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Abstract 

Surface properties such as topography and wettability play a pivotal role in controlling the 

cellular behavior on dental and orthopaedic implants and eventually their clinical success. 

The implementation of more advanced cell-targeted surface modification approaches has 

opened up additional possibilities for improving osseointegration to further increase the 

success rate of bone implants. 

In this thesis, the potential of employing femtosecond laser-induced periodic surface 

structures with submicron spatial periodicities of 300 nm, 600 nm and 760 nm on titanium to 

improve osseointegration of dental and orthopaedic implants was explored. Uniform 

submicron femtosecond laser-induced periodic surface structures with consistent periodicity, 

roughness and oxide thickness were generated over large areas (10 x 10 mm
2
) on titanium 

substrates and characterized using scanning electron microscopy (SEM), atomic force 

microscopy (AFM), electron energy loss spectroscopy (EELS), and Auger electron 

microscopy (AES). In vitro experiments using osteosarcoma Saos-2 cells showed the same 

level of cell metabolism on the laser textured and unmodified (control) surfaces along with 

statistically significant alkaline phosphatase activity after 14 days of cell seeding for the laser 

patterned surface with periodicity of 620 nm compared to the control surface. Average 

circularity along with nuclear area factor of cells fixed onto the laser textured and 

unmodified titanium surfaces were acquired from SEM images using ImageJ. The lower 

circularity and higher nuclear area factor of cells was observed on all laser textured surfaces 

as compared to the control, and are indicative of healthier cells on the laser textured surfaces. 

The cells appeared to align perpendicularly to the periodic laser generated structures and 

showed a more elongated shape on laser patterned surfaces as compared with the control 

surface, with the cell’s filopodia appearing to be attached to the peaks of the laser-textured 

pattern.  

In the second part of the thesis, the mechanism underlying the wettability transition from 

superhydrophilic to superhydrophobic on femtosecond laser generated periodic surface 

structures on titanium was investigated. The time-dependent wettability of the laser treated 

surfaces was assessed by the sessile drop method. The samples exhibited superhydrophilic 

behavior immediately after laser texturing and became superhydrophobic over time. Detailed 
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surface chemical analyses by X-ray photoelectron spectroscopy revealed that the unique 

electronic structures of Ti2O3 and TiO2, which resulted in hydrophilic and hydrophobic 

hydration structures, respectively, played a crucial role in the observed wettability transition. 

This study demonstrates the prospect of using femtosecond laser-induced periodic surface 

structures as a promising surface modification strategy to potentially manipulate cellular 

behavior and improve dental and orthopaedic implants’ clinical success rate. 
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Résumé 
 

Les propriétés de surface telles que la topographie et l’humidejouent jouent un rôle central 

dans le contrôle du comportement cellulaire sur les implants dentaires et orthopédiques et, 

éventuellement, leur succès clinique. La mise en œuvre d’approches plus avancées de 

modification de surface ciblées sur les cellules a ouvert des possibilités supplémentaires 

d’amélioration de l’ostéointégration afin d’augmenter encore le taux de réussite des implants 

osseux. 

Dans cette thèse, le potentiel d’employer des structures périodiques de surface induites 

par laser femtoseconde avec des périodicités spatiales submicron de 300 nm, 600 nm et 760 

nm sur le titane pour améliorer l’ostéointégration des implants dentaires et orthopédiques a 

été exploré. Des structures périodiques périodiques induites par le laser sous-micron 

uniforme avec une périodicité, une rugosité et une épaisseur d’oxyde constantes ont été 

générées sur de grandes surfaces (10 x 10 mm
2
) sur des substrats de titane et caractérisées à 

l’aide de la microscopie électronique à balayage (SEM) ), la microscopie par force atomique 

(AFM), la spectroscopie de perte d’énergie électronique (EELS) et la microscopie 

électronique Auger (AES). Les expériences in vitro utilisant des cellules ostéosarcome Saos-

2 ont montré le même niveau de métabolisme cellulaire sur les surfaces texturées et non 

modifiées (contrôle) au laser ainsi que l’activité de phosphatase alcaline statistiquement 

significative après 14 jours d’ensemencement cellulaire pour le laser surface modelée avec 

une périodicité de 620 nm par rapport à la surface de contrôle. La circularité moyenne ainsi 

que le facteur de surface nucléaire des cellules fixées sur les surfaces de titane texturées et 

non modifiées au laser ont été acquises à partir d’images SEM à l’aide d’ImageJ. La 

circularité inférieure et le facteur plus élevé de zone nucléaire des cellules ont été observés 

sur toutes les surfaces texturées de laser par rapport au contrôle, et sont indicatifs des cellules 

plus saines sur les surfaces texturées de laser. Les cellules ont semblé s’aligner 

perpendiculairement aux structures périodiques générées par laser et ont montré une forme 

plus allongée sur des surfaces à motifs laser par rapport à la surface de commande, avec la 

filopodia de la cellule semblant être attachée aux crêtes de la motif texturé au laser.  

Dans la deuxième partie de la thèse, le mécanisme sous-jacent à la transition de la 

wettability de superhydrophile à superhydrophobe sur les structures périodiques de surface 
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générées par laser femtoseconde sur le titane a été étudié. La mouillabilité dépendante du 

temps des surfaces traitées au laser a été évaluée par la méthode de chute sessile. Les 

échantillons ont montré le comportement superhydrophilic immédiatement après texturation 

de laser et sont devenus superhydrophobes au fil du temps. Des analyses chimiques de 

surface détaillées par spectroscopie photoélectronique à rayons X ont révélé que les 

structures électroniques uniques de Ti2O3 et TiO2, qui ont abouti à des structures 

d’hydratation hydrophiles et hydrophobes, respectivement, ont joué un rôle crucial dans 

l’étude transition humide. Cette étude démontre la perspective d’utiliser des structures 

périodiques de surface induites par le laser femtoseconde comme stratégie prometteuse de 

modification de surface pour manipuler potentiellement le comportement cellulaire et 

améliorer le taux de réussite clinique des implants dentaires et orthopédiques. 
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  Chapter 1

Introduction 

1.1 Overview 

Orthopedic and dental implants are used to replace or support missing or damaged bone, 

joint or tooth due to accidents, disease or aging [1]. All medical implants are made of 

materials, known as biomaterials, defined as “a substance that has been engineered to take a 

form which, alone or as part of a complex system, is used to direct, by control of interactions 

with components of living systems, the course of any therapeutic or diagnostic procedure, in 

human or veterinary medicine” [2]. Over the last 4 decades, progress in medical technology 

and biomaterials has paved the way to creating innovative biomaterials to improve the 

quality of life and longevity of patients [3]. The field of orthopaedic and dental implants is 

rapidly growing to keep with the demands of an aging population and also younger patients. 

According to the latest market research report, global orthopedic implants market is 

projected to expand from USD $52.8 billion in 2017 to USD $66.2 billion in 2023 at a steady 

compound annual growth rate (CAGR) of 3.8% [4] and the global dental implants market is 

projected to grow from USD $3.60 billion in 2016 to USD $6.54 in 2025 at CAGR of 6.9% 

[5]. Orthopedic and dental implants suffer from their limited lifetime of 10 to 15 years inside 

the body caused by corrosion, high modulus of elasticity of implant relative to that of bone, 

infection and lack of osseointegartion (i.e., a direct structural and functional connection 

between ordered, living bone and the surface of a load-carrying implant) [6]. The major 

causes of implant failures are attributed to lack of osseointegration and infection, leading to 

revision surgeries, which are more challenging, expensive and have small success rate [3]. 

Thus, much room remains for the improvements of implants with better biocompatibility and 

higher lifespan to reduce the occurrence of failure.  

Based on earlier research findings that cells can recognize nano and micron features on 

the surface and respond by changing their morphology and behavior, the bone-implant 

material development has shifted from basic a bioinert (i.e., inertness with living tissue or no 

release of toxic substances) concept towards more complex cell-targeted surface 
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modification approaches that mimic extracellular microenvironment to control cellular 

behavior like attachment, migration, spreading, proliferation and differentiation to induce 

controlled, guided, and rapid healing and improve the implant’s performance and longevity 

solely by tuning the biomaterial’s physiochemical and topographical surface properties [6, 

7]. The commercially successful implant surface treatments for dental and orthopedic 

implants such as acid etching, sandblasting and anodization contaminate the surface and 

create stochastic features on implant surface [8, 9]. During the last decade, femtosecond (fs) 

laser surface structuring has emerged as a simple, high resolution, fast, controllable, 

reproducible, contactless, single step processing technique applicable to a wide class of 

materials, including metals [10], semiconductors [11, 12], and polymers [13], by generating 

spatially periodic structures known as laser-induced periodic surface structures (LIPSS) or 

ripples. The formation of the periodic ripples with spatial periods close to the wavelength of 

the laser was attributed to the interference between the incident laser beam and the surface 

scattering wave [14]. Recently, a revised scattering model was proposed [15] explaining the 

formation of ripples in terms of the initial direct surface plasmon (SP)-laser interference and 

the subsequent grating-assisted SP-laser coupling. High biocompatibility, corrosion 

resistance, and strength to weight ratio have led Titanium (Ti) to be successfully used in 

many biomedical, aeronautical, and industrial applications [16]. 

1.2 Contribution to the Field 

The principal goal of this thesis was to evaluate the potential of fs LIPSS with submicron 

spatial periodicities of 300 nm, 600 nm and 760 nm on grade 2 Ti (99%, ultra-corrosion-

resistant) to improve osseointegration of dental and orthopedic implants.  In addition, 

numerous studies have demonstrated the critical role the surface wettability of the implants 

plays in regulating the important physiological processes such as protein adsorption, cell 

adhesion, and cell proliferation [17]. Therefore, in the second part of the present thesis, the 

mechanism underlying the wetting transition of fs laser generated LIPSS on grade 2 Ti was 

systematically assessed by analyzing the surface chemical compositions of different aged 

surfaces: the fresh laser textured surface, and laser textured surfaces aged under ambient 

conditions for 45 days and a year.  
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1.3 Organization of the Thesis  

In chapter 1, an overview on the field of orthopaedic and dental implants along with the 

recent innovative directions to improve the implant’s performance and longevity are 

presented. 

Chapter 2 provides a detailed literature review on the principal factors determining the 

success of orthopedic and dental implants, major implant surface modification methods in 

use today along with the future ones, femtosecond laser direct writing technique and the 

surface wettability. 

In chapter 3, generation and surface characterizations of submicron femtosecond laser-

induced periodic surface structures (FLIPSS) with consistent periodicities of 300 nm, 620 nm 

and 760 nm on titanium covering the entire sample with no other features appearing (e.g., 

due to the line spacing) along with in vitro bioactivity assessments of oasteosarcoma Saos-2 

cells on the FLIPSS are presented. 

In chapter 4, the mechanism underlying the gradual evolution of surface wettability of 

FLIPSS over time from superhydrophilicity to superhydrophobicity through detailed XPS 

study was revealed. 

Chapter 5 provides a summary of the major findings along with suggestions for future 

work. 
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  Chapter 2

Literature Review 

2.1 Factors Influencing the Success of Orthopaedic and 

Dental Implants 

2.1.1 Biocompatibility 

Biocompatibility is defined as “the ability of a material to perform with an appropriate host 

response in a specific application” [18]. That means the implants should possess high level of 

nontoxicity and the materials or any leachable products from it must not trigger cell death or 

any inflammatory or allergic reactions in the body [3]. The concept of biocompatibility 

comprises both compatibility of the material with the tissue (biological compatibility) and its 

ability to perform specific function. The main factors affecting the biocompatibility are 

chemical composition, mechanical properties and surface features [19].  

2.1.2 Osseointegration 

In 1952, Per-Ingvar Brånemark and his team were conducting research on blood flow in the 

bone-healing process by inserting Ti optic chambers into the lower leg bones of rabbits. At 

the conclusion of the experiment, when it became time to remove the microscope heads from 

the bone, he discovered that the bone had firmly integrated with the titanium and was 

difficult to remove. Brånemark called "the direct structural and functional connection 

between ordered, living bone and the surface of the load-carrying implant, without 

intervening soft tissue” osseointegration [20]. The degree of integration of the implant with 

the surrounding bone decides the outcome of the implant surgery. The higher the degree of 

osseointegartion establishes a higher mechanical stability and lowers the probability of 

implant loosening and failure. Adhesion of the cells to the surface of implant and reduction 

of micromotion is critical for a successful osseointegration and is highly influenced by the 

physiochemical properties and nanometer and micrometer scale topographies [3].  



5 

 

2.1.3 Inherent Material Properties of Implants: Titanium  

Titanium is the preferred material for orthopedics and dental implants due to combination of 

desirable characteristics including formation of a very stable surface oxide layer of titania on 

its surface of thickness between 5-10 nm immediately after exposure to air that provides Ti 

with superior biocompatibility and high corrosion resistance [19]. The low elastic modulus of 

Ti (105 GPa) is crucial for hard tissue replacement to ensure smaller stress shielding, a 

phenomenon where due to the dissimilarity of modulus of elasticity of implant and bone, 

reabsorption of bone and implant loosening occurs, leading to revision surgery [3]. 

2.2 Modifications of Implant Surfaces  

The significance of implant surface topography for successful osseointegration was first 

indicated by Albrektsson et al. in 1981 [21]. Since then, there have been many studies 

demonstrating the effect of surface roughness on the rate and extent of osseointegration of 

dental implants [8, 23]. Menezes et al. observed that osteoblast cells show an increase in cell 

attachment and proliferation on rougher Ti surfaces when compared with smooth ones in 

vitro [19]. The improved bone integration of implants with increased surface roughness was 

demonstrated in vivo by Grizon et al. [24]. Therefore, in recent years the primary goal of 

biomedical research efforts has been focused on surface modifications to create topographies 

on implant surfaces to optimize osteoblast cells migration, adhesion, proliferation, and 

differentiation. The implant surface roughness depending on the scale of the different surface 

features can be classified into macro-, micro- and nano scale [23]. The macro roughness is 

termed for topographical features ranging from millimeters to tens of microns and is 

determined by implant’s visible geometry, such as threaded screw and tapered design. 

Previous studies have shown that the initial implant stability and long-term fixation are 

improved by mechanical interlocking between the implant macro rough surface and bone. 

The micro roughness is for features ranging from 1-10 microns. Micron level surface 

topography increases the bone-implant interface area and enhances growth and interlocking 

of bone at the implant interface [25]. The submicron roughness features ranges from 0.1-1 

µm [26] and studies have shown greater osteoblast differentiation and maturation in vitro and 

osseointegration in vivo on implants with submicron textured roughness [27]. The nano 
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roughness features ranges from 1-100 nm and is considered to promote absorption of 

proteins and adhesion of osteoblasts resulting in enhanced osseointegration [25].  

To increase the surface roughness of implants, the following major surface modification 

methods for implants are used. 

2.2.1 Grit-blasting 

In grit-blasting hard ceramic particles such as alumina, titania or hydroxyapatite particles are 

projected at high velocities using compressed air at implant surface to modify the implant 

surface. In a study done by Wennerberg et. al [28], implant surfaces were blasted with 25 m 

or 75 m alumina particles (Figure 2.1) and inserted in the rabbit tibia and femur and after 12 

weeks, the rougher 75 um blasted surface showed a higher removal torque and more bone-to-

implant contact (BIC) than the 25 um ones. In a human study, the titania blasted implant 

showed a higher BIC than in regular machined surfaces which was confirmed by other 

studies [29]. Other clinical studies reported a high success rate of up to ten years for the 

titania grit- blasted implants [30]. 

 

 

 

 

 

 

 

 

2.2.2 Acid-Etching  

In surface modification by acid-etching, the Ti implant is immersed in strong acids such as 

H2SO4, HCl, HNO3 and HF, eroding the surface to produce micro pits with sizes ranging 

(a) (b) Figure 2.1: SEM micrographs of Ti implant grit-blasted with (a) 25 um alumina particles and 

(b) 75 µm alumina particles. Arrow shows the particle contamination [28]. The scale bar is 10 

m.  
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from 0.5 µm to 2 µm in diameter [8, 31]. An example of an acid-etched titanium surface is 

shown in Figure 2.2 [32]. Acid-etching surfaces exhibited favorable cell adhesion and 

thereby enhanced osseointegration. It is found that in dual-acid etched technique where a 

mixture of acids are used to produce a micro rough implant surface, adhesion of osteogenic 

cells, and thus bone formation directly on the surface of implant was promoted. The acid-

etching causes hydrogen embrittlement of the titanium that creates micro cracks on its 

surface and thus reduces the fatigue resistance of the implant leading to fracture [8, 31].  

 

 

 

 

 

 

 

 

 

 

 

 

2.2.3 Plasma spraying 

The other technique used in modification of implant surfaces is plasma spraying in which 

powders of Ti or calcium phosphates are heated to high temperatures and then blasted onto 

implant surfaces to form 30 µm to 50 µm thick coatings. An example of a Ti plasma sprayed 

surface is shown in Figure 2.3 [8]. It was shown in a pre-clinical study on minipigs that 

bone-implant interface formed faster with Ti plasma sprayed surface as compared with 

uncoated implants [8]. However, these coatings may be susceptible to delamination or 

resorption after long periods in use and can adversely affect the mechanical integrity causing 

periimplantitis (i.e., an infectious disease occurring in tissues around an osseointegrated 

implant resulting in loss of supporting bone) [31, 33].  

Figure 2.2: SEM micrograph of an acid-etched Ti implant. The scale 

bar is 6 um [32]. 
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2.2.4 Anodization 

In anodization technique, the implant is placed as anode in an electrochemical cell to 

increase the oxide layer thickness and generate micro-or nano-pores with variable diameters. 

Anodized implants show increased cell attachment and proliferation [31]. The top and cross-

section SEM images of titania nanotubes produced by anodization are shown in Figure 2.4 

[34]. It was shown in a preclinical study in a rabbit model that the BIC was slightly higher in 

anodized Ti implants than on untreated one. In human clinical studies, increased BIC 

compared to untreated Ti was also reported [23].  

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 2.3: SEM micrographs of a Ti plasma sprayed implant surface [8]. The scale bar for 

image (a) is 100 μm and for image (b) is 10 μm. 

Figure 2.4: The top and cross-section SEM images of titania nanotubes produced in 1 M 

H3PO4 + 0.3 wt% HF at (a) 10 V and (b) 20 V for 1 h [34]. 
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2.3 Future of Implant Surface Modification  

Most of the surface modification techniques in use today show random surface topographies 

with features ranging from nanometers to millimeters. To gain insight into the influence of 

these topographical features on osteoblast cell behavior at the cellular level to improve 

osseointegtarion, surfaces with topography in nanoscale are required. To create 

modifications to the topography and chemistry of the surface in a reproducible manner, the 

most promising methods are lithography based that are borrowed from the semiconductor 

electronics industry [8]. However, they require expensive equipment, are time consuming 

and have small surface coverage [35]. For multiscale process like osseointegration, insight 

and control of surface properties over different scales are required. During the last decade, fs 

lasers have emerged as a simple, high resolution, fast, controllable, reproducible, contactless 

processing technique applicable to a wide class of materials [10-13], to machine micro- and 

nanoscales features in a single step over large area, making it a very promising surface 

modification technique for scaling it up to industrial production [36]. Several groups studied 

the effect of fs laser textured surfaces on the behavior of cells in vitro. Carvalho et al. [37] 

found that cell attachment, alignment, migration and proliferation were modulated 

preferentially by surface microtopography, and human mesenchymal stem cells (hMSCs) 

undergo a faster and higher osteogenic differentiation on these laser textured surfaces than on 

unstructured control surfaces Cunha et al. studied the spreading, adhesion, and differentiation 

of hMSCs on fs laser textured surfaces and observed the laser textured surface can trigger the 

stretching of hMSCs, and is potentially capable of improving osseointegration of titanium 

orthopedic and dental implants [38]. 

2.4 Surface Structuring with Femtosecond Laser 

In recent years, fs laser surface structuring has emerged as a simple, high resolution, fast, 

controllable, reproducible, contactless processing technique applicable to a wide class of 

materials, including metals [10], semiconductors [11, 12], and polymers [13], to fabricate a 

variety of micro- and nanoscales features in one single step over large areas, making it a very 

promising surface modification technique for scaling it up to industrial production. Different 

micro- and nanostructures on the surface of the material can be formed by changing various 
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parameters, such as fluence, wavelength, number of pulses, scan velocity, laser polarization, 

incident angle,  and environment [39]. With fs laser structuring it is possible to control the 

optical, mechanical, wetting, chemical and biological properties of a solid surface and to 

fabricate novel materials for a wide range of applications in photonics, plasmonics, 

micro/nanofluidics, wetting and biomedical applications [40].  

2.4.1 Mechanisms of Femtosecond Laser-Matter Interaction  

The fs laser-matter interaction processes take place over a short duration of time leading to 

ablation and the formation of surface structures. After a metal surface is exposed to a fs laser 

pulse, the pulse energy is absorbed by the electrons, the electrons are excited on a time scale 

of 100 fs and thermalization of the energetic electrons (hot electrons) takes place in a few 

tens of fs, leading to an electron temperature much higher than the lattice temperature while 

the lattice temperature remains at the initial room temperature. Therefore, the system is out 

of thermal equilibrium consisting of two subsystems, the hot electrons and cold lattice. The 

two-temperature model (TTM) is used to describe the temperature dynamics for this 

nonequilibrium system. The hot electrons are cooled down by hot electron diffusion and 

electron-phonon interactions establishing the thermal equilibrium in the system between 

lattice and electrons within a few picoseconds (ps). For sufficiently elevated lattice 

temperature, surface melts on a timescale between a few and a hundred ps and surface 

ablation occurs within a few tens of ps after the laser pulse strikes the surface of the material 

and carries on up to several nanoseconds (ns). Then, the ablated material rapidly cools down 

and resolidifies leading to the formation of self-organized patterns frozen on the surface, and 

some of the generated nanoparticles during ablation are redeposited to further change the 

morphology of the surface [39, 41]. 

2.4.2 Laser Ablation  

Laser-mater interaction leads to laser ablation which is defined as removal of material from 

the surface under laser irradiation occurring above the ablation threshold that eventually 

leads to the formation of micro- and nanoscales structures. The ablation threshold is the 

minimum amount of energy required to initiate the material removal process. The 

mechanism of laser-matter interaction and ablation depends on the material properties and 
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the laser parameters such as fluence (i.e., ratio of laser pulse energy (J) to the irradiated area 

(cm
2
)) wavelength and pulse duration [39].  

For a Gaussian beam distribution, the spatial fluence profile, in a plane perpendicular to 

the laser beam (r), is defined as:  

 ( )       
    

  
 ⁄
 

where   is the distance from the center of the beam, and    is the laser beam radius at     of 

the maximum intensity. The peak fluence (  ) is related to the laser pulse energy 

(   ) according to:  

   
   

    
 

The laser pulse energy (  ) is given by:  

    
   
 

 

 

where     (W) is the average power of the laser beam measured with a power meter and   

(Hz) is the repetition rate of the laser. It has been shown that for a Gaussian beam with 

radius   , the diameter of an ablated crater   is related to the peak laser fluence (  ) 

according to: 

      
   (

  
   
) 

 

where (   ) is the ablation threshold fluence of the material. On account of the linear 

dependence of the peak laser fluence (  ) on the pulse energy, the Gaussian beam radius 

(  ) is obtained from a linear plot of the squares of the average ablated crater diameter (  ) 

versus the logarithm of the laser pulse energy,   (  ). From the slope   of the linear fit to 

the (semi-logarithmic plot of    versus the    (  ), the beam radius is found according to: 

   √
 

 
 

With this technique the Gaussian beam radius at the interaction surface is determined [39, 

42, 43]. 

 

(1) 

(2) 

(3) 

(4) 

(5) 
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2.4.3 Laser Induced Periodic Surface Structures  

In 1965, Birnbaum was the first to observe a series of parallel periodic surface grating 

patterns, a phenomenon known as LIPSS on semiconductor surfaces irradiated with a ruby 

laser [44].  In recent years, fs laser has emerged as a simple technique to fabricate fs LIPSS 

(FLIPSS) on a variety of materials, including semiconductors [45-48], metals [49-52], 

polymers [13] and dielectrics [53-55] to tailor the optical, mechanical, and chemical 

properties of the surfaces to eventually fabricate novel materials for a wide range of 

applications in photonics,  micro/nanofluidics, wettability, tribology and biomedical 

applications [40, 56, 57]. FLIPSS can be classified as Low Spatial Frequency LIPSS (LSFL), 

with periods on the order of the incident laser wavelength and oriented perpendicularly to the 

incident laser beam polarization, and High Spatial Frequency LIPSS (HSFL), having periods 

much smaller than the laser wavelength and with an orientation either parallel or 

perpendicular to the incident polarization [58]. It has been shown by previous studies that the 

spatial period of LIPSS can be controlled by wavelength [51, 59], angle of incidence [60] 

and refractive index [51] while its orientation depends on polarization of incident laser beam 

[61, 62]. Recent studies have revealed the orientation of the LIPSS can be modified by 

varying states of laser polarization (linear, circular or elliptical). When linearly polarized 

laser beam is applied, the ripples are aligned either perpendicular or parallel to the incident 

laser polarization [63]. Wang et al. [63] reported that under the irradiation of left and right 

circularly polarized fs laser pulses the ripples were angled at +45° and −45° with respect to 

the incident plane of the beam, respectively. On the contrary, the elliptically polarized fs 

laser pulses induced ripples that were aligned perpendicular to the long axis, as demonstrated 

by Tang et al. [64] and Varlamova et al. [65]. The formation of the periodic ripples with 

spatial periods close to the wavelength of the laser was attributed to the interference between 

the incident laser beam and the surface scattering wave that was developed by Sipe and co-

workers [14]. Recently, Huang et al. [15] proposed a revised scattering model explaining the 

formation of ripples in terms of the initial direct SP-laser interference and the subsequent 

grating-assisted SP-laser coupling. The key underlying reasons behind decreasing of the 

spatial period of the ripples as number of laser pulses increases is discussed as a mixture of 

field-distribution effect and grating-coupling effects. As observed, for the Gaussian 

distribution of laser beam, the spatial period of the ripples depends on the laser intensity. 
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With increasing pulse number, the diameter of the laser ablated crater increases and the 

spatial period of the ripples decreases. As moving away from the center towards the 

perimeter of the laser ablated crater, the laser intensity decreases leading to lowering of 

electron density at the laser ablated crater periphery causing the wavelength of the surface 

plasmon polaritons to shorten, decreasing the spatial period of the ripples. In addition, the 

groove depth also has important effects on the ripples spatial periodicity. As the number of 

pulses increase, the ripples deepen, and the wavelength of the surface plasmon polaritons 

will decrease. The laser fields are more localized in the grooves and absorbed more 

efficiently, leading to a strong positive feedback and the grating-assisted SP-laser coupling 

efficiency is enhanced. The enhanced laser field enhancement allowing for more efficient 

laser fields coupled to the SPs; result in smaller ripple spatial period. However, the high 

fluence in the center of the laser ablated crater causes a strong thermal effect, creating a thick 

melted layer which weakens the grating-coupling effect and ripples with periodicity near 

laser wavelength with interference mechanism are created [15]. 

2.4.4 Femtosecond Laser Direct Writing Technique  

A typical setup for fs laser direct writing is shown in Figure 5. A variety of micro- and 

nanoscales features in one single step on a wide class of materials can be fabricated in a 

reproducible manner with the laser direct writing technique depending on the laser beam and 

processing parameters. The fs laser beam is passed through a series of optical elements to 

finally impinge on the surface of the sample. The combination of a Glan polarizer and a half 

wave plate is employed to vary the laser power. A shutter is used to control the number of 

pulses from a fs laser impinging on a stationary sample. For the non-stationary case in direct 

fs laser writing, the sample is translated with respect to the stationary laser beam to generate 

a line or an area on the surface of the sample where the number of laser pulses per shot is 

also controlled by varying the scan velocity. Afterwards, a series of mirrors (M1, M2, and 

dichroic mirror (DM) are used to direct the laser beam into an objective lens (OL). The 

sample is mounted on a computer-controlled XY-translation stage and illuminated from the 

top to enable monitoring of the laser micromachining processes with a CCD camera. The fs 

laser micromachining setup shown in Figure 2.5 can be used for ablating a spot on the 

sample when the translation stage is stationary, generating a single line when the sample is 
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translating along the X- or Y- axis by overlapping successive laser pulses in the scanning 

direction or by allowing a certain amount of overlapping between successive scanned lines, 

termed line overlap, to achieve surface coverage of an area [39, 40].  

The pulse overlap (      ) is the percentage amount of overlap between successive laser 

pulses and can be varied by the scanning speed   and pulse repetition rate  . The line overlap 

(     ) is controlled by setting line spacing     which represents the distance between the 

centers of the two successive laser scanned tracks [39]. The schematic representation of the 

pulse and line overlaps is shown in Figure 2.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Schematic layout of a typical for direct fs laser surface writing consisting of fs 

laser, half-wave plate (HWP), Glan polarizer (GP), shutter (SH), mirrors (M1 and M2), 

dichroic mirror (DM), beam splitter (BS), charged coupled device (CCD), objective lens 

(OL) computer controlled XY-translation stage. 
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Figure 2.6: Schematics of the laser pulse overlapping to create lines and areas on 

a substrate. 

Spots 

 

 

 

 

 

 

 

 

 

Percentage of pulse and line overlaps are given by, 

       (  
 

  
)      

      (  
  

 
)      

where   is the scanning speed,   is the repetition rate,   is the laser spot diameter, and    is 

the line spacing [39]. 

2.5 Surface Wettability  

The surface wettability, which is the degree to which a liquid spread over a solid, is an 

important property of a solid surface. For decades, modifying and controlling the surface 

wettability of biomaterials have been the focus of extensive research. Numerous studies have 

demonstrated the critical role the surface wettability of the biomaterials plays in regulating 

the important physiological processes such as protein adsorption, cell adhesion, and cell 

proliferation [66, 67].  

(6) 

(7) 
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2.5.1 Wetting on Ideal Flat Surface (Young’s Model)  

The main method to quantitatively measure the surface wettability is by measuring the 

contact angle (CA) of a liquid droplet on a surface, which is the angle between the solid-

liquid interface and the tangent of the liquid-air interface at the three phases boundary [68], 

as shown in Figure 7 [69]. The CA of a liquid on an ideal solid surface that is flat and 

chemically homogeneous can be described through balancing the interfacial tensions 

between a solid and air (   ), liquid and solid (   ), liquid and air (   ) on the solid, 

obtaining Young’s equation [69, 70] ,  

 

      
       

   
 

 

where    is the equilibrium contact angle, as illustrated in Figure 2.7. In principle, surfaces 

with a water CA lower than 90
o
 are considered hydrophilic and those with water CAs 

between 90
o
 and 150

o
 are termed hydrophobic. 

 

 

 

 

 

 

 

 

 

 

(6) 

Figure 2.7: Wetting behavior of a liquid droplet on an ideal solid surface (Young’s state) 

where    is the equilibrium contact angle, (   ) is the solid-air interfacial tension, (   ) 

is the solid-liquid interfacial tension and (   ) is the liquid-air interfacial tension on the 

solid [69].  
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2.5.2 Wetting Theories of Rough Surfaces 

In reality, all surfaces are not ideal and can have roughness and chemical heterogeneity; 

thereby two models, the Wenzel and the Cassie-Baxter (CB) were developed to describe the 

behavior of the liquid on the real surfaces [72].   

2.5.2.1 Wenzel’s Theory  

In the Wenzel model, the liquid completely wets the grooves of a rough surface, creating a 

homogeneous solid/liquid interface. According to the Wenzel theory [72], the increase in 

surface roughness has an amplification effect on the wettability expressed as follows [73, 

74], 

 

             

 

where r is the roughness factor  (r >1) defined as the ratio of the actual area to the flat 

projected area,    and    are the apparent contact angle and the equilibrium contact angle 

from Young equation, respectively. Eq. (9) suggests that increasing the surface roughness 

amplifies the surface inherent wetting behavior, making the hydrophilic surfaces more 

hydrophilic and hydrophobic surfaces more hydrophobic. 

2.5.2.2 Cassie-Baxter Theory  

In the CB model, the liquid incompletely wets the rough surface, forming a solid/liquid-air 

composite interface. According to the CB theory [75], the contact angle of the liquid on this 

composite surface is expressed as [74],  

 

                    

 

 

where    is  the apparent contact angle and    is the equilibrium contact angle on  the solid 

with   and    being the fraction of wet solid underneath the water droplet and the roughness 

factor of the wetted area, respectively. The higher the area fraction of the air trapped 

underneath the droplet, the higher the contact angle. 

  

(9) 

(10) 
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  Chapter 3

This chapter is based on the following published paper: 

Characterization and evaluation of femtosecond laser-

induced sub-micron periodic structures generated on 

titanium to improve osseointegration of implants 

(Publication 1) 

Bryan E.J. Lee, Hourieh Exir, Arnaud Weck, and Kathryn Grandfield, “Characterization and 

evaluation of femtosecond laser-induced sub-micron periodic structures generated on 

titanium to improve osseointegration of implants”, App. Surf. Sci. 441 (2018) 1034. 

3.1 Author contribution: 

H. Exir conceived the idea of this work. The experimental design and femtosecond laser 

micromachining of all the samples used in this study were performed by H. Exir at the 

Fracture and Femtosecond Research Ottawa Group (FROG) of professor Weck, in the 

Colonel By building (CBY), at University of Ottawa, under the supervision of professor 

Weck. All the microscopy work was carried out at the Canadian Centre for Electron 

Microscopy, McMaster University, by B. Lee. In vitro studies were designed and performed 

at the Biointerfaces Institute at McMaster University, by B. Lee. All the characterizations 

and detailed analysis of the data were conducted by B. Lee, under the supervision of Dr. 

Kathryn Grandfield. The manuscript was mainly written by B. Lee and in part by H. Exir. 

All authors contributed to the final manuscript. 
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  Chapter 4

This chapter is based on the following published paper: 

Mechanism of Superhydrophilic to Superhydrophobic 

Transition of Femtosecond Laser-Induced Periodic 

Surface Structure on Titanium  

(Publication 2) 

Hourieh Exir, and Arnaud Weck, “Mechanism of Superhydrophilic to Superhydrophobic 

Transition of Femtosecond Laser-Induced Periodic Surface Structure on Titanium”, 
 

Surf. Coat. Tech. 378 (2019) 124931. 

 

4.1 Author contribution: 

H. Exir conceived the idea of this work. The results came from experiments designed and 

performed by H. Exir at the University of Ottawa. The femtosecond laser micromachining of 

the samples were performed by H. Exir at the Fracture and Femtosecond Research Ottawa 

Group (FROG) lab of professor Weck, University of Ottawa. All the characterizations and 

detailed analysis of the data were conducted by H. Exir. The manuscript was written by H. 

Exir. All authors contributed to the final manuscript. 
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Abstract 

The wettability is an imperative property of a solid surface. For decades, 

superhydrophobic and superhydrophilic surfaces have been focus of extensive research 

owing to their importance for both fundamental research and in many biomedical, 

aeronautical, and industrial applications. There have been many studies reported on 

wettability transition of micro- and nanostructured metal surfaces over time, but there seems 

to be no well-accepted mechanism to address this phenomenon. Therefore, a detailed study 

of the surface chemical composition of the laser ablated surfaces at different time points is 

necessary to develop an understanding of the factors resulting in change in wettability over 

time. The aim of the present work was to investigate the mechanism underlying the 

wettability transition of femtosecond laser generated periodic surface structures on titanium 

between the superhydrophilic and superhydrophobic wetting states under ambient conditions. 

The time-dependent wettability of the laser treated surfaces assessed by the sessile drop 

method. The samples exhibited superhydrophilic behavior immediately after laser texturing 

and became superhydrophobic over time. Detailed surface chemical analyses by X-ray 

photoelectron spectroscopy revealed that the unique electronic structures of Ti2O3 and TiO2 

and resulting in hydrophilic and hydrophobic hydration structures, respectively, played a 

crucial role in the observed wettability transition. 

 

 

 

 

 

 

Keywords: Surface chemistry; Femtosecond laser; Titanium; Wettability transition; 

Superhydrophilicity; Superhydrophobicity  

  



30 

 

1. Introduction 

The surfaces with superhydrophilic (water contact angle (WCA) <5
o
) and 

superhydrophobic (WCA>150
o
 and sliding angle (SA) <10

o
) property [1-4] exhibit a variety 

of important applications including in anti-corrosion [5-7], self-cleaning surfaces [8, 9], 

anti-icing [10-12], and anti-microbial [13]. The wetting state is controlled through the 

topography and chemical composition of the surface [14, 15]. Several techniques have been 

applied to alter the chemistry and morphology of solid surfaces including lithography [16], 

plasma treatment [17], chemical etching [18], electrodeposition [19] and chemical vapor 

deposition [20]. During the last decade, femtosecond (fs) lasers have emerged as a simple, 

high resolution, fast, controllable, reproducible, contactless, single step processing 

technique applicable to a wide class of materials, including metals [21], semiconductors 

[22], and polymers [23], by generating spatially periodic structures known as laser-induced 

periodic surface structures (LIPSS) or ripples. The formation of the periodic ripples with 

spatial periods close to the wavelength of the laser was attributed to the interference 

between the incident laser beam and the surface scattering wave [24]. Recently, a revised 

scattering model was proposed [25] explaining the formation of ripples in terms of the 

initial direct surface plasmon (SP)-laser interference and the subsequent grating-assisted SP-

laser coupling. High biocompatibility, corrosion resistance, and strength to weight ratio 

have led Titanium (Ti) to be successfully used in many biomedical, aeronautical, and 

industrial applications [26, 27]. Numerous studies have demonstrated the critical role the 

surface wettability of the biomaterials plays in regulating the important physiological 

processes such as protein adsorption, cell adhesion, and cell proliferation [28, 29].  

There have been many studies reported on wettability transition of laser induced micro- 

and nanostructured metal oxide surfaces exhibiting hydrophilicity (WCA<90
o
) or 

superhydrophilicity immediately after laser ablation and becoming hydrophobic 

(90
o
<WCA<150

o
) or even superhydrophobic over time in ambient air [30, 31] without using 

a coating. Several mechanisms have been proposed to explain this observed time dependent 

wetting transition phenomenon. Kietzig et al. [30] suggested that the catalyzed 

decomposition of carbon dioxide into carbon on laser-produced active magnetite was 

responsible for the observed wettability transition of the laser ablated metal alloy surfaces 
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showing superhydrophilic behavior immediately after laser irradiation and subsequently 

becoming superhydrophobic over time in air. Long et al. [31] indicated that the picosecond 

laser textured copper surface showed hydrophilicity immediately after laser ablation and 

eventually becoming hydrophobic over time in ambient air. The latter conversion in the 

wettability was stated to be due to the hydrocarbon adsorption over time upon air exposure. 

There seems to be no well-accepted mechanism to address the wettability transition of the 

laser ablated surfaces over time. Therefore, for a comprehensive understanding of the factors 

resulting in wettability changes over time, a detailed study of the surface chemical 

composition of laser ablated surfaces at different time points is necessary.  

In the present study, the mechanism underlying the wetting transition of fs laser 

generated LIPSS on grade 2 Ti was systematically assessed by analyzing the surface 

chemical compositions of three surfaces: the fresh laser textured surface, and laser textured 

surfaces aged under ambient conditions for 45 days and a year. Immediately after laser 

texturing, the Ti surface showed superhydrophilicity then the WCAs of these surface 

gradually increased over time until the surface turned superhydrophobic after aging for a 

year under ambient conditions, without applying any chemical treatment to the surface. The 

surface chemical analysis results revealed the unique electronic structure of TiO2 and Ti2O3 

resulting in hydrophobic and hydrophilic hydration structures, respectively, playing a 

significant role in the wetting transition. Moreover, the increase of surface nonpolarity due to 

the accumulation of organic matters absorbed from the air over time has contributed to the 

observed superhydrophobicity. According to Wenzel [14] and Cassie-Baxter [15] theories, 

the increase of surface roughness on Ti surfaces by LIPSS had an amplification effect on 

wettability behavior of laser textured surfaces. The wettability evolution mechanism is 

thoroughly elaborated in section 3.4.  

2. Experimental 

2.1. Materials 

All the Ti substrates used in this study were made from commercially pure Ti (99%, 

Grade 2) obtained from McMaster-Carr. The Ti sheet was cut into dimensions of 12×12×0.9 

mm
3
. The deionized water used as the probe liquid in WCA measurements was purchased 
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from Sigma Aldrich. The substrates were ultrasonically cleaned for 15 minutes in successive 

baths of acetone and ethanol before laser treatment. 

2.2. Femtosecond laser processing 

A Yb:KGW fs (PHAROS from Light Conversion, Inc) was used to generate linearly 

polarized laser pulses at a center wavelength of 1030 nm with pulse duration of 300 fs and a 

repetition rate of 1kHz to generate LIPSS on the surface of the grade 2 titanium squares in 

ambient atmosphere. The laser beam was perpendicular to the sample surface and focused 

using a 5x microscope objective lens. The combination of a Glan polarizer and a half wave 

plate was employed to vary the laser power. The sample was mounted on a computer-

controlled xy-translation stage and illuminated from the top to enable monitoring the laser 

micromachining processes with a CCD camera. The laser ablation process was performed by 

translating the sample relatively to the stationary laser beam. The focused laser beam radius 

0 on the Ti sample surfaces (defined at e
-2 

of peak intensity of the Gaussian beam 

distribution) was determined using the D
2
-method to be 10.9 µm. Raster scanning method 

was applied to achieve complete surface coverage of an area of 10x10 mm
2
 of titanium 

samples by scanning a line at a velocity of 1000 µm/s at the laser fluence of 0.5 J/cm
2
 and 

lateral displacement of the laser beam of 7.5 µm was applied by translating the stage in a 

direction perpendicular to the laser beam scanning direction to partially overlap the 

consecutive laser induced lines to create LIPSS with periodicities of 620 nm.  

2.3. Characterization methods 

The surface morphology of laser ablated Ti surface was analyzed by a field-emission 

scanning electron microscope (JEOL JSM-7500F) with an accelerating voltage of 2.00 kV. 

Sample images were acquired at magnifications of x2000 and x7500. The SEM image was 

processed using the ImageJ software (National Institute of Health) [32] and the spatial 

periodicity of the laser ablated Ti sample was given using the peak-to-peak measurements. 

The surface roughness was measured with the Park NX10
 
AFM system in non-contact mode, 

scanning over a 5×5 μm
2
 area. The AFM image was processed using the XEI software 

package. The chemical states and relative abundance of the elements on the surface of the 



33 

 

laser ablated samples were examined by XPS (Kratos Axis Ultra DLD) using a mono Al Kα 

(1486.7 eV) radiation source at 14 kV and 140 W. Fitting of the core-level spectra was 

performed in CasaXPS v.2.3.18PR1.0, Casa software Ltd., using Gaussian-Lorentzian curves 

after a Shirley background was subtracted from the data [33]. All XPS spectra are referenced 

to the adventitious hydrocarbon C1s peak at binding energy of 284.8 eV. A VCA Optima 

Surface Analysis System (AST Products) was used to measure the static contact angle (CA) 

of the laser modified samples using the sessile drop technique after automatically dispensing 

2 µL deionized water from a microsyringe. The SA was measured with a tilting angle 

instrument equipped with a camera at room temperature by dispensing 10 µL deionized 

water droplet from a microsyringe. The value of SA was an average of three measurements 

obtained on the sample. The laser textured samples were stored under ambient conditions for 

different periods before performing the water contact measurements. 

3. Results and discussion 

3.1. Femtosecond laser structured surfaces 

The SEM images of the patterns generated on Ti surface with linearly polarized 

femtosecond laser are presented in Fig. 1. It can be seen from the SEM images shown in Fig. 

1 that uniform LIPSS with consistent periodicity over large area has been generated. The 

average spatial periodicity of LIPSS is 620±12 nm. AFM measurement of a 5x5 m
2 

scan 

area is used to gain insight about the surface roughness of LIPSS, as shown in Fig. 2. An 

average surface roughness of 138 ±10 nm is obtained. The periodicity and surface roughness 

are given as mean ± standard deviation (SD). 

3.2. Wettability transition  

The surface wettability of the laser textured Ti samples was measured using the sessile 

drop technique. For each sample, WCA measurements at three different locations were 

measured and the result is given as the mean ± SD. The samples were stored under ambient 

conditions for the different periods before the water contact measurements was carried out. 

The evolution of the contact angle with time for laser textured Ti samples is represented in 
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Fig. 3. Immediately after the laser treatment, the surface showed superhydrophilic behavior 

with the water droplet completely wetting the surface. The average WCA of laser textured Ti 

surfaces increased sharply until day 7, with the sample displaying hydrophobic behavior after 

4 days, eventually reaching superhydrophobicity after aging for a year with water droplet not 

sticking to the surface (WCA=153
o 

± 2.3
o
). The representative images of the droplet on the 

laser ablated Ti surface as a function of time are also shown in Fig. 3. Water droplet (10 µL) 

rolled off the superhydrophobic surface (SA=5
o
 ± 0.5

o
) instantaneously due to its water-

repellent ability, as shown in supplementary video. 

3.3. Surface chemical analysis  

The chemical states and relative abundance of the elements in the surface of the fs laser 

textured Ti samples stored under ambient conditions at different time points after laser 

treatment were investigated by XPS. The survey spectra of the fresh laser ablated Ti surface, 

along with samples aged for periods of 45 days and a year are presented in Fig. 4. These 

spectra reveal that the dominant peaks presented on all these surfaces are the C1s peak, Ti2p 

peak and O1s peak at binding energies of 284 eV, 458 eV and 531 eV, respectively. The C1s 

peak presented in all the XPS survey spectra in Fig. 4 is attributed to the presence of 

adsorbed organic compounds from air onto the surface due to surface contamination. The 

relative amounts of the adsorbed carbon present on the laser treated surfaces were 

determined from the XPS survey spectra taken at each time point, as shown in Fig.4. The 

carbon content on the fresh laser ablated Ti surface, and aged surfaces for periods of 45 days 

and a year was 22%, 23%, and 26%, respectively. 

To obtain more insights into surface polarity, high resolution spectra of the C1s region 

for the fresh laser ablated Ti surface, samples aged for periods of 45 days, and a year under 

ambient conditions, are depicted in Fig. 5. The C1s region was deconvoluted into four sub-

peaks at binding energies of 284.8 eV, 286.3 eV, 287.8 eV and 288.8 eV assigned to the 

functional groups hydrocarbon chains (C-C(H)), alcohols/ether (C-O), aldehydes/ketones 

(C=O) and carboxyl/ester (O-C=O), respectively [34]. The functional group C-C(H) is 

considered nonpolar and contributes to the hydrophobic property, and the other three 

functional groups are highly polar contributing to the hydrophilic property [31]. Therefore, 

the relative concentration of C-C(H) bond on the surface can be taken as an indicator to 
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probe the nature of the surface wettability. The relative concentration of C-C(H) 

concentration on the fresh laser ablated Ti surface, samples aged for periods of 45 days and a 

year stored under ambient conditions, are 79.46%, 78.52% and 80.75%, respectively. The 

results showed slight change in C-C(H) concentration on the surfaces, indicating that there 

are other factors contributing to the observed extreme wettability transition. 

The high resolution spectra of the Ti2p region of the fresh laser ablated Ti surface, 

samples aged for periods of 45 days and a year under ambient conditions are shown in Fig. 6. 

As depicted in Fig. 6, the Ti2p region was deconvoluted into two Ti2p spin-orbital doublets, 

one at binding energies of 458.5 eV and 464.3 eV, assigned to the Ti 2p3/2 and Ti 2p1/2 peaks 

of Ti
4+

 in TiO2, and the other at binding energies of 457.1 eV and 462.9 eV assigned to the 

Ti 2p3/2 and Ti 2p1/2 peaks of Ti
3+

 in Ti2O3, respectively. In addition, Ti 2p3/2 peak at 455.3 eV 

was attributed to Ti
2+

 in TiO. The concentrations of Ti
2+

, Ti
3+

, and Ti
4+

 are presented in Fig. 

7. The results showed that the fresh laser textured surface has the highest concentration of 

Ti
3+

 with 11.32%, and the lowest concentration of Ti
4+

 with 87.15%. After aging the samples 

for 45 days and a year, the concentrations of Ti
3+

 declined to 6.84% and 3.90%, respectively 

and the concentrations of Ti
4+

 has risen to 91.70% and 95.53%, respectively. In addition, 

there is negligible contribution from the Ti
2+

 sub-oxide to the laser treated surface. Titanium 

sub-oxides (Ti2O3 and TiO) are eventually transformed to the most thermodynamically stable 

oxide, TiO2, over time [35]. The observed trends of Ti
3+

 and Ti
4+

 of these surfaces showed a 

one-to-one correlation with their corresponding WCAs. The surfaces with lower WCA 

contained higher amount of Ti
3+

 and the ones with higher WCA contained higher amount of 

Ti
4+

. Since there was no change in the surface morphology during the ageing under ambient 

conditions, the surface chemical composition modification is inferred to be the main reason 

for the observed gradual wettability transition process, which will be discussed in the next 

section. 

3.4. Mechanism of wettability evolution 

Recent research on surface wetting states over the past decades have reported a one-to-

one correlation between surface polarity, water molecule orientation at the interface, and 

wettability. The surface polarity plays a significant role in determining the wettability. 

Generally, a surface with higher polarity has a higher affinity for water molecules and it is a 
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highly hydrophilic surface whereas a surface whose interaction with water is predominantely 

nonpolar is considered hydrophobic [36, 37]. The electronic structure of Ti2O3 has a large 

number of polar sites originating from coordinatively unsaturated Ti and oxygen atoms 

acting as Lewis acid and base pairs, respectively. The Ti
3+

 at the surface are electron-

deficient with seven electrons in their outer orbital, available to accept electron from water 

oxygen, resulting in hydrophilic hydration structure and hence hydrophilicity, as sketched 

schematically in Fig. 8a. An explanation for the hydrophobicity of TiO2 is based on its 

unique electronic structure. The empty 3d orbitals of Ti atoms in the TiO2 surface are 

shielded from interactions with the surrounding environment by the full octet of electrons in 

the 3s
2
p

6
 outer shell orbitals. As a result of the shielding effect, the water affinity of TiO2 is 

significantly decreased. Thus, the interfacial water molecules cannot sustain their hydrogen-

bonding network and reorient such that only hydrogen bonds between water hydrogen and 

lattice oxygen can be formed, which is pointing towards the surface leading to a hydrophobic 

hydration structure, as shown in Fig. 8b [38]. As demonstrated, the unique electronic 

structure of the TiO2 and Ti2O3 plays a crucial role in the wettability transition of titanium 

oxide on the laser ablated Ti surface. Previous study reported that aging of oxide surface in 

air resulted in the adsorption of organic species on the surface [31]. Their result inferred that 

the accumulation of organic adsorbates on the laser treated surface over time had contributed 

to a more nonpolar surface and thus leading to wettability transition process to 

hydrophobicity. In this work, the concentration of carbon C-C(H) was measured using high 

resolution XPS and the results showed slight change in C-C(H) concentration on the 

surfaces. 

The laser induced submicron structures is another important factor in the observed 

superhydrophilicity and superhydrophobicity in literature. The two theories to describe the 

behavior of water droplet on a rough surface are Wenzel [14] and Cassie-Baxter [15]. 

Immediately after laser ablation, the Ti surface had a higher concentration of Ti2O3 which 

makes the surface hydrophilic. The water droplet penetrates into the valleys of the LIPSS and 

completely wets the surface, which can be modeled by Wenzel state. According to the 

Wenzel theory [14], the increase in surface roughness introduced during the laser processing 

has an amplification effect on the wettability of the laser ablated surface, suggesting that 

increasing the surface roughness amplifies the surface inherent wetting behavior, making the 
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hydrophilic surfaces more hydrophilic. Therefore, the laser induced sub-microstructures 

amplify the hydrophilicity of the fresh ablated surface resulting in a superhydrophilic 

surface. After being stored in ambient conditions for a certain period, the concentration of 

Ti2O3 declined and that of TiO2 increased, turning the laser ablated surface to hydrophobic. 

In this case, the water droplet cannot penetrate the valleys of the LIPSS due to the formation 

of a solid-air composite surface, which can be modeled by Cassie-Baxter theory [15]. Here, 

the laser ablated surface has an amplification effect on hydrophobicity, making the surface 

superhydrophobic. 

4. Conclusions 

In this study, the mechanism underlying the wettability transition of the fs laser generated 

submicron LIPSS on Ti samples from superhydrophilicity right after laser micromachining to 

superhydrophobicity after aging for a year under ambient conditions from a perspective of 

detailed XPS analyses of the surface chemical composition of these surfaces at different time 

points was systematically assessed. The results revealed that the unique electronic structure 

of Ti2O3 and TiO2 resulting in hydrophilic and hydrophobic hydration structures, 

respectively, plays a significant role in the wetting transition. According to Wenzel and 

Cassie-Baxter theories, the increase of surface roughness on Ti surfaces by LIPSS had an 

amplification effect on both fresh superhydrophilicity and aged superhydrophobicity. This 

study can further benefit researchers and industries to control the surface wetting behavior 

for use in biomedical, aeronautical, and industrial applications.  
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Figure 1: SEM images of the LIPSS on Ti surface with spatial period of 620 nm acquired at (a) 

lower and (b) higher magnifications. 
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Figure 2: The (a) 2D and (b) 3D AFM images (scan area of 5x5 µm
2
) 

of the LIPSS with average roughness of 138 nm. 
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Figure 3: Average water contact angle evolution over 45 days for the laser ablated Ti 

samples stored under ambient conditions starting right after laser irradiation (t<30mins). 

The WCA of these samples measured using the sessile drop technique using 2µl deionized 

water as probe liquid. For each sample, WCA of three different locations were measured 

and the results are given as the mean ± SD. The representative images of the droplet on the 

laser ablated Ti surfaces at different time points are also shown. 
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Figure 4: XPS survey spectra of (a) fresh laser 

ablated Ti sample, (b) after 45 days of aging and (c) 

a year of aging under ambient conditions. 
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Figure 5: High resolution XPS spectra of the C 1s regions 

for (a) fresh laser ablated Ti sample, (b) after 45 days of 

aging and (c) a year of aging under ambient conditions. 
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Figure 6: High resolution XPS spectra of Ti2p regions for (a) fresh laser ablated Ti 

sample, (b) after 45 days of aging and (c) a year of aging under ambient conditions. 
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sample, (b) after 45 days of aging and (c) a year of aging under ambient 

conditions. 
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Figure 8: Schematic of the orientation of water molecules next to the (a) 

hydrophilic surface and (b) hydrophobic surface. 
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  Chapter 5

Conclusions and Suggestions for Future Work 

On account of decades of research and development in the field of biomedical technology, 

innovative orthopedic and dental implants have been produced, improving the quality of life 

and longevity of patients. Femtosecond laser surface structuring has emerged as a simple, 

high resolution, fast, controllable, reproducible, contactless, and single step processing 

technique, providing implants with multiscale surface texturing varying from micro to 

nanoscale and simultaneously altering their surface chemistry to potentially improve the 

performance and longevity of next of generation of orthopedic and dental implants.  

In this thesis, uniform, reproducible submicron FLIPSS on Ti surfaces with consistent 

spatial periodicities of 300 nm, 620 nm, and 760 nm, along with consistent roughness and 

oxide thickness over large area was generated as assessed by SEM, AFM, EELS, and AES. 

The laser micromachining in air resulted in uniform, stable and thicker oxide layer on all the 

laser textured surfaces as compared to the control surface, as measured from AES and EELS.  

The in vitro bioactivity assessments of oasteosarcoma Saos-2 cells on the generated 

submicron FLIPSS surfaces with consistent periodicities of 300 nm, 620 nm and 760 nm and 

control surfaces after 3, 7 and 14 days of cell seeding time demonstrated that the cell 

metabolism and ALP activity on all the surfaces increased in magnitude with cell seeding 

time, showing laser textured surfaces are not cytotoxic and do not down-regulate cell 

proliferation. The control surfaces showed a statistically significant (P < 0.05) decrease in 

ALP activity from 7 to 14 days with no corresponding decrease in cell metabolism however 

this trend was not observed for the laser textured surfaces. The laser textured surface with 

periodicity of 620 nm outperformed the 300 nm and 760 nm surfaces in cell metabolism and 

ALP activity at all time points and notably showed statistically significant (p < 0.05) increase 

in ALP activity compared to the control surface at 14 days. As observed under the SEM, the 

cells appeared to be perpendicularly aligned to the periodic structures of all the laser textured 

surfaces and also showed a more elongated shape on these surfaces with the filopodia of the 

cells appear to be attaching to the peaks of the LIPSS as compared with the control surface. 
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In addition, the cells on all the laser textured surfaces exhibited a decreased circularity and 

increased nuclear area factor compared to the control surface. 

The surface wettability of the laser textured Ti samples evolved over time from 

exhibiting superhydrophilic behavior immediately after laser texturing, then the WCAs of 

these surfaces gradually increased over time until the surface turned superhydrophobic after 

aging for a year under ambient conditions, as assessed by the sessile drop method. Detailed 

surface chemical analyses by XPS revealed the unique electronic structure of TiO2 and Ti2O3 

resulting in hydrophobic and hydrophilic hydration structures, respectively, which played a 

crucial role in the observed wettability transition. According to Wenzel and Cassie-Baxter 

theories, the increase of surface roughness on laser textured titanium surfaces had an 

amplification effect on both fresh superhydrophilicity and aged superhydrophobicity. 

The studies described here have demonstrated the prospect of using submicron FLIPSS 

as a promising surface modification strategy to potentially manipulate cellular behavior. This 

research has also resulted in new insight into the mechanism underlying the wettability 

transition of FLIPSS on titanium between the superhydrophilic and superhydrophobic 

wetting states under ambient conditions.  

The present work demonstrated the capability of reproducibly producing consistent 

submicron FLIPSS over large area on Ti and simultaneously altering their wettability which 

could potentially be used as a surface modification technique to improve osseointegration of 

dental and orthopaedic implants.  

Some of the suggestions for further research work would be to create FLIPSS with 

biologically inspired nanoscale periodicities using second or third harmonics of 1030 nm 

laser wavelength to examine the effect of ordered, repetitive nanoscale laser textured 

surfaces on the cellular behavior. Moreover, the in vivo studies of the FLIPSS are required to 

examine the quality and rate of osseointegration over longer times.  
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