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LASER INTERFERENCE LITHOGRAPHY FOR

APPLICATIONS IN BIOMEDICINE

Wenjun Li

ABSTRACT

Surface modification of implant biomaterials has become the commonly used methods

for the long life artificial implants and successful orthopaedic implantation. Numbers

of technologies have been developed to improve the performances of artificial

implants in biological systems. However, most of the technologies are associated with

complex, time-consuming and not fully controllable processes, resulting in

undesirable micro and nano structures. DLIL provides an effective method for

nanomanufacturing of well-designed structures with controllability. The research

reported in this thesis tackles the issues with particular focus on DLIL for the

fabrication of well-designed micro and nano structures with functionalities including

superhydrophobic, wear resistant property and biocompatibility on various

biomaterials.

Four-beam DLIL was developed to design and fabricate the micro and nano convex

structures on silicon surfaces. Parameters such as incident angle, azimuthal angle and

polarisation direction were adjusted to simulate micro patterns in period of 5.5 μm for

structure design, and laser fluence and exposure duration were set to fabricate micro
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and nano hierarchical structures with the aspect ratio of 2-3. The CA value of 153.2°

was obtained with excellent superhydrophobic property.

Three-beam DLIL was used to design and fabricate micro circular dimpled structures

on Co-Cr-Mo alloy. The optimal setting of incident angle, azimuthal angle and

polarisation direction for three interference beams was developed to form the circular

dimpled patterns in period of 8 μm. Laser fluence and exposure duration were

properly adjusted to fabricate circular dimpled structures with the optimal area density

of 14.8%. The modified surfaces performed the improved wear resistant property with

a 64% reduction of friction coefficient and 42% enhancement of hardness.

Two-beam DLIL was employed to fabricate micro grooved structures and three-beam

DLIL was used to form micro dotted and dimpled structures on Ti6-Al-4V alloy by

adjusting incident angle, azimuthal angle and polarisation direction. Microstructures

in grooves, dots and dimples with roughness value ranged from 0.6 μm to 1.7 μm

were achieved by the proper setting of laser fluence and exposure duration. MG-63

osteoblast cells were used to culture on modified Ti6-Al-4V alloy surfaces and the

biocompatibility was improved by promoting cell proliferation, spreading and

adhesion.

In this work, DLIL were developed to modify the biomaterials including silicon,

Co-Cr-Mo alloy and Ti6-Al-4V alloy for their specific functions in artificial joint. The

wear resistant property has been studied on modified Co-Cr-Mo alloy for the bearing

surface of artificial femoral head and the biocompatibility of modified Ti6-Al-4V

alloy has been investigated for the interfaces of artificial joint stem and bone tissue.

The silicon has been also used to achieve the superhydrophobic performance for the

foundation preliminary study of anti-bacteria property and bacteria infection.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The increased average human age accompanied by reduced organ functions and

regenerative potential of tissues has attracted global attention in the development of

implant materials with good biocompatibility, suitable for artificial organs

components, for example, heart valves, vessels, bones, teeth, cartilages, and ligaments.

Numbers of various impressive materials have been used for such applications,

including metals, ceramics and polymers [1]. Joint damage has become one of the

most common diseases in the modern society. Prosthetic replacement is the best

method to treat the damaged joints for the unremitting pain induced by function loss.

At present, total hip replacement (THR) is recognized as a relative safe and effective

approach for the treatment of end-stage arthritis, and improves the functional

capability and quality of life of patients who suffer from arthritic disease by releasing

the pain. In United States, over 285 thousands total hip replacement arthroplasties are

conducted and more than 1 million prosthetic replacements are conducted in one year

all over the world. European database shows that the mean revision rates of post

primary THR for using 5, 10 and 20 years are increased as 6.45%, 12.9% and 16.7%.

A joint prosthesis with high life quality is greatly restricted to around 15years [2–5].

Bearing wear of artificial joint induced the implant loosening, and caused osteolysis

and bacterial infection by local host biological responses, which were the commonly
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occurred inducements of revision [6, 7]. Wear and friction occurred during the relative

motion of contacted surfaces and the deformation and energy losses usually caused by

increased friction coefficients in the biomedical system [8]. A successful implantation

depends on two main critical issues. The first is the loosening related to the interaction

of insert implant material with bone which is dependent on the surface functionality of

biocompatibility and the other is the deformation and corrosion caused by wear of the

articulating surfaces (femoral head/cup surfaces) and the debris generated during wear

process which are related to the functional surfaces with superhydrophobic

performance and wear resistant property [9]. Surface engineering provides effective

methods to produce surfaces of the artificial components with functional properties

such as superhydrophobic performance, wear resistance and biocompatibility between

the materials with their physiological surroundings. Surface modification is the key in

surface engineering. It implements the surface functional properties of the

components to allow the components to be better adapted to physiological

surroundings, leading to the improved performances in biological systems [10].

Surface modification is attracting the global attentions.

Research suggests the impact of the functional properties on the interaction and the

strong influence of surface characteristics, including topography, geometrical

characteristics, roughness, hardness, and surface energy, on the surface functions

[11-13]. The research also suggests that the surface characteristics can be controlled

by surface modification [14]. The impacts of surface functions have been well studied

in the interactions between implants and the surrounding physiological environment

[12]. However, the role of surface modification in realising specific surface functions

via implementing certain surface characteristics requires a better understanding.
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A variety of surface modification techniques have been developed in different

applications of the materials in biomedicine [15-22]. Among them,

nanomanufacturing is recognised powerful for the surface modification of implant

biomaterials. Its capabilities of fabricating micro and nano structured surfaces with

specific functional properties have greatly pushed forward the developments in

biomaterials for implantation.

Numbers of research efforts has been attributed to the surface modification techniques,

focusing on the functional properties such as superhydrophobicity, wear resistance

and biocompatibility of implant biomaterials. Plasma-surface modification (PSM),

laser processing, laser interference lithography (LIL), heat treatment and

photolithography have been developed in recent years. The preparatory step is

required before actual treatment for PSM method and for LIL and photolithography

technologies the optical mask is used to transfer the pattern to the surface. For the ,

heat treatment is usually used for metal and alloy materials to alter the mechanical

properties which required a long processing time. So, most of the techniques are

associated with complex, time-consuming and not fully controllable processes,

resulting in undesirable micro and nano structures.

The research reported in this thesis tackles the problems with the particular focus on

controllability in nanomanufacturing using direct laser interference lithography

(DLIL). DLIL has two phases, namely, simulation and fabrication. The first phase

aims at DLIL systems configuration setup to achieve the desired interference patterns.

A DLIL system consists of optical components such as high-reflective mirrors (M),

beam splitters (B), wave plates (W) and polarisers (P). The system configuration in

the sense of optical setup geometry (relative positions of optical components) is
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depended on the incident angle of each coherent beam which is determined in the

simulation phase. Therefore, simulations are undertaken at this phase in the manner of

manipulating the wavelength of laser source, incident angle of each coherent beam

and polarisation direction and observing the effects on the interference patterns with

different feature sizes. The fabrication process parameters such as laser fluence and

exposure duration are also determined via simulations. In the second phase, the

multi-beam DLIL system configuration obtained in the first phase is set up to

fabricate the structures.

DLIL provides a highly controllable way to fabricate well-designed structures with

different feature sizes on various materials. The interference laser beams irradiate on

the surface and the melt and vaporisation are occurred with removing the materials

away to form the structures directly on the surface by one step. The processing area

can achieve over 0.5 cm2 in a few seconds [23]. It is a maskless, noncontact

technology without pre-treatment processes and, hence, is easy to implement. It also

has relative short process time. These advantages make DLIL particularly suitable for

effectively fabrication of controllable patterns with two-dimension or three-dimension

structures from the micro to nano scale.

1.2 Aim and Objectives

The aim of this research is to develop DLIL-based techniques for realising functional

properties such as superhydrophobicity, wear resistance and biocompatibility in

implant biomaterials surface modification. These functional properties are essential to
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long-life artificial components in orthopaedic. The wear resistant property has been

studied on modified Co-Cr-Mo alloy for the bearing surface of artificial femoral head

and the biocompatibility of modified Ti6-Al-4V alloy has been investigated for the

interfaces of artificial joint stem and bone tissue. The silicon has been also used to

achieve the superhydrophobic performance for the foundation preliminary study of

anti-bacteria property and bacteria infection. A successfully implantation depends on

two main critical issues. One is the loosening related to the interaction of inserted

implant material and bone and the other is the deformation and corrosion caused by

wear of the articulating surfaces (femoral head/cup surfaces) and the debris generated

during wear process.

To realise the potential of DLIL in surface modification, the following objectives

must be achieved:

 To discover the optimal micro and nano structures for superhydrophobicity, wear

resistance and biocompatibility, respectively.

 To fabricate optimal micro and nano structures with proper asperities density,

aspect ratio and geometrical structure on silicon by four-beam DLIL to achieve

the superhydrophobic surface with increasing contact angle (CA) value.

 To fabricate optimal micro circular dimpled structures with proper dimple shape,

size and density on cobalt-chromium-molybdenum (Co-Cr-Mo) alloy by

three-beam DLIL to improve wear resistant property with the decreased friction

coefficient and enhanced hardness.

 To fabricate optimal micro grooved, dotted and dimpled structures with

roughness around 1 μm ontitanium-6 aluminium-4 vanadium (Ti6-Al-4V) alloy
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by two- and three- beam DLIL to improve the biocompatibility by promoting cell

proliferation, spreading and adhesion to Humanosteoblast-like osteosarcoma cells

(MG63).

1.3 Methodology of the Research Work

The methodology applied to this research can be described as theoretical investigation

informed experiments and qualitative analysis guided system design, which is

summarised in Fig. 1.1.

Fig. 1.1 Framework for research methodology.

The theoretical investigation into the relation between surface functional

characteristics such as superhydrophobicity, wear resistant property and

Simulations of multi-beam laser
interference intensity distributions
with different patterns.

Feedback

Boundary conditions’
research of Si,
Ti-Al-4V alloy and
Co-Cr-Mo alloy.

Set up DLIL systems to
fabricate grooved, dimpled
and dotted structures in micro
and nano scale by adjusting
process parameters.

Characterization analysis of
micro and nano structures with
specific functionalities.

BiocompatibilityWear resistant
properties

Superhydrophobicity
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biocompatibility, and the formation of multi-beam direct laser interference patterns

were undertaken firstly. Based on the theory, simulations were carried out. In the

simulations, the specific number of beams, incident angles and wavelength were

selected to create the patterned structures for the design of micro and nano structures

with the different characteristics. The aim of the simulations is to achieve micro

grooved, convex and dimpled structures with different geometric shapes using the

multi-beam interference. Based on the theoretical investigation and the simulation,

qualitative analysis was performed to identify the boundary conditions of different

materials and optimise the parameters of cross-scale multi-beam interference patterns,

including incident angles, azimuthal angles, polarisation directions, laser fluences and

exposure durations for the fabrication of simulated patterns with specific

functionalities on different materials.

In this work, the use of multi-beam DLIL technology for the cross-scale structured

surfaces with superhydrophobicity, wear resistant property and biocompatibility of

various materials were studied in detail. The simulation results were carried out for

fundamental analysis of generation of interference intensity patterns. Experimental

research of interaction with different biomaterials and boundary conditions was

carried out to fabricate the micro and nano structures according with the simulated

patterns. DLIL is developed for the surface modification of various materials with

superhydrophobicity, wear resistant property and biocompatibility. High absorbance

of different materials at a specific wavelength of laser source allows the reduction of

the laser intensity required to obtain a determined structure depth. The high power

nanosecond laser with the wavelength of 1064 nm was used to setup the direct laser

interference systems, aiming to directly fabricate cross-scale and large-area micro and
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nano structures on silicon, Co-Cr-Mo alloy and Ti-6Al-4V alloy. The laser intensity

redistributed by interference beams is transferred to the irradiated area on the material

surface and the specific periodic structures can be formed directly through the

high-power laser. The structures can be fabricated by controlling DLIL process

parameters including laser wavelength, incident angle, azimuthal angle, polarisation

direction, laser fluence and exposure time. The feature sizes such as height, depth,

period and roughness of structured surfaces were studied with respect to the

superhydrophobicity, wear resistant property and biocompatibility. The boundary

conditions for the cross-scale structuring or modification of biomaterials under the

action of two, three and four coherent beams of radiation of a laser were investigated.

The modification thresholds of Co-Cr-Mo, Ti-6Al-4V alloys and silicon were

determined. The laser fluence and exposure duration have a significant effect on the

roughness and structured feature size such as diameter, height and depth of dimples

and dots. When the laser fluence exceeds a certain level, the structures are molten and

destroyed. Since the threshold of different materials ablation determines the energy of

single pulses to be used, the impacts of different laser fluences and exposure durations

were investigated on silicon, Co-Cr-Mo alloys and Ti-6Al-4V alloys, respectively.

The optimal values of laser fluence and exposure duration of different materials were

experimentally studied. With the investigation of the two-beam, three-beam and

four-beam laser interference, the structured surfaces with specific feature sizes and

geometrical characteristics such as shape (circular and elliptical), diameter, period,

height and depth were well-designed and controlled through the DLIL technology

which was both analytically and experimentally to modify the biomaterials. In the

experimental research, DLIL as a maskless technique without pre-treatment processes

and pattern transfer procedures is employed to fabricate the micro and nano structures
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with specific functionalities via controlling the process parameters due to that the

intensity redistributed by the superposition of interference beams is transferred to the

substrate surfaces as a result of formatting periodic structures directly. The

superhydrophobic surfaces with hierarchical micro and nano structures were

fabricated on silicon using four-beam DLIL. The micro and nano dimpled structured

surfaces with different geometrical shapes were obtained by three-beam laser

interference lithography on Co-Cr-Mo alloy to improve the wear resistant property.

The two- and three- beam laser interference systems were setup to fabricate micro

structures in grooves, dimples and dots on Ti-6Al-4V alloy surfaces to investigate the

cell behaviours.

The methodology is effective in this research. The theoretical research is

corresponded with the experiment results with the help of the methodology which

indicates that the DLIL has the advantages for the fabrication of highly controlled

structures with the well-designed functional surfaces and specific feature sizes.

1.4 Achievements

This research focuses on the development of one-step DLIL for new applications in

biomedicine on micro and nano scales. DLIL was used for the design and fabrication

of micro and nano surface patterns with different well-defined functionalities to

modify silicon and artificial joint including Co-Mo-Cr alloy (femoral head) and

Ti-Al-4V alloy (joint stem).
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Four-beam direct laser interference simulation was carried out to design micro and

nano dotted patterns and the convex structures were formed on silicon surface by

setting up the laser interference systems to achieve the superhydrophobic property.

Three-beam DLIL was developed to design and fabricate dimpled structures on

Co-Cr-Mo alloy to improve the wear resistant properties by reducting the friction

coefficient and increasing the hardness.

Two- and three-beam DLIL were developed to fabricate grooved, dimpled and dotted

structures on Ti-Al-4V alloy to improve the proliferation, spreading and adhesion of

osteoblast cells for the good biocompatibility.

As for the experiments, the high power nanosecond laser with the wavelength of 1064

nm was used to setup the laser interference systems, aiming to directly fabricate

cross-scale and large-area micro and nano structures on alloys and silicon. The control

of the substrate topographical structures in fabrication were also carried out for the

investigation of the surface modification of biomaterials. These investigations pave an

avenue for further development of one-step DLIL for the applications in biomedicine.

The achievements of my PhD research work have been published in 3 journal papers

and 3 conference papers. A number of experiment results demonstrated in Chapters 4,

5 and 6 are related to the previously published work. Chapter 4 cites the study of

“Superhydrophobic dual micro- and nanostructures fabricated by direct laser

interference lithography” which was published in the journal of Optical Engineering.

Chapter 5 cites the study of “Surface modification of Co-Cr-Mo implant alloy by laser

interference lithography” was published in the journal of Tribology International.

Chapter 6 cites the study of “Response of MG63 osteoblast cells to surface
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modification of Ti-6Al-4V implant alloy by laser interference lithography” which was

published in Journal of Bionic Engineering.

1.5 Organisation of Thesis

According to the methodology, the structure of the thesis is well established. Seven

chapters described the motivation, theoretical analyses, experimental research for

process parameters and fabrication of functional surfaces respectively. So this thesis is

divided in two sections: theories and experiments & applications. The introductory

Chapter 1 revealed the motivation of my PhD research work and the aim and

objectives were extracted. In Chapter 2, the theoretical analysis of DLIL and a

literature review of surface modification technology for the applications in

biomaterials were shown to emphasize the importance of development of DLIL.

Methodology of this research was also demonstrated in this chapter. In Chapter 3, the

functional surfaces including superhydrophobicity, wear resistant property and

biocompatibility were described related to the background and literature review.

Multi-beam interference systems were developed to study the process parameters of

different materials. Various novel simulation results such as dual micro and nano

patterns and periodic dimple patterns were found. The research efforts of this work

were the development of one-step surface modification technology, which focused on

the functionalities such as superhydrophobicity, wear resistant property and

biocompatibility. The simulated and experimental researches were carried out in

Chapters 4, 5 and 6. Four-beam interference system was set up to fabricate
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hierarchical micro and nano structures and obtain the superhydrophobic surfaces.

Different laser fluences and exposure durations were studied to investigate the

wettability of dual structures. As for the high-resolution and high controllable

characteristics, the most usually used hard implant materials were selected as the

experiment objects in Chapter 5 to improve the wear resistant property for the long

life implant materials. It is worth to mention that DLIL offers a highly controllable

way to do the experimental research for biomedical applications. Chapter 6 deals with

the cell behaviour of modified implant materials fabricated by two- and three- beam

DLIL with different structure feature sizes in micro and nano scale. Therefore, the

methodology plays an important role in the integrity throughout the whole thesis.
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CHAPTER 2

FUNDAMENTAL THEORIES AND METHODOLOGY

2.1 Direct Laser Interference Lithography

DLIL uses the interference intensity pattern generated from two or more interference

laser beams for the modification of materials. The interference pattern is the

superposition of electric field vectors of interfering beams and can be transferred to

the substrate surfaces as a result of formation of periodic structures directly [23].

Arrays of laser beam lines, dimples or various distributions can be formed on the

surfaces. Different complex patterns with various geometrical shapes can be produced

on target materials using different intensity distributions and the optimal intensity

distributions can be adjusted by controlling the exposure beam intensity over the

material modification threshold [24, 25]. DLIL technology can increase the peak light

intensity over the ablation threshold of materials by adjusting the laser distribution

instead of the focusing system. It is a parallel fabrication method and a primary

processing area can achieve over 0.5 cm2 and even more so that the periodic patterns

in micro and nano scales with a well defined cross-scaled fabrication can be

implemented in a few seconds [26, 27].

In the irradiation area, the intensity distribution of a general form of N-beam laser

interference can be expressed as [28]

)](exp[ nnnnn trkipAE  


n=1, 2……, N (2.1)
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In Eq. (2.1),


nE is the electric field vector. An is the amplitude.


np is the polarisation

vector.


nk is the wave vector.


nr is the position vector.  is the angular frequency.

n is the initial phase. The polarisation vector and the wave vector can be written as

[28]
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where


x ,


y and


z are the unit vectors in the three coordinate directions. k is the

wave number (  /2k ). n is the incident angle. n is the azimuthal angle.

n is the polarisation angle.

The interference intensity distribution for N-beams can be computed by [28]

])([

1 1

1 1

2

1

)(cos)(

mnmn rkki
mmn

N

n

N

m
n

mnm

N

n

N

m

n

N

n

n

epApA

EEEEErI

 


 



 
















(2.4)

The difference between the pair of wave vectors (


 mn kk ), where n, m=1,2,3... and

n<m, determines the spatial periodicity of interference pattern. According to Eqs. (2.2)

and (2.4), various interference patterns with different shapes, sizes, periods, contrasts

and intensity peaks can be achieved by setting up multi-beam laser interference
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systems which depend on optical setup geometry and used laser wavelength. The

period of interference pattern decreases with the decrease in the wavelength of laser

source, and distance between the mirror planes to substrate plane.

A DLIL system consists of a high power laser source, several optical mirrors and

beam splitters. Beam splitters (B) and high-reflective mirrors (M) are used to divide

the laser source into two, three, or more beams. Additionally, wave plates (W) and

polarisers (P) are used to control the phase and polarisation of each coherent beam.

The high power nanosecond pulsed laser allows a direct, periodically local heating of

substrate surfaces through the local-thermal interaction between laser and material in

the irradiation area which is always used to fabricate structures directly on metals

alloys, and various polymers. The physical reactions take place in the following three

phases:

(1) Surface melting caused by laser energy absorption;

(2) Surface vaporisation leads to material removal;

(3) Plasma plume evolution and phase explosion.

The process of DLIL technology can be seen in Fig. 2.1.
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Fig. 2.1. Diagram of DLIL process.

Materials absorb laser energy when being heated and becomes melting, and then

vaporisation occurs because the materials accumulate more and more energy. The

process parameters including the laser fluence and exposure duration have influence

on the formation of microstructures.

Laser fluences and exposure durations are crucial to the physical reactions. Increasing

the laser fluence will cause part of the laser energy to be absorbed by the vapour for

the vaporisation breakdown and cause complicated gas dynamic evolution to occur in

silicon vapour and the ambient air above the substrate. When vaporisation occurs, the

process of thermal transportation in materials can be described by [29-31]
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In Eq. (2.5), z and r are the perpendicular spatial coordinates, h is the enthalpy, which

depends on temperature, s is the density of silicon, Te is the exposure duration, T is

the temperature at time t, k is the thermal conductivity, ur is the vaporisation velocity

(velocity of surface recession), I is the intensity of laser beam approaching to the

silicon surface, which has a Gaussian spatial profile in the r direction, and s is

absorption coefficient of silicon, which is a function of temperature.

The exposure duration and laser fluence determine the vaporisation velocity ur [32,

33]. Given the exposure duration, an increase in the laser fluence can reduce the

relaxation time of vaporisation, leading to increases in the velocity of surface

recession (vaporisation) and temperature evolvement. It has been found that the

vaporisation velocity is not a linear function of laser fluence and exposure duration

due to the effect of Gaussian distribution of laser beam [34].

When the laser fluence approaches to the energy threshold (the energy for phase

explosion) of silicon, the vapour breaks down and plasma plump forms. The part of

laser energy is absorbed by plasma plump resulting in the reduction of vaporisation

velocity along with the increase of laser fluence. Vaporisation and plasma plump are

the critical factors in the ablation process [34]. The increased velocity of surface

recession with the proper exposure duration can produce high aspect ratio. However,

with the increase of exposure duration, the silicon absorbs the exceed energy to melt

and destroy the ablated structures [35]. High absorbance of different materials at a

specific wavelength of laser source allows the reduction of the laser intensity required

to obtain a determined structure depth.
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2.1.1 Two-Beam Laser Interference Lithography

The typical configuration of two-beam interference lithography is splitting a laser

beam into two coherent beams then overlapping the beams to make interference

pattern. The grooved structures are obtained by irradiating the substrates using a

two-beam laser interference setup. Two-beam interference forms an intensity

modulation in sryiped pattern. It is demonstrated that two coherent plane waves are

propagating in air with vectors in the x-z plane incident onto the x-y plane at

symmetric angles with respect to the z axis. According to Eqs. (2.1) to (2.4), the

electric field vectors are expressed below [29]:

])cos(sin[
1

21 tzxikeAE  


 (2.6 a)

])cossin([
2

22 tzxikeAE  


 (2.6 b)

where


nE (n=1, 2) is electric field vector corresponding to each beam, A is the

amplitude of the electric field vectors, i is the unit vector in x directions, n (n=1, 2)

are incident angles of each beam,  is the angular frequency. 12  k is the

wave number. t is a given point in time. The intensity distribution is given by [28]

]})sincos(sincos[cos22{2 xyxkAI   (2.7)

where  is the incident angle and  is the azimuthal angle. x and y are the

positions. The resulted micro grooved pattern with best contrast can be achieved by

symmetrical two-beam incident. The intensity distribution of two-beam interference
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with   21 , 0
1 0 , o1802  ,and o9021  is written as [29]
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  (2.8)

It can be seen from Eq. (2.8) that the period of two-beam interference grooved pattern

is determined by
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in the case of symmetrical two-beam incident. The resulting spatial period or

fringe-to-fringe spacing (p) depends on the laser wavelength ( ) and half of the beam

intersection or named as incident angle (  ). It is indicated that the period of the

patterns is a function of the laser wavelength and incident angle of coherent beams

and the incident angle depends on the distance between the mirror plane and substrate

plane.

For a two-beam interference pattern, the intensity distribution ratio of total intensity of

coherent beams I and individual intensity of each interference beam I0 is given by [28]

)
)(

(cos4 212

0 
 rr

I

I 
 (2.10)

where r1 and r2 are the distances from the irradiation area to M1 and M2, respectively.

The maximum intensity ratio is 4/ 0 II when r1=r2.

A beam splitter (B) and two high-reflective mirrors (M) are sufficient for dividing the

laser source into two interference beams. The polarisers (P) and wave plates (W) can



20

be placed before the substrate. The simple paths of the two coherent lights can be

described as follows:

(1) Laser-B1-M1- Irradiation area.

(2) Laser-B1-M2- Irradiation area.

2.1.2 Three-Beam Laser Interference Lithography

For the fabrication of three-dimension structures, three-beam laser interference is

much more flexible than two-beam laser interference, which can form the dotted and

dimpled patterns with different geometrical shapes in one step and suitable for

large-area fabrication. The dimple/dot density of the interference pattern depends on

the incident angle and the wavelength of the laser source. The polarisation angle also

has an influence on the formation of the interference patterns, pattern contrasts and

periods in three-beam interference lithography. According to Eq. (2.1), the intensity

distribution of three interfering field can be described by [30]
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where


nE (n=1, 2, 3) is the electric field vector corresponding to each beam, An is

the amplitude of electric field vectors,


np is the vector of polarisation,


i ,


j and



k are the unit vectors in the three coordinate directions,


nk is the wave vector, n

is incident angle, n is the phase, n is the polarisation angle, 12  k is the

wave number, n is the azimuth angle,


nn is the unit vector in the wave propagating

direction,  is the frequency, and


nr is the position vector. The first part of Eq.

(2.11 a) is the background intensity and the second part contains the periodic

variations. The difference between the pair of wave vectors (


 mn kk ), where n,

m=1,2,3 and n<m, determines the spatial periodicity of interference pattern.

According to Eq. (2.11 b), the incident angle and azimuth angle influence the

uniformity and symmetry of periodic pattern. It is known that multi-beam laser

interference patterns can be considered as superposition of multiple parallel stripes

which are cosine distributed. The contrast of stripes V can be defined by [155]
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Where Imax and Imin are the maximum intensity and minimum intensity of superposed

distribution, respectively. The equation clearly shows that the azimuthal angle,

incident angle and polarisation angle have the effect on the intensity distribution of

superposed field. The dimple/dot density is related with the size of dimple/dot and

dimple/dot period (dimple-to-dimple spacing). The dimple/dot period p of three

beams DLIL is calculated by




sin3

2
p (2.13)

where is the wavelength and is the incident angle.

The more complicated formula is given to express the intensity distribution ratio of

three coherent beams [28]
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where r1, r2 and r3 are the distances from the irradiation area to M1, M2 and M3,

respectively. The maximum intensity ratio is 9/ 0 II when r1=r2=r3.

Two beam splitters (B) and three high-reflective mirrors (M) are sufficient for

dividing the laser source into three interference beams. The simple paths of the three

coherent lights can be described as follows:

(1) Laser-B1-M1-Irradiation area.

(2) Laser-B1-B2-M2-Irradiation area.

(3) Laser-B1-B2-M3-Irradiation area.
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2.1.3 Four-Beam Laser Interference Lithography

More complex three dimensional structures can be patterned by four beams depending

on the relative positions of coherent beams. The intensity distribution of three

coherent beams is demonstrated by [28]
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where r1, r2, r3 and r4 are the distances from the irradiation area to M1, M2, M3 and

M4, respectively. The maximum intensity ratio is 16/ 0 II when r1=r2=r3=r4.

Two beam splitters (B) and three high-reflective mirrors (M) are sufficient for

dividing the laser source into three interference beams. The simple paths of the three

coherent lights can be described as follows:

(1) Laser-B1-B2-M1-Irradiation area.

(2) Laser-B1-B2-M2-Irradiation area.

(3) Laser-B1-B3-M3-Irradiation area.

(4) Laser-B1-B3-M4-Irradiation area.

2.2 The Current Micro and Nano Fabrication Technologies for Biomaterial

Surface Modification

Applications of biomaterials in the areas such as tissue engineering and implantation
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suggest the surface topography and roughness to be optimised to achieve functional

requirements of biomaterial surfaces [37-39]. Optimising surface topography and

geometrical characteristics for the functionalities was investigated in physics and

chemistry [40, 41]. The rapid developments in biomaterials for implantation have

resulted in the fabrication of micro and nano structured surfaces achieving specific

functionalities using a variety of methods. Particular emphasis has been placed on the

role of DLIL in fabricating micro and nano cross-scale structured surfaces for the

applications in biomedicine. Advances in biological implant modification and tissue

engineering are motivating the development of three-dimensional structures in micro

and nano scale. The design and fabrication process of structured surfaces are

investigated to implement the specific functionality according to the requirements of

practical applications in biomaterials. Nano patterns have impacts on cell behaviour,

e.g. regularity and symmetry [42], geometric characteristic [43, 44] and surface

energy [45]. There are different fabrication techniques that are capable of realizing the

patterns. More precisely, there are different ways to control the colloidal deposition,

resulting in the patterning of specific areas of a substrate. Therefore, it is necessary to

select fabrication techniques that are appropriate to specific applications. In this

chapter, modern surface modification techniques are described according to the three

categories that are classified. Critical analysis regarding the key criteria is also

presented.

2.2.1 Adding Material Techniques

The physically and chemically based technologies have been used to form thin films
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with micro and nano structures on various materials. The chemical deposition

methods such as chemical vapour deposition (CVD) and electro deposition technique

are based on chemical conversion between the substrate material and the reactants.

For any chemical reaction or deposition modified process, the preparatory step is

required before the actual treatment that the target pattern of special ink is printed

directly on the substrate materials [46].

The physical deposition methods are based on the processes including aggregation,

evaporation, solidification and sputtering. Inkjet printing as the commonly used

method was employed to fabricate wear resistant surfaces by depositing the structured

polymers, metals and ceramics which were transferred to the substrate material in

order to form microstructures with the solidification and evaporation of precursor

[47-50]. Physical vapour deposition (PVD) methods were used to create the films with

the improvement of tribological performances. [51-54]. The common methods of

chemical surface modification are hydrogen peroxide treatment, acid treatment and

thermal oxidation treatments. The hierarchical structures from micro to nano scale

with large-area production can be obtained on biomaterials by chemical reactions [55].

TiO2 nanostructures were formed on the metallic titanium by hydrothermal treatment

with H2O2 solution at 80℃ [56]. The reaction time from 6 h to 72 h was performed to

study the development of the top layer with nanostructures of the substrates. The TiO2

nanostructure has the negative surface potential which is the critical reason for the

good biocompatibility and anti-bacteria property. The key advantages consist in the

variety of pattern geometry that can be obtained by CVD and PVD, even though

provide qualitative coating films without substrate damage.

Plasma-deposited films can change the characteristics of material surfaces such as
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mechanical properties and biocompatibility. In plasma-based methods, proper plasma

sources are used for specific requirements on different materials. Rieu et al. modified

the Ti alloy, stainless steel and polyethylene with a thin layer less than 1μm thickness

by ion implantation in order to improve the mechanical properties and wettability [57].

Three-dimensional plasma titanium coatings with capillary-porous were fabricated on

the implant by Kalita et al. They investigated the shear strength values of the

interfaces between the coated implant surfaces and osseous block [58].

Plasma-grafting co-polymerization is considered to provide existing polymers with

specific functionalities such as hydrophilicity, biocompatibility and lubrication [59].

Plasma-based technique is applicable to various materials such as alloys, metals,

polymers and composites.

Pattern formation is required for both chemical, physical and plasma deposition

methods which are based on the mask shield created by micro contact printing

technique. Fig. 2.2 showed the plasma-based process. For instance, photolithography

is an attractive method for low cost nanopatterning method. It is suitable for the

large-area fabrication in a one-step high effective way with the advantages for the

biological applications [60]. However, the mask is required for the primary pattern in

contact lithography methods.



27

Fig. 2.2. Diagram of plasma-based process.

2.2.2 Removing Material Techniques

Laser texturing, mechanical texturing methods and chemical etching methods are the

most common used methods to form structured surfaces with removing the local

materials away. During laser processing, melting and vaporisation of the substrate

material occurred in contact with the laser beam, and in consequence removing the

molten material away from the patterned area. The depth and aspect ratio of micro and

nano structures are highly depended on the laser pulse duration, wavelength, and laser

energy. Higher power and longer wavelengths were used to increase the texture

dimensions and pattern complexity. Another important characteristic in laser

techniques is the thermal effect of the radiation area on the substrate with the contact

of laser beam, resulting in the metallurgical properties of the substrate material
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changed through the heating of laser beam.

A variety of different laser technologies were employed for the surface modification

of kinds of implant materials. Laser-based machining was reported for the

modification of dental implants by investigators. For instance, Minamizato

manufactured many tunnels with the same feature size in zirconia blades to achieve

the implant dental roots by the use of Nd:YAG laser machining [61]. As noted by

Kasemo et al., the controlled structures with the feature size of 1 μm were fabricated

on implant surfaces by laser machining. The topographical attributes affected the

morphology and response of cells at the tissue formation [62]. Pulsed laser deposition

was employed to deposit hydroxyapatite coatings on metal surfaces which improved

the mechanical properties and the biological properties of implant biomaterials [63].

However, pulsed laser deposition is hardly to fabricate structures with high aspect

ratios or complex geometries uniformly [64]. Laser texturing technologies provide the

methods for the modification of various substrate materials such as metal, alloy,

stainless steel, silicon and polymers with variety of patterned structures. On the other

side, laser texturing methods have the limitation of expensive equipment and high

controllable operating process.

Chemical etching is an efficient way for the material removal in order to texture

various materials such as silicon [65], Cu [66], steel [67] and Ni, the process was

shown in Fig. 2.3. Dry etching methods such as reactive ion etching (RIE) [68],

plasma etching [15], and gas-phase etching require expensive equipment and more

complicated procedures. In contrary, wet etching is a low cost method to etch the

substrate area without mask protection with only chemical reactions taking place.

However, the processing time of chemical etching is based on both mask formation
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and etching speed.

Fig. 2.3. Diagram of chemical etching process.

Methods based on mechanical removing action are usually preferred to high

temperature technologies due to the thermal damage reduction of the substrates.

Rotary ultrasonic machining (RUM) is sometimes employed to texture hard and brittle

materials such as Ti alloys and ceramics to reduce the manufacturing cost comparing

with laser technologies. One of the key disadvantages is the limitation of materials

selection, as very hard materials could not be modified due to the micro-drill. The

other is the texture dimension. They are both strongly depended on the micro-drill

dimension.
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2.2.3 Heat Treatment Techniques

Heat treatment is an effective method to alter the mechanical properties of implant

alloys. It is noted by Zheng that the micro structured surfaces have a strong effect on

the mechanical properties of  Ti–Mo alloys depending directly on alloy

composition and the processing methods to which the alloys are subjected [69]. The

tribological behaviour of Ti alloys strongly depends on the microstructures of the

surfaces and the heat treatment. Composition and cooling rate were investigated on

the microstructures and mechanical performance [70]. The suitable heat treatment

processes could achieve the strengthening effect in alloys, which induced the

transformation of metastable phases into  phase [71]. The correlation between

composition, aging heat treatments, microstructure feature sizes and mechanical

properties of implant alloys has been investigated by lots of researchers because it is

the foundation for developing and improving new alloys for implant biomaterials [72].

A great deal of research efforts of micro and nano fabrication have been attributed

towards realizing the surface modification technologies which depend on the specific

requirements and productivity. It should be noted that in numbers of methods,

multiple processes were implemented to achieve the target functionalities of the

implant materials. Each method has its limits and advantages and they must make

choices based on the various applications. With boundaries of biomedicine constantly

being challenged and modified, Table 2.1 shows advantages, disadvantages and

special potential of each technology.
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Table 2.1 Advantages and disadvantages of the technologies.

Technologies

Key criteria

Applications
Various
materials

High
resolution

Flexible
pattern

High
controllable

Low
cost

High
efficiency

Heat
treatment

√ √
Mechanical
properties

Laser
technologies

√ √
Biocompatibility
and mechanical
properties

PSM √ √
Biocompatibility
and mechanical
properties

CVD √ √

Mechanical
properties,
electronics and
photovoltaics

PVD √ √
Tribological and
microelectronic
applications

Chemical
etching

√ √

Tribological
applications and
self-cleaning
properties

As description of the mentioned technologies for their applications, they should be

split into two categories: improving mechanical properties and altering chemical

performances. It is significant to demonstrate that for a specific application, the

fabrication technique should be properly selected in order to satisfy cost-effectiveness

and texture geometric parameters. The selected manufacturing technology for implant

materials surface modification should be considered in according with the following

criteria: compatibility with the geometrical characteristic and feature dimensions of

processed work pieces; compatibility with the structured design and fabrication

process; high controllable and good repeatability compared with the above methods,

DLIL nanomanufacturing technology can alter the mechanical properties and

chemical performances at the same time on various materials over large areas. Due to
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the unique capabilities provided by DLIL, it is necessary to be researched and further

developed.

2.3 Laser Interference Lithography

Laser interference lithography (LIL) is a maskless, noncontact lithography technology.

It is, in particular, suitable for large-area fabrication of controlled patterns with

two-dimension or three-dimension functional structures in micro and nano scales.

Laser interference lithography uses the interference pattern generated from two or

more coherent laser beams for the modification of materials. The interference pattern

is the superposition of electric field vectors of interfering beams. Arrays of laser beam

lines, dots or various distributions can be formed on the biomaterial surface to achieve

specific surface properties. Different patterns can be achieved by LIL via controlling

the process parameters, such as incident angles of beams and wavelength, polarisation

directions, laser fluencies and exposure durations. The period of the structures can be

determined by the incident angles [73]. Nano gratings can be achieved by two-beam

interference lithography. According to the principle of two-beam LIL, the period of

the grating is given by  sin2/p . So the feature size in the nanoscale can be

achieved by using a laser source of short wavelength and large incident angles

For fabrication of three-dimension structures, the multi-beam laser interference is

much more flexible than two-beam laser interference with double exposures, which

can form a pattern in one step and suitable for large-area applications. With respect to

multi-beam LIL, the polarisation also plays an important role in interference patterns.
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Three different polarisation modes of four-beam LIL were demonstrated in order to

investigate the effects of polarisation on multi-beam laser interference according to

the theoretical analysis, simulations and experiments [74]. The moth-eye structures

were fabricated by six-beam LIL on silicon by our research group [75]. Zhang et al.

fabricated the micro and nano structures with excellent antireflection performance by

four-beam LIL on silicon for the application in optoelectronic devices [76]. It is

realized that more and more innovative and significant applications will be found in

functional surfaces.

LIL can be divided into two categories: Direct laser interference lithography and

indirect interference lithography. Indirect interference lithography required a

pretreatment of coating a photosensitive resist thin film which is used to transfer the

geometric pattern to on substrates. It is always applied on polymer materials. DLIL

can be used to modify various biomaterials for investigation of cell response and

tissue engineering. Compared with indirect interference lithography, DLIL is a more

effective method for the surface modification of materials for the applications in

biomedicine. For biomedical applications, control of the distribution of the

nanomaterials onto substrates is as essential as precisely controlling their size. One

interesting market is that the well designed structures can improve significantly the

performance of the materials, which do not have the required topography and perfect

surface properties. Structured surfaces in micro and nano scales do not only exhibit

unique properties, but also act as intelligent surfaces capable of selective influencing

multiple functionalities of applications in biological implants. The two-beam direct

laser interference patterns have been fabricated to mask the electro-deposition of

platinum nanoparticles into periodic arrays [77]. The direct laser interference
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patterning technique was also employed in creating topographical architectures on the

surfaces of the multi-walled carbon nanotube-based coatings deposited on borosilicate

glass [78]. The method allows the production of nanostructured patterns that are

useful in various research fields with the advantages of the well defined cross-scale

structures in the micro and nano scales which can be achieved in a few seconds.

Surface topography design by direct laser interference structuring on titanium and

polyimide represents a facile method to gradually and endurably tailor the wettability

of metals and polymers [79]. It could be demonstrated that direct laser interference

structure has great potential in sustainably tuning wetting characteristics by structured

surfaces. Periodic patterned surfaces were fabricated by direct laser interference

patterning on metals to investigate the tribology property for the applications in

industry [80]. Surface engineering techniques provide effective methods to fabricate

advanced topographies that can be used to study the cell response and tissue

engineering in biomaterials. Polymers and copolymers are the widely used materials

in biomedicine, which have been developed with the functional topographies

fabricated by direct laser interference patterning [81, 82]. Thermal properties of

polymers were measured for the simulation in order to analyze the target polymers.

Additionally, single laser pulse experiments were carried out to calculate the optical

parameters of the polymer surfaces which are needed to develop the analytical model

and the thermal simulations. Polymer surfaces with patterned structures were

investigated to control biological cell growth and orientation [82].

In the mentioned applications of DLIL, surface topography design by one-step DLIL

represents a facile method to gradually and endurably tailor the mechanical

performances, chemical properties, cell responses and tissue engineering of biological
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implants. The brief literature review of DLIL revealed that it has a few advantages

compared with the forementioned technologies which are highlighted in the following

points. The advantages of DLIL for surface modification can be concluded as follows:

 High production rate - DLIL technology can increase the peak light intensity over

the ablation threshold of materials by adjusting the laser distribution instead of the

focusing system. It is a parallel fabrication method and a primary processing area

can achieve over 0.5 cm2 and even more so that the periodic patterns in micro and

nano scales with a well-defined cross-scaled fabrication can be implemented in a

few seconds.

 Simple processes - As mentioned previously, a direct laser interference system

consists of a high power pulsed laser source and several optical components

including beam splitters and high-reflective mirrors which are used to divide the

laser source into two, three, four or more coherent beams. Additionally, wave

plates and polarisers are employed to control the phase and polarisation of each

interference beam. The system can be set up in air condition and the fabrication

process requires only single technological procedure compared with other

methods.

 Highly controllable - Various interference patterns with different shapes, sizes and

periods can be achieved by setting up multi-beam laser interference systems which

depend on optical setup geometry and used laser wavelength. By adjusting the

process parameters, DLIL is able to create different structured surfaces with

specific feature sizes according to the required functionalities in target

applications. In addition, the 3D structured process is flexible to modify materials
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on irregular surfaces with high resolution positioning. The highly controllable

patterns and positioning are the unique advantages of DLIL for surface

modification in biomedicine.

 Suitable for various materials - The high power pulsed laser and semiconductor

laser can be used to fabricate structures directly on metals, alloys, semiconductor

materials and various kinds of polymers. High absorbance of different materials at

a specific wavelength of laser source allows the reduction of the laser intensity

required to obtain a determined structure depth.

2.4 Summary

This research focuses on developing DLIL technology for controllable, low cost and

high efficient manufacturing of micro and nano structure surfaces and components

with proper functionalities for applications in biomedicine. Coverage includes the

structure design, process control and characterization of the modified surfaces. DLIL

can alter the surface composition and properties of biomaterials in a well-designed

and highly controllable way, which makes it efficient and cost-effective for surface

modification. Compared with other methods, laser interference lithography has

relative short processing time and is suitable for large-area surface modification on the

micro and nano scales.

The laser intensity distribution modulated by coherent beams is transferred to the

substrate surface to form periodic structures directly by a high-power laser. The
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structures can be fabricated by controlling DLIL process parameters such as the

wavelength, incident angle, polarisation direction, laser fluence and exposure time.

DLIL offers its innovation to fabricate controllable micro and nano structures with

well-defined cross-scale patterns and functionalities on various materials, which

allows the production of very precise structures from the nano scale to micro scale

uniformly and over large areas.
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CHAPTER 3

FUNCTIONAL SURFACES FOR BIOMATERIALS

3.1 Superhydrophobicity

3.1.1 Background Knowledge

Superhydrophobic surfaces found in nature, for example, the surface of lotus leaves,

demonstrate excellent water-repellent and self-cleaning properties, and have inspired

the development of artificial superhydrophobic surfaces for various applications.

Research has found the hierarchical structures formed with micro structured papilla

cells covered by a nanostructure of hydrophobic wax crystals on the surface of the

leaves [83-86]. The structures force water droplet to form almost spheres. Research

also found that the papillae cells were in random distributions (as shown in Fig 3.1

(A)), the diameter of the cell ranges from 5 μm to 9μm (as shown in Fig 3.1 (B)), and

the contact angle (CA) was about 161° [87].

Fig. 3.1 (A) Scanning electron microscope (SEM) image (low magnification) of the

surface of a lotus leaf; (B) Close-up image of a single papilla selected from (A) [87].

(A) (B)
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Further research has been undertaken on the effect of the micro and nano structures on

water-repellent. It has been discovered that the rough solid surfaces consisting of

hierarchical micro and nano structures trap air films between the droplet and the

surface, leading to the reduced solid-liquid contact area and shear stress of the liquid.

Fig. 3.2 illustrates such effect of the structures. The contact area can be divided into

two areas. One is the convex-shaped areas where the liquid contacts the solid surface,

known as the solid-liquid interface. The other is the flat areas above the valleys,

known as liquid-vapour interface because the air is trapped in the valleys. The

existence of the trapped air reduces the contact area of solid and liquid or equivalent

and the adhere force between the two, causing the liquid more easily moving away

from the surface. More precisely [85],

A=A×fsl+A×flv (3.1)

where A is the contact area, and fsl and flv, called factional solid-liquid area and

fractional liquid-vapour area, stand for the portions of solid-liquid interface and

liquid-vapour interface, respectively. fsl+flv=1.

Fig. 3.2 Diagram for rough composite interface of solid, liquid and vapour: Asl is

solid-liquid contact interface and Alv is liquid-vapour contact interface.

Fig. 3.2 also implies the relationship between fsl and flv and the density of asperities,

aspect ratio (defined as the ratio between the height and the width of aspects), and the

Asl Alv
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geometrical structure (meaning the shape including cone, cylindrical-shape,

rectangular-shape, etc.). flv is proportional to the density of asperities, aspect ratio. The

first item of (3.1) can be further expanded as

fsl×A=(Asl/Af) ×A (3.2)

where Asl is the convex-shaped solid-liquid contact area and Af is its projection. The

ratio of Asl/Af is called surface roughness factor, denoted as Rf, as it reflects the

roughness of the surface. Rf, is related to the aspect ratio and the geometrical structure.

CA is the measure used to evaluate wettability of surfaces. On a perfect smooth solid

surface, CA as denoted as 0 in the diagram is the angle between the solid surface

and the tangent line of the droplet as shown in Fig. 3.3. The shape of the droplet is

determined by the interfacial tension of the three forces.

Fig. 3.3 Contact angle (CA) of a droplet on a smooth solid surface.

Given a perfect smooth solid surface, CA can be calculated using Young’ equation

[88].

lv

slsv


 

0cos
(3.3)

Where 0 is the Yong CA, sv , sl and lv are the solid/vapour, solid/liquid and

liquid/vapour interfacial free energies, respectively.

Young’s equation has the limitation on perfect smooth solid surfaces. Wenzel model

0

sv sl
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[89] is an attempt of determining CA for rough solid surfaces. The model was

developed based on the so-called Wenzel model [90] which considers liquid

contacting all parts of the surface, as shown in Fig. 3.4 [90].

Fig. 3.4 Wenzel model: liquid is wetting on a rough surface.

With this model, CA is calculated as the followings [89]:

0coscos  f
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(3.4)

f

sl
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A
R 

(3.5)

where Alv is the contact area of liquid and vapour, Asl is the contact area of solid and

liquid, Rf is the roughness factor defined as the ratio of the contact area of solid and

liquid Asl to its flat projection Af. 0 is the Young CA defined for a perfect flat

surface.

Cassie-Baxter model [83] describes a composite surface where air pockets are formed

because air is trapped between liquid and solid, as illustrated in Fig. 3.5 [90].

Fig. 3.5 Cassie-Baxter model: air pockets formed in cavities between rough surfaces

and liquid.
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Given a rough solid surface composed of fsl with contact angle of
1 and flv with

contact angle of
2 , CA is calculated as below [91]:

21 coscoscos  lvsl ff  (3.6)

Let 01   and 1cos 2  to have CA of the air film to be 180°. Cassie-Baxter

model can be rewritten as

)1cos(coscos 00   flvf RfR (3.7)

It can be seen from Eq. (3.7), CA increases with an increase in flv. Nosonovsky and

Bhushan demonstrated that an increase in the density of asperities led to the increase

of CA and higher aspect ratios caused CA to increase faster [92].

Table 3.1 gives the classifications of wettability of solid surfaces according to CA.

Surfaces with CA greater than 150° has the superhydrophobic property which

provides excellent repellence and self-cleaning functions.

Table 3.1 Different contact angles and their corresponding wettability.

Contact angle Wettability

0°＜ ≤5° Superhydropholicity

5°＜ ＜90° Hydropholicity

90°≤ ＜150° Hydrophobicity

150°≤ ＜180° Superhydrophobicity
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3.1.2 Realisation of Superhydrophobicity

Previous studies have found that surface wettability has a significant role in the early

stages of cell response, adhesion, spread, proliferation and differentiation [93].

Superhydrophobicity as the highest anti-wetting ability has been recognized as a

crucial surface property of implant materials. Superhydrophobic surfaces have a

number of specific functions for biomedical applications, including antibacterial and

anticorrosion performances [94, 95]. Most implant materials currently in clinical use

have hydrophobic surfaces according to the recent research [96]. Superhydrophobic

surfaces have become particularly desirable because of their stable antibacterial

property. Their excellent water-repellence and self-cleaning performances make it

possible to prevent bacteria to grow and to spread on the surfaces. Freschauf

demonstrated that superhydrophobic surfaces, obtained via structural modification

reduced bacterial growth on flat surfaces [97].

Techniques that fabricate rough solid surfaces with micro and nano hierarchical

structures to implement superhydrophobicity for the surfaces can be classified into 3

categories, namely chemical-based techniques, physical-based techniques and

physical-chemical conbined methods.

Chemical-based methods

Chemical-based techniques such as electropolymerization [98], chemical vapour
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deposition [99], sol-gel method [100], galvanic cell reaction [101] and chemical

etching [102] have been developed for the fabrication of superhydrophobic surfaces.

The electropolymerization method was used to prepare large-area superhydrophobic

films by adjusting the process parameters including cycle numbers, applied voltage

and monomer concentration. For the process of electropolymerization method,

counter and reference electrodes were used to electrolyze the electrolyte, and the

monomer was added to the electrolyte. Electropolymerization of polymer was then

carried out on the working electrode surfaces (target surfaces) by cyclic voltammetric

sweeps with the applied voltages of electrode. The thickness of the deposited polymer

was depended on the cycle numbers, applied voltage and monomer concentration [98].

For CVD method, the selected precursor is heated to vapour and the monomer

molecules are activated to generate the radicals which undergo chemical absorption

and bonding for the polymerization reactions. The dielectric barrier discharge micro

jet system is employed for the hydrophobic coating. The deposition conditions

including electrode-substrate gap distance and reacted time have their effect on the

size and shape of the film surface which influences the CA of coatings [99]. In the

process of sol-gel method, the organic, inorganic and organic-inorganic hybrid sol-gel

materials have been used to fabricate the superhydrophobic coatings on various

materials. A high temperature is needed to burn out the sol-gel materials used to

induce the phase separation and coagulate the colloidal materials for the coatings

covered with organic groups which make them hydrophobic. The formulation of

reagent for coagulation and the reaction time have its effect on asperity density of

microstructures [100]. The galvanic cell reaction as one of the electroless method is

used to create metal nanostructures through the formation of local galvanic cells

between the materials and the metallic ions in hydrofluoric acid (HF) solution. The
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asperity density of nanostructures can be controlled by the reaction time and the

concentration of the metallic ion [101]. The chemical etching method is the process of

removing the materials on a metal surface by a chemical reaction between the metal

materials and etchant for the creation of rough surfaces with superhydrophobicity. The

density of asperity of rough surfaces is depended on the reaction time and

concentration of the etchant [102].

An et al. [90] fabricated the hierarchical multi-scale mimetic lotus leaf structures on a

stainless steel mesh surface. As shown in Fig. 3.6, the electropolymerization and

chemical polymerization were used to coat the micropapilla structure and nanofiber

on mesh surface. With the Teflon treatment, the multi-scale hierarchical structures

showed the superhydrophobic property. Hosono et al. [103] provided the bottom-up

process to obtain a superhydrophobic surface with CA value of 178° on metal

hydroxide combined with chemical bath deposition (CBD). The controlled growth of

aligned carbon nanotube arrays were used to achieve hydrophobic surface with

coating fluorocarbon and ZnO films [104, 105]. Shirtcliffe et al. demonstrated the

chemical etching and electro deposition method to obtain the rough copper surface

with nanostructures. The mask was used to etch the copper surface for the micro

structure and electro deposition was employed for the nanostructure [105]. The

galvanic cell reaction was provided to deposit Ag nanostructures on the silicon wafer

through a chemical way to achieve the surface with the superhydropbobic property

[101]. The roughness silica film was obtained using coagulated colloidal silica [100].

Qian et al. developed chemical method to etch polycrystalline metals and

fluoroalkylsilane was used for hydrophobization. [102]. Guo et al. fabricated the

flower-like nanostructures on copper surfaces through a two-step self-generation
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method with the process period of about 15 days [106].

Fig. 3.6 Schematic of fabricated process of superhydrophobic surface consisted of

stainless steel mesh covered by multi-scale hierarchical structures. (A) Stainless steel

mesh fabricated by organic cleaning; (B) Polymerizing polypyrrole microstructures

deposition by electropolymerization; (C) Polyaniline nanofiber deposition by

chemical polymerization; (D) Teflon modification by dip coating [98].

A lot of chemical-based methods have been used to achieve the superhydrophobic

property. However, the complex process control, multi-step procedures are required in

many cases. It is hard to modify the irregular-shaped surfaces with the controllable

geometrical shape and aspect ratio of roughness for most of the methods.
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Physical-based methods

The rough surface with micro structures also can be obtained by photolithography [33]

and electroplate [107], combined with plasma etching [33] and physical vapour

deposition [108], and the nano scale structures have been created on microstructures

in order to achieve the superhydrophobic hierarchical micro and nano structures.

Photolithography is a process used to transfer the geometric pattern by the photo mask

(optical mask) to a photoresist (photosensitive resist) thin film. The size and shape of

geometric structures are depended on the optical mask (expensive cost) and operation

conditions including exposure time and releasing force. In the electroplate process, the

high purity metal plate was set as the counter electrode, and the electroplating solution

was used for the electrodeposition of metal ions for the formation of metal film. The

current power, current density and reaction time influence the size and shape of the

structures of film surfaces. For the plasma etching, the substrate is exposed to the

plasma source (bombardment ions), the vaporisation occurs with removing materials

for the fabrication of micro and nano structures. The main factors that influence the

plasma etching are the concentration of plasma source, pressure, vacuum and etching

time. PVD methods are used to produce thin films and coatings by sputtering and

evaporation. The source is heated to the vaporisation temperature by a high-power

electric arc discharge and electron beam, and the highly ionized vapour is generated

and deposited by the variety of vapour pressures on the target surfaces. The process

can be seen in Fig. 3.7. The pressure and processing time are the critical factors for

the thickness of film.
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Fig. 3.7 Diagram of PVD process.

Sun et al. proposed interference lithography method to fabricate hierarchical

polydimethylsiloxane (PDMS) microstructures with plasma treatment procedures [33].

Wu et al. used laser interference lithography to modify the surface with controllable

anisotropic wettability [109]. They studied the wettability of grooves with different

feature sizes and achieved the hydrophobic surface with the CA of 131°.

Physical-chemical combined methods

Laser texturing technologies [109] and photolithography [33, 109] were used to

fabricate micro and nano structures combined with the low surface energy treatment

to achieve the superhydrophobic surfaces. Laser texturing is the process of using the

laser beam to irradiate the target materials and fabricate structures by melting and

vaporisation. The size of the structure is depended on the laser source, wavelength and
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processing time. The low surface energy treatment was employed on the hydrophobic

structures by modification of low surface energy functional groups to obtain the

superhydrophobic surfaces. E. Stratakis modified artificial surfaces with the

superhydrohpobic property of the natural lotus leaf. A femtosecond laser was used to

fabricate hierarchical structures on a silicon surface under a reactive gas atmosphere

combined with a proper hydrotreatment [109]. The aligned carbon nanotube films

were coated on the silicon surface and created the rough silicon surface by chemical

vapour deposition, respectively, the schematic description has been shown in Fig. 3.8.

It is demonstrated that the nanoscale structures have the positive effect on reducing

the strict requirements for the asperities density and aspect ratio design of micro

structures for the superhydrophobic surfaces [104].

Fig. 3.8 Schematic of (A) micro structures fabricated by photolithography; (B)

Aligned carbon nanotube grown on silicon surfaces according the model of (A); (C)

Aligned carbon nanotube grown on the patterned silicon surfaces [104].

(A)

(B)

(C)
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Previous research makes efforts on the superhydrophobic performance of hierarchical

micro and nano structures. Further chemical treatments are required after the process

for fabricating superhydrophobic surfaces to reduce the surface energy. Table 3.2

compares the technologies for the formation of superhydrophobic surfaces. The

chemical-based methods are developed for various materials which required stringent

conditions and complex process control during the multi-step procedures. The

preprocess is also required for both chemical- and physical-based methods. Most of

the methods require complicated conditions or multi-step processes to obtain the

uncontrollable or undesirable structures. Therefore, a cost-effective approach for the

creation of well-designed dual structures with superhydrophobic property is expected.

Table 3.2 Comparison of techniques for the fabrication of superhydrophobic surfaces.

Technique

Criteria

Chemical-based
techniques

Physical-based
techniques

Chemical-physical
combined techniques

Fabrication
processes

Multi-step
procedures

Multi-step
procedures

Relative short
procedures

Process
conditions

Complicated Simple Relative simple

Materials Various materials
Limitations of
materials

Various materials

Controllable
of structures

Not good Not good Good

Stability of
structures

Not good Good Good
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3.2 Wear Resistant Property

3.2.1 Background Knowledge

In biomedicine applications, implant materials need to possess the property of wear

resistance. Most implant applications may be classified to the artificial bone for joint

replacement and the artificial tooth as “dental implant”. Artificial bones in

orthopaedic applications are often used as structural enforcement which is inserted

inside corpus [117]. They lay more weights on mechanical properties such as strength,

toughness, and torque which have special requirements for abrasion resistance in the

sense of tribology. Such implantations face two critical issues. One is loosening and

the other is corrosion. The motions of artificial bones relative to natural parts of

human body cause wear on the surfaces of implant materials. Debris are generated

during the wear process [9]. Corrosion causes human suffering and reduces the life of

artificial bones. The micro dimples (cavities or pockets) were formed in a distributed

pattern on the bearing surfaces for the formation of a lubricant film to separate the

contacted surfaces in relative motions [110, 111 ]. Numbers of research indicated that

surface modification with micro dimpled structures plays the role as miniature

hydrodynamic bearings and separating the sliding surfaces by creating a net pressure

resulting in the increased thin lubricant film. The lubricant film provides the

additional pressure and increases the separation between the sliding surfaces, resulting

in the reduction of friction [112]. For the identical dimple shape of circle and with the

condition that the lubricant is air at room temperature, the hydrodynamic lubrication

regime can be expressed by Reynolds stress equation [113].
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In Eq. (3.8), X=x/rp, Y=y/rp, P(X, Y) is the non-dimensional local bearing pressure,

and H(X, Y) is the non-dimensional local bearing spacing. p0 is the air pressure, c is

the minimum bearing spacing, U is the relative sliding velocity,  is the air dynamic

viscosity, and rp is the radius of dimple, as shown in Fig. (3.9) [113].

(A)

(B)

Fig. 3.9 Model of a dimpled structured slider bearing diagram. (A) A cross-sectional

view; (B) Top view [113].

The friction in the air bearing process for sliding surfaces is driven by the shear stress

and the average shear stress  is approximated by [113]

d

d

A

V
c

U




 (3.9)
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In Eq. (3.9), Vd is the volume of a dimple and Ac is the area of its unit cell.

The presence of the dimple structures causes the formation of extra bearing spacing

between the sliding surfaces which have the effect of reducing the friction coefficient

by means of the dimple structures . The friction coefficient f is expressed as [110]

0pp
f

d 


 (3.10)

where pd is the average bearing pressure. The dimple sizes including area density

(defined as the ratio of area of dimple shape and area of its unit cell) and shape are the

critical factors for the magnitude and trend of the friction coefficient [110].

The abrasive wear occurs when the modified surfaces with micro dimpled structures

slid across a surface that is relatively softer in which the real contact area between

sliding surfaces is small compared with the apparent area of contact, being limited to

the contacts between surfaces [114]. The wear rate can be expressed by the following

expression and the cumulative volume of material worn W is given by [115]

H

KLw
W

3


(3.11)

where K is the wear coefficient, L is the sliding distance, w is the normal load and H is

the hardness of material. It is found that the increased hardness can reduce the wear of

the surface.

Both experimental research and theoretical analysis indicates that in the process of

abrasive wear, the real number of contacts n is a function of the applied normal load,

apparent contact area, hardness of the materials and mean diameter. The relationship
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can be expressed by [114]

2/1
0

2/12
0 }/{ AHwDKn H
 (3.12)

Where w is the normal load, H is the hardness of materials, D0 is the mean diameter of

abrasive particles, A0 is the apparent contact area and KH is a constant. The real

contact areas are related to the number of contacts which is depended on the hardness

of surface structure and the abrasive particles. The micro dimpled structures with

different shape and density also have the effect on reducing the real contact area and

trapping wear debris in contact zones. Fig. 3.10 shows the schematic diagram of the

abrasive wear within the lubricant film. During the sliding process, dimples have the

function of trapping the abrasive wear particles to make the particle removal action

resulting in the reduction of the friction and wear [116].

Fig. 3.10 Schematic ofthe abrasive wear for dimple structures with trapping particles.

3.2.2 Literature Review of Wear Resistant Property in Implants

For orthopaedics, implants are usually used as structurally enforced artificial bone

which is inserted inside the corpus as so that the implants support more weight in
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biological mechanical systems and require the wear resistant property [117]. Although

the artificial bone has a relatively low friction coefficient, severe wear usually occurs

on the bearing surface. Experiments have been carried out in order to reduce the

artificial hip joint friction by the micro dimpled structures into ultra-smooth femoral

heads [118,119]. Chyr et al. fabricated the dimple structures on the cobalt-chromium

(Co-Cr) femoral head with the area density from 5% to 20% to investigate the friction

reduction of metal-on-polyethylene (MOP) artificial hip joint. As shown in Fig. 3.11,

the micro dimpled structures were fabricated on the femoral head of hip joint to

reduce the friction between the acetabular and femoral head [4].

Fig. 3.11 Metal-on-polyethylene (MOP) artificial hip joint with dimple structured

surfaces on the Co-Cr femoral head [4].

Ito et al. conducted the friction and wear rate tests to study the influence of a circular

dimple structures on Co-Cr-on-polyethyene hip joints with the resulting that a 30%

reduction of friction coefficient and 68% decrease of wear with the area density of

13.6% [120]. Roy et al. studied the tribological effects of micro dimpled structures

with the purpose of applying it in total hip joint prostheses. The ceramic surfaces were

modified by computer numerical control (CNC) micro-drilling to obtain dimpled

Detail of the articulation
surface

Pelvis

Acetabular
component

Polyethylene liner

Stem

Femur Microtexture on
femoral head
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structures. The modified surfaces with the area density of 15% showed a significant

improvement of metal-on-polyethylene wear resistant property, achieving 22%

reduction of friction and 53% reduction of wear [121]. The previous experimental

results indicate that for the given applied load and dimple shape, a higher area density

leads to higher friction coefficient reduction. For different bearing materials, when the

area density exceeds a certain value, the limit stress concentration effects occur and

induce the surface damage [111].

Recent studies indicate that manufacturing methods for creating dimple structures aim

to improve the wear resistant property by reducing the friction coefficient to overcome

the friction for the applications in implants [122]. Various manufacturing techniques

are developed including CVD [123, 124], shot peening method, and laser treatments

[125-128]. Chemical vapour deposition can be used to form films with micro dimpled

structures by exposing the substrate to the heated precursors, and the monomer

molecules are activated to generate the radicals which undergo chemical absorption

and bonding for producing a thin film on the substrate [123]. The mask shields are

used during the deposition procedure to form the micro dimpled structures. The shape

and density of dimples are depended on the reaction time and patterns of mask. For

the process of shot peening method, the surface is bombarded by shaped media with

sizes in micro and nano scales. This method is similar to blasting treatments but more

controllable on peening power, intensity and direction which can be controlled for the

desired sizes of dimple structures [129]. Laser treatment is the process of using the

high power laser to strike the substrate and the dimple structures are formed by

melting and vaporisation. The size of the dimple is depended on the laser source,

wavelength and processing time [130].
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Table 3.3 Comparison of techniques for the fabrication of micro dimpled structured

surfaces.

Technique

Criteria

CVD
Shot peening
method

Laser treatments

Fabrication
processes

Multi-step
procedures

Simple Simple

Process
conditions

Complicated Simple Simple

Materials Various materials
Limitations of
materials

Various materials

Controllable of
dimple sizes

Good Not good Not good

Stability of
structures

Not good Good Good

These studies have all successfully demonstrated that the micro dimpled structures

can significantly overcome the friction in artificial joints. Different dimple shapes of

structures have been studied and designed to reduce the friction coefficient of bearing

surfaces which can be attributed to the fact that the dimples of the structured surfaces

provide the additional hydrodynamic pressure. Although the design principle of micro

dimpled patterns based on hydrodynamic theory has been well accepted, experimental

and analytical studies carried out by different researchers suggest that in order to

obtain the desirable wear resistant performance with a low friction coefficient, the

well-designed micro dimpled structures need to be conducted on different materials
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[122]. Table 3.3 compares the methods for the fabrication of dimple structures. The

structured surfaces fabricated by most of the techniques have low stability and the

processes of these methods required multi-step procedures with low controllable

dimple sizes. Therefore, a proper manufacturing method for micro dimpled structures

is imperative.

3.3 Biocompatibility

3.3.1 Background and Knowledge

Metallic biomaterials are usually used as the implant materials for various medical

applications, as shown in Table 3.4. The stability or failure of the bone implants relies

on a complicated combination of biological and mechanical factors which are closely

related to the interaction between the implant surface and the surroundings [134].

Recently, efforts have been made to reduce the factors that lead to implant loosening

[132]. The factors are mainly determined by the surface chemistry, composition and

biomaterial surface texture [131, 132].

Table 3.4 Metallic biomaterials usually used in implant applications [133].

Metallic biomaterials Applications

Cobalt-Chromium-Molybdenum

(Co-Cr-Mo)

Artificial joints, heart valves and dental

prostheses

Stainless steel Vascular stents and orthopedic fixation
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plates

Titanium alloys

Dental prostheses, artificial joint

components, heart valves, vascular stents,

orthopedic screws and pacemaker cases

Gold or platinum Dental fillings and cochlear implants

Silver-tin-copper alloys Dental amalgams

Ti-6Al-4V alloys have been commonly used in orthopaedic and dental replacement

due to their advantages in biological compatibility and corrosion resistance [135].

However, the incompatibility of cells caused the infection which induced the failure

of the implants, leading to revision surgery or disability [136]. Cell behaviours

including cell proliferation, cell spreading and cell adhesion are investigated to

evaluate the biocompatibility of implant materials. Numbers of biological molecules

including carbohydrates, cell-extracellular matrix proteins or their components such as

arginine-glycine-aspartic acid and poly-L-Lysine have been considered to investigate

cell behaviours at the molecular level, and research related on cells and the bottom

surface in the micro and nano scales are needed to improve the biocompatibility of

implant materials. Roughness micro and nano structures can have positive impact to

the biocompatibility of materials, including cell proliferation, adhesion, spreading,

morphology and orientation significantly. Grooved structures in micro and nano scale

have the effect of cell spreading to reduce the formation of scar tissue and to promote

bone bonding degree [137,138]. Micro and nano dimpled and dotted structures

influence the cell proliferation and cell adhesion for the ability of cells to invade and

colonize the artificial bone [139]. The roughness of structured surface is defined as the
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microscopic geometrical property formed by the small clearance and the rises and

falls on the machined surface. The arithmetic mean surface roughness (Ra) is

commonly used to evaluate the surface roughness. As shown in Fig. 3.12, Ra is the

absolute arithmetic mean of profiles deviated distance between each point of the

surface profiles and the base line within a sample range of the part surface. The Ra can

be calculated by [139]
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Fig. 3.12 Calculation of Ra [164].

It can be seen that the roughness of structured surface related to depth and topography

of microstructures. In order to study the effects of micro and nano structures and

surface roughness, various technologies have been developed to fabricate roughness

structures in micro and nano scale on biomaterials.
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3.3.2 Literature Review of Biocompotibility in Implants

The interaction of bone tissue and implant interface is attributed to three main

principles. The first principle is the mechanotransduction concepts in bones. It is

reported that the micro surface can improve the mechanical inter locking strength and

the mechanical properties of the implant. At the same time, the micro surface

increases the superficial area of the implant. The implant-bone interfacial shear

strength can be improved because of a rough micro surface. The mechanical

adaptation is a bioprocess. It requires a biosystem sensing the applied loading force.

The force information is communicated to osteoblasts which produce new bionesor

osteoclasts and destroy old bones [134,140]. The second principle is the theory of

bone formation. The micro dimpled structure can help the fibrin blood clot deposit

and fix the extracellular matrix on the implant surface. Micro dimpled structures

create the stable micro environment which helps cell migration and grow tha long the

extracellular matrix to the implant surface [141]. Meanwhile, the rough surface would

contribute to the bone-implant interface orientated growth and adhesion of osteoblasts

[142]. The third principle is the hypothesis of surface signals. Some researchers have

proposed that extracellular matrix protein integrin could deliver the topography

signals to the attached cells [143].

Many approaches have been made to alter implant surface topography and investigate

the biocompatibility. Different methods including micromachining, polishing, surface

blasting, surface coating [144], shot peening [145], acid etching, photolithography and

laser texturing were used to produce micro textured patterns on implant surfaces.

Omayra et al. obtained Ti-6Al-4V and TiAl disks with various surface roughness
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values using the grit paper and diamond paste [146]. Chen et al. used laser to obtain

micro grooved structures with required periods and depths [147]. Havlikova et al.

combined the electric discharge machining, chemical milling and shot peening to treat

the surfaces of orthopaedic implants [148]. Dalby et al. fabricated controlled patterns

of 160 nm high nanocolumns using colloidal lithography [149]. Matsuzaka et al.

obtained multi-grooved patterns on the 18-karat gold alloy with an ultra precise

machine [150]. Meng et al. obtained hierarchical micro and nano structured titanium

surfaces via electrolytic etching (EE) [151]. Li et al. proposed a method for the

fabrication of bionic superhydrophobic zinc coatings with crater-like structures on

steel surfaces [152]. However, most of the methods still have the potential of the

osteoblast orientation that could lead to the scar tissue formation. The limitation of

recent reviews is that researchers have tried to give a broader overview related to

implant surface modification on biocompatibility but does not give any conclusion

regarding the specific excellent biocompatible implant surface modification studied

till now. In order to tailor desired interactions actively, the complicated processes and

time consuming procedures with uncontrollable and undesirable structures are still

challenges.

3.4 Summary

In this chapter, the conventional theory and applications in biomaterials for functional

properties including superhydrophobicity, wear resistant and biocompatibility were

briefly described, respectively. With the investigation of modification technologies of
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functional surfaces in this chapter, apart from the complex procedures or multiple

processes with the current methods, it is still quite challenge able to obtain a long term

use of the artificial joints in terms of high wear resistance and biocompatibility. For a

specific functional property, the design of optimum structures is complicated and

unpredictable without the highly controllable fabrication method. Therefore, a proper

effective manufacture of patterned micro structures is highly expected for the specific

requirements. As mentioned in Chapter 2, DLIL has been developed to modify the

stiff materials including metals, alloys and soft materials. Structured feature sizes

including the geometrical shape, diameter, period and dimple density can be

well-designed and controlled by adjusting the process parameters during the DLIL.

With the efforts on functional modified surfaces on different materials [140-144],

DLIL technology is being considered and evaluated for other artificial materials in

biological applications. In this PhD research work, effects of different micro and nano

structures with specific feature size and the superhydrophobic property, wear resistant

performance and biocompatibility are demonstrated in the following chapters. The

different functionalities are developed in the following 3 chapters according to the

specific implant applications. In Chapter 4, the superhydrophobic property on silicon

surfaces was obtained by DLIL. The deformation of bearing surfaces was caused by

wear process during the relative motion. Therefore, in Chapter 5, the commonly used

implant materials Co-Cr-Mo alloy (used for femoral head) was selected to study the

improvement of the wear resistant properties with the modification technology of

DLIL. The adverse reaction of biological surrounding cells and tissues with artificial

implant caused fixation of artificial components. So the significance of cell behaviour

for the improvement of biocompatibility to prevent implant loosening comes rather

straightforward. In Chapter 6, the Ti alloy as the one of the most usually used insert
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implant material for arthroplasty and dental implant was modified to obtain micro and

nano structures to investigate the cell behaviours of MG63 osteoblasts cell.
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CHAPTER 4

SUPERHYDROPHOBIC SURFACES ON SILICON BY

DLIL

4.1 Principle

The fabrication of micro and nano structures with different aspect ratios (ratio of

height/depth and width) and geometrical structures can be implemented by DLIL, also

known as laser interference lithography patterning. The process contains the pattern

formation step and the fabrication step.

In the first step, patterns in the sense of aspect ratios and the geometrical structure are

formed by controlling the parameters of four-beam DLIL system such as azimuthal

angles, polarisation directions and incident angles. Equations (2.1)-(2.3) give

theoretical relations from the parameters of DLIL system to the parameters of micro

and nano structures. Simulations are often run to adjust DLIL parameters for practical

applications. Incident angle and wavelength play dominant roles to period which

affects the width of pattern, whilst polarisation is major influential to geometrical

structures.

In the second step, laser beams, generated by high power nanosecond laser, irradiate

on the silicon surface, causing physical and chemical reactions which lead to ablation.
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During the ablation of silicon, oxidation also happens between Si and O2 which

generates silicon dioxide (SiO2) on the structures. SiO2 can be removed by applying

chemicals on the surface. When HF is applied to the surface in this work, the

following chemical reaction takes place

SiO2+4HF=SiF4+2H2O (4.1)

The reaction cleans out SiO2 in such a way that it produces SiF4 as gas and water. The

duration of applying the chemical, known as cleanout time, is proportional to the

amount of SiO2 generated which is determined by exposure duration of laser process.

However, no quantitative relation from exposure duration and cleanout time is

reported, rather, cleanout time is decided by the rule of thumb in experiments.

4.2 Simulations and Experiments [153]

4.2.1 Simulations

Simulations were run with Matlab software which provides means to manipulate

simulated laser beams in terms of incident angles, polarisation angles and azimuthal

angles of DLIL to form interference patterns with different intensity distributions.

Four-beam interference was used to obtain the micro convex periodic structures due to

its higher intensity distribution ratio of interference structures compared with

three-beam interference. According to Eq. (2.8) and Eq. (2.9), the intensity

distribution ratio of four-beam inference is 16, whilst that of three-beam is 9. A high

intensity distribution ratio induces high aspect ratio of interference convex structures.

Simulations were performed to optimize incident angle, azimuthal angle and

polarisation angle and produce the desired convex structures. Different
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microstructures can be obtained by adjusting the polarisation angles of coherent

beams [74]. Micro convex structures can be obtained with the TE-TE-TE-TE mode.

TE stands for transverse electric wave polarisation mode for interference beams which

are presented by polarisation angles of o90 . On the other hand, micro dimpled

structures can be formed by the TE-TE-TM-TM and TE-TE-TE-TM modes. TM

represents transverse magnetic wave mode with o0 . Fig. 4.1 shows the simulated

results. The intensity scale 1 to 7 is represented with colours from blue to red, as

shown in the diagram. The areas with high intensity distribution will be removed and

the blue areas with low intensity will be remained. Fig. 4.1 (A) shows the intensity

distribution under the TE-TE-TE-TE mode. The convex structures will be formed by

removing the areas with high intensity quantitatively according with the intensity

variations, and (C) and (E) give the intensity distributions under the TE-TE-TM-TM

and TE-TE-TE-TM modes, with the resulting that the dimple structures will be

obtained, respectively.

Figs. 4.1 (B), (D) and (F) display intensity variations of the three structures,

respectively. It can be seen in Fig. 4.1 (D), the intensity distribution under the

TE-TE-TM-TM mode shows the best contrast and highest intensity, and the

fringe-to-fringe spacing (spatial period) of modulation period of 6 μm was generated

in the TE-TE-TE-TM mode as shown in Fig. 4.1 (F). It is demonstrated that

interference patterns with different geometrical structures such as dots and dimples

can be achieved by adjusting the polarisation modes. The TE-TE-TE-TE mode is

suitable for the formation of convex structures and the TE-TE-TM-TM mode can be

used to generate the dimple structures with high aspect ratios.

Different interference convex patterns of intensity distributions were obtained by
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adjusting azimuthal angles. Simulation results are given in Fig. 4.2. Figs. 4.2 (A) and

(C) are the results of non-centrosymmetric interference beams with the azimuthal

angles of o01  , o802  , o1703  and o2604  , and with the azimuthal angles

of o01  , o1002  , o1703  and o2704  , and (E) is the result of

centrosymmetric interference beams with the azimuthal angles of o01  , o902  ,

o1803  and o2704  , respectively. Fig. 4.2 (B), (D) and (F) are the

corresponding intensity variations..

(A) （B）

(C) （D）
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（E） （F）

Fig. 4.1 Four-beam interference simulated results.

As shown in Figs. 4.2 (A) and (C), obvious modulations are formed in the patterns

and the period of the modulations is about 6 μm which can be seen in the

corresponding intensity curves. According to the simulation results, the intensity

modulations were generated when the four interference beams were

non-centrosymmetric. The uniform intensity distribution patterns without modulations

were formed due to a perfectly symmetric configuration of interference beams.

(A) (B)
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(C) (D)

(E) (F)

Fig. 4.2 Four-beam interference simulation results with different azimuthal angles in

the TE-TE-TE-TE mode.

In order to obtain the convex structures with the cell diameter of 5.5 μm, the incident

angle of 5.6o, which was calculated from Eq. (2.6), was used. The incident angles of

8o and 10o were used to simulate for comparison. The simulation results of uniform

interference convex intensity distributed patterns with different incident angles were

shown in Fig. 4.3. It can be seen that the spatial periods of x and y directions depend

on the incident angles of interfered beams, and the different values of setting the

incident angles induce the changes of shape and size of structure cells. The intensity

distributed patterns with cell diameter of 5.5 μm were achieved by setting the identical

incident angle of o6.54321   , which was in accordance with the

theoretical value.
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(A) (B) (C)

Fig. 4.3 Four-beam interference intensity distributed patterns with different incident

angles of: (A) o6.54321   ; (B) o6.531   and o842   ; (C)

o1031   and o6.542   .

With the respect to the simulation results, it can be concluded that the optimal settings

for fabricating convex structures with the cell diameter of 5.5 μm are:

 The TE-TE-TE-TE mode with polarisation angles: o904321   .

 The azimuthal angles of four-beam interference: o01  , o902  , o1803  and

o2704  .

 The incident angles of o6.54321   .

Under the settings, convex intensity distribution patterns with the cell diameter of 5.5

μm were simulated, as shown in Fig. 4.4.

(A) (B)

Fig. 4.4 (A) 2D and (B) 3D plots of four-beam laser interference simulation results

with the incident angle of 5.6 o and the period of 5.5 μm.
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The proper incident angles, azimuthal angles and polarisation angles were achieved to

form micro dotted pattern with period of 5.5 μm by simulation which can be used for

four-beam DLIL system set up.

4.2.2 Experiments

In experiments, a four-beam laser interference system using the optimal setting

parameters as found in the simulations was employed to fabricate the micro and nano

structures on the top of the microstructures, called hierarchical micro and nano

hydrophobic structures. Single crystal p-doped (100) and polished silicon wafers with

the electrical resistivity of 10 cm were used. Single crystal silicon, as a

semiconductor material, was chosen to fabricate superhydrophobic surfaces due to its

applications in solar cells, micro-electromechanical systems (MEMS) and cell sensing

devices in biomedicine [154, 155]. The laser source was a high-power pulsed

Nd:YAG laser with the wavelength of 1064 nm, frequency of 10 Hz and pulse

duration of 7 ns [31]. The couples of wave plates and polarisers were used before the

substrate to adjust the energy and polarisation of each coherent beam. All the

experiments were conducted in the air.

As shown in Fig. 4.5, the beam from the laser source was divided into four

interference beams from four high-reflective mirrors (M) and three beam splitters (B)

with the azimuthal angles of o01  , o902  , o1803  and o2704  , and the

incident angles of o6.54321   . The spatial located positions of the Ms



73

and the Bs were determined to achieve the azimuthal angles and incident angles,

according to the simulation results. The four couples of wave plates (W) and

polarisers (P) were used to adjust the polarisation angles of o904321   .

Fig. 4.5 (C) show the four-beam DLIL setup. The laser power and energy meter

(Coherent Lab Max-top) was used to measure the energy of coherent beams. The

structured silicon was immersed in the hydrofluoric acid with a concentration of 5%

for 180 s. The CA was measured with a contact angle system (JGW-360A).

(A)

H

Splitte

H

Splitte
M

M5

B3

M1

substrate

B1 M2

Laser

(B)

(C)

Fig. 4.5 (A) Schematic of a four-beam laser interference system; (B) 3D drawing of

four-beam laser interference; (C) Four-beam DLIL setup.

In the experiments, the laser fluences of 0.64 J/cm2, 0.71 J/cm2 and 0.92 J/cm2 and

exposure durations of 20 s, 30 s, 60 s and 90 s were applied to form micro convex

B2

4 M3
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structures which had different aspect ratios but the same average period of 5.5 μm on

the silicon to obtain the CA values of corresponding surfaces for the

superhydrophobic surfaces. In the case of four-beam DLIL fabrication on the silicon,

the silicon vapour and plasma plump were produced with the threshold fluence of 0.64

J/cm2, resulting in the largest bottom diameter of single convex structures [31].

Therefore, in the experiments, the range of laser fluences above the threshold fluence

of 0.64 J/cm2 was adjusted for the fabrication of convex structures on silicon surfaces

with different aspect ratios. The micro convex structures obtained under the setting

are as shown in Fig. 4.6.

(A) (B)

(C) (D)
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(E) (F)

Fig. 4.6 SEM images of convex micro and nano structures fabricated on silicon

surface; (A) With laser fluence of 0.64 J/cm2; (B) Vertical view of (A); (C) With laser

fluence of 0.71 J/cm2; (D) Vertical view of (C); (E) With laser fluence of 0.92 J/cm2;

(F) Vertical view of (E).

Due to the interactions of laser beams on the silicon, mainly thermal reactions, nano

structures were also formed on the top of the micro convex structures. The nano

structures were generated by the thermocapillary waves travelling along the phase

boundary of the molten silicon. The wave-like nanostructures were formed on the top

of the micro structures at the end of the ablation process [160].

As the silicon was oxidised during the etching process in the air, silica (SiO2) was

formed on the surface of fabricated hierarchical structures. To remove the silica, the

surface was processed with HF in the experiments. As seen in Eq. (4.3), when HF was

applied to the surface of fabricated structures, chemical reaction took place between

the SiO2 and HF, generating SiF4 which was in the form of gas and water.

The cleanout time of HF was studied on the treated surfaces combining with the CA

measurement. As the most commonly used reagent for wiping out the SiO2, the

cleanout time durations of HF were one to a few min based on the previous
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experiments. The CA of treated surfaces was increased with the removing of SiO2.

The optimal cleanout time of 180 s was obtained when the CA reached the maximum

value.

4.3 Results and Discussions [153]

Simulation results are shown in Figs. 4.1-4.4 and also discussed in the previous

section. It was discovered that the optimal settings for fabricating convex structures

with the cell diameter of 5.5 μm were:

 The TE-TE-TE-TE mode with polarisation angles: o904321   .

 The azimuthal angles of four-beam interference: o01  , o902  , o1803  and

o2704  .

 The incident angles of o6.54321   .

The optimal settings were confirmed in the experiments carried out in this research.

Fig. 4.7 shows the micro and nano structures on the SEM images of one experimental

result. It can be seen that the distance between two convex structures is 5.5 μm, which

indicates the convex cell diameter is 5.5 μm.

(A) (B)

5.5 m
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(C)

Fig. 4.7 (A) SEM image (low magnificent) of hierarchical structures fabricated on

silicon surface; (B) Top view image of convex structures with cell diameter of 5.5 μm;

(C) Close-up image of top of the single convex structure with diameter of 2 μm.

The theoretical CA value can be calculated according to the Cassie-Baxter model. The

number of convex structures of the image in Fig.4.7 (B) is 6 in the area of 20×16 μm2.

As shown in Fig. 4.7 (C), the top of the convex structure is sharp, with the diameter of

2 μm. The result value of fsl is about 0.06, as shown in

06.01620/6  slf (4.4)

The water contact angle 1 of the untreated Si surface is 84.46°. According to Eq. (3.6),

the calculated water CA is about 159.1°, as shown in the following.

94.0cos06.0coscoscos 121   lvsl ff

(4.5)

In this case, 1 =84.4° and is 159.1°. The experiments show strong influence of the

laser fluence, exposure duration Te and cleanout time Tc to CA. Since the threshold of

silicon ablation determines the energy of a single pulse of laser, impacts of different

fluences were investigated in the manner of increasing the laser fluence whilst

2 m
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keeping Te fixed as 60 s. The results are given in Table 4.1. When the laser fluence

was 0.64 J/cm2 and Te=60 s, CA value was measured as 153.2o, as depicted in Fig.4.8,

which was in a good agreement with the theoretical calculation. With the fluence

increased, CA decreased slightly. This phenomenon can be explained to the decrease

of the structure height caused by the melt and destroy of structures when the energy

density exceeds a certain level.

Table 4.1 Different fluences versus the CA values on the resulted substrates.

Samples
Laser fluences

(J/cm2)

Exposure durations

(s)

CA

(°)

1 0.64 60 153.2

2 0.71 60 150.4

3 0.92 60 144.4

Fig. 4.8 Photography of a spherical water droplet on the treated silicon surface. The

corresponding water CA is 153.2 o.

The samples with laser fluence of 0.64 J/cm2 were chosen to analyse the effect on CA
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with different exposure and cleanout time durations, as it leads to the CA value close

to the theoretical calculation. It can be seen from Fig. 4.9, with the same Tc, CA value

increases when Te increases from 20 s to 90 s. The changes of CA value along with Tc

when Te is fixed roughly follow the same pattern, indicated in Fig. 4.9. The CA did

not change much while the cleanout time increased (the ups and downs are within the

measure offset.) It was because HF effectively cleaned out SiO2 on the surface of

silicon within a short period of time which was 60 s to 180 s, and, therefore, longer

cleanout time did not contribute more to the chemical reaction. The optimal

superhydrophobic surface where CA=153.2o was achieved with Te=60 s and Tc=180 s.

Te also plays an important role in affecting the aspect ratio of the periodic patterns.

The samples processed with different Te of interference beams were characterized with

SEM, as shown in Fig.4.10. The heights of the convex structures in Figs. 4.10 (A), (B)

and (C) are 2 μm-3 μm, 5 μm-6 μm and 10 μm-14 μm, and the diameter of the base of

convex structures is about 5 μm, with the results that the aspect ratios of them are

0.4-0.6, 1-1.2 and 2-3, respectively. The experimental results show that the increased

aspect ratio caused CA increasing which can be explained by the reduction of the

fraction of solid/liquid contact area due to the larger aspect ratios. Within a range of

laser fluences, the aspect ratio was increased with the exposure duration. The highest

aspect ratios of 2-3 were obtained with the exposure duration of 60 s and the laser

fluence of 0.64 J/cm2.
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Fig. 4.9 Variations of CA values with different cleanout time durations of HF for the

sample exposure durations of 20 s, 30 s, 60 s and 90 s, respectively.

(A) (B) (C)

Fig. 4.10 SEM microstructures with different aspect ratios and contact angle

measurement of the silicon samples: (A) Aspect ratio of 0.4-0.6 with eT =20 s,

CA=125.8o; (B) Aspect ratio of 1-1.2 with Te=30 s, CA=145o; (C) Aspect ratio of 2-3

with Te =60 s, CA=153.2o.

The high peak power of a nanosecond laser source provided a high temperature for the

reaction of silicon and oxygen in the experiment process. According to the

experimental results, the contact angle of the etched silicon surface was 5.6 o, and the

contact angle of the untreated silicon surface was 84.46o, which was sharply decreased.

( ) (b) ( )

0 60 120 180 240 300 360

HF Cleanout Time (s)
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With the measurement of surface energy of the untreated silicon surface and the

structured surface without HF cleaning, the latter was about two times higher than the

former. SiO2 that attached to the surface of silicon makes the material hydrophilic.

The experimental result of the hydrophilic structured surface with a low contact angle

was the evidence of SiO2 generating on the surface during the process of etching. In

order to wipe off it and the dust on the surface, the samples were immersed in HF with

a concentration of 5％ for 180 s. Fig. 4.11 shows the surface structures treated by HF

for different time durations. The roughness increased with the removing of SiO2 by

HF resulted in the reduction of the surface energy. Numerous nanoscale papillae were

generated on the micro scale convex structures which formed the hierarchical

superhydrophobic surface.

(A) (B) (C)

Fig. 4.11 SEM images of the topography fabricated by DLIL without and with HF

processing: (A) Without HF processing; (B) With HF treatment for 60 s; (C) With HF

treatment for 180 s.

The experimental results show the hierarchical structures with the period of 5.5 μm

and aspect ratio of 2-3, which were designed and fabricated by four-beam DLIL with

the optimal laser fluence of 0.64 J/cm2 and exposure duration of 60 s. The HF

treatment time was 180 s to achieve the relatively good result of the water CA of

153.2 o.
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4.4 Summary

In this chapter, Matlab was used to simulate the four-beam laser interference intensity

distributions in dotted patterns by adjusting the incident angles, azimuthal angles and

polarisation angles for the design of convex structures with period of 5.5 μm. The

proper incident angles, azimuthal angles and polarisation angles were used to set up

the four-beam DLIL system to fabricate the periodic hierarchical micro and nano

superhydrophobic structures formed by numerous micro convex structures covered by

nanostructures on the silicon surface. During the fabrication process, parameters

including the laser fluence, exposure duration and cleanout times were adjusted to

obtain the optimal value of the CA. The periodic convex hierarchical structures with

the period of 5.5 μm and the aspect ratio of 2-3 were fabricated in this work. The

values of the incident angle, azimuthal angle, polarisation angle, laser fluence and

exposure duration were optimized for the design and formation of interference

structures on silicon.

The method offers its innovation that the well-designed periodic hierarchical

superhydrophobic micro and nano structures can be fabricated directly by controlling

the process of four-beam laser interference lithography and the use of HF to wipe off

the SiO2. Compared with others, this is a highly controllable and efficient method

with its significant feature for the macroscale fabrication of hierarchical

superhydrophobic micro and nano structures.
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CHAPTER 5

REALISATION OF WEAR RESISTANT SURFACES ON

ARTIFICIAL HIP JOINT USING THREE-BEAM DLIL

Chapter 5 presents research in the realisation of wear resistant surfaces using DLIL

with its emphases on Co-Cr-Mo alloy which is the commonly used implant material

for the femoral head of artificial hip joint.

It is known in theory that an array of micro circular dimples on the surfaces of

artificial bones can reduce the real contact area in order to improve the wear resistance

of the surfaces [8, 111, 120, 121]. However, the effects of dimple shape, size and

density on HV and friction of Co-Cr-Mo alloy has been yet to be determined. This

research investigated the effects and also the realisation of dimple arrays with various

shapes, sizes and densities on the surfaces of Co-Cr-Mo alloy using DLIL.

5.1 Principle

Three-beam DLIL was suitable to fabricate the micro circular dimpled structures

compared with four-beam DLIL, because the three-beam DLIL system is relatively

easier to avoid errors during setup process, which leads to the modulation of structures

[29]. Three-beam DLIL is, therefore, used to fabricate micro dimpled structures with

circular shapes, and different sizes and area densities. The process has two steps,



84

namely, micro dimpled structure pattern creation and micro dimpled structure

fabrication. Pattern creation refers to the shape, size (in terms of radius) and area

density. All depend on the parameters of DLIL such as azimuthal angles, polarisation

directions and incident angles. In the fabrication process, re-deposition and

re-crystallisation take place in the phase changes of melting, vaporisation and plasma

plume evolution [161]. Surface ablation by nanosecond laser is applied to the local

annealing to stimulate the transition of phase in a few nanoseconds within the laser

influenced area. For the nanosecond high power laser, the laser beams provide the

energy for the heat diffusion of irradiated area, leading to the formation of micro

dimpled structures. The variations of dislocation and residual stress distributions,

generation of various carbide kinds, shape and size modifications of hardening effects

and austenitic grains are caused by laser heating [162]. It is known that the grain size

is the diameter of individual grains of sediments which are strongly linked to the

hardness of materials [163]. The relationship between hardness and grain size can be

expressed by Hall-Petch’s equation [164]

2/1
0

 dKHH H (5.1)

where H is the hardness, and H0 and KH are the material constants, d is the average

grain size. It can be seen from the equation that the higher hardness is corresponding

to the smaller grain size. The laser fluence and exposure duration have the effect on

the heat diffusion which can influence the hardened region and the grain size of

structured materials. When the laser fluence approaches to the energy threshold of

Co-Cr-Mo alloy, the phase change occurs and the grain size is reduced. With the

increased laser fluence, the vapour breaks down and plasma plump forms and the laser
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energy is absorbed by the plasma plump resulting in preventing the heat diffusion. For

the given laser fluence, the exposure duration has the effect on the dimple radius.

The best contrast dimpled patterns can be achieved by symmetrical three-beam

interference according to Eqs. (2.12 a) and (2.12 b). Therefore, for the given

symmetrical azimuthal angles and identical amplitude, the effects of polarisation and

incident angle on the interference intensity can be described by

)]sinsin(exp[2
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In the TE-TE-TM mode of three-beam DLIL, polarisation vector )3,2,1( 


npn in Eq.

(2.11 d) can be expressed as



 jip 111 cossin  (5.3 a)



 jip 222 cossin  (5.3 b)



 kjip 333333 sinsincoscoscos  (5.3 c)

The intensity distribution in Eq. (2.11 a) of three-beam interference can be written as

[159]

    
    
    ABk

BCk

BAkII






cossincoscoscoscossin2

cossincoscoscoscossin2

coscoscossinsin23

332332

331331

212103





(5.4 a)



86

zyxA 22222 cossinsincossin   (5.4 b)

zyxB 11111 cossinsincossin   (5.4 c)

zyxC 33333 cossinsincossin   (5.4 d)

Matlab has a powerful tool to visualise the influences. According to the

aforementioned formulas, the shape and size of dimples can be determined from

simulation results displayed.

5.2 Circular Dimpled Structures Fabrication [156, 174, 175 ]

5.2.1 Simulation to Identify the Optimal Settings of Three-beam DLIL Systems

The aim of simulations is to identify the best setting, namely, incident angles,

polarisation and azimuthal angles of three-beam laser interference for generating

micro circular dimpled patterns with the periods of 5 μm and 8 μm. Because of the

limitation of optical table, the achievable periods of LIL systems are in the range of 5

μm to 8 μm). Matlab software was used to conduct the simulations.

Three-beam laser interference was used to form the micro circular dimpled patterns

because of its stability compared with four-beam DLIL, which leads to the less strict

accuracy requirement for the system setting according to the error analysis of

multi-beam DLIL implementation [29]. When three coherent laser beams are

superposed together, the light intensity in the interference field is redistributed

according to Eqs. (2.11) and (2.12), as described in Section 2.1.2. Fig. 5.1 shows the

simulation results of the intensity distribution with different polarisation angles. As
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shown in the diagram, intensity scale 1 to 7 is represented with colours from blue to

red. The red areas indicate the high intensity and the blue areas show the low intensity.

The convex intensity distribution patterns were formed under the TE-TE-TE and

TE-TM-TM modes as the material in other areas-shown in red in Figs. 5.1 (A) and (B)

-was removed due to the high light intensity. Fig. 5.1 (C) displays the intensity

distribution under the TE-TE-TM mode, with the resulting of the dimple structures

obtained. This indicates that the TE-TE-TM mode is suitable for forming dimple

structures.

(A) (B) (C)

Fig. 5.1 Three-beam interference intensity distribution patterns under (A) TE-TE-TE

mode; (B) TE-TM-TM mode; (C) TE-TE-TM mode.

In order to achieve the uniform dimple structures with the periods of 5 μm and 8 μm,

the calculated incident angles of 8° and 5° by Eq. (2.13) were used. For the

comparison, the incident angles of 10° was also used. The interference intensity

distribution patterns under the TE-TE-TM mode with different incident angles and

azimuthal angles were simulated to obtain the uniform circular dimple patterns. Fig.

5.2 shows the simulation results under the TE-TE-TM mode with different incident

angles by adjusting the azimuthal angles of three coherent beams. The different

incident angles were set with centrosymmetric and non-centrosymmetric coherent

beams. Figs. 5.2 (A) and (B) show the intensity distributions with the polarisation

angles of o01  , o1002  and o2403  by setting the incident angles of
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o5321   , and o521   and o83  , respectively. Figs. 5.2 (C) and (D)

are the intensity distribution results of centrosymmetric coherent beams with the

azimuthal angles of o01  , o1202  and o2403  by adjusting the incident

angles of o521   and o83  , and o51  , o82  and o103  , respectively.

Figs. (E) and (F) show the intensity distributions with the azimuthal angles of

o01  , o1202  and o2403  by setting the incident angles of

o5321   and o8321   , respectively. As shown in Figs. 5.2 (A) and

(B), the irregular patterns of intensity distribution with obvious modulations are

formed, which are caused by the non-centrosymmetric coherent beams. For the

centrosymmetric coherent beams of o01  , o1202  and o2403  , the different

incident angles induce the triangle distributed elliptical dimpled intensity patterns as

shown in Figs. (C) and (D). It can be seen from Figs. (E) and (F), the regular triangle

distributed dimpled patterns without modulations are formed due to a perfectly

symmetric configuration of interference beams

(A) (B)

(C) (D)
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(E) (F)

Fig. 5.2 Three-beam interference simulation results with different incident angles and

azimuthal angles in the TE-TE-TM mode.

Different dimple periods and sizes were formed to study the influence of laser fluence

and exposure duration on the dimple area density, which can be defined as the ratio of

dimple areas and the whole structured area. As shown in Figs. 5.2 (E) and (F), the

dimple structures with the periods of 8 μm and 5 μm and the average diameters of

dimples of 0.6 μm and 0.3 μm are achieved, respectively. The theoretical values of

dimple densities can be calculated as 9.2% and 15.8%.

The simulation results show that the intensity distribution patterns with irregular,

elliptical and circular dimple shapes can be obtained by adjusting the incident angles

and azimuthal angles of coherent beams. For the three-beam DLIL under the

TE-TE-TM mode, the centrosymmetric identical incident angles of each coherent

beam can be used to generate the uniform circular dimple structures. The regular

triangle distributed dimples of intensity patterns without intensity modulations were

formed due to a perfectly symmetric configuration of interference beams. Uniform

circular dimple structures with the periods of 8 μm and 5 μm and the dimple densities

from 5%-15% were used for the experiments and the optimal settings for fabricating

are shown as following:
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 The TE-TE-TM mode with polarisation angles: o9021  and o03  .

 The azimuthal angles of three beams interference:  240,120,0 321   .

 The incident angles of 5° and 8°.

5.2.2 Experiments of Fabrication

The aims of the experiments are to fabricate circular dimpled structures on Co-Cr-Mo

implant alloys with the optimal settings obtained from simulations for the purpose of

confirming the wear resistant properties of high Vickers hardness and low friction of

the structures.

Two sets of experiments were conducted in the fabrication of circular dimpled

structures with the periods of 5 μm and 8 μm, respectively. Three-beam DLIL systems

were set up using the optimal parameters obtained from the simulations as described

above in both sets of experiments. In each set, laser interference experiments were

carried out with different laser fluences and exposure durations to achieve the dimple

densities from 5% to 15%. Vickers hardness and friction properties of the surfaces

were then studied.

The detailed composition information of Co–Cr–Mo implant alloy sample is given in

Table 5.1. The Co-Cr-Mo alloy is the commonly used material for the femoral head of

artificial hip joint due to its high hardness and good corrosion resistance [141]. The

Co–Cr–Mo implant alloy samples used in the experiments were cut from commercial

artificial hip joint provided by Jinghang Biotech, China. The samples are of
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cylindrical sections, about 2 mm in length and 15 mm in diameter. Before fabrication,

they were firstly polished using a grinding machine with the diamond polishing paste,

cleaned with a cetone and rinsed in ethanol and then deionized H2O. When a mirror

surface finish was achieved, the samples were patterned by laser interference

lithography.

Table 5.1 Detailed composition information of Co-Cr-Mo implant alloy sample.

C% Cr% Mo% Ni% Fe% Mn% Si% Co%

0.25 28.62 6.46 <0.10 0.12 0.81 0.70 Matrix

A high power nanosecond Nd:YAG laser (Innolas Spitlight 2000) was used in the

DLIL system. The laser has the following specifications: 1064 nm wavelength, 10 Hz

frequency, 7-9 ns pulse duration, and 2 J pulse energy. Fig. 5.3 illustrates the

schematic and setup of a three-beam DLIL system. High-reflective mirrors (M) and

beam splitters (B) were used to split the laser beam from the source into three. The

polarisation angles are setting with o901  , o902  and o03  . Laser fluences

of 0.15 J/cm2 and 0.26 J/cm2 were yielded by placing polarisers together with wave

plates at the front of the sample. The azimuthal angles of

ooo 240,120,0 321   and incident angles of 5321   were achieved

by adjusting M1-M3 mirrors. Mirrors M4-M6 were used to guide the beam directions

in the setup. The laser output energy was measured with a laser power and energy

meter.
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(A) (B)

Fig. 5.3 (A) Schematic of a three-beam DLIL system; (B) Three-beam DLIL setup.

The circular dimple structures with the different dimple densities from 5% to 15% in

the periods of 5 μm and 8 μm were fabricated by adjusting the exposure duration and

laser fluence. Three groups of samples were processed with three-beam DLIL. In the

first group, ten samples with the laser fluences from 0 to 0.3 J/cm2 and the exposure

duration from 20 s to 70 s, as given in Table 5.2, were fabricated to find boundary

conditions in terms of the laser fluence and exposure duration that were sufficient for

the dimple structures to form and yet not melt the material.

Table 5.2 Settings of samples fabrication of Group 1.

Period
(μm)

Sample Laser fluence (J/cm2) Exposure
duration (s)

8

1 0.1 60

2 0.15 60

3 0.26 60

4 0.3 60

5 0.26 20
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6 0.26 30

7 0.26 40

8 0.26 50

9 0.26 60

10 0.26 70

According to the results of the fabrication of the first group samples, in the second

group, four samples (11-14) with the dimple period of 8 μm by setting the laser

fluence of 0.15 J/cm2 and the exposure durations of 30 s, 40 s, 50 s and 60 s were

fabricated to investigate the effects of exposure duration and laser fluence on the

dimple size for the three-beam DLIL. In the third group, two samples (samples 15 and

16) with the dimple period of 5 μm with the exposure duration of 60 s and the laser

fluences of 0.15 J/cm2 and 0.26 J/cm2. Details of the second and the third groups are in

Table 5.3.

Table 5.3 Settings of samples fabrication of Groups 2 and 3.

Period (μm) Sample Laser fluence (J/cm2) Exposure duration (s)

8
11 0.15 30

12 0.15 40

13 0.15 50
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14 0.15 60

5 15 0.15 60

16 0.26 60

For the formation of circular dimple structures, different laser fluences and exposure

durations were set for the three-beam DLIL. The experimental results of samples 1-4

that show the influences of laser fluence are given in Fig. 5.4. Figs. 5.4 (A) to (D) are

the structured surfaces with the laser fluences of 0.1 J/cm2, 0.15 J/cm2, 0.26 J/cm2 and

0.3 J/cm2 when the exposure duration is 60 s. It can be seen that the dimpled

structures are formed when the laser fluence exceeds 0.15 J/cm2 and the dimple size is

increased until 0.26 J/cm2. When the laser fluence reaches 0.3 J/cm2, the dimpled

structures are destroyed.

Fig. 5.4 SEM images of structured surfaces fabricated by three-beam DLIL.

A B

C D
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Figs. 5.4 (B) and (C) are the SEM images of the dimpled structures formed with the

laser fluencies of 0.15 J/cm2 and 0.26 J/cm2. As shown in the images, the dimple size

increases with the increase of laser fluence. This phenomenon is in line with the heat

diffusion as described in Section 2.1. When the laser fluence is 0.26 J/cm2,

approaching to the energy threshold of Co-Cr-Mo alloy, the heat diffusion induces the

phase change and the maximum heat-affected zone (HAZ) area is formed.

Fig. 5.5 SEM images of dimple structures fabricated by three-beam DLIL with laser

fluence of 0.26 J/cm2; (A) With exposure duration of 30 s; (B) With exposure duration

of 40 s; (C) With exposure duration of 50 s; (D) With exposure duration of 60 s; (E)

With exposure duration of 20 s; (F) With exposure duration of 70 s.

C D

A B

E F
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For samples 5-10, with fixing the laser fluence of 0.26 J/cm2, the structured surfaces

with the exposure durations from 20 s to 70 s are shown in Figs. 5.5 (A)-(F). Figs. 5.5

(A)-(D) show the dimpled structures with the exposure durations of 30 s, 40 s, 50 s

and 60 s. The average diameters of circular dimples of (A) to (D) are 1.8 μm, 2.2 μm,

3 μm and 3.6 μm, respectively. The average diameters were calculated by ten random

dimples of each dimpled structure. The corresponding values of dimple density of

samples 6-9 were calculated as 3.7%, 5.5%, 10.3% and 14.8% which were the ratios

of the dimple areas against the entire dimpled structure area. It indicated that the

dimple diameter and density were increased along with the increasing exposure

duration and the highest dimple density of 14.8% was obtained by setting the

exposure duration of 60 s. The dimpled structures were not formed in Fig. 5.5 (E) and

the crack was generated on the surface in Fig. 5.5 (F). Therefore, for the three-beam

DLIL system, the laser fluences of 0.15 J/cm2 and 0.26 J/cm2 and the exposure

durations of 30 s, 40 s, 50 s and 60 s were the optimal settings for the formation of

dimpled structures.

With respect to the study of the influence and exposure duration, samples (11-16) with

different dimple densities in the periods of 5 μm and 8 μm were fabricated, as shown

in Fig. 5.6.
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Fig. 5.6 SEM images of circular dimple structures fabricated on Co-Cr-Mo alloy

surfaces: (A) With the incident angle of 5°, laser fluence of 0.15 J/cm2 and exposure

duration of 30 s; (B) With the incident angle of 5°, laser fluence 0.15 J/cm2 and

exposure duration of 40 s; (C) With the incident angle of 5°, laser fluence 0.15 J/cm2

and exposure duration of 50 s; (D) With the incident angle of 5°, laser fluence 0.15

J/cm2 and exposure duration of 60 s; (E) With the incident angle of 8°, laser fluence

0.15 J/cm2 and exposure duration of 60 s; (F) With the incident angle of 8°, laser

fluence 0.26 J/cm2 and exposure duration of 60 s

A B

C D

E F
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5.3 Tribological Tests [156, 174, 175 ]

Tribological tests on the fabricated surfaces include the Vickers hardness tests and

surface friction tests.

5.3.1 Hardness Tests

Micro hardness tests to measure HV values were carried out using micro hardness

tester (MH-60). A diamond square-based pyramid indenter was used for the

indentation with the applied load of 200 gf (kilograms-force) for 10 s at room

temperature, which would avoid damaging the dimpled structures.

The tests include two steps to investigate the influences of density, laser fluence and

exposure duration. In the first step, eight samples (6-9 and 11-14) with the period of 8

μm, fabricated with the laser fluences of 0.15 J/cm2 and 0.26 J/cm2and the exposure

durations of 30 s, 40 s, 50 s and 60 s were used. The use of samples with the period of

8 μm was representative as the same optical components of three-beam DLIL system

were used for the samples with the periods of 5 μm. This step aimed to identify the

exposure duration resulting in the highest HV value. In the second step, samples 2, 3,

15 and 16 with the periods of 8 μm and 5 μm fabricated using the identified exposure

durations with the laser fluences of 0.15 J/cm2 and 0.26 J/cm2 were used to identify

the laser fluence that resulted in the highest HV value. The dimple densities of the

four samples were significantly different based on the different periods which were

used to study the influences of dimple density and period.
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The results of Vickers hardness tests over one of the eight dimpled structured samples

with the period of 8 μm are given in Fig. 5.7.

Fig. 5.7 (A) SEM image of the micro structure fabricated by three-beam DLIL; (B)

Close-up image of the structured surface; (C) SEM image of Vickers indentation with

the applied load of 200 gf for 10 s; (D) SEM image of original material with Vickers

indentation; (E) The whole indentation pattern spot.

A B

C D

E

Vickers indentation
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Fig. 5.8 clearly shows that the dimpled structured surfaces have higher HV values

compared with the untreated samples. Four untreated samples were tested for

comparison. The black line in the diagram represents their HV values. The blue line

shows the HV values of the dimpled structures with the laser fluence of 0.26 J/cm2,

and the red line is corresponding to 0.15 J/cm2. It can be seen that the blue and red

lines are right above the black line.

Fig. 5.8 The Vickers hardness curves of Co–Cr–Mo alloy surface: (A) Untreated

sample; (B) Laser fluence of 0.15 J/cm2; (C) Laser fluence of 0.26 J/cm2.

As described in Section 5.1, the hardness can be increased by the heat diffusion of the

laser which depends on both exposure duration and laser fluence. While Fig. 5.8

indicates the increase of hardness with the exposure duration, Table 5.4 clearly shows

A

B

C
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the influence of laser fluence on the hardness. As given in the table, among the

dimpled structures with different densities and laser fluences in the periods of 5 µm

and 8 µm, the HV values of lower laser fluence (0.15 J/cm2) are much smaller than

that of higher laser fluence (0.26 J/cm2).

Table 5.4 Vickers hardness testing results.

Laser fluence / Exposure
duration / Dimple period

(J/cm2/s/µm)

Area density
(%)

HV Increase
percentage

(%)

Untreated 392.1

0.15/ 60 / 5 7.7 425.7 8.57

0.15/ 60 / 8 7.7 436.3 11.27

0.26/ 60 / 5 12.1 520.6 32.77

0.26 / 60 / 8 14.8 558.7 42.49

The hardness of dimpled structured surfaces was increased to varying percentages

with the increase of dimple period and laser fluence. The structures with the larger

dimple period of 8 µm showed the more extend of hardness increases. The increased

dimple period caused the increase of the contact stress at the edge of a circular dimple

which induced the limit stress concentration effects resulting in the surface

deformation and consequently caused the decrease of hardness value. When the laser

fluence was 0.26 J/cm2 and area density was 14.8%, the largest increase was up to

558.7 which was a 42.49% improvement. The heat diffusion will caused the increase

of HAZ area and hardening region along with the sample distortion and alloy element

vaporisation. Until the threshold of alloy, the larger the laser fluence is, the more the

thermal diffusion process will extend in the Co-Cr-Mo alloy with reducing the grain
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size and enlarging the hardening region. With respect to the previous experiment

results, the optimal value of hardness was achieved with the proper laser fluence of

0.26 J/cm2 and exposure duration of 60 s in the period of 8µm.

When the laser irradiated on the alloy, the HV value was increased due to the

increased heat input. The phenomenon of phase transition was induced by laser

heating. In addition, the alloy was heated to very high temperature in an ultra-short

time (7-9 ns) which could refine the grain size and increased the number of crystal

nuclei. It means that the plastic deformation due to the external force can be spread in

more grain particles and reduce the concentration of stress with resulting in the

increase of surface hardness. The experiment results of X-ray diffraction (XRD) are

given in Fig. 5.9. The results indicate that the grain refinement formed and surface

oxidation during the high temperature has enhanced the hardness, which are in

accordance with the previously reported results [161].

Fig. 5.9 The experimental results of XRD: (A) Untreated sample; (B) Circular

dimpled structured surface fabricated by DLIL.

A

B
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5.3.2 Surface Friction Tests

The surface friction tests were carried out after the hardness testing. In the tests, four

samples (6-9) with the period of 8 μm, laser fluence of 0.26 J/cm2 and exposure

durations of 30 s, 40 s, 50 s and 60 s which have high Vickers hardness were used.

The surface friction coefficients of the samples were measured. Though the hardness

tests confirmed that samples with the period of 8 μm, laser fluence of 0.26

J/cm2achieved the highest hardness, further examination was still needed for the

samples with different exposure durations as the durations could have their effect on

friction. The friction tests were performed by the RTEC micro friction and wear-test

system, as shown in Fig. 5.10, under the dry friction condition. The testing conditions

are shown in Table 5.5. In the testing process, the sliding tests were carried out with

the 440 C stainless steel-ball, which had the highest hardness value, with the diameter

of 40 mm to measure the reciprocating friction coefficient. The use of this smallest

probe available of the RTE system was to ensure the accuracy of the tests as the

surface structure in the nano scale.

Fig. 5.10 RTEC micro friction and wear-test system.

RTEC Instruments
Stainless Steel-ballSamples
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Untreated samples (four samples) were tested under the same condition for

comparison.

Table 5.5 Friction test conditions.

Normal

load
(N）

Sliding

speed

(mm/s)

Single

trip

(mm)

Friction

time

(min)

Sampling

frequency

(Hz)

Temperature

(°C)

Relative

humidity
(％)

3 0.5 3 5 5000 25 20

Based on the aforementioned experimental results, the dimpled structured surfaces

with the laser fluence of 0.26 J/cm2 and dimple period of 8 µm showed excellent

performance of hardness. Therefore, they also were used to study the effect of the

exposure durations on the friction. The friction coefficients were measured using a

RTEC micro friction and wear-tester under dry friction conditions. The test conditions

with different exposure durations are shown in Table 5.6. Fig. 5.11 shows the curves

of Co-Cr-Mo alloy surface friction coefficients as the experimental results.

Table 5.6 Test conditions with different exposure durations.

Sample Exposure durations
(s)

Fluences（J/cm2） Temperature
(°C)

Conditions

1 0 0

25 clean-room

2 30 0.26

3 40 0.26

4 50 0.26

5 60 0.26
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Fig. 5.11 Co-Cr-Mo alloy surface friction coefficients with the sample test time.

The friction coefficients of the untreated samples had a steep slope for the first 30 s.

With the accumulation of time, the friction coefficient of untreated sample was

increased obviously. However, the sample surface modified with laser interference

lithography had a slope for the first 5 s in their respective “run-in” stages and the

friction coefficient decreased until 10 s. Then both of the friction coefficients were in

their stable stages after 10 s and 30 s, respectively. It was found that the friction

coefficients had slightly variation with the increasing exposure durations. The stable

friction coefficients at this stage were observed and they were 0.33 and 0.12 for the

untreated sample and the sample modified with laser interference lithography,

respectively, indicating that they exhibited significant differences. The modified

samples with patterned circular dimpled structures showed extremely low friction

coefficients. The results indicated that the dimple served as a micro hydrodynamic

bearing to create additional hydrodynamic pressure to reduce the friction coefficient.
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In addition, every micro dimple provided a pocket for trapping the wear debris during

the time accumulation to prevent abrasion wear on bearing surfaces. Fig. 5.12 showed

the SEM images of dimpled structured surfaces before and after the friction testing.

Fig. 5.12 SEM images of dimpled structured surface with the period of 8 µm: (A)

Before friction coefficient testing and (B) After testing.

5.4 Summary

In this work, the optimal settings of incident angle, polarisation angle and azimuthal

angle were achieved by three-beam interference simulation for setting up DLIL

system to fabricate periodic micro circular dimpled structures on the Co-Cr-Mo alloy

surfaces. The proper laser fluence and exposure duration for fabricating circular

dimpled structures were obtained by three-beam DLIL systems. The optimal wear

resistant property with the lowest friction coefficient and highest hardness were

achieved on the micro structured surface with the dimple area density of 14.8% which

was fabricated through the proper setting with the laser fluence of 0.26 J/cm2 and

exposure duration of 60 s. Experimental results indicate that the sample surface

A B
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modified with laser interference lithography presents higher hardness and lower

friction properties than those untreated materials, including a 64% friction coefficient

reduction and 42% hardness enhancement. This work provides a low cost and high

efficient method for the design and fabrication of dimpled structures on the Co-Cr-Mo

alloy with the improved hardness and reduced friction coefficient, which is very

promising to significantly reduce the mean revision rate of post primary total hip

replacements in the future.
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CHAPTER 6

IMPROVING BIOCOMPATIBILITY OF TI-6AL-4V

IMPLANT ALLOY BY DLIL

This chapter presents the study in the improvement of biocompatibility of Ti-6Al-4V

alloy by employing structured surfaces formed using DLIL. Patterns of micro

structured grooves, dimples and dots with different periods were designed by DLIL

simulations through setting proper parameters including incident angles, azimuthal

angles and polarisation angles. Such microstructures with roughness around 1 μm

were fabricated by DLIL via adjusting the parameters including laser fluence and

exposure duration. The impacts of the microstructures in grooves, dimples and dots

with different periods and roughness on the proliferation, spreading and adhesion of

Humanosteoblast-like osteosarcoma (MG63) cells were studied on Ti-6Al-4V alloy

by multi-beam DLIL.

6.1 Two- and Three- Beam DLIL

The structured surfaces with different topography (grooves, dimples and dots) can be

generated by two- and three- beam DLIL. The microstructures of grooves can be

obtained by two-beam DLIL. Micro dimples and dots can be achieved by three-beam

DLIL. Two-beam DLIL is suitable to fabricate micro grooved structures without

modulation due to its simple optical systems. As discussed in Section 2.1.2,

three-beam DLIL is suitable for forming dimpled and dotted structures. There are two

steps in the process of fabricating the microstructures in grooves, dimples and dots,

namely, pattern formation of micro grooves, dimples and dots and microstructures
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fabrication in grooves, dimples and dots. Pattern formation refers to the topography

and the period of grooves, dimples and dots, and it depends on the DLIL parameters,

including azimuthal angle, polarisation angle and incident angle. During the

fabrication process, parameters like laser fluence and exposure duration have the

effect on the roughness of microstructures.

It is known that multi-beam interference patterns can be considered as superposition

of multiple parallel stripes which are cosine distributed. The contrast of stripes can be

calculated by Eqs. (2.12 a) and (2.12 b), which are applicable to both two-beam and

three-beam LIL.

As studied in Chapter 5, micro dimpled intensity patterns and micro dotted intensity

patterns can be generated under TE-TE-TM mode and TE-TE-TE mode, respectively.

The azimuthal angles were symmetrically selected with o01  ,

o1202  and o2403  . According to Eqs. (2.1) and (2.11), under TE-TE-TE mode,

with setting experimental conditions of   321 and o90321   ,

the intensity distribution I can be expressed as
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In the TE -TE -TM mode under the experimental conditions of three-beam

interference,   321 , o9021  ,and o03  , the intensity

distribution I can be expressed as
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According to Eqs. (6.1) and (6.2), the periods of micro dimples and the periods of

micro dots can be calculated by Eq. (2.13), which shows that the periods are the

function of incident angle and wavelength.

For the same period, Eq. (6.1) and Eq. (6.2) can be used to compare intensity of dotted

and dimpled structures as follow.
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In this case, the incident angle of 4 o calculated with period of 10 μm was put into Eq.

(6.3). The result obviously show that ITE-TE-TE>ITE-TE-TM.
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6.2 Fabrication of Microstructures in Grooves, Dimples and Dots [173]

6.2.1 Simulations to Verify the Optimal Settings of Two- and Three- beam DLIL

Systems.

For the given setting of azimuthal angles and polarisation angles in Section 2.1.1, the

aim of simulation was to obtain the micro intensity patterns in grooves and dimples

and dots with required periods according to the proper setting. The groove periods of

10 μm and 20 μm were required for MG63 cells. Fig. 6.1 show the simulation results

of the intensity distributions with the calculated incident angles of 3 o and 1.5 o.

(A) (B)

(C) (D)

Fig. 6.1 Two-beam interference grooved patterns: (A) With the period of 10 μm in a

2D image and (B) 3D image; (C) With the period of 20 μm in a 2D image and (D) 3D

image

As described in Section 2.1.2, the proper settings for micro dimpled patterns were
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obtained with o01  , o1202  and o2403  in the TE-TE-TM mode. The

micro dotted patterns were achieved with o01  , o1202  and o2403  in the

TE-TE-TE mode. For the micro dimpled and dotted structures, the periods of 5 μm

and 10 μm were required due to the sizes of MG63 osteoblast cells. Fig. 6.2 shows the

simulation results of dimpled and dotted intensity patterns. The periods are calculated

when the incident angles are 8o and 4o according to Eq. (2.13).

Fig. 6.2 Three-beam interference patterns: (A) Dimpled structure with the period of

10 μm; (B) Dimpled structure with the period of 5 μm; (C) Dotted structure with the

period of 10 μm; (D) Dotted structure with the period of 5 μm.

The simulation results are according with the theoretical analysis in Sections 2.1.1 and

(A) (B)

(C) (D)



113

2.1.2 and the proper settings are confirmed as shown in Table 6.1.

Table 6.1 Two- and three- beam laser interference settings for micro patterns.

Topography Polarisation angles
(°)

Azimuthal angles
(°）

Periods
(μm)

Incident angles
(°)

Grooves o9021 

o01  and
o1802 

10 o3

20 o5.1

Dimples o9021  , and
o03  o01  ,

o1202  and
o2403 

5 o8

10 o4

Dots o90321  
5 o8

10 o4

6.2.2 Fabrication of Microstructures in Grooves, Dimples and Dots

The microstructures in grooves, dimples and dots on Ti-6Al-4V alloy were fabricated

in three groups of experiments. In Group 1, samples were processed by three-beam

DLIL, aiming to identify the boundary conditions of laser fluence and exposure

duration for fabricating the expected dimpled and dotted structures. They are

sufficient for the interference structures to form and yet not melt the Ti-6Al-4V alloy.

In Group 2, fabrication was undertaken to form dimpled and dotted structured

surfaces on the samples with the laser fluences and exposure durations determined in

Group 1 experiments. In Groups 3, experiments were carried out in the same way as

Group 2 but aiming to grooved structures and with two-beam DLIL. In all the

experiments, the samples of medical grade Ti-6Al-4V alloy with the size of 10
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mm×10 mm×1 mm, provided by Jinghang Biotech, China, were used. They were

polished before the experiments, and then ground using emery papers. Finally, they

were mechanically polished with nano-alumina polishing powders. Prior to the DLIL

treatment, the samples were cleaned using ultrasonic machine (RT400). A confocal

scanning microscope (Zeiss CSM700) with×20 magnification was used to examine

the sample surfaces to ensure that no particles were left on the sample surface. The

experiments were carried out using a pulsed Nd:YAG laser. The laser wavelength was

1064 nm, with the repetition rate of 10 Hz and the pulse duration of 7-9 ns. The laser

spot size was 6 mm in diameter.

Dimpled and dotted structures fabrication using a three-beam DLIL system

Experiments that were conducted in the first group focused on the dimpled structures

with the period of 10 μm, with the aim of identifying boundary conditions in terms of

laser fluence and exposure duration. Eqs. (6.1) and (2.13) demonstrate that the large

period of dimpled structures demands small incident angles. The incident angles

required by the 10 μm period dimpled structure were 4o, whilst those required by the 5

μm period dimpled structure were 8o. As the incident angle is inverse proportional to

the intensity of interference laser beam, the boundary conditions of dimpled structures

with the period of 10 μm are more restricted than those with the dimpled structures

with the period of 5 μm. Therefore, with the samples available, the study of boundary

conditions concentrated on the dimpled structures with the period of 10 μm.

For the same period of 10 μm of dimpled (TE-TE-TM mode) and dotted (TE-TE-TE

mode) structures, the incident angle was calculated as 4o. The intensity of dotted

structure is higher than that of dimpled structure as compared with Eq. (6.1) and Eq.
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(6.2). Therefore, the boundary conditions of dimpled structures with period of 10 μm

can be used for the formation of dotted structures with the same period.

The same goes to the grooved structure. First, that the large period of dimpled

structures demand small incident angles holds true for grooved structures. Second, the

incident angle for the grooved structures with the period of 10 μm is smaller than that

for the dimpled structures with the same period. Eq. (2.9) gives the incident angle of

3o for the grooved structures and Eq. (2.13) gives the incident angle of 4o for the

dimpled structures. This indicates that the intensity of two-beam interference for the

grooved structures is higher than that of three-beam interference dimpled structures

with the period of 10 μm. Therefore, the boundary conditions of dimpled structures

with the period of 10 μm can be also used in the fabrication of grooved structures with

the periods of 10 μm and 20 μm.

Three beam splitters (B) were employed to achieve three interference beams and three

polarisers P1 to P3 were used for realising the TE-TE-TM mode with

o9021  and o03  . M3-M5 were located to guide the beams with the

azimuthal angles of o01  , o1202  and o2403  , and the incident angles of

o4321   for the fabrication of micro dimpled structures with the period of 10

μm. The energy of each coherent beam was measured with a laser power and energy

meter. The schematic diagram of three-beam DLIL system is shown in Fig. 6.3 (A)

and the DLIL setup is shown in Fig. 6.3 (B). Compared with Fig. 5.3, the incident

angles of interference beams were different.
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(A)

(B)

Fig. 6.3 (A) Schematic diagram of three-beam DLIL setup; (B) Three-beam DLIL

setup.

Six samples (1-6) were processed with the three-beam DLIL with the laser fluence

from 0.2 J/cm2 to 0.36 J/cm2 and exposure duration from 20 s to 70 s, as shown in

Table 6.2.
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Table 6.2 Laser parameters for fabrication of Group 1.

Sample Laser fluence (J/cm2) Exposure
duration (s)

1 0.200 70

2 0.245 60

3 0.280 40

4 0.315 30

5 0.350 20

6 0.360 20

The fabrication results are shown in Fig. 6.4. The dimples were not formed

completely in (A), they were formed in (B) to (E), and they started to melt and be

destroyed in (F).

A B

C D
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Fig. 6.4 SEM images of three-beam dimple structures: (A) With the laser fluence of

0.2 J/cm2 and exposure duration of 70 s; (B) With the laser fluence of 0.245 J/cm2 and

exposure duration of 60 s; (C) With the laser fluence of 0.28 J/cm2 and exposure

duration of 40 s; (D) With the laser fluence of 0.315 J/cm2 and exposure duration of 30

s; (E) With the laser fluence of 0.35 J/cm2 and exposure duration of 20 s; (F) With the

laser fluence of 0.36 J/cm2 and exposure duration of 20 s.

Therefore, 0.245 J/cm2 and 0.350 J/cm2, and 20 s and 60 s were identified as the

boundary conditions for the laser influences and exposure durations, respectively, for

the fabrication of dimpled structures of periods 5 μm m or 10 μm. With the same

three-beam DLIL system, the boundary conditions are also suitable for the dotted

structures with the periods of 5 m or 10 m, as explained earlier in this section.

The second group of experiments aims to fabricate dimpled and dotted

microstructures on the surfaces of Ti-6Al-4V alloy. In this group, three samples (7-9)

of micro dimpled and dotted structures with the period of 5 m and seven samples

(10-16) with the period of 10  m were fabricated. The fabrication parameters of

Group 2 experiments are given in Table 6.3.

FE
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Table 6.3 Three-beam DLIL fabrication parameters of samples of Group 2.

Period
(m)

Sample Laser fluence
(J/cm2)

Exposure
duration (s)

Polarisation mode

5 7 0.245 20
TE-TE-TE

8 0.245 30

9 0.350 20 TE-TE-TM

10 10 0.245 30

TE-TE-TE11 0.245 50

12 0.315 30

13 0.280 40

TE-TE-TM
14 0.315 40

15 0.315 50

16 0.350 20

Fig. 6.5 shows the SEM images of samples 7, 9, 12 and 14. The samples were

randomly selected with the same period and topography. The experimental results

show a good agreement with the simulations.

A B
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Fig. 6.5 SEM images of Ti-6Al-4V alloy surfaces: (A) Dotted structures with the

period of 5 μm; (B) Dimpled structures with period of 5 μm; (C) Dotted structures

with the period of 10 μm; and (D) Dimpled structures with the period of 10 μm

Grooved structure surface fabrication using a two-beam DLIL system

Group 3 experiments were designed to fabricate the micro grooved structures with the

periods of 10 μm and 20 μm, respectively, using the laser fluences and exposure

durations as identified as boundary conditions in the first group of experiments,

shown in Table 6.4. Figure 6.6 illustrates the schematic diagram and setup of

two-beam DLIL. The half-wave plates W1 and W2 were used to control the laser

energy of each coherent beam and the polarisers P1 and P2 were placed between the

wave plates and the sample to achieve the TE-TE mode with the polarisation angles of

o9021  . Two high-reflective mirrors (M1-M2) and beam splitter (B1) were

used to obtain the two interference beams and the locations and angles of M3-M4

were adjusted to guide the beams with the azimuthal angles of o01  and

o1802  and incident angles of o321   and o5.121   for the

fabrication of micro grooved structures with the periods of 10 μm and 20 μm.

C D
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(A)

(B)

Fig. 6.6 (A) Schematic diagram of two-beam DLIL system; (B) Two-beam DLIL

setup.

In the experiments, nine samples (17-25) with the micro grooved periods of 10 μm

and 20 μm by setting the laser fluences of 0.245 J/cm2 and 0.350 J/cm2 and the

exposure durations of 20 s, 30 s, 35 s, 40 s, 45 s, 50 s and 60 s were fabricated to

study the effects of laser flunce and exposure duration on roughness for two-beam

DLIL. The fabrication parameters of Group 3 are shown in Table 6.4.

sample
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Table 6.4 Two-beam DLIL fabrication parameters of samples of Group 3.

Period (m) Sample Laser fluence (J/cm2) Exposure
duration (s)

10

17 0.245 30

18 0.245 40

19 0.245 50

20

20 0.245 35

21 0.245 45

22 0.350 20

23 0.350 30

24 0.350 50

25 0.350 60

Fig. 6.7 shows the SEM images of samples 18 and 23 which were randomly selected

to represent the samples with the same period and shape, respectively. Grooved

structures with the periods of 10 μm and 20 μm were obtained through adjusting the

incident angles in the two-beam DLIL system which was in accordance with the

simulation results.

Fig. 6.7 SEM images of Ti-6Al-4V alloy surfaces: (A) Grooved structures with the

period of 10 μm; (B) Grooved structures with the period of 20 μm.

A B
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6.3 Roughness and Wettability [173]

The roughness and wettability were measured for the biological experiments. Recent

work demonstrated that the surface roughness Ra had the impact on the material

biological compatibility as it affected the initial cell adhesion [165]. The surface

wettability was able to regulate protein behaviours on structured surfaces and adjust

the adhesion and function of cells at material interfaces [166].

6.3.1 Roughness

The roughness (Ra) of polished samples 7-25 was measured by a non-contact true

colour confocal microscope (Zeiss CSM 700) as shown in Fig. 6.8. In the experiments,

eight measurements were performed for each of the samples in an area of 93×117 μm2.

The roughness was characterized with the arithmetic mean surface roughness and

calculated from the surface profiles. The value of Ra is the average of the eight

measurements taken in eight randomly selected different regions on a sample. The Ra

results of Group 2 including the samples with micro dimpled and dotted structures

with periods of 5 μm and 10 μm are shown in Tables 6.5.
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Table 6.5 Average roughness (Ra) for samples of Group 2.

Sample 7 8 9 10 11

Ra(μm) 0.872±0.133 0.918±0.346 0.987±0.246 0.715±0.171 1.479±0.245

Sample 12 13 14 15 16

Ra(μm) 1.21 0.527 1.30 0.745 1.37 0.759 1.354 0.586 0.656±0.045

In Table 6.5, samples 7-8 are micro dotted structures with the period of 5 μm and

samples 10-12 are micro dotted structures with the period of 10 μm. The Ra values,

calculated according to Eq. (6.8), indicate that the results are not only depended on the

depth/height ratio but also the period of the microstructures. Considering the offset of

roughness measurement with the above mentioned equipment is from 1 to 10 nm, the

nanostructures formed on microstructures are not taken into account during the

measurements.

Fig. 6.8 Photograph of true colour confocal microscope.

Theoretical analysis of thermal transportation process during laser ablation has been

investigated. It is demonstrated that the laser fluence and exposure duration have an
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effect on the heat diffusion of irradiated area which contribute to the formation of

vaporisation and plasma plump, leading to the creation of structured surfaces.

Therefore, the depth/hight of microstructures and melting materials are depended on

the laser fluence and exposure duration. When the laser fluence approaches to the

energy threshold of Ti-6Al-4V alloy, the largest heat diffusion area occurs for the

maximal depth of microstructures. With the increased fluence, the plasma plump

forms and prevent the heat diffusion. For the given laser fluence, the exposure

duration has the influence on accumulating the energy for the heat diffusion with

resulting in affecting the depth of microstructures.

As discussed in Sections 4.3 and 5.3, the exposure duration and laser fluence have

strong influences on the depth and height of the microstructures. According on Table

6.3, the laser fluences of samples 7 and 8 are the same as 0.245 J/cm2 but the exposure

durations are 20 s and 30 s, respectively. The increased exposure duration applied to

sample 8 induced the increase of height of micro dotted structures of the sample,

which was higher than that of sample 7, leading to the greater Ra value of samples

than that of sample 7.

The effect of exposure duration can also be seen when comparing the roughness

values of samples 10 and 11. With the same laser fluence of 0.245 J/cm2 and the

increased exposure duration of 50 s, sample 11 (dotted structure with the period of 10

μm) shows the larger Ra value of 1.479 μm compared with that of sample 10.

The effect of laser fluence on the height and depth can be seen when comparing the

samples with the same period and exposure duration but different structures. Sample 9

is a micro dimpled structure with the period of 5 μm and sample 7 is a dotted structure
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with the same period. The same exposure duration was applied to both samples as

well. Its Ra value is greater than that of sample 7. This is because that the absolute

value of the depth of this dimpled structure is greater than that of the height of dotted

structure (sample 7), resultant from the increased laser fluence. For the same reason,

sample 12 (micro dotted structure with the period of 10 μm) processed with the laser

fluence of 0.315 J/cm2 and the exposure duration of 30 s shows the smaller Ra value

compared with that of sample 11.

Samples 8 and 10 were created with the same laser fluence of 0.245 J/cm2 and the

same exposure duration of 30 s, but with different periods of 5 μm and 10 μm,

respectively. According to Eq. (6.1), the laser intensity corresponding to the dotted

structures with the period of 5 μm is larger than that of the dotted structures with the

period of 10 μm. The increased laser intensity induced the larger heat diffusion

resulting in the increased height of micro dots. The Ra value of sample 10 is lower

than that of sample 8 because of the decreased height of micro dots, resulting from the

lower laser intensity corresponding to the larger period of sample 10.

Samples 13-16 are of micro dimpled structures with the period of 10 μm. Samples 13

and 14 were processed with the same exposure duration of 40 s and the laser fluences

of 0.28 J/cm2 and 0.315 J/cm2, respectively. Sample 14 shows the larger Ra value

because the increased laser fluence induced the larger depth of dimple. Sample 15 was

processed with the same laser fluence of 0.315 J/cm2 as the same as sample 14 but

with a larger exposure duration of 50 s. As shown in Table 6.6, with the increased

exposure duration, the Ra value of sample 15 was reduced slightly due to the melted

micro dimples caused by the increased exposure duration. Sample 16 was processed

with the laser fluence of 0.35 J/cm2 and the exposure duration of 20 s and had the
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smallest Ra value compared with other micro dimpled structures. It means that the

depth of micro dimple is quite small due to the relative short exposure duration of 20 s.

The roughness of grooved structures with periods of 10 μm and 20 μm (Group 2) and

a polished but untreated sample are shown in Table 6.6.

Table 6.6 Testing results of Ra for Group 3 and polished sample.

Sample 17 18 19 20 21

Ra(μm) 0.868±0.298 0.946±0.232 0.891±0.236 0.908±0.177 1.473±0.289

Sample 22 23 24 25
Polished but

untreated

Ra(μm) 0.944±0.234 1.541±0.321 1.635±0.382 1.292±0.273 0.019±0.004

In Table 6.6, samples 17-19 are micro grooved structures with the period of 10 μm.

They were processed with the same laser fluence of 0.245 J/cm2 and the exposure

durations of 30 s, 40 s and 50 s, respectively. It can be seen in Table 6.6, sample 18

shows the highest Ra value and with the exposure duration increased to 50 s, and the

Ra value of sample 19 is reduced due to the melted micro grooves. Samples 20-25 are

micro grooved structures with the period of 20 μm. Samples 20 and 21 were processed

with the same laser fluence of 0.245 J/cm2 and the exposure durations of 35 s and 45 s.

With the increasing of exposure duration, the depth of micro grooves was increased,

resulting in the increased Ra value. Samples 22-25 were processed with the same laser

fluence of 0.35 J/cm2 and the exposure durations of 20 s, 30 s, 50 s and 60 s. Testing

results of samples 22-24 show that the Ra value is increased with the increase of

exposure duration. And the Ra value obviously is reduced with the exposure duration

increased to 60 s. It is indicated that when the exposure duration exceeds 50 s, the

micro grooves are melted and the depths decreased.
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It can be seen from Tables 6.5 and 6.6, Ra of the micro grooves, dots and dimples

structures are around to 1 μm (between 0.6 μm to 1.7 μm) which show that the

roughness of the structured surfaces is significantly greater than that of the untreated

surface. The results of Ra measurements and calculations show that the variation of

height/depth of microstructures highly depends on the laser fluence and exposure

duration employed in fabrication. When the laser fluence and exposure duration

exceed a certain level, the micro structure is melted and the height and depth are

reduced.

Tables 6.5 and 6.6 could be used as the references for the analysis of the experiments

of cell proliferation and morphology.

6.3.2 Wettability

The influence of different micro structures (dots, dimples and grooves) on wettability

can be indirectly measured via the contact angle of samples 7-25. Prior to the

measurements, the samples were ultrasonically cleaned with the acetone solution,

ethanol and deionized water. The duration of sonication for all samples was 10 min.

The samples were then left to dry in the air at room temperature over night.

The CA values of the micro structures were measured usingthe water CA system,

known as JGW-360A, with the same procedure as mentioned in Section 4.3. The

average values of at least ten measurements were obtained from different locations.

The measurement process is illustrated in Fig. 6.9, 2.5 μl deionized water was dropped

on the substrates using a microliter syringe. The CA was observed with a CCD

camera through analysing the images of water droplets. The isosceles right protractor
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with the sides of a and b was used to measure the CA in the following three steps. In

the first step as shown in Fig. 6.9 (A), the protractor was moved down to make the

sides a and b tangent to the edge of the droplet. A and B were the intersection points

of right angle sides and solid surface line. In the next step, the protractor was moved

lower down to make the triangular point and the highest point C of spherical profile

coincided as shown in Fig. 6.9 (B). In the last step, make the protractor anticlockwise

rotated around point C until side a went through the intersection of solid/liquid/vapour

phases. The rotation angle of protractor was  . The unit of the protractor rotation

angle was 1 o and the measurement accuracy was 0.1 o.

(A) (B) (C)

Fig. 6.9 Contact angle measurement.

During the measurement, the contour curve fitting method was applied to the digital

image of a sessile droplet to obtain the contour of droplet which appeared as a part of

perfect circle. The schematic diagram of CA measurement is shown in Fig. 6.10.

a b
A B

ba a b
A B

C C

BA
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Fig. 6.10 Schematic of CA measurement.

In the diagram, h is the height of droplet contour, D is the diameter of the

cross-section area of the micro structure and the droplet. As shown in Fig. 6.10, in the

right triangle ACO’:
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The CA can be calculated by  290   and   452 .The value of  is

positive when o90 and negative when o90 .

As presented in Fig. 6.6, the CA values of all samples are below 90o and the samples

modified with the structures of micro grooves show the lower CA values compared

with untreated sample which makes the surfaces more hydropholic. The CA values of

samples with the micro dotted and dimpled structures were higher than that of the

untreated sample. The CA value of 58o of the untreated sample was also measured for

comparison. The letters before the sample index were used to identify the samples
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with different microstructures that the letters D, d and G represented the dotted,

dimpled and grooved micro structured samples, respectively.

Fig. 6.11 CA measurements of the samples with the microstructures in dots, dimples

and grooves.

It can be seen that the CA value of micro grooved structures in the periods of 10 μm

and 20 μm are significantly smaller than that of untreated sample. With CA < 58o, the

structures have a more pronounced hydrophilic behaviour. The grooved distribution of

roughness with the average value from 0.8 μm to1.7 μm may explain the observed

decrease of CA. Compared with the roughness of the untreated surface, which is 0.019,

the grooved structures with the hydropholic property are more hydropholic if their

roughness is greater.

As described in Section 3.2, the Cassie-Baxter model shown in Eq. (6.7) represents

the relationship between CA, roughness and the factional solid-liquid area.
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where fsl is the factional solid-liquid area and Rf, which is defined as the ratio of the

contact area of solid and liquid to its flat projection, represents the roughness factor of

the top of the structures.

Equation (6.7 a) can be simplified as

)1(cos ''
slf fCR  (6.7 b)

where
0cos1 C is a constant when

0 is given. Rf
” represents Rf for the grooved

structures. It can be seen that the CA of rough micro structured surface depends on

Rf
”
.

As shown in Fig. 6.12, the grooves are distributed with the width of d and the period

of p.

d    p

Fig. 6.12 Top views of micro grooved structures.

With the geometric parameters d and p, Rf
”can be expressed as

p

d
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A
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g
f  ''
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Where Ag is the top area of micro grooved in its flat projection area Af
”. For the micro

p

p d
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grooved structures with p= 10 μm and p=20 μm, Rf
” was calculated as 20.3% and

17.2%, respectively. With respect to Eq. (6.13), the greater p leads to a smaller Rf
”,

which results in a greater CA. The experimental results are in line with this analysis.

CA values of dotted and dimpled structures are greater that of the untreated sample, as

shown in Fig. 6.11. The dotted and dimpled distribution of roughness with the average

value from 0.6 μm to 1.7 μm were greater than that of untreated samples with 0.019,

which may contribute to the decrease of CA values. However, the increased values of

CA were observed in Fig. 6.12 which was account for the creation of air pockets

between the solid structures and droplet. As discussed in Section 3.2, the presence of

air pockets reduced the real contact area of solid and liquid which induced the

increase of CA value.

Refer to the early discussion, it can be seen that the CA of rough micro dotted and

dimpled structure surfaces depend on Rf and Rf’, respectively. As shown in Fig. 6.13,

the micro dots and dimples are in the triangular distribution and the top of micro dots

and dimples are assumed to be circles with a radius r and p is the period, it means the

distance between the dots and dimples.

Fig. 6.13 Top views of micro dots and dimples.

p

p
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For micro circular dots arranged as shown in Fig. 6.13, Rf can be calculated as
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Where Ad is the top area of single micro dot and its flat projection Af is the area of

dotted triangle. The Rf of micro dotted structures with the periods (p) of 5 μm and 10

μm was calculated as 23.7% and 38.3% according to Eq. (6.11) by measuring the

average radius (r) of dots with 1.5 μm and 4 μm based on Figs. 6.5 (A) and (C). It can

be seen that the micro dotted structures with a larger period and radius induced a

greater Rf
’, which leads to a greater CA value.

Figure 6.13 can also be used for micro dimpled structures and the dimples are

assumed to be circles with the radius r and p is the period. The parameter Rf
’ of micro

dimpled structures can be calculated as
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The Rf
’ of micro dimpled structures with the period (p) of 5 μm and 10 μm were

calculated as 76.3% and 88.3% according to Eq. (6.12) by measuring the average

radius (r) of dimples with 1.5 μm and 2 μm as observed in Figs. 6.5 (B) and (D). With

respect to Eq. (6.3), the greater period and radius lead to the greater Rf
’, which induces
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a greater CA value as described in Fig. 6.11.

The microstructures in dots, dimples and grooves have their influence on wettability

which is directly measured by CA values. The micro grooved structures with the

periods of 10 μm and 20 μm exhibited the more hydropholic property with the

decreased CA values, and the micro dotted and dimpled structures with the periods of

5 μm and 10 μm had the negative effect on the hydropholic property with the

increased CA values.

6.4 Biological Experiments [173]

The aim of the experiments is to investigate the impacts of microstructures in grooves,

dimples and dots on the proliferation, morphology, spreading and adhesion of cells.

6.4.1 Cell Culture

MG63 osteoblast cells (CTCCBIOSCIENCE Inc (China Tech)) were cultured on the

structured samples. Total eighty samples divided in four groups with samples 1-19

and 1 untreated sample in each group were used for culturing MG63 osteoblast cells

for 4 h, 48 h, 72 h and 144 h [167], respectively. The untreated polished samples were

used in each group as the control sample. In order to simulate the growth environment

of MG63 osteoblast cells, they were incubated in 25 cm2 flasks and maintained under
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the incubation conditions (37 °C and 5% CO2). Minimum essential media with 10%

fetalbovine serum and 1% ampicillin and streptomycin sulphate were prepared for

culturing cells. The cells were passaged before the confluence. In the experiments, the

cells were used between passages 10 and 15 which were easy to observe.

Before seeding, the total 80 (four groups) Ti-6Al-4V samples were cleaned for cell

proliferation. The ultrasonic method was used to clean the samples. Acetone, ethanol

and deionized water were sequentially employed for 30 min cleaning. All samples

were dried in the air in a clean room. The samples were then placed in two 48-well

plates. The well plates with the samples were sterilized for 12 h using ultraviolet light.

After the sterilization treatment, the phosphate buffer saline (PBS) was used to rinse

the impurities. MG63 osteoblast cells were trypsinized and cultured on the samples

with the concentration 4×105 cells·ml−1 in the ratio of 0.2 ml·well−1for the

hemocytometer count. After the cells were seeded for 4 h, most cells were attached on

the samples. For comparison, four polished untreated Ti-6Al-4V alloy samples were

seeded with MG63 osteoblast cell at the same density. The multi-well plates were

incubated with 5% CO2 at 37 °C. The culture media were changed every two days to

prevent the contamination of growth environment.

6.4.2 Cell Proliferation

The 3- (4, 5-dimethyl-2-thiazolyl) -2, 5-diphenyl-2-H-tetrazolium bromide (MTT)

method was used to evaluate cell proliferation with the advantages of high accurate,

simplicity and repeatability of results [168, 169]. The mitochondrial activity of the
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MG63 osteoblast cells seeded on the samples in different culture time periods (4 h, 48

h, 72 h, and 144 h) was determined with the MTT colorimetric assay. At the end of

each period, the media were removed, and the samples were rinsed with PBS. The

cells were cultured in the MTT bromide medium and culture medium at 5% CO2 (37

°C, 4 h) to allow the formation of formazan crystals. The ratio of the MTT bromide

medium and culture medium was 1:5. After the removal of the medium, the

dimethylsulfoxide solution was added to the wells. After 20 min, the dark-blue crystal

of MTT formazan was completely dissolved, and the solution was transferred to the

96-well plates. The absorbance measurements of contents in each well were made at

the wavelength 498 nm with the 96-well microplate reader of a spectrophotometer.

Each experiment was performed in triplicates, and the data were presented as average

optical density (OD) values.

MTT assays at the 4 h, 48 h, 72 h and 144 h post seeding were performed to evaluate

the attachment and proliferation of cells. The experiment results are shown in Fig.

6.14. Table 6.7 presents the proliferation rates of osteoblast cells on the untreated

polished and structured samples, calculated using the following equation.

%100
1

12 



OD
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where R is the proliferation rate, OD2 is the optical density at the end of culture time,

OD1 stands for the optical density at the beginning of culture time. The number of

cells showed a rising trend with the increase of time. The MTT assays showed that the

cells were almost not affected in the culturing stage for 4 h. Samples 11-15, 23 and 24

with greater roughness showed significant and positive effects on the cell initial stage

of adhesion. After 48 h, the cells with similar activities were adhered to the
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microstructures in grooves, dimples and dots structures and the polished untreated

surfaces. After 72 h, all textured surfaces had positive effects on the cell proliferation,

and micro dotted structures with the period of 5 μm showed the significant increase.

The obvious cell proliferation increase of micro dimpled structures with the period of

10 μm (samples 13-16) and micro grooved structures with the period of 20 μm

(samples 22- 25) were observed after 144 h.

(A)

(B)
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(C)

(D)

Fig. 6.14 Proliferation of MG-63 osteoblast cells on the textured surfaces after 4 h, 48

h, 72 h and 144 h.

It can be seen from Table 6.7 that the proliferation rates of the structured surfaces are

higher than those of the polished untreated surfaces which are attributed to the

increasing roughness. Micro dotted structures (samples 7, 8, 10, 11 and 12) with the

roughness from 0.8 μm to 1.5 μm had the greater proliferation rate and sample 12 with

the roughness of 1.21 μm presented the greatest proliferation rate of 5.48. As shown in

Fig. 6.14, samples with greater roughness show the better initial response of cell.
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However, with the increase of culture time, the cell proliferation is not only depended

on the roughness but also the microstructures. For the similar degree of roughness and

same periods, the micro dotted structure (samples 8 and 12) showed the greater

proliferation rate than those of micro dimpled structures (samples 9 and 13),

respectively. This phenomenon could be explained that the micro dotted structures

induced the increase of contact areas of cells and solid surfaces which had the positive

effect for cell proliferation. For the micro grooved structures with the roughness from

0.8 μm to 1.7 μm, samples with the period of 10 μm showed the greater proliferation

of cells attributed to the reduction of contact area of cells and micro grooved

structures.

The microstructures in dots, dimples and grooves have their effect on cell

proliferation. The micro dotted structures presented the best cell proliferation and the

micro grooved structures with the period of 10 μm exhibited the greater cell

proliferation compared with that of grooved structures with the period of 20 μm.

Table 6.7 Proliferation rates of osteoblast cells on the polished and structured

substrates.

Sample 7 8 9 10 11

Proliferation
rate (×100%)

4.26 3.56 1.68 3.28 4.46

Sample 12 13 14 15 16

Proliferation
rate (×100%)

5.48 1.97 2.61 2.53 2.61

Sample 17 18 19 20 21
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Proliferation
rate (×100%)

3.19 2.34 2.23 1.91 1.27

Sample 22 23 24 25 Polished

Proliferation
rate (×100%)

2.01 1.46 1.54 1.59 1.18

6.4.3 Cell Spreading and Attachment

Because of their higher cell proliferation rates, samples 17, 19, 9, 7, 14, 12 and 16

were selected to evaluate cell spread and attachment using the typical morphology of

MG63 osteoblast cells. The culturing of cells was completed by following the method

described above on the seven samples and one untreated polished sample. When the

cell culture completed, the culture media were removed, and the samples were rinsed

three times using the PBS solution. Then the cells were fixed with 4%

paraformaldehyde for 20 min. Then, the PBS solution and deionized water were used

to rinse the samples three times. These procedures provided maximum protection of

cell morphology. When the samples were dried at room temperature, cell

morphologies were examined with a SEM (FEI QUANTA-250 FEG) at 5 kV. The

cells cultured on polished untreated surfaces were also examined with the SEM.

The attachment and spreading of cells on untreated polished samples and samples 17,

19, 9, 7, 14, 12 and 16 were then evaluated by the typical morphology of MG63

osteoblast cells as shown in Fig. 6.15. The cells were spread on the surfaces and the

growing status was good. The sizes of cells were different after spreading, and they

were about 50 μm in diameter on the DLIL structured surfaces. The cells on the
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untreated polished surfaces were a little smaller than those on the structured surfaces.

The cells on the structured surfaces were more extended than those on the polished

surfaces. Especially, the cells cultured on the grooved structure surfaces were aligned

in the groove direction. The most of cells presented elongated spindle shapes and

good conditions. On the other hand, the cells on the dotted and dimpled structure

surfaces and polished surfaces did not align in any particular direction unless the

modulation grooved structure occurred in the isotropic structure. The cells aligned in

aparticular direction in Fig. 6.15 (G) because the modulation grooved structure existed

among the dimpled structures. It was demonstrated that the micro grooved structures

with the periods of 10 μm and 20 μm promoted cells’ growth aligning in groove

directions.

A B

DC
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Fig. 6.15 SEM images of MG-63 osteoblast cells cultured for 48 h on microstructures:

(A) Grooved structures with period of 10 μm; (B) Grooved structures with period of

20 μm; (C) Dimpled structures with period of 5 μm; (D) Dotted structures with period

of 5 μm; (E) Dimpled structures with period of 10 μm; (F) Dotted structures with

period of 10 μm; (G) Dimpled structures with period of 10 μm; (H) Untreated

polished structures.

6.4.4 Cell Adhesion

The enzymatic detachment is often used to study the adhesion properties of

biomaterials [170,171]. Due to the relative lower CA, the adhesive properties of

MG63 osteoblast cells on structured samples 18, 23, 7, 9, 10 and 15 for 48 h were

assessed [147]. In this work, enzymatic detachments were carried out with 0.25%

(w/v) trypsin solutions. Three groups with the same six samples (18, 23, 7, 9, 10 and

E F

G H
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15) were exposed totrypsin solutions at room temperature. They were then rinsed with

1 ml PBS, and the liquids were collected. The procedure was repeated four times. The

liquids were then examined for counting cell numbers by hemocytometer. Three

groups with the same samples (18, 23, 7, 9, 10 and 15) were carried out for the

experiments for the trypsin treatment time durations of 6 min, 12 min and 18 min. The

data obtained were employed for the establishment of the relationship between the

trypsin treatment time and the percentage of cells detached.

The enzymatic detachment results presented the relationships between the cell

adhesion and surface topography. Fig. 6.16 shows the percentage number of

detachment cells with different treatment time durations. The sample surfaces with

microstructures in dimples and dots had steep slopes for the first 6 min and the slopes

of grooved structures were relatively moderate. It was demonstrated that the cell

detachment rates of dotted and dimpled structures were higher than those of grooved

structures. For the grooved structures, the percentage numbers of detachment cells

were always less than dimpled and dotted structures. The higher percentage number of

detachment cells means the weaker adhesion. It is more obvious on the 20 μm

grooved surfaces, provided the best cell adhesion performance. The phenomenon can

be explained that the size of cells has a significant influence on the optimal groove

spacing [172]. The diameter of osteoblast cells used in this research was about 20 μm

before spreading so that the micro grooved structure with the period of 20 μm

performed the best cell adhesion.
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Fig. 6.16 Enzymatic detachment curves for the MG63 osteoblast cells on structured

surfaces for 48 h.

6.5 Summary

The incident angle, polarisation angle and azimuthal angle were adjusted by

simulations to design micro structures in periods of 5 μm, 10 μm and 20 μm.

According to simulation results, microstructures in grooves, dimples and dots were

fabricated on the Ti-6Al-4V implant alloy by two- and three- beam DLIL systems to

improve the biocompatibility of cell proliferation, spreading and adhesion of MG-63

osteoblast cells.

 The optimal settings of incident angle, polarisation angle and azimuthal angle

were obtained for the formation of grooved patterns with the periods of 10 μm

and 20 μm and dimpled and dotted patterns with the periods of 5 μm and 10 μm.

 The proper laser fluence and exposure duration were achieved for the fabrication
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of microstructures in grooves, dimples and dots with the roughness from 0.6 μm

to 1.7 μm to improve the cell proliferation of MG-63 osteoblast cells and the

micro dotted structures showed the best performance in cell proliferation,

especially, the dotted structure with the roughness of 1.473 μm had the best

proliferation rate. The cell spreading on microstructures was evaluated by the

morphology of MG63 osteoblast cells which were observed by SEM. The SEM

results indicated that the cells had their great orientation on the grooved

structured surfaces or the modulation grooved structures occurred in the isotropic

structures. However, the cell spreading on the polished, dotted and dimpled

structure surfaces exhibited random orientations. The cells cultured on the DLIL

grooved surfaces appeared to align in the directions of grooves, which promoted

the contact guidance to avoid scar tissue formation.

 The optimal setting of laser fluence and exposure duration were also obtained for

the fabrication of microstructures in grooves, dimples and dots with hydropholic

properties to promote the cell adhesion. The hydropholic grooved structures with

the period of 20 μm and lower CA had better cell adhesion of MG-63 osteoblast

cells.

 The micro dotted and dimpled structures with the periods of 5 μm and 10 μm, and

the grooved structures with the periods of 10 μm and 20 μm showed the

significant greater Ra ranged from 0.6 μm to 1.7 μm compared with that of

untreated surface. The micro grooved structures with the periods of 10 μm and 20

μm exhibited the more hydropholic property with the decreased CA values and

the micro dotted and dimpled structures with the periods of 5 μm and 10 μm had

the negative effect on the hydropholic property with the increased CA values.
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 In this work, It was observed that the surface with the microstructures of grooves,

dots and dimples were capable of promoting cell proliferation, spreading and

adhesion. The surfaces with such microstructures can be used to influence the

cellular activities and enhance the biocompatibility in order to reduce the

formation of scar tissue and promote bone bonding degree. DLIL provide a highly

controllable, multi-scale and defect-free fabrication technology to create

microstructures for the biocompatible surfaces of implant materials.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

DLIL as a highly controllable method was developed to fabricate well-designed micro

and nano structures with optimal feature sizes for realising superhydrohpobic, wear

resistance and biocompatibility in implant biomaterials including silicon, Co-Cr-Mo

alloy and Ti alloy. This work provides the potential of DLIL in surface modification

and the innovative approaches are highlighted in the following:

 Four-beam laser interference was developed to design and fabricate hierarchical

micro and nano structures in the period of 5.5 μm and the aspect ratio of 2-3. The

optimal settings of process parameters including incident angle, azimuthal angle,

polarize angle, laser fluence and exposure duration were obtained by simulation

and fabrication processes to achieve the superhydrophobic property.

 Three-beam laser interference was developed to fabricate periodic micro circular

dimpled structures on artificial hip joints (Co-Cr-Mo alloy) with improving wear

resistant property including a 64% friction coefficient reduction and 42%

hardness enhancement. The dimpled structures with the period of 8 μm and the

dimple area densities of 14.8% were achieved by the proper settings of process

parameters..

 Two- and three-beam DLIL were developed to form micro grooved structures

with periods of 10 μm and 20 μm and micro dimpled/dotted structures with the
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periods of 5 μm and 10 μm respectively on Ti-6Al-4V implant alloys to improve

biocompatibility by promoting the proliferation, spreading and adhesion of

MG-63 osteoblast cells.

7.2 Future Work

In this work, DLIL was developed to improve the biocompatibility to MG-63

osteoblast cells (10 μm-20 μm) on Ti-6Al-4V implant alloy. However, it is not

sufficient for long-life implantation due to the bacterial infection of staphylococcus

aureus (100 nm-800 nm) occurred during the interaction of materials and biological

surroundings. Due to the feature sizes of MG-63 osteoblasts and staphylococcus

aureus, the following issues need to be further explored to achieve the structures on

Ti-6Al-4V implant alloy with biocompatibility and antibacterial property. Finally, the

multi-objective optimization solutions will be developed.

 To simulate interference cross-scale patterns with the periods of 100 nm to 800

nm in modulation periods from 10 μm to 20 μm by MATLAB with multi-beam

laser interference by adjusting the laser beam number, incident angle, azimuthal

angle and polarisation direction.

 To fabricate nano structures with the periods from 100 nm to 800 nm in

modulation periods of 10 μm and 20 μm to achieve cross-scale structures by

adjusting the laser fluence and exposure duration. Staphylococcus aureus will be

cultured to study bacterial proliferation, spread and adhesion to evaluate
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antibacterial properties.

 The multi-objective optimization solutions will be developed between the process

parameters of DLIL and surface functionalities including wear resistant property,

biocompatibility and antibacterial property.
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