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Abstract	
	
	
The	main	objective	of	this	thesis	is	to	introduce	laser	treatment	for	enhancing	the	

surface	bioactivity	of	titanium	for	bone	and	tissue	implant	fabrication.	

Improvement	 to	 the	 implant	 performance	 could	 immensely	 benefit	 the	 human	

patient.	Bioactivity	enhancement	of	materials	is	currently	an	essential	challenge	in	

implant	 engineering.	 Micro/nano	 laser	 surface	 texturing	 of	 materials	 offers	 a	

simple,	accurate	method	to	increase	the	biocompatibility	of	materials	in	one	single	

step.		

In	 this	 thesis,	 the	 effects	 of	 laser	 power,	 scanning	 parameters,	 and	 frequency	 on	

surface	 structure	 and	 topographic	 properties	 are	 studied.	 Through	 bioactivity	

assessment	of	treated	titanium	substrates,	 it	was	found	that	an	increase	in	power	

and	 frequency	 increases	 the	bioactivity	 of	 titanium,	while	 a	decrease	 in	 scanning	

speed	of	the	laser	could	lead	to	an	increase	in	the	cell	adhesion	ability	of	titanium.	

Furthermore,	 cell	 adhesion	 proved	 to	 be	 strongest	 in	 areas	 with	 higher	 surface	

irregularities	and	titanium	oxide	concentrations.		
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Chapter	1	
	
1. Introduction	
1.1. Biomaterials	&	Implant	Engineering	

	
Biomaterials	and	implant	engineering	have	become	vital	 fields	 in	the	medical	and	

surgical	 industries.	 These	 fields	 can	 enhance	 the	 quality	 and	 longevity	 of	 human	

life,	 and	 have	 an	 immense	 effect	 on	 the	 health	 of	 numerous	 individuals.	 The	

technologies	associated	with	biomaterials	and	implant	engineering,	particularly	in	

the	fields	of	surgical	implants	such	as	dental,	bone,	and	tissue	implant	applications,	

have	 led	 to	 creation	 of	 numerous	 research	 opportunities	 [1].	 In	 today’s	 society,	

with	 the	 continuous	 growth	 in	 population	 and	 education’s	 preference	 for	 an	

improved	life	style,	better	body	functionality,	and	more	appealing	aesthetics.	This	

causes	 an	 ongoing	 expansion	 and	 discovery	 in	 the	 technology	 and	 science	

associated	with	biomaterials	and	implant	engineering	[1].		

	
1.2. Biomaterial	Categories	

	
Biomaterials	 are	 generally	 defined	 as	 synthetic	 non-drug	 substances	 that	 are	

suitable	 for	 replacement	 of	 bodily	 function	 of	 damaged	 or	 missing	 tissues	 and	

organs,	within	human	body	conditions.	These	materials	are	particularly	important	

in	 implant	applications	because	of	 their	ability	 to	be	 in	contact	with	bodily	 fluids	



Mitra	Radmanesh	 	 Chapter	1	
	

	 2	

and	tissues	continuously	without	provoking	any	reactions	from	the	body	[2,3].		

Biomaterials	 are	 generally	 classified	 in	 three	 main	 groups	 based	 on	 the	 tissue	

responses	 they	would	receive	once	 implanted	 in	a	human	body.	These	categories	

are	defined	as	following:	

Bioinert	Biomaterials	are	materials	that	cause	minimal	reaction	once	implanted	

in	 the	 body.	 Once	 placed	 in	 the	 body,	 bioinert	 materials	 cause	 the	 creation	 of	 a	

fibrous	 structure	 surrounding	 the	 implant.	 This	 condition	 increases	 the	 bio-

functionality	of	 the	material	 through	 tissue	 integration.	This	biomaterial	 category	

generally	has	high	biocompatibility,	and	is	the	most	common	category	used	in	the	

design	 and	 fabrication	 of	 biomedical	 devices.	 The	 most	 common	 examples	 of	

bioinert	 biomaterials	 are	 stainless	 steel,	 titanium,	 alumina,	 and	 ultra	 high	

molecular	weight	polyethylene	[2,3].		

Bioactive	 Biomaterials	 are	 defined	 as	 materials	 that	 have	 high	 reaction	 levels	

with	 the	 surrounding	 bone	 and	 soft	 tissues.	 Once	 implanted	 in	 the	 body,	 these	

materials	cause	an	ion-exchange	reaction	with	the	surrounding	body	fluids,	causing	

formation	 of	 a	 biologically	 active	 carbon	 apatite.	 Bioactive	 materials	 are	 mainly	

used	in	fabrication	of	artificial	soft	organs	and	tissues.		Some	of	the	main	examples	

of	this	category	are	synthetic	hydroxy	apatite,	bio-glass,	and	glad-ceramics	[3,4].			

Bioresorbable	 Biomaterials	 are	 biomaterials	 that	 dissolve	 in	 the	 body	 and	 are	

replaced	by	the	new	growing	tissue.	Tricalcium	phosphate	is	a	common	example	of	

this	category	of	biomaterials.		
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In	 addition	 to	 the	 three	 main	 categories	 of	 biomaterials,	 ceramic,	 polymeric,	

composite,	 and	 degradable	 polymeric	 biomaterials	 are	 well	 known	 classes	 of	

biomaterials	that	have	gained	noticeable	popularity	in	fabrication	of	implants	and	

biomedical	devices	[3,4].		

Considering	 the	 specific	 properties	 that	 each	 class	 of	 biomaterials	 offers	 is	 an	

essential	factor	in	choosing	the	most	efficient	biomaterial	for	any	application.	The	

focus	 for	 biomaterials	 properties	 is	 biocompatibility,	 sterilizability,	

manufacturability,	and	surface	reactivity.		

1.3. Biomaterials	in	Bone	Implants	
	

In	human	anatomy,	bone	is	one	of	the	highly	dynamic,	essential	tissues	that	plays	

an	integral	role	in	providing	the	continuous	skeletal	support	in	the	mechanisms	of	

the	body.	The	main	focus	of	this	hard	tissue	is	providing	support	for	skeletal	 load	

bearing,	locomotion,	and	protecting	the	more	delicate	organs.	These	organs	include	

the	heart,	 brain,	 lungs,	 and	 the	majority	of	 the	 internal	organs.	Bone	 is	 saturated	

with	 calcium	 and	 phosphorous,	 which	 is	 regulated	 the	 concentration	 of	 key	

electrolytes	 in	 the	 blood.	 Bone	 tissue	 is	 arranged	 either	 in	 a	 compact	 pattern	

(cortical	bone)	or	a	trabecular	pattern	(cancellous	bone)	[4,5].	Figure	1.1	displays	

an	overall	structure	of	bone:	
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Figure	1.1:	Structure	of	Bone	Tissue	[5]	

	
With	over	206	bones	comprising	the	human	skeleton,	it	is	not	surprising	that	bone	

implants	 are	 a	 pressing	 matter	 in	 biomedical	 and	 clinical	 industries.	 The	 newly	

developed	 biomaterials,	 specifically	 for	 bone	 and	 hard	 tissue	 implantation,	 are	

designed	 to	 have	 higher	 bioactivity	 as	 opposed	 to	 being	 bioinert,	 in	 order	 to	

achieve	higher	integration	with	biological	cells,	and	regenerate	the	replaced	tissue	

[5].	

With	respect	to	bone,	the	chosen	biomaterials	should	have	the	ability	to:	promote	

the	 differentiation	 of	 progenitor	 cells	 down	 an	 osteoblastic	 lineage,	 provide	

support	 for	 bone	 growth	 and	 encourage	 the	 ingrowth	 of	 surrounding	 bone,	 and	

integrate	easily	 into	 the	surrounding	bodily	 fluids	and	tissues.	 	A	commonly	used	
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material	for	fabrication	of	bone	and	tissue	implants	is	titanium	[5,6].	Titanium	is	a	

readily	 available	 biomaterial	 that	 can	 easily	 be	 processed	 to	 have	 enhanced	

bioactive	properties.	Further,	the	natural	properties	of	this	material	make	it	more	

suitable	for	biomedical	applications	[6].	

When	an	 implant	 is	placed	within	 the	body,	 tissues	 surrounding	 it	 react	 towards	

the	 implant	 in	 a	 variety	 of	 ways	 depending	 on	 the	 material	 type.	 Hence,	 the	

biocompatibility	and	bioactivity	of	the	chosen	material	plays	an	essential	role	in	the	

success	rate	of	the	implanted	tissue.	The	mechanism	of	tissue	interaction	strongly	

depends	on	the	implant	surface	[5,7].		

Biological	 cells	 are	 known	 to	 be	 inherently	 sensitive	 to	 their	 surroundings.	

Therefore,	 they	 have	 notable	 reactions	 to	 the	 topographic	 textures	 of	 nearby	

tissues.	Specifically,	cells	react	to	surface	grooves,	ridges,	wells,	and	other	features	

at	the	micro	and	nano	scale.	Ongoing	studies	have	shown	the	effects	of	topographic	

properties	on	cell	behavior,	ranging	from	changes	in	cell	adhesion	to	modulation	of	

the	 intracellular	 signaling	 pathways	 that	 regulate	 transcriptional	 activity.	 Ergo,	

when	 fabricating	 implants,	 the	 topographic	 properties	 of	 the	 chosen	 material	

surface	are	essential	in	cell	adhesion	and	alignment	[4,7].		

Traditionally,	the	bulk	materials	designed	for	implant	applications	neglect	the	scale	

topography,	which	 ranges	 from	 ranging	 from	10	nm	 to	100	μm	 that	 is	 known	 to	

increase	the	cell	behavior.	Studies	have	continued	to	show	that	 the	application	of	

nanophase	 reinforcements	 significantly	 improves	 the	 bioactivity	 and	 mechanical	

properties	of	materials	for	bone	implants	[7].		
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In	 order	 to	 achieve	 a	 high	 success	 rate	 of	 implantation,	 controlling	 surface	

topography	 is	 essential.	 There	 are	multiple	methods	 to	 enhance	 the	 topographic	

properties	of	a	material,	 including	chemical	treatment	and	mechanical	processing.	

However,	 the	 controllability	 of	 the	 chosen	 method	 to	 enhance	 the	 topographic	

properties	plays	an	integral	role	in	the	quality	of	the	outcome	material,	especially	

when	processed	at	the	micro/nano	scales.	

1.4. Main	Challenge	in	Implant	Fabrication	
	

Cell	 adhesion	 and	 biocompatibility	 are	 important	 parameters	 for	 implant	

fabrication	and	the	production	of	biomedical	devices.	Improvement	to	the	implant	

performance	in	the	implantation	site	could	benefit	the	patient’s	quality	of	life.	Low	

biocompatibility	 is	often	due	 to	poor	 integration	of	 the	 implant	with	surrounding	

tissue.	 Cell	 behavior	 on	 biomaterial	 surfaces	 depends	 upon	 implant–cell	

interactions,	which	is	correlated	with	the	surface	properties	such	as	hydrophilicity,	

roughness,	texture,	chemical	composition,	charge,	and	topography	properties	[7,8].		

Biocompatibility	 of	 the	materials	 used	 in	 fabrication	 of	 implants	 is	 one	 the	most	

influential	 and	essential	 factors	 considered	 in	design	of	 any	 implant,	 and	directly	

affects	the	overall	performance	of	the	implant.	The	biocompatibility	enhancement	

of	materials	used	in	implants	is	currently	an	essential	challenge	existing	in	implant	

engineering	[8].	 	The	Biocompatibility	is	essential	 in	order	to	avoid	any	infections	

and	immune	system	rejection.	Biocompatibility	of	the	implants	affects	the	healing	

process	by	reducing	the	healing	time	as	well.		Having	a	reduced	healing	time	is	very	
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desirable	 in	 implant	 applications,	 since	 the	 sooner	 the	 body	 accepts	 the	 implant	

organ,	the	sooner	the	user	can	function	normally	[8].		

The	implants	surface	is	the	main	area	in	contact	with	body	at	an	implantation	site.	

Therefore,	 to	 increase	 the	 biocompatibility	 of	 a	 material,	 various	 methods	 of	

surface	treatment	are	being	used	in	industry.		

1.5. Fabrication	Methods	of	Biocompatible	Materials	
	

One	method	 to	change	 the	surface	properties	of	a	material	 is	altering	 the	surface	

topography	 properties.	 There	 are	 multiple	 conventional	 methods	 used	

commercially	for	processing	and	surface	texturing	of	materials	for	bone	and	tissue	

implant	 applications	 [9].	 The	 most	 common	 mechanical	 methods	 for	 altering	

surface	 topography	 properties	 include	 sand	 blasting	 and	 machining,	 while	 acid	

etching	and	oxidation	are	common	chemical	methods.	Although	these	methods	are	

effectively	used	 in	 industry,	 there	are	major	disadvantages	associated	with	 them.	

Slow	production	 time,	 complex	 control	process,	 and	chemical	 contaminations	are	

only	a	small	number	of	the	challenges	offered	by	these	commonly	used	processing	

techniques	[10].		

The	 newly	 developing	 method	 of	 laser	 surface	 texturing	 of	 materials	 addresses	

these	 disadvantages	 in	 a	 simple	 and	 effective	manner.	 Lasers	 are	 able	 to	 deliver	

very	low	to	high	energy	with	extreme	precision	in	dimension,	spatial,	and	temporal	

distribution.	 Lasers	 offer	 better	 control	 and	 precision,	 more	 feasibility,	 and	 are	

environmentally	 friendly	 [11].	 In	 comparison	 to	 conventional	methods,	 this	 laser	

approach	is	more	flexible	and	reduces	processing	time.	Decreased	processing	time	
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makes	 lasers	 particularly	 suitable	 for	 mass	 production,	 rapid	 prototyping,	 and	

custom-scale	manufacturing	 for	 a	wide	variety	of	 applications	These	 applications	

include	micro	 welding,	 drilling,	 cutting	 and	 heat	 treatment	 of	 metals	 and	 alloys.	

Laser	 treatment	 is	 known	 for	 its	 fast	 and	 precise	 manner	 in	 the	 processing	 of	

materials,	 and	 the	 variety	 of	 scales	 offered	 by	 lasers,	 including	micro,	 sub-micro,	

and	nano.	Laser	technologies	and	the	modeling	of	laser	material	interactions	have	

gained	notable	attention	in	micro/nano	manufacturing	fields	[11].	Laser	irradiation	

enables	 several	 types	 of	 structural	 changes,	 such	 as	 amorphization,	 hardening,	

oxidation,	and	surface	patterning	on	 the	 targets,	which	enhances	 the	 topographic	

properties	of	the	material.	The	ideal	properties	of	lasers	make	this	new	technology	

more	 desirable	 especially	 for	 synthesizing	 of	 bio-NEMS,	 nano-biomaterials	

fabrication,	and	biomedical	devices	[11,12].	

1.6. Physics	of	Laser	Surface	Texturing	
	

Laser	 processing	 can	 be	 applied	 in	 two	 categories	 based	 on	 the	 energy	

requirements.	 First,	 applications	 requiring	 relatively	 low	 energy	 with	 limited	

structural	and	physical	changes.	Second,	the	applications	calling	for	higher	energy	

transformations	 for	 significant	 structural	 changes	 over	 a	 large	 volume,	 such	 as	

welding.	 Energy	 transformation	 in	 applications	 involving	 lasers	 requires	 the	

coupling	of	the	laser	radiation	with	the	electrons	of	the	interacting	surface,	such	as	

metals	 or	 semiconductors	 [12,13].	 In	 return,	 the	 speed	 of	 energy	 transformation	

from	the	 laser	beam	to	 the	surface	becomes	 fully	dependent	on	 the	nature	of	 the	

interacting	 material	 and	 its	 chemical	 bonding.	 There	 have	 been	 significant	

improvements	 in	 energy	 transformation	 of	 lasers	 through	 the	 development	 of	
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ultra-short	lasers	[12,13].		

Ultra-short	lasers	decrease	the	interaction	time	(pulse	duration)	between	the	laser	

and	 the	 material,	 which	 reduces	 the	 effects	 on	 the	 bulk	 material.	 Despite	 these	

improvements,	ultra-short	laser	systems	are	relatively	expensive	and	are	therefore	

cost-prohibitive	 in	many	 industries.	 Less	 expensive	 advanced	 laser	 systems,	with	

pulse	 durations	 in	 the	 range	 of	 nanoseconds,	 are	 more	 popular	 among	 some	

manufacturers	 because	 they	 are	more	widely	 available	 in	manufacturing	 sectors.	

Therefore,	 a	 thorough	 understanding	 of	 the	 laser	 irradiation	 mechanism	 is	

required	to	utilize	the	more	common	lasers	to	their	fullest	capability	[13].	

In	order	to	fully	understand	the	mechanism	behind	the	laser	irradiation	and	how	to	

increase	the	efficiency	of	the	process,	understanding	the	effects	and	controlling	the	

process	 parameters	 is	 crucial.	 Therefore,	 selection	 of	 the	 laser	 parameters	 is	

essential	in	the	resultant	final	quality	of	a	particular	application.	

1.7. Laser	Enhanced	Topography	Properties	
	
Micro/sub-micro	treated	titanium	surfaces	are	popularly	used	in	scaffold	systems	

for	bone	and	tissue	implant	applications.	The	biocompatibility	of	the	materials	used	

in	 these	 scaffolding	 systems	 is	 essential	 in	 order	 to	 avoid	 any	 infections	 and	

immune	 system	 rejection,	 while	 providing	 the	 required	 structural	 properties	 for	

the	implant	[6,8].		

When	implanted	in	the	body,	the	only	portion	of	the	tissue	in	contact	with	the	cells	

is	the	surface	of	the	structure.	Therefore,	altering	the	surface	properties	of	implants	
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is	an	effective	method	of	increasing	the	biocompatibility	of	implant	materials.	One	

method	 for	 changing	 the	 surface	 properties	 of	 a	 material	 is	 to	 alter	 its	 surface	

topography	properties.	Surface	topography	defines	the	nature	of	a	surface	based	on	

three	 main	 characteristics:	 lay,	 roughness,	 and	 waviness.	 The	 topography	

properties	of	a	material,	particularly	roughness,	are	influential	on	the	cell	adhesion	

rate	of	bone	type	apatite	to	surfaces.	Increasing	the	cell	adhesion	rate	to	the	surface	

of	a	material	increases	the	biocompatibility	of	the	material.	Thus,	surface	texturing	

of	materials	to	enhance	their	biocompatibility	is	an	effective	method	in	fabrication	

of	implant	devices	[9,14].	

	As	 stated,	 effects	 of	 laser	 irradiation	 upon	 the	 surface	 topography	 properties	 of	

materials	are	the	main	advantage	of	laser	surface	texturing.	Laser	parameters,	such	

as	 pulse	 duration,	 frequency,	 power,	 and	 laser	 pulse	 dwell	 times,	 can	 influence	

these	material	properties	greatly.	Generally,	laser	treatment	of	the	materials	affects	

the	surface	structure	and	patterns	of	that	material	by	increasing	the	roughness	and	

oxidation	 levels.	 The	 irradiated	 surface	 area	 of	 a	 work	 piece	 has	 an	 increased	

roughness	 level.	 In	 return,	 the	 exposed	 area	 is	 more	 readily	 available	 for	 cell	

attachment,	which	enhances	 the	apatite	 inducing	ability	and	cell	 adhesion	rate	of	

the	material	[9,15].	This	is	due	to	the	fact	that	a	larger	surface	area	is	exposed	for	

apatite	 inducing	 to	 take	place.	Essentially,	 the	 imposed	patterns	on	the	surface	of	

the	sample	from	the	laser	increase	the	deviation	of	the	material’s	surface;	therefore	

the	 average	 arithmetic	 deviation	 of	 the	 surface	 increases.	 Furthermore,	 laser	

treatment	 of	 the	 titanium	 samples	 increases	 the	 surface	 temperature	 of	 the	

samples	up	 to	oxidation	 temperature,	and	results	 in	 the	creation	of	 thin	 layers	of	



Introduction	 	 Mitra	Radmanesh	
	
	

	 11	

titanium	oxide	upon	the	surface	of	the	samples.	Titanium	oxide	generally	exists	in	

two	crystallographic	structures	of	anatase	and	rutile,	which	are	commonly	detected	

by	 XRD	 (what	 is	 XRD?)	 in	 2θ	 =	 25.28	 and	 2θ=	 27.4	 peaks.	 An	 increase	 in	 the	

oxidation	of	the	surfaces	has	a	direct	effect	on	increasing	the	wettability	of	surface	

of	 the	 material.	 Consequently,	 this	 leads	 to	 an	 increase	 in	 the	 apatite	 inducing	

ability	 of	 the	material,	 and	 greatly	 improves	 the	 biocompatibility	 of	 the	 implant	

surfaces.	 Having	 a	 layer	 of	 titanium	 oxide	 across	 the	 surface	 provides	 a	 cushion	

type	environment	for	the	cells	to	attach	upon	the	surface,	and	therefore	results	in	a	

higher	apatite	perception	across	the	treated	surface	of	titanium	[16,17].	

1.8. Research	Statements	
	

This	study	provides	a	research	opportunity	for	the	investigation	and	improvement	

of	 the	 effects	 of	 laser	 surface	 texturing	 on	 enhancing	 the	 biocompatibility	 of	

titanium.		Titanium	substrates	are	used	to	examine	the	effects	of	key	laser	process	

parameters,	 namely	 power,	 repetition	 rate	 (frequency),	 and	 scanning	 speeds,	 on	

surface	topography	properties	and	biocompatibility	of	 these	substrates.	The	main	

objective	 of	 this	 research	 is	 surface	 micro/nano	 texturing	 for	 fabrication	 of	 cell	

sensitive	 titanium	 that	 allows	 cell	manipulation,	 cell	migration,	 and	 cell	 adhesion	

easily	across	 the	entire	surface	of	 substrates.	 	The	observations	of	 this	 study	will	

potentially	be	applied	to	a	wide	range	of	applications	such	as	synthesizing	of	nano-

biomaterials	 and	 biomedical	 devices.	 Furthermore,	 the	 results	 of	 this	 study	 offer	

great	potential	in	utilizing	laser	technology	not	only	in	biomedical	engineering,	but	

also	in	any	manufacturing	applications	that	call	for	processing	of	metals,	alloys,	and	
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organic	materials	requiring	extreme	accuracy.	

Objectives:	

• Micro/nano	surface	texturing	of	titanium	

• Examining	the	effects	of	laser	power	on	titanium	surface	

• Examining	the	effects	of	laser	repetition	rate	of	titanium	surface	

• Examining	the	effects	of	laser	scanning	parameters	on	titanium	surface	

• Enhancement	of	biocompatibility	along	the	surface	of	titanium	
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Chapter	2	
	
2. Laser	Surface	Treatment	of	Titanium	for	Implants	
2.1. Surface	Temperature	Profile	

Laser	processing	mainly	involves	transformation	hardening,	which	is	dominantly	a	

heat	 transfer	process.	 	 Examining	 the	 temperature	distribution	and	modeling	 the	

thermal	 process	 from	 the	 initial	 stages	 of	 heating	 is	 an	 effective	 method	 to	

investigate	the	connection	of	process	parameters	with	the	desired	outcome	results.		

The	 size	 and	 shape	 of	 the	 irradiated	 zone	 is	 required	 to	 analyze	 the	 obtained	

results.	 This	 information	 cannot	 be	 extracted	 directly	 by	 using	 the	 process	

parameters;	thus,	temperature	history	of	the	process	must	be	developed	to	obtain	

the	heat-affected	profile	of	 the	work	piece	 [18,19].	 	To	develop	 the	 temperature	

history	 of	 the	 irradiated	 sample,	 the	 nondimensionalization	 method	 was	

introduced	to	track	the	changes	due	to	each	laser	parameter	by	calculating	the	

non-dimensional	 temperature	 at	 the	 surface,	 depth,	 and	 center	 where	 the	

maximum	 non-dimensional	 temperature	 occurs.	 	 This	 method	 is	 a	 simple	

technique	for	tracking	the	trend	of	changes	occurring	in	laser	irradiation,	and	is	

an	effective	step	in	investigating	the	effects	of	laser	parameters	upon	the	heat-

affected	profile	[20-23].		
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To	 proceed,	 the	 heat	 conduction	 for	 a	 cylindrically	 symmetric	 flow	without	 any	

internal	heat	generation	is	given	as	[24]:	

1
r
∂
∂r
(kr ∂T

∂r
)+ ∂
∂z
(k ∂T
∂z
) = ρCp

∂T
∂t
							 (2.1)	

Assuming	isotropic	material	properties,	equation	2.1	is	redefined	as:	

2

2

1 1T T Tr
r r r z tα
∂ ∂ ∂ ∂⎛ ⎞+ =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ 						 (2.2)

	

Where	!	is	 the	 thermal	diffusivity	defined	as /  k Cpα ρ= ,	where	k	 is	 the	 thermal	

conductivity,	!	is	the	density,	and	!!	is	the	specific	heat.		

Lambert’s	law	is	used	to	obtain	the	absorbed	heat	from	a	laser	beam	with	Gaussian	

distribution:	

I(r, z) = I0 exp(−δz)exp(−r
2 r20 ) 								 (2.3)	

Assuming	 negligible	 heat	 loss,	 the	 boundary	 condition	 is	 given	 as:

∂T
∂z z=0 = −

1
k
ηPP(t)
πr0

2
exp(− r

2

r0
2
(t ≤ t p )) 	 (2.4)	

Where	 PP 	is	 defined	 as	 the	 peak	 power	 delivered,	!	is	 the	 fraction	 of	 energy	

absorbed	by	the	surface,	and	!!	is	the	beam	radius	(in	this	study	the	beam	diameter	

is	20	um).	

With	respect	to	the	vast	range	of	scale	variation	between	the	required	parameters	

(for	 example,	 while	 temperature	 changing	 is	 in	 orders	 of	 thousands	 of	 degrees,	

pulse	 duration	 only	 changes	 in	 orders	 of	 milliseconds),	 it	 is	 more	 convenient	 to	

define	a	set	of	non-dimensional	groups,	and	to	simplify	the	obtained	equations	as	
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functions	 of	 temperature,	 radius,	 location	 of	 the	 spot,	 and	 the	 required	 constant	

values.	The	customized	non-dimensional	variables	are	as	follow	[19,24]:	

0

0

2
04

ref

R r r
Z z r
T T

t r

θ

τ α

=

=

=

=

	

Where,	 R is	 non-dimensional	 radius, Z is	 non-dimensional	 depth,	 θ is	 non-

dimensional	temperature	(It	is	assumed	that	reference	temperature	is	the	melting	

temperature	of	the	material),	and	finally,	τ is	non-dimensional	time	for	 pt t≤ .	

Applying	 the	 non-dimensional	 variables,	 the	 heat	 conduction	 and	 boundary	

condition	equations	are	respectively	simplified	as	[20]:		

1
R
∂
∂R
(R ∂θ
∂R
)+ ∂

2θ
∂Z 2

= 4∂θ
∂r
						 (2.5)	

2
0 exp( ) ( ) ( )Z pQ R u u

Z
θ

τ τ τ=

∂
⎡ ⎤= − − − −⎣ ⎦∂

	 	 (2.6)	

	Where	Q	 is	 the	non-dimensional	power	and	 is	defined	as:	 0 refQ P k r Tη π= ,	u(t)	 is	

the	 unit	 step	 function.	 	 It	 must	 be	 noted	 that	 for	 this	 equation,	 the	 absorption	

coefficient	η,	and	peak	power	pp	are	assumed	constant.		

When	 the	 Laplace	 transform	 of	 the	 redefined	 heat	 conduction	 equation	 is	 taken,	

and	 the	 resultant	 differential	 equation	 is	 solved,	 the	 integral	 form	 of	 the	

temperature	can	be	calculated.		

Considering	the	limit	of	τ	≥	τp	the	temperature	in	integral	form	is	given	by	[20,24]:		
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Θ(R,Z,τ ) = Q
2 π

I(
τ−τ p

τ

∫ v)dv 					 (2.7)	

Where	I(v)	is	defined	as:	

I(v) = ( 1
1+ v

) 1
v
exp(− R2

1+ v
−
Z 2

v
) 					 (2.8)	

Hence,	the	maximum	temperature	at	the	center	of	the	beam	is	given	as:		

Θmax (τ ) =
Q
π
(arctan( τ )− arctan( τ −τ p )) 					 (2.9)	

This	equation	can	be	redefined	for	short	pulse	times	as:	

Θ(0, 0,τ ) = Q
τ
(τ ≺ τ p ) 			 (2.10)	

	

Assuming	a	steady	state	and	using	the	same	boundary	conditions,	the	temperature	

is	obtained	by:	

Θss (R,Z ) =
Q
2

exp(−λZ )exp(−λ 2 / 4)J0 (λR)dλ
0

∞

∫ 				 (2.11)	

In	Equation	2.11,	 J0 	is	the	Bessel	function	of	the	first	kind	of	order	zero.		

Hence,	simplifying	the	series	solution	in	integral	form	results	in	following:	

Θss (R = 0,Z ) =
Q π
2

exp(Z 2 )erfc(Z ) 				 (2.12)	

Θss (R,Z = 0) =
Q
2 π

exp(−R2 / 2)I0 (R
2 / 2) 				 (2.13)	
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From	 here,	 the	 non-dimensional	 temperatures	 along	 the	 radius,	 thickness	 and	

center	respectively	can	be	given	as:	

2( , 0, ) arctan( )exp( )p p
QR Z Rθ τ τ
π

= ≈ −
												 (2.14)

	

( 0, , ) arctan( )p p
QR Z QZθ τ τ
π

= ≈ −
													 (2.15)

	

(0,0, ) Q
θ τ τ

π
= 	,	for	 pτ τ< 				 (2.16)

	

Comparing	 the	 temperature	 profiles	 of	 each	 case	 can	 lead	 to	 estimating	 the	

influences	of	laser	parameters	for	more	efficient	laser	processing	applications.			

An	 important	 theory	 to	 be	 considered	 when	 working	 with	 non-dimensional	

temperatures	 is	 the	 behaviour	 of	 the	 temperature	 profile	 in	 cases	 of	 constant	

power	and	constant	energy.		When	looking	at	a	constant	power	case,	shorter	pulse	

duration	 results	 in	 a	 lower	 non-dimensional	 temperature	 [23].	 	 This	 is	 because	

when	 constant	power	 is	delivered	by	 the	 laser	 system,	 a	 shorter	 irradiation	 time	

results	 in	 less	 heat	 accumulation,	 and	 a	 lower	 non-dimensional	 temperature	 is	

achieved.	 	 Conversely,	 when	 considering	 a	 constant	 energy	 case,	 the	 non-

dimensional	 temperature	 is	 higher	 with	 shorter	 pulse	 durations.	 	 This	 can	 be	

explained	by	the	fact	that	with	a	constant	amount	of	energy,	shorter	pulse	duration	

allows	the	energy	 less	 time	to	spread	along	the	work	piece	 [23].	 	 In	other	words,	

energy	 is	delivered	 in	a	more	concentrated	manner	with	shorter	pulse	durations;	

hence,	higher	non-dimensional	temperatures	resulted.		With	this	behaviour	in	mind,	
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experimental	 observations	were	 to	 determine	 the	most	 effective	 combination	 for	

biocompatibility	enhancement	of	titanium	[23].	

2.2. Surface	Topography	Profile	
	

In	this	study,	the	surface	profile	(topography)	of	the	irradiated	titanium	substrates	

is	one	of	the	main	factors	considered	when	examining	effects	of	laser	parameters.		

Surface	 profile	 is	 a	 component	 of	 surface	 topography	 properties,	 and	 is	 highly	

influential	 on	 the	 interaction	 of	 the	material	 with	 its	 surroundings.	 	 The	 surface	

profile	 of	 a	 material	 is	 defined	 as	 the	 adjacent	 irregular	 deviations	 across	 the	

surface	of	a	material	that	has	a	smaller	scale	than	waviness	measurement	[25].		

Surface	 roughness,	 which	 can	 be	 expressed	 in	 terms	 of	 its	 height,	 width,	 and	

distance	is	defined	in	terms	of	the	arithmetic	mean	value	!! ,	the	root-mean-square	

average	 value	!! ,	 or	 the	maximum	 roughness	 height	!! .	 	 For	 the	 purpose	 of	 this	

research,	the	roughness	values	are	measured	in	terms	of	arithmetic	mean	value	!! ,	

which	is	defined	as	following	[25]:	

Ra =
ya + yb + yc +...+ yn

n
=
1
n

yi
i=1

n

∑ =
1
l
| y | dx∫ 	 (2.17)	

In	equation	2.17,	all	the	y	values	are	absolute	values	of	all	the	deviations	across	a	

known	distance.		Figure	2.1	illustrates	the	deviations	more	closely:	
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Figure	2.1:	Surface	Roughness	Measurements	[25]		

	

In	 this	 study,	 surface	 roughness	 is	measured	 using	 3D	Microscopy.	 The	 obtained	

values	are	then	used	to	compare	the	multiple	irradiated	titanium	samples	in	terms	

of	the	effectiveness	of	laser	parameters.		

2.3. Biocompatibility	Testing	
	

Simulated	 body	 fluid	 (referred	 to	 as	 SBF	 onward),	 or	 formally	 known	 as	

Hydroxyapatite,	is	a	supersaturated	insoluble	calcium	phosphate	mineral,	with	the	

chemical	 composition	of	!"!"(!"!)!(!")!.	 	 	This	 fluid	has	a	close	similarity	with	

human	blood	plasma	and	is	the	essential	component	of	the	biological	hard	tissues	

such	as	bones.		Due	to	the	high	absorbance	and	catalytic	properties	of	SBF,	this	fluid	

is	 commonly	 used	 to	 estimate	 the	 biocompatibility	 level	 of	 materials	 used	 in	

implant	production	[26].			
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Figure	2.2	 introduces	diagram	of	apatite	 interaction	with	 treated	 titanium	can	be	

seen.	

	

Figure	2.2:	Apatite	Formation	on	Surface	of	Treated	Titanium	

As	 mentioned	 in	 previous	 sections,	 once	 laser	 treated,	 the	 oxidation	 level	 of	

titanium	increases	and	produces	more	titanium	oxide	across	the	surface.		As	shown	

in	 Figure	 2.2,	 positively	 charged	!"!,!"!!,!"! ,!!! ions	 are	 attracted	 to	 and	

absorbed	by	 the	negatively	 charged	 surface	of	 the	 titanium	(!"!),	 and	create	an	

environment	 with	 excellent	 affinity	 to	 biomaterials,	 such	 as	 proteins.	 	 The	

attraction	 forces	 between	 the	 apatite	 and	 the	negatively	 charged	 titanium	oxides	

are	 increased	 through	 the	 laser	 treatment,	 which,	 in	 return,	 increases	 the	

biocompatibility	of	titanium	[26].			
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2.4. Statistics	
	

Throughout	 this	 study,	 experiments	 were	 repeated	 to	 ensure	 reliability	 and	

consistency	 of	 the	 obtained	 results.	 All	 experiments	 were	 carried	 out	 in	

Minitab®	and	the	data	points	are	averages	unless	otherwise	mentioned.	The	error	

bars	 indicate	 standard	 deviations.	 By	 obtaining	 the	 appropriate	 p	 value	 of	 each	

category	all	the	comparisons	presented	in	the	Results	section	are	validated.		

2.4.1. Assumptions	and	Sampling	

Throughout	 this	 study,	 all	 the	 experiments	 are	 completed	 in	 a	 consistent	

environment,	 at	 room	 temperature	 and	 with	 the	 same	 laser	 configuration.		

Titanium	 sheets	 with	 consistent	 thickness	 were	 used	 for	 completion	 of	 all	 the	

experiments.	

To	 ensure	 validation	 of	 measurements	 all	 the	 experiments	 were	 repeated	 an	

average	of	 ten	 times,	which	 is	 the	 common	number	of	 sampling	 according	 to	 the	

literature	[27].		

In	addition	to	repetition	of	experiments,	the	taken	measurements	were	repeated	an	

average	number	of	ten	times	as	well,	to	ensure	accuracy	in	measurement	of	data.		

In	this	study,	various	methods	of	comparison	are	utilized	to	detect	 the	significant	

differences	and	similarities	among	multiple	parameters	under	the	study.	The	main	

methods	 considered	 in	 this	 work	 are	 t-test	 and	 ANOVA	 analysis,	 which	 are	

described	in	detail	in	the	following	section.	In	order	to	ensure	the	results	obtained	

through	 these	methods	are	not	by	 chance,	p	 values	 are	 calculated	 to	validate	 the	
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obtained	results;	each	test	result	is	associated	with	a	particular	o	value.	Generally	p	

values	 are	 defined	 as	 the	 probability	 that	 the	 observed	 results	 were	 obtained	

accidentally,	which	would	 indicate	 the	null	hypothesis	 is	 correct.	 In	 this	 study,	 to	

validate	the	obtained	p	values,	a	95%	confidence	level	is	assumed,	which	requires	α	

or	priori	of	0.05.	If	obtained	p	<	α	level	then	the	null	hypothesis	is	rejected,	and	the	

experimental	 hypothesis	 is	 true,	 which	means	 the	 results	 show	 a	 95%	 certainty	

that	there	exists	a	significant	difference	among	the	population	of	data.	If	however,	p	

>	α	level	then	we	reject	the	experimental	hypothesis	and	accept	the	null	hypothesis	

[28-29].	

2.4.2. Statistical	Methods	
Statistical	analysis	methods	are	essential	in	validating	hypotheses	and	observations	

when	conducting	experimental	works.	There	are	two	main	categories	of	statistics,	

Descriptive	 statistics	 that	 includes	mean	 and	 standard	deviations,	 and	 inferential	

statistics,	which	contains	methods	such	as	t-test,	ANOVA,	and	regression	[27-29].		

Descriptive	 Statistics	 is	 a	 method	 in	 which	 the	 data	 is	 described,	 showed,	 and	

summarized	 in	 a	 way	 to	 develop	 patterns.	 Analyzing	 data	 through	 descriptive	

statistics	 is	 very	 helpful	 in	 presenting	 the	 data	 in	 a	 meaningful	 way.	 Presenting	

large	amount	of	raw	data	complicates	their	 interpretation;	hence	 it	 is	essential	 to	

simplify	 this	 process	 through	 graphs,	 and	 relative	 patterns	 that	 can	 allow	one	 to	

visualize	 the	 relationship	 among	 the	 data.	 Generally,	 two	 main	 factors	 are	 used	

when	describing	data	[29-30]:	
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Measures	of	 central	 tendency	are	used	in	describing	the	central	position	

distribution	of	a	group	of	data	through	a	number	of	statistics,	including	measure	of	

mode,	median,	and	mean.			

Measures	of	spread	are	methods	of	describing	the	overall	distribution	of	a	

group	of	data,	such	as	how	spread	out	they	are	compared	to	a	reference	measure,	

which	generally	is	taken	as	the	mean	of	the	group.	These	measures	are	essential	in	

summarizing	and	visualizing	the	position	of	the	data	points,	and	can	be	calculated	

through	 range,	 absolute	 deviation,	 variance,	 and	 standard	 deviation	 [28-30].	

Inferential	Statistics,	unlike	the	descriptive	statistics,	are	applied	to	a	selection	of	

data	 groups.	 These	 methods	 enable	 the	 generalization	 and	 analyzing	 a	 large	

population	 of	 data	 through	 a	 group	 of	 chosen	 samples	 that	 closely	 describe	 the	

overall	 properties	 of	 the	 population.	 Inferential	 statistics	 are	 assumed	 to	 contain	

errors	 of	 some	degrees,	 since	 a	 selection	 of	 samples	 is	 not	 an	 absolutly	 accurate	

representation	of	the	entire	population.	The	process	of	choosing	a	group	of	samples	

is	 known	 as	 sampling	 that	 considers	 factors	 including	 ethics,	 practicality,	 and	

techniques	 appropriate	 for	 the	 chosen	 population.	 There	 are	 multiple	 sampling	

techniques,	 with	 simple	 random	 sampling,	 probability	 sampling,	 and	 non-

probability	 sampling	 being	 some	 of	 the	 common	 techniques	 used	 for	 research	

purposes	[28-30].		

Once	 completing	 the	 sampling	 process,	 one	 of	 the	 main	 methods	 of	 inferential	

statistics,	 including	estimation	of	parameters	and	 testing	of	 statistical	hypothesis,	

can	be	used	 to	describe	and	analyze	 the	data	population.	As	 stated,	 this	 research	
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utilizes	 the	 two	 common	methods	 of	 hypothesis	 testing,	which	 includes	 t	 testing	

and	ANOVA	testing.	

In	 this	 study,	 the	 two	 main	 statistical	 hypothesis	 considered	 are	 defined	 as	

following:	

H0	=	null	hypothesis		

H1	=	experimental	(Alternative)	hypothesis	

The	 Null	 hypothesis	 assumes	 insignificant	 differences	 between	 groups,	 while	

alternative	hypothesis	indicates	a	significantly	important	statistical	data	[28-30].		

2.4.2.1. 	t-test		

The	 t-test	 is	 one	 the	 most	 common	 methods	 of	 statistical	 analysis,	 which	 is	

governed	by	the	null	and	alternative	hypothesises.	A	t	test	indicates	whether	or	not	

there	 is	 a	 significant	 difference	 among	 the	mean	 values	 of	 two	 groups	 of	 sample	

populations.	Based	on	the	two	assumed	hypothesises,	this	significant	difference	can	

reflect	 the	distribution	of	data	 in	 the	entire	population.	There	multiple	 t	 tests	 for	

different	situations,	but	all	follow	a	t-distribution	of	data	under	the	null	hypothesis	

[30-32].		

A	One	sample	t-test	is	used	to	locate	the	mean	of	a	large	population	in	reference	to	

a	target	value.		

A	 Two	 sample	 t-test	 tests	whether	 there	exists	 a	 significant	difference	between	

the	mean	values	of	two	independent	populations	of	data.	
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A	Paired	t-test	is	used	when	different	population	of	data	are	related	or	dependent.	

This	method	tests	whether	there	is	a	significant	difference	between	the	mean	of	the	

differences	of	the	two	sets	of	population.		

A	 t-test	 in	 regression	 output	 indicates	 whether	 the	 values	 of	 coefficients	 in	

regression	are	significantly	different	from	zero.		 

With	t-test	the	two	main	hypothesizes	are	defined	as	[33]:	

Null	Hypothesis:	H0:	μ1-	μ2	=	0	

Which	 denotes	 there	 is	 no	 significant	 difference	 between	 the	mean	 values	 of	 the	

two	chosen	independent	populations.		

Alternative	hypothesis:	H1:	μ1-	μ2≠	0	

Which	 indicates	 a	 significant	 difference	 among	 the	 mean	 values	 of	 two	 sets	 of	

population	in	consideration.	Calculating	t-test	is	shown	in	Equation	2.18	[33]:	

! =  !!!!!
!!!
!!
!!!

!
!!

											 	 2.18	

Where	!!and	!!are	 the	 mean	 values	 of	 the	 two	 groups	 of	 samples,	!! 	and	!!	

represent	the	total	number	of	population	of	two	sets,	and	!!	and	!!	are	the	standard	

deviation	of	each	set,	which	is	given	by	Equation	2.19	[33]:	

! =  (!!!)!
!!! 		 2.19	
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Where	X	is	the	measured	values,	x	represent	the	mean	value	of	the	sets,	and	n	is	the	

total	number	of	population.		

Generally,	 the	 closer	 the	 magnitude	 of	 t	 value	 is	 to	 zero,	 the	 less	 difference	 is	

observed	between	the	mean	of	the	two	populations,	which	means	acceptance	of	the	

null	 hypothesis.	 In	 this	 study,	 using	 two	 sample	 t-test	 assumptions	 and	 Minitab	

software,	the	p	values,	which	considers	the	probabilities	occurring	during	t-test,	are	

acquired	 for	 a	 95%	 confidence	 probability	 to	 indicate	 the	 significant	 differences	

between	obtained	data	[33].		

2.4.2.1 ANOVA	Analysis	

Similar	 to	 t-test,	 analysis	 of	 variance	 (ANOVA)	 is	 generally	 used	 to	 detect	 a	

significant	 difference	 between	 two	 or	 more	 population	 of	 data.	 With	 ANOVA	 a	

general	difference	among	the	population	sets	is	indicated.	In	another	words,	as	long	

as	there	is	a	significant	difference	between	at	least	two	sets	of	population,	the	Null	

Hypothesis	will	be	rejected.	The	general	form	of	hypothesises	for	ANOVA	testing	is	

defined	as	[34]:	

Null	Hypothesis:	H0:	μ1	=	μ2	=	μ3	...	=	0 

Alternative	hypothesis:	H1:	μ1	=	μ2	=	μ3	...	≠	0	

There	are	two	main	types	of	ANOVA,	which	are	used	depending	on	the	number	of	

independent	variables	that	are	being	considered	in	the	analysis.	

One-way	 ANOVA	 is	 used	 between	 two	 or	 more	 sets	 of	 independent	 groups	 to	

distinguish	a	significant	difference	among	their	variances.	An	important	limitation	



Methodology	 	 Mitra	Radmanesh	
	

	 27	

of	this	method	is	that	this	method	only	detects	the	existence	of	a	difference	among	

variances,	but	it	does	not	indicate	among	which	groups	this	difference	exists.		

Two-way	 ANOVA	 is	 generally	 used	 when	 testing	 is	 between	 one	 quantitative	

variable	 (measurement)	 ad	 two	 nominal	 variables	 (categorical).	 With	 two-way	

ANOVA	both	main	effects	 and	 interaction	effects	between	 the	populations	 can	be	

calculated	[34].		

Main	effects	are	similar	to	one-way	ANOVA,	where	a	significant	difference	between	

the	 variances	 of	 the	 groups	 is	 considered,	 and	 each	 variable	 is	 considered	

separately.	 However	 with	 interaction	 effects,	 all	 factors	 are	 applied	 at	 the	 same	

time.		

The	main	equation	used	for	conducting	a	one-way	ANOVA	test	is	shown	in	equation	

2.20	[33]:	

! =  
!(!!!)!
!!!

(!!!)!!
!!!

				 2.20	

Where	F	is	ANOVA	coefficient,	X	is	the	measured	values,	x	represent	the	mean	value	

of	the	sets,	p	is	total	number	of	population,	n	is	total	number	of	samples	taken	from	

the	population,	S	is	the	standard	deviation	of	the	samples,	and	N	is	the	total	number	

of	observation.		

In	this	study,	a	95%	level	of	confidence	 is	assumed	when	calculating	associated	p	

values	using	one-way	ANOVA	with	the	Minitab	software.		
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2.4.3 Laser	Parameters	
As	stated,	two	sample	t-test	and	one-way	ANOVA	is	used	to	validate	the	conclusions	

in	this	study.	These	methods	are	mainly	used	to	compare	the	effects	of	laser	power,	

scanning	 parameters,	 and	 frequency	 on	 surface	 roughness	 and	 diameter	 of	

irradiate	area	of	the	treated	titanium	substrates.	All	the	obtained	results	indicate	p	

values	less	than	the	assumed	α	level	(0.05),	which	indicates	a	significant	difference	

between	 the	 surface-roughness	 of	 the	 substrates;	 this	 is	 in	 agreement	 with	

literature	presented	through	out	the	study.	The	p	values	associated	with	effects	of	

each	laser	parameter	are	displayed	under	the	corresponding	graphs	on	the	results	

section.		
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Chapter	3	
	
3. Experimental	Setup	&	Procedure	
3.1. Laser	System	

	
The	 laser	 system	 used	 in	 this	 study	 is	 a	 ND:YAG	 Laser	 Pulsed	 system	 with	 a	

wavelength	 of	 1064	 nm.	 This	 system	 is	 capable	 of	 producing	 variable	 repetition	

rates	 (frequency)	 in	 the	 range	 of	 10	KHz	 to	 100	KHz,	 and	has	 an	 average	power	

output	 of	 10	W.	 The	 pulse	 duration	 of	 the	 output	 laser	 can	 be	 adjusted	 from	 six	

nanoseconds	to	60	nanoseconds	[35].	Figure	3.1	displays	the	general	configuration	

of	the	laser	system	used	in	this	study:	

	

Figure	3.1:	General	Configuration	of	Laser	System	
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All	 the	 laser	 parameters,	 including	 repetition	 rate,	 pulse	 duration	 and	 average	

power,	 are	 computer	 controlled	 through	 the	 use	 of	 EZCAD	 design	 software.	 This	

particular	 software	 allows	 for	 a	 number	 of	 different	 patterns	 to	 be	 created.	 The	

scanning	 parameters,	 including	 scanning	 speed,	 dwell	 time,	 and	 scanning	

configurations,	 can	 be	 adjusted	with	 this	 software.	However,	 parameters	 such	 as	

pulse	 duration	 and	 frequency	 cannot	 be	 varied	 continuously,	 and	 only	 discrete	

variations	are	possible	to	be	chosen	by	the	user	(characteristic	of	mode-lock	laser	

systems)	[35].		

3.2. Samples,	Procedure,	&	Analysis	
3.2.1. Simulated	Body	Fluid	

	
To	 study	 the	 effects	 of	 laser	 parameters,	 various	 sizes	 of	 titanium	 and	 titanium	

alloy	 substrates	 were	 used.	 	 After	 laser	 irradiation,	 titanium	 substrates	 were	

immersed	 into	 SBF	 for	 a	 set	 period	 of	 time	 in	 order	 to	 examine	 their	

biocompatibility	levels.	

As	stated	in	Chapter	Two,	the	conceived	SBF	is	used	as	a	measurement	method	for	

the	induced	ability	of	bone-type	apatite	across	the	surface	of	the	treated	titanium.		

Preparation	 of	 simulated	 body	 fluid	 requires	 a	 strict	 step-by-step	 method;	 the	

ingredients	used	in	the	preparation	process	are	displayed	in	Table	3.1.	
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Since	SBF	is	supersaturated	with	respect	to	apatite,	failing	to	follow	the	preparation	

procedure	accurately	could	lead	to	precipitation	of	apatite	in	the	solution	[26].		

Table	3.1:	Ingredients	Required	for	SBF	[26]	

Order	 Ingredients	 Amount	[g]	
1	 NaCl	 8.035	
2	 NaHCO3	 0.355	
3	 KCl	 0.225	
4	 K2HPO4	.	3H2O	 0.231	
5	 MgCl2	.	6H2O	 0.311	
6	 1.0M	-	HCl	 39	ml	
7	 CaCl2	 0.292	
8	 Na2SO4	 0.072	
9	 C4H11NO3	(Tris)	 6.118	
10	 1.0M	-	HCl	 0-5	ml	

	

For	preparation,	the	exact	amount	of	each	chemical	is	dissolved	in	order.	Using	Tris	

and	Hydrochloric	acid,	the	pH	level	of	the	solution	is	controlled	to	within	the	range	

of	7.40	–	7.45	at	a	temperature	of	36.5°!.	It	is	essential	to	ensure	that	the	pH	of	the	

solution	does	 not	 increase	 beyond	7.45	 at	 any	 point	 during	 the	 preparation.	 The	

solution	is	finalized	once	the	pH	level	is	adjusted	to	exactly	7.40	at	a	temperature	of	

36.5°!.	Upon	conceiving	the	simulated	body	fluid,	processed	samples	are	placed	in	

the	 fluid	 for	 a	 set	 period	 of	 time	 to	 evaluate	 and	 compare	 their	 biocompatibility	

[26].			

In	 order	 to	 measure	 effectively	 the	 new	 biocompatibility	 level	 of	 the	 treated	

titanium,	 the	 apatite	 inducing	 ability	 of	 each	 substrate	 is	 measured	 through	

immersion	 in	 SBF	 for	 a	 selected	 period	 of	 time.	 	 The	 biocompatibility	 is	 shown	

through	the	characterization	of	the	induced	apatite	layer	across	the	surface	of	the	
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material.	 	 In	 order	 to	 achieve	 an	 increased	 biocompatibility	 and	 surface	 energy	

level,	 elements	 such	 as	 calcium,	 oxygen,	 phosphorous,	 and	 chlorine	must	 appear	

across	 the	 surface	 after	 immersion	 in	 SBF.	 	Throughout	 the	 experiments,	 various	

methods	 are	 utilized	 for	 measurement	 of	 these	 elements	 across	 the	 surfaces	 of	

treated	substrates	[26].		

3.2.2. Scanning	Electron	Microscopy	
	
The	 Scanning	 Electron	 Microscopy	 (SEM)	 images	 provided	 produce	 a	 more	

accurate	 examination	 of	 the	 laser-textured	 titanium	 surfaces.	 SEM	 images	

displayed	 in	 this	 study	clearly	 illustrate	 the	 induced	patterns	and	 laser	effects	on	

the	 surface	 topography	of	 the	 titanium	 samples.	 	 The	 accuracy	 and	details	 of	 the	

images	can	be	controlled	using	various	magnifications.		Figure	3.2	shows	a	general	

configuration	of	SEM:	

	
Figure	3.2:	SEM	Configuration	[36]	

In	this	study,	SEM	device	JEOL	6400,	located	in	the	microscopy	and	microanalysis	

laboratory	at	UNB	Fredericton	campus	is	used.	The	provided	images	are	taken	with	
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magnification	range	of	500	X	 to	7000	X,	which	display	 the	apatite	deposition	and	

increased	roughness	in	more	detail	[36,	37].		

3.2.3. Energy	Dispersive	X-Ray	
	
Energy	dispersive	x-ray	enables	 the	 identification	of	 elements	 existing	across	 the	

selected	surface	area	of	a	material.	 	More	specifically,	with	EDX,	the	concentration	

percentage	 of	 the	 elements	 present	 can	 be	 obtained.	 Figure	 3.3	 displays	 the	

configuration	of	this	analytical	method	in	more	detail.		The	EDX	device	used	in	this	

study	 is	 also	 located	 in	 the	 microscopy	 and	 microanalysis	 laboratory	 at	 UNB	

Fredericton	campus	[38].			

	

Figure	3.3:	EDX	General	Configuration	[38]	

By	 using	 EDX,	 the	 existence	 of	 calcium,	 phosphorous,	 oxygen,	 and	 chloride	 is	

closely	tracked,	and	effects	of	laser	parameters	on	concentration	of	these	elements	

are	 examined.	 	A	 comparison	EDX	analysis	of	 a	 titanium	sample	before	 and	after	

laser	texturing	clearly	illustrates	the	effects	of	laser	parameters	on	concentration	of	

key	elements	for	biocompatibility	of	titanium	[38].		
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3.2.4. X-Ray	Diffraction	
	
X-ray	 diffraction	 (XRD)	 is	 a	more	 accurate	 and	 rapid	 analytical	 technique	mainly	

used	for	phase	identification	in	a	material.		Using	XRD,	the	elemental	average	bulk	

composition	of	a	given	unit	 cell	dimension	can	be	determined.	 	The	XRD	analysis	

machine	 used	 for	 this	 analysis	 is	 located	 in	 the	 Forestry	 Building	 on	 UNB	

Fredericton	 campus.	 	 The	 following	 figure	 shows	 a	 general	 description	 of	 this	

method	[39,41].	

	

Figure	3.4:	XRD	Analysis	Configuration	[39]	

This	study	compares	the	compositions	of	titanium	oxide	and	calcite	apatite	before	

and	after	laser	irradiation.	

	
3.2.5. Wettability	

	
Wettability	analysis	 is	also	conducted	 for	all	 the	samples	 in	order	 to	examine	 the	

energy	level	of	the	surface	after	laser	treatment.		This	particular	analysis	enables	an	

understanding	 of	 interactions	 between	 the	 solid	 surface	 and	 contacting	 fluid.		

Figure	3.5	displays	 a	 general	 illustration	of	 a	wettability	 examination.	 	Generally,	

water	is	used	as	the	testing	fluid	during	the	testing	process	[41].	
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Figure	3.5:	Wettability	Testing	-	Fluid:	Water;	A)	High	wettability;	B)	Low	wettability	[41]	

	
As	shown	in	the	figure,	a	droplet	of	fluid,	in	this	experiments	water,	is	placed	across	

the	 selected	 surface	 area.	 	 Depending	 on	 the	 hydrophobicity	 of	 the	 surface,	 the	

angles	of	contact	of	the	droplet	and	surface	varies.	 	Higher	contact	angles	refer	to	

lower	surface	energy	of	the	material,	and	therefore,	a	lower	wettability.				

In	order	to	achieve	a	high	biocompatibility,	a	material	requires	high	surface	energy,	

hence	a	higher	wettability.	The	wettability	level	of	treated	samples	was	determined	

in	order	to	compare	their	biocompatibility	[41].		

The	obtained	results	are	presented	and	discussed	in	the	following	sections.	

3.2.6. Cell	Culturing		
3.2.6.1. 	NIH	3T3	Fibroblast	cell	

	

Mouse	embryonic	fibroblasts	(NIH	3T3,	ATCC,	USA)	are	used	to	study	qualitatively	

cell	adhesion	on	surface	of	 titanium	substrates.	Fibroblasts	are	the	most	common	

cell	in	animal	connective	tissue,	with	wound	healing	as	their	main	role	[42].	

During	 the	 cell	 culture	 process,	 implants	 were	 seeded	 at	 a	 assumed	 density	

[cells/ml].	Cells	were	grown	for	3	days	at	37°C	with	5%	CO2	and	95%	air	in	DMEM-

Water	Drop	
	

Syringe	Tip	
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supplemented	 with	 10%	 heat-inactivated	 calf	 serum,	 4.5	 mg/ml	 glucose,	 2	 mM	

glutamine.	Implants	were	then	rinsed	in	phosphate	buffered	saline	(PBS)	to	remove	

non-adherent	cells,	and	fixed	in	4%	formaldehyde	in	PBS	overnight	at	4˚C.		

	
3.2.6.2. 	Fluorescent	Staining		

	
Upon	 completion	 of	 cell	 culturing,	 the	 non-adherent	 cells	 on	 the	 surface	 of	 the	

titanium	 substrate	 are	 removed	 in	 order	 to	 prepare	 substrate	 for	 imaging.	 The	

substrates	are	then	stained	with	actin	and	cytoskeleton	to	improve	the	imaging.	To	

stain,	 the	 samples	 are	 incubated	with	Alexa	 Fluor	 488	 followed	 by	Draq5,	which	

stains	the	nucleus.	The	samples	are	studied	using	a	fluorescence	microscopy.		
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Chapter	4	
	
4. Laser	Interactions	with	Materials	

In	 order	 to	 understand	 the	 interaction	 between	 lasers	 and	 materials,	 a	 general	

study	was	conducted	on	laser	processing	of	stainless	steel.	Stainless	steel	is	one	of	

the	 established	materials	 used	 in	 fabrication	 of	 biomedical	 devices.	 Investigating	

the	effects	of	laser	processing	on	stainless	steel	provided	a	general	expectation	for	

the	outcome	of	future	projects	completed	in	this	study.		

The	 results	 of	 this	 chapter	 are	 published	 in	 Journal	 of	 Material	 Science	 and	

Applications,	 as	 well	 as	 being	 published	 and	 presented	 at	 the	 25th	 Canadian	

Congress	of	Applied	Mechanics	(CANCAM	2015).		

4.1. Overview	

Understanding	 the	 principles	 behind	 the	 laser	 irradiation	 mechanism	 is	 an	

essential	 step	 in	 utilizing	 lasers	 in	 an	 effective	 manner.	 Controlling	 the	 laser	

parameters,	 and	 knowing	 their	 effects	 is	 essential	 to	 understanding	 the	 laser	

irradiation	mechanism.	This	study	was	conducted	to	identify	the	general	effects	of	

laser	treatment	on	materials	using	industrial	laser	systems.	Also,	a	new	method	for	

calculation	of	ablation	threshold	has	been	customized	for	stainless	steel,	which	can	

be	utilized	for	other	metals	and	alloys.	
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In	preparation	 for	 this	 experiment,	 thin	 sheets	of	 stainless	 steel	 type	304,	with	 a	

thickness	of	0.5	mm,	were	used	for	laser	irradiation.		The	samples	were	irradiated	

with	 microsecond	 pulses	 using	 three	 different	 pulse	 durations	 and	 various	

intensities	directly	related	to	outputting	voltage	to	create	point	patterns	across	the	

surface	[43,44].		Figure	4.1	introduces	a	view	of	the	final	selected	sample,	and	Table	

4.1	summarizes	the	procedure	of	the	experiment:	

	

Figure	4.1:	Stainless	Steel	Sample	After	Irradiation	

	

Table	4.1:	Experimental	Procedure	of	Stainless	Steel	304	

Pulse	
Duration	
[ms]	

Voltage	[V]	

400	 375	 350	 325	 300	 275	

Intensity	[J/µm2]	

20	 0.244	 -	 0.186	 0.159	 0.132	 0.107	

10	 0.158	 0.138	 0.119	 0.1	 0.081	 0.064	

5	 0.088	 0.076	 0.064	 0.053	 0.042	 -	

	

This	experiment	was	conducted	 in	a	confined	and	controlled	environment.	 	Upon	

completion,	 an	 understanding	 of	 the	 effects	 of	 laser	 parameters	 on	 the	 surface	

topography	properties	of	stainless	steel	was	determined.		
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4.2. The	Effects	of	Laser	Intensity	&	Pulse	Duration		

The	generation	of	different	zones	on	heat-affected	areas	was	observed.		Figure	4.2	

through	surface	texturing	of	stainless	steel	 introduces	 the	optical	 images	taken	of	

the	 surface	 of	 treated	 stainless	 steel.	 The	 size	 and	 surface	 texture	 of	 each	 spot	

changes	 based	 on	 the	 corresponding	 intensity	 and	 pulse	 duration;	 this	 is	 noted	

below	each	image.			 

 

Figure	4.2:	Optical	Images	of	Irradiated	Spots.	(Scale	bar:	30	µm)	

The	 surface	 layers	 and	patterns	of	 each	point	 differ	depending	on	 laser	 intensity	

and	pulse	duration.	The	creation	of	different	zones	on	the	surface	is	caused	by	the	

keyhole	generation	phenomenon	that	takes	place	during	any	laser	surface	texturing	

process	 [44,45].	 	 	 In	Figure	4.2,	each	picture	comprises	of	 three	zones;	Figure	4.3	

displays	 these	 zones	 and	 creation	 of	 a	 keyhole	 in	 more	 detail.	 	 Figure	 4.3	 A)	

introduces	 the	 different	 zones	 created	 on	 the	 surface.	 	 The	 outer	 area,	 indicated	

with	the	solid	circle,	marks	the	secondary	heat-affected	zone	(HAZ).		The	next	layer,	

shown	with	 the	dashed	circle	 indicates	 the	primary	HAZ,	and	 is	 the	center	of	 the	
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penetration	zone.	 	 	Lastly	the	shaded	area	(molten	area),	which	appears	as	waves	

on	 the	 surface	 of	 the	 irradiated	 spot,	 signifies	 the	 molten	 area	 caused	 by	 the	

accumulation	of	heat	on	the	surface	of	the	work	piece	[44,46].			

 

Figure	4.3:	Surface	Zones	and	Keyhole	Generation	(Scale	10	um)	

Figure	4.3	B)	 shows	 the	 location	of	keyhole	generation	with	 respect	 to	 the	zones	

created	across	the	irradiated	spot.		In	this	figure,	the	white	triangle	is	the	primary	

HAZ,	the	shaded	area	is	the	molten	area,	and	larger	triangle	signifies	the	secondary	

HAZ.		When	processing	materials	using	a	laser,	controlling	the	size	of	each	of	these	

zones	is	an	essential	factor	in	the	precision	and	quality	of	the	final	results.		Hence,	it	

is	vital	to	identify	the	effects	of	intensity	and	pulse	duration	on	these	layers	[46-48].		

The	keyhole	is	generated	in	the	white	triangle	at	the	center	of	the	irradiated	spot,	

and	corresponds	to	the	primary	HAZ.			
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4.3. Variation	of	Ablated	Areas	

As	mentioned	in	Chapter	Two,	the	effects	of	power	and	pulse	duration	on	the	size	

of	each	indicated	zone	can	be	further	examined	by	looking	at	the	non-dimensional	

temperature	 profiles	 of	 various	 pulse	 durations	 across	 the	 corresponding	 outer	

diameters	(primary	HAZ).		Figure	4.4	illustrates	the	variation	of	the	outer	diameter	

(as	indicated	in	Figure	4.3)	based	on	intensity	values.	The	important	zones	at	which	

significant	 changes	occur	 in	 the	behaviour	of	 outer	diameter	 are	 indicated	 in	 the	

figure.	

 
Figure	4.4:	Outer	Diameter	Vs.	Intensity	[P	value:	0.001]		

	

It	is	important	to	note	that	in	this	study	intensity	is	obtained	based	on	the	energy	

delivered	 to	 the	 sample.	 	 As	 expected,	 the	 diameter	 of	 the	 heat-affected	 zone	

increases	with	an	increase	in	intensity,	hence	an	increase	in	the	delivered	energy.		

At	 a	 constant	 intensity	 (energy	 per	 area),	 the	 shorter	 pulse	 duration	 results	 in	 a	

larger	outer	diameter.		A	case	of	a	constant	intensity	limits	the	amount	of	available	
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energy;	 therefore,	when	using	shorter	pulse	duration,	 the	constant	energy	will	be	

delivered	in	a	more	concentrated	manner,	since	the	process	is	not	long	enough	for	

the	 energy	 to	 spread	 across	 the	 material.	 In	 turn,	 this	 results	 in	 more	 heat	

accumulation	 and,	 therefore,	 a	 larger	 ablated	 diameter	 is	 achieved	 using	 shorter	

pulse	duration	[23].			

After	examining	the	behaviour	of	the	outer	diameter,	with	respect	to	intensity	and	

pulse	duration,	it	is	essential	to	explore	it	at	various	key	points	to	understand	this	

behaviour.	 Starting	 with	 zone	 1,	 the	 trend	 of	 changes	 is	 as	 expected;	 As	 theory	

suggests,	 the	 outer	 diameter	 increases	with	 an	 increase	 in	 intensity,	 and	 shorter	

pulse	duration	results	in	a	larger	diameter	at	a	constant	intensity.		However,	when	

zone	2	 is	 reached,	 it	 can	be	seen	 that	 the	diameters	begin	 to	have	similar	values,	

particularly	for	10	ms	and	20	ms	pulse	durations.	 	This	suggests	that	the	effect	of	

pulse	duration	on	the	HAZ	start	 to	decrease	as	 the	 intensity	 increases.	Therefore,	

this	 indicates	 that	 the	 temperature	 of	 the	 material	 is	 approaching	 the	 ablation	

temperature	threshold,	and	that	the	material	is	reaching	the	saturation	state.			

Laser	 ablation	 is	 defined	 as	material	 removal	 at	 the	macroscopic	 scale	 from	 the	

surface	of	the	work	piece,	caused	by	a	significant	change	of	state	where	the	ablated	

amount	 transforms	 into	 gas	 or	 plasma	 [39-41].	 In	 cases	 where	 laser	 radiation	

reaches	a	sufficiently	high	intensity,	the	surface	of	the	material	begins	to	ionize	and	

transforms	into	the	form	of	dense	plasma.		When	the	delivered	energy	by	the	laser	

is	 increased	 while	 the	 pulse	 duration	 is	 decreased,	 the	 accumulated	 heat	 will	

eventually	 exceed	 the	 breakdown	 threshold	 of	 the	 material.	 	 Thus,	 ablation	 is	

expected,	and	the	size	of	HAZ	reaches	its	saturation	point	[48,49].		Looking	at	zone	
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3,	 it	 is	 clear	 the	 material	 has	 reached	 the	 saturation	 point,	 and	 the	 diameter	

remains	 constant	despite	 the	 changes	 in	 intensity.	 	Reaching	 the	 saturation	point	

suggests	that	the	material	has	exceeded	its	ablation	threshold	and,	as	the	intensity	

increases,	 the	material	starts	evaporating;	Consequently,	 the	diameter	of	 the	HAZ	

remains	 constant	 [50].	 	 Determining	 the	 threshold	 for	 ablation	 temperature	 is	

essential	in	laser	processing	of	materials.		

According	 to	 Figure	 4.5,	 both	 outer	 and	 inner	 diameters	 change	 relative	 to	 each	

other	depending	on	intensity	and	pulse	durations.	 	To	demonstrate	this	relativity,	

Figure	4.5	introduces	the	change	in	the	diameter	ratio	with	intensity.		The	outer	to	

inner	 diameter	 ratio	 increases	with	 an	 increase	 in	 intensity.	 	 Therefore,	 as	more	

energy	 is	 delivered	 to	 the	 material,	 the	 heat-affected	 zone	 grows	 and	 inner	

diameter	decreases,	resulting	in	a	larger	molten	area.		It	should	also	be	noted	that	

looking	 at	 a	 constant	 intensity,	 the	 shorter	 pulse	 duration	 results	 in	 a	 larger	

diameter	ratio,	which	is	in	a	close	agreement	with	the	previous	analytical	results.		
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Figure	4.5:	Diameter	Ratio	vs.	Intensity	[P	Value:	0.022]	

 

In	Figure	4.2,	it	was	observed	that	the	molten	area	appears	as	a	region	of	waves	on	

the	 surface	 of	 the	 irradiated	 spot.	 	When	 a	material	 surface	 is	 irradiated	 using	 a	

pulsed	 laser	 system,	 several	 physical	 processes	 such	 as	 desorption,	 melting,	

vaporization,	boiling,	or	even	spontaneous	evaporation	(ablation)	may	take	place,	

and	 could	 result	 in	 formation	 of	 wave-like	 topography	 on	 the	 surface	 of	 the	

material.		Multiple	theories	present	the	reasons	for	these	periodic	structures	on	the	

surface	 of	 the	 irradiated	material,	 however	 they	have	mainly	 been	 related	 to	 the	

capillary	waves	[47,50].			

A	 surface	pressure	gradient	 could	 initiate	 the	 formation	of	 these	 structures.	 	 It	 is	

known	that	the	pressure	at	the	concave	portion	of	a	material	is	larger	than	on	the	

convex	parts.	 	Upon	melting	of	 the	material	due	to	 laser	 irradiation,	 this	pressure	

difference	could	cause	the	molten	liquid	to	move	towards	the	convex	regions	of	the	

surface,	 resulting	 in	 the	 creation	 of	 wave-like	 patterns	 [50].	 Also,	 once	 the	 laser	

irradiation	 stops,	 a	 high	 temperature	 difference	 between	 the	 material	 and	 the	

surrounding	 air	 is	 generated	 that	 causes	 the	motion	 of	 the	molten	material,	 and	
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generates	 the	 wave-like	 structures.	 	 This	 is	 contrary	 to	 the	 tendency	 of	 molten	

material	 for	 a	 wetting	 of	 its	 own	 solid,	 and	 is	 due	 to	 the	 existing	 surface	 forces	

acting	 on	 the	 liquid.	 	 This	 results	 in	 creation	 of	 the	 wave-like	 patterns	 on	 the	

surface	of	the	material	[47,50].				

4.4. Ablation	Threshold	

This	 experiment	 developed	 a	 method	 for	 calculating	 the	 ablation	 threshold	 of	

stainless	 steel.	 	 Further	 customization	 of	 this	 method	 can	 accommodate	 the	

ablation	 thresholds	 of	 other	metals	 and	 alloys.	 	 As	 shown	 in	 the	 Figure	 4.6,	 the	

ablation	threshold	for	one	pulse	decreases	with	decrease	in	the	pulse	duration.	Also,	

the	 threshold	 nearly	 reaches	 zero	 at	 diameter	 of	 60	 um	 which	 is	 in	 a	 good	

agreement	with	our	experimental	results	shown	in	Figure	4.6.		

 
Figure	4.6:	Computed	Results	for	Ablation	Threshold		

Depending	on	 the	application	required,	 the	 intensity	and	pulse	duration	could	be	

varied	and	controlled	in	order	to	reach	or	avoid	the	ablation	threshold	and	achieve	

the	desired	results	in	any	of	the	presented	zones	[16,52].			
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4.5. Key	Laser	Parameters		

The	trend	of	change	in	heat-affected	zones	can	be	further	explained	by	 looking	at	

the	 relation	 between	 the	maximum	 non-dimensional	 temperature,	 intensity,	 and	

non-dimensional	 power	 used	 with	 each	 indicated	 pulse	 duration.	 Figure	 4.7	

presents	 this	 comparison.	 The	 non-dimensional	 temperature	 and	 power	 are	

obtained	using	equations	2.6	and	2.16.		

	

Figure	4.7:	Max	Non-dimension	Température	vs.	Intensity	&	Non-dimension	Power	

In	Figure	4.7,	the	non-dimensional	temperature	increases	with	an	increase	in	both	

intensity	 and	 power.	 	 Thus,	 at	 higher	 intensity	 and	 power	 values,	 the	 materials	

experience	 a	 higher	 temperature,	 and	 a	 larger	 area	 is	 affected.	 	 This	 is	 in	 close	

agreement	with	the	changes	occurring	in	the	outer	diameter	based	on	energy	and	

intensity.	 	 Looking	 closely	 Figure	 4.7	 a),	 at	 a	 constant	 non-dimensional	 power,	

shorter	pulse	duration	results	in	a	lower	non-dimensional	temperature.		However,	

in	Figure	4.7	b)	the	opposite	is	observed:	at	a	constant	intensity,	the	shorter	pulse	

duration	develops	a	higher	non-dimensional	 temperature.	 	This	corresponds	with	
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the	 behaviour	 of	 the	 outer	 diameter	 at	 different	 pulse	 durations	 and	 intensity	

values	 presented	 in	 Figure	 4.4.	 It	 is	 clear	 that	 the	 higher	 non-dimensional	

temperatures	 result	 in	 larger	 heat-affected	 areas.	 Additionally	 at	 a	 constant	

intensity,	 the	 shorter	 pulse	 duration	 results	 in	 both	 higher	 non-dimensional	

temperature	 and	 larger	 outer	 diameter.	 	 Shorter	 pulse	 duration	 causes	 the	

delivered	 energy	 to	 be	 more	 concentrated	 on	 the	 irradiated	 spot,	 and	 hence	

increases	the	accumulated	heat	[23,47].	

4.6. Temperature	Change	Across	the	Surface	

To	 further	understand	 the	relation	among	 the	outer	and	 inner	diameter	 from	the	

variation	of	 laser	parameters,	 the	non-dimensional	temperature	along	the	surface	

is	examined.	 	The	analytical	results	 in	Figure	4.8	demonstrate	this	variation	along	

the	surface.			

The	non-dimensional	 surface	 temperature	 is	 at	 its	maximum	at	 the	 center	 of	 the	

irradiated	 spot	 and	 gradually	 decreases	 along	 the	 radius	 of	 the	 spot,	 eventually	

reaching	 a	 constant	 value	 at	 room	 temperature.	 	 The	 three	 layers	 created	on	 the	

surface	 of	 the	 irradiated	 spot	 can	 be	 shown	 along	 these	 curves.	 	 As	 indicated	 on	

Figure	4.8	by	 the	 lines	on	 the	curves,	 the	middle	zone	corresponds	 to	 the	molten	

area	shown	in	Figure	4.2.	
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Figure	4.8:	Non-Dimensional	Temperature	across	the	Surface	(Eq.	4)	

	

As	presented	in	the	experimental	results,	at	shorter	pulse	durations,	the	secondary	

heat-affected	zone	(molten	area)	is	significantly	smaller	than	with	the	longer	pulse	

durations;	this	can	clearly	be	seen	in	Figure	4.8.	The	solid	line,	which	is	an	indicator	

for	pulse	duration	of	5	ms,	has	 the	 shortest	 segment	 in	 the	middle	 section	of	 the	

curves	compared	to	the	dashed	lines.	A	shorter	pulse	duration	delivers	the	energy	

in	 a	 more	 concentrated	 manner.	 Hence,	 shorter	 pulse	 duration	 involves	 rapid	

energy	 deposition	 and	 creates	 vapour	 and	 plasma	 phases;	 this	 results	 in	 the	

absence	 of	 the	 molten	 area	 [51].	 	 This	 reduces	 the	 effects	 of	 energy	 on	 the	

surrounding	 of	 the	 target	 area	 (heat	 accumulation).	 	 Therefore,	 the	 non-

homogenous	aspect	of	energy	deposition	 is	reduced,	which	causes	the	creation	of	

wave-like	 patterns.	 	 It	 can	 be	 concluded	 that	 shorter	 pulse	 durations	 result	 in	 a	

better	surface	finish,	and	smaller	ablation	area	[51].	
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4.7. Temperature	Change	Along	the	Depth	

After	examining	the	changes	across	the	surface	of	the	sample,	it	is	essential	to	look	

at	 the	 effects	 of	 laser	 parameters,	 particularly	 pulse	 duration,	 on	 depth	 and	

penetration	of	metals.		

Figure	 4.9	 demonstrates	 the	 trend	 in	 non-dimensional	 temperature	 along	 the	

thickness	 (depth)	 of	 the	 sample	 as	 a	 function	 of	 intensity.	 	 It	 also	 displays	 the	

variation	of	the	heat-affected	zone	at	the	back	of	the	sample	to	the	outer	diameter	

ratio	with	intensity.		In	Figure	4.9	a),	the	non-dimensional	temperature	increases	as	

the	 intensity	 increases.	 	 This	 indicates	 that	 the	 penetration	 depth	 increases	 at	

higher	 intensities,	 which	 is	 in	 agreement	 with	 expectations:	 higher	 intensity	

delivers	higher	energy	 to	 the	material;	hence	 the	 laser	affects	a	 larger	amount	of	

the	material.			

 

Figure	4.9:	Non-dimensional	Temperature	at	Depth	(Eq.	5)	&	Back	to	Outer	Diameter	Ratio	vs.	
Intensity	
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As	with	previous	cases,	 if	 intensity	 is	held	constant,	a	shorter	pulse	duration	also	

results	in	a	higher	non-dimensional	temperature	at	the	depth.	Therefore,	a	deeper	

penetration	is	achieved	[20,47].		This	is	further	supported	by	the	heat-affected	area	

on	the	back	of	the	sample,	which	is	introduced	in	Figure	4.9	b).	The	change	in	the	

heat-affected	 zone	 on	 the	back	of	 the	 sample	 is	 shown	as	 a	 function	of	 intensity.		

The	 ratio	 of	 back	 to	 outer	 diameter	 increases	 with	 increasing	 intensity,	 which	

indicates	that	the	heat-affected	zone	on	the	back	of	the	samples	also	increases	with	

intensity.	 	Therefore,	 in	order	to	achieve	a	better	surface	finish,	and	a	clearer	and	

deeper	penetration,	shorter	pulse	durations	should	be	used	[20,47].		However,	with	

applications	 that	 take	 place	 on	 the	 surface	 of	 the	 material,	 such	 as	 surface	

annealing	 of	 stainless	 steel,	 larger	 pulse	 durations	 should	 be	 used	 because	 they	

resulted	in	a	larger	heat-affected	zone	on	the	surface	of	the	materials	[20,47].		

4.8. Summary	

After	a	thorough	analysis,	it	was	observed	that	pulse	duration	is	an	essential	factor	

in	controlling	 the	quality	of	 the	 final	product.	 	 In	order	 to	obtain	a	better	surface	

resolution	with	minimum	damage	to	the	surrounding	areas	of	the	irradiated	spot,	

shorter	pulse	durations	should	be	used.	 	For	applications	 involving	 larger	surface	

annealing,	 larger	 pulse	 durations	 are	 recommended	 due	 to	 their	 larger	 heat-

affected	zone	diameters.	 	Adjusting	the	intensity,	and,	thereby	energy	delivered	to	

the	material,	 controls	 the	depth	of	 the	penetration.	 	 Furthermore,	 the	 introduced	

method	 for	 the	 ablation	 calculation	 showed	 that	 the	 ablation	 threshold	 for	 one	
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pulse	 decreases	 with	 decreases	 in	 the	 pulse	 duration.	 The	 results	 were	 in	

agreement	to	the	obtained	experimental	results.			
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Chapter	5	
	

5. Effects	of	Laser	Power	

The	purpose	of	 this	chapter	 is	 to	 investigate	the	effects	of	 laser	power	on	surface	

texturing	and	enhancing	the	biocompatibility	of	titanium.	At	each	laser	power	used,	

the	effects	on	surface	topography,	oxidation,	and	cell	adhesion	of	treated	titanium	

substrates	are	closely	examined.	As	explained	in	Chapter	3,	the	influences	of	laser	

power	are	assessed	through	the	use	of	simulated	body	fluid,	and	fibroblast	NIH	3T3	

cells.		

The	results	of	this	chapter	are	published	in	the	Journal	of	Applied	Biomaterials	and	

Functional	 Materials,	 and	 accepted	 at	 the	 32nd	 Annual	 Meeting	 of	 the	 Canadian	

Biomaterials	Society	(CBS	2015).		

5.1. Line	Patterns	

To	examine	the	effects	of	power	on	the	surface	of	the	titanium	substrates,	a	range	

of	 low	 to	 high	 powers	was	 used,	while	 frequency	 and	 scanning	 speed	were	 kept	

constant	in	all	cases.	In	this	project,	line	patterns	were	scanned	along	the	surface	of	

the	samples.	Table	5.1	introduces	the	parameters	used	in	more	detail.	
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Since	 the	 scanning	 speed	 is	 constant	 for	 all	 four	 cases,	 the	 number	 of	 pulses	

delivered	to	the	material	 is	constant	as	well.	This	is	examined	more	closely	in	the	

following	chapters.		

Table	5.1:	Powers	and	Pulse	numbers	used	in	Surface	Treating	Titanium	Substrates	

Power						[W]	 Number	of	pulses	
6	 25	
8	 25	
10	 25	
12	 25	

	

Generally,	laser	treatment	of	the	materials	affects	the	surface	structure	by	altering	

their	 surface	 topography	 properties	 and	 oxidation.	 	 Once	 treated,	 there	 often	 is	

more	 available	 exposed	 surface	 area	 of	 the	 material	 because	 of	 an	 increase	 in	

surface	roughness,	which,	 in	return,	enhances	the	apatite	 inducing	ability	and	cell	

adhesion	 rate	 of	 that	 material.	 Figure	 5.1	 displays	 the	 variation	 in	 the	 treated	

substrates	using	the	stated	powers:		

	

Figure	5.1:	Surface	of	Treated	Titanium	A)	6	W;	B)	8	W;	C)	10	W,	D)	12	W	[Scale	18.0	KV	]	[52]	
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As	 the	power	 increases,	 the	 irradiated	area	becomes	wider,	with	deeper	grooves.	

Although	Table	5.1,	 the	number	of	pulses	delivered	 to	each	of	 these	substrates	 is	

the	 same,	 the	 images	 shown	 in	 this	 figure	 clearly	 indicate	 different	 surface	

topography	after	laser	treatment.	With	an	increase	in	power,	the	energy	delivered	

to	 the	 surface	 of	 the	 material	 increases	 as	 well,	 hence,	 more	 ablation	 and	

topography	 changes	 occur.	 Substrates	 treated	 with	 Power	 12	 W	 have	 a	 larger	

surface	affected	by	laser	irradiation	as	opposed	to	power	6	W.		

5.1.1. Surface	Topography	Analysis	

Using	3D	microscopy,	the	surface	profile	of	the	treated	substrates	can	be	compared;	

this	is	introduced	in	Figure	5.2.		

	

Figure	5.2:	Surface	Profiles	of	Ti.	A)	6	W;	B)	8	W;	C)	10	W;	D)	12	W	[52]	

As	shown,	an	increase	in	laser	power	clearly	affects	the	surface	topography	profile	

of	titanium	substrates.	Different	laser	powers	create	different	surface	irregularities	

across	the	surface	of	the	treated	titanium	substrates.		
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5.1.2. Cell	Adhesion	Assessment	

To	 determine	 how	 the	 differences	 in	 surface	 topography	 affects	 the	

biocompatibility	 of	 titanium,	 the	 treated	 substrates	 underwent	 a	 cell	 culturing	

process.	 The	 cell	 culturing	 process	 used	 fibroblast	 NIH	 3T3	 cells	 to	 assess	 cell	

adhesion.	 Figure	 5.3	 shows	 the	 fluorescence	 microscopy	 photographs	 of	 the	

substrates	 after	 the	 completion	 of	 cell	 culturing,	 and	 the	 cell	 concentration	 per	

irradiated	 area	 of	 the	 adhesive	 cells	 observed	 across	 the	 surface	 of	 titanium	

substrates.	

	

Figure	5.3:	Cell	Adhesion	Across	Surface	of	Treated	Ti	A)	6	W;	B)	8	W;	C)	10	W;	D)	12	W											
[P	Values:	0.0338]	

In	Figure	5.3,	 the	white	 lines	 indicate	the	edges	of	 the	 irradiation	area,	and	white	

dots	indicate	the	adhesive	cells.	These	microscopy	images	show	that	generally	with	

an	increase	in	power,	cell	adhesion	across	the	surface	of	treated	titanium	increases	

as	well.		However,	this	increase	has	a	limit;	looking	closely	at	Figure	5.3	D),	where	

applied	power	 is	12	W,	 the	number	of	adhesive	cells	 is	 less	 than	power	of	10	W;	
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Figure	5.3	C).	This	is	due	to	the	fact	that,	after	a	certain	power	threshold,	the	energy	

delivered	to	the	surface	of	the	titanium	increases	the	surface	temperature	beyond	

the	 oxidation	 limit.	 Therefore,	 the	 material	 develops	 less	 titanium	 oxide	 as	 the	

surface	undergoes	larger	ablation.	This	is	shown	in	Figure	5.4.		

	

Figure	5.4:	Maximum	average	Surface	Temperature	in	each	Power		[52]	

As	 evident,	 with	 power	 of	 12	 W,	 the	 maximum	 average	 surface	 temperature	 of	

titanium	 exceeds	 the	 evaporation	 point	 of	 titanium,	 and	 therefore	 less	

concentration	of	titanium	oxide	generates	along	the	surface	of	the	substrates.	Also,	

more	ablation	occurs,	which	agrees	with	the	observations.	As	explained	in	Chapter	

1,	 having	 a	 larger	 concentration	 of	 titanium	 oxide	 across	 the	 surface,	 results	 in	

better	cell	interactions.	This	is	evident	in	the	cell	concentration	graph	that	a	power	

of	10	W	has	the	highest	cell	concentration,	which	indicates	this	substrate	offered	a	

better	adhesion	environment	for	cell	attachment	to	take	place.		
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Using	EDX	analysis,	the	concentration	of	oxygen	in	all	four	substrates	is	compared.	

Figure	5.5	indicates	the	results:	

	

Figure	5.5:	EDX	Analysis	of	Titanium	[52]	

Comparing	the	trace	of	oxygen	across	the	surface	of	all	four	substrates,	it	is	clearly	

observed	that	with	increases	in	power,	the	oxygen	concentration	increases	as	well,	

until	power	12	W,	which	shows	a	lower	trace	of	oxygen.		This	is	in	agreement	with	

the	adhesion	results	observed	in	Figure	5.3.	

Overall,	the	cell	adhesion	was	highest	for	substrates	treated	with	power	8	W	and	10	

W.	 These	 two	 powers	 provide	 adequate	 surface	 topography	 and	 the	 energy	

delivered	 is	 within	 the	 oxidation	 temperature	 range,	 hence	 creating	 a	 desirable	

environment	for	cell	attachment	to	take	place.	However,	Power	10	W	provided	the	

highest	 cell	 adhesion,	 and	 therefore,	 the	 best	 biocompatibility	 among	 the	 four	

chosen	powers.		
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5.2. Bullet	Point	Patterns	

To	 further	explore	 the	 results	of	powers	8	W	and	10	W,	 a	bullet	point	pattern	 is	

inscribed	 across	 surface	 of	 the	 titanium	 substrates.	 Different	 scanning	 patterns	

affect	 the	number	of	pulses	delivered	to	 the	material.	With	a	bullet	point	pattern,	

the	 dwell	 time,	 or	 the	 time	 laser	 irradiation	 takes	 place	 for	 a	 single	 point,	 is	

dependent	 on	 the	 number	 of	 pulses	 delivered.	 Therefore,	 different	 dwell	 times	

were	used	for	powers	of	8W	and	10	W.		Hence,	within	each	power,	different	pulse	

numbers	 were	 considered	 in	 order	 to	 take	 this	 effect	 into	 consideration.	 Laser	

frequency	 was	 held	 constant	 in	 order	 to	 ensure	 consistency	 throughout	 the	

experiment.	Table	5.2	summarizes	the	variables	used	for	this	particular	project.		

Table	5.2:	Laser	Parameters	Used	for	Power	Examinations	

Power	[W]	 Dwell	Time	[ms]	 Number	of	pulses	

8	
0.1	 25	
2	 500	

10	
0.1	 25	
0.5	 125	
1	 250	
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Figure	5.6	shows	the	induced	point	patterns	used	in	this	experiment:	

	

Figure	5.6:	Point	Patterns	overview	(Mag	190)	a)	Power	8	W,	0.1	ms;	b)	Power:	10	W,	0.5	ms		

In	this	portion,	the	effects	of	induced	patterns	on	bioactivity	of	titanium	substrates	

are	assessed	through	the	use	of	SBF.		

Figure	5.7	shows	the	difference	in	apatite	inducing	ability	of	treated	and	untreated	

titanium	 surface,	which	 is	 the	white	 trace	 of	 deposition	 across	 the	 surface	 of	 the	

substrates.	 	 Although	 the	 unprocessed	 section	 still	 shows	 some	 minor	 apatite	

deposition,	the	textured	section	has	thicker	layer	of	apatite	on	its	surface.			

	

Figure	5.7:	Treated	and	Untreated	Surfaces	of	Titanium	immersed	in	SBF.	P:8	W,	Dt:	2	ms		
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The	 processed	 surface	 of	 the	 substrate	 has	 larger	 surface	 roughness	 than	 the	

unprocessed	surface,	and,	therefore,	has	a	larger	exposed	area	for	cell	migration	to	

take	 place.	 	 The	 higher	 apatite	 precipitation	 ability	 results	 in	 a	 better	

biocompatibility	 of	 the	 surface	 titanium,	 since	 it	 enhances	 the	 conditions	 for	

further	cell	 attachment	 to	 take	place.	 	This	 is	 in	agreement	with	 the	expectations	

discussed	 in	 previous	 sections,	 and	displays	 the	 effects	 of	 laser	 surface	 texturing	

explicitly.		

As	 shown	 in	 this	 figure,	 the	 apatite	 particles	 are	 distinctly	 more	 on	 top	 of	 the	

irradiated	pattern	in	comparison	to	the	regular	surface	of	the	titanium.		It	should	be	

noted	 that,	 the	 laser	 irradiation	 on	 the	 surface	 of	 the	 samples	 causes	 the	molten	

material	to	pour	around	the	indicated	path	and,	therefore,	increase	the	roughness	

of	 the	 surrounding	 surface.	 	 Hence,	 there	 are	 small	 depositions	 that	 can	 be	 seen	

surrounding	the	points;	this	phenomenon	is	further	explained	in	Chapter	6	[26,53].	

Another	key	difference	between	the	treated	and	untreated	samples	is	the	oxidation	

level	of	 the	two	surfaces.	 	The	treated	portion	of	 the	surface	has	been	exposed	to	

controlled	laser	irradiation,	which	delivers	continuous	and	concentrated	energy	to	

the	 surface	 of	 the	 sample	 and	 increases	 the	 temperature	 of	 the	 surface.	 	 This	

temperature	 rise	 can	 be	 controlled	 to	 achieve	 the	 oxidation	 level	 temperature	

threshold.	Thereby,	resulting	 in	the	creation	of	 titanium	oxide	(titania)	across	the	

surface.	As	seen	in	Figure	5.7,	the	bone-like	apatite	on	the	processed	surface	occurs	

in	larger	spheres	compared	to	the	deposition	on	the	unprocessed	surface	[54,55].	
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5.2.1. Biocompatibility	Assessment	

To	 examine	 the	 biocompatibility	 enhancement	 of	 treated	 titanium,	 SEM	

micrographs	 of	 samples,	 treated	 with	 power	 8	 W,	 after	 soaking	 in	 SBF	 are	

presented.	Figure	5.8	and	5.9	display	the	results	of	these	samples	soaked	for	three	

and	 seven	 days	 respectively.	 The	 images	 in	 the	 box	 display	 a	 closer	 look	 at	 the	

induced	apatite,	which	are	the	white	traces	across	the	surface.		

	

Figure	5.8:	Power	8	W;	a)	0.1	ms;	b)	2	ms;	3	Days	Soaked	

	

	

Figure	5.9:	Power	8	W;	a)	0.1	ms;	b)	2	ms;	7	Days	Soaked	
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The	 samples	 displayed	 in	 Figure	 5.8	 have	 dwelling	 times	 of	 0.1	ms	 and	 2	ms,	 as	

indicated.	 	 As	 it	 can	 be	 seen	 from	 this	 figure,	 the	 created	 point	 patterns	 on	 the	

surface	of	the	sample	have	made	the	surface	rougher,	and	as	a	result	a	thicker	bone	

type	apatite	layer	precipitated	upon	the	surface.	 	The	deposition	of	these	layers	is	

an	indicator	of	the	apatite	inducing	ability	of	the	processed	samples,	and,	hence,	a	

higher	biocompatibility.	The	thicker	the	bone-like	apatite	deposition	is,	the	higher	

the	 apatite-inducing	 ability,	 and,	 therefore,	 the	higher	 the	biocompatibility	 of	 the	

titanium	samples.	Similar	to	the	case	displayed	in	Figure	5.8,	Figure	5.9	illustrates	

the	 substrates	 with	 same	 conditions	 soaked	 in	 seven	 days	 of	 SBF.	 	 Comparing	

Figure	5.9	a)	 and	Figure	5.9	b),	 it	 is	 clearly	 shown	 that	Figure	5.9	b)	has	a	much	

better	apatite	inducing	ability,	since	it	has	a	thicker	apatite	precipitation	across	it.		

Similar	to	the	previous	case,	the	bioactivity	of	samples	prepared	using	power	of	10	

W	is	examined	in	Figures	5.10	and	5.11.		

	

Figure	5.10:	Power	10	W;	a)	0.1	ms;	b)	0.5	ms;	c)	1	ms;	3	Days	Soaked	
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Figure	5.11:	Power	10	W;	a)	0.1	ms;	b)	0.5	ms;	c)	1	ms;	7	Days	Soaked	

When	comparing	Figures	5.9	and	5.11,	 the	samples	with	higher	processed	power	

have	thicker	white	trace	of	deposition	than	the	samples	with	lower	power.		With	a	

higher	power,	more	heat	is	transferred	to	the	sample,	a	higher	accumulated	heat	is	

obtained,	and,	therefore,	a	deeper	penetration	can	be	created.	A	deeper	penetration	

corresponds	 to	 a	 better	 surface	 topography	 for	 bioactivity	 of	 titanium.	However,	

when	comparing	the	effects	of	power	and	dwelling	time	on	the	adhesion	rate	of	the	

samples,	Figure	5.10	c)	shows	that	higher	power	results	 in	more	apatite-inducing	

ability	than	higher	dwelling	time	does.	Ergo,	a	desirable	bioactivity	can	be	achieved	

through	 higher	 powers,	 given	 that	 the	 material	 is	 not	 fully	 ablated	 because	 of	

extreme	power.	The	higher	power	gives	more	energy	to	creation	of	the	pattern,	and,	

hence,	a	greater	amount	of	heat	would	be	 transferred	 to	 the	material.	 	This	extra	

heat	results	in	deeper	penetrations,	and,	eventually	increases	the	bioactivity	of	the	

surface	 of	 the	 material.	 	 In	 other	 words,	 higher	 power	 increases	 the	 surface	

topography	 by	 creating	 larger	 irregularities	 when	 melting	 the	 surface	 of	 the	

material,	 and	 is	 considered	 more	 effective	 in	 comparison	 to	 dwelling	 time	

[49,54,56].	
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Furthermore,	 as	 previously	 stated,	 the	 heat	 rise	 is	 larger	 with	 higher	 powers.	

Therefore,	 the	 temperature	 rise	 of	 a	 larger	 area	 of	 the	 surface	 would	 reach	 the	

oxidation	 level.	 	 In	 return,	 this	 will	 catalyze	 a	 larger	 amount	 of	 titanium	 into	

titanium	oxide.	 	As	mentioned	 earlier,	 titanium	oxide	 increases	 the	wettability	 of	

the	 surface	 material.	 	 Wettability	 of	 a	 material	 is	 closely	 associated	 with	 the	

biological	 interactions	 between	 the	 biomaterial	 surface	 and	 the	 tissue	 or	 organ.		

These	 interactions	 heavily	 rely	 upon	 the	 energy	 surface	 of	 the	 implant	material,	

which	 increases	 with	 increase	 wettability	 of	 the	 material.	 	 Therefore,	 when	

wettability	of	a	material	is	increased,	a	higher	surface	energy	exists	at	the	surface	of	

that	material,	which	allows	a	better	cell	adhesion.		Essentially,	higher	cell	adhesion	

provides	 a	 better	 apatite-inducing	 ability.	 	 Therefore,	 using	 higher	 laser	 power	

enhances	 the	 biocompatibility	 of	 the	 titanium	 samples	more	 compared	 to	 longer	

dwelling	times	[57].	

5.2.2. Surface	Topography	Analysis	

Using	 3D	 microscopy,	 the	 arithmetic	 mean	 values	 for	 surface	 roughness	 of	 the	

samples	 treated	using	powers	of	8	W	and	10	W	were	obtained.	Figures	5.12	and	

5.13	show	a	3D	image	of	the	surface	of	these	samples:	
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Figure	5.12:	3D	Optical	Image	of	Surface	Roughness;	Power	8	W	A)	2	ms;	B)	0.1	ms	

	

	

Figure	5.13:	3D	Optical	Image	of	Surface	Roughness;	Power	10	W	A)	1	ms;	B)	0.5	ms	C)	0.1	ms	

An	 average	 plot	 of	 the	 measured	 surface	 roughness	 is	 obtained	 to	 compare	 the	

roughness	level	of	each	sample	as	shown	in	Figure	5.14.		

	
Figure	5.14:	Surface	Roughness	Comparison	of	0.5	ms,	1	ms,	and	2	ms	Dwelling	times		

[P	Value:	0.00354]	
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The	roughness	values	measured	in	this	plot	are	in	agreement	with	the	conclusions	

obtained	from	this	project.		

The	 EDX	 analysis	 of	 the	 SBF	 soaked	 samples	 indicates	 the	 presence	 of	 titanium,	

calcium,	phosphorous,	oxygen,	and	aluminum.	The	deposition	of	bone-like	apatite	

on	the	surface	of	the	SBF	soaked	samples	is	shown	via	these	elements.		Figures	5.15	

compares	an	EDX	analysis	of	the	samples	treated	using	powers	8	W	and	10	W	after	

insertion	in	SBF.	

	

Figure	5.15:	EDX	Analysis	of	Titanium	Sheets.	Before	and	After	SBF	Insertion	[52]	

EDX	analysis	of	the	composition	of	the	apatite	layer	deposited	after	soaking	in	SBF	

indicates	 the	 presence	 of	 hydroxyapatite	 (HA)	 (Ca5H2(PO4)3·OH),	 as	 shown	 in	

Figure	5.15.	HA	has	a	composition	similar	to	the	mineral	phase	of	bone.	It	has	been	

demonstrated	that	bone-like	HA	possesses	good	osteoconductivity	and	has	a	high	

affinity	for	living	bone	cells.	
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Further	 investigation	of	 the	bone-like	apatite	 layer	 is	 conducted	by	analyzing	 the	

samples	 using	 XRD,	 as	 indicated	 on	 Figure	 5.16.	 Upon	 obtaining	 XRD	 analysis,	

traces	 of	 calcium	were	detected	on	 the	 surface	of	 the	processed	 titanium	 sample	

using	power	10	W,	after	soaking	in	SBF,	agrees	with	the	expected	results.			

	

Figure	5.16:	XRD	Analysis	of	Sample	Soaked	in	SBF	

As	expected,	using	parameters	that	provide	higher	surface	topography	and	increase	

the	 existence	 of	 titanium	 oxide	 across	 the	 surface	 of	 substrates	 increases	 the	

biocompatibility	 of	 the	 titanium.	 Based	 on	 the	 analysis	 presented,	 having	 a	 high	

processing	power	and	high	number	of	pulses	results	 in	the	most	effective	pattern	

for	enhancing	the	biocompatibility	of	the	materials.		However,	power	has	proven	to	

be	more	influential	on	increasing	the	apatite-inducing	ability	of	the	material.	

5.2.3. Surface	Temperature	Analysis	

To	verify	the	accuracy	of	the	obtained	observations,	a	thorough	theoretical	analysis	

of	the	effects	of	laser	power	upon	the	surface	roughness	and	oxidation	level	of	the	
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samples	 was	 conducted.	 	 In	 order	 to	 fully	 understand	 the	 degree	 of	 change	 in	

surface	roughness	and	oxidation	level	of	each	sample,	 tracking	the	changes	 in	the	

surface	temperature	across	the	samples	was	used	as	the	approach	[54].			

Upon	completion	of	the	analytical	analysis,	the	temperature	profile	for	both	cases	

with	8	W	and	10	W	powers	was	determined.		Figure	5.17	displays	the	average	

surface	temperature	for	the	samples	using	a	power	of	8	W	and	10	W.			

	

Figure	5.17:	Average	Surface	Temperature;	a)	Power:	8W,	b)	Power	10W	

The	 temperature	 increases	with	 increasing	 pulse	 number	 irradiating	 the	 surface.		

The	high	temperature	causes	more	ablation	on	the	surface	of	the	material,	which,	in	

return,	 increases	 the	 roughness	 and	 oxidation	 at	 the	 surface.	 	 Looking	 at	 Figure	

5.17	a),	the	two	points	indicated	on	the	graph	are	the	two	samples	prepared	using	

dwelling	times	of	0.1	ms	and	2	ms	and	pulse	numbers	of	2	and	40	respectively.		As	

illustrated,	a	higher	dwelling	time	corresponds	to	a	higher	pulse	number	(40),	and	

a	better	apatite-inducing	ability	occurs	on	the	surface	(b)	[58].				

Similarly,	looking	at	Figure	5.17	b),	the	surface	temperature	profile	was	generated.		

With	higher	dwelling	 times	 (0.1	ms,	0.5	ms,	 and	1	ms),	 a	higher	pulse	number	 is	
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obtained	 ((a)	2,	b)	4,	 c)	20	respectively),	 and,	 resulting	 in	higher	average	surface	

temperature.	 	 Similar	 to	 the	 previous	 case,	 the	 adhesion	 rate	 of	 the	 samples	

increases	at	higher	temperatures.		In	both	cases,	the	surface	temperature	increases	

above	 the	 melting	 point	 of	 titanium.	 Therefore,	 some	 ablation	 occurs,	 which	

increases	 the	 surface	 roughness	 of	 the	 material	 [54,58].	 	 This	 agrees	 with	

experimental	observations.	

When	comparing	 the	specified	points	on	Figures	5.17	a)	and	b),	 it	 is	evident	 that	

the	sample	prepared	with	a	power	of	10	W	and	dwelling	time	of	1	ms,	(point	c)),	

had	the	best	apatite	deposition	layer	across	its	surface;	despite	the	shorter	dwelling	

time	 (compared	 to	 case	 b)	 in	 Figure	 5.17	 a)).	 Because	 the	 average	 surface	

temperature	of	Figure	5.17	b),	picture	c),	is	greater	than	Figure	5.17	a),	picture	b),	

due	 to	 its	 higher	 power,	more	 ablation	 occurs	 [58,59].	 	 Also,	 a	 larger	 amount	 of	

titanium	 oxide	 is	 created	 around	 this	 point,	 which	 affects	 the	 apatite-inducing	

ability.	 In	comparison	to	dwelling	time,	having	a	higher	power	 is	more	 influential	

on	 the	 surface	 topography	 properties.	 This	 also	 agrees	 with	 the	 experimental	

results	[60].			

5.3. Summary	

It	 is	 important	to	note	some	key	factors	with	regards	to	use	of	a	 laser	 for	surface	

texturing.	 	 Based	 on	 the	 presented	 results,	 it	 is	 clear	 that	 the	 parameters	 that	

influence	the	biocompatibility	of	a	material	are	readily	controlled	through	the	use	

of	a	laser.		The	environment	at	which	the	implant	devices	would	have	to	function	is	

drastically	 different	 than	 the	 environments	 that	 regular	 engineering	 devices	
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function.	 	 Implants	 must	 be	 designed	 to	 function	 in	 typically	 warm	 (37	 °C),	

aqueous,	 and	 salty	 environments.	With	 water	 as	 the	 dominant	 chemical	 species,	

implants	must	withstand	aggressive	conditions,	which	would	eventually	give	rise	to	

both	 corrosion-	 and	 wear-related	 problems.	 	 From	 this	 viewpoint,	 the	 most	

important	 characteristics	 of	 the	materials	 used	 in	 the	 implant	 systems	 are	 their	

chloride	content,	dissolved	oxygen	level	and	pH	level.		Hence,	the	oxide	level	of	the	

materials	used	in	designing	the	scaffolding	system	is	of	utmost	importance,	in	order	

to	prepare	them	for	the	body	conditions	[61,62].		

From	 this	 standpoint,	 laser	 surface	 texturing	 offers	 a	 huge	 advantage	 in	

comparison	 to	 more	 conventional	 methods.	 	 By	 controlling	 the	 power,	 the	

properties	of	the	irradiated	spot	change	with	respect	to	topography	and	oxidation	

level	of	the	material.		The	transferred	heat	to	the	surface	of	the	material	increases	

the	 temperature	 of	 the	 material	 to	 the	 oxidation	 threshold,	 which	 increases	 the	

oxidation	level	of	the	material.		Hence,	the	biocompatibility	of	titanium	is	increased	

in	one	step	by	using	laser	surface	texturing	[60].	

Upon	 completion	 of	 the	 analysis,	 it	 is	 evident	 that	 increasing	 the	 power	 at	 the	

oxidation	temperature	 increases	cell	adhesion	and	biocompatibility	of	 the	treated	

titanium	 substrates.	 Overall,	 the	 experimental	 observations	 were	 in	 close	

agreement	with	the	analytical	results.	
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Chapter	6	
	
6. Effects	of	Scanning	Parameters		

The	scanning	parameters	of	lasers	are	the	scanning	speed	and	laser	pulse	number.	

The	 laser	 pulse	 number	 is	 directly	 related	 to	 the	 scanning	 speed	 used	 while	

irradiation	is	occurring.		In	this	study,	the	effects	of	scanning	speed	on	the	number	

of	 laser	 pulses	 delivered	 to	 the	 surface	 of	 titanium	 substrates	 during	 laser	

irradiation	 was	 examined.	 These	 effects	 are	 monitored	 at	 two	 different	 laser	

repetition	rates	(frequency)	to	ensure	consistency	of	the	experiments.		

The	 results	 of	 this	 chapter	 are	 published	 in	 Journal	 of	 Biomaterials	 and	

Nanobiotechnology,	as	well	as	being	published	and	presented	at	the	25th	Canadian	

Congress	of	Applied	Mechanics	(CANCAM	2015).		
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6.1. Line	Patterns	Induced	by	50	KHz	Frequency	

6.1.1. Procedure		

While	repetition	rate	(frequency)	and	power	were	held	constant	at	50	KHz	and	10	

W,	 respectively,	 line	 patterns	 were	 induced	 across	 the	 surface	 of	 titanium	

substrates	 using	 various	 scanning	 speeds.	 Table	 6.1	 introduces	 the	 range	 of	

scanning	 speeds	 used	 in	 this	 experiment,	 and	 the	 corresponding	 laser	 pulse	

numbers.		

Table	6.1:	Scanning	Speeds	&	Pulse	Numbers	Frequency	50	KHz	

Frequency	[KHz]	 Scanning	Speed	[um/ms]	 Number	of	pulses	

50	
50	 125	
100	 	63	
300	 	21	

	

6.1.2. SBF	Immersed	Substrates	

In	 this	 experiment,	 line	 patterns	 were	 generated	 on	 the	 surface	 of	 the	 titanium	

substrates,	which	increased	their	surface	topography	properties.	

Next	 treated	 titanium	 samples	 were	 immersed	 in	 SBF	 solution	 to	 assess	 their	

biocompatibility.	 	 Figures	 6.1,	 6.2,	 and	 6.3	 respectively,	 display	 the	 substrates	

treated	at	each	scanning	speed.	
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Figure	6.1:	50	KHz;	50mm/s	(a)	No	SBF;	(b)	3	Days	SBF;	(c)	7	Days	SBF	

	

Figure	6.2:	50	KHz;	100	mm/s	(a)	No	SBF;	(b)	3	Days	SBF;	(c)	7	Days	SBF	

	
Figure	6.3:	50	KHz;	300	mm/s	(a)	No	SBF;	(b)	3	Days	SBF;	(c)	7	Days	SBF	

	
To	assess	biocompatibility,	the	treated	titanium	substrates	were	immersed	in	SBF	

for	periods	of	three	and	seven	days.		

Figures	6.1	a),	6.2	a),	and	6.3	a)	show	that	an	 increase	 in	the	processing	speed	of	

irradiated	 patterns	 reduce	 the	 effects	 on	 the	 surface	 topography	 of	 treated	
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substrates,	 therefore	 they	appear	 smoother	 as	 the	 speed	 increases.	 Samples	with	

300	 mm/s	 were	 compared	 to	 samples	 with	 50	 mm/s	 and	 100	 mm/s,	 and,	 the	

samples	with	lower	speeds	show	more	layers	of	deposition	across	their	surfaces.			

6.1.3. Surface	Topography	Analysis	

To	 examine	 the	 effect	 of	 pulse	 number	 on	 the	 surface	 topography	 of	 titanium	

substrates,	 a	 surface	 topography	 analysis	was	 conducted.	 Figure	 6.4	 displays	 the	

average	surface	roughness	at	each	scanning	speed	for	a	frequency	of	50	KHz:	

	

Figure	6.4:	Surface	Topography	Analysis.	F	=	50	KHz.	Scanning	Speeds:	50	um/ms;	100	
um/ms,	300	um/ms	[P	Value:	0.0001]	

As	expected,	with	a	decrease	in	number	of	pulses	delivered	to	the	surface	(higher	

scanning	 speed),	 the	 surface	 topography	 of	 the	 titanium	 substrates	 decreases	 as	

well.	Hence,	a	lower	cell	adhesion	is	expected	across	the	surface	of	these	samples.		
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6.2. Line	Patterns	Induced	by	25	KHz	Frequency	

6.2.1. Procedure	

Similar	to	previous	case,	various	scanning	speeds	were	used	while	keeping	power	

and	 frequency	 constant	 during	 the	 treatment	 of	 titanium	 substrates.	 Table	 6.2	

displays	the	parameters	in	more	details.	

Table	6.2:	Scanning	Speeds	&	Pulse	Numbers	Frequency	50	KHz	

Frequency	[KHz]	 Scanning	Speed	[um/ms]	 Number	of	pulses	

25	
50	 63	
100	 	31	
300	 	11	

	

6.2.2. SBF	Immersed	Substrates	

Once	 again,	 the	 substrates	 were	 immersed	 in	 SBF	 for	 three	 and	 seven	 days	 to	

assess	 the	change	 in	 their	biocompatibility.	Figures	6.5,	6.6,	and	6.7	display	 these	

results.	

	
Figure	6.5:	25	KHz;	50	um/ms	(a)	No	SBF;	(b)	3	Days	in	SBF;	(c)	7	Days	in	SBF	
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Figure	6.6:	25	KHz;	100	um/ms	(a)	No	SBF;	(b)	3	Days	in	SBF;	(c)	7	Days	in	SBF	

	
Figure	6.7:	25	KHz;	300	um/ms	(a)	No	SBF;	(b)	3	Days	SBF;	(c)	7	Days	SBF	

Figure	 6.8	 (a),	 (b),	 and	 (c)	 represent	 a	 closer	 illustration	 of	 samples	 after	

immersing	in	SBF	for	seven	days.		

	
Figure	6.8:	Surface	Morphology	of	processed	Ti	samples	after	7	days	soaking	in	SBF	
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As	explained	previously,	altering	the	surface	topographic	properties	of	the	material	

can	enhance	their	biocompatibility.	Generally,	an	 increase	 in	the	roughness	of	 the	

surface	 increases	the	cell	adhesion	rate	by	providing	a	 larger	surface	area	 for	 the	

cells	 to	 attach	 to	 [10,	63].	Deviations	 in	 the	material	 surface	 increase	 the	 contact	

wear,	 creating	 patterns	 on	 the	 surface	 of	 the	 samples	 that	 increase	 the	 average	

arithmetic	 deviation	of	 the	 surface,	which	 results	 in	 higher	 average	 irregularities	

across	the	surface	of	the	substrates.	 	This	can	be	clearly	seen	in	the	samples	from	

this	experiment	[60,63].		

Looking	at	Figures	6.5,	6.6,	6.7	(b)	and	(c),	deposition	of	bone-like	apatite	layers	are	

evident	on	the	surface	of	the	substrates.	The	apatite	is	indicated	as	the	white	layers	

shown	on	the	surface	of	the	figures	in	comparison	to	Figures	6.5,	6.6,	6.7	(a).		The	

deposition	of	these	bone-like	apatite	layers	is	an	indicator	of	the	bioactivity	of	the	

processed	titanium	substrates.		The	more	deposition	of	apatite	on	the	surface	of	the	

sample,	the	more	the	bioactivity	of	the	sample	has	improved.		

Also,	 when	 comparing	 the	 surfaces	 of	 the	 titanium	 substrates	 in	 Figure	 6.8,	 it	 is	

distinctly	apparent	 that	 the	 lowest	processing	speed	(50	mm/s)	resulted	 in	more	

apatite	deposition.		
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This	 is	 more	 evident	 in	 Figure	 6.9,	 which	 shows	 a	 closer	 view	 of	 the	 irradiated	

patterns	of	the	samples	immersed	in	SBF	for	seven	days.	

	
Figure	6.9:	SEM	micrograph	of	the	Ti	morphology	comparing	the	different	apatite-

inducing	abilities	of	the	unprocessed	area	and	the	processed	area	after	soaking	in	SBF	
	

As	shown	in	Figure	6.9,	the	bone-like	apatite	particles	are	distinctly	evident	on	top	

of	the	irradiated	pattern	in	comparison	to	the	regular	surface	of	the	titanium.	This	

observation	agrees	with	the	fact	that	surface	topography	increases	the	bioactivity.		

	At	 a	 lower	 scanning	 speed,	 a	 larger	 amount	 of	 energy	 is	 transferred	 to	 the	

substrates.	 Therefore	 larger	 heat	 accumulation	 takes	 place	 across	 the	 surface	 of	

titanium	 samples.	 This	 in	 return	 results	 in	 a	 deeper	penetration.	 In	 other	words,	

lower	 processing	 speeds;	 increase	 the	 average	 topography	 of	 the	 surface	 by	

creating	larger	irregularities	across	the	surface	[54,63,	64].		

EDX	analysis	of	 the	composition	of	 the	deposited	apatite	 layer	after	 immersing	 in	

SBF	 for	Ti	 indicates	 the	presence	of	 titanium,	 calcium,	 phosphorous,	 and	oxygen,	
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which	corresponds	to	hydroxyapatite	(HA)	(Ca5H2(PO4)3·OH),	as	shown	 in	Figure	

6.10.		

	

Figure	6.10:	EDX	Analysis	-	100	mm/s	Samples	

The	 existence	 of	 bone-like	 apatite	 layer	 is	 further	 explored	 by	 analyzing	 the	

samples	 using	 XRD,	 as	 indicated	 on	 Figure	 6.11.	 Upon	 obtaining	 XRD	 analysis,	

traces	of	calcium	were	detected	on	the	surface	of	the	processed	titanium	samples.		

	

Figure	6.11:	XRD	diffraction	patterns	of	processed	Ti	after	soaking	in	SBF	
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6.2.3. Surface	Topography	Analysis	

Using	 3D	 microscopy,	 the	 arithmetic	 mean	 values	 for	 surface	 roughness	 of	 the	

samples	treated	using	scanning	speeds	of	50	um/ms,	100	um/ms,	and	300	um/ms,	

were	determined.		An	average	plot	of	the	measured	Sa	was	obtained	to	compare	the	

topography	of	each	substrate,	and	is	shown	in	Figure	6.12:	

	

Figure	6.12:	Surface	Topography	Analysis.	F	=	25	KHz.	Scanning	Speeds:	50	um/ms;	100	
um/ms,	300	um/ms	[P	Values:	0.00]	

The	roughness	values	measured	in	this	plot	are	in	agreement	with	the	conclusions	

obtained	in	this	project.		

Furthermore	 surface	 topography	 and	 wettability	 are	 directly	 related.	 	 By	

increasing	the	surface	topography	and	oxidation	of	a	material,	the	wettability	of	

the	material	is	also	increased.	This	is	an	indicator	of	the	ability	of	that	particular	

surface	to	absorb	more.	Increased	wettability	results	in	a	porous	effect	upon	the	

surface	 of	 the	material,	 and	 is	 very	 effective	 in	 enhancing	 the	 apatite-inducing	
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ability	 of	 the	 material	 [55,63,65].	 Figure	 6.13	 displays	 the	 wettability	

measurement	of	the	surface	of	titanium	substrates	used	in	this	study.	

	

Figure	6.13:	Contact	Angle	Measurements	

After	 imposing	 the	 line	 patterns	 on	 the	 surface	 of	 titanium	 sheets,	 the	

corresponding	wettability	is	analyzed.	Increases	in	scanning	speed	decrease	the	

number	 of	 pulses	 irradiated	 upon	 the	 surface	 of	 the	 samples.	 Therefore,	 a	

scanning	speed	of	300	µm/ms	has	the	lowest	pulse	number.	

As	 shown	 in	 Figure	 6.13,	 the	 surface	 angle	 of	 the	 samples	 increases	 as	 the	

scanning	 speed	 increases.	 This	 means	 that	 at	 lower	 pulse	 numbers,	 there	 is	 a	

larger	contact	angle	between	the	surfaces	of	titanium	and	water.		The	increase	in	

the	contact	angle	indicates	that	a	decreasing	pulse	number	changes	the	surface	of	

the	titanium	from	hydrophilic	to	hydrophobic.		This	is	due	to	the	fact	that	lower	

pulse	numbers	have	a	reduced	effect	on	the	surface	roughness	and	oxidation	of	

material,	because	there	 is	a	shorter	period	of	 interaction	between	the	 laser	and	

the	material’s	surface	[55,64].		The	hydrophilic	properties	of	a	surface	cause	the	
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liquid	to	penetrate	deeper	into	the	surface.	Consequently,	a	smaller	contact	angle	

results,	which	is	a	strong	indicator	of	improvement	in	wettability	of	that	material.		

Having	a	high	wettability	produces	a	porous	 structure	 for	 cells	 to	more	 readily	

attach	to	the	surface	of	titanium,	and,	thereby,	enhances	biocompatibility.		From	

Figure	 6.13,	 it	 is	 apparent	 that	 wettability	 is	 highest	 for	 the	 sample	 prepared	

with	 the	 lowest	 scanning	 speed	 due	 to	 the	 largest	 number	 of	 pulses.	 	 As	

previously	 mentioned,	 the	 higher	 number	 of	 pulses	 notably	 increases	 the	

roughness	 and	 oxidation	 of	 the	 titanium	 surface	 and	 results	 in	 a	more	 porous	

effect	across	the	surface	[49,68].	

6.2.4. Average	Surface	Temperature	Analysis	

To	 verify	 the	 accuracy	 of	 the	 obtained	 observations,	 tracking	 the	 changes	 in	 the	

surface	 temperature	 across	 the	 samples	 due	 to	 number	 of	 pulses	 is	 an	 ideal	

approach.		

The	 presented	 analytical	 results	 of	 the	 study	 are	 associated	with	 possible	 errors	

due	to	multiple	assumptions	made	throughout	the	work.	 	However,	 the	discussed	

results	accurately	display	the	trend	of	temperatures,	which	 is	 the	most	 important	

aspect	of	the	analysis.			
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Figure	6.14	displays	the	temperature	profile	obtained	in	this	study:	

	

Figure	6.14:	Average	Surface	Temperature	Profile	

	

As	 the	 computed	 results	 in	 this	 figure	 show,	 initially,	 the	 surface	 temperature	

increases	with	an	 increase	 in	the	number	of	pulses.	After	a	certain	pulse	number,	

the	 surface	 temperature	 reaches	 saturation.	 Once	 reached	 saturation,	 a	 further	

increase	 in	 the	number	of	pulse	does	not	 lead	to	a	significant	raise	 in	 the	surface	

temperature	 [57,68].	 Figure	 6.14	 shows	 that	 at	 a	 frequency	 of	 25	 KHz,	 the	 final	

surface	temperature	 is	around	2773.15	K.	 It	 is	 important	 to	note	that	although	at	

saturation	the	number	of	pulses	delivered	on	titanium	surface	does	not	lead	to	an	

increase	of	surface	temperature	any	more,	 the	width	of	 the	ablated	area	becomes	

wider	 with	 increasing	 the	 number	 of	 pulses.	 Therefore,	 results	 in	 an	 increase	

surface	topography	properties	[63,68].	Despite	the	possible	errors	in	calculations,	

the	tendency	of	the	surface	temperature	in	relation	to	frequency	is	evident,	which	

is	in	agreement	with	observations	from	Figures	6.5	and	6.7.		
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6.3. Summary	

Upon	completion	of	the	analysis,	it	was	observed	that	using	lower	scanning	speeds	

results	 in	 higher	 pulse	 numbers;	 therefore,	 higher	 surface	 temperatures	 at	 the	

irradiated	 spots,	 and	 a	 larger	 surface	 irregularities	 and	 oxidation	 are	 achieved.		

This	 leads	 to	 better	 apatite-inducing	 ability	 across	 the	 surface	 of	 the	 titanium	

sheets.	 	Overall,	 the	experimental	observations	were	 in	 close	agreement	with	 the	

analytical	results	[63].	
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Chapter	7	

7. Effects	of	Frequency	

This	 project	 investigated	 the	 effects	 of	 laser	 repetition	 rate	 (frequency)	 on	 cell	

adhesion,	 both	 inside	 and	 outside	 of	 irradiation	 zone	 at	 the	 surface	 of	 titanium	

substrates.	 The	 main	 objective	 of	 this	 study	 was	 to	 determine	 effective	 surface	

patterning	 for	 the	 fabrication	 of	 cell	 sensitive	 titanium,	 which	 allowed	 cell	

manipulation,	 cell	migration,	 and	 cell	 adhesion	easily	 across	 the	entire	 surface	of	

the	substrate	without	 irradiating	 the	entire	surface.	Manipulating	 frequency	only,	

the	 effects	 of	 laser	 frequencies	 on	 cell	 spreading	 ability	 and	 cell	 adhesion	

enhancement	 outside	 the	 irradiation	 area	 were	 examined.	 This	 study	 further	

explores	 the	 effects	 of	web-layered	 structures	 outside	 the	 irradiated	 area	 on	 the	

cell	adhesion	ability	of	NIH	3T3	cells.	

This	 particular	 study	 is	 completed	 in	 collaboration	with	 the	 biology	 department,	

and	 the	 results	 are	 published	 and	 are	 to	 be	 presented	 on	May	 2016	 at	 the	 10th	

World	Biomaterials	Congress.		
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7.1. Surface	Topography	Analysis	

As	stated	previously,	 the	 topographic	properties	of	a	material	are	very	 influential	

on	cell	adhesion	and	cell	sensitivity.		

	Larger	surface	irregularities	expose	more	available	area	for	cell	attachment	to	take	

place,	 which	 in	 return	 enhances	 the	 cell	 adhesion.	 To	 examine	 the	 influence	 of	

surface	 roughness,	 Figure	 7.1	 displays	 treated	 titanium	 substrates	 with	 and	

without	previously	immersion	in	simulated	body	fluid	(SBF)	to	show	the	impact	of	

laser	treatment	on	the	apatite-inducing	ability	of	substrates	[69].		

In	 Figure	 7.1,	 the	 layers	 of	 apatite	 induced	 across	 the	 surface	 of	 titanium	 are	

distinguished	between	Figures	7.1	A)	and	7.1	B).	Looking	at	the	areas	outside	the	

irradiated	zone,	the	deposited	apatite	is	clearly	evident,	which	shows	the	measured	

bioactivity	of	 the	titanium	substrate.	Apatite	 is	more	clearly	developed	across	the	

untreated	areas,	which	shows	the	ability	of	laser	treatment	to	affect	the	structure	of	

entire	surface	of	substrates.		

	

Figure	7.1:	Effects	of	Surface	Roughness	A)	100	KHz	without	SBF;	B)	100	KHz	soaked	in	SBF	
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The	difference	in	apatite	deposition	is	due	to	the	creation	of	web-layered	structures	

outside	 the	ablation	areas,	 a	process	 that	 is	described	 in	more	detail	 later	 in	 this	

section.		

As	 previously	 stated,	 this	 study	 focuses	 on	 the	 effect	 of	 frequency	 variation	 on	

treated	titanium	substrates.	Figure	7.2	illustrates	how	influential	frequency	can	be	

on	surface	topographic	properties.	Different	 frequencies	transfer	various	 levels	of	

energy	 to	 the	 irradiated	 substrate.	 The	 variation	 in	 energy	 level	 cause	 different	

effects	 on	 the	 surface	 topography	 of	 the	 material.	 Looking	 at	 Figure	 7.2,	 as	

frequency	 increases,	 a	 larger	 level	of	 ablation	 is	observed,	which	 is	 in	 agreement	

with	expectations.		

The	frequency	of	100	KHz	delivers	a	higher	level	of	energy	across	the	surface	of	the	

titanium	 substrate,	 and,	 hence,	 the	 irradiated	 area	 has	 a	 deeper	 groove	 than	 the	

substrate	treated	with	frequency	of	25	KHz.		

	

Figure	7.2:	Laser	Induced	Line	Across	the	Surface	of	Ti.	A)	25	KHz,	B)	50	KHz,	C)	70	KHz,	D)	
100	KHz		
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Using	 the	 3D	 Microscopy	 analysis,	 the	 surface	 profile	 of	 each	 treated	 titanium	

workpiece	was	 determined.	 The	 surface	 profiles	 are	 displayed	 in	 Figure	 7.3,	 and	

clearly	show	the	effect	of	frequency	variation.		

	
Figure	7.3:	Surface	Roughness	Profiles	A)	25	KHz,	B)	50	KHz;	C)	70	KHz;	D)	100	KHz	

Using	 the	 surface	 profile,	 the	 depth	 and	 width	 of	 the	 irradiation	 zone	 can	 be	

calculated.	 It	was	 also	 observed	 that	 lower	 frequencies	 have	 larger	 heat	 affected	

zones,	 which	 results	 in	 a	 wider	 irradiated	 area.	 Table	 7.1	 presents	 these	

measurements.	

Table	7.1:	Surface	Profile	Measurement	of	Frequencies	

Frequency	
[KHz]	

Width						
[um]	

Depth				
[um]	

25	 132.5	 14.01	

50	 123.3	 14.89	

70	 95.5	 15.61	

100	 78.1	 23.87	
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As	Figure	7.3	displays,	the	surrounding	areas	of	the	irradiation	area	show	surface	

irregularities,	 which	 indicates	 that	 adhesion	 also	 takes	 place	 along	 these	 areas.	

Studies	show	that	the	maximum	ideal	roughness	for	high	cell	adhesion	results	is	20	

um.	Since	these	surrounding	areas	have	smaller	scaled	surface	roughness,	a	higher	

cell	adhesion	rate	along	the	surrounding	area	of	the	irradiation	zone	is	expected	in	

comparison	to	the	ablated	area	[70].		

7.1.1. Creation	of	Web-layered	Structures	

Examining	 the	 surrounding	 areas	 of	 the	 irradiation	 zone,	 a	 different	 surface	

structure	is	observed,	known	as	web-layered	structures	[70,71].	

	Figure	7.4	shows	a	closer	look	at	these	structures:	

	

Figure	7.4:		A)	100	KHz;	B)	50	KHz	
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Different	frequencies	directly	affect	the	creation	of	web-layered	structures.	Figure	

7.5	displays	how	these	structures	are	developed	with	different	frequencies:	

	

Figure	7.5:	Web-Layered	Structures	0-100	um	away	from	the	Ablation	Areas	A)	25	KHz,	B)	50	
KHz,	C)	70	KHz,	D)	100	KHz	

As	shown	in	Figure	7.5,	during	laser	irradiation,	a	plume	with	radial	surface	tension	

forms	 surrounding	 the	 heat-affected	 zone	 because	 of	 the	 large	 temperature	

gradient	 created	 by	 energy	 transfer.	 This	 vaporized	 plume	 comprises	 of	

nanoparticles,	ions,	and	clusters	created	through	the	ablation	of	the	material	during	

laser	 irradiation	 [70,71].	 Immediately	 following	 irradiation,	 an	 extreme	

temperature	difference	exists	between	 the	surface	of	 the	material	and	 the	plume.	

Hence,	 a	 high	 cooling	 rate	 results,	 which	 causes	 rapid	 re-solidification	 of	 the	

ablated	material.	Consequently,	the	tension	within	the	laser	plume	causes	shooting	

to	the	nanoparticles	to	the		periphery	of	the	irradiated	zones	[60,72].		
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Re-solidification	of	deposited	nanoparticles	creates	a	nano-porous	structure,	which	

adds	to	the	nano	roughness	of	the	treated	surfaces.	This	is	expected	to	increase	the	

cell	 adhesion	 rate	 to	 the	 surface	 of	 the	 titanium.	 	 Figure	 7.6	 summarizes	 this	

process	along	with	creation	of	titanium	oxide	in	details:	

	

Figure	7.6:	Creation	of	Laser	Plume	and	Titanium	Oxide	

Figure	 7.7	 shows	 the	 schematic	 of	 the	 resulting	 titanium	 structure	 at	 the	 end	 of	

laser	 irradiation.	Laser	 irradiation	causes	 the	 surface	of	 the	 substrate	 to	undergo	

oxidation,	 and,	 as	 a	 result,	 titanium	 oxide	 is	 observed	 at	 the	 surface	 of	 treated	

substrates	[73,74].		

	
Figure	7.7:	Surface	of	Ti	Substrates	at	the	end	of	irradiation	
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To	investigate	the	effect	of	web-layered	structures	on	biocompatibility,	the	25	KHz	

and	 100	 KHz	 titanium	 substrates	 were	 immersed	 in	 SBF.	 Figure	 7.8	 shows	 the	

FESEM	photographs	of	the	results:	

	

Figure	7.8:	SBF	Immersed	titanium	substrates	A)	100	KHz;	B)	25	KHz	

According	to	the	EDX	maps,	the	amount	of	bone-like	apatite	elements	is	highest	at	

frequency	of	100	KHz.	This	 is	supported	by	 the	observation	of	more	web-layered	

structures	at	this	frequency.		

The	effects	of	surface	roughness	are	further	analyzed	through	cell	culturing	of	NIH	

3T3	fibroblast	cells,	and	examining	the	influence	of	frequency	on	cell	adhesion.		

Upon	 completion	 of	 cell	 culturing,	 fluorescent	 microscopy	 was	 conducted	 on	

titanium	 implants	 that	 modified	 with	 different	 texture	 frequency	 to	 show	 cell	

adhesion.	 The	 substrate	 surface	 was	 stained	 for	 fibronectin,	 which	 marks	 the	

cytoskeleton,	which	can	be	seen	in	Figure	7.9.		
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Figure	 7.9	 also	 displays	 cell	 adhesion	 outside	 the	 irradiated	 zone.	 As	 stated	

previously,	laser	treatment	affects	the	topographic	properties	of	areas	outside	the	

irradiation	 zone.	Examining	Figure	7.9,	with	 the	 frequency	of	100	KHz,	more	 cell	

adhesion	 is	 observed	 along	 the	 surrounding	 areas,	 in	 comparison	 to	 other	

frequencies,	which	is	in	agreement	with	Figure	7.4.		

	

	
Figure	7.9:	Cell	Adhesion	A)	25	KHz;	B)	50	KHz;	C)	70	KHz;	D)	100	KHz	

	

To	evaluate	cell	adhesion	outside	 the	 irradiated	areas	an	arbitrary	distance	away	

from	the	irradiation	zone	was	selected	for	studying	cell	behaviour	during	adhesion.	

The	 surface	 between	0-100	µm	away	 from	 laser	 texture	 has	 a	 different	 chemical	

composition	and	roughness.	The	change	in	these	properties	gradually	increases	as	

the	distance	away	from	texture	decreases.	The	region	that	located	between	100um	

to	 200um	 has	 the	 same	 chemical	 and	 physical	 properties	 as	 the	 non-modified	

surface	with	texture.	By	comparing	the	number	of	cells	in	each	region,	cell	adhesion	

corresponding	 to	 region	was	 evaluated.	 Image	processing	 application	 counted	 all	

cells	between	3-7	µm	in	radius.	Figure	7.10	shows	the	results	from	image	analysis.	
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The	more	biocompatible	implant	is	the	one	with	higher	cell	adherence	to	modified	

surface	versus	non-textured	area.		

	
Figure	7.10:	Data	Analysis	of	Cell	Adhesion	to	Titanium	Surface	Modified	with	Texture	

The	ratio	of	cells	adhered-to-textured	area	versus	cells	adhered-to-non-textured	is	

a	metric	used	to	assess	the	increase	in	bioactivity.	A	plot	of	this	ratio	based	on	data	

from	surface	image	processing	is	shown	in	Figure	7.11.		

	
Figure	7.11:	Ratio	between	cells	adhered	to	0-100	µm	region	verses	cells	adhered	to	100-200	

µm	region	
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The	 implants	with	100	KHz	 texture	show	an	 increase	of	cell	adhesion	at	 the	area	

adjacent	to	texturing	by	100%.	The	implants	at	70	KHz	shows	53%	increase	in	cell	

adhesion	 and	 25KHz	 shows	 13%	 increase	 in	 cell	 adhesion.	 The	 50	 KHz	 texture	

shows	a	7%	decrease	in	cell	adhesion.		This	result	reveals	that	areas	modified	with	

texture	have	higher	cell	adhesion	and	biocompatibility	than	non-textured	surfaces.		

Hence,	 according	 to	Figure	7.10	 and	7.11,	 a	 significant	 amount	of	 adhesion	 takes	

place	outside	the	irradiated	areas.	This	is	caused	by	the	web-layered	structure	that	

is	created	across	these	areas	during	laser	irradiation.		

7.2. Surface	Oxidation	

Laser	treatment	of	the	titanium	increases	the	surface	temperature	of	the	material	

up	 to	 the	 oxidation	 temperature,	 which	 is	 in	 the	 range	 of	 800	°! 	to	 100	°! .	

Oxidation	results	 in	the	creation	of	thin	 layers	of	 titanium	oxide	on	the	surface	of	

the	 substrate.	Titanium	oxide	exists	 in	 two	 crystallographic	 structures	of	 anatase	

and	rutile,	which	are	commonly	detected	by	XRD	in	2!	=	25.28	and	2!	=	27.4	peaks.		

Figure	7.12	displays	an	XRD	analysis	of	titanium	substrate	treated	with	a	frequency	

of	 100	 KHz.	 The	 indicated	 peaks	 represent	 titanium	 oxide,	 which,	 according	 to	

literature,	is	mainly	observed	along	a	range	of	

	2!	=	25	to	2!	=	70	[60,72,74].		



Mitra	Radmanesh	 	 Chapter	7	
	

	 96	

	

Figure	7.12:	XRD	Analysis.	The	Peaks	Represent	Titanium	Oxide	

An	 increase	 in	 the	 oxidation	 of	 the	 surface	 has	 a	 direct	 effect	 on	 increasing	 the	

wettability	of	the	material.	Consequently,	this	leads	to	an	increase	in	cell	adhesion,	

and	greatly	improves	the	biocompatibility	of	the	implant	surfaces.	Having	a	layer	of	

titanium	 oxide	 on	 the	 surface	 provides	 a	 desirable	 environment	 for	 the	 cells	 to	

attach	upon	the	surface,	and,	therefore,	results	in	a	higher	cell	adhesion	across	the	

treated	 surface	 of	 titanium.	 The	 increase	 of	 the	 surface	 oxidation	 level	 can	 be	

compared	for	used	frequencies	through	the	EDX	analysis	[70].		

	

	

	

	

	



Effects	of	Frequency	 	 Mitra	Radmanesh	
	

	 97	

Figure	7.13	displays	 the	 results	 for	 samples	 treated	by	various	 frequencies	 along	

the	surrounding	areas	of	the	heat-affected	zone.	

	

Figure	7.13:	EDS	Analysis	of	Laser	Treated	Ti	

Since	the	evaporation	of	 titanium	occurs	at	3287	°!,	 this	threshold	 is	exceeded	at	

frequency	of	25	KHz.	Therefore,	a	higher	ablation	occurs	at	 this	 frequency,	which	

translates	to	a	lower	oxidation	level.	Conversely,	at	a	frequency	of	100	KHz	a	lower	

average	surface	temperature	results	and	a	higher	oxidation	level	is	observed.	Again	

this	 is	 an	 indication	 that	 a	 higher	 cell	 adhesion	 rate	 can	 be	 achieved	 at	 this	

frequency.	As	 it	 can	be	seen	 in	 this	 figure,	higher	 frequency	corresponds	 to	more	

oxygen	on	the	surface	of	titanium,	which	indicates	a	higher	oxidation	level	due	to	

laser	 treatment.	 This	 significantly	 impacts	 the	 cell	 adhesion	 rate	 of	 the	 titanium	

substrates	treated	at	100	KHz.	This	agrees	with	expectations.	
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7.3. Non-Dimensional	Temperature	Analysis	

To	study	the	effects	of	frequency	variation	on	variation	of	surface	topography	and	

oxidation	 level,	 the	 surface	 temperature	 profiles	 of	 the	 treated	 materials	 are	

examined.	 Using	 the	 non-dimensionalization	method	 explained	 in	 Chapter	 2,	 the	

trend	 of	 temperature	 change	 across	 the	 surface	 of	 the	 titanium	 substrate	 can	 be	

determined	[39].	Figure	7.14	displays	these	results:	

	

Figure	7.14:	Non-D	Temperature	Across	the	Surface	of	Titanium	Substrate		

As	 previously	 stated,	 cell	 adhesion	 increases	 in	 areas	 that	 have	 web-layered	

structures.	Hence,	the	observed	adhesion	should	be	further	away	from	the	ablated	

groove.		
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7.4. Summary		

In	summary,	through	the	investigation	of	the	effects	of	frequency	on	cell	adhesion	

of	 NIH	 3T3	 cells,	 it	 was	 observed	 that	 an	 increase	 in	 increasing	 the	 frequency	

positively	 impacts	 spreading	 and	 adhesion	 of	 cells.	 It	 was	 additionally	 observed	

that,	 cell	 adhesion	 is	 highest	 along	 the	 areas	 outside	 the	 laser	 irradiated	 zones,	

because	 these	 areas	 have	 a	 higher	 oxidation	 level	 and	 web-layered	 structures,	

compared	 to	 the	 ablated	 groove	 at	 the	 center	 of	 the	 ablation	 zone.	 Overall,	 at	 a	

frequency	of	100	KHz,	cell	adhesion	behaviour	was	enhanced	significantly	outside	

the	ablation	areas.		

As	 stated,	 in	 this	 study,	 the	 effects	 of	 laser	 frequency	 on	 surface	 topographic	

properties	of	treated	titanium	were	examined.	Laser	irradiation	not	only	affects	the	

topography	 properties	 of	 treated	 areas,	 but	 also	 affects	 the	 properties	 of	 the	

surrounding	areas	by	altering	the	surface	structure.	This	is	a	significant	advantage	

of	 laser	 technology	 in	 comparison	 to	 the	 conventional	methods	 used	 for	 surface	

treatment.	This	advantage	in	production	of	biomedical	devices	leads	to	a	significant	

decrease	in	production	time	by	treating	a	smaller	percentage	of	the	surface	of	the	

devices.		
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Chapter	8	
	
8. Summary	&	Future	Work		
8.1. Summary	

	
In	 this	 thesis,	 a	 new	 method	 for	 micro/nano	 surface	 texturing	 of	 titanium,	 was	

demonstrated	using	nanosecond	laser	irradiation.	The	application	of	this	method	in	

bone	 and	 tissue	 implant	 fabrication	 was	 explored.	 Systematic	 experimental	 and	

theoretical	 studies	 on	 effects	 of	 the	 laser	 parameters	 on	 biocompatibility	 and	

bioactivity	 of	 titanium	were	 conducted.	 Effects	 of	 each	 parameter	were	 explored	

individually	while	other	parameters	were	held	constant.	

Using	 thin	 sheets	 of	 stainless	 steel,	 predetermined	 patterns	were	 induced	 across	

the	 surface	 of	 substrates	 using	 nanosecond	 laser	 pulses.	 Fundamental	

understandings	of	effects	of	pulse	duration,	power,	and	 intensity	on	heat	affected	

areas,	 surface	 structures,	 and	 surface	 temperature	 were	 developed.	 It	 was	

concluded	that	surface	temperature	is	the	highest	at	the	center	of	irradiation,	and	

decreasing	further	away	from	the	center.			

Furthermore,	 influences	 of	 pulse	 duration	 on	 the	 surface	 structure	 of	 stainless	

were	 explored.	 Experimental	 results	 showed	 that	 pulse	 duration	 have	 a	 direct	

effect	on	 the	size	of	 the	 irradiation	area,	and	affects	 the	 resolution	and	quality	of	

the	surface.	To	obtain	a	better	surface	resolution	shorter	pulse	durations	should	be	
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used,	 while	 larger	 pulse	 durations	 are	 recommended	 for	 surface	 processing	

applications.	 It	 was	 also	 found	 that	 adjusting	 the	 intensity,	 which	 consequently	

changed	 the	 energy	 delivered	 to	 the	 material,	 could	 control	 the	 depth	 of	 the	

penetration.	 Lastly,	 a	 new	 method	 to	 obtain	 the	 ablation	 threshold	 of	 different	

materials	 is	 introduced,	 that	 showed	 a	 direct	 correlation	 between	 ablation	 and	

pulse	duration.	

Predetermined	patterns	were	induced	across	thin	sheets	of	titanium	substrates	to	

investigate	 the	 effects	 of	 power	 of	 surface	 of	 the	 substrates.	Microscopy	 analysis	

determined	 that	 an	 increase	 in	 power	 increases	 the	 surface	 topography	 and	

ablation	across	the	surface	of	 the	material.	However,	 increasing	the	power	within	

the	oxidation	 limit	of	 titanium,	can	 lead	to	generation	of	 titanium	oxide	along	the	

irradiation	 area.	 Using	 SBF	 and	 cell	 adhesion,	 it	 was	 found	 that	 bioactivity	 of	

titanium	 increases	 in	 areas	 with	 higher	 surface	 topography	 and	 titanium	 oxide	

concentration.		

Additionally,	 scanning	 parameters,	 including	 pulse	 number	 and	 scanning	 speed,	

were	 found	 to	 be	 influential	 on	 biocompatibility	 enhancement	 of	 titanium	

substrates.	 Through	 a	 series	 of	 experimental	 and	 theoretical	 analysis,	 it	 was	

concluded	 that	 a	 higher	 pulse	 number	 increases	 the	 surface	 energy	 of	 titanium	

substrates,	and	hence	increases	the	biocompatibility	along	the	irradiation	area.	

Lastly,	a	range	of	frequencies	was	used	to	examine	the	bioactivity	along	the	areas	

outside	 the	 irradiation	 areas.	 Microscopy	 photographs	 displayed	 generation	 of	

structures	with	higher	surface	topography	nearby	the	 laser-induced	patterns	 that	

have	high	oxidation	and	topography	properties.	Upon	cell	adhesion	assessment,	a	
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significant	 cell	 concentration	 was	 observed	 along	 these	 areas	 that	 denotes	 the	

enhancement	of	bioactivity	of	the	treated	titanium	sheets.		

Overall,	the	main	goals	completed	in	this	research	are	highlighted	as	follows:	

• Demonstrated	 a	 new	 method	 for	 biocompatibility	 and	 cell	 adhesion	

enhancement	 in	 micro/nano	 scales	 on	 titanium	 substrate:	 using	

nanosecond	 laser	 pulses	 enable	 us	 to	 control	 the	 temperature,	 oxidation,	

and	 ablation	 along	 the	 surface,	 which	 are	 directly	 effective	 on	

biocompatibility	of	titanium.	

• Clearly	 established	 the	 effects	 of	 laser	 power,	 scanning	 parameters,	

and	frequency	on	surface	of	titanium	substrates:	developing	a	complete	

understanding	of	these	parameters	enable	us	to	utilize	the	nanosecond	laser	

pulses	 more	 efficiently	 and	 effectively	 in	 many	 applications,	 including	

fabrication	of	bone	and	tissue	implants,	and	material	processing.		

This	thesis	introduces	the	use	of	commercially	used	nanosecond	laser	systems	for	

biocompatibility	 enhancement	 of	 titanium	 substrates	 for	 fabrication	 of	 bone	 and	

tissue	implants.	The	work	completed	in	this	study	demonstrates	the	key	features	of	

this	method	as	following:	

• Having	an	easy	controllability	

• Simple	procedure	with	rapid	processing	(single	step)	

• Feasible	for	micro/nano	scales		

• Having	high	efficiency	and	accuracy	

These	 key	 features	 make	 laser	 surface	 texturing	 desirable	 for	 rapid	 prototyping	
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and	 fabrication	 of	 biomedical	 devices,	 and	 can	 lead	 to	 improvements	 in	 cost	 and	

durability.	

8.2. Future	Work	
	

To	further	the	potential	of	this	research,	the	following	suggestions	are	offered:	
	

	
• Continue	the	study	through	in-vivo	experimentation	

• Utilize	ultra	short	laser	pulses		

• Examine	the	effects	of	laser	texturing	of	different	materials	

• Varying	other	laser/optical	parameters	including	wavelength	and	laser	and	

spot	size	
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Appendix	A	

1. Irradiated	Area	Measurements	(Average)	

Table	1:	Power	

Power	[W]	 Width	[um]	 Depth	[um]	 Pulse	Width		
[ns]	

Peak	Power		
[KW]	

6	 43.7	 12.73	 72.6	 1.9	
8	 55.8	 12.21	 66.8	 0.08	
10	 54.3	 10.12	 61	 1.5	
12	 59.9	 15.26	 55.2	 3.2	

	

Table	2:	Scanning	Parameters	

Scanning	Speed	
[um/ms]	

Width		
[um]	

Depth	[um]	 Pulse		
Width		
[ns]	

Peak		
Power		
[KW]	

50	 110.3	 13.98	 61	 1.5	
200	 81.1	 11.22	 61	 1.5	
400	 60.3	 12.19	 61	 1.5	
500	 57.1	 25.15	 61	 1.5	

	

Table	3:	Frequency	

Frequency	[KHz]	 Width		
[um]	

Depth	
	[um]	

Pulse	Width		
[ns]	

Peak		
Power	
	[KW]	

25	 132.5	 15.61	 16.5	 19.5	
50	 123.3	 23.87	 38	 16	
70	 95.5	 14.89	 40	 3	
100	 78.1	 14.01	 61	 1.5	
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2. Laser	Parameters	Used	in	the	Experiments	

Table	4:	Power	

Average	Laser	
Power						[W]	

Total	Number	of	
Laser	pulses	

Pulse	energy	
[mJ]	@	100	kHz	

Pulse	width	
[ns]	

Total	delivered	
energy	[mJ]	

6	 25	 0.06	 35	 1.5	

8	 25	 0.08	 35	 2	

10	 25	 0.10	 35	 2.5	

12	 25	 0.12	 35	 3	

	

Table	5:	Scanning	speed	&	pulse	numbers	used	in	surface	treating	of	Ti	substrates	(Pulse	
width:	35	ns;	pulse	energy:	0.1	mJ)	

Scanning	Speed						
[µm/ms]	

Frequency	
[kHz]	

Average	
Power	[W]	

Total	Number	of	
Laser	pulses	

Total	Delivered	
Energy	[mJ]	

50	 100	 10	 	167	 16.7	

200	 100	 10	 	41	 4.1	

400	 100	 10	 	21	 2.1	

500	 100	 10	 	17	 1.7	

	

Table	6:	Scanning	speed	&	pulse	numbers	used	in	surface	treating	of	Ti	substrates	(Pulse	
width:	35	ns;	pulse	energy:	0.1	mJ	)	

Scanning	Speed						
[µm/ms]	

Frequency	
[kHz]	

Average	
Power	[W]	

Total	Number	of	
Laser	pulses	

Total	Delivered	
Energy	[mJ]		

300	 100	 10	 	28	 2.8	

700	 100	 10	 	12	 1.2	
	



113	

	

	

Appendix	B	

List	of	Publications	

1. Refereed	Journal	Papers	

1.1. Published	

1 Mitra	 Radmanesh	 and	 Amirkianoosh	 Kiani	 (2015)	 ND:YAG	 Laser	 Pulses	

Ablation	 Threshold	 of	 Stainless	 Steel	 304.	Journal	 of	 Materials	 Sciences	 and	

Applications,	6,	634-645,	doi:	10.4236/msa.2015.67065.			

	

2 Radmanesh	M.;	Kiani	A.	(2015)	Bioactivity	enhancement	of	titanium	induced	by	

Nd:	Yag	laser	pulses,	Journal	of	Applied	Biomaterials	&	Functional	Materials.	Dec.		

	

3 Radmanesh,	M.	and	Kiani,	A.	(2015)	Effects	of	Laser	Pulse	Numbers	on	Surface	

Biocompatibility	 of	 Titanium	 for	 Implant	 Fabrication,	Journal	 of	 Biomaterials	

and	Nanobiotechnology,	6,	168-175.	doi:10.4236/jbnb.2015.63017.	

	

	



Mitra	Radmanesh	 Appendix	B	

	 114	

1.2. Submitted/	In	Progress	

1. Mitra	Radmanesh,	Amirkianoosh	Kiani,	Amin	Ektesabi	Motamed,	&	Bryan	

Crawford	(2015)	Bio-activation	of	Titanium	Surface	with	Nanosecond	Laser	

Pulses	for	Improving	Cell	Proliferation.	Journal	of	Applied	Biomaterials	&	

Functional	Materials.	

1.3. Book	Chapter	

1 Mitra	Radmanesh,	A.	Kiani	(2016),	“Bio-activation	Enactment	of	Titanium	Using	

Nanosecond	Laser	Pulses	for	Bone	&	Tissue	Implant	Fabrication”.	High	Energy	

and	Short	Pulse	Lasers,	ISBN	978-953-51-4758-9.	[Accepted/In	Progress]	

	

2. Refereed	Conference	Papers	

2.1. Published	

1. Mitra	Radmanesh,	Amirkianoosh	Kiani	(2015)	“Enhancing	Biocompatibility	of	

Grade	4-Titanium	Using	Laser	Surface	Texturing	For	Bone	and	Tissue	

Transplant	Applications.”	25th	Canadian	Congress	of	Applied	Mechanics	

(CANCAM	2015).	[Presented]	

	

2. Mitra	Radmanesh,	Amirkianoosh	Kiani	(2015)	“Nd:YAG	Laser	Surface	

Treatment	of	Stainless	Steel	304.”	25th	Canadian	Congress	of	Applied	

Mechanics	(CANCAM	2015).	[Presented]	

	

	



Appendix	B	 Mitra	Radmanesh	

	 115	

2.2 Submitted/In	Progress	

1 Mitra	Radmanesh,	Candace	Colpitts,	Pia	Hu,	A.	Kiani	(2016),	“Synthesis	of	Thin-

film	of	Nanograined	Titania	by	High	Frequency	Laser	Pulses	for	

Osseointegration	and	Implant	Fabrication”.	World	Biomaterials	Congress	(WBC	

2016).	[Accepted]	

2.3 Presentations	

1. Mitra	Radmanesh,	A.	Kiani	(2014).	“Laser	Material	Processing	–	Surface	

Texturing”.	Annual	Mechanical	Engineering	Graduate	Student	Conference	

(MEGSC	2014).	[Oral	Presentation]	

	

2. Mitra	Radmanesh,	A.	Kiani	(2015).	“Micro	Texturing	of	Titanium	Induced	by	

Laser	Pulses	For	Bone	and	Tissue	Transplant	Fabrication”.	Annual	UNB	

Graduate	Research	Conference.	[Oral	Presentation]	

	

3. Mitra	Radmanesh,	A.	Kiani	(2015).	“Biocompatibility	Enhancement	of	Titanium	

by	High	Frequency	Laser	Pulses	for	Osseointegration	and	Implant	Fabrication”	

New	Brunswick	Health	Research	Foundation	Conference	(NBHRF	2015).	

[Poster	Presentation]	

	

4. Mitra	Radmanesh,	A.	Kiani	(2016).	“Bio-activation	of	Titanium	Surface	with	

Nanosecond	Laser	Pulses	for	Improving	Cell	Adhesion”.	Annual	Mechanical	

Engineering	Graduate	Student	Conference	(MEGSC	2016).	[Oral	Presentation]	



CURRICULUM	VITAE	

	

Name:	Mitra	Radmanesh	

	

Education:		

University	of	New	Brunswick		

	 Bachelor	of	Science	in	Mechanical	Engineering	(2010	–	2014)	

	

List	of	Publications	

1. Refereed	Journal	Papers	

1.1. Published	

1 Mitra	 Radmanesh	 and	 Amirkianoosh	 Kiani	 (2015)	 ND:YAG	 Laser	 Pulses	

Ablation	 Threshold	 of	 Stainless	 Steel	 304.	Journal	 of	 Materials	 Sciences	 and	

Applications,	6,	634-645,	doi:	10.4236/msa.2015.67065.			

2 Radmanesh	M.;	Kiani	A.	(2015)	Bioactivity	enhancement	of	titanium	induced	by	

Nd:	Yag	laser	pulses,	Journal	of	Applied	Biomaterials	&	Functional	Materials.	Dec.		

3 Radmanesh,	M.	and	Kiani,	A.	(2015)	Effects	of	Laser	Pulse	Numbers	on	Surface	

Biocompatibility	 of	 Titanium	 for	 Implant	 Fabrication,	Journal	 of	 Biomaterials	

and	Nanobiotechnology,	6,	168-175.	doi:10.4236/jbnb.2015.63017.	

1.2. Submitted/	In	Progress	

1. Mitra	Radmanesh,	Amirkianoosh	Kiani,	Amin	Ektesabi	Motamed,	&	Bryan	

Crawford	(2015)	Bio-activation	of	Titanium	Surface	with	Nanosecond	Laser	

Pulses	for	Improving	Cell	Proliferation.	Journal	of	Applied	Biomaterials	&	

Functional	Materials.	

1.3. Book	Chapter	

1 Mitra	Radmanesh,	A.	Kiani	(2016),	“Bio-activation	Enactment	of	Titanium	Using	



Nanosecond	Laser	Pulses	for	Bone	&	Tissue	Implant	Fabrication”.	High	Energy	

and	Short	Pulse	Lasers,	ISBN	978-953-51-4758-9.	[Accepted/In	Progress]	

2. Refereed	Conference	Papers	

2.1. Published	

1. Mitra	Radmanesh,	Amirkianoosh	Kiani	(2015)	“Enhancing	Biocompatibility	of	

Grade	4-Titanium	Using	Laser	Surface	Texturing	For	Bone	and	Tissue	

Transplant	Applications.”	25th	Canadian	Congress	of	Applied	Mechanics	

(CANCAM	2015).	[Presented]	

2. Mitra	Radmanesh,	Amirkianoosh	Kiani	(2015)	“Nd:YAG	Laser	Surface	

Treatment	of	Stainless	Steel	304.”	25th	Canadian	Congress	of	Applied	

Mechanics	(CANCAM	2015).	[Presented]	

2.2 Submitted/In	Progress	

1 Mitra	Radmanesh,	Candace	Colpitts,	Pia	Hu,	A.	Kiani	(2016),	“Synthesis	of	Thin-

film	of	Nanograined	Titania	by	High	Frequency	Laser	Pulses	for	

Osseointegration	and	Implant	Fabrication”.	World	Biomaterials	Congress	(WBC	

2016).	[Accepted]	

2.3 Presentations	

1. Mitra	Radmanesh,	A.	Kiani	(2014).	“Laser	Material	Processing	–	Surface	

Texturing”.	Annual	Mechanical	Engineering	Graduate	Student	Conference	

(MEGSC	2014).	[Oral	Presentation]	

2. Mitra	Radmanesh,	A.	Kiani	(2015).	“Micro	Texturing	of	Titanium	Induced	by	

Laser	Pulses	For	Bone	and	Tissue	Transplant	Fabrication”.	Annual	UNB	

Graduate	Research	Conference.	[Oral	Presentation]	



3. Mitra	Radmanesh,	A.	Kiani	(2015).	“Biocompatibility	Enhancement	of	Titanium	

by	High	Frequency	Laser	Pulses	for	Osseointegration	and	Implant	Fabrication”	

New	Brunswick	Health	Research	Foundation	Conference	(NBHRF	2015).	

[Poster	Presentation]	

4. Mitra	Radmanesh,	A.	Kiani	(2016).	“Bio-activation	of	Titanium	Surface	with	

Nanosecond	Laser	Pulses	for	Improving	Cell	Adhesion”.	Annual	Mechanical	

Engineering	Graduate	Student	Conference	(MEGSC	2016).	[Oral	Presentation]	

	


