of fluence in relation to N on the surface of 
Pt:SS.  The laser beam has a wavelength of 1030nm and a repetition rate of 100Hz. 

 

3.5.2. Incubation 
Incubation is defined as the response of a material when it is exposed to incident laser 

pulses and the threshold fluence decreases with increasing number of laser pulses. 

The incubation parameter (S) is a measure of this effect.  In the case of Pt:SS ablation 

threshold fluence decreases rapidly from 1-30 pulses and then plateaus after 

successive pulses.  The damage threshold for N laser pulses ϕth(N) is typically related 

to the single pulse damage threshold fluence ϕth(1) through: [133]  

 

  ( 35 ) 

 

where ϕth(N) is the fluence threshold, N is the number of pulses, ϕth(1) is the fluence 

threshold for 1 pulse and S is the degree of incubation in the material. When S=1, 

incubation is absent in the material, in other words, damage threshold fluence is 

constant and independent of the number of pulses, shown in Figure 3.15(a). When 
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S<1, some residual damage is left in the material between each pulse thereby 

decreasing the damage threshold fluence with increasing number of pulses, shown in 

Figure 3.15(b).  When S>1, more energy is needed to ablate the material which 

increases ϕth with each successive pulse; that is the material is more difficult to ablate 

with each successive pulse and a resistance to ablation is observed in the material, 

shown in Figure 3.15(c). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.15 The response of threshold fluence as a function of the number of pulses for (a) S = 1, 
(b) S <1 and (c) S > 1 
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The incubation effect can be calculated for a material by plotting the natural log of the 

number of pulses times the fluence threshold as a function of the natural log of the 

number of pulses.  This is shown in Figure 4.4(a) for Pt:SS, where the incubation 

coefficient is calculated from the slope as 0.75 ± 0.02 at a laser wavelength of 515 nm 

and 0.79 ± 0.03 at a wavelength of 1030 nm. 

 

3.6. Optical Properties of Metals 

3.6.1. Integrating Sphere 
An integrating sphere is a device that measures optical radiation and is used in this 

project to measure the reflectivity of metal/alloy surfaces and investigate whether 

reflectivity is a contributing factor to incubation.  Reflection occurs when light is 

incident on a smooth (specular reflection) or rough (diffuse reflection) surface.  The 

light emitting from the surface is known as radiance, the flux density per unit solid 

angle (J cm-2 Ω-1). [208] An integrating sphere (Macam Photometrics) was used to 

determine the reflectivity from mechanically polished Pt:SS samples below threshold 

fluence, shown in Figure 3.16. 

 

 

Figure 3.16 Schematic of integrating sphere illustrating entrance port, sample holder and 
photodetector placement. 
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The integrating sphere is a hollow sphere with a highly reflective coating of Barium 

Sulfate (BaSO4) powder (Sigma-Aldrich®).  BaSO4 is highly reflective white 

crystalline solid that is reflective (>90%) from 300 – 1300 nm. Two entry ports (each 

with a diameter of 19 mm) are located on the surface of the sphere for the entrance 

and exit of the incident laser beam. A third port is located on the side of the sphere for 

the photodetector.  The laser beam illuminates the sample via the entry port, which 

faces the sample port.  A photodetector is located at the sidewall port of the sphere.  A 

screen is mounted between the sample port and the detector port to avoid direct 

exposure from the sample to the photodetector. Samples were placed at a small angle 

of 8° so that the incident laser light would diffusely reflect throughout the interior 

surface of the sphere until it is incident on the photodetector.  To obtain 100% 

reference reflectance, the sphere is rotated so that the laser is incident on the sphere 

wall.   The photodetector model used for the infrared range was a Ge Switchable Gain 

Detector, 800-1800 nm (model PDA50B, Thorlabs) and a GaP Switchable Gain 

Detector, 150-550 nm (model PDA25K, Thorlabs) for 515 nm. The peak amplitude of 

the photodetector signal was measured with the aid of an oscilloscope (model 

TDS5000 Series, Tektronix).  

 

The experimental set-up using the integrating sphere is shown in Figure 3.16. The 

dependence of reflectivity of a Pt:SS sample, for example, with increasing number of 

pulses was measured as follows:  

• The integrating sphere is attached to a rotary system and placed under the 

galvanometer.   

• A Pt:SS sample is situated inside the integrating sphere at 8°. 

• The surface was subjected to the specific number of pulses to produce an 

ablated crater.  The stage is kept at the same location to measure the 

reflectivity next. 

• To measure the reflectivity, the photodetector was switched on and a single 

laser pulse at a fluence significantly below damage threshold ϕth was applied 

to measure the reflectivity of the crater. 

• This value was then divided by the 100% reflectivity value (obtained from 

the BaSO4 powder) to calculate the corresponding reflectivity.  

• To make a new measurement the sampled is moved to a bare un-textured 
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area. 

• Reflectivity is measured 5 times to calculate an average value. 

• A number of pulses, in the range of 1 to 100, were applied to modify the 

surface with pulse energies of 2 μJ to 6 μJ.  

 

The reflectivity was compared for two known metals to test the accuracy of the 

method.  Gold was found to have a reflectivity of 0.96 ± 0.02 and silicon had a value 

of 0.34 ± 0.02 in the infrared range, which is consistent with the literature. [98]  

 

Figure 3.17 Set-up of integrating sphere under galvanometer and attached to a rotary system. 

 

3.6.2. Thermal Response of an Alloy 
The thermal response of Pt:SS was examined using COMSOL Multiphysics® 

Modelling Software (license number 1044303).  COMSOL was used to examine the 

Two-Temperature Model (TTM) for Pt:SS. The COMSOL interface has a number of 

sections divided as follows: 

 

 

 

Femtosecond*Laser*
(500*fs)*

High*Speed*
Shu:er*

Rotary*Half>
Waveplate*

Beam*
Spli:er*

Pinhole*

Adjustable*Lenses*

Galvanometer*
100*mm*ObjecIve*

IntegraIng*Sphere*

Sample*

Computer*Controlled*
X,*Y,*Z*Stage*

Screen*Oscilloscope*

Photodetector*



Materials and Methods   
 

                                                                                                                                      70 
 

Global Definitions  

This section allows the user to input the parameters and variables.  Parameters are 

values that stay constant throughout the simulation whereas variables are expressions 

that can change throughout the simulation. 

 

Pt:SS parameters used include a laser wavelength of 515 nm and 1030 nm, a laser 

pulse duration of 500 fs, a ω
0 
of 26 μm, a pulse energy of 2.8 μJ and a repetition rate 

of 100 kHz. A number of parameters for Pt:SS are unknown so a weighted average 

value is taken for each, shown in Table 3.4. Because the highest G value is iron this is 

the value used for Pt:SS.   The laser source term expressed in Equation (10) is placed 

in the variables section.  

 
Table 3.4 Parameters for the main elements of Pt:SS.  

Parameters Iron Chromium Nickel Platinum Pt:SS 

Reflectivity at 1030 nm 0.64 [98] 0.56 [98] 0.72 [98] 0.73 [98] 0.71 [98] 

(0.54 at 515 nm) 

G (Wm-3K-1) at room 

temperature 

4.19e18 [209] 4.2e17 

[210] 

3.6e17 [116] 25E16 [171] 4.19e18 [209] 

K
 l
 (W/m.K) 80.4 94 90.9 71.6 34.5 * 

C
 l
 (J/m3K) 3.23e6 3.23e6 

[211] 

3.68e6 [115] 2.69e6 [212] 2.76e6 * 

Co (Jm-3K-2) 689.71 [213] 194 [210] 1065 [116] 748.1 [214] 553.3 * 

α (cm
-1
) at 1030 nm 5.2e5 [98] 4.97e5 [98] 6.7e5 [98] 7.12e5 [98] 5.92e5 * 

α (cm
-1
) at 515 nm 6.3e5 [98] 1.0e6 [98] 7.5e5 [98] 8.6E5 [98] 7.85e5 * 

The weighted average is denoted by * 

 

Geometry 

To imitate the surface of Pt:SS the geometry was rectangular in shape and had a width 

of 40 μm and a height of 4 μm to allow the heat to diffuse out and the material to 

cool.  The laser intensity was incident on the x=0 boundary. Cooling was incorporated 

at the boundary and a diffusion coefficient was included into the model.   
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Partial Differential Equations (PDE) 

For femtosecond pulses, the time-dependent non-linear PDE is used to compute the 

TTM and estimate the temperature of the lattice and electron subsystem shown in 

Equation ( 15 ) and Equation ( 16 ). 

 

Mesh 

The mesh is defined as the number of smaller bodies, connected at points or boundary 

lines, which will be calculated in the simulation.   The mesh used was a free triangular 

mesh.  A uniform mesh was used that had a maximum element size of 0.1 μm and a 

minimum element size of 1e-5 μm.  The size of the mesh is determined depending on 

the computing time.  

 

Study (time dependent) 

In this study, for a single pulse, the time dependent step function is given as: 

 

 Time = range(0, 20e−15,20e−12), range(20e−12,5e− 7,10e− 6)  ( 36 ) 

 
This means that from 0 to 20 ps, the temperature is recorded every 20 fs.  Then from 

20 ps to 10 μs, the temperature is recorded every 0.5 μs. This is illustrated in Figure 

3.18.  The time step function values can be changed depending on the computing time 

and memory. 

 

 
Figure 3.18 Time dependent step function for a single pulse at a repetition rate of 100 kHz 

 

Solver Sequence 

The TTM was also examined for multiple pulses to verify if heat accumulated after 

each successive pulse. This is achieved using the Solver Sequence. There are two 

1.0

0.5

0.0Te
m

pe
ra

tu
re

 T
ak

en
 (

a.
u.

)

10x10
-69876543210

Time (s)



Materials and Methods   
 

                                                                                                                                      72 
 

solver sequences used in COMSOL to allow the user to take the final temperature of 

the first pulse as the initial temperature of the second pulse.  The geometry, mesh and 

time have the same values for each successive pulse yet the reflectivity value needs to 

be changed for each pulse.   

 

Post-processing 

COMSOL analyses the results from the solvers and can provide numerous output 

plots, for example surface plots, slice plots and contour plots. 

 

3.6.3. Electric Field Enhancement on Nanostructures 
The local near field enhancement of nanostructures is examined using finite-

difference time-domain (FDTD) software (Lumerical Solutions, Inc.).  The interface 

used is FDTD Solutions.  A FDTD algorithm works by solving central-difference 

approximations of the space and time partial derivatives of Maxwell’s equations.  

This is achieved by dividing a solution space along a general grid (finite difference 

method) and calculating the electric and magnetic field values at every location in the 

grid.  The values of the electric field are based on the values of the magnetic field on 

the previous time step (time marching algorithm) and vice versa and the process is 

repeated until the electromagnetic field is in a steady state. [215] The material 

property in FDTD that affects the electric field enhancement is the real part of the 

dielectric function.  In relation to Ag and Au, η has a large value and is negative 

which makes them suitable as plasmonic materials. [157] 

 

This study uses FDTD to examine the interaction of electric field intensity with 

nanostructures after exposure to radiation. Surface plasmons will generate in areas 

where the electric field intensity is the highest. Field enhancement depends on the 

shape, size, orientation and composition of nanostructures and wavelength source.  

 

FDTD models used throughout this project were based on measurements taken from 

AFM and SEM images. As it is difficult to incorporate an alloy material, a weighted 

average of the refractive index was used for Pt:SS, which was added to the Lumerical 

material database.  The parameters used in FDTD to examine the nanostructures 

include using a plane wave (uniform electromagnetic energy along a plane) at a 
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source wavelength of 1030 nm, a mesh value of 3 nm, a horizontally polarized source 

and a simulation time of 1000 fs.  For larger simulations (multiple structures) a mesh 

size of 7 nm was used.  Periodic boundary conditions were used in the xy direction 

and a perfectly matched layer (PML) boundary condition was used in the z direction.  

The electric field intensity was measured using an electric field analysis group 

monitor.  Analysis group monitors allow a set of monitors to be grouped together to 

form a closed box. The electric field analysis group monitor can generate a plot of |E|2 

in the xyz direction.  A normalized electric field is used. 

 

3.7. Physical Characterisation 

3.7.1. Scanning Electron Microscope 
A Scanning Electron Microscope (SEM) was used to visualize the morphology and 

topography of a sample.  A high-energy electron beam (with accelerating voltages 

between 100V and 30kV) is emitted from an electron gun with a crystal cathode.  The 

beam is then focused using electromagnetic lenses, which scan the area in a raster 

pattern along the x and y-axis.  The beam interacts with the atoms on the sample 

surface creating electrons. When the electrons interact with the atoms on the samples 

surface, the electron beam deflects along a new trajectory by elastic scattering.  This 

causes the electrons to spread out laterally from the incident electron beam. Incident 

electrons leave the sample by backscattering.   

 

Secondary electrons are loosely bound outer shell electrons of the atoms and when 

they get sufficient kinetic energy during inelastic scattering can be ejected from the 

atom.  The secondary electrons will then propagate through the solid.  If secondary 

electrons are created close to the sample surface they can escape from the surface.  

The number of backscattered and secondary electrons depends on the topography of 

the surface and the atomic weight of the atoms at the surface. Backscattered electrons 

can be used to detect areas with various elemental compositions from elements with 

high atomic numbers that backscatter more strongly and create a brighter image as 

opposed to elements with low atomic numbers.  Secondary electrons can also generate 

x-rays. The energy of these x-rays can determine the element from which they 

originated. These electrons are then diverted to an Everhart-Thornley detector.  The 
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detector consists of a Faraday cage housing a scintillator (for example phosphor), 

which converts electrons into photons. The brightness of the signal is dependent on 

the number of secondary electrons hitting the detector.  The light is lead by total 

internal reflection through a light guide to a photocathode situated inside a 

photomultiplier. Photons are converted back into electrons, which are accelerated 

onto electrodes inside the photomultiplier increasing the number of electrons.  The 

amplified signal output is then shown as a two-dimensional intensity distribution 

observed on a Charge-Coupled Device (CCD) display. [216]  

 

There a number of SEMs used throughout this study.  A Hitachi S-4700 SEM with 

Energy–dispersive X-ray spectroscopy (EDX) was used for LIPSS visualization, the 

Zeiss Ultra Plus SEM was used for high-resolution of LIPSS (imaging resolution of 

1nm) and the Hitachi S2600N Variable Pressure SEM was used to observe biological 

samples. 

 

The radius of nanoparticles obtained using high-resolution SEM was estimated using 

ImageJ software.  The steps in calculating the radius are as follows: 

• Open image  

• Analyse  Set scale (to convert the image from pixels to nanometres) 

• Crop image (to eliminate scale bar) 

• Process  Enhance Contrast (15%). 

• Process  Binary  Make Binary (this makes the image black and white) 

• If the Binary step is missing too many particles, go to image  adjust  

threshold, and set the upper/lower threshold value when particles are visible. 

• Use Process  Binary Watershed to put 1-pixel white line in between two 

particles. 

• Analyse  Analyse Particles. 

• A new table opens with the area calculated for each particle. 
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3.7.2. Transmission Electron Microscope 
The Transmission Electron Microscope (TEM) used in this study is the FEI Titan 

TEM, located in the CRANN Advanced Microscopy Laboratory, Trinity College 

Dublin.     This TEM is a field emission TEM with accelerating voltages from 80 kV 

to 300 kV.  The theory behind the TEM is as follows.  A beam of high-energy 

electrons is emitted from an electron gun and accelerated to an array of magnetic 

lenses.  These lenses focus the incident electrons into a probe and are then transmitted 

through a thin specimen known as a lamella.  This allows samples to be analysed at an 

atomic scale resolution.  Detectors are then used to register the transmitted electrons 

and a CCD camera or spectrometer is used to form the image of the specimen.  A 

diffraction pattern can also be created from the transmitted electrons.  EDX was used 

to examine the chemical composition and crystal orientation of alloy material. 

 

Samples are prepared for the TEM using the Focused Ion Beam (FIB) technique 

described as follows.  The lamella was prepared using the FEI Strata 235 Focused Ion 

Beam (FIB).  Platinum was used to cover and protect the area from the FIB beam.  

The FIB was then used to mill either side of the deposited platinum, shown in figure 

(a). There should be a lamella thickness of approximately 100-200 nm.  The stent is 

then rotated to allow the user to cut the bottom of the lamella. Platinum is deposited 

on the side of the lamella to weld the lamella to the needle.  After welding the nozzle 

is retracted to make the final cut of the lamella.  A nano-manipulator tool (Kleindiek 

Nanotechnik®) is used to lift out the lamella, shown in figure (b).  The lamella is then 

transported to a copper grid, shown in figure (c) and then welded onto the copper grid, 

shown in figure (d). Figure (e) shows the final lamella with visible LIPSS present 

underneath the deposited platinum. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3.19 Lamella preparation using FIB on a Pt:SS stent by (a) milling either side of deposited 

Pt, (b) using a nano-manipulator tool to lift out lamella, (c) lamella transported to Cu grid, (d) 

welded onto Cu grid and (e) final lamella ready for TEM imaging. 

 

3.7.3. Focused Ion Beam 
A Focused Ion Beam (FIB) etches the surface of a material slightly by using 

individual atoms in an ion beam to ablate a target. An ideal FIB has the capability to 

etch one atom layer with disturbing the neighbouring atom layers. A FIB uses a finely 

focused beam of gallium ions to image (using low beam currents) or mill (using high 

beam currents). The FIB used in this study is the Zeiss Auriga FIB with Cobra ion 

column located in the CRANN Advanced Microscopy Laboratory, Trinity College 
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Dublin.  This FIB has ion imaging resolution of 2.4 nm and electron imaging 

resolution of 1 nm.  This system allows the deposition of platinum, silicon dioxide or 

tungsten.  FIB is used extensively for TEM sample preparation. 

 

When the high-energy gallium ion beam comes in contact with the sample surface, 

atoms are sputtered from the surface.  This leaves the surface with secondary ions and 

secondary electrons. Gallium atoms are also implanted at a depth of several 

nanometres and the surface will become amorphous.   An image is formed from the 

signal of the sputtered ions or secondary electrons. Unlike SEM, FIB is a destructive 

technique.  The secondary electrons generated during FIB exposure also allow images 

with grain orientation to be developed.   

 

A FIB can also deposit material onto the surface by using ion beam induced 

deposition.  Chemical vapour deposition occurs when a gas, for example tungsten 

hexacarbonyl, is directed into the vacuum chamber and chemisorption occurs with the 

sample.  When the sample surface comes in contact with the beam, the precursor gas 

will decompose into non-volatile and volatile components.  The non-volatile 

component, for example tungsten, will deposit on the surface.  Other materials such as 

cobalt, platinum, carbon and gold can be deposited on the surface.  Our study uses 

platinum as the deposited material to protect the LIPSS underneath during the TEM 

preparation where high-beam milling is used. 

 

3.7.4. Atomic Force Microscope 
An Atomic Force Microscope (AFM) is a technique used to measure the topography, 

as small as the atomic lattice, of a sample.  It consists of a sharp tip or probe at the 

end of a cantilever that can either come in contact (contact mode) or tap (tapping 

mode) the sample surface. A laser spot is focused onto the cantilever and reflected 

into a position-sensitive photodiode detector.  The tip travels across the surface 

thereby triggering the cantilever to bend.  When the cantilever bends, there is a 

change in location of the laser spot.  The updated signal from the photodiode detector 

is known as the deflection and is measured in volts.  The detector creates images 

depending on the movement of the cantilever and deflections as it travels across the 

surface.   
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The AFM used in this study is an Agilent 5500 AFM.  The scan was performed using 

a contact mode tip (Nanosensors TM PPP-CONTR-10, resonance frequency 6-21 

kHz, tip height 10-15 μm, force constant 0.02-0.77 N/m). Typically, a 10 μm2 area 

was performed at a speed of 0.5 lines/s and a resolution of 1024.  The settings were 

altered depending on the position of the tip on the stent. The surface roughness was 

calculated using PicoImage Advanced (Agilent Technologies) software.  The period, 

depth and surface area of LIPSS were measured using software known as 

Gwyddion®.  Gwyddion® uses a method of triangulating pixels. [217]  

 

3.7.5. X-Ray Photoelectron Spectroscopy 
Chemical analysis was performed using the Kratos Axis 165 X-Ray Photoelectron 

Spectroscope (XPS), located at the Materials & Surface Science Institute (MSSI) in 

the University of Limerick, to see if there is a change in the elemental composition 

with increasing laser pulses. XPS is a surface sensitive technique that obtains 

elemental composition and chemical bonding information by irradiating the surface 

with a low energy x-ray. This imaging XPS can analyse depths from 3-10 nm, has a 

spatial resolution of 3 μm and a minimum spot size of 15 μm.  XPS is unable to 

determine hydrogen or helium. 

 

A 10 keV electron gun is aimed towards an aluminium target and low energy x-rays 

are formed.  These x-rays are typically aluminium K alpha x-rays with an energy of 

1486 eV (magnesium K alpha x-rays can also be used).  The aluminium target is 

aimed at a quartz crystal, which monochromatizes the x-ray due to Bragg’s angle.  

This stops any unwanted x-rays other than 1486 eV and focuses it into a spot on the 

sample surface.  The sample electrons become excited once the x-ray hits the sample 

surface. If the electron’s binding energy is lower than the x-ray energy (1486 eV) a 

photoelectron will be released from the parent atom.  The photoelectrons escape from 

the sample surface at a depth of 1-10 nm.  1 nm has a distance of approximately three 

atomic layers, which is known as the surface layer.  Since the photoelectrons have 

low kinetic energies, experiment must be performed in an ultra-high vacuum, 

typically 10-9-10-10 Torr. 
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XPS relies on the photoelectric effect.  The kinetic energy (KE) of the emitted 

photoelectrons from the sample is dependent on the photon energy (hν) and the 

binding energy (BE) of the electron. The kinetic energy is given by KE = hν – BE. 

The binding energy of the electron is the energy needed to remove the electron from 

the sample surface. The incident photon energy is 1486 eV from the x-ray.  By 

measuring the kinetic energy of the emitted electrons the binding energy of the 

electron orbital can be calculated.    Once calculated the element of the parent atom 

from the sample surface can be distinguished.  A hemispherical electron energy 

analyser in conjunction with a magnetic lens measures the energy of the 

photoelectrons.   A negative charge is placed on the outside of the analyser to repel 

electrons and a positive charge is placed on the inner plate to attract electrons.  A 

potential is set between the plates so electrons with a known voltage will generate a 

signal at the electron detector.    Sweeping a range of unique binding energies with 

different potentials forms an XPS spectrum. From the binding energy and intensity of 

a photoelectron peak the chemical state, elemental composition and quantity of an 

individual element can be clarified.  The XPS can also provide information on 

chemical bonding.   The binding energy of the emitted photoelectrons may shift 

slightly depending on what elements the parent atom is bound to.  XPS can detect the 

electron energy shifts and evaluate what compounds are present.  An XPS spectrum 

contains a number of peaks that correspond to the binding energies of the 

photoelectrons.  Measuring the area under the peaks and multiplying by sensitivity 

factors can conduct quantitative analysis.  An argon ion gun is present in the XPS that 

performs depth profiling on the surface of the sample.  This can verify whether 

contaminants are only present on the sample surface or exist in the bulk. 

 

In this study, samples were exposed to 15 seconds of Ar cluster sputtering to decrease 

the carbon content present on the surface.  The area of analysis was 110 μm and 

selected at random. The XPS values are highly dependent on the location where the 

scan was obtained inside the spot.  
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3.8. LIPSS Properties  

3.8.1. Corrosion 
The Potentiodynamic Polarization technique is used to accelerate corrosion and 

evaluate whether any pitting has occurred on the stent. A Solartron model SI 1250 

Potentiostat is used to measure the corrosive behaviour by varying the potential across 

the stent during the accelerated corrosion test.  A Julabo TW12 water bath was filled 

halfway with water constant at 37°C, as this is the normal temperature inside the 

human body.  A three-electrode cell was placed halfway inside the water bath, which 

had a 100 ml solution, comprised of 0.9% Sodium Chloride (NaCl) in deionized 

water, shown in Figure 3.20. The NaCl solution was changed after every test to ensure 

repeatability and accuracy. Placed in the NaCl was a Pt:SS stent (ensuring the stent is 

fully covered), a saturated calomel electrode and graphite rod placed inside. The 

saturated calomel electrode was used as a reference and the graphite rod was used as 

the counter electrode. The software used was Corrware® which analyses the 

electrochemical data.  Corrware® is used alongside Corrview® to allow plotting and 

data to be exported into various other programs.  The open circuit potential (OCP) 

was measured for 50 seconds. An initial potential of -0.5V was used for the 

potentiodynamic scan at a scan rate of 2 mV/s. Experiments were performed 

following the guidelines set out in ASTM: F2129-08 (Standard Test Method for 

Conducting Cyclic Potentiodynamic Polarization Measurements to Determine the 

Corrosion Susceptibility of Small Implant Devices).  

 

 
Figure 3.20 Setup of the Potentiodynamic Polarization test 
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3.9. LIPSS Applications 

3.9.1. Adhesion 
A pressure-sensitive adhesive forms a bond when pressure is applied to the adhesive 

and a substrate.  Bonds are generated because the adhesive can readily flow out onto 

the surface and the degree of flow determines the strength of adhesion.  There is 

larger adhesion strength with substrates that have a high surface energy.  When the 

adhesive and substrate are brought in contact with each other, the surface molecules 

interact producing adsorption, covalent bonding or van der Waal forces. [218]  

 

An adhesion study is performed by applying a polymer coating onto the surface of 

LIPSS generated on the surface of flat stainless steel.  The polymer used was purified 

Poly(Butyl Methacrylate) (PBMA) and is the first layer present on the drug eluting 

stent.  Adhesion is measured using a Cross Hatch Adhesion Tester (Zowaysoon-

digital).  It is designed according to the standard of ISO2409-1992 and is applicable to 

ASTM D3359.  It is based on an adhesion tape test, which uses pressure sensitive tape 

to estimate the adhesion quality of a coating to a substrate. The methodology for the 

PBMA adhesion test is explained in Section 8.1. 

 

This adhesion tester is dependent on the type of polymer you use.  When the surface 

of the PBMA was sliced the polymer dragged along the surface and an array of 

squares could not be obtained. This was visualised on the surface of glass and steel 

confirming it is the polymer consistency and not the adhesive properties.  Because of 

this tape alone was used (without the cutting tool) to test adhesion. 

 

3.9.2. Tribometer 
Friction is defined as the force resisting the relative motion of two surfaces in contact 

with each other.  When these surfaces move relative to each other the friction between 

them converts kinetic energy to thermal energy. [219] The coefficient μ is given by 

F/N where F is the tangential force needed to create sliding between two solid 

surfaces (N) and N is the normal force between these two surfaces (N). A tribometer 

determines the degree of wear and friction as two surface rub together.  The wear for 

both the sample and counterpart is determined from the progressive volume of 
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material lost during the test.  The coefficient of static friction (μ) can be calculated 

using a CSM pin-on-disk Tribometer, shown in Figure 3.21 and CSM Tribox 

software, shown in Figure 3.22. The tribometer apparatus contains a ball holder 

(labelled 1), a weight (labelled 2), tribometer arm (labelled 3), eccentric latch 

(labelled 4) and counterweights (labelled 5).  The coefficient of friction is calculated 

by measuring the deflection of the tribometer arm.  The weight used in this study was 

a 1 N weight and a steel ball 6 mm in diameter was used as the counterpart against the 

LIPSS.  In this study the ball is moving parallel to the LIPSS.  The methodology for 

the CSM pin-on-disk tribometer is explained in Section 8.2.  An example of the 

Tribox 4.4R software interface is shown in Figure 3.22.   

 

 
Figure 3.21 CSM pin-on-disk Tribometer 

 

A challenge with this technique involved keeping the samples completely flat as they 

are pressed between two metal plates and can rise.  This technique was also restricted 

to sample length.  
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Figure 3.22 Tribox 4.4R software after a tribometer run  

 

3.10.  Biological Study 
An in vitro method was used to model the biological response of RAW264.7 immune 

cells that circulate in the blood stream.  Three cell types were involved in this study to 

examine the biological response of LIPSS on cardiac stents. The RAW264.7 and MS-

5 cells were kindly received from REMEDI (National Centre for Biomedical 

Engineering Science, NUIG) and the HPMEC from Deirdre Healy (National Centre 

for Biomedical Engineering Science, NUIG) and were used for this study.  Each cell 

line is described below. 

 

RAW264.7 monocytes 

These are white blood cells that circulate throughout the bloodstream and can activate 

into macrophage.  They monitor the body and are the first line of defence if a foreign 

object is detected.  The RAW264.7 cell line originates from mouse leukaemic cells.  

They are relatively small, spherical cells and are approximately 10-15 μm in size.   
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MS-5 Fibroblasts  

These cells are derived from connective tissue and make up extracellular matrix and 

collagen.  They play a critical role in wound healing.  They are used in this study to 

model the reaction of a blood vessel exposed to a stent.  The MS-5 cell line originates 

from mouse embryonic cells.  They are long, elongated, flat cells and are 

approximately 50-100 μm in size.  

 

HPMEC endothelial  

These endothelial cells derive from the human lung of a single donor and are located 

in the pulmonary vasculature.  They line the interior surface of blood vessels and form 

an interface between the circulating blood and the rest of the vessel wall.  Like 

fibroblast cells they are long, elongated and flat and are approximately 50 μm in size.  

They are not as robust as fibroblast cells.  

 

The biological protocols in relation to RAW264.7, MS-5 and HPMEC cells such as 

cell culture and cell splitting are explained in Sections 8.3.1, 8.3.2, 8.3.3, 8.3.4 and 

8.3.5. 

 

3.10.1. Cell Adhesion on Curved Surfaces 
An in vitro stent holder was designed to ensure stents did not move during cell 

seeding and adhesion, shown in Figure 3.23.  Pt:SS and 316LSS stents were 

positioned on mandrels that were placed on laser scribed Teflon (1.5 mm thick). A 

Picosecond laser (Trumpf Trumicro 5050) was used at a repetition rate of 400 kHz at 

1030 nm using 150 passes at 2.5 m/s.  The laser cut a rectangular hole to allow no 

contact of Teflon with the stent and created grooves on the Teflon to position and fix 

the mandrels in place. The mandrels were clipped in place with stainless steel clips 

(Supaclip 40, Rapesco), which kept the stent fixed in place to ensure no movement of 

the stent whereby cells could detach.  The Teflon holder allowed the stent to be as 

close to the bottom of the petri dish as possible.  The key challenge in design was to 

ensure the mandrels did not move during cell adhesion.  
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Figure 3.23 In vitro stent holder 

 

The steps involved in applying cells to the stent holder are explained as follows 

(protocol also explained in Section 8.3.6).  Cells were grown in Dulbecco’s Modified 

Eagle Media (DMEM; Sigma-Aldrich®), supplemented with 10% Foetal Bovine 

Serum (FBS; Sigma-Aldrich®), 100 μg/mL of penicillin and 100 μg/mL of 

streptomycin.  Cells were maintained in humidified atmosphere with 5% CO2 at 37 

°C.  After 24 hours, confluent cell flasks were removed from the incubator.  Cells 

were harvested and then spun down at 1500 rpm for 5 minutes and the final cell pellet 

was re-suspended in fresh culture media.  Cells were seeded onto the stent located in 

the in vitro holder (a sufficient volume of cell culture media was used to ensure the 

stents were fully covered) and left to attach for 6 hours in the incubator.  Afterwards, 

the reduced media was removed and fresh aliquot was added.  After 24 hours, the 

samples were fixed with 2.5% glutaraldehyde and 2.5% paraformaldehyde in 

phosphate buffered saline (PBS) overnight at room temperature.  The cells were then 

taken out of the holder and dehydrated in ascending concentrations of ethanol and 

critically point dried (Quorum Technologies K850 CPD).  Samples were gold coated 

using a sputter coater (EMSCOPE SC500) and viewed under the SEM. 
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3.10.2. Biology Characterisation 
A number of techniques were used to characterize cells attached on the flat and stent 

surfaces, such as SEM (critical point drying must be performed beforehand), 

epifluorescence microscopy and live/dead assay. 

 

3.10.2.1. Critical Point Dryer 

Critical point drying is a technique used to delicately dry cells for SEM imaging.  

Before critical point drying took place the samples were dehydrated through a series 

of graded alcohols (30, 50, 70, 90, 100%).  The critical point dryer used was a 

Quorum Technologies Emitech k850.  The steps on how to use the critical point dryer 

are given as follows. Firstly, CO2 flows through the empty chamber to decrease the 

temperature down to approximately 5 °C.  Then, the CO2 valve is turned off and the 

sample is placed in the chamber and covered with chilled absolute ethanol. The 

precooled ethanol allows the chamber to remain at 5 °C.  The ethanol is an 

intermediate solvent and is exchanged with CO2 in the drying process. It is then 

vented out of the chamber using liquid CO2 and this process is repeated until all 

ethanol has been removed. The CO2 will change from a vapour to a gas when a 

pressure of 1100-1250 psi and a temperature of 32- 38 °C is reached as the chamber is 

heated and pressurized. The pressure within the chamber is then gently released 

vented into a beaker of water to prevent a release of CO2 into the 

atmosphere/laboratory environment. This gradual release is to ensure that the samples 

are not damaged.  On reaching atmospheric pressure, the chamber can be opened and 

samples removed. Samples are then placed on carbon tabs on aluminium stubs and are 

gold sputter coated before viewing and imaging under the SEM. 

 

3.10.2.2. SEM for Biological samples 

The stents were analysed using a Hitachi S2600N Variable Pressure Scanning 

Electron Microscope.  Parameters used in the SEM include Vacc (speed of electrons) = 

15 kV and working distance (height of sample to bottom of lens) = 17.1 mm.  The 

operation of the SEM is described in Section 3.7.1.  The protocol for observing cells 

under a SEM is explained in Section 8.3.7. 
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3.10.2.3. Fluorescence Microscopy 

A fluorescent microscope is a microscope that allows the examination of fluorescent 

material under ultraviolet light.  It is a microscope equipped with a light source 

(normally a mercury arc lamp), an excitation filter, dichroic mirror (beam splitter) and 

emission filter.  The excitation filter is placed after the light source to limit light to a 

narrow range of wavelengths.  This light is then incident on the dichroic mirror and 

reflected through the objective lens towards the sample.  Fluorescence occurs when 

molecules within the sample absorb light and emit it at a longer wavelength.  The 

emitted light is collected by the objective lens that travels through the dichroic mirror 

and reaches the emission filter (capable of passing wavelengths at a longer 

wavelength).  The light then reaches a CCD camera allowing the user to view the 

fluorescent sample.   

 

Images were captured as Z-Stacks on an Olympus IX81 Inverted Fluorescent 

Microscope with an OptiGrid slider. The OptiGrid is a device that allows a 

fluorescent microscope to obtain confocal quality images without laser scanning.  

Volocity Software (Perkin Elmer) and a Hamamatsu Orca camera, with a 4X 

objective lens (NA 0.16) and 10X objective lens (NA 0.40) were used. Prior to 

collecting the Z stack, exposure time and gain were set and recorded to the channel of 

illumination. Single images were taken and recombined to produce a maximum 

intensity projection image.  The protocol for observing cells under a fluorescence 

microscope is explained in Section 8.3.8. 

 

3.10.2.4. Live/Dead Assay 

Cell viability was tested using a Live/Dead Assay (Live Technologies, Bio-Sciences, 

Dun Laoghaire, Ireland) according to the manufacturer protocol. This assay was used 

to estimate the number of live and dead cells present on a sample surface by staining 

live cells blue (calcein) and dead cells red (ethidium bromide).  Titration was 

performed for both calcein and ethidium bromide to define optimal dye concentration. 

RAW264.7 cells were seeded onto flat SS, Pt:SS stent and 316LSS stent samples in 

high (1x106 cells per well) concentrations. After 24 hours of co-culture, cell viability 

was examined. A Varioskan™ Flash Multimode Reader (Thermo Scientific) was used 

to harvest a fluorescent signal from flat samples.  The protocol for a Live/Dead assay 
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is explained in Section 8.3.9 and the method to calculate the percentage of live cells is 

explained in Section 8.3.9.1. 

 

3.11. Conclusion 
This chapter discussed materials, methods and techniques involved in LIPSS 

formation used throughout this study.  Firstly, a number of alloys used as stent 

material were examined.  The femtosecond laser and calculations involved in 

femtosecond laser-material interaction are discussed in detail and optical properties of 

metals such as reflectivity and the thermal response of an alloy were examined. This 

chapter reviewed techniques involved in the characterization of LIPSS such as SEM, 

TEM, FIB, AFM and XPS.  The techniques involved in the LIPSS properties such as 

corrosion and LIPSS applications such as adhesion and tribology were discussed.  

Finally there was a review on the protocols and characterization techniques involved 

in the biological response of LIPSS. 
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Chapter 4.  Change in Damage Threshold 
Fluence and Incubation with Increasing 
Laser Pulses  

 

4.1. Introduction 
This chapter focuses on the role of reflectivity in multiple pulse incubation of alloy 

and metal surfaces.  When a material surface is subjected to a single laser pulse 

above the single shot damage threshold fluence, modifications occur to the surface.  

When the surface is subjected to multiple pulses there are further structural 

modifications causing the material to transform from a smooth surface to one in 

which craters emerge.  After each consecutive laser pulse, electrons dissipate energy 

to the lattice and the lattice experiences a thermo-physical response, which changes 

the electronic, optical and mechanical properties of the material, including 

reflectivity. How a material responds to these increasing numbers of pulses is termed 

incubation. Changes to the reflectivity of a material play an important role in 

incubation.   

 

The key findings in this chapter include: 

• The impact of reflectivity on incubation has been measured and calculated.  

This has permitted an assessment of laser-material interactions and incubation 

in alloys, once the changes in reflectivity have been accounted for. 

• The effect of surface roughness, Ra, and surface chemistry of an alloy surface 

and its thermal response to a femtosecond laser pulse has been explored. 

 

4.2. Calculating the Damage Threshold Fluence 

4.2.1. Damage Threshold Fluence on several Alloys 
The damage threshold fluence, ϕth, and incubation parameters, S, for Pt:SS, 316LSS, 

Nitinol, Elgiloy and Au were calculated as a comparison study.  Each surface was 

subjected to 1030 nm femtosecond pulses at a repetition rate of 100 kHz. Table 4.1 

shows that Elgiloy has the highest applied ϕth(1) in comparison to 316LSS, which has 
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the lowest fluence threshold.  The ϕth for 316LSS shows a good agreement with values 

found in literature, yet S appears lower (a decrease of 0.08). [133] Au presents the 

highest S at 0.97 ± 0.01 compared to Elgiloy, which has a value of 0.75 ± 0.01.   

 

The reflectivity of each bare metal was measured in the infrared range and is 

presented in Table 4.1. These samples were subjected to 1 pulse below the ablation 

threshold (0.121 μJ) so as not to damage the material surface.  The highest and lowest 

reflectivity values are associated with Au and Nitinol, respectively. 
 

Table 4.1 ϕth(1), S and R for Au, Elgiloy, Nitinol, 316LSS & Pt:SS at a laser wavelength of 1030 

nm. 

Metal ϕth(1)[J cm-2] Incubation, S Reflectivity (a.u.) 

Au 0.51 ± 0.03 0.97 ± 0.03 0.96 ± 0.02 

Elgiloy 0.53 ± 0.01 0.75 ± 0.01 0.67 ± 0.05 

Nitinol 0.33 ± 0.02 0.79 ± 0.01 0.58 ± 0.01 

316LSS 0.23 ± 0.01 0.78 ± 0.04 0.69 ± 0.02 

Pt:SS 0.24 ± 0.02 0.79 ± 0.03 0.71 ± 0.01 

 

4.2.2. Threshold Fluence changing repetition rate 
This section describes how ϕth and S change with increasing number of laser pulses.  

Pt:SS was treated with 515 nm and 1030 nm at a repetition rate from 1-300 kHz.  The 

estimated pulse damage thresholds for 30 pulses and S at various laser parameters are 

shown in Table 4.2. 

 

There is no significant change in ϕth with increasing repetition rate, as the values are 

within experimental error for 515 nm and 1030 nm, respectively.  At 1 kHz and 100 

kHz, S increased from 0.71 ± 0.01 to 0.75 ± 0.02, respectively, at 515 nm laser 

wavelength.  At 1 kHz and 300 kHz, S increased from 0.75 ± 0.01 to 0.82 ± 0.01, 

respectively, at 1030 nm.   
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Table 4.2 ϕth(30) and S for Pt:SS at laser wavelengths of 515 nm and 1030 nm changing 

repetition rate. 

Repetition Rate ϕth (30) (J cm-2) Incubation parameter, S 

At 515 nm 

1 kHz 0.09 ± 0.01 0.71 ± 0.01 

100 kHz 0.10 ± 0.01 0.75 ± 0.02 

At 1030 nm 

1 kHz 0.10 ± 0.02 0.75 ± 0.01 

5 kHz 0.12 ± 0.01 0.76 ± 0.03 

10 kHz 0.11 ± 0.01 0.80 ± 0.01 

100 kHz 0.12 ± 0.01 0.79 ± 0.03 

200 kHz 0.12 ± 0.01 0.80 ± 0.01 

300 kHz 0.13 ± 0.01 0.82 ± 0.01 

 

4.3. Variation of Applied Threshold Fluence with 

Increasing Number of Pulses 
The ϕth is examined as a function of increasing number of laser pulses at 515 nm and 

1030 nm laser wavelengths.  Surfaces were subjected to Gaussian femtosecond 

pulses with a 500 fs pulse duration at a repetition rate of 100 kHz.  The materials 

used in this study were Pt:SS,  316LSS and Au.  The estimated single pulse applied 

threshold fluence, ϕth(1), for each material at a given wavelength was measured and 

is shown in Table 4.3.  At a laser wavelength of 515 nm, Pt:SS had the highest ϕth 

and at 1030 nm, Au had the highest ϕth.  All materials had a greater ϕth(1) at 1030 nm 

compared to at 515 nm. 

 
Table 4.3 Applied ϕth(1) for Pt:SS, 316LSS and Au at laser wavelengths of 515 nm and 1030 nm 

Metal Applied ϕth(1)[J cm-2] at 515 nm Applied ϕth(1)[J cm-2] at 1030 nm 

Pt:SS 0.20 ± 0.01 0.24 ± 0.02 

316L SS 0.15 ± 0.01 0.23 ± 0.02 

Au 0.14 ± 0.01 0.51 ± 0.03 

 

How the applied ϕth changes with an increasing number of laser pulses is shown in 

Figure 4.1(a). In the case of multiple pulses, ϕth was calculated using the applied 
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fluence and the same approach as used in the single pulse exposure.  In the case of 

Pt:SS and 316LSS, there was a rapid decline in ϕth(N) from N=1 to N=30 pulses; in 

the range N>30, the applied ϕth remains almost constant.  The ϕth(N) for Au remains 

almost constant from N=1 to N=100 for both laser wavelengths.  The applied ϕth(N) 

was lower for 515 nm than at 1030 nm laser wavelength.  This was particularly 

notable for 316LSS and Au, as shown in Figure 4.1(b) and (c), respectively. 

  
(a) 

 
(b) 

  
(c) 

Figure 4.1 Applied ϕth as a function of the number of pulses, N, for (a) Pt:SS, (b) 316LSS and (c) 
Au at 515 nm and 1030 nm 
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4.4. Surface Topography of Pt:SS  
Craters were generated on Pt:SS, 316LSS and Au by exposure to a femtosecond laser 

pulse at fluences greater than the damage threshold fluence of the material. Figure 

4.2 shows SEM images of the surface structure of Pt:SS when exposed to a single 

pulse at an applied fluence of 0.26 J cm-2 at 515 nm (a) and 0.28 J cm-2 at 1030 nm 

(b), and when exposed to 30 pulses at an applied fluence of 0.20 J cm-2 at 515 nm (c)  

and 0.21 J cm-2 at 1030 nm (d).  SEM images show that when Pt:SS has been 

subjected to one laser pulse, a thin film has been delaminated and spherical 

nanoparticles circle the area. When the surface has been exposed to multiple pulses 

slightly above the applied threshold fluence, in this case 30 pulses, LIPSS are 

observed. LIPSS are generated perpendicular to the direction of polarization of the 

applied electric field, illustrated by the arrows in Figure 4.2.  LIPSS are located 

inside the ablated crater and have a slight elliptical shape with 515 nm (c, e) 

compared to the LIPSS produced with 1030 nm (d, f). “Tails” are situated at the top 

and the bottom of the crater for 1030 nm, parallel to the direction of polarization.  

The dashed circle is used to measure the diameter of the ablated crater.  LIPSS are 

described in more detail in Chapter 5.   
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.2 Pt:SS at 100 kHz above ϕth(1) at 0.26 J cm-2 for 515 nm (a) 1 pulse, (c) 30 pulses and 

(e) 100 pulses and 0.28 J cm-2 for 1030 nm (b) 1 pulse, (d) 30 pulses and (f) 100 pulses.  Arrow 

indicates direction of polarization of the applied electric field.  Dashed circle is used to measure 

the diameter of the ablated crater. 
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4.4.1. Surface Roughness  
The effect of surface roughness, measured as the average roughness, Ra, was analysed 

as a function of the increasing number of pulses.  AFM was used to visualize the 

topography of the surface after multiple laser pulses.  The surface was scanned over 

an area of 10 μm2.  AFM images of the Pt:SS surface are shown in Figure 4.3 after 30 

pulses at a repetition rate of 100 kHz and above the damage threshold fluence of (a) ϕ 

0 = 0.26 Jcm-2 at 515 nm and (b) ϕ 0 = 0.28 Jcm-2 at 1030 nm.  Figure 4.3 demonstrates 

a positive correlation between the number of pulses, N, applied to the surface and the 

surface roughness, Ra, at both 515 nm (c) and 1030 nm (d).  There was a statistically 

significant increase in Ra at N>10 for both 515 nm and 1030 nm laser wavelengths. 

 
(a)  (b) 

 
(c) 

 
(d) 

Figure 4.3 3D AFM profiles of Pt:SS exposed to 30 pulses at 100 kHz and an applied fluence of 

(a) 0.26 Jcm-2 for 515 nm and (b) 0.28 Jcm-2 for 1030 nm.  Surface roughness (Ra) as a function of 

number of pulses , N, at (c) 515 nm and (d) 1030 nm. 

4.5. Incubation Effect 
The incubation effect has been described in Section 2.4.9.  It is typically calculated 

for a material by plotting the natural log of the number of pulses, N, against the 

natural log of N multiplied by the ablation threshold fluence, ϕth [133]. The incubation 
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coefficient, S, is calculated from the slope of this graph.  At a repetition rate of 100 

kHz and using the applied ϕth values as a function of N shown in Figure 4.1, values of 

S were calculated from the linear graphs plotted in Figure 4.4 for Pt:SS (a), 316LSS 

(b) and Au (c). 

 
(a) 

 
(b) 

 
(c) 

Figure 4.4 Graph used to determine the incubation ceofficient, S, at 100 kHz excluding the 
reflectivity, R, for 515 nm and 1030 nm for (a) Pt:SS, (b) 316LSS and (c) Au. 

 

The values of S for Pt:SS, 316LSS and Au at laser wavelengths 515 nm and 1030 nm 

were determined from the slope of the graphs in Figure 4.4(a), (b) and (c), 
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respectively and are tabulated in Table 4.4.  The values of S at 1030 nm are higher for 

all materials compared to at 515 nm. This implies that the incubation effect is more 

pronounced for an incident wavelength of 515 nm compared with 1030 nm. 
 
Table 4.4 Pt:SS, 316LSS and Au incubation coefficient at a wavelength of 515 nm and 1030 nm. 

Metal Incubation, S for 515 nm Incubation, S for 1030 nm 

Pt:SS 0.75 ± 0.02 0.79 ± 0.03 

316L SS 0.76 ± 0.02 0.78 ± 0.04 

Au 0.96 ± 0.01 0.97 ± 0.03 

 

4.6. Reflectivity 
Using an integrating sphere, the reflectivity, R, of the sample was calculated using an 

applied incident fluence below ϕth at 0.045 J cm-2.  This fluence value was chosen so 

that no damage or ablation could occur to the sample surface or interior of the sphere. 

The reflectivity values of untreated bare Pt:SS, 316LSS and Au are shown in Table 

4.5. Pt:SS has the highest reflectivity value at 515 nm and Au has the highest 

reflectivity value at 1030 nm.  For all materials, the reflectivity was higher at 1030 nm 

than at 515 nm, which is consistent with literature. [98] 
 

Table 4.5 Reflectivity of Pt:SS, 316LSS and Au at a wavelength of 515 nm and 1030 nm. 

Metal Reflectivity (a.u.) at 515 nm Reflectivity (a.u.) at 1030 nm 

Pt:SS 0.54 ± 0.04 0.71 ± 0.01 

316L SS 0.51 ± 0.01 0.69 ± 0.02 

Au 0.50 ± 0.01 0.96 ± 0.02 

 

Reflectivity of the surfaces was investigated as a function of N laser pulses in Figure 

4.5 at 515 nm (green) and 1030 nm (red) on the surface of Pt:SS, 316LSS and Au. 

Figure 4.5 shows that with increasing pulse energy, the reflectivity of the surface 

decreases for all materials. In the range of 1<N<15, the reflectivity for Pt:SS and 

316LSS, decreased almost linearly at both 515 nm and 1030 nm (with an R2 value of 

0.65 ± 0.05 and 0.71 ± 0.05 for 515 nm and 1030 nm, respectively). At N>15, the 

change in reflectivity remains almost constant with increasing N. Reflectivity values 

were measured up to 100 pulses for Pt:SS and 316LSS.  In relation to Au, there is a 
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slight decrease in reflectivity from 1-100 pulses.  From 100-200 pulses the reflectivity 

remains almost constant. 

 

The graphs in Figure 4.5 of the variation of R with N have a comparable, but not 

identical, profile to the graphs in Figure 4.1 of the variation of applied threshold 

fluence, ϕth with N.  The difference is that ϕth(N) is constant at N>30 whereas 

reflectivity was constant at N>15.  Surface roughness contributes greatly to 

reflectivity, which exhibit contrasting profiles shown in Figure 4.3 and Figure 4.5. 

The greater the surface roughness, the more surface area and more absorption thereby 

decreasing reflectivity. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.5 R as a function of the number of pulses at various pulse energies for Pt:SS at (a) 515 

nm and (b) 1030 nm at 0.27 Jcm-2, 316LSS at (c) 515 nm and (d) 1030 nm at 0.27 J cm-2 and Au 
(e) 515 nm (f) 1030 nm (Note: 1030 nm detector is more sensitive than the 515 nm detector). 
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4.7. Relating Reflectivity with Incubation 
In this study, the incubation model was developed to include the variation in 

reflectivity following each successive laser pulse.  The applied incident fluence, when 

corrected for reflectivity, R, becomes the absorbed fluence given by φ0
ref (N ) and can 

be calculated by updating the applied peak fluence ϕ(N) = 2Ep/πω0
2 to include a 

reflectivity value.  This is given by: 

 

 φ0
ref (N ) = (1− R0 )φ(1), (1− R1)φ(2), (1− R2 )φ(3)....(1− RN−1)φ(N )  ( 37 ) 

 

where RN-1 is the reflectivity for the Nth -1 pulse and ϕ(N) is the absorbed incident 

fluence for the Nth pulse. The laser beam spot size was kept constant at 26.4 μm, as 

the applied fluence does not change from pulse-to-pulse. D2 was plotted against a 

range of ln(φ0
ref (N ) ) for a specific number of pulses, to calculate the updated φth

ref (N ) .  

When successive pulses are corrected for the change in reflectivity, it was found that 

the threshold fluence, φth
ref (N ) , remains approximately constant as the number of 

pulses is increased for each metal.  φth
ref (N )  is then used to calculate an updated 

incubation coefficient, S, that accounts for changes in reflectivity.  Graphs used to 

determine S are illustrated in Figure 4.6 for Pt:SS(a), 316LSS(b) and Au(c) at 515 nm 

(green) and 1030 nm (red), with the corresponding values shown in Table 4.6. 
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(a) 

 
(b) 

  
(c) 

Figure 4.6 Determining S using φth
ref (N ) values on (a) Pt:SS, (b) 316LSS and (c) Au at 100 kHz 

including data for R at 515 nm (green) and 1030 nm (red). 

 

For each metal, S increased significantly when corrected for reflectivity using 

Equation ( 37 ). For Pt:SS, S increased from 0.75 ± 0.04 to 0.90 ± 0.02 at 515 nm and 

from 0.79 ± 0.01 to 1.02 ± 0.03 at 1030 nm.  For 316LSS, S increased from 0.76 ± 

0.02 to 0.86 ± 0.03 at 515 nm and from 0.78 ± 0.04 to 1.00 ± 0.04 at 1030 nm.  For 

bulk Au, the incubation coefficient increased from 0.96 ± 0.01 to 1.04 ± 0.01 at 515 

nm and from 0.98 ± 0.03 to 1.38 ± 0.08 at 1030 nm.  These values are compared in 

Table 4.6. 
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Table 4.6 Incubation coefficient of Pt:SS, 316LSS and Au accounting for R at wavelengths of 515 
nm and 1030 nm 

Metal Incubation, S for 515 nm 

Including R 

Incubation, S for 1030 nm 

Including R 

Pt:SS 0.90 ± 0.02 1.02 ± 0.03 

316L SS 0.86 ± 0.03  1.00 ± 0.04 

Au 1.04 ± 0.01 1.38 ± 0.08 

 

4.8. Testing the Reflectivity/Incubation Model 
With an incubation parameter value, one is able to work backwards and calculate the 

predicted spot diameter, which is derived in Section 8.4, using Equation ( 38 ) to 

exclude reflectivity and equation ( 39 ) to include reflectivity: 

 

 
D(N ) =ω0 −2 ln φth (1)N

S−1

φ0

"

#
$

%

&
'  ( 38 ) 

 

 
D(N ) =ω0 −2 ln φth

ref (1)NS−1

φ0
ref

"

#
$

%

&
'  ( 39 ) 

 

where ω
0

 
is the beam diameter, S is the incubation coefficient term and ϕ

0  
and φ0

ref

 are 

the applied and absorbed incident fluence, respectively.  Figure 4.7 shows the 

diameter, D, as a function of N(100 kHz, 1030 nm) for Pt:SS.  Values for the diameter 

calculated using the incubation model were compared with experimental data.  An 

optical microscope was used to measure the ablated craters for the experimental data 

and is represented as the blue circles in Figure 4.7(a).  The solid green line in Figure 

4.7(a), represents the model calculated using Equation ( 38 ), where reflectivity is 

unaccounted for and where ω
0 
is 23.5 μm and the applied fluence is 0.57 J cm

2
. In this 

case, the ϕ
th
(1) is 0.30 J cm

2 
 with an incubation coefficient of 0.79 ± 0.03.  
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Figure 4.7(b) illustrates when reflectivity is taken into account, whereby the applied 

fluence is corrected for to give a more accurate absorbed fluence of 0.17 J cm
2 
 

thereby giving a φth
ref (1) value of 0.08 J cm

2
. The reflectivity has an average error 

value of ± 0.02.  The corresponding incubation coefficient is higher at 1.02 ± 0.03 

indicating that the increase in ablation threshold fluence with increasing number of 

pulses is largely attributable to reflectivity.  
 

 
(a) 

 
(b)  

Figure 4.7 Predicted diameter for Pt:SS using incubation model at 1030 nm (green) and 
experimental data collected (blue) (a) without reflectivity and (b) with reflectivity. 

 

From Figure 4.7, both models predict the correct diameter at higher numbered pulses.   

In Figure 4.7(a) the model predicts ϕ
th
(N) changes with increasing number of laser 

pulses.  This is as expected since this model accounts for changes in ϕ
th
(N) without 

corrections for reflectivity.  This model takes into account the energy incident on the 

surface, but importantly, not the absorbed energy by the material.  Therefore this 

model does not account for the other internal mechanisms that could be occurring.  

 

In Figure 4.7(b) the model accounts for reflectivity and predicts that ϕ
th
(N) stays the 

same with increasing number of pulses, verified with S=1.02 (refer to Figure 3.15). 

When this is compared to Figure 4.7(a) that does not account for reflectivity, the 

ϕ
th
(N) increases with the number of pulses giving S=0.79. This proves that reflectivity 

is the dominant mechanism in the role of incubation because of this increase in 

incubation value.  
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This model works reasonably well for a large number of pulses, but does not fit 

perfectly for N<20.  This could be due to the fact that the incubation value considers 

reflectivity over a range of fluences (refer to Figure 4.5(b)) some of which are not 

taken into account in Equation ( 39 ). Other mechanisms that could contribute to 

incubation include changes in surface chemistry or a build-up of thermal energy, 

which will be explored in Section 4.9. 

 

4.9. Other Mechanisms Contributing to Incubation  

4.9.1. Surface Chemistry 
X-Ray Photoelectron Spectroscopy, XPS, was used to examine the change in the 

chemical composition of Pt:SS after multi-pulse femtosecond laser exposure.  

Measurement areas were exposed to 15 seconds of Ar cluster sputtering to decrease 

the carbon content that can deposit and contaminate the material surface. Table 4.7 

and Table 4.8 show how the elemental composition of the Pt:SS surface changes with 

increasing number of pulses at 515 nm and 1030 nm, respectively.  All tables exclude 

carbon. 

 

Following incident pulses at both wavelengths, from bare to N=30, the elements that 

have the largest percentage variations are oxygen, platinum and iron.  There is an 

increase in the oxide layer with increasing number of pulses at both wavelengths.  In 

relation to Pt:SS, the oxide layer has increased by approximately 4% from un-textured 

to 515 nm and 1030 nm LIPSS.  For 515 nm (Table 4.7), there is an increase in the 

platinum content with increasing pulses, unlike for 1030 nm (Table 4.8), which shows 

a decrease in platinum content with increasing pulses. The iron content decreases with 

increasing number of pulses at 515 nm compared to variations in iron content for 

1030 nm.  The results presented in Table 4.7 and Table 4.8 are statistically significant 

except for the nickel content. 
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Table 4.7 Elemental composition (%) of Pt:SS following N=0, 10, 20 and 30 at 515 nm 

 Pt:SS (% Concentration) at 515 nm 

 

No laser 

exposure (bare) 

10 pulses Variation 

from bare 

20 pulses Variation 

from bare 

30 pulses Variation 

from bare 

O 58.24 ± 1.00 62.19 ± 0.77 +3.95 % 63.11 ± 0.85 +4.87 % 62.60 ± 0.69 +4.36 % 

Pt 16.17 ± 0.27 13.92 ± 0.16 -2.25 % 14.33 ± 0.17 -1.84 % 17.41 ± 0.16 +1.24 %  

Cr 13.44 ± 0.63 12.29 ± 0.47 -1.15 % 12.88 ± 0.47 -0.56 % 13.60 ± 0.49 +0.16 % 

Ni 1.67 ± 0.64 1.91 ± 0.47 +0.24 % 1.80 ± 0.46 +0.13 % 0.97 ± 0.43 -0.70 % 

Fe 8.28 ± 0.63 9.68 ± 0.49 +1.40 % 7.87 ± 0.58 -0.41 % 5.43 ± 0.45 -2.85 % 

Mo 2.20 ± 0.73 0.00 ± 0.69 -2.20 % 0.00 ± 0.75 -2.20 % 0.00 ± 0.71 -2.20 % 

 

 
Table 4.8 Elemental composition (%) of Pt:SS following N=0, 10, 20 and 30 at 1030 nm 

 Pt:SS (% Concentration) at 1030 nm 

 

No laser 

exposure (bare) 

10 pulses Variation 

from bare 

20 pulses Variation 

from bare 

30 pulses Variation 

from bare 

O 58.24 ± 1.00 57.54 ± 0.91 -0.70 % 58.90 ± 0.64 +0.66 % 62.91 ± 0.87 +4.67 % 

Pt 16.17 ± 0.27 12.17 ± 0.24 -4.00 % 11.22 ± 0.16 -4.95 % 11.12 ± 0.18 -5.05 % 

Cr 13.44 ± 0.63 16.31 ± 0.51 +2.87 % 15.60 ± 0.44 +2.16 % 12.95 ± 0.51 -0.49 % 

Ni 1.67 ± 0.64 0.84 ± 0.54 -0.83 % 0.95 ± 0.48 -0.72 % 0.14 ± 0.61 -1.53 % 

Fe 8.28 ± 0.63 12.50 ± 0.69 +4.22 % 13.33 ± 0.63 +5.05 % 9.89 ± 0.65 +1.61 % 

Mo 2.20 ± 0.73 0.64 ± 0.74 -1.56 % 0.00 ± 0.58 -2.20 % 2.99 ± 0.81 +0.79 % 

  
How the chemical composition deviates on the surface of 316LSS stents after the 

laser exposure of 30 pulses at 1030 nm was also characterized using XPS to compare 

against Pt:SS.  The change in elemental concentrations between an un-textured 

surface, 515 nm LIPSS and 1030 nm LIPSS are shown in Table 4.9 for 316LSS. The 

largest percentage variations to 515 nm LIPSS are oxygen, nickel and molybdenum 

(chromium and iron are not statistically significant).  The oxide layer has increased by 

4% from un-textured to 515 nm LIPSS.  For 1030 nm LIPSS, iron and chromium 

have the largest percentage variation (oxygen, nickel and molybdenum are not 

statistically significant).  This study proves that after femtosecond laser exposure, the 

surface chemistry on both alloys changed. 
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Table 4.9 Elemental composition (%) of 316LSS following N=30 at 515 nm and 1030 nm 

 316LSS (% Concentration) 

 
No laser exposure 

(bare) 
515 nm 

LIPSS 
% Variation 1030 nm LIPSS % 

Variation 

O 70.56 ± 1.00 74.59 ± 1.03 +4.03 70.29 ± 0.90 -0.27 

Cr 16.79 ± 0.61 16.52 ± 0.46 -0.27 14.80 ± 0.51 -1.99 

Ni 1.86 ± 0.84 0.24 ± 0.58 -1.62 1.73 ± 0.74 -0.13 

Fe 8.27 ± 0.69 8.07 ± 0.62 -0.2 11.27 ± 0.79 +3.00 

Mo 2.52 ± 0.49 0.59 ± 0.42 -1.93 1.90 ± 0.43 -0.62 

 

4.9.2. Thermal Response of an Alloy 
The build-up of thermal energy is examined using the two-temperature model shown 

in Equations ( 15 ) and ( 16 ).  The two-temperature model was performed using 

COMSOL for Pt:SS (Graphs for 316LSS are shown in Section 8.5.1). The laser 

parameters used were pulse duration of 500 fs, ω0 of 23.5 μm, an applied fluence of 

0.28 Jcm-2 at a laser wavelength of 1030 nm and a repetition rate of 100 kHz. Input 

parameters for Pt:SS include a reflectivity of 0.71 and an absorption coefficient of 

5.92e5 cm-1.  The unknown variables for Pt:SS are C0, G and KL.  Because of this, the 

smallest and largest values out of the Pt:SS elements are used along with a weighted 

average value for a comparative study. These values are illustrated in Table 3.4.  

Using COMSOL, the time range used for a single pulse was from 0 to 20 ps with a 

time step of 20 fs and a mesh size of 0.1 μm.   

 

For Pt:SS, shown in Figure 4.8(a), as the specific heat capacity, C0 was increased from 

194 Jm-3K-2 to 1065 Jm-3K-2, the peak electron temperature increased from 6,897 K to 

9,163 K to 13,938 K.  It also shows that as the values of C0 were increased, the time 

to reach the peak electron temperature was longer by 10 ps (0.78 ps compared to 0.88 

ps). This same response is mirrored in the lattice temperatures, shown in Figure 

4.8(b).  As values for C0 were increased, the peak lattice temperature decreased from 

7691 K to 5097 K and it took a longer time (1.6 ps) to reach the peak lattice 

temperature of 2.15 ps compared to 3.75 ps, respectively.   
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In Figure 4.8(c), as the electron-phonon coupling term, G, was increased from 

25×1016 Wm-3K-1 to 4.19×1018 Wm-3K-1, the electron temperature did not reach as high 

temperatures (10262 K compared to 8190 K).  After approximately 40 ps the electron 

temperatures cool at the same rate.  The opposite response is seen for the lattice, 

shown in Figure 4.8(d).  There is an increase in lattice temperature as G increases, 

from 5207 K to 6439 K.  The smaller the G value, the longer it takes for the lattice to 

heat to its maximum temperature, from 1.7 ps to 12.7 ps.  In other words, it takes a 

longer time for electron-phonon coupling to occur.   

 

In Figure 4.8(e), as the thermal conductivity, KL, increased from 71.6 Wm-1K-1 to 94 

Wm-1K-1, the electron temperature decreased from 9163 K to 8427 K.  The larger the 

KL value, the quicker the electrons cool.  The same response is mirrored in the lattice, 

shown in Figure 4.8(f) where a greater KL results in the lattice temperature decreasing 

from 6212 K to 4869 K. Note, that a decrease in electron and lattice temperature was 

also observed with increasing wavelength, shown in Section 8.5.1. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.8 Electron and Lattice Temperatures calculated using COMSOL for Pt:SS at a laser 

wavelength of 1030 nm (a) and (b) varying the Electron Specific Heat, C0, (c) and (d) varying 
electron phonon coupling term, G and (e) and (f) varying lattice thermal conductivity, KL. 

 

Figure 4.9 shows the electron and lattice temperature of Pt:SS as a function of time 

corresponding to two successive laser pulses at 100 kHz.  Weighted values are used 

for C0, G and KL. C0 is 553.3 Jm-3K-2, G is 1.76e18 Wm-3K-1 and KL is 34.5 Wm-1K-1.  

Reflectivity values are changed for each pulse, R0 is given by 0.71 and R1 is 0.67.  The 

electron and lattice temperature reaches approximately 9,000 K and 6,000 K, 

respectively, for the 1st and 2nd pulse before cooling down to room temperature.  This 

concludes that there is no build-up of thermal energy left after each pulse. 
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(a) 

 
(b) 

Figure 4.9 (a) Electron and (b) Lattice Temperatures using COMSOL of Pt:SS for 2 pulses using 
weighted averages for CO, G and Kl at a laser wavelength of 1030 nm.   

 

4.10. Discussion 
A comparative study to investigate how alloy materials respond to femtosecond 

pulses was performed.  The applied threshold fluence, incubation parameter and 

reflectivity were examined, shown in Table 4.1.  Elgiloy has the highest ϕth(1), which 

could be due to cobalt present in the alloy. It also has the lowest incubation 

coefficient of 0.75 ± 0.01.  Au presents the highest incubation coefficient at 0.97 ± 

0.01 suggesting that successive pulses do not have a significant affect on the 

material, which could correspond to the high reflectivity at 0.96 ± 0.02. Nitinol had 

the lowest reflectivity value of 0.58 ± 0.01.  The lower the reflectivity the more 

residual heat present inside the material after each pulse.  
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Pt:SS was subjected to femtosecond pulses at various repetition rates from 1- 300 

kHz, thereby decreasing the time in between successive pulses. A decrease in 

repetition rate decreases the laser induced temperature rise and thermal activated 

processes. [98] The material has a longer time to recover in between successive 

pulses.  Lower rep rates have a lower incubation parameter, illustrated in Table 4.2.  It 

has been found [220] that there is an increase in damage threshold fluence with 

increasing repetition rate, as far as 400 kHz, due to particle shielding.   

 

Using Pt:SS, 316LSS and Au, a study was performed to investigate the applied 

threshold fluence as a function of laser wavelength.  There is no measured difference 

in the applied threshold fluence for Pt:SS and 316LSS for 1030 nm based on 1 pulse, 

yet there is a decrease in ϕth to 0.20 ± 0.01 J cm-2 for Pt:SS and 0.15 ± 0.01 J cm-2 for 

316LSS for 515 nm. This reduction could be due to the loss of Platinum present in 

the alloy.  Pt:SS was calculated to have a melting temperature of 1480 °C, shown in 

Figure 3.3, compared to 316LSS, which has a melting temperature of 1400 °C.  Au 

has the lowest ϕth(1) at 515 nm and the highest ϕth(1) at 1030 nm compared to the 

alloy materials due to the reflectivity associated with it.  Also, there is a decrease in 

ϕth from a laser wavelength of 1030 nm to 515 nm signifying that there is less energy 

needed to ablate the material at lower wavelengths.   

 

There is a rapid decrease in applied fluence threshold ϕth(N) for 1-30 pulses for Pt:SS 

and 316LSS, shown in Figure 4.1(a) and (b).  This implies that the additional energy 

needed to damage the surface is rapidly decreasing as the number of laser pulses 

increases.  This rapid reduction in ϕth can be largely explained due to the changes in 

the average reflectivity of the surface, shown in Figure 4.5(a), (b), (c) and (d).  After 

30 pulses, ϕth starts to plateau suggesting that there is no additional change in the 

energy necessary to damage the surface with increasing number of pulses.  In the case 

of Au, ϕth stays almost constant from 1-100 pulses. 

 

With an increasing number of laser pulses, surface roughness increases implying that 

there is an increase in absorption.  Ra increases on the surface of Pt:SS from 1-100 

pulses by approximately 53 nm and 84 nm for 515 nm and 1030 nm respectively, 

shown in Figure 4.3(c) and (d).  After approximately 10-15 pulses there is a rapid 
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increase in surface roughness, contrary to reflectivity, where after 15 pulses it remains 

approximately constant.  Factors that could impact on an increase in surface 

roughness after multiple pulses include changes in local microstructure, non-uniform 

local absorption, and chemical composition. [221]  

 

Reflectivity of bare unexposed Pt:SS was measured at 0.54 ± 0.04 at a wavelength of 

515 nm  and 0.71 ± 0.01 at a wavelength of 1030 nm.  The reflectivity of 316LSS was 

measured at 0.51 ± 0.01 and 0.69 ± 0.02 at a wavelength of 515 nm and 1030 nm, 

respectively.  The reflectivity values of Pt:SS and 316LSS are similar as they are 

within the ranges of experimental error. Au was estimated at 0.50 ± 0.01 and 0.96 ± 

0.02 for 515 nm and 1030 nm, respectively. For 1030 nm, applied ϕth(1) of Pt:SS is 

estimated at 0.24 ± 0.02 J cm-2 and when corrected for reflectivity the absorbed ϕth(1) 

becomes 0.08 ± 0.01 J cm-2. The applied and absorbed ϕth(1) is calculated at 0.23 ± 

0.02 J cm-2 and 0.06 ± 0.01 J cm-2, respectively, for 316LSS and 0.51 ± 0.03 J cm-2 

and 0.01 ± 0.001 J cm-2, respectively,  for Au.  There is a decrease in damage 

threshold fluence including reflectivity for one pulse.  As the number of pulses 

increases, the absorbed threshold fluence of Pt:SS stays approximately constant from 

0.07 ± 0.01 J cm-2 for 5 pulses to 0.10 ± 0.02 J cm-2 for 10 pulses.   

 

Reflectivity of Pt:SS and 316LSS decreases with increasing number of laser pulses 

for both 515 nm and 1030 nm, as shown in Figure 4.5.  After the material has been 

exposed to one laser pulse there is a decrease in reflectivity, demonstrating that the 

surface properties have changed from the first to the second pulse.  It is important to 

recognise that the reflectivity also fluctuates during the duration of the laser pulse.  

Reflectivity changes due to an increase in the surface area thereby producing an 

increased surface effect.   The decreased remitted light is due to changes in absorption 

and surface roughness.  Factors that could also change reflectivity are changes in the 

oxide layer or electronic properties.  Pt:SS has an oxide thickness of approximately 

1.5 nm. [12] There is an increase in oxide thickness with increasing number of pulses. 

[98] This is verified experimentally from Table 4.7 and Table 4.8.  An increase in the 

thickness of a thin oxide could lead to a decrease in reflectivity. [99] Although, it is 

unlikely that the oxide thickness affects reflectivity due to the thin oxide thickness 

associated with Pt:SS.  On the surface of gold there is a slight decrease in reflectivity 
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with increasing number of pulses (1-100 pulses) after which it remains almost 

constant.   

 

Including reflectivity, for Pt:SS and 316LSS at 1030 nm and for Au at 515 nm, with 

S=1, incubation is absent in the material, in other words, the damage threshold fluence 

is constant and independent of the number of pulses. For Pt:SS and 316LSS at 515 

nm, with S<1, some residual damage is left in the material between each pulse thereby 

decreasing the damage threshold fluence with increasing number of pulses.  For Au at 

1030 nm, With S>1, more energy is needed to ablate the material which increases ϕth 

with each successive pulse; that is the material is more difficult to ablate with each 

successive pulse and a resistance to ablate is incubated in the material. 

 

XPS was the technique used to determine the change in the elemental composition of 

Pt:SS and 316LSS after successive multiple femtosecond pulses.  The elements that 

have the largest variations in Pt:SS are platinum, iron and oxygen.  For 1030 nm, 

there is a decrease in the platinum content with increasing pulses compared to 515 nm 

whereby platinum increases.  There are variations of iron for 1030 nm compared to 

515 nm where the iron decreases with increasing number of pulses.  There is an 

increase in the oxide layer with increasing number of pulses.   For 316LSS, the oxide 

layer has increased from un-textured to 515 nm LIPSS with the largest percentage 

variation in oxygen, nickel and molybdenum compared to 1030 nm LIPSS, which has 

the largest variation in iron and chromium.  Because the compositions of the elements 

change with increasing number of pulses, there would be a change in the absorption 

coefficient.  Because there is a change in the chemical composition, this could 

attribute to the change in reflectivity.   

 

COMSOL was used to examine the thermal response of an alloy to a femtosecond 

pulse on the surface of Pt:SS.  It is important to note that COMSOL does not include 

the internal interactions that can occur inside a material during laser-material 

interaction, for example, changes in absorption coefficient, and generation of plasma.  

Also, values for Pt:SS and 316LSS are predicted.  The electron temperature ranges 

from 6,897 K to 13,938 K and the lattice temperature ranges from 4869 K to 7691 K.  
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The lattice temperature reaches above the gas phase temperature of Pt:SS calculated 

at 2730 °C, shown in Figure 4.9. 

 

It is important to examine the time scales of plasma and plume ejection as these could 

interfere with temperatures at the arrival of the second pulse.  Typically plasma is 

ejected on a time scale of tens of picoseconds after laser exposure containing 

electrons, ionic and atomic mass.  Phase explosion has been seen to occur up to 

several hundred nanoseconds whereby larger particles and clusters are ejected.  In the 

meantime, the remaining heat is diffusing into the metal and thermal effects on longer 

time scales of a few microseconds can occur. [222] Mingareev et al [223] observed 

that laser induced melt injection occurred from 700 ns to 1.1 μs after laser-metal 

interaction on Al and Cu surfaces. The exact time scales depend on laser and material 

properties, for example, laser pulse duration, laser wavelength and absorption 

coefficient.   Figure 4.9 shows that the lattice has cooled down to room temperature 

before the arrival of the second pulse (at 10 μs) so therefore one can conclude that 

there is no build up of thermal energy.   

 

4.11. Conclusion 
Threshold fluence values were estimated on Pt:SS, 316LSS and Au surfaces at a 

repetition rate of 100 kHz for 1030 nm and 515 nm. The threshold fluence decreases 

when increasing the number of laser pulses on the alloy surfaces.  From this, the 

incubation coefficient for an applied fluence can be determined. Using an integrating 

sphere, the reflectivity values for both wavelengths were measured and it was found 

that reflectivity is higher at a higher wavelength for Pt:SS, 316LSS and Au.  As the 

number of incident laser pulses is increased, reflectivity decreases, attributed to an 

increase in surface roughness and surface area.  Incorporating reflectivity into the 

model leads the incubation parameter to be approximately equal to 1 (incubation is 

absent) at 1030 nm and less than 1 (incubation is remaining) at 515 nm for both alloys 

and greater than 1 for bulk Au.  When the reflectivity model was tested it was found 

that reflectivity is the dominant factor of incubation in a metal for a large number of 

pulses.  Other factors play a role in the incubation of pulses for a smaller number of 

pulses, including; laser surface re-constructing, change in surface chemistry and build 
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up of thermal energy. It was found that surface roughness has a contrast profile to 

reflectivity of which both have a rapid change at approximately 10-15 pulses.  With 

increasing number of laser pulses there is a change in the chemical composition and 

there is no build up of thermal energy between successive laser pulses as the lattice 

has cooled down to room temperature before the arrival of the second pulse at 10 μs.  

It is concluded from the parameters examined in this study that reflectivity, caused by 

variations in surface roughness and chemical composition, contributes to changes in 

incubation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Analysis of Laser Induced Periodic Surface Structures   
 

                                                                                                                                      114 
 

Chapter 5. Analysis of Laser Induced 
Periodic Surface Structures 

 

5.1. Introduction 
This study focuses on the formation of Laser-Induced Periodic Surface Structures 

(LIPSS).  LIPSS were initially fabricated on several alloy/metal surfaces to test for 

LIPSS formation.  The rest of this study is performed on Pt:SS.  LIPSS were 

investigated by applying femtosecond pulses with a 500 fs pulse duration at various 

repetition rates to a Pt:SS surface.  LIPSS structures were formed by exposure to laser 

radiation close to threshold fluence (e.g. ϕth(N=30) ≈ 0.12 Jcm-2), which were 

investigated using a Gaussian laser beam in air. Laser parameters such wavelength 

(515 nm, 1030 nm) were altered to modify these structures. LIPSS features were 

characterized using techniques such as Atomic Force Microscopy (AFM), Scanning 

Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Focused 

Ion Beam (FIB).  The morphology of LIPSS can help explain the processes that occur 

during ultra-fast cooling.   

 

The key findings in this chapter include: 

• With increasing number of laser pulses nanostructures cover the ablated area 

then LIPSS begin to appear and finally form.  This result contributes to the 

theory behind LIPSS formation. 

• The alloy also remains a single crystal after laser exposure and LIPSS are 

undisturbed at the grain boundaries. This is extremely beneficial in the case 

of medical devices because the material structure is undisturbed after laser 

texturing.   

• LIPSS formation does not affect stent corrosion and there is a decrease in the 

coefficient of friction.  This is also favourable for medical devices. 

5.2. LIPSS on Alloy /Metal Surfaces 
LIPSS are observed on metals when the fluence value is slightly above the threshold 

fluence, ϕth(N).   A number of alloy/metal surfaces were exposed to 50 pulses at 1030 

nm and a repetition rate of 100 kHz to generate LIPSS, as illustrated in Figure 5.1.  
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LIPSS were created on the surface of Pt:SS, 316LSS, Elgiloy and Nitinol.  It was 

difficult to achieve LIPSS on gold wire, due to the high reflectivity associated with 

this material. 

   
(a) 

  
(b) 

  
(c)  

  
(d) 

  
(e) 

Figure 5.1 LIPSS generated with 50 pulses at 100 kHz on (a) Pt:SS at 0.23 J cm-2, (b) 316LSS at 

0.25 J cm-2, (c) Elgiloy wire at 0.43 J cm-2, (d) Nitinol wire at 0.30 J cm-2 and (e) Gold wire at 0.66 
J cm-2. The arrow indicates the direction of polarization.  
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5.3. Formation of LIPSS with increasing number of 

pulses 
This section discusses the progression of LIPSS on Pt:SS from 1-30 pulses at a 

fluence of 0.28 Jcm-2 and a repetition rate of 100 kHz for 515 nm and 1030 nm.  The 

estimated applied threshold fluence of Pt:SS for 30 pulses at 515 and 1030 nm, are 

ϕth = 0.10 ± 0.01 J cm-2 and 0.12 ± 0.02 J cm-2 respectively.  

5.3.1. Exposure to one pulse 
As previously observed in Section 4.3, after Pt:SS material is exposed to one laser 

pulse, spherical and elliptical nanoparticles are formed and deposited in regions close 

to the laser material interaction zone. A thin film appears to have been delaminated in 

the vicinity of such nanoparticles, shown in Figure 5.2.  In the case of 515 nm 

exposure, the centre of the crater has a roughness (Ra) value of 5.7 ± 0.4 nm in 

comparison to un-textured Pt:SS, which has a roughness value of 2.9 ± 0.2 nm 

estimated using AFM.  Roughness increased after the interaction with a femtosecond 

pulse.  The crater depth was estimated to be 5 ± 1 nm and 13 ± 3 nm for 515 nm and 

1030 nm, respectively.  A protrusion forms at the interface of the bulk material and 

the ablated crater.  The protrusions have an estimated height of 37 ± 4 nm and 55 ± 2 

nm for 515 nm and 1030 nm, respectively.  

 

There are a number of particles surrounding the delaminated spot that have a regular 

pattern parallel to the direction of polarization of the incident laser beam, shown in 

Figure 5.2(a) and (b).  The spacing between these particles has a separation of 522 ± 

15 nm for 515 nm and 1093 ± 57 nm for 1030 nm.  By examining a 3 μm diameter 

box there is a density of 18 ± 1 and 28 ± 2 particles for both 515 nm and 1030 nm, 

respectively.  The dimensions of the nano-features associated with 1 pulse are 

summarized in Table 5.1. 

 
Table 5.1 Dimensions of nano-features generated on Pt:SS after exposure to 1 pulse 

Laser 

Wavelength 

Crater Depth 

(nm) 

Crater Protrusion 

height (nm) 

Spacing between 

particles (nm) 

Density of particles 

(3 μm diameter box) 

515 nm 5 ± 1 37 ± 4 522 ± 15 18 ± 1 

1030 nm 13 ± 3 55 ± 2 1093 ± 57 28 ± 2 
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The particles could be spherical particles or pillars, shown in Figure 5.2(c) and 

magnified in (d). Characterization techniques such as AFM and SEM are unable to 

differentiate which. There are absorption rims surrounding each particle.  There are 

also craters with two neighbouring particles present, which could be generated when a 

particle exceeds the Rayleigh limit and ejects a second particle (described in Section 

2.5.2.1). 

 

 
(a) 

 
(b) 

(c) 
 

(d) 
Figure 5.2 Pt:SS after exposure to 0.28 J cm-2 at 100 kHz for 1 pulse at (a) 515nm and (b) 1030 

nm, (c) region of interest at the edge of the spot and (d) corresponding magnified image.  Arrow 
indicates direction of polarisation.  

 

5.3.2. Exposure to two pulses 
Nanostructures emerge after the Pt:SS surface has been exposed to two laser pulses 

for both 515 nm and 1030 nm laser wavelengths (Figure 5.3(a) and (c), respectively). 

High resolution SEM was performed at the very centre of each ablated spot, shown in 

Figure 5.3(b) and (d).  The morphology of high-resolution LIPSS includes bridges, 

nanopillars and nanoparticles. There are bridges between the LIPSS, which are 

N = 1 pulse 

Nanopar'cle+

Nanopillar+
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aligned parallel to the direction of the polarization.  A nanopillar or nanoparticle can 

appear to originate from a bridge, which is a pillar/particle that has frozen mid 

ejection. Each structure has become covered with spherical and elliptical particles of 

various size distributions.  This is explained in Section 5.4.  

 

At the edge of the ablated spot (at the lowest fluence), each nanoparticle is still 

surrounded by a nano-rim yet there is a new structure observed, a bridge connecting 

the nanoparticle and rim, shown in Figure 5.3(e) and (f).  These structures appear to 

be aligned creating a finger effect that is perpendicular to the direction of polarization 

of the laser beam.  As the fluence increases these nano-rims and bridges begin to 

merge together. There are highly dense bridges located in the centre of the laser spot 

for both 515 nm and 1030 nm.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

(e) 
 

(f) 
Figure 5.3 Pt:SS after exposure to 0.28 J cm-2 at 100 kHz for 2 pulses at 515nm (a) low 

magnification, (b) high magnification (centre of spot),  at 1030 nm, (c) low magnification, (d) high 

magnification (centre of spot) and at 1030 nm (c) region of interest at the edge of the spot and (d) 
corresponding magnified image.  Arrow indicates direction of polarisation. 

 

5.3.3. Exposure to multiple pulses 
The formations of LIPSS on the surface of Pt:SS from five to thirty pulses are shown 

in Figure 5.4 and Figure 5.5 for 515 nm and 1030 nm, respectively.  For five pulses 

nanostructures are still present and LIPSS are starting to emerge, especially evident at 

N=2 pulses 

Nanorim(
Bridge(

Nanopillar(
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1030 nm shown in Figure 5.5(a).  For 10 pulses, LIPSS are clearly visible, 

particularly at 1030 nm in Figure 5.5(c).    

 

As the number of pulses increases the concentration of the bridges decreases while 

LIPSS formation occurs. For example, examining the high-resolution images in 

Figure 5.3, Figure 5.4 and Figure 5.5, in a 1 μm diameter box there are 7 bridges, 4 

bridges and 3 bridges for 2 pulses, 5 pulses and 10 pulses, respectively, for both 515 

nm and 1030 nm.  The number of bridges decreases with increasing number of pulses.  

For 2 pulses, the bridges were calculated to have a thickness of 55 ± 1 nm and 50 ± 1 

nm for 515 nm and 1030 nm, respectively.   In relation to 30 pulses, the bridges were 

calculated to be 59 ± 2 nm for 515 nm and 90 ± 4 nm for 1030 nm. Therefore, it can 

be assumed that the thickness of the bridges changes with increasing number of pulses 

and laser wavelength.  The bridges are travelling parallel to the direction of 

polarization (indicated by the white arrows in Figure 5.4 and Figure 5.5) while the 

LIPSS are travelling perpendicular to the direction of polarization.  The dimensions of 

the nano-features associated with multiple pulses are summarized in Table 5.2. 

 
Table 5.2 Dimensions of nano-features generated on Pt:SS after exposure to multiple pulses 

 2 pulses 5 pulses 10 pulses 30 pulses 

Laser Wavelength 515 nm 1030 
nm 

515 nm 1030 
nm 

515 nm 1030 
nm 

515 nm 1030 
nm 

Number of 
bridges  

(1 μm diameter box) 
7 7 4 4 3 3 - - 

Bridge Thickness 
(μm) 55 ± 1 50 ± 1 - - - - 59 ± 2 90 ± 4 

 

LIPSS generated at laser wavelengths of 515 nm and 1030 nm have different period 

and depth profiles, as shown in Table 5.7.  At 30 pulses, LIPSS have a period of 388.7 

± 9.0 nm and 740.0 ± 13.9 nm for 515 nm and 1030 nm, respectively.  LIPSS have a 

depth of 86.1 ± 1.7 nm and 177.0 ± 5.2 nm for 515 nm and 1030 nm respectively. 

There is a decrease in LIPSS period and depth when 515 nm is compared with 1030 

nm. From the high-resolution images there is little evidence to observe crystalline, 

grain structure or slip planning along the LIPSS structure for both wavelengths.  
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Figure 5.4 Pt:SS after exposure to 0.28 J cm-2 at 100 kHz and 515 nm for 5 pulses (a) low 

magnification, (b) high magnification (centre of spot),  for 10 pulses (c) low magnification, (d) 

high magnification (centre of spot) and for 30 pulses (e) low magnification, (f) high magnification 
(centre of spot).  Arrow indicates direction of polarisation. 
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Figure 5.5 Pt:SS after exposure to 0.28 J cm-2 at 100 kHz and 1030 nm for 5 pulses (a) low 

magnification, (b) high magnification (centre of spot),  for 10 pulses (c) low magnification, (d) 

high magnification (centre of spot) and for 30 pulses (e) low magnification, (f) high magnification 
(centre of spot).  Arrow indicates direction of polarisation.  

 

The increase in surface area of the nanostructure-covered LIPSS was estimated using 

AFM. A repetition rate of 5 kHz is used for 30 pulses at a fluence of 0.20 Jcm-2.  In 

this case, the bridges and nanopillars are clearly seen travelling to the top of the 

LIPSS.  The side profiles of the bridges and nanopillars are shown in Figure 5.16(b) 

and (c), respectively.  There is a high concentration of nanopillars distributed along 
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the LIPSS.  Using Figure 5.16(a), a 10 μm scan area is used to calculate the minimum 

increase in surface area to be 21%.  Including nanostructures, shown in Figure 5.6(a), 

a 2 μm scan area is used to calculate the minimum increase in surface to be 60%.  

These nanostructures have increased the surface area by a minimum of approximately 

40%.  

 
(a) 

  
(b) 

  
(c) 

Figure 5.6 High-resolution AFM of LIPSS generated at 5 kHz for 30 pulses at a fluence of 0.28 
Jcm-2 (a) 3D image and side profile of (b) bridges and (c) nanopillars. 

5.4. Nanoparticle size distribution with increasing 

number of pulses 
For 1 pulse the nanoparticles have an estimated average radius of 49.2 ± 0.9 nm and 

52.6 ± 1.5 nm for 515 nm and 1030 nm, respectively (calculated using Image J using 

high-resolution SEM images in Figure 5.2). Figure 5.7 shows the size distribution of 

the nanopillars and nanoparticles at the very centre of the ablated spot for 2 pulses and 

30 pulses at a wavelength of 515 nm and 1030 nm.  The frequency (labelled on the y-

axis) counts the number of values that are within each specified bin range (in this case 

the bin range is 50).   For 2 pulses, the average particle radius at the centre of the 
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ablated spot was equal to 14.1 ± 0.8 nm and 15.9 ± 0.6 nm for 515 nm and 1030 nm 

respectively (calculated from Figure 5.7(a) and (b)). Therefore, from 1 pulse to 2 

pulses there is a decrease in the nanoparticle radius. It is important to note that for 2 

pulses the radius of the nanoparticles on the outskirts of the ablated spot are equal to 

41 ± 1 nm and 47 ± 1 nm for 515 nm and 1030 nm, respectively.  Therefore as the 

fluence increases towards to the centre of the Gaussian spot the nanoparticle radius 

decreases. In the case of 30 pulses, the average particle radius was equal to 9.9 ± 0.7 

nm and 11.3 ± 0.6 nm for 515 nm and 1030 nm respectively (calculated from Figure 

5.7(c) and (d)).  With increasing number of pulses the average particle radius has 

decreased.   The mean and standard error for each nanoparticle size relative to the 

number of pulses are shown in Table 5.3, which are statistically significant. 

(a) (b) 

(c) (d) 
Figure 5.7 Radius size distribution of Pt:SS particles in centre of ablated spot after exposure to 

0.28 Jcm-2 with a repetition rate of 100 kHz for 2 pulses at (a) 515 nm and (b) 1030 nm and for 30 

pulses at (c) 515 nm and (d) 1030 nm [Calculated using ImageJ].  

 

Table 5.3 Nanoparticle radius for multiple pulses at 515 nm and 1030 nm laser wavelengths.  

 1 pulse 2 pulses 30 pulses 

Laser Wavelength 515 nm 1030 nm 515 nm 1030 nm 515 nm 1030 nm 
Nanoparticle 
Radius (nm) 49.2 ± 0.9 52.6 ± 1.5 14.1 ± 0.8 15.9 ± 0.6 9.9 ± 0.7 11.3 ± 0.6 
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5.5. Electric Field Enhancement of Nanostructures 
The excitation of surface plasmon polaritons is a proposed mechanism behind LIPSS 

formation.  When a plasmon oscillation is coupled to electromagnetic radiation there 

is an increase in the electric field intensity.  FDTD Simulations were performed to 

estimate the resonant interaction with nanostructures observed on the surface of Pt:SS 

after one and two laser pulses, shown in Figure 5.2 and Figure 5.3, to relate to LIPSS 

formation. The material database uses the refractive index and extinction coefficient 

values for each material.  Since Pt:SS is an alloy and the refractive index is unknown, 

a weighted average value was used for Pt:SS.  Table 5.4 below shows the refractive 

index for the main elements present in a Pt:SS alloy and using these values it is 

estimated at 3.45 + 4.84. 

 
Table 5.4 The refractive index and extinction coefficient for the main elements in Pt:SS 

 Refractive Index, η Extinction Coefficient, ĸ 

Pt 3.52 5.8 

Fe 3.21 4.23 

Cr 4.30 4.07 

Ni 2.83 5.15 

Mo 2.42 4.19 

% Weighted Values 3.45 4.84 

 

The source power in the FDTD simulations needed to be related to the experimental 

applied fluence. The peak fluence is related to the peak power (PPeak) using the 

equation:  

 PPeak =
φ0
τ p

πω0
2  ( 40 ) 

At 1030 nm, the centre of the ablated spot has a ϕ0 value estimated to be 0.28 J cm-2.  

At the threshold of the ablated spot it is assumed that the fluence value is 0.24 J cm-2 

as this is ϕ(r) = ϕth(1) and visible modification occurs.  In this case, Ppeak values for ϕ0 

and ϕth(1) are 4.2 × 106 W and 3.7 × 106 W, respectively, where the pulse duration 

(τp) is 500 fs and ω0 is 21.7 μm.  In the FDTD programme, the source amplitude is 

altered to reflect the input power.  At ϕ0 the source amplitude of 9.3 × 1010 V/m 

corresponds to an input power of 4.2 × 106 W and at ϕth the source amplitude of 8.8 × 
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1010 V/m corresponds to an input power of 3.7 × 106 W.  Using these nominal 

amplitude values, simulations were generated to show the electric field intensity 

(V/m) along the x and y axis as a function of depth (z) for each nanostructure.  Z = 0 

nm is the position at the particle/substrate interface and -z values travel through the 

depth of the substrate. The enhancement factor, EF, is dimensionless and is defined as 

the electric field intensity divided by a reference electric field intensity at a distance 

from the nanostructure. The blue arrow illustrates the polarization of E field vector 

and the pink arrow indicates the direction of wave propagation. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.8 Electric field intensity for (a) nanoparticle structure (radius of 53 ± 1 nm) along the x 

and y axis that is propogating in the –z direction and polarized along x direction as a function of 

depth (b) z = -1 nm, (c) z = -4 nm, (d), z = -11 nm, at ϕth (0.24 J cm-2) for 1 pulse at the edge of the 
ablated spot. 

 

When a nanoparticle (diameter of 53 ± 1 nm) is subjected to a fluence value equal to 

the ϕth(1) at the edge of an ablated spot (shown in Figure 5.8) the highest electric field 

intensity is located parallel to the incident polarization at the horizontal edges of the 

particle, at a value of 3.6 × 1022 V/m at a depth of z = -1 nm  below the surface.  This 

corresponds to an enhancement factor, EF, of ×36 (Figure 5.8(b)). As the depth 

increases through the substrate the electric field intensity decreases to 5.7 × 1020 V/m 

Polariza(on*(E*field*vector)**

Direc(on*of*
propaga(on*

x"

z"
y"

Nanopar(cle*

×6 

×11 

×1 

×16 

×21 

×26 

×31 

×36 

EF  

-300 -100 100 300 
X (nm) 

Y 
(n

m
)  

-300 

-100 

100 

300 

EF = ×36"

×0.83 

×1.00 

×1.17 

×1.33 

×1.50 

×1.67 

×1.83 

EF  

-300 -100 100 300 
X (nm) 

Y 
(n

m
)  

-300 

-100 

100 

300 

EF = ×2.3"

×1.09 

×1.17 

×1.00 

×1.25 

×1.34 

×1.43 

×1.51 

×1.60 

EF  

-300 -100 100 300 
X (nm) 

Y 
(n

m
)  

-300 

-100 

100 

300 

EF = ×1.60"



Analysis of Laser Induced Periodic Surface Structures   
 

                                                                                                                                      127 
 

corresponding to an EF value of ×1.60 (Figure 5.8(d)).  It is important to note that at 

the periphery of the laser spot where ϕ(r) < ϕ0, EF is still significant and material 

modification occurs. 
 

When the structure changes morphology and a nanopillar (radius of 53 ± 1 nm and 

height of 70 ± 5 nm) is subjected to a fluence value equal to the ϕth (shown in Figure 

5.9), the EF located at the vertical edges of the particle has an estimated value of ×9.6 

at a depth of z = -1 nm (Figure 5.9 (b)). EF has decreased by approximately ×4 when 

the morphology changes from a nanoparticle to a nanopillar. The electric field 

intensity is highly dependent on the morphology of each structure.  As the depth 

increases through the substrate EF decreases to ×2.1 (Figure 5.9 (d)).   

   
 

 
(a) 

 (b)  (c)  (d) 
Figure 5.9 Electric field intensity for a (a) nanopillar structure (radius of 53 ± 1 nm and height of 

70 ± 5 nm) along the x and y axis as a function of depth (b) z = 0 nm, (c) z = -3 nm, (d), z = -12 

nm, at ϕth (0.24 J cm-2) for 1 pulse at the edge of the ablated spot 

 
After one pulse, nanopillars are observed with a surrounding rim (Figure 5.10(a)) at 

the edge of an ablated spot.  By inserting a rim (radius of 228 ± 7 nm) around a 

nanopillar there is a slight reduction in enhancement factor from approximately ×2.1 
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to ×1.9 as it travels through the substrate depth.  The highest intensity values are still 

seen at the vertical edges of the nanopillar inside the rim shown in Figure 5.10(b-d).   

 

 
(a) 

 (b)  (c)  (d) 
Figure 5.10 Electric field intensity for a (a) nanopillar structure (radius of 53 ± 1 nm and height 

of 70 ± 5 nm) with a surrounding rim (radius of 228 ± 7 nm) along the x and y axis as a function 

of depth (b) z = 0 nm, (c) z = -3 nm, (d), z = -12 nm, at ϕth (0.24 J cm-2) for 1 pulse at the edge of 

the ablated spot. 

 
After two pulses, nanopillar structures (radius of 53 ± 1 nm and height of 70 ± 5 nm) 

are observed with a surrounding rim (radius of 228 ± 7 nm) connected by a bridge 

(Figure 5.11(a)) at the edge of an ablated spot. This is visualised using SEM in Figure 

5.3 (e) and (f).  When the bridge (thickness of 55 ± 1 nm) is created around a 

nanopillar the highest intensity is instead seen around the vertical edges of the rim, 

shown in Figure 5.11(b-d), and EF decreases from ×9 to ×4.3.  It appears the electric 

field is travelling along the bridge to the outskirts of the rim.  This is also observed by 

examining the “fingers” (nanostructure array) at the edge of the ablated spot shown in 

Figure 5.12(b-d). 
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(a) 

 (b)  (c)  (d) 
Figure 5.11 Electric field intensity for a (a) nanopillar structure (radius of 53 ± 1 nm and height 

of 70 ± 5 nm) with a surrounding rim (radius of 228 ± 7 nm) and bridge (thickness of 55 ± 1 nm) 

along the x and y axis as a function of depth (b) z = 0 nm, (c) z = -3 nm, (d), z = -12 nm, at ϕth 

(0.24 J cm-2) for 2 pulses at the edge of the ablated spot. 

 

 
(a) 

 (b)  (c)  (d) 
Figure 5.12 Electric field intensity for an (a) array of nanopillar structures (each with a radius of 

53 ± 1 nm and height of 70 ± 5 nm) with a surrounding rim and bridge along the x axis 

(seperated by 839 ± 48 nm ) and y axis (seperated by 448 ± 44 nm ) as a function of depth (b) z = 

3 nm, (c) z = -3 nm, (d), z = -11 nm, at ϕth (0.24 J cm-2) for 2 pulses at the edge of the ablated spot. 
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A high concentration of nanopillars and bridges are seen (Figure 5.3(d)) in the centre 

of an ablated spot.  The electric field travels along these bridges and the highest 

intensity is located at the furthest edge of each bridge.  EF has a value from ×6.3 to 

×1.5 at a depth from 4 nm to -12 nm, respectively, shown in Figure 5.13(b) and (d). 

 

 

 
(a) 

 (b)  (c)  (d) 
Figure 5.13 Electric field intensity for an (a) array of nanopillar structures (each with a radius of 

53 ± 1 nm and height of 70 ± 5 nm) and bridges (thickness of 55 ± 1 nm) along the x and y axis 

(seperated by 139 ± 4 nm ) as a function of depth (b) z = 4 nm, (c) z = -3 nm, (d), z = -12 nm, at ϕ0 

(0.28 J cm-2) for 2 pulses at the centre of the ablated spot. 

 

5.6. LIPSS changing Polarization 
Changing the polarization of the laser beam altered the orientation of the 

nanostructure-covered LIPSS.  This was achieved using a half wave plate that rotated 

the LIPSS by 90° for a 515 nm and 1030 nm wavelength on the surface of Pt:SS.  

From Figure 5.14, the LIPSS morphology remains identical whether the polarization 

is parallel or perpendicular.  The “tails” of the LIPSS located at the periphery of the 

spot appear to be travelling in the same direction as the polarization of the beam. 
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Perpendicular Parallel 

 
(a)  

 
(b) 

 
(c)  

 
(d) 

 
(e)  

 
(f)  

 
(g) 

 
(h) 

Figure 5.14 SEM images of changing polarization of LIPSS produced in Pt:SS for 0.28 Jcm-2 (ϕth 

(0.24 J cm-2) at 1030 nm (a, b) 50p and (c, d) 100p, and at 515 nm (e, f) 50p and (g, h) 100p.  
Arrow indicates direction of polarisation. 
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5.7. Change in Surface Area with Repetition Rate 

5.7.1. LIPSS changing Repetition Rate 
LIPSS were examined on the surface of Pt:SS while changing the laser repetition rate 

from 1- 300 kHz, thereby decreasing the time in between successive pulses. Pt:SS 

surfaces were exposed to 30 pulses at an applied fluence of 0.18 Jcm-2 changing the 

repetition rate from 1-300 kHz, shown in  Figure 5.15.  

  
(a) 

  
(b) 

  
(c) 

  
(d) 

     
(e) (f) 

 Figure 5.15 SEM images of LIPSS produced in Pt:SS at 1030 nm for 30 pulses above ϕth at 0.18 

Jcm-2 changing the repetition rate to (a) 1kHz (b) 5kHz (c) 10 kHz (d) 100 kHz (e) 200 kHz and 
(f) 300 kHz. The arrow indicates the direction of polarization.  
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5.7.2. Period, Depth and Surface Area of LIPSS 
LIPSS (shown in  Figure 5.15) were examined on the surface of Pt:SS by changing 

the repetition rate to achieve the highest surface area.  AFM images were analysed to 

measure the period and depth of LIPSS, illustrated in Figure 5.16.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

 
(g) 

Figure 5.16 AFM 3d image and depth profile on Pt:SS surfaces for 30 pulses with 0.18 J cm-2 at 

1030 nm with a repetition rate of (a) 1 kHz (b) 5 kHz (c) 10 kHz (d) 100 kHz (e) 200 kHz (f) 300 
kHz and for (g) bare un-textured surface. 
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The LIPSS period and depth were analysed using the AFM images shown in Figure 

5.16.  LIPSS generated at 1030 nm changing the repetition rate (from 1 kHz-300 kHz) 

were found to have a period in the range of 690-750 nm, shown in Figure 5.17(a).  

The periods were not statistically significant.  LIPSS were found to have a depth in 

the range of 136-220 nm (from 1-300 kHz), shown in Figure 5.17(b). There was a 

statistically significant increase in depth with decreasing repetition rate.   

 
(a) 

  
(b) 

Figure 5.17 Pt:SS LIPSS changing repetition rate for 30 pulses at 1030 nm (a) period and (b) 
depth.  

 
An attempt was made to quantify the change in surface area due to the LIPSS 

structures.  The maximum surface area is achieved when the period of LIPSS is 

lowest and depth is highest.  The approximate surface area was calculated using 

Gwyddion ® software using the AFM images shown in Figure 5.16.  By increasing 

the repetition rate from 1k Hz to 300 kHz, there was a statistically significant decrease 

in the surface area of the LIPSS from 29 ± 2% to 18 ± 1%, shown in Figure 5.18.  The 

repetition rate that achieves the highest surface area is 1 kHz, due to the large depth at 
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a value of 194 ± 16 nm associated with this frequency.  This indicates that the 

estimated surface area has increased by at least 29%.  In reality, the increase in 

surface area due to the nanostructures may be far greater (refer to Figure 5.3, Figure 

5.4 and Figure 5.5). 

 

  
Figure 5.18 Pt:SS LIPSS surface area changing repetition rate for 30 pulses at 1030 nm 

 

5.8. The Ultra-Fast Cooling of LIPSS 

5.8.1. Grain Structure 
A Focused Ion Beam (FIB) was used to visualize the grain boundaries of an alloy.  

This technique etches the surface of a material slightly by using individual atoms in 

an ion beam to ablate the target.  The Pt:SS grains are approximately 10-25 μm in size 

consisting of sharp edges and irregular shapes (Figure 5.19(a)), which is consistent 

with the findings by O’Brien et al [12].  LIPSS were exposed to 30 pulses at 0.28 J 

cm-2 and a laser wavelength of 515 nm and 1030 nm.  From Figure 5.19(b) and (c) 

LIPSS appear undisturbed at the grain boundary for both wavelengths.  They have not 

changed angle or direction while crossing the grain boundary.  Also, the grains appear 

unaffected below the LIPSS structure.   It is important to note that the upper surface 

structures of the LIPSS are damaged during the FIB etching process.  
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(a) 

 (b)  (c) 
Figure 5.19 FIB images of (a) Pt:SS grain structure. LIPSS are created at 0.28 J cm-2 for 30 
pulses at (b) 515 nm and (c) 1030 nm crossing the grain boundary. 

 

5.8.2. Transmission Electron Microscopy  
LIPSS were generated on the surface of Pt:SS after exposure to 30 pulses at 0.28 J 

cm-2 and a laser wavelength of 1030 nm.  TEM was performed to determine if the 

LIPSS crystal structure had changed after femtosecond laser interaction.  Firstly an 

ejected particle present on the LIPSS structure was analysed.  Secondly, a cross-

section of the LIPSS structure was examined. 

 

A TEM image of the ejected nanoparticle present on a LIPSS surface is shown in 

Figure 5.20(a). The red boxes illustrate the areas of EDX examination. Using EDX a 
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spectrum of the elemental composition of the particle (Figure 5.20(b)), Pt:SS surface 

(Figure 5.20(c)) and bulk Pt:SS (Figure 5.20(d)) were obtained.  It was found that the 

chemical composition of the nanoparticle does not significantly change after ejection.  

In other words the ejected particle has the sample composition as the bulk. The only 

difference is that there is a larger percentage of platinum associated with the 

nanoparticle due to the amorphous platinum layer present on top of the LIPSS. This 

study was unable to determine whether the particle was amorphous or crystalline due 

to the amount of additional platinum surrounding it. 

 

 
Figure 5.20 (a) TEM image of ejected particle during LIPSS formation, EDX of (b) ejected 
particle, (c) Pt:SS surface and (d) bulk Pt:SS 

 

TEM was performed on the crest and trough of a LIPSS cross-section, shown in 

Figure 5.21(a).  The LIPSS lamella is approximately 50 nm thick protected by an 

amorphous layer of platinum.  There are different shades present throughout the 

LIPSS depth due to the thickness of the sample. The lines present on the LIPSS are 

known as lattice planes (or lattice lines).  These are due to the TEM directly 

interacting with the atomic structure.  The lattice planes are estimated to be 1.9-2 Å 

apart.  Moiré fringes are perpendicular to the lattice planes but are not seen in Figure 
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5.21(a).  Electrons travel though multiple lattice layers and create plural scattering in 

the bulk producing these fringes. 

 

The crystal orientation at the crest and trough of the ripple were examined and area 

shown in Figure 5.21(b) and (d) respectively, where high resolution TEM was 

performed.  Two areas are examined denoted by the red boxes, one near the surface of 

the ripple and one approximately 35 nm into the bulk.  The corresponding Fast 

Fourier Transform (FFT) images are shown in Figure 5.21(c) and (e) with three spots 

visible for both the crest and trough, respectively.  FFT analysis shows no crystallinity 

change from the surface to the bulk region.   In other words the sample is a single 

crystal up to the surface.  As the ripple is contained on one single crystal, the surface 

has been reconstructed without any change to the bulk crystallinity verifying that the 

ripples have cooled to become a single crystal throughout a large part of the ripple. 

 

A diffraction pattern was performed throughout the depth of the LIPSS. Figure 5.22 

shows the side profile of Pt:SS LIPSS with a protective platinum layer on top. Figure 

5.22 (images 1-8) illustrate the diffraction pattern associated with each depth. From 

these it is observed that the crystal orientation has not changed throughout a depth of 

approximately 800 nm into the material.  Image 1 shows satellite spots, which are due 

to the amorphous layer of platinum deposited to protect the sample from the FIB and 

Image 5 has a ring around a spot, which again is due to the capped platinum layer. 
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(a) 

 
(b) 

 
 

 
(c) 

 
(d) 

 
 

 
(e) 

Figure 5.21 (a) Cross section TEM image of crest (area 1) and trough (area 2) (donated by red 

boxes) of a Pt:SS ripple (b) High resolution TEM image of area being examined (donated by red 

boxes) on the crest of a ripple and (c) corresponding FFT images and (d) trough of a ripple and 
(e) corresponding FFT images. 
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Figure 5.22 Diffraction pattern of crystal structure through a depth of Pt:SS 

5.9. Properties of LIPSS 

5.9.1. Corrosion  
It was a concern there would be changes in the oxide layer after laser texturing, which 

would significantly alter the corrosion rate of the processed stent.  Six samples of both 

bare and textured compressed stents were experimented on using the Potentiodynamic 

Polarization test, a technique that accelerates corrosion. LIPSS were fabricated at a 

fluence of 0.18 Jcm-2 exposed to 30 pulses at a wavelength of 1030 nm and a 

repetition rate of 100 kHz, illustrated in Figure 5.23. 

 

 
Figure 5.23 LIPSS present on the surface of a Pt:SS stent.  The polarization is perpendicular to 

the direction of the LIPSS. 
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Five out of six bare samples and four out of six LIPSS samples passed the corrosion 

test.  Examples of bare and LIPSS covered Pt:SS surfaces that passed and failed are 

shown in Figure 5.24. As the potential is increased above the open circuit potential, 

the scan moves into the active region, from ~ 0.4 V to 0.8 V, where metal oxidation is 

the dominant reaction occurring.  Above ~ 0.8 V, the current density is seen to 

decrease slightly (passivation potential). Above ~ 1 V, as the current density increases 

it enters the second activation region. For the stents that failed, shown in Figure 5.24 

(b) and (d), breakdown of the metal has started to occur and the metal is not resisting 

to corrosion.  This is illustrated on the graph as voltage as a straight line below 1 V.  

Failure could be due to bending of the stent by handling when placing onto the 

stainless steel metal wire used throughout the experiments.   

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.24 Illustrates voltage as a function of current density of bare Pt:SS surfaces (a) passed, 
(b) failed and LIPSS Pt:SS surfaces (c) passed, (d) failed. 

 

SEM was performed on the tested samples to identify if pitting occurred, shown in 

Figure 5.25. No irregularities or pitting were present on the bare or LIPSS stents, 

verifying that Pt:SS has a high corrosion resistance.  There is no breakdown up to 1.0 

V proving that textured stents are equivalent to stainless steel material.  The high 
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corrosion resistance is due to the chromium oxide layer present on the surface of the 

material, which offers high stability. [12]   

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.25 SEM images of (a, b) bare and (c, d) textured Pt:SS stents after corrosion 

experiments 

 

5.9.2. Compressed versus Expanded Stent Study 
Bare Pt:SS stents were expanded to examine how the grain structure changes after 

expansion.  Stents were washed with ethanol and expanded by inflating a balloon to 6 

ATM (approximately 80 psi). Figure 5.26 shows the grains of a Pt:SS stent before and 

after expansion by using the FIB technique.  The grains have different shades due to 

the different crystal orientations of the grains; in other words, they are visualized at 

various angles, which changes the shade of each grain. A number of grains were 

measured before and after expansion (shown in Figure 8.4 and it was found that the 

length of grains on the strut connectors decreases by approximately 1.3 ± 0.5 μm after 
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expansion.  The grains could behave differently in different areas of the stent.  This 

study proves that there is a change in the grain size after stent expansion. 

 

 
(a) 

 
(b) 

Figure 5.26 Pt:SS Grains exposed using FIB for (a) compressed and (b) expanded stent in same 
location. 

 

LIPSS were generated on the surface of Pt:SS stents exposed to 0.2 Jcm-2, using a 

repetition rate of 100 kHz and 30 pulses. A number of stents were then expanded by 

inflating a balloon to 6 ATM. Using AFM, 3D images and corresponding side profiles 

were obtained for compressed and expanded LIPSS covered stents, shown in Figure 

5.27. The LIPSS period for 515 nm (shown in Table 5.5) increases from 389 ± 9 nm 

to 409 ± 11 nm and the depth increases from 86 ± 2 nm to 102 ± 2 nm from a 

compressed to an expanded state, respectively.  In the case of 1030 nm LIPSS (shown 

in Table 5.5), the period decreases from 740 ± 14 nm to 669 ± 12 nm and the depth 

increases from 177 ± 5 nm to 194 ± 5 nm. The period and depth increases from 515 

nm to 1030 nm. For both wavelengths, the depth increases after expansion.  There is 

an increase in the surface area after expansion, with the largest surface area being 

1030 nm LIPSS with an increase in surface area of 45 ± 1%. 
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(a) 

 

(b) 

 

(c) 

 

 
(d) 

 

 
(e) 

Figure 5.27 AFM topography of Pt:SS compressed (a) un-textured, (b) 515 nm LIPSS and (c) 

1030 nm LIPSS and expanded (d) 515 nm LIPSS and (e) 1030 nm LIPSS.  LIPSS were generated 

at 100 kHz for 30 pulses at 0.2 Jcm-2.  

 

Table 5.5 Period, depth and surface area of fully textured Pt:SS LIPSS with stent compressed 
and expanded. 

 Compressed Expanded 

515 nm 1030 nm 515 nm 1030 nm 

Estimated Surface Area 

Increase (%) 

19 ± 1 33 ± 2 23 ± 1 45 ± 1 

LIPSS Period (nm) 389 ± 9 740 ± 14 409 ± 11 669 ± 12 

LIPSS Depth (nm) 86 ± 2 177 ± 5 102 ± 2 194 ± 5 

Roughness (nm) 35 ± 3 50 ± 3 33 ± 2 61 ± 4 
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A Pt:SS stent after expansion is shown in Figure 5.28(a).  High-resolution SEM 

images were taken of LIPSS compressed and after expansion at 515 nm (Figure 

5.28(b) and (d)) and 1030 nm (Figure 5.28(c) and (e)).  Nanostructures such as 

nanoparticles, nanopillars and bridges are still present on the LIPSS surfaces. 

 

 
(a) 

 (b)  (c) 

 
(d) 

 
(e) 

Figure 5.28 (a) Pt:SS stent after expansion, stent compressed with (b) 515 nm and (c) 1030 nm 
LIPSS and after expansion with (d) 515 nm and (e) 1030 nm LIPSS. 
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When a stent expands some areas of the stent compress, expand or stay the same.  In 

this study the LIPSS period and depth are taken from the centre of the strut while the 

grains are observed on the strut connectors.  This may not be the case in the overall 

stent.  It is concluded that when a stent expands, there is a change in the period, depth 

and surface area of the LIPSS. 

 

5.10. Applications of LIPSS 

5.10.1. Adhesion Study 
How LIPSS affect the adhesion property of a metal surface was investigated.  PBMA 

polymer (with a purple dye incorporated) was spin-coated on the surface of un-

textured, 515 nm LIPSS and 1030 nm LIPSS covered flat Stainless Steel. The 

polymer coating was measured using a profilometer and had an estimated thickness of 

10.5 ± 0.3 μm (an example of the thickness profile is shown in Figure 8.5). When the 

polymer had dried, a tape test was performed (procedure explained in Section 3.9.1) 

followed by SEM analysis.  On flat un-textured SS, the tape test reveals that no 

polymer has remained on the surface, shown in Figure 5.29(a, b).  This signifies that 

there is poor adhesion between the polymer and the un-textured metal.  It is important 

to note that the cohesion of the polymer and adhesion of the polymer to the tape is 

stronger than the polymer to metal adhesion. 

 

 When incorporating LIPSS on the surface, some polymer has remained on the 

surface of 515 nm LIPSS (Figure 5.29(c) and (d)) and 1030 nm LIPSS (Figure 5.29(e) 

and (f)). The squares visible in Figure 5.29(c-f) are laser spots with LIPSS present 

inside. The remaining polymer is dark in colour due to a decrease in secondary 

electrons emitted because polymer has a lower molecular weight compared to 

stainless steel.  The improvement in adhesion is most likely due to LIPSS increasing 

the surface area and creating a “key” effect with the polymer.  The tape test shows 

that LIPSS increases the adhesion with a polymer coating somewhat; the SEM 

analysis shows that some polymer remains with the LIPSS textured whereas no 

polymer remains on the un-textured metal surface.  In conclusion, LIPSS structures 

improve adhesion of PBMA to metal and therefore can increase the adhesion of 

polymer coatings to metals surfaces, which would be beneficial for DES coatings. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.29 SEM images of (a, b) un-textured, (c, d) 515 nm LIPSS and (e, f) 1030 nm LIPSS 

covered flat steel samples (covered with PBMA polymer) after a tape test was performed.  Dark 

areas indicate polymer adhesion. 

 

EDX was performed on bare metal with no visible polymer (Figure 5.30(a)) and on 

polymer fragments that remained (Figure 5.30(b)).  Results of the elemental weight 

percentage are shown in Table 5.6.  With no visible polymer, the element with the 

highest weight percentage is Fe compared to visible polymer whose highest 

percentage is C.  There is an increase in C and O as these are the main elements 

present in a polymer substance.  Assuming no significant carbon contamination, this 

verifies that the darkened areas present in Figure 5.29(c-f) are PBMA polymer. 
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(a) (b) 

Figure 5.30 EDX spectrum of bare metal with (a) no visible polymer and (b) remaining polymer 

 
Table 5.6 Weight % of elements in steel with non-visible and visible polymer  

Elements No visible Polymer (wt.%) Visible Polymer (wt.%) 
C 14.43 44.40 
O 3.72 12.64 
Cr 14.63 8.74 
Fe 56.77 30.21 
Ni 7.91 4.01 
Mo 2.54 - 

 

5.10.2. Tribology 
Tribology was used to examine the change in the coefficient of friction (μ) when 

LIPSS are applied to a metal surface.  Flat coupons of stainless steel were covered 

with LIPSS at 0.2 Jcm-2 at a repetition rate of 100 kHz exposed to 30 pulses at a laser 

wavelength of 515 nm and 1030 nm, shown in Figure 5.31.  

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 5.31 AFM images of (a) un-textured, (b) 515 nm LIPSS and (c) 1030 nm LIPSS generated 
on flat SS at 100 kHz 30 pulses at a fluence of 0.2 Jcm-2. 
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Roughness values are given as 0.27 ± 0.04 nm for an un-textured surface, 35.93 ± 

1.36 nm for 515 nm LIPSS and 56.75 ± 4.33 nm for 1030 nm LIPSS.  Roughness 

values increase from a laser wavelength of 515 nm to 1030 nm. 

 

Tribology experiments were performed using a CSM pin-on-disk Tribometer using 

CSM Tribox software.  The “static partner” used was a steel ball approximately 6 mm 

in diameter travelling at a speed of 1 cm/s.  The normal load used was 1 N and the 

experiments were stopped after a distance of 0.06 m was achieved.  The static ball 

travelled parallel to the direction of the LIPSS without lubricant for approximately 

five scans.  Each sample was tested six times to ensure an accurate coefficient of 

friction.  

 

The graphs of the coefficient of friction in respect to time are shown in Figure 5.32.  

For bare un-textured steel the calculated μ value is given as 0.78 ± 0.01, which is 

consistent with literature. [224] By fabricating LIPSS, μ decreased to 0.21 ± 0.01 and 

0.22 ± 0.01 for 515 nm and 1030 nm, respectively.  There is a decrease in μ when 

incorporating LIPSS and increasing the surface roughness. This difference is due to 

the decrease in contact area between the LIPSS and the steel ball. There appears to be 

no measurable difference in μ values obtained for 515 nm and 1030 nm LIPSS over 

the limited range of measurements conducted. 

 
Figure 5.32 Friction Coefficient with respect to time generated for un-textured, 515 nm LIPSS 
and 1030 nm LIPSS 
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Bonse et al [187] performed a study on LIPSS-covered titanium using engine oil as a 

lubricant and also found that after exposure to LIPSS μ decreased from 0.3-0.6 to a 

value of 0.12-0.13. LIPSS were generated using a femtosecond laser at a wavelength 

of 790 nm and a repetition rate of 1 kHz.  Pfeiffer et al [225] conducted friction 

experiments on tetrahedral amorphous carbon coated steel surfaces without lubricant 

and found that μ decreases from 0.15 to 0.06 after LIPSS were introduced.  These 

results also verify that the coefficient of friction decreases when LIPSS are created on 

a metal/alloy surface. 

 

The tracks after tribology experiments had been performed were observed using 

SEM.  For both wavelengths, shown in Figure 5.33(a) and (b), the LIPSS have been 

worn away by the motion of the steel ball (the track that has a width of approximately 

75 μm).    On microscopic examination using SEM a surface damaged by shear wear 

was apparent that has a low coefficient of friction. 

 

 
(a) 

 
(b) 

Figure 5.33 SEM images after Tribology experiment for 1 N on (a) 515 nm LIPSS and (b) 1030 
nm LIPSS. 

 

5.10.3. Biological Study 
Stents were placed on a mandrel connected to a rotary stage positioned underneath 

the galvanometer.  Fully textured stents were fabricated by exposing each stent to an 

aligned array of spots at a laser wavelength of 515 nm and 1030 nm.  Each spot was 

subjected to 30 successive laser pulses at a high repetition rate of 100 kHz. The 

estimated applied threshold fluence of Pt:SS for 30 pulses at 1030 nm and 515 nm, 

are ϕth = 0.12 ± 0.02 J cm-2 and 0.10 ± 0.01 J cm-2 respectively.  The applied threshold 

fluence of 316LSS for 30 pulses at 1030 nm and 515 nm, are ϕth = 0.11 ± 0.02 J cm-2 
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and 0.06 ± 0.01 J cm-2 respectively.  Damage threshold fluence decreases from a 

laser wavelength of 1030 nm to 515 nm.  Pt:SS and 316LSS LIPSS were created on 

the stent surface slightly above the applied damage threshold fluence at a fluence of 

ϕ = 0.2 Jcm-2 with 30 pulses for 515 nm and 1030 nm.   LIPSS were generated on the 

surface of flat SS coupons at a fluence of 0.2 Jcm-2 with 30 pulses at a repetition rate 

of 100 kHz for 515 nm and 1030 nm to eliminate the curvature factor and investigate 

cell response. 

 

The morphology of Pt:SS and 316LSS LIPSS on stents generated using visible and IR 

laser wavelengths were examined using AFM.  Un-textured bare surfaces were 

compared against these LIPSS.  By altering the laser wavelength from 515 nm to 

1030 nm led to various LIPSS topographies such as different period and depth sizes 

thereby changing the roughness.  The 3D images and corresponding side profiles for 

each parameter are shown in Figure 5.34.  There are no grain boundaries visible on 

the surface of Pt:SS shown in Figure 5.34(a).  This is unlike 316LSS where the grain 

boundaries, with grains approximately 10-15 μm in size are noticeably visible in 

Figure 5.34(d).    

 

For both alloys, there is an increase in LIPSS period and depth with increasing laser 

wavelength, shown in Table 5.7.  With Pt:SS, the period has nearly doubled from 515 

nm to 1030 nm with an increase in depth of 105 nm.  In the case of 316LSS, the 

period has doubled from 515 nm to 1030 nm with an increase in depth of 64 nm.  The 

surface area increases with increasing laser wavelength; with the largest calculated 

increase being 32% related with Pt:SS 1030 nm LIPSS.  There is also an increase in 

roughness with increasing wavelength.  From 515 nm to 1030 nm, the surface 

roughness of Pt:SS has increased from 35 ± 3 nm to 50 ± 3 nm and with 316LSS has 

increased from 29 ± 2 nm to 48 ± 3 nm.  These stents were used to determine the 

biological response to LIPSS, which is examined in Chapter 6. 
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 (a) 

 

(b) 

 

 
(c) 

 

 (d) 

 

(e) 

 

(f) 
Figure 5.34 AFM topography of Pt:SS (a) un-textured, (b) 515 nm LIPSS and (c) 1030 nm 

LIPSS; 316LSS (d) un-textured, (e) 515 nm LIPSS and (f) 1030 nm LIPSS.  LIPSS were 

generated at 100 kHz for 30 pulses at 0.2 Jcm-2. 
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Table 5.7 LIPSS period, depth and roughness (using AFM) and surface area (using Gwyddion) 
for Pt:SS and 316LSS after exposure to 30 pulses at a repetition rate of 100 kHz at 0.2 Jcm-2. 

 Pt:SS 316LSS 

Un-textured 

Roughness, Ra (nm) 2.9 ± 0.2 1.5 ± 0.2 

 515 nm 1030 nm 515 nm 1030 nm 

Roughness, Ra (nm) 34.5 ± 3.3 49.6 ± 3.0 28.8 ± 1.6 47.9 ± 2.8 

Surface Area 

Increase (%) 

19.2 ± 0.9 32.5 ± 2.0 18.6 ± 1.7 25.9 ± 4.9 

Period (nm) 388.7 ± 9.0 740.0 ± 13.9 360.0 ± 6.5 727.7 ± 16.9 

Depth (nm) 86.1 ± 1.7 177.0 ± 5.2 77.8 ± 2.6 142.2 ± 4.7 

 

5.11.   Discussion 
After the Pt:SS surface has been exposed to a femtosecond pulse there is a modified 

crater surrounded by nanoparticles/nanopillars, shown in Figure 5.2(a, b).  The centre 

of the crater has a fluence of 0.28 Jcm-2 and the surrounding nanoparticles have a 

fluence value equal to or less than ϕth(1).  The possible mechanisms that could 

contribute to this delamination effect and particle emission are spallation [104, 125] 

and nanobump formation, [127, 226].  Each of these mechanisms has been previously 

discussed in Chapter 2. 

 

The mechanism of nanopillar formation is a matter of speculation.  Strong near 

surface absorption occurs when the surface is irradiated with a femtosecond laser 

pulse.  This generates stress confinement leading to a compressive pressure wave that 

travels through the depth of the material and reflects from the hot/cold interface 

thereby travelling back to the material surface. The speed of travelling waves (v) is 

related to the density (ρ) and bulk modulus (B) of the media and is given by v = 

√(B/ρ).  For Pt:SS a weighted value is calculated from single elements for B and 

liquid ρ. [227] The bulk modulus and liquid density are estimated as 1.91 × 1011 N/m2 

and 5394 kg/m3, respectively.  From this, the velocity of a travelling wave in Pt:SS is 

estimated to be approximately 6000 m/s.  This longitudinal wave may result in the 

manifestation of a jet of molten material at the surface resulting in a nanopillar. Other 

mechanisms responsible for the nanopillars include the Marangoni convection [177]  
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and Plateau-Rayleigh instability. [178] A nanoparticle is generated when the pillar 

exceeds the Rayleigh instability limit.  

 

A nano-rim surrounds each nanoparticle/nanopillar, shown in Figure 5.2(d).  The 

formation of this structure is also a matter of speculation. Plasmon heating and 

surface tension are proposed as contributory factors. It has been found that 

nanoparticles do not just absorb incident photons but transfer heat to their surrounding 

medium.  When a nanoparticle is exposed to the electric field of an incident laser, this 

field drives mobile carriers present inside the nanocrystal.  The energy gained by 

these carriers diffuses out and increases the temperature of the surrounding medium 

generating a molten pool if sufficient energy is transferred.  This generation of heat 

can be considered to be due to relaxation of the surface plasmon. [228] The edges of 

the molten pool, being colder, have the highest surface tension and the temperature 

variation between this and the particle surface draws liquid away from the centre of 

the pool thereby generating a nano-rim.  The molten metal freezes and creates a 

protrusion in height.  

 

Particles surrounding each cater have a regular pattern parallel to the direction of 

polarization of the incident laser beam, where the spacing between each particle has a 

separation approximately equal to the wavelength of the incident laser beam.  This 

alignment of particles contributes the “fingers” observed after two femtosecond 

pulses. 

 

When Pt:SS is exposed to two femtosecond pulses, the morphology changes again. A 

bridge-like structure forms, connecting each nanoparticle/nanopillar with its 

surrounding rim, shown in Figure 5.3(f).  The bridge is aligned parallel with the 

direction of polarization of the laser beam.  A mechanism for bridge formation is 

proposed as follows. When nanoparticles/nanopillars are exposed to laser radiation 

they exhibit the highest electric field enhancement “hot spots” at the sides of the 

structure parallel to the polarization of the laser beam (Figure 5.8 and Figure 5.9).  

The “hot spots” are generated by enhancement factors on both the nanoparticle and 

nanopillar and create two displaced localized centres where the concentration of the 

plasmonic effects is greatest.  This increases the surface temperature creating a molten 
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region and a bridge can be formed from Marangoni convection or Rayleigh 

instability.  

 

This study proposes that the “fingers” located at the edge of the ablated spot (Figure 

5.3(f)) could be formed by an interference effect caused by multiple surface defects or 

instability in the location of the laser pulse thereby creating interference.  The 

intensity of the laser beam is greatest at the “finger” lines.  These “fingers” are also 

similar to other interference patterns created by two vibrating sources in water. [229] 

 

When the surface of Pt:SS is exposed to 5 pulses (Figure 5.5(a)), LIPSS begin to form 

and the concentration of the isolated nanostructures decreases. For 30 pulses LIPSS 

are clearly visible (Figure 5.5(e)).  There is still a high concentration of nanopillars 

and bridges present at the centre of the spot for both 515 nm and 1030 nm laser 

wavelengths, shown in Figure 5.4 and Figure 5.5. 

 
 
The period and depth of LIPSS structures formed on Pt:SS and 316LSS exposed to 30 

pulses were analysed using AFM.  It was found that the LIPSS period is considerably 

smaller than the wavelength of the incident laser beam.  In the case of Pt:SS, the 

period is 389 ± 9 nm and 740 ± 14 nm when exposed to a 515 nm and 1030 nm laser 

beam, respectively.  In relation to 316LSS, the period is estimated to be 360 ± 7 nm at 

515 nm and 728 ± 17 nm at 1030 nm.  There could be an increase in the LIPSS period 

with the addition of platinum in the alloy.  The period of the LIPSS is significantly 

smaller than the wavelength of the incident laser beam. It was found that the LIPSS 

period increases from 515 nm to 1030 nm.  In the case of metals, the period of LIPSS 

(Λ) is related to the wavelength using Equation ( 28 ).  From this the period of the 

LIPSS is proportional to the wavelength of the laser beam.  If the wavelength 

increases, the period of the LIPSS increases.   

 

The depth of ablation depends on the absorption coefficient, thermal diffusion and 

radiative cooling of the material in question.  The absorption coefficient, α, is given 

by Equation ( 13 ).  α is very high for metals (≈106 cm-1) so the light is completely 

absorbed between depths of 10-20 nm. [107] The effective penetration depth (α-1) is 

proportional to the laser wavelength.  For platinum, α-1 is calculated as 11 nm for 515 
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nm and 13 nm for 1030 nm. For the purpose of this study, α-1 is estimated for Pt:SS by 

using a weighted average value and is estimated to be 12 nm and 16 nm for 515 nm 

and 1030 nm, respectively.  There is minimal difference in depths between these 

wavelengths.  Using AFM, the crater depth after 1 pulse was estimated to be 5 ± 1 nm 

and 13 ± 3 nm for 515 nm and 1030 nm, respectively.  The crater depth is 

underestimated for 515 nm but could be due to the heat decaying as it travels through 

the depth of the material.  

 

An approximate estimate for the thermal diffusion length,  T, is calculated by 

2(Dτp)1/2 where D is the heat diffusivity and τp is the laser pulse duration; this equation 

works better for nanosecond pulses so it is used cautiously. [98] For stainless steel D 

is 0.04 cm2/s [98] and within a laser pulse duration of 500 fs,  T  is calculated to be 

approximately 2 nm.  T is calculated to be 7 nm for platinum (D = 0.25 cm2/s). The 

heat diffusion length within a laser pulse is underestimated and does not reflect the 

depths measured using AFM.  The thermal depth after 1 pulse was estimated using 

COMSOL to be 49 nm at a laser wavelength of 515 nm and 62 nm at 1030 nm at a 

time delay of 4 ps (refer to Section 8.6). The protrusions around the crater after 1 

pulse are similar to these figures although they are slightly underestimated.  The 

protrusion was estimated at 37 ± 4 nm and 55 ± 2 nm for 515 nm and 1030 nm, 

respectively.   

 

The depth of the LIPSS on Pt:SS was estimated as 86 ± 2 nm and 177 ± 5 nm for 515 

and 1030 nm, respectively.  For 316LSS the depth has increased from 78 ± 3 nm to 

142 ± 5 nm. The Pt:SS values are larger than the thermal depths predicted with 

COMSOL.  This increase in depth at 1030 nm is associated with larger wavelengths 

having a larger optical penetration depth.  The increased depths calculated 

experimentally may be due to changes in the material surface after the laser pulse 

interaction has ended. It is also likely that there could be an accumulation in 

absorption with multiple-pulse exposure thereby increasing the depth after each 

successive pulse.  This could increase the total depth of the LIPSS.  Factors such as 

ballistic electrons, plasmonic scattering and Mie scattering could also assist in this 

formation of deeper LIPSS. [230] The role of ballistic electrons is described as 

follows.  When a material is exposed to a femtosecond pulse, strong excitation can 
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occur whereby electron-electron and electron-phonon collisions are unable to 

thermalize the energy to the lattice.  Instead a number of electrons with adequate 

energy penetrate into the bulk of the material, known as ballistic electrons.  The 

electrons will travel deep into the bulk of the material before the energy is transferred 

to the phonon and converted into heat. [98] 

 

LIPSS were estimated to be deeper (from 136-220 nm) at lower repetition rates 

(Figure 5.17), which may be due to the material surface having time to cool in 

between successive pulses and hardening before the arrival of the next pulse. For 

higher repetition rates, the surface may not have time to solidify, remaining in a 

molten state, creating shallower LIPSS.  It was found for stainless steel that lower 

repetition rates achieve deeper ablation due to a larger heat accumulation. [231] These 

deeper LIPSS contribute to an increase in surface area of at least 29%. 

 

In relation to the LIPSS generated for the biology application, the largest measured 

increase in surface area of 32% is associated with Pt:SS 1030 nm LIPSS and is 

credited to the larger depth.  The surface roughness, which a very important parameter 

in relation to cells, has increased on Pt:SS to 34.5 ± 3.3 nm and 49.6 ± 3.0 nm for 515 

nm and 1030 nm respectively.  In relation to 316LSS, the surface roughness has 

increased to 28.8 ± 1.6 nm and 47.9 ± 2.8 nm for 515 nm and 1030 nm respectively.  

 

It is suggested that LIPSS are generated in a thin layer at the near surface region, as 

they do not change direction while crossing a grain boundary (Figure 5.19(b) and 

(c)).  This is observed for both 515 nm and 1030 nm laser wavelengths. Therefore it 

is concluded that grain boundaries do not effect LIPSS formation.  A thin oxide layer 

is confirmed on the surface of Pt:SS due to the fact that the LIPSS and grains can be 

observed using the FIB.  Tsukamoto et al [232] found that after femtosecond laser 

irradiation on the surface of stainless steel grain boundaries were not observed, 

instead periodic nanostructures were created. [84] While it is concluded that grain 

boundaries do not affect LIPSS formation, the imaging FIB technique is unable to 

identify the depth at which the crystalline phase exists below the surface. 
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One would assume that after femtosecond laser exposure the Pt:SS alloy might 

become an amorphous structure (visualized no crystalline, grain structures or slip 

planning in Figure 5.4(b, d, f) and Figure 5.5(b, d, f)).  The results presented have 

confirmed that the alloy cools into its original state, a single crystalline structure 

(Figure 5.21 and Figure 5.22).  There is uniform crystallographic structure on the 

surface of the crest and trough through the depth of the bulk.  Previous studies have 

also verified no amorphous phase present after femtosecond laser-material interaction 

instead the crystallinity has not changed from the bulk material, or a high defect 

density single crystal is present. [233-235]  

 

Why there is no amorphous layer present could be due to the alloy resolidifying at the 

liquid/solid interface through the bulk crystal; in this way seeded crystal growth can 

follow.  Resolidification at the sub-surface liquid/solid interface could, in principal, 

lead to the reseeding of the original polycrystalline phase if the melt were to cool 

sufficiently slowly.  Duff et al [105] estimated the cooling rates of the top 1 nm layer 

of a nickel surface to be 6×1012 K/s after exposure to a 1 ps laser pulse.  

 
The maximum melt depth, MDepth, (when ϕ ≥ ϕth) of Pt:SS can be calculated using the 

equation: [98]  

  ( 41 ) 

 

where ℓ T is the heat diffusion length (m), ϕ is the applied fluence and (Jcm-2) and ϕth is 

the applied threshold fluence (J cm-2).  Using Equation ( 41 ), MDepth of Pt:SS is 

roughly estimated at 2.3 nm and 1.5 nm for 515 nm and 1030 nm laser wavelengths 

after 1 pulse. It is interesting that the 515 nm laser wavelength produces larger melt 

depths than the 1030 nm laser wavelength, yet 1030 nm produces deeper ripples.  

This suggests that a thicker liquid layer obscures LIPSS structures. 

 
 The corresponding time, τm, needed to melt a layer of thickness MDepth is given by: 
[98] 

 τm ≈
θmκ sα

−1

DIa
   ( 42 ) 

 

MDepth ≈ T
φ −φth
φth
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where θm = Tm - T(∞).  Tm is the melting temperature (K) and T(∞) is temperature far 

away from the irradiated area (K). The thermal conductivity (Wm-1K-1) is given by κs,  

α-1 is the optical penetration depth (m), D is the heat diffusivity (m2 s-1) and Ia is the 

absorbed laser light intensity (W m-2).  τm is estimated for Pt:SS as 12 fs and 16 fs 

with 515 nm and 1030 nm laser wavelengths, respectively.  

 
Using Equation ( 41 ) and Equation ( 42 ), the speed at which MDepth changes was 

calculated on Pt:SS as 1.95 × 105 m s-1 and 9.42 × 104 m s-1 for 515 nm and 1030 nm 

laser wavelengths, respectively. The speed of the melt depth during heating is 

travelling approximately twice as fast at a 515 nm laser wavelength compared to a 

1030 nm laser wavelength.  Using COMSOL, it was estimated that after exposure to 

0.28 Jcm-2 Pt:SS cools back to room temperature at 300 ps and 100 ps for 515 nm and 

1030 nm, respectively (refer to Section 8.6 in Appendices chapter).  From this 

estimate, the velocity of resolidification is estimated to be 7.7 m s-1 and 14.9 m s-1 for 

515 nm and 1030 nm, respectively.  The velocity of resolidification is approximately 

twice as slow for 515 nm than for 1030 nm. 

 
In the case of silicon, if the velocity of resolidification is greater than 15 m s-1, the 

liquid phase will become amorphous on solidification. If the velocity of 

resolidification is less than 15 m s-1, crystalline regrowth is more likely to occur. [236] 

The velocity of resolidification should be greater than the velocity for the trapping of 

solute atoms in an alloy.  The degree of solute trapping depends on factors such as the 

diffusive speed of the dopant in the liquid and along the liquid/solid interface. 

Materials displaying less heat conduction have a slower recrystallization rate and are 

unable to achieve the velocity required for an amorphous layer to be formed. This 

study proposes that crystalline regrowth is the dominant cooling mechanism in 

relation to Pt:SS LIPSS as there is no amorphous layer present. The velocity of 

resolidification is less than the velocity needed for an amorphous layer to be 

generated on this alloy surface.  

 

The performance and advantages of LIPSS generated on the surface of Pt:SS stents 

was examined.  It was found that corrosion remains stable after laser exposure and no 

pitting was visible.  It was also observed there is an increase in the surface area of a 

stent once expanded.  Adhesion tests concluded that there in an increase in adhesion 
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when LIPSS are introduced onto a metal surface.  Friction experiments were 

performed on flat steel and found the coefficient of friction decreases from 0.78 ± 

0.01 to 0.21 ± 0.01 when LIPSS are introduced onto the surface.  These results are 

advantageous for stent technology.  

 

5.12. Conclusion 
When Pt:SS is exposed to one femtosecond laser pulse, spherical nanoparticles or 

cylindrical nanopillars are formed. Nanoparticles deposit in regions close to 

nanopillars.  With the arrival of the 2nd pulse, nanoparticles, nanopillars and bridges 

are observed in the vicinity of the original particles or pillars.  It is proposed that for 

this alloy surface plasmons contribute to bridge creation and that initial nanostructures 

determine LIPSS formation.  These nanostructures increase the surface area of LIPSS 

favourable for applications such as tribology, adhesion and optics.  LIPSS were 

examined while changing the laser repetition rate and it was found that the parameter 

to give the highest surface area was 1 kHz at 1030 nm.  

 

The LIPSS structure was not impacted by direction while crossing the grain boundary 

suggesting that they are created in a thin layer at the near surface region.  The grains 

have not been altered after femtosecond laser interaction verifying that there is no 

significant change to the mechanical properties of the alloy. Cross-sectional TEM 

confirms that Pt:SS LIPSS are a single crystal after femtosecond laser interaction and 

the grain has not been altered due to laser exposure.  As the ripple has remained a 

single crystal this verifies that the surface has been textured without any change in the 

bulk crystallinity, which is extremely beneficial for applications in medical devices.  

This study cannot definitely confirm whether these nanoparticles, bridges and 

protrusions are amorphous or crystalline.  

 

After creating LIPSS on the surface of Pt:SS stents, it was found that the corrosive 

stability was still intact, which is beneficial in the medical device industry, especially 

with implantable devices. It was also discovered that there is an increase in the 

surface area of the LIPSS after stent expansion.  This study decided to focus on 

LIPSS applications such as adhesion and friction.  LIPSS increase the surface area 

and generate a “key hole” affect thereby increasing adhesion.  Reducing the friction in 
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medical devices is extremely beneficial as this minimizes wear and in some cases, 

inflammation and toxicity arising from wear debris.  Reducing friction also decreases 

insertion forces, thereby increasing patient comfort during the procedure.  
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Chapter 6.  In-Vitro Study on the Response 
of RAW264.7, MS-5 Fibroblast and 
HPMEC Cells on Laser-Induced Periodic 
Surface Structures  

  

6.1. Introduction 
This chapter focuses on the biological cell response to LIPSS on the surface of 

cardiac stents in an in vitro environment.  How cells interact with a surface is largely 

determined by the curvature, surface charge, surface chemistry and nano-topography 

of the surface. [42] This study is primarily focusing on the bio response to changes in 

chemical composition and nano-topography.  This work investigates the biological 

response of Pt:SS and 316LSS metallic alloy coronary stents by applying LIPSS on 

the stent surface generated by femtosecond laser pulses at a wavelength of 515 nm 

and 1030 nm (analysed in Section 5.10.3).  Two different wavelengths were used to 

create different periodic topographies.  When the laser wavelength is increased the 

LIPSS period and depth also increases, thereby increasing the roughness.  The 

roughness values in this study range from 2 nm to 50 nm.   LIPSS were produced by 

applying femtosecond pulses with a pulse duration of 500 fs at a high repetition rate 

of 100 kHz to smooth polished Pt:SS and 316LSS stent surfaces. In this study LIPSS 

features are characterized using techniques such as Atomic Force Microscopy and X-

ray Photoelectron Spectroscopy. 

 

Monocyte, fibroblast and endothelial cell types are used to investigate the 

biocompatibility of a biomaterial, in this study a clinically approved stent. How 

RAW264.7 monocyte cells, MS-5 fibroblast cells and HPMEC attach onto the 

surface of LIPSS in vitro is investigated.  They are compared to how the cells attach 

onto an un-textured stent surface.  

 

The key findings in this chapter include: 

• It was found using Scanning Electron Microscopy that different cells respond 

differently to LIPSS roughness. 
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• RAW264.7 adhere to un-textured alloy surfaces compared to LIPSS covered 

surfaces.   

• In comparison, fibroblasts did not adhere to un-textured surfaces and have a 

preference to LIPSS fabricated with a roughness of approximately 50 nm. 

 

6.2. Curvature of Stent 
The curvature of Pt:SS and 316LSS stents were calculated using a white light 

interferometer (Zygo NewView 100 Surface Profiler), shown in Figure 6.1.  The 

surface profile was extrapolated into Image J where the radius of curved strut could 

be calculated using the Three Point Circular (Region of Interest) ROI tool.  This tool 

is a plugin that creates a circular ROI generated on three selected points on an image.  

From this, the radius of the strut could be calculated.  Pt:SS and 316LSS have a radius 

value of 0.11 ± 0.01 mm and 0.12 ± 0.01 mm, respectively.  The curvature is given as 

1/Radius. [237] Therefore, the curvature for Pt:SS and 316LSS is given as 9.02 ± 0.64 

mm-1 and 8.59 ± 0.22 mm-1, respectively. 

 

 
Figure 6.1 Stent curvature using a white light interferometer 
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6.3. Testing Cell Fixatives and Drying Processes on 

LIPSS 
A number of protocols were performed to examine which fixative and drying 

processes are preferable to a SS alloy.  Figure 6.2 illustrates a number of various 

protocols used to investigate how the cells interact with a metal surface, in this case 

flat pieces of 316L Stainless Steel.  The cells used in this study were RAW264.7 and 

MS-5.  The fixatives used on the cells were Glutaraldehyde (Glu) and 

Paraformaldehyde (PFA) to allow cell imaging.  Fixation is a chemical process by 

which biological tissues are preserved by making them insoluble. The cells were 

exposed to either Glu or PFA or both. The drying process used was either 

Hexamethyldisilazane (HDMS) or Critical Point Drying (CPD).  

 

From Figure 6.2, it is clear that all protocols show a high concentration of cells 

interacting with the surface, except for PFA with Glu and HDMS, shown in Figure 

6.2(e) and (f).  In this case the RAW264.7 cells have become detached and there are a 

scarce number of cells on the surface. Also, there is a decrease in the concentration of 

MS-5 cells. HDMS is a chemical process that is harsher on the cells.  Due to this, 

CPD is the preferred drying method for the continuation of the study.  Glu is a larger 

molecule so its rate of diffusion across the membrane is slower than PFA which is a 

smaller molecule thereby diffusing faster.  Because of this, a combination of Glu and 

PFA will be used as the fixation for the rest of the study.  The protocol chosen is 

shown in Figure 6.2(g) and (h). Figure 6.2(i) shows flat SS exposed to media only 

used as the control. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

  
(f) 

 
(g) 

 
(h) 

  
(i) 

Figure 6.2 SEM images illustrating various protocols to determine which fixative and drying 

process are preferable to SS.  Protocols include combinations for RAW264.7 cells with (a) 

PFA+HDMS, (c) PFA+CPD, (e) PFA+Glu+HDMS, (g) PFA+Glu+CPD and for MS-5 cells with 
(b) PFA+HDMS, (d) PFA+CPD, (f) PFA+Glu+HDMS,  (h) PFA+Glu+CPD and (i) media only. 
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6.4. Live/Dead Assay 
A live/dead assay was completed on RAW264.7 cells on un-textured flat SS surfaces, 

515 nm LIPSS and 1030 nm LIPSS. Shown in Figure 6.3(a) there is a high 

concentration of cells on an un-textured flat surface.  This clarifies that the surfaces 

supports adhesion after 24 hours.  After laser exposure there is a decrease in the 

number of attached live cells.  When the LIPSS period and depth increases further, 

the concentration of attached RAW264.7 cells decreases, shown in Figure 6.3(b) and 

(c).  A magnified image of the cells grown on 1030 nm LIPSS are shown in Figure 

6.3(d) displaying healthy morphologies.  Due to this change in cell attachment to 

LIPSS this suggests that cells react to a change in surface topography or surface 

chemistry. 

 

When a live/dead assay is performed there is a statistically significant decrease in the 

percentage of live cells (Calcein) with increasing LIPSS period and depth, shown in 

in Figure 6.3e(a-c). A bare un-textured surface has 88 ± 1% live cells present but 

when LIPSS are introduced the number of live cells decreases to 60 ± 4% and 46 ± 

2% for a laser wavelength of 515 nm and 1030 nm, respectively.  The percentage of 

dead cells (Etdh) is insignificant in all cases.   

 

When a live/dead assay is completed on a stent surface there are a number of 

limitations due to the curvature of the stent, the decrease surface area and the low 

number of adhered cells onto the surface.  When performed no signal was detected 

due to the low fluorescent values obtained which were below the detection limit of the 

apparatus. 
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(a) 

 
(b)   (c) 

 
(d) 

    
 (e) 

Figure 6.3 SEM images of RAW 264.7 on flat 316LSS (a) un-textured, (b) 515 nm LIPSS (c) 1030 

nm LIPSS and (d) Zoomed area of 1030 nm LIPSS, shown as blue box in (c). The corresponding 

live/dead assay (e) illutrating the % live cells performed using (a), (b) and (c) samples.  
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6.5. Fluorescence Microscopy 
Fluorescence microscopy was performed on un-textured Pt:SS stent material using 

RAW264.7 cells shown in Figure 6.4.  The blue circles shown in Figure 6.4 are the 

nuclei of the cell and the red circles are the actin fibres of the cells.  This technique 

proved unsuccessful due to the curvature and lack of surface area.  In other words, 

there were a limited number of cells that could possibly be examined.  Also the 

highest magnification that could be achieved was 4X, shown in Figure 6.4(b) and (c).  

The image could not be focused at higher magnifications due to the cells located on 

different planes.  Therefore, fluorescent analysis was unable to be performed on a 

stent.   

 
(a) 

(b) (c) 
Figure 6.4 Epifluorescence microscopy performed on an un-textured Pt:SS stent using 
RAW264.7 cells. 
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6.6. Cell Adhesion Stent Study 

6.6.1.  Flat SS Samples 
SEM was the technique used to image cell adhesion on the surface of the curved 

struts.  Flat SS samples were used as a control to recognize the effects of curvature 

and the reduced surface area shown in  Figure 6.5.  The negative controls were curved 

stent samples and flat samples, which were treated with cell culture media only.  

From  Figure 6.5 there seems to be slight protein deposition on the flat control 

samples especially noticed on the un-textured surface, shown in  Figure 6.5ii(a).  

When RAW264.7 cells are introduced, there is a decrease in the number of adhered 

cells with increasing LIPSS period and depth, shown in Figure 6.6iii(a) to (c).  By 

examining a 50 μm diameter box there is a density of 23 ± 1 (minimum value as there 

are layers of particles), 14 ± 1 and 10 ± 1 particles for un-textured, 515 nm and 1030 

nm LIPSS.  

 

In the case of MS-5 cells, there is a large concentration of cells thereby creating a 

monolayer on the un-textured and LIPSS covered samples, shown in Figure 6.6iv(a) 

to (c).  There appears to be an increase in the number of attached HPMEC from un-

textured to LIPSS surfaces, especially for 515 nm LIPSS, illustrated in Figure 6.6v(a) 

to (c).  This study verifies that with the introduction of LIPSS the surface supports 

adhesion after 24 hours in vitro.   

 

6.6.2. Pt:SS and 316LSS Stents 
For both Pt:SS and 316LSS alloy stents, as shown in Figure 6.6 and Figure 6.7, the 

cellular response is the same.  On the stent surface there seems to be slight protein 

deposition on the curved control samples, shown in Figure 6.6 and Figure 6.7 ii(a-c). 

RAW264.7 monocytes attach onto a curved non-textured stent surface and grow 

without activating into macrophage.  Collagen fibres are visible between the cells 

shown in Figure 6.6 iii(a) and Figure 6.7 iii(a). A lower magnified image of 

RAW264.7 cells attached to the stent surface is shown in Appendices Figure 8.6(a).  

Large RAW264.7 cell clusters are also observed, (refer to Figure 8.6(b) in 
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Appendices Chapter).  In relation to fibroblasts and endothelial cells, they failed to 

make a firm connection on the curved non-textured surface.  

 

When LIPSS are introduced, monocytes appear as single cells that are loosely 

attached to the surface, shown in Figure 6.6 and Figure 6.7 iii(c). Fibroblasts are 

observed peeling or lifting off the surface of 515 nm LIPSS (refer to Figure 8.7 in 

Appendices Chapter) yet have formed a monolayer with healthy morphologies on 

1030 nm LIPSS.  Collagen fibres are also observed between the cells, shown in 

Figure 6.6 and Figure 6.7 iv(c).  Endothelial cells are scarcely seen for un-textured 

surfaces and are also observed peeling or lifting off LIPSS surfaces, shown in Figure 

6.6 and Figure 6.7 v(a-c) (refer to Figure 8.8 in Appendices Chapter for additional 

images). 
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 Figure 6.5 SEM images of flat SS un-textured i(a) bare, ii(a) media only, iii(a) RAW 264.7, iv(a) 

MS-5, v(a) HPMEC; Pt:SS 515 nm LIPSS i(b) bare, ii(b) media only, iii(b) RAW 264.7, iv(b) MS-

5, v(b) HPMEC; Pt:SS 1030 nm LIPSS i(c) bare, ii(c) media only, iii(c) RAW 264.7, iv(c) MS-5 
and v(c) HPMEC. 
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Figure 6.6 SEM images of Pt:SS stent un-textured i(a) bare, ii(a) media only, iii(a) RAW 264.7, 

iv(a) MS-5, v(a) HPMEC; Pt:SS 515 nm LIPSS i(b) bare, ii(b) media only, iii(b) RAW 264.7, iv(b) 

MS-5, v(b) HPMEC; Pt:SS 1030 nm LIPSS i(c) bare, ii(c) media only, iii(c) RAW 264.7, iv(c) MS-
5 and v(c) HPMEC. 
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Figure 6.7 SEM images of 316LSS stent un-textured i(a) bare, ii(a) media only, iii(a) RAW 264.7, 

iv(a) MS-5, v(a) HPMEC; 316LSS 515 nm LIPSS i(b) bare, ii(b) media only, iii(b) RAW 264.7, 

iv(b) MS-5, v(b) HPMEC; 316LSS 1030 nm LIPSS i(c) bare, ii(c) media only, iii(c) RAW 264.7, 
iv(c) MS-5 and v(c) HPMEC. 
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6.7. Discussion 
Parameters that determine how cells interact with a surface include the curvature, 

nano-topography and surface chemistry of the surface.  Each of these parameters was 

examined in this study.  Using an optical profilometer, the curvature for Pt:SS and 

316LSS was calculated and is given as 9.02 ± 0.64 mm-1 and 8.59 ± 0.22 mm-1, 

respectively.  Due to the large curvature of the struts it is unlikely that they influence 

cell interaction.  The LIPSS structures generated on Pt:SS and 316LSS were analysed 

using AFM, explained in Section 5.10.3 and 5.11. 

 

XPS was completed on the alloy surface to determine any changes in the surface 

chemistry after multiple femtosecond pulse exposure at different laser wavelengths. 

XPS can penetrate the surface to a depth of approximately 10 nm therefore XPS scans 

the oxide layer and bulk material.  It was hoped to relate any chemical changes to the 

difference in cell response.  The XPS data shows that there is redistribution in the 

elemental composition on the surface after femtosecond laser exposure.  How the 

elements have changed after 30 pulses are shown in Table 4.7, Table 4.8 and Table 

4.9.   The oxide thickness of a bare Pt:SS stent surface is estimated to be 1.5 nm. [12] 

The oxide thickness of 316LSS was estimated to be 3.6 nm. [238] For Pt:SS there is 

an increase in the oxide thickness from un-textured to 515 nm and 1030 nm LIPSS. 

For 316LSS, there is an increase in oxide thickness from un-textured to 515 nm 

LIPSS.  In relation to Pt on the surface of Pt:SS, there is a 6.3% decrease in Pt at 1030 

nm.  Because both alloys have the same cell response it is unlikely that the oxide layer 

and Pt concentration are factors that affect the response of RAW264.7, MS-5 and 

HPMEC cells.  

 

There is a decrease in Cr and Ni (values that are statistically significant) indicating 

that the surface is less toxic.  This decrease should have a positive effect on the 

number of adhered RAW264.7 cells from bare to 1030 nm LIPSS yet the opposite is 

seen in this study.  There is also a decrease in the Fe concentration from un-textured 

to 515 nm LIPSS.  For both alloys there is an increase in the Fe concentration from 

un-textured to 1030 nm LIPSS. Pt:SS and 316LSS have a high content of Fe present, 

37% Fe in Pt:SS and 61-72% in 316LSS.  There is contradictory literature on how 

cells respond to the Fe content in alloys.  It has been shown that the cytotoxicity 
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increases in a Fe based alloy in vitro, which reduces viability of fibroblasts [239] 

while others show an increase in fibroblast proliferation. [240] From examining the 

XPS results, it is believed that fibroblasts are vulnerable to Cr and Fe, which relates to 

a decrease in Cr and an increase in Fe.  From this study, it is still unclear what 

chemical changes drive cell response. 

 

A main obstacle in this study was the number of suitable bioassays that could be 

performed.  Due to the fact that the stents in this study are metallic, have a small 

length and diameter, have narrow struts, a smaller surface area and a strut curvature 

limits the number of cells that can adhere and grow.  Because of these factors only a 

limited number of cells can be analysed.  Fluorescence microscopy was performed on 

Pt:SS stents using RAW264.7 and was unsuccessful due to the lack of surface area 

and curvature. Another issue, due to the structure of the stent, is when cells are 

attached on other various struts this can generate a strong fluorescent background 

creating difficulties focusing on a specific plane during the fluorescent study.  Assays 

like a Live/Dead assay, PicoGreen, Alamar Blue or ELISA have a quantitative 

detection limit needed for the assay to perform correctly.  The number of measured 

cells per stent was too low to generate significant results, lower than the detection 

limit of the assay.  Also, when cells failed to attach it was not possible to detect them.  

Due to these difficulties, the main technique chosen for characterisation of cell 

response is SEM.  SEM can determine parameters such as morphology, growth, 

activation status for immune cells, protein deposition, cluster formation and collagen 

webbing.  It also allows us to assess cell attachment.  Because cell attachment is 

visualized on the flat and curved LIPSS covered samples this demonstrates that this 

study supports adhesion after 24 hours in vitro. 

 

From the SEM analysis, RAW264.7 show a high affinity to un-textured alloy surfaces 

compared to LIPSS covered surfaces.  Large cell clusters with a diameter of 

approximately 80 ± 7 μm were observed throughout the stent. Few cells activated into 

macrophages and majority were found with healthy morphologies as a dense collagen 

matrix was observed between the cells and the cells were also extending filipodia. 

[241] When LIPSS were introduced on the surface only loosely attached single cells 

were observed.  Causes that can affect the adhesion and proliferation of cells on a 
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particular surface include surface topography, surface roughness, elemental 

composition, electrostatic charge density, stiffness and surface free energy.  Any one 

of these causes could change the response of RAW264.7 on the surface. In the case of 

stents, it is an advantage that the concentration of monocytes decreases when LIPSS 

are introduced as this can reduce thrombosis occurring. 

 

In comparison, MS-5 fibroblast cells show a higher affinity to 1030 nm LIPSS 

covered surfaces compared to un-textured alloy surfaces.  They failed to attach onto 

un-textured surfaces and 515 nm LIPSS surfaces.  On 1030 nm LIPSS, MS-5 cells 

adhered, grew and started to form a monolayer.  Healthy morphologies were observed 

throughout the length of the stent due to the elongated and spindle-like morphology of 

the fibroblasts and they displayed a fibrous network resembling collagen fibres. [242] 

1030 nm LIPSS are associated with a rougher surface and deeper ripples.  This 

surface has a roughness value of approximately 50 nm, which the MS-5 cells prefer. 

The deeper ripples could create a “key-hole” affect whereby the MS-5 cells can 

adhere onto the ripples and proliferate. Due to the increase in surface area there is 

more protein adsorbed on the surface, which could also contribute to an increase in 

cell adhesion.  Because the MS-5 cells have adhered to the surface of 1030 nm LIPSS 

this verifies that the surface supports adhesion after 24 hours.  HPMEC endothelial 

cells were also examined yet the cells did not adhere and grow with any of the surface 

topographies fabricated in this study.  Future work is essential to identify surface 

topographies, roughness and patterns that endothelial cells adhere better to.   

 

6.8. Conclusion 
This study focuses on surface modifications on a stent and recording a bio-response.  

Various cell types can have a different response to a curved stent surface depending 

on the roughness value of the surface.  This was examined using SEM.  It was found 

that RAW264.7 monocyte cells attach onto an un-textured surface with a roughness 

value of several nm.  In contrast MS-5 cells prefer surfaces with a roughness value of 

approximately 50 nm.  HPMEC have a preference for neither roughness values in this 

study.   Future work can examine HPMEC response to a broader study of roughness 

values.  Pt:SS and 316LSS stent surfaces had a similar cell response.  The number of 
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attached cells decreases with increasing LIPSS period and depth generated on a flat 

SS surface.  A live/dead assay was performed which verified that the percentage of 

live cells decreases with increasing LIPSS period and depth.  This confirms that cells 

react to a change in surface morphology and/or chemistry.  Flat samples were used to 

verify the biocompatibility of the alloy surface after laser exposure.  Cells attached to 

the surface and grew suggesting that LIPSS covered surfaces support adhesion after 

24 hours in vitro.  RAW264.7, MS-5 and HPMEC cells all adhered to the flat SS 

samples, those that were un-textured and LIPSS covered.  This confirms that the stent 

morphology, in other words the curvature, is a large factor in in vitro cell growth.   

 

Using XPS it was found that there is a change in the surface chemistry of both Pt:SS 

and 316LSS from un-textured to 515 nm LIPSS and 1030 nm LIPSS surfaces.  It is 

expected that cells react to changes in Fe and Cr but in this case there is no difference 

in cell interaction between the two alloys.  Therefore, it is assumed that surface 

topography created by ultra-short lasers greatly effect cell behaviour.  There is not a 

significant change in surface chemistry yet in comparison there is a greater change in 

topography.  It is important to note that this study is completed in vitro and one 

cannot presume the same responses could occur in vivo.  This in vitro study is a good 

starting point whereby in vivo studies can develop into clinical trials in the future. 

Depending on the application, a stent could be generated with different LIPSS 

morphologies to achieve various cell responses.  Medical implants exposed to ultra-

short pulse lasers can generate various topographies and offer new bio-functionalities 

in the future. 
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Chapter 7.  Conclusions and Future Work 
 

7.1. Conclusions 
The focus of this work was to investigate the physical and biological response of 

LIPSS created by using a femtosecond laser on a Pt:SS alloy surface.  There are a 

number of interesting results including a greater understanding of the role of 

reflectivity with incubation, the evolution of LIPSS based on the onset of 

nanostructures, and the bio cellular response to textured stent surfaces. 

 

It was found that the damage threshold fluence decreases with increasing number of 

laser pulses.  There is also a decrease in the damage threshold fluence with a laser 

wavelength from 1030 nm to 515 nm.  The reflectivity values of Pt:SS, 316LSS and 

Au were measured using an integrating sphere at both wavelengths and it was found 

that reflectivity is higher at the longer wavelength.  Reflectivity also decreases as the 

number of laser pulses increases from N=1 to 20. The change in reflectivity is due to 

an increase in surface roughness and surface area.  Incorporating reflectivity into the 

incubation model leads to an increase in the incubation coefficient parameter from S = 

0.79 ± 0.03 to S = 1.02 ± 0.03 (for Pt:SS at 1030 nm).  This suggests that reflectivity 

is a significant factor in incubation.  The simple simulation based on the TTM shows 

that there is no build up of thermal energy with successive pulses as the lattice returns 

to room temperature before the arrival of the second pulse.  The absorption coefficient 

of a material is dependent on the chemical composition and XPS showed variations in 

elemental concentrations with increasing number of laser pulses.  Therefore it must be 

taken under consideration that the changes in the chemical composition with 

increasing number of laser pulses may play a role in the incubation effect.   

 

The onset of Pt:SS LIPSS formation was investigated by examining the evolution of 

surface nanostructures at the edges of the ablated spot.  After exposure to one 

femtosecond laser pulse, nanoparticles/nanopillars are observed near the delaminated 

structure.  These nanostructures are generated at fluences approximately equal or 

below the threshold fluence and are most likely formed by a stress confinement 

initiated at a surface defect. After the irradiation with 2nd pulse, these 

nanoparticles/nanopillars evolve to structures that are surrounded by a rim, with a 
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central bridge-like structure. We propose the onset of bridges is generated due to 

plasmonic interaction where the local field intensity is parallel to the polarization of 

the laser beam.  At the centre of the ablated spot there is a high concentration of these 

nanostructures containing bridges, nanopillars and nanoparticles.  Using AFM, it was 

found that the surface area increases by a minimum of 60% after femtosecond laser 

exposure. The direction of the LIPSS does not change while crossing the grain 

boundaries implying that LIPSS are generated in a thin molten layer near the surface.  

The fact that the grains do not change as a result of femtosecond laser interaction with 

the surface suggests that Pt:SS LIPSS cool from the bulk of the material, thereby 

reseeding the crystal, confirmed using TEM. Hence LIPSS can be generated on the 

surface of materials without changing the crystal structure; this factor is desirable in 

mechanical applications of medical devices.   

 

When LIPSS are generated on the surface of a Pt:SS stent they do not interfere with 

the corrosion stability, which is highly favourable for stent technology.  LIPSS 

increase the surface area without the use of chemicals, which is useful in applications 

such as optics, tribology and adhesion.  There is also an increase in the surface area of 

LIPSS after stent expansion.  This study focused on LIPSS applications such as 

adhesion and friction.  The motivation behind the adhesion study was the hope to 

increase adhesion for drug delivery on the outside of a stent and improve the 

performance of blood circulation.  It was found that LIPSS structures improve the 

adhesion between polymer coatings and alloy stent surfaces, which is valuable for 

DES stents.  The incentive behind the tribology application was to reduce friction in 

medical devices thereby decreasing wear debris.  Results showed that the coefficient 

of friction decreased when LIPSS were introduced to a surface. 

 

An in vitro study verified that cells respond to a change in surface morphology and 

roughness on curved Pt:SS and 316LSS cardiac stents.  It was found that monocytes 

attach to un-textured surfaces exhibiting a roughness value of approximately 2-3 nm 

and applying LIPSS inhibits monocyte cell growth. Fibroblasts did not attach to un-

textured or 515 nm LIPSS covered surfaces yet showed a high affinity to 1030 nm 

LIPSS.  Endothelial cells did not attach to un-textured surface and textured surfaces, 

which could be due to the curvature of the stent, the surface roughness or the sample 
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preparation.  On flat steel surfaces, there is a decrease in the number of adhered 

immune cells with increasing LIPSS period and depth, as verified using a live/dead 

assay.  The presence of cells with healthy morphologies confirms that LIPSS support 

adhesion after 24 hours in vitro.  XPS revealed surface chemistry changes from un-

textured to 515 nm and 1030 nm LIPSS and there is no difference in cell response 

between the 316LSS and Pt:SS stent. The change in surface topography is large 

whereas surface chemistry changes slightly.   It is therefore concluded that in cell 

response the surface morphology has a greater influence than surface chemistry.    

Depending on the application and desired cell response, a stent can be fabricated with 

various LIPSS morphologies. It is important to state that this study is performed in 

vitro and one cannot assume that the same response would occur in vivo. In the future, 

by integrating LIPSS on the surface of medical implants can open new bio-

functionalities in the medical device sector. 

 

7.2. Future Work 
A number of examples for future work are given below. 

• This study focused on coronary stents.  LIPSS can be processed on a number 

of medical devices, for example, catheters, guide wires, hip and knee 

orthopaedic implants. 

• LIPSS were generated using a kHz repetition rate laser.  In the future LIPSS 

can be generated using a MHz repetition rate femtosecond laser.  A future 

study is necessary to explore the parameter space to fully realise the potential 

of large area LIPSS. 

• COMSOL was used to complete the two-temperature model for multiple 

pulses.  In the future stress models can be performed and related to alloy 

LIPSS formation. 

• Contact angle measurements can be performed on a Pt:SS stent using a 

nanolitre droplet dispenser to study the hydrophilic/hydrophobic response of 

LIPSS.  This technique provides valuable insights to how stents respond to 

different in vivo environments. 

• The role of nanostructures in initiating LIPSS deserves more extensive 

studies on different materials, using various computational models. 
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• This study focuses on Pt:SS LIPSS formation.  The formation of LIPSS on a 

number of metal/alloy/semiconductor/dielectric surfaces can be examined in 

order to compare the progression of laser pulses across several different 

materials. 

• The improved tribological properties deserve a more intensive investigation.  

An in-depth tribology study can be implemented on LIPSS surfaces to 

include factors such as wear rate.   

• Further biology studies in vivo should be performed to examine how LIPSS 

can lead to the response of different cell types. 

• LIPSS can realise new sensing applications such as Surface Enhanced Raman 

Spectroscopy (SERS) or capacitive effects on surface structures. 
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Chapter 8. Appendices 
8.1. Adhesion Methodology 
The methodology for the PBMA adhesion test is as follows: 

• 2.5%(weight%) solid solution of PBMA was diluted in a solvent of 85/25 

(wt./wt.%) Toluene/ Tetrahydrofuran. [243] Purple dye (ensure the dye is 

soluble in toluene and not water-based) was added to the PBMA in liquid 

form (in order to visualize adhesion under the optical microscope). 

• The steel sample was cleaned and 1,200 μL of PBMA was spin-coated 

(Single Wafer Spin Processor, Laurell Technologies Corporation®) onto the 

surface.   The spin-coater performed for 10 seconds at 150 rpm and then 20 

seconds at 4000 rpm to ensure a uniform coating.  It is vital that a 10 – 25 μm 

coating of PBMA is present on the surface for the adhesion tester to work. 

• The PBMA was left to dry overnight.  The thickness was examined using a 

Profilometer (Zygo Corporation®) 

• The Cross Hatch cutter was used to slice 20 mm long lines across the 

polymer coating.  Ensure enough pressure is applied to cut right through the 

polymer coating to the surface of the substrate.  Use the small cleaning brush 

to gently remove debris at an angle of 45°.   

• The cutter was then placed on the sample at 90° to the first cut and cut gently 

to create a 10 × 10 array of 1mm × 1mm squares separated by 100 μm lines, 

shown in Table 8.1.   

• A piece of 3M adhesive tape was cut approximately 75 mm long. 

• The tape was positioned in the centre of the polymer array and smoothed in 

place (the end of a pencil was used to ensure good contact).  The tape was not 

left on for more than 90 s. 

• The tape was removed at a 180° angle in a single steady motion. 

• The polymer residual was examined under a microscope and compared 

against Table 8.1.   

• The test was repeated three times for each sample. [244]  
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Table 8.1 ASTM Standards for D3359 [244] 

Classification Description Surface of polymer square 

array  

5 None of the squares of the lattice has 

become detached. 

 
4 Polymer flakes have become 

detached at the intersections of the 

cuts.  An area < 5% is affected.  
3 Polymer flakes have become 

detached at the intersections and/or 

edges of the cuts.  An area > 5% but 

< 15% is affected.   

2 Polymer flakes have become 

detached along the edges of the cuts 

partly/fully in large ribbons and/or 

flaked partly/fully on various 

locations on the squares.  An area 

>15% but <35% is affected. 

  

1 Polymer flakes have become 

detached along the edges of the cuts 

in large ribbons and/or squares are 

partly or fully detached.  An area 

>35% but <65% is affected. 
  

0 Polymer flaking >65% Greater than 65% 

 

 

8.2. Tribometer Methodology 
The method for how to use the CSM pin-on-disk tribometer was applied as follows: 

• Before a test run ensure the machine is calibrated with the pulley, weight and 

string as described in manufactures guidelines. 

• The steel ball and samples were cleaned with alcohol. 

• The steel ball was placed in the ball holder ensuring that the lid was screwed 

tightly so the ball did not move during experiments. 
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• The eccentric latch was turned to the horizontal MIDDLE position. 

• The ball holder was positioned in the tribometer arm and the ball was 

positioned approximately 2 mm off the sample surface.  

• The counterweights were turned until the tribometer arm was balanced. 

• The eccentric latch was placed in the DOWN position.  This moves the ball 

immediately into contact with the sample surface.  It was ensured that the ball 

was in direct contact with the surface. 

• A black rubber O-ring was inserted under the weight to avoid vibrations 

during the experiments.  Weights (1 N, 2 N, 5 N or 10 N) were placed on top 

of the tribometer arm. 

• The software icon Tribox 4.4R was opened on the computer desktop. 

• Press insert  sample.  In this case, steel was used.   

• Insert  tribometer  okay. 

• In this study the parameters are given as: Load = 1 N, Distance = 0.06 m, 

Max speed = 1 cm/s, Frequency = 0.53 Hz, geometry = ball, Dimension (of 

ball) = 6 mm, Acquisition Rate = 100 Hz. 

• Press start. 

• Once the test was finished the eccentric latch is positioned in the UP position 

to fully lift the ball off the sample. 

• When using high loads the steel ball can become flattened due to etching so 

the ball was rotated after each test.  

• By extracting data as a text file, right click measurement tab  Export. 

• The coefficient of friction was calculated from the exported graph of 

coefficient of friction versus time/position.  This was achieved by averaging 

the plateau values of μ above and below zero.  An example of this graph is 

shown in the top section of Figure 3.22. 
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8.3. Biological Protocols for RAW264.7, MS-5 and 

HPMEC 

8.3.1. Protocol for dehydrating cells 
• Remove frozen aliquot of RAW264.7 cells from liquid nitrogen. Place in 

water bath at a temperature of 37 °C (not fully immersed) for approximately 1 

minute until the cells have defrosted.  There are 2 million cells in 10% of 

Dimethyl Sulfoxide (DMSO) and 90% Fetal Bovine Serum (FBS).  DMSO is 

a necessary cryopreservation agent. 

• Remove RAW264.7 cells out of aliquot and pipette into the corner of a T75 

flask, ensuring there are no bubbles.  Add 10 ml’s of fresh pre-heated cell 

culture media. Cell culture media consists of Dulbecco's Modified Eagle's 

medium (DMEM, Sigma-Aldrich®) supplemented with 10% FBS (Sigma-

Aldrich®) and 100 µg/mL of penicillin and 100 µg/mL of streptomycin. FBS 

is a supplement for the cells and Pen Strep inhibits bacteria growth. 

• Add cell culture media slowly to the corner of the flask. Rock from side to 

side gently.  Check under microscope to ensure floating cells are observed.  

• Cells were incubated at 5% CO2 and 37°C atmosphere. 

• Repeat procedure above for MS-5 and HPMEC cells. 

 

8.3.2. Protocol for cell culture RAW264.7 and MS-5 
This protocol is used to wash and feed the RAW264.7 or MS-5 cells. 

• Prepare the biosafety cabinet by turning on the extractor fan and positioning 

the glass cover a quarter way up from the bottom. 

• Spray the cabinet and apparatus with 70% IMS (Industrial Methylated Spirit) 

and wipe clean. 

• Half fill a beaker with Virkon solution.  Virkon is a disinfectant that kills 

bacteria and is used for waste.  Spray beaker with 70% IMS and place in 

cabinet. 

• Place aliquoted buffer solution (Hank’s Balanced Salt Solution (HBBS) or 

Phosphate-buffered saline (PBS)) and cell culture media in a water bath for 

10-15 minutes. 
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• Remove the T75 flask with the RAW264.7/MS-5 or HPMEC cell line from 

the incubator.  Observe under an optical microscope and check cell growth, 

concentration of dead cells, amount of foreign debris and cell confluence. 

• Spray the T75 flask with 70% IMS and place in the cabinet. 

• Remove the pre-heated buffer and media from the water bath, wipe the 

aliquots with a tissue, spray with 70% IMS and place in the cabinet. 

• Using a 10 ml pipette, remove the old cell culture media from the T75 flask 

and discard into the Virkon beaker.  

• Pipette 3-4 ml’s HBBS into the T75 flask and rock flask gently to spread 

buffer over the entire surface. 

• Remove HBBS buffer from flask and repeat washing if needed. 

• Pipette 10 ml’s of fresh media into the T75 flask and rock flask gently. 

• Ensure that the lids of all of the tubes and bottles are tightened securely. 

• Remove the T75 flask from cabinet, spray with 70% IMS and place in the 

incubator. 

• Remove all aliquots with media and buffer from the cabinet and place back 

into the fridge. 

• Discard Virkon in “liquid waste” bottle and rinse the beaker twice in water. 

• Spray the cabinet with 70% IMS and wipe clean.  Close the cabinet by 

positing the glass cover at the bottom. 

• Turn on the disinfection mode, which emits UV light. 

 

8.3.3. Protocol for cell culture HPMEC 
The protocol for HPMEC cell culture is exactly the same as section 8.3.2 Protocol for 

cell culture RAW264.7 and MS-5 except a different cell culture media is used.  For 

HPMEC cells, α-MEM (Sigma-Aldrich®) + growth factor supplement is used as the 

cell culture media. 

 

 

 



Appendices   
 

                                                                                                                                      187 
 

8.3.4. Protocol for RAW264.7 cell splitting  
The cells need to be split otherwise they can become too concentrated thereby having 

no room to grow and they start to die.  T75 flasks were split once the cell confluence 

reached approximately 70%.  The cell concentration is approximately 1.5 - 2 million 

cells per flask. 

• Prepare the biosafety cabinet by turning on the extractor fan and positioning 

the glass cover a quarter way up from the bottom. 

• Spray the cabinet and apparatus with 70% IMS and wipe clean. 

• Half fill a beaker with Virkon solution.  Virkon is a disinfectant that kills 

bacteria and is used for waste.  Spray beaker with 70% IMS and place in 

cabinet. 

• Place aliquoted buffer solution and cell culture media in a water bath at 37°C 

for 10-15 minutes. 

• Remove the pre-heated buffer and media from the water bath, wipe the 

aliquots with a tissue, spray with 70% IMS and place in the cabinet. 

• Before splitting the cells, remove old media and wash T75 flask twice with 3-

4 ml’s sterile HBSS buffer.  Remove buffer. 

• Add 10 ml’s of fresh cell culture media. 

• Flush fresh media in and out of pipette vigorously to detach cells.  Do this for 

3-5 minutes. Avoid splashing or bubbles as this can provoke bacteria 

contamination.   

• Place two new T75 flasks into the cabinet.  Transfer 5 ml’s of media 

containing cells into each flask.  Add 5 ml’s of fresh media into each flask.  

Therefore each flask has a total of 10 ml’s.  

• Gently rock each flask to spread the cells over the surface. 

• Label each flask with cell line, name and date.  Spray with 70 % IMS and 

place inside incubator. 
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8.3.5. Protocol for MS-5 and HPMEC cell splitting 
• Cells were split every 2-3 days depending on the cell confluence in the T75 

flasks. 

• Prepare the biosafety cabinet by turning on the extractor fan and positioning 

the glass cover a quarter way up from the bottom. 

• Spray the cabinet and apparatus with 70% IMS and wipe clean. 

• Half fill a beaker with Virkon solution.  Virkon is a disinfectant that kills 

bacteria and is used for waste.  Spray beaker with 70% IMS and place in 

cabinet. 

• Place aliquoted buffer solution (Hank’s Balanced Salt Solution (HBBS) or 

Phosphate-buffered saline (PBS)) and cell culture media in a water bath for 

10-15 minutes.  Place Trypsin (0.05% Trypsin EDTA) in the water bath for 5 

minutes. 

• Remove the T75 flask with the MS-5 or HPMEC cell line from the incubator.  

Observe under an optical microscope and check cell growth, concentration of 

dead cells, amount of foreign debris and cell confluence. 

• Spray the T75 flask with 70% IMS and place in the cabinet. 

• Remove the pre-heated buffer and cell culture media from the water bath, 

wipe the aliquots with a tissue, spray with 70% IMS and place in the cabinet. 

• Using a 10 ml pipette, remove the old cell culture media from the T75 flask 

and discard into the Virkon beaker.  

• Pipette 3-4 ml’s HBBS into the T75 flask and rock flask gently to spread 

buffer over the entire surface. 

• Remove the Trypsin from the water bath, wipe the aliquot with a tissue, spray 

with 70% IMS and place in the cabinet. 

• Remove HBBS buffer from flask and repeat washing. 

• Pipette 4 ml’s of pre-heated Trypsin/EDTA solution into the T75 flask, rock 

gently. 

• Incubate for 5 minutes. 

• Remove T75 flask from incubator and tap the bottom of the flask gently with 

your fingers.  Place flask under an optical microscope to view the detached 

cells. 
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• Add 4 ml’s of pre-heated cell culture media to T75 flask.  This neutralises the 

Trypsin. 

• Transfer suspension from flask to 15 ml plastic tube. 

• Centrifuge tube at 1500 rpm for 5 minutes.  Ensure you have balanced your 

tube. The centrifuge machine used is a Thermo Scientific Biofuge Primo 

Centrifuge. 

• Discard supernatant. 

• Re-suspend cells in 10 ml’s of fresh cell culture media. 

• Using two new T75 flasks, add 5 ml’s of the re-suspended cell solution and 5 

ml’s fresh cell culture media to each. 

 

8.3.6. Protocol for highly concentrated cells on stents 
This protocol is used to create highly concentrated cell solution to apply to the stents. 

RAW264.7: 

• After the RAW264.7 cells have been detached from the bottom of the T75 

flask (by flushing fresh media in and out using the pipette), remove all of the 

liquid from the flask and place in a labelled aliquot.  

• Repeat the above step for the other T75 flasks containing cells. 

• Estimate cell number in suspension by counting using a haemocytometer. 

• Centrifuge for 5 minutes at 1500 RPM.  The machine used is a Thermo 

Scientific Heraeus Megafuge 8 Centrifuge. 

• Discard supernatant. 

• Re-suspend the cell pellet in fresh pre-heated cell culture media to make up 

suspension with approximately 3 million cells/ml. 

• The cells are now ready to be pipetted over the stents and holders. 

 

MS-5: 

• Take T75 flask with MS-5 cells out of incubator.  Wash with 10 ml’s of PBS 

twice. 

• Take out PBS and put in 5 ml Trypsin (0.05% Trypsin EDTA) 

• Incubate for 5 minutes. 

• Add 5 ml fresh media into flask.   
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• Gently flip flask to spread cells over surface. 

• Remove all liquid. 

• Estimate cell number in suspension by counting using a haemocytometer. 

• Centrifuge for 7 minutes at 1500 RPM.  The machine used is a Thermo 

Scientific Heraeus Megafuge 8 Centrifuge. 

• Discard supernatant. 

• Re-suspend the cell pellet in fresh pre-heated cell culture media to make up 

suspension with approximately 3 million cells/ml. 

• The cells are now ready to be pipetted over the stents and holders. 

 

Stent and Stent holder: 

• Spray all the apparatus e.g. stents, holders, petri dishes, forceps, with 70% 

IMS. 

• Place petri dish, with stents and holder in the biosafety cabinet, sterilize under 

UV light for approximately 40 minutes.   Wash the stents twice with sterile 

PBS and place into sterilised spare petri dishes. 

• Pipette concentrated cell suspension onto the stents, ensuring to drop the 

solution to the top of the stents.  Ensure the stents fully immersed in 

suspension.  

• Place the samples in the incubator for 6 hours to allow the cells to attach. 

• After 6 hours remove the samples from the incubator and transfer the stents 

and holder into a fresh sterile petri dish. 

• Add fresh pre-heated cell culture media.   

• Incubate for 24 hours. 
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8.3.7. Protocol for observing cells under a Scanning Electron 

Microscope 
• After 24 hours of incubation, the cell covered stents on the teflon holders are 

removed from the petri dishes and rinsed twice with non-sterile 0.1M 

phosphate butter (PBS), pH 7.2. 

• The stents are then fixed with 2.5% glutaraldehyde and 2.5% 

paraformaldehyde in 0.1M phosphate buffer overnight at room temperature.  

The fixative is added 0.5 ml at a time and ensure the stent is fully covered.  

• The fixation solution is removed and samples are rinsed twice with PBS. 

• Now steps are taken to remove the water and dehydrate the cells.  PBS is 

removed and 50% ethanol with 50% buffer is added at 4 °C for 5 minutes.   

• Alcohol is removed and the previous step repeated with 75% ethanol. 

• Alcohol is removed and the 4th step repeated with 80% ethanol. 

• Alcohol is removed and the 4th step repeated with 90% ethanol. 

• Alcohol is removed and the 4th step repeated with 100% ethanol.  

• Critical Point Drying (Quorum Technologies Emitech k850) is now used to 

dehydrate the cells.  This apparatus allows the sample immersed in ethanol to 

change from liquid to gas without any sudden change in state.  

Hexamethyldisilazane (HDMS) is a chemical that can be used instead of 

critical point drying but it was found that HDMS was too harsh on the cells. 

• Once finished, samples are then gold coated using an EMScope SC500 Gold 

Sputter Coater. 

• Samples are now ready to be viewed under the SEM (Hitachi S2600N 

Variable Pressure SEM).  

 

8.3.8. Protocol for observing cells under a Fluorescence	  

Microscope 
• After 24 hours incubation, stents in the teflon holders are removed from the 

Petri dishes.  The samples are rinsed gently in phosphate buffered solution 

(PBS). 

• They are then fixed with 4% paraformaldehyde (to fix protein structure) and 

2% sucrose solution in PBS (to adjust osmotic pressure) for 15 minutes at 
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room temperature. 

• Remove paraformaldehyde and gently wash samples with PBS twice. 

• They are then permeabilised using 200μl of 0.2% Triton X-100 solution 

(Triton-X is diluted in PBS) for 5 minutes at 0°C.  Triton-X is used to break 

cell membranes and allow dye to enter the cells.  Cells were not allowed to 

freeze.  Remove Triton-X. 

• Samples are washed again 2-3 times in PBS. 

• The cells are then stained with Actin Phalloidin in PBS (diluted 1:100) for 20 

minutes.  Actin Phalloidin is a fluorescent red dye used for staining the actin 

of the cells. Because a fluorescent dye is light sensitive, the samples are 

covered in tin foil.  Remove dye from well plates. 

• Samples are then rinsed in PBS solution twice. 

• Place a small drop of DAPI (4',6-diamidino-2-phenylindole) solution to cover 

the surface of the stent in each well plate. DAPI is a fluorescent blue dye used 

for staining the nuclei.  This dye is used extensively in fluorescent 

microscopy.  

• All samples are then stored at 4°C until viewed under the inverted fluorescent 

microscope. 

 

8.3.9. Protocol for Live/Dead Assay 
A Live/Dead assay was used to determine the concentration of live and dead cells on 

LIPSS surfaces. 

• Cells were seeded on bare and LIPSS covered flat samples.  50,000 cells were 

present in each well.  The samples were incubated for 24 hours. 

• After 24 hours, wash samples with PBS twice. 

• Remove the Live/Dead®(Life Technologies) reagent solutions from the 

freezer and leave at room temperature 

• Add 20 μL to 2mM ethidium bromide (Ethd-1) solution to 10 mL PBS.  This 

gives 4 μM Ethd-1 solution. 

• Add 5 μL to 4mM calcein solution to Dimethyl sulfoxide (DMSO). Now add 

to the 10 mL of 4 μM Etdh-1 solution.   

• In a microplate containing the samples, add 100 μL of PBS to each well.  Add 
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another 100 μL of the Live/Dead® solution, containing 1 μM calcein and 2 

μM Etdh-1.  Cover microplate by foil. 

• Incubate at room temperature for 30-45 minutes. 

• Measure the fluorescence of the wells containing the samples and controls 

using a Varioskan Flash plate reader. 

 

8.3.9.1. Calculate percentage of live cells 

• The background fluorescence was subtracted from all other recorded values 

before calculating results. 

• The percentage of live cells were calculated from the fluorescence readings 

taken at 530 nm (wavelength to excite calcein) using the equation [245]: 

%LiveCells =
Fsample −Fmin
Fmax −Fmin

×100%  

 
where Fsample is the fluorescence of the experimental sample (labelled with calcein and 

EthD-1), Fmin is the fluorescence in a sample where all cells are alive (labelled with 

EthD-1 only) and Fmax is the fluorescence in a sample where all cells are alive 

(labelled with calcein only). 
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8.4. Deriving the Diameter Equation using ϕth and S 
Fluence for a Gaussian spatial beam profile is given by: 

φ(r) = φ0 exp
−2r2

ω0
2

"

#
$$

%

&
''

 
Replace r with D/2, where D is the diameter of the spot: 
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At threshold fluence (D/2) = th(N) 
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Incubation is expressed as: 

φth (N ) = φth (1)N
S−1  
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Therefore diameter is equal to: 

D =ω0 −2 ln φth (1)N
S−1

φ0
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#
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'  

Diameter can be re-written as: 

D =ω0 2 ln φ0
φth (1)N

S−1

"

#
$

%

&
'  

This equation has been seen in literature by Ben-Yakar et al. [246] 

 

8.5. Electron and Lattice Temperatures 

8.5.1. 316LSS Electron and Lattice Temperatures at 1030 nm  
The electron and lattice temperatures were calculated for 316LSS at a laser 

wavelength of 1030 nm.   

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8.1 Electron and Lattice Temperatures, respectively, using COMSOL for 316LSS at a 

laser wavelength of 1030 nm (a) and (b) varying the Electron Specific Heat, C0, (c) and (d) 

varying electron phonon coupling term. 
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8.5.2. Pt:SS Electron and Lattice Temperatures at 515 nm and 

1030 nm 
The electron and lattice temperatures were investigated by changing the laser 

wavelength.  It was found that the electron and lattice temperature decreases with 

increasing wavelength. 

 

 
(a) 

 
(b) 

Figure 8.2 (a) Electron and (b) Lattice Temperatures using COMSOL for Pt:SS using weighted 
averages for Co, G and Kl at a laser wavelength of 515 nm and 1030 nm. 

 

8.6. Lattice temperature depth as a function of time 
Using the TTM, COMSOL was used to calculate the temperature depth as a function 

of time after a 500 fs laser pulse. Figure 8.3 shows lattice temperature as it travels into 

Pt:SS at a distance of 0.5 μm.  The highest temperatures are achieved at the very 

surface, at a distance equal to 0 μm, and decrease as the heat diffuses into the 

material.  For both wavelengths, the highest temperature at the surface is reached at 4 

ps.  At 515 nm and 1030 nm a temperature of 8,047 K and 5,125 K is reached, 

respectively.  Taking the 1/e2 value of the temperature curve and extrapolating the line 

to the x-axis calculates the depth.  The heat depth is calculated to be 49 nm and 62 nm 

for a laser wavelength of 515 nm and 1030 nm, respectively, at a time delay of 4 ps.  

The material returns back to room temperature at 300 ps and 100 ps for 515 nm and 

1030 nm, respectively.  It takes longer for Pt:SS to cool down after exposure to 

shorter wavelengths.  
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(a) 

 
(b) 

Figure 8.3 Lattice temperature as a function of time as it travels a depth into Pt:SS at (a) 515 nm 
and (b) 1030 nm 

 

8.7. Pt:SS Grains after Expansion 
The surface of a Pt:SS stent was exposed to FIB until the grains were clearly visible.  

In a compressed state the grains where captured using SEM at a specific location (in 

this case the narrow area of a strut). The stent was then expanded and the same grains 

were analysed.  The length of each grain was measured using Image J and compared.  

It was found that the length of the grains decreased after expansion (located at the 

strut connector).   
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(a) 

 
(b) 

Figure 8.4 Pt:SS grains exposed using FIB for (a) compressed and (b) expanded stent in same 
location measuring length (with Image J) 

 

8.8. Thickness of polymer coating 
The thickness of PBMA polymer on flat steel samples was investigated using a 

profilometer.  An example is shown in Figure 8.5. 

 
Figure 8.5 Image captured using a profilometer to measure the thickness of PBMA polymer on 

flat steel samples 
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8.9. Cell Adhesion on Pt:SS and 316LSS Stents 

8.9.1. Monocyte Cells 
RAW264.7 monocyte cells show a high affinity to bare un-textured stent surfaces.  

There is a large concentration of cells present throughout the strut (Figure 8.6(a)) and 

large cell clusters are observed (Figure 8.6(b)). 

 
(a) 

 
(b) 

Figure 8.6 SEM images of RAW264.7 cells attached to a Pt:SS stent illustrating (a) a high 
concentration of cells located on the strut and (b) large cell clusters. 

 

8.9.2. Fibroblast Cells 
When fibroblast cells are introduced to 515 nm LIPSS they are seen peeling or lifting 

off the surface of Pt:SS (Figure 8.7(a) and (b)) and 316LSS (Figure 8.7(c)). 

  
(a) 

  
(b) 

  
(c) 

Figure 8.7 SEM images of MS-5 cells peeling off 515 nm LIPSS on a (a)(b) Pt:SS stent and (c) 
316LSS stent surface. 
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8.9.1. Endothelial Cells 
Endothelial cells are observed peeling or lifting off the surface of Pt:SS LIPSS 

surfaces, shown in Figure 8.8. 

 

 (a)  (b) 
Figure 8.8 SEM images of HPMEC cells peeling off  (a) 515 nm LIPSS and (b) 1030 nm LIPSS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendices   
 

                                                                                                                                      201 
 

8.10. Abbreviations and Symbols 
Abbreviations 
AFM  Atomic Force Microscope 

AOM  Acousto-Optic Modulator 

BBO  Barium Borate 

BCC  Body Centre Cubic 

BE  Binding Energy 

CCD  Charge-Coupled Device 

CoCr  Cobalt Chromium 

CPA  Chirped Pulse Amplification 

CPD  Critical Point Drying 

DES  Drug Eluting Stent 

DMEM Dulbecco's Modified Eagle's medium 

DMSO  Dimethyl Sulfoxide 

ECM  Extracellular Matrix 

EDTA  Ethylenediaminetetraacetic Acid 

EDX  Energy Dispersive X-Ray Spectroscopy  

ELISA  Enzyme-Linked Immunosorbent Assay 

EOM  Electro-Optical Modulator 

FBGC  Foreign Body Giant Cells 

FBS  Fetal Bovine Serum 

FCC  Face Centre Cubic 

FDTD  Finite-Difference Time-Domain 

FFT  Fast Fourier Transform 

FIB  Focused Ion Beam 

Fs  Femtosecond 

FWHM Full Width Half Maximum 

Glu  Glutaraldehyde 

HBBS  Hank’s Balanced Salt Solution 

HCAEC Human Coronary Artery Endothelial Cells 

HCP  Hexagonal Close Packed 

HDMS  Hexamethyldisilazane 

HPMEC Human Pulmonary Microvascular Endothelial Cells 
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HSFL   High Spatial Frequency LIPSS 

HV  High Voltage 

IMS  Industrial Methylated Spirit 

IR  Infrared 

KE  Kinetic Energy 

LBO  Lithium Triborate 

LDL  Low-Density Lipoprotein 

LIPSS  Laser-Induced Period Surface Structures 

LSFL   Low Spatial Frequency LIPSS 

OCP  Open Circuit Potential 

OCT  Optical Coherence Tomography 

PBMA  Poly(Butyl Methacrylate) 

PBS  Phosphate Buffered Saline 

PFA  Paraformaldehyde 

PML  Perfectly Matched Layer 

Ps  Picosecond 

PtCr  Platinum Chromium (referred in thesis to Pt:SS) 

Pt:SS  Platinum Stainless Steel alloy (known on the market as PtCr) 

ROI  Region of Interest 

SEM  Scanning Electron Microscope 

SERS  Surface Enhanced Raman Spectroscopy 

SESAM Semiconductor Saturable Absorber Mirror 

SHG  Single Harmonic Generator 

SMC  Smooth Muscle Cell 

SPP  Surface Plasmon Polariton 

SS  Stainless Steel 

TEM  Transmission Electron Microscope 

THG  Third Harmonic Generator 

TM  Transverse Magnetic 

TTM  Two-Temperature Model 

UV  Ultra-Violet 

XPS  X-ray Photoelectron Spectroscopy 
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Symbols 
Symbol Definition Units 

B Bulk modulus N m-2 

B Magnetic flux density Wb m2 or T 

c Speed of light m s-1 

Ce Electron heat capacity J m-3K-1 

Cl Lattice heat capacity J m-3K-1 

Co Electron specific heat J m-3 K-2 

D Heat diffusivity m2 s-1 

D Diameter of ablated crater m 

D Electric Displacement field C m-2 

e Electron charge C 

E Electric field vector N C-1 or V m-1 

E Energy J 

EF Enhancement factor a.u. 

E0 Electric field amplitude N C-1 or V m-1 

Ep Laser pulse energy J 

F Tangential force N 

G Gibbs free energy J 

G Electron-Phonon coupling term W m3 K-1 

G0 Electron-Phonon coupling factor at room 

temperature 

W m3 K-1 

H Enthalpy J 

H Magnetic field strength Wb m2 or T 

I Laser beam intensity W m-2 

I0 Incident laser beam intensity W m-2 

Ia Absorbed laser light intensity W m-2 

j Current density A m-2 

k Wave vector m-1 

kB Boltzmann’s constant J K-1 

ksp SPP wave vector m-1 

Ke Electron thermal conductivity W m-1 K-1 
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Kl Lattice thermal conductivity W m-1 K-1 

 T Heat diffusion length m 

m Mass of the free electron kg 

M2 Beam quality factor a.u. 

MDepth Melt Depth m 

ne Density of free electrons m-3 

ñ Complex refractive index a.u. 

N Number of laser pulses a.u. 

N Normal force N 

P Dipole polarization C m-2 

P Average power W 

PPeak Peak power W 

Q Repetition rate Hz 

r Distance from the centre of the beam m 

R Reflectivity a.u. 

Ra Average roughness parameter m 

R0  Radius of the initial unperturbed cylinder m 

S Entropy J K-1 

S Incubation coefficient parameter a.u. 

S(x,z,t) Laser Source Term W m-3 

Te Electron temperature K 

TF Fermi temperature K 

Tl Lattice temperature K 

Tm Melting temperature K 

T(∞) Temperature far away from the irradiated area K 

v Velocity m s-1 

Z Wave impedance Ω 

α Absorption coefficient m-1 

α-1 Optical penetration depth m 

γ Surface tension N m-1 

εd Permittivity of the dielectric F m-1 

εm Permittivity of the metal F m-1 
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εo Permittivity of free space F m-1 

η Real part of the complex refractive index a.u. 

ĸ Imaginary part of the complex refractive index 

(extinction coefficient) 

a.u. 

ĸs Thermal Conductivity W m-1 K-1 

θ Incident angle of the laser ° 

λ Wavelength m 

µ Chemical potential J kg-1 

µ Coefficient of friction a.u. 

µ Mu phase (Phase diagram) a.u. 

ρ Density kg m-3 

ρ Free charge density  C m-1 

σ Sigma phase (Phase diagram) a.u. 

τ Relaxation time s 

τm Period of the fastest growing mode s 

τm Time to melt a layer of thickness MDepth s 

τp Laser pulse duration s 

χ Chi phase (Phase diagram) a.u. 

χ Electric susceptibility a.u. 

ω Angular frequency rad s-1 

ω Electromagnetic wave frequency Hz 

ω0 Gaussian beam radius (1/e2)  μm 

ωp Plasma frequency Hz 

ϕ0 Peak fluence J cm-2 

ϕ(r) Spatial fluence profile J cm-2 

ϕref
(N) Absorbed peak fluence corrected for reflectance J cm-2 

ϕth Threshold fluence J cm-2 

Λ  Period of LIPSS m 
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