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Main research activities

‣Laser based processing

‣CAD CAM - 

programming

‣Numerical Simulation of 

Manufacturing 
Processe

Small but growing group…

‣Prof. Leonardo Orazi

‣Prof. Barbara Reggiani

‣Dr Iaroslav Gnilitskyi

‣Dr Michele Cotogno

‣PhD students 

-Riccardo Pelaccia

-Mohamed Darwish



LASER: Light Amplification by Stimulated Emission 
of Radiation.
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Tecnologie Speciali Lavorazioni Laser

amplificatore di fotoni occorre allontanare il mezzo dall’equilibrio termodinamico realizzando la
cosiddetta inversione della popolazione ovvero realizzando N1 > N0. Questa operazione è tradotta
in italiano con il termine pompaggio energetico. L’efficacia di un mezzo come amplificatore di fotoni
dipende dalla stabilità del livello energetico superiore. Solo in presenza di livelli metastabili (ovvero
con una elevata sezione d’urto σ) la probabilità di emissione stimolata diventa sufficentemente
elevata da realizzare l’amplificazione.

Il numero di fotoni che percorrono il mezzo in una sezione generica posta a distanza x dall’inizio
sono dati quindi dalla seguente:

F (x) = F (0) eαx

Dove il termine α risulta essere proporzionale a σ10 (N1 − N0). Se α è positiva il mezzo è un
mezzo attivo, in caso contrario il mezzo è assorbente.

Nella figura 5.4 è mostrato il processo di formazione dell’emissione laser. Il laser è costituito
da una cavità contenente un mezzo i cui atomi e/o molecole siano particolarmente sensibili al
fenomeno dell’emissione stimolata.

Nella cavità viene immessa energia (fase di pompaggio) sotto forma di luce, corrente elettrica
di varia frequenza o altra emissione laser.

L’enegia elettromagnetica fornita, ottenuta l’inversione della popolazione, produce l’emissione
stimolata di altri fotoni diretti ed in fase con il fotone che incide.

Per avere l’effetto di amplificazione della emissionne occorre che la cavità sia risonante.

Alle estremità della cavità vi sono degli specchi capaci di riflettere i fotoni incidenti. I quan-
ti diretti perpendicolarmente agli specchi rimbalzano tra essi aumentando la densità del fascio
elettromagnetico monocromatico e coerente il quale fuoriesce da una estremità.

Figura 5.4: Rappresentazione dell’eccitazione in una cavità laser
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• An appropriate media able to photoluminescence is pumped by a source of energy

• The generated photons stimulate the photoluminescense in phase of already activated matter

• A partial reflective mirror emits the highly focusable  laser beam

• Active media can be atom of molecules in gases, ions in solid crystals or semiconductor

• Energy can be pumped as electric field, incoherent light (lamps/diodes) or coherent light (other lasers)
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Capitolo 5

Lavorazioni Laser

5.1 Generalità

L’emissione LASER (Light Amplification by Stimulated Emission Radiation) è una radiazione
elettromagnetica al pari della luce, delle onde radio e dei raggi X.

In figura 5.1 è mostrato lo spettro eletromagnetico con indicate frequenze e lunghezza d’onda.
Sono inoltre mostrate le frequenze di emissione dei laser industriali.

Il principio di funzionamento si basa sul fenomeno dell’emissione stimolata di fotoni o quanti
energetici da parte di atomi e molecole, emissione predetta teoricamente da Einstein nel 1917.

Nel 1954 il principio dell’emissione stimolata venne applicato nel campo delle microonde por-
tando alla crezione del MASER (Microwave Amplified Stimulated Emission Radiation).

Nel 1960 viene creato il primo laser a rubino e, negli anni successivi i primi laser a gas di grossa
potenza e quelli a semiconduttore per applicazioni di microlettronica.

Figura 5.1: Spettro elettromagnetico e lunghezze d’onda dei comuni lasers commerciali

5.1.1 Emissione stimolata

Nella figura 5.2 viene schematizzata l’interazione dei quanti elettromagnetici con i livelli energetici
di atomi o molecole nei processi di emissione spontanea, assorbimento ed emissione stimolata. La
caratteristica dell’emissione stimolata alle frequenze intorno al visibile è che il fascio prodotto è:

monocromatico: il fotone incidente e quello stimolato hanno la stessa frequenza proveniendo
dallo stesso stesso salto di livello energetico.

coerente: i fotoni prodotti sono in fase tra di loro poichè, per le frequenze intorno al visibile, le
lunghezza d’onde in gioco sono molto maggiori delle dimensioni atomiche/molecolari. Ciò
rende la luce laser estremamente focalizzabile e trasportabile (anche se la divergenza del fascio
non è nulla).

97

Ti
::s

ap
ph

ire

Er O
m

𝜆

𝜆

LASER: wavelength



LASER: spatial distribution
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Figura 5.10: Modi di oscillazione componendo TEM00 con TEM01*

La potenza fornita dalla porzione di fascio all’interno del raggio convenzionale è pari a:

P =

∫ r0

0
I0 e

−
(

r
r0

)2

r dr dθ ≈ 0.86P0

5.1.8 Andamento temporale

Le sorgenti operano in regime continuo od impulsato in relazione alla variabilità temporale della
potenza emessa.

Le diverse tipologie di funzionamento sono le seguenti:

regime continuo (Continuous Wave, CW) In questo tipo di laser, la potenza rimane costante al
variare del tempo. I laser a gas come il CO2 normalmente funzionano in regime continuo,
anche se a volte è data la possibilità di utilizzare singoli impulsi per concentrare una grande
potenza di picco per brevi intervalli di tempo. La potenza utilizzabile, per ragioni che dipen-
dono dall’alimentazione, di norma non supera di cinque volte il valore medio nominale nel
caso di sorgenti a flusso lento e di tre volte nel caso di flusso veloce. I laser a stato solido
tipo Nd:YAG possono funzionare in continuo, ma generalmente vengono impiegati in regime
impulsato normale. I laser a diodi diretti vengono utilizzati in modalità continua. Il regime
di funzionamento in continua non è esente da fluttuazioni della potenza d’uscita. Queste, nel
caso di laser industriale devono essere contenute entro il 3% su tempi lunghi.

regime impulsato (Pulsed Wave, PW) E’ il regime tipico della maggior parte dei laser Nd:YAG
e fibra. Le potenze in gioco possono raggiungere picchi di diversi KW per tempi brevi legati
alla durata dell’impulso. I parametri più significativi sono:

❏ frequenza di ripetizione degli impulsi fp

❏ durata degli impulsi τH

❏ energia disponibile per singolo impulso Ep

❏ potenza media del singolo impulso PH

Valgono le seguenti relazioni:

P = Ep fp

PH = Ep/τH

Noto il periodo di pulsazione come τp = 1/fp si può quindi definire il duty cycle δ:
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SORGENTE LASER  

106  W/mm2 

10  W/mm2 

100  W 

100  W 

SORGENTE LASER  

106  W/mm2 

10  W/mm2 

100  W 

100  W 

Intensity: specific power, power over surface, heat flux [W/m2]

It influences the temperature on the material

It drive thermal processes

Fluence: specific energy, energy over surface, [J/m2]

Photons accumulated on the surface 
It drives photochemical processes
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Figura 5.28: Intensità sull’asse del fascio gaussiano

La potenza totale viene calcolata con la solita

P =

∫ ∞

0

∫ 2π

0
I (x, ρ, θ) ρ dθ dρ = 2π

∫ ∞

0
I (x, ρ) ρ dρ

ovvero

P =
1

2
I0πR

2
0

In pratica la potenza totale è pari a metà dell’ampiezza massima moltiplicata per l’area del
fascio nella zona di focalizzazione. Puà essere interessante esprimere la l’irradianza in funzione
della potenza totale che è la grandezza nota della sorgente

I(x, ρ) =
2P

πR2(x)
e−2( ρ

R(x) )
2

La frazione di potenza emessa da un fascio di raggo ρ0 si ottiene dalla seguente:

Pρ0

P
=

2π

P

∫ ρ0

0
I(x, ρ)ρdρ = 1− e−2( ρ0

R(x) )
2

da cui si evince che la potenza racchiusa in un cerchio di raggio R(x) racchiude l’86% della
potenza totale mentre il 99% della potenza è all’interno di un cerchio di raggio pari a 1.5R(x). Alla
distanza pari a R(x) dall’asse l’intensità si attenua di un fattore pari 1/e2 = 0.135 rispetto al valore
sull’asse. Come già visto convenzionalmente il diametro del fascio è fissato convenzionalmente in
R(x).

L’ampiezza del fascio varia lungo l’asse secondo la formula già vista in Eqn. 5.4. Alla distanza
di Rayleigh il diametro del fascio è aumentato di un fattore

√
2 da cui il raddoppio dell’area e il

dimezzamento dell’irradianza.
Per distanze elevate lungo l’asse del fascio (|x| ≫ x0) l’andamento dell’ampiezza può aprossi-

marsi con la seguente:

R(x) ≈ R0

x0
x = θ0x
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𝜆: laser wavelength
f: focal distance
D: lens diameter

dmin =
4

⇡
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Beam Popagation

The rectilinear propagation of laser beams only in SCI-FI movies.

Why? Only an infinite EM planar wave is a solution of the 
Maxwell equation. 
Another solution is the gaussian beam that propagates 
parabolically.

Minimum focal size is limited by diffraction

In industrial 
applications the 
minimum focus is 
always > 10 µm, 
normally 20 µm



Laser texturing as a tool to improve surface 
characteristics 

‣Wear

‣Wettability 

‣Tribology

‣Biomedical

‣Photovoltaic

‣Microfluidics
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Laser processing, power density and pulse duration
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1.3 Types of Laser 35
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Figure 1.16 Energy levels of the CO2 and N2 molecules

comes depleted and so by the Boltzmann distribution more and more of the energy
is passed into that state, giving a satisfactory conversion of electrical energy into the
upper state. It is necessary for another condition to hold, and that is that the excited

105 W/cm2: heating

106 W/cm2: melting

107 W/cm2: boiling

108 W/cm2: plasma



Laser texturing by material ablation
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The laser beam hits 
the material

Melting and 
vaporization Plasma formation Material removal

Orazi et. al LASE 2007



LASER: time distribution
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δ = fp τH =
τH
τP

Il cui valore è compreso tra 0 ed 1.
Diverse sono le modalità per ottenre la pulsazione

5.1.8.1 Modulatore esterno (shutter)

Il metodo più semplice, ma che presenta diversi inconvenienti. In pratica nell’intervallo tra un
impulso e l’altro la potenza emessa viene dissipata. Nessuna utilizzazione industriale di interesse.

Figura 5.11: Andamento dei parametri del laser in modalità pulsata.

5.1.8.2 Gain switching

La generazione dell’impulso avviene attraverso la pulsazione del sistema di pompaggio (ad esempio
utilizzando lampade stroboscopiche). Generalmente la frequenza di emissione di questo genere di
impulsi è compresa tra i pochi Hz e le poche centinaia di Hz, in questo modo la potenza di picco
può essere decisamente più alta della potenza massima continua grazie al periodo di “riposo” tra
un’impulso e l’altro.

Figura 5.12: Andamento dei parametri del laser in modalità pulsata.

5.1.8.3 Q-switching

Nalla modalità Q-switching la pulsazione viene modulata attraverso il guadagno Q del risuonatore.
Il pompaggio avviene in modalità continua generando, nella fase di riposo, una forte inversione di
popolazione. Si genera una emissione discontinua capace di “accumulare” l’energia fornita nella
cavità per un certo tempo e di restituirla sottoforma di un impulso laser estremamente breve come
visibile in figura 5.13, di durata compresa tra pochi nanosecondi ed il microsecondo. Le potenze
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Modulation of pumping energy

repetition rate f < 10 kZ

Pulse duration: ms / µs

Peak Power: kW

Tecnologie Speciali Lavorazioni Laser

erogabili per questi brevi periodi sono dell’ordine di 106 ÷ 109 Watt! I dispositivi di Q-sqitching
sono generalmente dispositivi optoelettrici (polarizzatori) ed optoacustici.

Entro certi limiti il rapporto tra la potenza media continua della sorgente e la potenza dell’im-
pulso è pari a:

PH =
P

fp τH
= P

τp
τH

= P
1

δ

Figura 5.13: Andamento dei parametri del laser in modalità pulsata.

5.1.8.4 Cavity dumping

Nella figura 5.14 è mostrato un dispositivo “cavity dumping”. In questo viene annullato il fattore
di amplificazione degli specchi (GL = 0) mediante un dispositivo rotante. L’energia di pompaggio
è accumulata sottoforma di fotoni e non come inversione di popolazione. L’effetto finale è molto
simile al Q-switch a parte una minor flessibilità nella scelta dei parametri di durata impulso e
frequenza.

Figura 5.14: Andamento dei parametri del laser in modalità pulsata.

5.1.8.5 Mode Locking

Utilizzato per creare impulsi brevissimi, della durata di 10−14 secondi. In questo modo si generano
degli impulsi di luce della lunghezza di pochi cm. Gli utilizzi pratici di queste sorgenti dette a
femtosecondo sono per il momento confinati al campo delle misure temporali e spaziali ed alle
micro e nanolavorazioni.
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Q-switching: modulation of 
reflectivity.

repetition rate f  kHz - MHz 
Pulse duration: ns

Peak Power: MW

Mode Locking

repetition rate f  MHz 
Pulse duration: fs/ps

Peak Power: GW (TW/PW)



Ultrashort laser sources: extreme peak power
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Pulse duration

Pulse lenght

Peak power ( 1 µJ @ 1 MHz = 1 W )

Only 30 oscillations 
of the electric field…

How to manage this peak 
power without destroying the 

matter of your laser ???



Nobel prize in Physics 2018…
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Arthur Ashkin (USA) Gerard Mourou (France) Donna Strickland (Canada)



Nobel prize in Physics 2018…
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Arthur Ashkin (USA)

“for the optical tweezers and their 
application to biological systems”



Nobel prize in Physics 2018…
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Gerard Mourou 
(France)

Donna Strickland 
(Canada) “for their method of generating high-

intensity, ultra-short optical pulses.”



Ultrashort lasers advances driven by scientific 
applications: nuclear fusion & high energy physics
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source: Thales

Negel et al. SPIE 9135 (2014)

Up to 100 J at 25 fs 
pulse duration!!!

1.1 (1.9) kW at 710 fs 
pulse duration



Ultrashort laser sources: laser matter interaction
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local thermodynamic equilibrium (LTE)Non LTE conditions, Two Temperature Model



Ultrashort lasers: robustness, operability, reliability
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• Ultrashort fiber technology for mid-low power range opened to the industrial use 
of robust and reliable sources

Pulse Duration

Repetition Rate

Pulse 
Energy

GHz pulses + burst operating mode -
> fiber technology for high power

10 MHz current industrial 
limits for fs laser

Recirculating amplifiers 
permit to generate up to 
200 mJ in ps regimes

<100 fs laser for 
processing 
commercially available

www.lightcon.com www.coherent.com

www.ekspla.com www.spectra-physics.com

www.amplitude-systemes.com



Exotic processes: multiphoton processing and cold 
ablation
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Sugioka & Cheng Light: Science & Applications 3, (2014)

2-photon-absorption, which then initiates the above described
chemical reaction, which is in most cases a polymerization,
sometimes also polyisomerization. Other technologies in additive
micro manufacturing are capable only to make 2D structures.

To manufacture micro parts not only the additive process step
needs to be taken into consideration, but also the total process
chain, which starts at the molecular change induced by the laser
energy within the base material. The fsDLW is capable of
resolutions significantly beyond the volume of cubic wavelength
as the photochemical reaction only takes place in the centre of the
beam due to nonlinear effects, see Fig. 2. Contributions to the
increase in resolution come from non-linearities in the light–
material-interaction, thresholding effects from initiation of photo-
polymerization at higher light intensities and material nonlinear
effects, which depend on the light intensity. In addition the
reaction distribution in the outer parts of the material may not
withstand the rinsing post process. Nevertheless the positioning of
the laser focus with piezos or steered mirrors achieves positioning
accuracies in the range of single nanometres, the fluctuation of
laser pulse energy of 5% and pointing instability of the laser beam
leads to a resolution in the range below 20 nm for structures
consisting of numerous voxels defined by individual laser pulses
and thus much below the diffraction limit. The solidified voxels can
also arbitrarily overlap, for smoothing out the surface. But liquid
resin is kept due to surface tension in the cusps of intersecting
voxel surfaces, which in the post curing process step is solidified
and thus gives a self-smoothing effect on the surface. Fig. 34 shows
such an artefact, made with a Titanium sapphire laser with 780 nm
wavelength and 150 fs pulse duration.

Fig. 34 also shows two technologies differing in the embedding
of the additive process within the process chain. The raster
scanning achieves a dense structure within 180 min, which is after

rinsing further cured under a mercury lamp, while the surface
profile scanning provides a liquid filled hollow skin of the bull
within 13 min, which is afterwards also rinsed and cured with a
mercury lamp. Rinsing is necessary for the chemical removal of
monomers and oligomers to achieve a contour according to the
threshold of chemical polymerization.

Fig. 35 shows FsDLW produced devices consisting of movable
mechanisms, where a layer between the chains remained
unsolidified, which is the same technology also applied for
macroscopic devices.

Manufacturing with fsDLW is in general a time consuming
process for large areas or volumes. Therefore attempts to increase
the efficiency are necessary for breakthrough of this technology.
Fig. 36  is one such attempt, splitting up the laser beam by micro
lens array with k lenses and then focusing by one single objective
lens, to give k spots in the base material. Motion of the optics
relative to the base material produces in parallel k equal parts, for
instance the 9 gears with 15 mm diameter or the 200 individual
letters ‘‘N’’ or microcoils. See also Fig. 4.

Fig. 37 shows a structure, which has also been created from
liquid monomers by two-photon absorption. Photochemically
induced isomerization by near infrared fs laser pulses between
cis- and trans-forms of an isomer poly(p-phenylene vinylene)
(DPO–PPV) exhibit significantly different solubilities in some
organic solvents, where the soluble cis form is washed out after the
fsDLW process step. With the same technology the micro Fresnel
lens in Fig. 38 is made and shows, that microoptical devices can be
manufactured in fsDLW, which cannot be produced by other
processes.

The micro propeller in Fig. 39 is designed as to be driven by
external magnetic fields. The propeller is also the electric rotor.

Fig. 33. A high-angle SEM image of a microbridge deposited by laser decal transfer
of a freestanding Si trench with length 25 mm and width 5 mm [134].

Fig. 34. SEM image of micro bull with a size of 12 mm made by fsDLW in
photopolymer, titanium sapphire laser with 780 nm wavelength and 150 fs pulse
from [148].

Fig. 35. SEM image of movable micro mechanisms, chain structure from [149].

Fig. 36. FsDLW fabricated multiple structures which are fabricated in parallel by
multiple mirrors from [150].

Bert Huis in ’t Veld  et al. / CIRP Annals - Manufacturing Technology 64  (2015) 701–724  717

Kawata et al - Nature  (2001)

Serbin, J et al. Opt Letters (2003)

Multiphoton 
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reaction threshold 
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initiation process, h , 1 (Ref. 16); N ! N!r, z, t" is the
photon f lux, and r0 is the primary initiator particle
density. We approximate the light distribution in
the main maximum at the focal plane !z ! 0" by a
Gaussian distribution N!r, t" ! N0!t"exp!22r2#r02",
instead of using more-complicated exact expressions in
terms of Lommel functions.17 Moreover, the photon
f lux, N0!t" ! N0, is considered to be constant during
the laser pulse, since reaching the polymerization
threshold requires many laser pulses. Neglecting the
losses of radicals between the laser pulses, we can
obtain the following estimate for the pixel diameter,
defined as a region where r!r, z" $ rth is fulfilled:

d!N0, t" ! r0$ln!s2N0
2ntL#C%1#2,

C ! ln$r0#!r0 2 rth"% , (2)

where n ! nt is the number of pulses, n is the laser-
pulse repetition rate, t is the total processing–
irradiation time, and tL is the laser-pulse duration.

To estimate the maximum voxel length along the
beam axis at r ! 0, we use the same expression for
the axial light distribution, N!z" ! N0#!1 1 z2#zR2",
as for a Gaussian laser pulse. In this approximation,
the pixel length is determined by

l!N0, t" ! 2zR $!s2N0
2ntL#C"1#2 2 1%1#2, (3)

where zR is the Rayleigh length. To compare Eqs. (2)
and (3) with the experimental data, we replaced N0
with

N0 !
2

pr02tL

PT
n h̄vL

, (4)

where P is the average laser power and T is the frac-
tion of light transmitted through the objective.

In Fig. 1, the measured data for the voxel di-
ameter and its length are shown. Measurements
are performed with a scanning electron microscope
(SEM). By fitting these data by use of Eqs. (2)–(4),
we can find the unknown parameters r0 ! 320 nm,
zR ! 0.725 mm, and s2#C ! 2.76 3 10254 cm4 s. The
corresponding fits are shown in Fig. 1 by the solid
curves. The numerical values of parameters r0 and
2zR are close to the resolution limits of the objec-
tive.18 The lateral resolution of our objective is given
by r ! 0.61l#N.A. ! 340 nm; the axial resolution, by
z ! 2lnoil#N.A.2 ! 1.2 mm.

The curves for both the voxel length and the voxel
diameter cross the x axis at tP2 ! 1.7 3 1025 W2 s.
For an average power of 30 mW, an irradiation time
of 19 ms at an 80-MHz repetition rate is needed to
polymerize the resin in the center of the laser focus;
i.e., 1.5 3 106 pulses have to be applied. The laser
energy used in this case is 0.57 mJ. Since the laser
beam was expanded before the objective lens, so that
T ! 15%, only EL ! 86 mJ is focused into the sample.
The accumulated threshold f luence for polymerization
!EL#pr02" is therefore 27 kJ#cm2. For this threshold
value, the theoretical voxel size should be infinitely
small, but in fact the minimum voxel size is always

limited by the pointing stability and power f luctua-
tions of the laser. The resin that we used contained
2.4 wt. % of photoinitiator molecules !r0 ! 2.4%".
Taking into account that the threshold density of
radicals required for polymerization of ORMOCERs
is equal to 0.25 wt. %, from the ratio s2#C we can
find the effective two-photon cross section for the
generation of radicals, s2 ! 3 3 10255 cm4 s. This
value is relatively small, which is explained by the fact
that we use conventional UV-absorbing initiators (Ir-
gacure 369) with a single-photon absorption maximum
at 328 nm. Much higher two-photon sensitivity can
be obtained with specially designed initiators based on
p-conjugated compounds with a two-photon absorption
cross section s2

a in the range 10250 to 10247 cm4 s.3
To realize real 3D microstructuring with femtosec-

ond lasers we scanned the laser beam with an x y
galvo scanner and moved the sample in the z direction
with a translation stage. In Fig. 2, SEM images of
a micrometer-scale Venus statue that was fabricated
by 2PP are shown. To accelerate the fabrication pro-
cess, which was approximately 5 min long, we irra-
diated only the shell with femtosecond laser pulses.
After that the liquid resin was washed out, and the
statue was irradiated with UV light for f inal polymer-
ization of the inner body.2,12

Fig. 1. Predicted and measured data for (left) the diame-
ter and (right) the length of the polymerized volume as a
function of the average laser power (for constant irradiation
time t ! 40 ms) and as a function of the irradiation time
(for constant laser power P ! 30 mW).

Fig. 2. SEM micrometer-scale image of Venus fabricated
by 2PP. Only the shell was irradiated by femtosecond
laser pulses; the inside region was cured with a UV lamp
after the liquid resin was washed away.
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•  First observation in 1965.


•  Role of self-organized dynamics has always drawn interest.


•  LIPSS observed in metals, dielectrics, semiconductors. 


•  Basic mechanism uncovered in 1980’s.


•  Persistent difficulties with achieving fine control over the 

structures has limited impact of the field.


•  Active field, with >1000 papers published, but few applicants 

demonstrated so far. 


Laser-Induced Periodic Surface Structures (LIPSS) �

Young, et al., 1982 !

Bonse, Resonfeld, !
Krüger, 2009!

Audouard, et al., 2010 !Guo, et al., 2005 !

•  First observation in 1965.


•  Role of self-organized dynamics has always drawn interest.


•  LIPSS observed in metals, dielectrics, semiconductors. 


•  Basic mechanism uncovered in 1980’s.


•  Persistent difficulties with achieving fine control over the 

structures has limited impact of the field.


•  Active field, with >1000 papers published, but few applicants 

demonstrated so far. 


Laser-Induced Periodic Surface Structures (LIPSS) �

Young, et al., 1982 !

Bonse, Resonfeld, !
Krüger, 2009!

Audouard, et al., 2010 !Guo, et al., 2005 !

Young et al. 1982

Guo et al, 2005

• First observed in dielectric in 1965

• Underlining physics not clear

• Electro dynamics model ( Surface Plasmon Polaritons interaction )

• Interference models

• High non linear phenomena ( changes in electromagnetic/ optical material constants )

• Effects amplified when using ultrashort laser pulses.

10 μm 10 μm
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process

‣High uniform and regular 
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‣Productivity > 500 mm2/

min
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suggestive of an interpretation as a Fourier integral over the surface height, h(x ', y ') , albeit with 

important differences. First, there is a preferred direction due to the sin2�  term, which sets the 

direction of the nanolines to be parallel to the polarisation direction. Second, the contribution of 

each scattering point decays with r�1 . This effectively sets sort of a coherence range; two regions 

of the surface, some sufficiently large distance away from each other, can have no influence on 

each other, but each region will contribute to nanostructure formation in its immediate vicinity 

(Fig. S2). This is the mechanism through which concurrent and independent nanostructure 

formation occurs when large spot sizes are used and it must be prevented to achieve a globally 

ordered structure, which we accomplish by restricting the spot size on the surface: The envelope of 

the beam, exp[�{(x � x0,n )2 + (y � y0,n )2} / 2w2 ] , also appears in the integrand, which effectively 

sets the upper range of the integral since near the edge of the beam the laser intensity will be lower 

than the minimum intensity required to activate the surface. This is a key point, through which we 

ensure that during each pulse, every single point illuminated by the laser beam contributes to the 

total field at every other point. Finally, the eikr term imposes the periodicity of the nanostructures. 

 

Figure S2. Cartoon showing two regions, Region I and Region II, which contribute to the 

formation of nanostructures in their immediate vicinity, but which are far apart enough that they 

have no mutual influence, resulting in concurrent, but independent growth of the nanostructures. 

 

Next, we formulate the chemical reaction between the metallic surface and oxygen from the air, 

which leads to the production of the metal-oxide. Light intensity reaching a planar slice of 

thickness dz , at a depth z  below the surface, is given by  

x

y x ’

y ’I

x ’’

y’’II
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equivalent conditions for all samples, the human blood plasma
after thawing was filtered over centrifugal filter (Millipore)
with a 5-μm pore size.

After overnight incubation of the CA 125-spiked
blood plasma with antibody-modified particles, the
bound and unbound titanium dioxide particles were
magnetically separated using magnets with residual flux
density about 14.5-14.8 kg (K&J Magnetics). The un-
bound titanium dioxide particles were washed away.
Immediately following, extensive speed-controlled shak-
ing (vortexing) using Vortex-Genie mixer (Scientific
Industries) was applied to the suspension to break down
possible nonspecific complexes. These procedures were
repeated four times to enhance the accuracy of the
separation. To achieve a homogeneous distribution of
microparticles on the filter surface, we first vortexed
the particle suspension and then removed the buffer by
applying partial vacuum negative pressure to the bottom
part of a filter. We used the microscopic visual control
to ensure the homogeneity of the microparticle distribu-
tion on a fil ter surface (Fig. 3(a)) . After the
magnetizing-washing cycle and removal of the buffer,
the top part of the test tubes were cut off while the
bottom part of the test tubes with the assayed micropar-
ticles were dried. Finally, the assayed microparticles
were analyzed by fs-LIBS for the presence of Ti and
Fe elements. Titanium (334.94 nm) and iron (261.19
and 404.58 nm) emission spectral lines were used for
spectroscopic analysis. In a control experiment, we used
the PBS-BSA buffer (no. CA 125) for spiking the
human blood plasma. In the experiment, we used
200 μL of the human blood plasma spiked with various
amounts of CA 125. Up to 20 μL PBS was used to
adjust volumes. No further dilution was made. There-
fore, this experiment was conducted in approximately
100 % human blood plasma.

LIBS experimental setup

The fs-LIBS experimental setup used for this work is shown in
Fig. 2. CPA-Series Ti-Sapphire 150-fs ultra-short laser (Clark-
MXR, Model 2210) operating at 775 nm with pulse energy of
1.6 mJ per pulse is used to generate a laser-induced
microplasma. The laser pulse is focused on the surface of
the target sample (the bottom part of the test tubes containing
the assayed microparticles) via a 50-mm-focal-length fused
silica Bi-Convex lens. A motorized stage with x-y translation
is used to automatically translate the sample during the mea-
surement. Optical emission from the plasma plume was col-
lected in an enclosed chamber by a fiber collimation lens at
45° with respect to the laser beam and focused onto an optical
fiber. The fiber was coupled to ME5000 Echelle spectrograph
(Andor) with a DH734-18F O3 iStar Intensified Charge

Coupled Device camera (Andor). Emission from the plasma
was collected 50 ns after the laser pulse with an integration
time of 700 μs using an onboard digital delay generator of the
spectrograph. These parameters were determined by reducing
the continuum backgroundwhile at the same timemaximizing
the signal-to-noise ratios of the emission lines for the species
(the major elemental lines). The selected time gating parame-
ters are the result of this procedure. The image of LIBS plasma
plume expansion by femtosecond laser pulse in air (Fig. 3(c))
was obtained using Andor’s iStar DH320T-18UE3 Intensified
Charge Coupled Device (ICCD) camera with the same gate

Fig. 2 Schematic setup of femtosecond laser-induced breakdown
spectroscopy and automated data acquisition procedure, including CPA-
Series Ti:Sapphire ultra-short pulse laser (fs-Laser), ME5000 Mechelle
Spectrograph, Intensified Charge Couple Device (ICCD), fiber optics
(FO), sample stage (SS), fiber collimation lens (FCL), and laser energy
sensor (Sen), data acquisition device from National Instruments (DAQ)

Fig. 3 a Microscopic picture of laser ablation craters (light spots) on a
fragment of the filter surface covered with assayed microparticles. b LIBS
spectra of assayed samples with various CA 125 concentrations: green,
1 U/mL; brown, 0.1 U/mL; blue, 0.01 U/mL; cyan, 0 U/mL. c Fast
photography of LIBS plasma plume in air (provided to illustrate the
shape and size dimensions of the plasma generated by the LIBS
process). dLIBS spectra of calibration samples with various titanium
dioxide microparticle loads: brown, 7.8 μg; green, 3.9 μg; blue, 0.39 μg;
cyan, 0 μg; and constant iron oxide 46.8 μg load.Dots represent averaged
experimental data; lines represent fitted curves

Tag-femtosecond laser-induced breakdown spectroscopy 1851

Markushin et al. - Anal Bioanal Chem, 2015
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Fig. 13. (A) Schematic diagram of femtosecond surface light scattering imaging system. (B) Time-resolved light scattering imaging of Cu-phthalocyanine film upon femtosec-
ond  laser ablation. Bright spots outside the exited area are protrusions during film casting. (C) Temporal evolution of surface roughening (Rrms)  of Cu-phthalocyanine film
upon  laser ablation analyzed by  femtosecond surface light scattering imaging. The  definition of time-resolved surface roughness, Rrms (t),  is  given in the figure. Its integrated
value  was correlated to  the scattering intensity I  (a.u.) by referring a correction curve obtained by AFM measurement. Reproduced with permission from [106].  Copyright
2013  The Chemical Society of Japan.

Fig. 14. Temporal evolution of electronic excitation and relaxation, molecular and lattice vibration, and morphology. A:  Photochemical mechanism by 100 fs pulse excitation;
and  B: Photothermal mechanism by 10 ns pulse excitation.

K. Okano et al. Photochemistry 
Reviews 28 (2016) 

MEMS scanner are driven at resonance, allowing the use of low driving voltages to scan large 
FOV, and (6) the collection pathway is separated from the excitation fiber and uses a large 
numerical aperture (NA) fiber, providing improved collection efficiency. 

 

 
Fig. 1. The 10 × 15 × 40 mm3 miniaturized two-photon microscope and femtosecond laser 
microsurgery probe. (a) The model includes 1) air-core PCF and GRIN collimating lens, 2) 
two-axis MEMS scanner, 3) miniature aspheric relay lenses, 4) mirror, 5) dichroic mirror, 6) 
0.46-NA GRIN objective lens, and 7) 2mm-core plastic optical fiber. (b) The photograph 
shows the miniature probe as built without the delivery fiber and the lid that was used to seal 
the probe. The PCF and its collimating GRIN lens were mounted separately and aligned to the 
probe during experiments. (c) SEM micrographs of the PCF core and cladding structure, and 
MEMS scanning mirror design (d). The scale bars are 15 µm in (c) (3 µm in inset), and 600 µm 
in (d) (120 µm in inset). 

 
An air-core PCF (one meter long, Air-6-800, Crystal Fiber A/S) delivers femtosecond 

pulses for both imaging and microsurgery into a 10 × 15 × 40 mm3 Delrin® housing (see Fig. 
1(c)). Pulses for imaging (at 80 MHz repetition rate from Mai Tai, Spectra Physics) were 
delivered at the minimum-dispersion wavelength of the PCF near 753 nm. The pulse duration 
was measured to be 152 fs after the fiber for a 117 fs input pulse duration using a homebuilt 
interferometric autocorrelator. Pulses for microsurgery (at 1 kHz repetition rate from Spitfire, 
Spectra Physics) were delivered near 780 nm, the operation wavelength of the chirped pulse 
amplifier. Microsurgery pulses were prechirped using the compressor in the amplifier to 
compensate for the fiber dispersion at this wavelength, resulting in a pulse duration of 178 fs 
exiting the fiber. The beam coming out of the fiber was collimated by a gradient index 
(GRIN) lens (0.46 NA, 1.8 mm diameter). The fiber tip and its collimating lens were held in a 
micropositioning stage that was aligned to send the collimated laser beam into the probe 
housing.  

The laser beam is scanned inside the probe housing using a two-axis gimbal MEMS 
scanning mirror driven by vertical electrostatic combdrives (see Fig. 1(d)) [24, 25]. The 
reflective surface of this mirror is bare silicon, which provides a reflectance of ~30%.  The 
500 × 500 µm2 mirror exhibits resonance frequencies of 1.54 kHz and 2.73 kHz. Maximum 
optical beam deflections of ±10.5° for the outer axis and ±10° for the inner axis are achieved 
by driving the mirrors with sinusoidal voltage signals at their resonant frequencies using peak 
voltage values of 80 volts. The corresponding number of resolvable spots, a key figure of 
merit for scanning devices, is approximately 172 x 232 for this device [26, 27]. The 
collimated beam on the scanning mirror is imaged onto the back aperture of a GRIN lens 
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rat skeletal myoblasts, which show a preferential alignment only on samples with the with ripples of
large periods (430 nm) [37]. Under specific treatment conditions, different types of surface formations,
such as globular nanostructures, were observed, e.g., on PES (Figure 2) [43], which may also be applied
for cell guidance.
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Figure 2. 2D SEM images of PES treated by 6000 pulses and laser fluence 8 of mJ/cm2 (A), 16 mJ/cm2 (B), 

bottom images (A̒,B̒) represent the FIB-SEM cuts of the same samples (A,B,A̒,B̒—3 μm × 3 μm) [43].  

3. Ion Implantation 

Another way of altering the biocompatibility of a polymer surface is ion implantation, which 

can increase both the adhesion and the subsequent proliferation of cells [44]. high-energy ions  

(e.g., in the range 1013 to 1015 cm−2) are separated by magnetic field and accelerated in an electric field 

before being implanted into the surface of the substrate and their energy is quickly dissipated and 

causes changes in the structure of the polymer by breaking down macromolecular chains. Breaking 

of the polymer chains leads to an increased concentration of highly reactive radicals in the surface 

layer. This leads not only to an increased reactivity of the surface but also to crosslinking of the 

broken macromolecular chains, formation of double bonds and a release of gaseous degradation 

products [45,46]. The structures formed in the polymer by ion implantation are similar to those 

formed by pyrolysis, but they are found only in the surface layers of the polymer instead of in the 

entire bulk of the material [47]. For biomedical applications, the ions used are either those of noble 

gasses, which are assumed to be biologically inert, or ions of elements such as oxygen or nitrogen, 

which can be commonly found in biomolecules [48,49]. For specific applications, ions of cytotoxic 

elements such as silver can be used to create surface where no cell adhesion takes place [50].  

The process of ion implantation is affected by several variables. The depth of penetration is affected 

by both the weight and energy of the ions. For biomedical applications, low energies in the range of 

tens of keV are often utilized since it is assumed that cells only interact with the uppermost layers of 

the material and thus shallow penetration depths are sufficient [51].  

For the adhesion and proliferation of mammalian cells, good anchoring to the substrate is 

necessary. For that, appropriate physico-chemical properties and morphology of the surface are 

needed. Pristine polymers are usually hydrophobic or negatively charged, which makes cell adhesion 

difficult. Ion implantation allows the modulation of surface properties of a polymer, including its 

biocompatibility. The increase in biocompatibility can be attributed, among other things, to an 
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—3 µm ⇥ 3 µm) [43].

3. Ion Implantation

Another way of altering the biocompatibility of a polymer surface is ion implantation, which can
increase both the adhesion and the subsequent proliferation of cells [44]. high-energy ions (e.g., in the
range 1013 to 1015 cm�2) are separated by magnetic field and accelerated in an electric field before being
implanted into the surface of the substrate and their energy is quickly dissipated and causes changes in
the structure of the polymer by breaking down macromolecular chains. Breaking of the polymer chains
leads to an increased concentration of highly reactive radicals in the surface layer. This leads not only
to an increased reactivity of the surface but also to crosslinking of the broken macromolecular chains,
formation of double bonds and a release of gaseous degradation products [45,46]. The structures
formed in the polymer by ion implantation are similar to those formed by pyrolysis, but they are
found only in the surface layers of the polymer instead of in the entire bulk of the material [47].
For biomedical applications, the ions used are either those of noble gasses, which are assumed to be
biologically inert, or ions of elements such as oxygen or nitrogen, which can be commonly found
in biomolecules [48,49]. For specific applications, ions of cytotoxic elements such as silver can be
used to create surface where no cell adhesion takes place [50]. The process of ion implantation is
affected by several variables. The depth of penetration is affected by both the weight and energy
of the ions. For biomedical applications, low energies in the range of tens of keV are often utilized
since it is assumed that cells only interact with the uppermost layers of the material and thus shallow
penetration depths are sufficient [51].

O. Nedela - Materials 2017
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fibrinogen are hydrophilic in nature.40,41 Protein adsorption
tests on both pristine and micro-textured Ti6Al4V surfaces
with BSA are depicted in Fig. 7. There was a threefold
increase in the adsorption rate of protein on the pristine
surface than the micro-textured surface after 2 h and 30 min.
The percentage of adsorbed protein was directly proportional
to the increase in exposure time (p < 0.05 and hence signifi-
cant). The micro-textured surface exhibited the reduced
adsorption rate throughout the time period.

G. Cytotoxicity tests with hBM-MSCs

Postadhesion, hBM-MSC morphological changes such
as elongation and doubling were observed upon extended
incubation period (on days 3 and 7). The results of MTT
assay indicate the viability of cultured hBM-MSCs on pris-
tine and laser micro-textured Ti6Al4V as shown in Fig. 8.
The RGRs of hBM-MSCs on Ti6Al4V alloy at 0, 3, and
7 days, respectively, were 107.59%, 104.34%, and 102.78%,
which are considered as noncytotoxic according to the ISO
10993-5 standard.

H. Surface charge measurement

It was observed that there was selective adhesion of
hBM-MSCs to the proposed laser texturing of Ti6Al4V,

while a reduction in adhesion of S. aureus. To investigate the
facts yielding this observation, surface charge measurement
of metallic surfaces was performed by KPFM while that of
cells was performed using a zeta potential meter. KPFM
results indicate that the surface potentials of pristine and
laser micro-textured Ti6Al4V are +586 and +314 mV,
respectively (Fig. S1 in the supplementary material52). The
zeta potential of DMEM/F12, NB, hBM-MSCs in DMEM,
S. aureus in NB, hBM-MSCs, and S. aureus in DI water
were performed (Fig. S2 in the supplementary material52).
It was observed that S. aureus possessed a potential of
(−)25 mV while hBM-MSCs possessed (−)18 mV.

IV. DISCUSSION

Nanosecond laser micro-texturing led to physical and
chemical changes on the surface of Ti6Al4V such as forma-
tion of micro-pits, modification of surface charges, and
modification of oxidation states of constituting elements.
Over a period of 10 days, the contact angle saturates from 7°
immediately postmachining to ∼158° after 10 days postma-
chining [as shown in Fig. 4(a)]. The top surface of laser tex-
tured samples was further oxidized post-laser-processing,
and surface oxidation was found to be responsible for super-
hydrophobicity.42 The combination of micro-texturing and
time induced surface oxidation leads to super-hydrophobicity,

TABLE I. Effect of processing parameters on micro-pit geometry and wettability.

Sr. No

Wettability of surface Laser processing parameters Micro-pit parameters

Contact angle Power Speed Frequency Number of passes Diameter of micro-pits Depth of micro-pits
(°) (W) (mm/s) (kHz) (μm) (μm)

1 59.37 10 10 50 1 27 4.60
2 65.93 10 10 100 1 25 4.58
3 75.70 15 10 250 1 35 11.07
4 80.50 10 10 250 1 24 8.25
5 125.77 15 10 150 10 30 6.17
6 136.7 20 10 250 3 27 19.83
7 141.47 25 10 250 3 35 34.52
8 158.2 20 10 50 10 33 78.0

FIG. 3. SEM micrograph of (a) pristine Ti6Al4V and (b) laser textured micro-pits on the Ti6Al4V surface.
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Adhesion test of S. aureus on pristine and laser micro-
textured Ti6Al4V indicated a 75% reduction over laser micro-
textured surface as compared to pristine (Fig. 5). After 72 h,
there is an 80% decrease in the CFU count for laser textured
surfaces. However, in the case of pristine surfaces, there is
merely a 20% decrease in the CFU count between 0 and 72 h,
which are not statistically significant due to a high standard
deviation. To mimic the contact of human biological fluids
during surgeries, an in vitro dynamic fluid flow system was
custom designed and fabricated in-house. S. aureus inoculums
were spiked in the nutrient broth circulating in the system,
around the 3D laser micro-textured Ti6Al4V sample. About a
50% decrease in S. aureus adhesion on the micro-textured
Ti6Al4V sample was observed (Fig. 1) as compared to the
pristine tool. This system evaluates the implementation of the
antibacterial property of the laser textured Ti6Al4V sample
against S. aureus in a real-time dynamic environment. In vitro
tests indicate that micro-textured Ti6Al4V samples did not
affect blood coagulation significantly because laser textured

surface shows excellent blood compatibility due to least wett-
ability of the surface.45 However, micro-texturing aided in the
reduction of protein adsorption on the surface by fourfold, a
desirable property for surgical tools. A higher adsorption rate
of proteins on hydrophobic surfaces has been reported by a
few research groups as compared to hydrophilic surfaces.46,47

Hydrophobic surfaces adsorb proteins more strongly than a
neutrally charged hydrophilic surface. However, we observed
that the amount of adsorbed proteins on micro-textured hydro-
phobic Ti6Al4V was significantly lower than the pristine
surface (Fig. 7). The protein adsorption studies are suggestive
of limited binding sites on laser micro-textured Ti6Al4V sur-
faces. Also, the formation of TiO2 and Ti2O3 [XRD results as
shown in Fig. 4(b)] on laser micro-textured Ti6Al4V surfaces
contributed to lesser adsorption of proteins. We also found
that no toxicity was imparted to the cultured hBM-MSCs
according to the ISO 10993-5 standard on both pristine and
micro-textured surfaces. Cell adhesion and proliferation are
shown in Fig. 5.

FIG. 5. SEM micrographs of S. aureus adhesion on (a) pristine—0 h, (b) laser micro-textured Ti6Al4V surface—0 h, (c) pristine—72 h, and (d) laser
micro-textured—72 h; (e) transient cell growth studies on S. aureus.

FIG. 6. Results of human blood coagulation test on pristine and laser
micro-textured Ti6Al4V surface.

FIG. 7. Protein adsorption assay with BSA (fraction V) on pristine and laser
micro-textured Ti6Al4V surfaces.
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Strong reduction of S. Aureos proliferation after a strong ns 
laser treatment of Ti6Al4V.

Cytotoxicity does not significantly increase as blood 
coagulation appears not affected.

Relationship with wettability? 

Further investigation of the cause of the reduction in
S. aureus adhesion and proliferation on the laser micro-
textured surface reveals chemical modification and surface
potential as highly significant factors.48 The reduction in
surface potential from +586 to +314 mV of Ti6Al4V was
due to laser texturing, which in turn reduces the initial adhe-
sion of S. aureus (−25 mV). The chemical transformation
yields hydrophobic surfaces, which adds to the reduced
initial adhesion of bacteria. Also, the proliferation of adhered
S. aureus was found to decline over a period of 72 h due to
the formation of VO2 and Al2O3, which are known to
behave as antibacterial agents against S. aureus.49,50

Consequently, the laser micro-textured surface has lower S.
aureus adhesion as compared to pristine. A potential explan-
ation is that the hBM-MSCs are larger in size than S. aureus
and have more contact length on the surface. Hence, more
energy was dissipated to its corresponding adhesion bonds.51

Thus, hBM-MSCs show greater adhesion on both pristine
and micro-textured Ti6Al4V as compared to bacterial organ-
ism S. aureus.

V. CONCLUSIONS

Nanosecond laser micro-texturing led to physical and
chemical changes on the surface of Ti6Al4V in the form of
micro-pits, modification of surface charges, and increase of
β-Ti, Ti-oxide, and rutile phase titanium. These attributes
help in the reduction of adhesion of gram-positive bacteria
S. aureus and further proliferation without affecting blood
coagulation or blood profile. In addition, laser texturing did
not exhibit cytotoxic effects as confirmed by the adhesion
and proliferation of hBM-MSCs, and the obtained results
were equal to those observed in pristine surfaces. A 3D tex-
tured Ti6Al4V cuboidal sample in a nutrient broth spiked
with S. aureus was experimented. After 24 continuous hours
of exposure, about a 50% reduction in S. aureus as compared
to the pristine material was observed. In vivo studies on the
textured samples are the future scope of the study. To con-
clude, laser based micro-texturing is a nontoxic, environment
friendly green process that is also a cost effective alternative

to conventional surface modification techniques such as
mechanical micromachining and chemical treatments.
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FIG. 8. MSC adhesion counts of pristine and laser micro-textured surface
after cell growth of 0, 3, and 7 days.
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which depends on surface texture and chemical composition.
XRD revealed the presence of α-Ti, β-Ti, Ti-oxide, and rutile
phase in laser textured samples. The presence of oxide is
beneficial in the enhancement of wear resistance and biocom-
patibility. Furthermore, laser textured surface forms the O-H

bond on TiO2 under wet conditions and enhances its biocom-
patibility.43,44 Results of the laser micro-textured samples
were further studied for biocompatibility (blood coagulation,
protein, and human bone marrow cell adhesion) tests as well
as its resistance to S. aureus.42–44

FIG. 4. (a1) Contact angle measurement of pristine. Contact angle of laser micro-textured Ti6Al4 surfaces (a2) immediately after machining, i.e., 0 day (a3),
after 3 days (a4), and after 10 days. (b) XRD spectra of pristine and micro-textured Ti6Al4V after 0, 3, and 10 days showing individual compounds and
(d) corresponding EDX results.
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large reductions attained for E. coli. Best performance was achieved with LIPSS, yielding reductions of 99.8% for  
E. coli and 84.7% for S. aureus. Nano-pillars performed similarly, with reductions of 99.2% and 79.9%, respec-
tively. Hydrophilic LIPSS instead exhibited a 98.5% reduction in E. coli cell numbers but somewhat greater data 
dispersion. Finally, hydrophobic LIPSS samples subject to a second contamination cycle exhibited a 99.1% reduc-
tion in E. coli retention compared to the control samples, indicating a minor reduction in antibacterial perfor-
mance compared to initial exposure (99.8%) but nonetheless robust behavior.

Discussion
Morphology and topography. The laser-treated surfaces can be divided into two broad categories based 
on their morphology (Fig. 2); spikes that present features much larger than bacterial cells (20–40 µm), and LIPSS 
and nano-pillars that present features similar in size (0.5–0.9 µm and 0.8–1.3 µm, respectively). The density of 
peaks, Spd, quantified during topography analysis (Table 3), can be considered a simple indicator of the number 
of available contact points for bacterial cells based on their dimensions. Rod-shaped E. coli, with a diameter 
of approximately 0.5 µm and a length of approximately 2 µm, occupy approximately 1 µm2/cell. A reduction in 
the number of contact points is therefore expected for Spd > 1 µm−2. It has been shown that larger structures 
(Spd < 1 µm−2) lead to a reduction in E. coli coverage54, for which the criterion Spd > 1 µm−2 is a conservative indi-
cator for reducing the number of available attachment points. Spherical S. aureus cells, with a diameter of approx-
imately 0.5 µm, instead occupy approximately 0.25 µm2/cell. A reduction in the number of contact points in this 
case is therefore expected for Spd > 4 µm−2. Though such values are based purely on geometric considerations 
and do not account for asymmetry of the cell or surface, they provide approximate threshold values that can be 
compared with readily measurable topography data. In the case of spikes, the density of peaks is 1.7 × 10−3 µm−2 
(Table 3), some three orders of magnitude lower than the threshold value for E. coli. The density of peaks of LIPSS 
and nano-pillars are instead 1.1 µm−2 and 1.3 µm−2, respectively (Table 3), greater than the threshold value of 
1 µm−2 for E. coli but below 4 µm−2 for S. aureus.

Parameter Spikes LIPSS
Nano-
pillars

Static water contact 
angle (°) 160 ± 6 119 ± 5 (H.phob^)

26 ± 5 (H.phil^) 140 ± 2

Water sliding 
angle (°) 14 ± 3 — —

Table 4. Measured static water contact angle and sliding angle for laser-treated surfaces. ^H.phob LIPSS refer 
to samples aged in ambient air for 30 days; H.phil LIPSS refer to samples held in water at 90 °C for 48 hours 
following laser treatment.

Figure 4. Geometric average of normalized residual E. coli and S. aureus bacteria counts for mirror-polished 
and laser-treated surfaces with spikes, LIPSS and nano-pillars. Three variations of LIPSS are presented: 
hydrophobic specimens contaminated separately with E. coli and S. aureus (“LIPSS”), hydrophilic specimens 
contaminated with E. coli (“LIPSS H.PHILIC”) and hydrophobic samples contaminated a second time with E. 
coli (“LIPSS REPEAT”). Values are normalized against residual bacteria counts for untreated control samples (Sa: 
0.37 µm) tested under the same conditions, chosen to represent present-day practices within the food handling 
industry and meet current industry standards for stainless steel surfaces45. Error bars display maximum and 
minimum measured values.

Strong correlation 
with hydrophobicity
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Table  1
Summary of the surface roughness parameters and water contact angles for the untreated and laser-treated samples: TiG2, TiG5 and CoCrMo.

Samples Surface Roughness Parameters Surface Wettability

Ra (!m) Rz (!m) Rsk Rku Water Contact Angle (◦)
Measured  by 2D Surface Roughness Tester Measured by AFM Measured by SessileDrop Method

Untreated TiG2 0.37 2.59  − 0.34 2.06 74.3
Untreated TiG5 0.13 1.14 0.22 2.29  72.6
Untreated CoCrMo 0.04 0.33 80.6
Laser-treated TiG2 2.60 18.70 0.07 3.04 31.9
Laser-treated TiG5 3.57 23.23 0.32 3.11 45.7
Laser-treated CoCrMo 1.83 10.86 83.0

Fig. 2. (a–d). AFM topography 3D images for the (a-b) untreated and (c-d) laser-treated TiG2 and TiG5. Scan area 2 ×  2 !m2; color coding of all images as by  height scale in
figure.

3.3. Surface topography by AFM

The secondary surface features in  the laser-treated TiG2 and
TiG5 (refer to Fig. 1g and h) were further analysed using AFM. The

untreated TiG2 and TiG5 surfaces were used as control. The sec-
ondary surface features were quantified by two  additional surface
roughness parameters, namely Rsk and Rku. The Rsk and Rku val-
ues for the untreated and laser-treated TiG2 and TiG5 are given in

76  C.-W. Chan et al. /  Applied Surface Science 404 (2017) 67–81

Fig. 7. (a-f). Fluorescence images for the untreated and laser-treated samples after 24  h of bacterial cell culture: TiG2 (a and b), TiG5 (c and d) and CoCrMo (e and f).

order of ability to  reduce the bacterial adhesion is laser-treated
TiG2 > laser-treated TiG5 >  laser-treated CoCrMo (p <  0.05). On the
other hand, the bactericidal effect is quantified by calculating the

dead/live cell ratio for each surface, i.e. the higher the ratio, the
more efficacious the bactericidal effect. The results are plotted in
Fig. 9 . The results show that the laser-treated TiG2 and TiG5 have

S. aureos proliferation

C.-W. Chan et al. /  Applied Surface Science 404 (2017) 67–81 77

Fig. 8. Mean percent (%)  of total biofilm area (n = 10) with error bars (95% confident
interval) for the two groups of samples: untreated and laser-treated samples. Within
the group of untreated samples, no significant differences are observed. Within the
group of laser-treated samples, the laser-treated CoCrMo shows the highest percent
of  total biofilm area, followed by the laser-treated TiG5 and the least is the laser-
treated TiG2.  Results are statistically significant at p  < 0.05. Comparing between the
untreated and laser-treated samples, a statistically significant reduction (p  < 0.05)
are  observed with the laser-treated TiG2 and TiG5, respectively. No significant dif-
ferences exist between the untreated and laser-treated CoCrMo. *indicates the mean
difference is significant at p  <  0.05.

Fig. 9. Mean dead/live cell  ratios (n =  10) with error bars  (95% confident interval) for
the two  groups of samples: untreated and laser-treated samples. Within the group
of  untreated samples, no significant differences are observed. Within the group
of  laser-treated samples, no  significant differences exist between the laser-treated
TiG2 and TiG5, but significant differences are observed between the laser-treated
TiG2 and CoCrMo as well as the laser-treated TiG5 and CoCrMo (p < 0.05). Com-
paring between the untreated and laser-treated samples, a  statistically significant
increment (p < 0.05) are observed with the laser-treated TiG2 and TiG5, respectively.
No  significant differences exist between the untreated and laser-treated CoCrMo.
*indicates the mean difference is  significant at p  <  0.05.

a higher dead/live cell ratio than their untreated counterparts. The
results are statistically significant at p <  0.05. It is  important to  note
that although the mean dead/live cell ratio is higher for the laser-
treated TiG5 than the laser-treated TiG2, their difference is not
statistically significant, and thus, there is no statistical evidence
to claim that the laser-treated TiG5 possesses stronger bacteri-
cidal effect than the laser-treated TiG2. However, it can still be
concluded that the laser-treated TiG2 and TiG5 have a more effi-
cacious bactericidal effect than their untreated counterparts. The
laser-treated CoCrMo possesses a  very weak bactericidal effect, as
does the untreated CoCrMo.

3.8. SEM micrographs of biofilms

The SEM micrographs in Fig. 10 shows the morphology of S.
aureus biofilms on the untreated (Fig. 10a, c and e) and laser-treated
(Fig. 10b, d, and f) surfaces after 24  h culture. The SEM micrograph
in Fig. 10a  indicates that the untreated TiG2 surface is  covered by
a large number of adherent bacterial cells with evidence of biofilm
formations, i.e. coccoid cells embedded in extracellular polymeric
substances (EPS). Likewise, aggregates of coccoid cells embedded in
EPS are found on the untreated TiG5 surface (Fig. 10c). Moreover, it
appears that the biofilms on the untreated TiG2 and TiG5 preferably
adhere on the pre-existing surface features, such as grooves from
grinding. It  appears that the untreated CoCrMo surface was almost
completely covered by thick, confluent biofilms (Fig. 10e). In com-
parison, a significantly reduced amount of bacterial adherence was
observed from the laser-treated TiG2 and TiG5 surfaces (Fig. 10b
and d),  with the number of adherent cells considerably reduced.
The adherent cells on the laser-treated TiG2 and TiG5 surfaces show
preferential adhesion on the surface micro-features, namely rip-
ples and lamellae within the laser-treated areas. The biofilm on the
laser-treated CoCrMo (Fig. 10f) is confluent in areas and more likely
to adhere on the circular patterns along the laser tracks. The obser-
vations in the SEM micrographs are in good agreement with those
in  the fluorescence images and statistical analysis.

4. Discussion

The experimental results show that the laser-treated TiG2 and
TiG5 exhibit notable antibacterial activities, namely higher resis-
tance to bacterial attachment and colonisation (stronger on TiG2)
and bactericidal effect (stronger on TiG5). In  comparison, the laser-
treatment of the CoCrMo had no obvious effect on either inhibiting
the bacterial attachment and colonisation or killing the attached
bacteria. The antibacterial activities of the Ti-based materials after
laser treatment cannot be straightforwardly explained by the for-
mation of TiN, given that whether or  not the TiN itself exhibited
the antibacterial properties is still controversial. Consequently, it
is  more appropriate to  explain the antibacterial activities based
on the (1) physiochemical (surface hydrophobicity), (2) chemical
(oxide film composition, thickness and charge carrier properties)
and (3) physical (surface roughness and topography) changes in
the surfaces after laser treatment.

4.1. Physiochemical changes: surface hydrophobicity

Attachment of bacteria to a  surface depends on a number of
factors, such as Brownian movement, van der Waals forces, grav-
itational forces, electrostatic forces and hydrophobic interactions
between the bacterial cell and the substratum. Bacterial attach-
ment can be described by a two-stage process: an initial reversible
attachment in the first step followed by an irreversible attach-
ment in  the second step [25]. Hydrophobic interactions are involved
in  the both steps and are considered to be an important factor
in  enabling the initial attachment of bacteria [26].  It is known
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demixing [24], and electrospinning [25e27]. The results of
these studies show that the modified substrate surfaces affect
cell attachment, spreading, migration, alignment, proliferation,
and even the level of cytokine production and gene expression.
However, the influence of these micro- and nanostructures on
substrate surfaces on cell division is often neglected, and the
modification methods are, in fact, rather complicated, usually
including more than one-step.

Polystyrene is widely used as two-dimensional (2D) cell
culture substrates in vitro. Recently, some methods have
been applied to produce three-dimensional (3D) structures on
polystyrene surface, such as, microgrooves with the width/
spacing/depth of 10/20/3 mm by casting [23], nanogrooves
with a periodicity of 500 nm and different depths of 50 nm
and 150 nm by LangmuireBlodgett lithography [22], and
nanofibres with the mean diameter from 1 mm to 0.66 mm by

electrospinning [26]. However, polystyrene with a hydrophobic
surface does not provide a suitable environment for adherent
cells to attach and grow. Therefore, hydrophilic groups also
should be induced on polystyrene surface by plasma treatment
[22,23,26]. In the present study, an efficient and effective one-
step technique e p-polarized laser irradiation with a wave-
length of 266 nm, was used to modify a smooth polystyrene
film, not only generating wavy laser-induced periodic surface
structures (LIPSS) with a periodicity of 250 nm and a depth
of 60 nm, but also yielding hydrophilic carbonyl-containing
groups [28]. A rat C6 glioma cell (C6 cell) was chosen as an
experimental model system because glioblastoma is the most
aggressive primary intracranial tumor [29]. In a previous study,
we have studied the influence of physicochemical properties
of laser-irradiated polystyrene on bovine serum albumin
adsorption and C6 cell attachment, spreading, alignment and

Fig. 1. AFM images of PS (A) and TPS (B).

Fig. 2. Frame-to-frame trajectory (mm) for 5 min interval of C6 cells on PS (A, 804 points of 23 cells during migration for 3 h with an average migration speed of
0.74 mm/min) and TPS (B, 1110 points of 18 cells for 6 h with an average migration speed of 0.29 mm/min). The units of the axes are micrometers.

2050 X. Wang et al. / Biomaterials 29 (2008) 2049e2059

266 nm generates three-dimensional anisotropic nanostruc-
tures e LIPSS with a periodicity of 250 nm and a depth of
60 nm, in addition to oxidizing the surface to yield hydrophilic
carbonyl-containing groups, which increases the apparent sur-
face energy of polystyrene film with an anisotropic wetting
behaviour.

Attachment onto a substrate with forming FAs is the first
step for an adherent cell to grow. FAs are dynamic groups of
structural and regulatory proteins that transduce external sig-
nals to the cell interior and can also relay intracellular signals
to generate an activated integrin state at the cell surface [34].
More C6 cells attachment per unit area on TPS than those on
PS [28], and more human tongue squamous carcinomas cells
selective adhesion in the laser-irradiated area of a polystyrene
Petri dish [35], have showed that the hydrophilic polystyrene
accelerates cells to attach and adhere by inducing FA assembly
and stabilization. Cell migration involves in FA assembly and
disassembly and the fine regulation of the cytoskeleton sys-
tem, especially, actin polymerization and depolymerization
[36]. The result of one study has revealed that the migration
speed of 3T3 fibroblasts on patterned Ti4Al6V is similar to
that on smooth Ti4Al6V [37]. Therefore, C6 cells on TPS
moving slower than those on PS might be mainly due to that
the hydrophilic TPS accelerated dash-like FAs to be assembled

and stabilized. For C6 cells on hydrophobic PS, with weak
cell-substrate adhesiveness and fast migration speed, their
punctuated FAs might be less stable. Lamellipodia at the lead-
ing edge of C6 cells on PS has showed that the rate of actin
polymerization and depolymerization is faster [38], which
consumes a lot of energy (ATP). However, for cells on TPS,
with strong cell-substrate adhesiveness and slow migration
speed, there might remain enough ATP to synthesize proteins
and duplicate DNA, which agreed with the results that faster
motility for human glioma cells is associated with reduced
transcription of proliferation genes [39], and that the rate of
cell proliferation on TPS is faster than on PS [28]. Therefore,
it was the increased hydrophilicity of TPS surface that accel-
erated C6 cell attachment and proliferation, whereas inhibited
cell migration, and the dynamics of FAs played an essential
role in adjusting these cell behaviours.

The cellular tensegrity model was used to explain the phe-
nomenon of anisotropic LIPSS on TPS guiding cell spreading,
migration and division. This model proposes that the whole
cell is a prestressed tensegrity structure, and that geodesic
structures are found in the cell at smaller size scale with ten-
sional forces borne by cytoskeletal microfilaments (MFs) and
intermediate filaments (IFs) and balanced by microtubules
(MTs) and FAs [40]. Mechanical signals outside the cell

Fig. 7. Inverted phase contrast microscopy images of C6 cells cultured on PS (A) and TPS (B) for 24 h. Fluorescence microscopy image of C6 cells cultured on
TPS for 24 h and the cells immunostained gamma-tubulin (C). Fluorescent microscopy images of C6 cells cultured on PS (D) and TPS (E) for 24 h and the cells
stained with acridine orange. The double-ended arrows pointed the direction of LIPSS.

2055X. Wang et al. / Biomaterials 29 (2008) 2049e2059
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oxygen on both electroformed and laser-treated sur-
faces is comparable. Moreover, carbon surface con-
tamination was also observed on both surfaces.
However, this type of contamination is commonly
found since isolating the carbon compounds is not a
trivial task [30]. One important thing to be emphasised
is that the contamination from hydrocarbon com-
pounds was the same for each sample. All the samples
were prepared from the same metal sheet, treated with
electrolyte similarly, stored within the same conditions,
and then measured at the same time. The only differ-
ence is the laser treatment applied to the specific sur-
face area. Assuming that the laser treatment did not

affect the carbon contamination on the surface of
SS316L, then the measurement error derived from
the contamination was the same for each case.

High-resolution XPS scan showed that carbon spec-
tra of both electropolished and laser-treated surfaces
contained carbon–carbon or carbon–hydrogen peaks
with binding energy of 284.8 eV, carbon–sulphur or
carbon–nitrogen compounds with binding energy of
286.2 eV, and carbon–oxygen bond with binding
energy of 288.6 eV [22]. Deconvolution graphs of oxy-
gen species showed the presence of metal oxide (bind-
ing energy 529.7 eV), metal hydroxide (binding energy
531 eV), and others (binding energy 532.4 eV) on both
surfaces [31]. Moreover, further analysis of Cr and Fe
spectra was performed to determine their oxidation
states and formed species in the passive film. For
both electropolished and laser-treated surfaces, oxide
compounds in chromium spectra were characterised
by the peaks at 577.2 and 578.5 eV[22,23] as seen in
Figure 5. The presence of Cr2O3 was confirmed by
the difference in binding energy of Cr2p1 and Cr2p3
of 9.79 eV [22]. For iron spectra, the presence of
oxide compounds was shown by the presence of
709.4 and 711.8 eV peaks [29–34]. The occurrence of
FeOOH was confirmed by the difference of Fe2p1
and Fe2p3 binding energies (13.65 eV) [31]. Referring
to the deconvolution graphs of high-resolution scans,
there was no significant difference between

Figure 3. Close-up SEM image of chain-like surface structure following laser treatment; the width of chain-like structure is rep-
resented by w (A). Topographical characterisation of a chain-like structure by AFM; the depth of chain-like structure is represented
by h (B). SEM image of chain-like d75 structure following laser structuring with d defined as the periodic distance between two
adjacent chains (C).

Figure 4. Chemical composition of electropolished and laser-
structured SS316L surface by XPS analysis.
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mainly influenced by the topography of the chain-like
structure.

The topography of the chain-like structure allowed
mechanical grip within the scanned tracks. The mech-
anical grip was provided by the presence of micron
and sub-micron features on the chain-like structures.
This support was minimally found on its counterpart
design, grooving. In addition, the dimensional range

of the chain-like structure is suitable for stent appli-
cations with the average depth (h) of 0.64 ± 0.07 μm.
In contrast, the average depth of grooving could be as
deep as 5 µm compromising the mechanical properties
of newer generations of cardiovascular stents. Thus
applying chain-like structure was a promising alterna-
tive design to promote endothelialisation for cardiovas-
cular stent applications.

Figure 8. Immunofluorescence staining of HUVECs after 5-day incubation period. Confluent layer of HUVECs layer on electropol-
ished SS316 (A), d150 (B), d75 (C), and d25 (D) surfaces. Cells were stained with DAPI to stain nucleus in blue and rhodamine-phal-
loidin stain cytoskeleton in red. The scale bar equals 20 µm in white.

Figure 9. Analysis of the alignment angles of HUVECs. The angles were measured between cell orientation and chain-like structure
direction (oriented nominally at 0°). Distribution of HUVECs orientation on electropolished SS316L surface (A), d150 (B), d75 (C), and
d25 (D).
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verified that experiment 4 possesses a roughness greater
(6.3662 lm) than experiment 3 (4.0808 lm). This result
may be explained by the fact that low laser power with a
higher number of passages, results in an increase of rough-
ness. Experiment 5 was performed using 5.4 W and a differ-
ent number of passages (three passages). By observing
Figure 4(i,j) it is possible to conclude that only some voids
were created, which indicate that the number of laser pas-
sages was insufficient, although continuous textures were
produced in this experiment. Concerning roughness value,
this was lower (3.7636 lm), which indicates an insufficient
number of laser passages.

Figure 5 shows SEM images of the textured lines pro-
duced using the parameters of experiment 6 (five passages
and laser power of 5.4 W), which were found to present the
most adequate dimensions (depth of about 160 mm and
width of about 155 mm) and profile for the subsequent HAp
insertion, compaction and sintering. When analyzing Figure
5, it is clear that some metal remains in these textured lines
after the laser passage. However, this is a positive aspect,
once it helps to promote a mechanical interlocking of the
posterior sintered HAp inside these textured lines due to
great inherent roughness (9.3734 mm), obtaining an excel-
lent adhesion of this bioactive material.

However, the mechanical properties of implants are a
crucial factor that can dictate their long term success. To
replace bone, which is strong and tough on a hip joint,
materials must be able to match a good mechanical perfor-
mance. Thus, the design of the implant and the notch of

experiment 6 performed in this study, seem to be a feasible
solution in terms of mechanical properties, once according a
finite element analysis reported by Chen et al.,38 it was veri-
fied that in a hip prosthesis the maximal tensile stress in
the stem is around 200 MPa and approximately 350 MPa in

FIGURE 5. Top view ((a) - (b)) and lateral view ((c) - (d)) of textured lines from experiment 6, for 1503, 5003, and 10003 magnifications.

FIGURE 6. Percentage of retained HAp in Ti6Al4V textured specimens,
after ultrasonic cavitation test, for different combinations of laser
power and scan speed.
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CONCLUSIONS

! Laser texturing on Ti6Al4V specimens was successfully
performed, obtaining adequate textured lines in terms of
dimension and roughness, using five passages of Nd:YAG
laser with a power of 5.4 W.

! Laser sintering of HAp on textured lines on Ti6Al4V
specimens was successfully performed using a CO2 laser
and the adhesion/retention of HAp was found directly
related with the HAp laser sintering parameters.

! This work allowed a deeper understanding on the influ-
ence of laser parameters on the retention HAp on
Ti6Al4V textured lines and it was concluded that the best
results were achieved when using laser power between 9
and 9.6 W and a scan speed of 1mm/s.

! Laser technology was proven a versatile and advanta-
geous method for texturing Ti6Al4V parts surface and for
bioactive material (HAp) sintering.

! Ti6Al4V substrate laser texturing followed by HAp com-
paction and subsequent laser sintering was proven an
effective for the retention and non-degradation of HAp,
validating this design for the production of hip prosthesis
with improved bioactivity.
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between HAp and Ti6Al4V, will unavoidably lead to the
appearance of fractures on the bioceramic (as visible in Fig-
ures 8 and 10). Nevertheless, although presenting some

fractures, the roughness of the textured lines is able to
mechanically retain the HAp, thus leading to a good reten-
tion of the bioceramic. This claim is based on the ultrasonic

FIGURE 9. SEM image of HAp filled textured line of specimen from experiment E, after (a) ultrasonic adhesion test and (b) sliding test, with
marked zone for EDS analysis, for 1503 magnifications.

FIGURE 10. SEM image of HAp filled textured line of specimen from experiment F, after (a) ultrasonic adhesion test and (b) sliding test, with
marked zone for EDS analysis, for 1503 magnifications.
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R.S. Faeda et al. 
Evaluation of titanium implants with surface modification by laser 
beam: biomechanical study in rabbit tibias
Implantology (2008)

Removal torque of Ti6Al4V implants with surface 
machined compared to  ns laser treated

Evaluation of titanium implants with surface modification by laser beam. Biomechanical study in rabbit tibias

Braz Oral Res 2009;23(2):137-43140

Figure 3 - SEM micrographs of the implants with machined 
surface, original magnification of 500 X.

Figure 4 - SEM micrographs of the implants with machined 
surface, original magnification of 5,000 X.
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Graph 2 - EDS analysis of a laser-treated implant showing 
a clean surface with Ti and O peaks.
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Graph 1 - EDS analysis of a machined surface with pre-
dominantly Ti peaks.

Figure 1 - SEM micrographs of the implants after laser 
treatment, with original magnification of 500 X.

Figure 2 - SEM micrographs of the implants after laser 
treatment, with original magnification of 5,000 X.
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interface in the whole implant perimeter, and is con-
sidered in the literature as an important tool for the 
evaluation of the osseointegration process.20-24

The present study showed that the laser-treated 
group achieved higher removal torque values when 
compared to the machined control group. Moreover, 
the results suggest that the machined implants had a 
time-dependant anchorage, while the laser-treated 
implants had an acceleration of this process. Thus, 
it is possible that the stronger bone integration with 
laser grooved surfaces observed in the current study 
is not only due to a rougher surface, but may also be 
due to a more favorable surface chemistry than that 
of the machined surface. 

Through the SEM analysis, it could be observed 
that the titanium laser ablation resulted in a very 
complex surface morphology, enlarging the bone-
implant contact interface. The EDS showed that the 
laser ablation kept the surface purity with a great 
amount of oxygen, probably due to an increase in 
the thickness of the surface oxide layer, as already 
reported,10,25 favoring bone integration.

The implant surface properties have a direct role 
in osteogenesis at the bone-implant interface, influ-
encing a series of coordinated events, including pro-
tein adsorption, cell proliferation, and bone tissue 
deposition.26-28

Some in-vivo and in-vitro experiments evalu-
ated the biological comportment of laser modified 
implants. Soboyejo et al.13 (2002) evaluating the cel-
lular response of laser grooved titanium substrates 
observed that this surface orientated bone cells at-
tachment and inhibited fibroblast growth and mi-
gration. Frenkel et al.12 (2002) analyzed the effect 
of laser grooves in a chamber simulating an intra-
medullary bone response around joint implants and 

concluded that this surface treatment may induce 
rapid ingrowth and a strong bone-implant interface, 
contributing to implant longevity. The same was ob-
served by Li et al.29 (1997) by means of an histologic 
evaluation and a push-out test. They observed that 
the bone formation into the grooves increased the 
retention of the implants.

The removal torque values obtained in this study 
are consistent with the results from previous studies, 
which have shown a significant increase in bone re-
tention of implants with laser surface modification. 
Karacs et al.30 (2003) compared the removal torque 
of implants with machined, sand-blasted and sand-
blasted associated to laser ablation surfaces. They 
observed that the laser treatment after sand-blasting 
increased removal torque by almost 50%.

Hallgren et al.9 (2003), using a Nd:YAG laser, 
found a bone-implant contact percentage of 40% 
for the laser-modified implants and 32% for the 
machined ones. The removal torque test showed 
a mean value of 52 Ncm for the laser-treated im-
plants and 35 Ncm for the machined implants after 
12 weeks of healing. These values were similar to 
those observed in the present study (54.57 Ncm and 
33.85 Ncm, respectively), using the same kind of la-
ser. Similar comportment was found by Cho,  Jung3 
(2003). They compared, by the removal torque test, 
the implants with machined and laser-modified sur-
faces after 8 weeks of implantation. The removal 
torque value was 23.58 ± 3.71 Ncm for the ma-
chined implants and 62.57 ± 10.44 Ncm for the la-

Table 1 - Mean and Standard Deviation (SD) of removal 
torque (Ncm) by group and time period.

Periods 
(Weeks)

Surfaces Evaluated 

MS LMS P value

4 23.28 ± 4.46  33.0  ±  5.8 < 0.05*

8  24.0  ± 6.34  39.87 ±  9.58 < 0.05*

 12 33.85 ± 6.28 54.57 ± 17.73 < 0.05*

*significant difference at P < 0.05, ANOVA - Bonferroni test.
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Graph 3 - Distribution of removal torque values (Ncm) for 
MS and LMS according to the experimental periods (weeks). 
*significant difference at P < 0.05, ANOVA - Bonferroni test.
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Ti/Zr alloys for bio-medical applications

‣Collaborative work

-UNIMORE (IT)

-Sumy State University, PP Exima (UA)

-Comenius University (SK)

- IAPS (LV)

-University of Lisbon (PT)


‣Surface nanotexturing to improve 
and steer the growth of cells, mainly 
osteoblasts and fibroblasts.

‣50% of dental implant loss are due 

to loss of bone support.
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   Huang et al. - The construction of 
hierarchical structure on Ti substrate 
with superior osteogenic activity and 

intrinsic antibacterial capability. 
Nature - Scientific Reports 4 - 

6172. (2014)

www.futuremedicine.com 727

Figure 1. Laser-textured surfaces. Scanning electron microscopy micrographs and roughness profiles of laser-
induced periodic surface structures (A–C), nanopillar- (D–F) and microcolumn- (G–I) textured surfaces. The arrows 
in (A, D & G) indicate the polarization direction of the laser beam. The micrographs in (B & E) were taken at a 
tilting angle of 45°. The scale bar is 5 μm (A & D), 10 μm (G) and 2 μm (B, E & H). 
LIPSS: Laser-induced periodic surface structure.  
For color figures, please see online at www.futuremedicine.com/doi/full/10.2217/NNM.15.19

future science group

Human mesenchymal stem cell behavior on femtosecond laser-textured Ti-6Al-4V surfaces    Research Article

1–20 mm/s by means of a computer-controlled XYZ 
stage (PI miCos; Eschbach-Germany) while pulsing 
the laser at 1 kHz. To achieve complete surface cover-
age, consecutive laser tracks were partially overlapped 
by a lateral displacement of about 30% of the track 
width. The polarization direction was controlled by 
a half-wave plate introduced in the optical path. The 
laser treatment was carried out in air.

Surface characterization
Quantitative assessment of the surface topography was 
carried out using stereoscopic pairs of scanning elec-
tron microscopy (SEM) micrographs obtained at 0 and 
10° tilting angle using a JEOL JSM-7001F field emis-
sion gun scanning electron microscope (FEG-SEM) 
and Alicona-MeX© software 2.0 (Alicona Imag-
ing; Graz-Austria) [21]. The surface roughness was 
expressed by the parameters arithmetic mean height 

(Ra) and maximum height (Rz), defined according to 
ISO 4287 standard and calculated from at least ten 
measurements taken from each stereoscopic pair in a 
direction perpendicular to the laser beam scanning 
direction.

The surface chemical composition was determined 
by x-ray photoelectron spectroscopy (XPS) using a 
XSAM800 (KRATOS) spectrometer operated in the 
fixed analyzer transmission mode, with a pass energy 
of 20 eV, nonmonochromatized AlKα radiation (hν 
= 1486.6 eV), 120 W power (10 mA × 12 kV) and a 
take-off angle relative to the surface holder of 45°. The 
samples were analyzed in ultra-high vacuum (∼10-7 Pa) 
at room temperature. The spectra were collected and 
stored in 300 channels with a step of 0.1 eV and 60 s 
of acquisition time by sweep, using Vision (KRA-
TOS) software. The areas of the peaks components 
were evaluated after fitting with Gaussian-Lorentzian 
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Table 3. X-ray photoelectron spectroscopy atomic ratios.

Ratios Surfaces (%)

Polished LIPSSs NPs MC-LIPSSs

Ti(0)/Ti(total) × 100 8.1 – 4.8 –

Ti(III)/Ti(total) × 100 5.9 4.6 2.9 2.9

Ti(IV)/Ti(total) × 100 86.0 95.4 92.3 97.1

Al/(Al+Ti) × 100 44 55 52 47

,)033��,ASER
INDUCED�PERIODIC�SURFACE�STRUCTURE��-#
,)033��-ICROCOLUMNS�COVERED�WITH�,)033��.0��.ANOPILLAR���

Figure 3.  Cell spreading. Low-magnification 
fluorescence images of human mesenchymal stem cells 
cultured on polished (A), laser-induced periodic surface 
structures (B), NPs (C) and microcolumn (D) surfaces 
24 h after cell seeding. F-actin fibers (green) and cell 
nucleus (blue). The scale bar is 200 μm. Quantification 
of the cell area (E). 
*Statistically significant differences between the 
average values; p < 0.05. 
LIPSS: Laser-induced periodic surface structure; 
MC-LIPSS: Microcolumns covered with LIPSS; 
NP: Nanopillar.
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Research Article    Cunha, Zouani, Plawinski et al.

the processing methods and parameters indicated in 
Table 1. The texture depicted in Figure 1A–C consists 
of nanoripples known as LIPSSs. The average period 
and the peak-to-valley distance are 715 ± 86 and 
296 ± 58 nm, respectively. The second type of texture 
consists of an array of NPs (Figure 1D–F). The rounded 
tops of the NPs are due to resolidification of molten 

material. The third type of texture consists of micro-
columns with roughly elliptical cross-section covered 
with LIPSSs (Figure 1G–I), forming a bimodal surface 
roughness distribution. The length of the major and 
minor axis of the columns and their maximum height 
are 8 ± 2, 6 ± 1 and 4 ± 1 μm, respectively. These 
textures are not commensurate with the grain size of 
the material and bear no relationship with the mate-
rial microstructure. The values of Ra and Rz for all the 
laser-textured surfaces are given in Table 2.

XPS survey spectra of the laser-treated surfaces are 
presented in Supplementary Figure 1 (see online at www.
futuremedicine.com/doi/suppl/10.2217/nnm.15.19). 
They present peaks corresponding to titanium, alumi-
num, oxygen and carbon, as well as Auger electrons 
peaks of Ti, O and C. The vanadium peaks are par-
tially overlapped with the oxygen satellite peaks and 
cannot be distinguished. The Ti 2p, O 1s and Al 2p 
peaks are presented in Figure 2. The Ti 2p peak con-
sists of three doublets with a spin-orbit split of 5.7 ± 0.1 
eV. The main component (Ti 2p3/2) of the major dou-
blet is centered at 458.3 ± 0.1 eV and can be assigned to 
Ti (IV) in TiO2. A less intense doublet with a Ti 2p3/2 
component centered at 455.6 ± 0.2 eV can be assigned 
to Ti (III) in Ti2O3. In addition, for polished and nano-
pillar textured specimens a third doublet with the Ti 
2p3/2 component centered at 453.8 ± 0.2 eV is observed, 
which can be attributed to metallic titanium. The O 1s 
peak consists of three components at 529.9 ± 0.2, 531.5 
± 0.1 and 532.7 ± 0.3 eV. They can be attributed to 
O-2, a mixture of hydroxyl (OH-) and carbonyl groups 
(C = O) and oxygen singly bound to carbon (C – O), 
respectively. The presence of C – O and C = O groups 
was also confirmed by the analysis of the C 1s peak 
(not shown). The Al 2p peak consists of three doublets 
with a spin-orbit split of 0.4 eV. The most intense has 
its main component, Al 2p3/2, centered at 74.3 ± 0.1 eV 
and can be assigned to Al (III) in Al2O3. Another dou-
blet, with the Al 2p3/2 component centered at 71.6 ± 
0.1 eV, is observed for the polished surface and is due 
to metallic aluminum. Finally, a low-intensity doublet 
with the Al 2p3/2 component centered at 76.5 ± 0.1 eV 
is observed for microcolumn-textured surfaces, which 

   A. Cunha et al. - Human mesenchymal stem cell 
behavior on femtosecond laser-textured Ti-6Al-4V 

surfaces. Nature - Nanomedicine. (2015)
Can LIPSS improve the 

osteointegration?



30 lab rats 
divided in 4 groups

Esperimental setup
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Laser 
nanopatterning

Dulbecco’s Modified Eagle 
Medium; Fetal Bovine 
Serum; L-glutamine; 
Mercaptoethanol

24 h incubation 37 °C

Human Dermal 
Fibroblasts Adult 


seeding

Metabolic Alamar 
Blue Assay

In Vitro

As is

Ti As 
is

Zr As 
is

Ti 
LIPSS

Zr 
LIPSS SEM Analysis

In Vivo

30 samples - 9 mm discs

• Ti6Al4V ( commercial grade 1 )

• Zr ( 99.7% purity )



HR-LIPSS generation
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Material Fluence Scanstep Speed Repetition Rate
J/cm2 μm mm/s kHz

Ti6Al4V 1.17 3 3000 600
Zr 1.33 3 3000 600

Ti6Al4V Zr

Quasi regular structures obtained on both the materials

Ripples oriented perpendicularly to polarization plane



Morphology results

‣Periodicity in Zr is about 
850 nm.

‣For Ti6Al4V periodicity is 

about 650 nm.

‣The presence of High 

Spatial Frequency LIPPS 
( HSFL ) is observed.

‣Surfaces were 

characterized by means 
of 2D FFT.
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Cells viability: in-vitro results analysis
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Cells viability: in vivo results analysis
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Laser surface processing for biomedical 
applications
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Ok, all is fine with flat surfaces 
for lab testing but what about 

real complex geometries?



Manufacturing and ns-laser texturing of jaw model

‣Stainless 
steel model

‣5 mechanical 

axis + 3 
optical axis

‣20 W, 180 ns, 

80 kHz laser
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Conclusions

‣Laser surface texturing is a simple and robust method to treat 
surfaces changing both morphology and surface chemistry.

‣ In many cases LIPSS and/or microtexturing treatments can 

be conducted in air environment.

‣ In-vivo and In-vitro results shown a significative 

improvements in cells viability.

‣Surface modifications maintain bio-compatibility of the 

material: no new clinical trials are required.
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