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CIGS - Central Interdepartmental Laboratory

UNIMORE CIGS - Centro Interdipartimentale
» About 8 M€ state of the ™ s Grandi strument

art instruments

» 8 people highly trained
staff

» SEM, TEM, AFM, XRD,
NMR, EPR, mass-
spectroscopy, Q-TOF,
Confocal microscopy
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Nanomedicine @ UNIMORE
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Manufacturing and Technology Group @ DISMI

Small but growing group... Main research activities
» Prof. Leonardo Orazi » Laser based processing
» Prof. Barbara Reggiani » CAD CAM -
» Dr laroslav Gnilitskyi programming
> Dr Michele Cotogno » Numerical Simulation of
» PhD students Manufacturing

- Riccardo Pelaccia Processe

- Mohamed Darwish

UNIMORE * Department of Sciences and Methods Laser surface processing for biomedical applications
ERRCRGUOHIR 5, TR Manufacturing and Technology Group Sumy State University, 18 october 2018




LASER: Light Amplification by Stimulated Emission

of Radiation.
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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)
y
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LASER: wavelength

1 pm 1 nm
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LASER: spatial distribution

Beam Popagation

10 W/mm? 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

R(x)

AAAAA 107 Wimm?
A AYAYAVAY
100 W NN

Intensity: specific power, power over surface, heat flux [W/m2]
It influences the temperature on the material
It drive thermal processes

4 f In industrial
Amin = — D applications the
T N .
minimum focus Is
always > 10 pm,
normally 20 pm

Fluence: specific energy, energy over surface, [J/mZ?] A: laser wavelength
Photons accumulated on the surface f. focal distance
It drives photochemical processes D: lens diameter
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Laser texturing as a tool to improve surface

characteristics

» Wear
» Wettabllity
» Tribology
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Laser processing, power density and pulse duration

1010 |\ I~ e I~ | | |
" Shock- "X Specific energy J/cm \CN \(Al;tlténg
. . R . o - Welding
PULSED 10° N ha.rd' MEltlng N A”oymg
LASER BEAM Y, €ning (L -Cladding
108 — LM - Laser machining
E LAM - Laser aided
CONIC GAS Wy = o - manufacturing
/_\ % . _\\_‘ C’ W’ A’ CL ) _\x\ \_ L
EXPANDING S 100 I ST~ melting " \ 105 W/cm?2: heating
VAPOUR- - | \ .| 108 W/ecm2: meltin
LIQUID D | DSEN Pulsed RN . {107 W/cm?: boiling
PHASE L AYER 10° (— HPlasers | \ o 108 W/cm?2: plasma
104 I T ‘.. Transformation |~
WORKPIECE l ﬁ(:)nltmuous ~~\ \hardening
MATERIAL e LCVD |
10° | | | ) R ] - LAM ]
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Interaction time (s)
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Laser texturing by material ablation

8 »
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e D | ‘
t [ns]. 1.050000e+002 ¢ 5.000000e+012 [W/m"2] spot { 1.200e+002 8.000e+001 } [micron) rapid: 0 shufer. 1 draw. Temperature [K] ']_ } a I
The laser beam hits Melting and : :
. K- Plasma formation Material removal
the material vaporization

Orazi et. al LASE 2007
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LASER: time distribution

- - - - - longitudinal cavity
AV VA VA VA V4 N
L | : /
o, oF
a% 4 p% t
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A P Peak Power g A > clrculax:"gsgmafast 1 um::fs:: o
é CW Power = A A A A m:'g;m xg::r
sSl-l-l-——-=-11-"~—77"- =
> X S t
Modulation of pumping energy Q-switching: modulation of Mode Locking
repetition rate f < 10 kZ reflectivity. repetition rate f MHz
Pulse duration: ms / ys repetition rate f kHz - MHz Pulse duration: fs/ps
Peak Power: kW Pulse duration: ns Peak Power: GW (TW/PW)
Peak Power: MW
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Ultrashort laser sources: extreme peak power

Pulse duration

A= 1030 nm | | | | |
_ | | | | —
7, =100 fs =1-10"" s
ms Us ns pS fs
c~3-10°km/s ~ 3-10” mm/s ~ ~
[, = 30 um
p . Pulse lenght
How to manage this peak . J
uf — | power without destroying the | —
5 2 matter of your laser ???
< 0 é 300 ym 300 nm
te N
0 10 20 30
Distance [um] er ( 1 IJJ @1 MHz =1 W)
Only 30 oscillations | | | —
of the electric field...
I mW 1 W 1 kW 1 GW
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Nobel prize in Physics 2018...

C R B ' " s A ‘

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

laser light in laser light ir

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

UNIMORE * Department of Sciences and Methoc Laser surface processing for biomedical applications
NBSENE RSB Manufacturing and Technology Gro Sumy State University, 18 october 2018



Nobel prize in Physics 2018...

CPA - chirped pulse amplification ihie/py:=c Iz compressed

and its intensity increases
dramatically.

Short light pulse The pulse is stretched, The stretched
from a laser. which reduces pulse is amplified.
Its peak power.

Grating pair, Amplifier ' Grating pair,
pulse stretcher v pulse compressor

Donna Strickland

(Canada) ©Johan Jarnestad/The Royal Swedish Academy of Sciences “fO r -th ei r m e-th Od Of g en erati n g h ig h _
onmone . Department of Sciences and Methods for Engineeriy  INtENSIty, ultra-short optical pulses.”

Manufacturing and Technology Group




Ultrashort lasers advances driven by scientific

applications: nuclear fusion & high energy physics

Petawatt lasers of differing specifications are needed

to access a wide variety of science applications e
i :«‘,\r’d
Increasing compactness Increasing aperture
< > LL S |
] University scale laser systems 1375:9,:'2’?{%1”“, ' © pulse dura‘hon”'
Goehe £ o) Fast ignitor physics 100 PW o

Relativistic atom, e~ and Froto ea?i?m oric HEPW systems
plasma interactions 7

Pair plasma pro-
duction (gamma
ray burst physics

Pétawatt at
Omega EP

1072 -
: 1EW

meltin .
gf solids g\———-—\ heDaltriet Strongly relativistic
interactions (GeV)

1
-y
w

Laser driven
cluster

explosions 4_p wakefiéld
acceleyation of e

Pulse duration (s)
=

10-14 B ol Wi Nl
Realistic bandwidth limit
:‘or high energy (optical)
Diocles at U. Nebraska Texas Peta FANS 1.1 (1.9) kW at 710 fs
/ pulse duration
10-15 | : O S ) | : ST D T L | : LT LA B | ' woR WA o] : S P 2 . T TR L |
10° 10 10° 10° 10* 10° 10°

Laser Energy (J)

- P

Negel et al. SPIE 9135 (2074)
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Ultrashort laser sources: laser matter interaction
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Non LTE conditions, Two Temperature Model

local thermodynamic equilibrium (LTE)

]
CARRIER Absorption of p!i)tons
EXCITATION ingpact ionization

Carrier-carrier su!mering
THERMALIZATION L
Cprrer-phonon scattering

: Auger recombination
CARRIER Radiative recombination
REMOVAL ' :

Camier diffusion ]

0 Ablation and evaporation
THERMAL AND I Thermal diffusion
STRUCTURAL EFFECTS 1

Resglidification
— ! 1 1 4 4 f——

106 1015 104 109 107

fs ps

Department of Sciences and Methods
Manufacturing and Technology Group

!
" 100 100 10 107 106 10

ns s
Laser surface processing for biomedical applications
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Ultrashort lasers: robustness, operability, reliability

| 1 1= 1111

f Repetition Rate

www.amplitude-systemes.com

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

MHz

. - 10 MHz current industrial
|— e o — - limits for fs laser

A

<100 fs laser for
processing
commercially available

kHz

. A=,

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

Tp fs y
www.lightcon.com www.coherent.com Pulse Duration kJ
e Ultrashort fiber technology for mid-low power range opened to the industrialuse  Ep  puise
of robust and reliable sources Energy
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Exotic processes: multiphoton processing and cold

ablation

CB

Beam intensity

hy = Eg N | Multiphoton processing
. Reaction
Multiphoton threshold
absorpion and
reaction threshold
permits to
overcome the
- - - . .
diffraction limit b il recensaiiin
-three-photon absorption
(two-fifths of beam width)
;i Threshold for reaction
£ 05
é L Two-photon absorption
. Three-photon absorption
Actual beam profile _ _ _
(energy distribution for
single-photon absorption) -4 4
Position (a.u.)
Serbin, J et al. Opt Letters (2003
Sugioka & Cheng Light: Science & Applications 3, (2014) P ( )
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Exotic processes: multiphoton processing and
“cold” ablation
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Exotic processes: filamenting and bulk processing

femtosecond pulses / glass

A 045 objective lens

Kerr self-focusing

‘ \ Filament
—

modified
region

glass

. c
'\ glass
Plasma channel latent 2
mage micro-
channel
(a) 50th 200th (b) 500 Watanabe et al - Opt & Laser Tech 78A 2016

pulse burst pulse burs burst

Lol b = e
W i

Richter et al. Opt & Laser 83 2016

M MUz,
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Exotic phenomena: Laser Induced Periodic Surface
Structures

* 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.

Supplementany-Movie-2 —

N OR IS A TS U O - AONOC A OO D AOK RSP S-S B A AR

XSRS UGS S e O A OIS e

S

Guo et al, 2005

Oktem et al., Nature
Photonics 7, (2013)
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HR-LIPSS: High Regular Laser Induced Periodic

Surface Structures @ DISMI-UNIMORE

» Periods ~ (0.2 - 0.8) A/2

» Large Areas — 4000 mm?2

» Stable and robust ) g
ProCcess

» High uniform and regular
structures

» Productivity > 500 mm2/
min
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HR-LIPSS: High Regular Laser Induced Periodic
Surface Structures @ DISMI-UNIMORE

y
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£ SOl Sy SN

mag [] WD lens mode det mode HFW spot

> A
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/.
P

10.00kV | 40000 x | 5.6 mm | Immersion | TLD | Custom | 10.4 pym | 2.5

7/17/2015 | x: -46.9768 mm  HFW det | . | bl | o | mag O] | HFW |
4:53:12 PM y: 514513 mm  77.5 mm | Nav-Cam & 10000 x | 41.4 pm
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O Y,

UNIMORE * Department of Sciences and Methods fc Laser surface processing for biomedical applications

N
&

UNIVERSITA DEGLI STUDIDI %,
%

Manufacturing and Technology Group Sumy State University, 18 october 2018




Ultrashort lasers: biomedical applications

SURGERY DIAGNOSTIC DEVICE MANUFACTURING SURFACE PROCESSING

Femtosecond white
light continuum  Excitation Laser
Pulse Sample

Fllte
' probe

Reference

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

Oscilloscope

Energy _( o >

Meter o
e ||

I D]Z\ﬁgs Chamber
Spectrograph ?\\/ Q@) \ 4
) X85
| Hung, Chang - Optics & Laser Tech 90, 2017 . Gnilitskyi etal - CLEO 2016

C.L. Hoy 0,0tICS Express 2008 Markushin et al. - Anal Bioanal Chem, 2015
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Ultrashort lasers: laser surface texturing

> METALS

LASER ABLATION > POLYMERS

DIRECT WRITING

d>=10 pm

> BIO - POLYMERS

LASER ABLATION

LIPSS
d<Tum — POLYMERS
>  METALLIC MOULDS
— BIO - POLYMERS
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Some examples from literature

» Currently 102 < N. papers < 103
» Mainly chosen by the quality of the figures/tables

UNIMORE * Department of Sciences and Methoc Laser surface processing for biomedical applications )8
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Antimicrobial effects on TiI6AI4V

Parmar et al.
Oxidation facilitated antimicrobial ability of laser micro-textured titanium alloy

against gram-positive Staphylococcus aureus for biomedical applications
J. Laser Apps. (2018)

Strong reduction of S. Aureos proliferation after a strong ns
laser treatment of TiGAI4V.

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

Relationship with wettability?

- Pristine @ Laser Textured

Untreated 2

X 10° CFU/mL

OD (570 nm)

B

Pristine Laser micro-
textured

72 hours

3
Duration (days)
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Antibacterial effects on stainless steel AIS|I 316L

A. H. Lutey et al.
Towards Laser-Textured Antibacterial Surfaces Strong correlation

Scientific Reports (2018) with hydrophobicity

BE. coli
B S. aureus

10
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Antibacterial effects on Ti, Ti6Al4V and CoCrMo

orthopaedic implant aIons

(a) Untreated TiG2 (b) Untreated TiG5

C.W. Chanet al.

Enhancing the antibacterial performance
of orthopaedic implant materials by fibre
laser surface engineering

Applied Surface Science (2017)

’//.\
F

N P : . CW 1064 nm Fiber laser under N2
Dol T, i tremed T2 shielding gas.

| Mainly an oxidation process

This can explain stronger results on

prone to oxidation Ti based alloys

compared to CoCrMo

oo IR 300m

(c) Laser-treated TiG2 (d) Laser-treated TiG5

60

(4]
o
1 l

I
o
1

w
o
|

Mean Percent (%) of Total Biofilm Area
N
o
|

=3
o
|

} 4 _ . . " < & » 6‘(\06 ooﬂ\‘\o ” 8 < iy \36<\06 \O OQ(“\O
(e) Untreated CoCrMo (f) Laser-treaed oCrMo o o o&@a\e \,aﬁa"“ea \,06"":\@3 \peewe"”\e
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Cell proliferation orientation on PS

Wang et al.
Cell directional migration and oriented division on three-dimensional

laser-induced periodic surface structures on polystyrene
Biomaterials (2008)

Generation of LIPSS on Polystyrene
C6, HelLa and SPCA-1 cells mgration oriented division

A untreated

B treated
Double arrow line -> LIPSS orientation

0.0 50um 0.0 5.0 um

Height Height

UNIMORE * Department of Sciences and Methods for Engineering
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Cell proliferation orientation on SS316L

Purnama et al.
Laser surface texturing of S§316L for enhanced adhesion of HUVECs
Surface Engineering (2018)

Generation of oriented grooves by means of ns pulsed
laser on SS316L
HUVECs directional proliferation evidenced

10 um

mag. 5000X
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Biomechanical enhancements in implants

D. Faria et al.
TiI6AI4V laser surface preparation and functionalization using

A:’;f’tzzzd';z fl:i'::s hydroxyapatite for biomedical applications
' - Journal of Biomedical Materials Research Part B (2017)

Use of Nd::YAG to create grooves on hip implants
Fill the grooves with hydroxyapatite and sinterize it by

CO2 laser

. Excellent
! adhesion = - 4

.

<
g
>

L
v ‘1
<

&

-~ Continuous
textures

Shding
direction \ Sliding test
o i\ ) against bone
k y 5

Depth created
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Biomechanical enhancements in implants

e

R.S. Faeda et al.

Evaluation of titanium implants with surface modification by laser
beam: biomechanical study in rabbit tibias
Implantology (2008)

o

Lo

F 11
AL
; l'x'z B
i
%
8

Removal torque of Ti6Al4V implants with surface
machined compared to ns laser treated
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Figure 3 - SEM micrographs of the implants with machined Figure 4 - SEM micrographs of the implants with machined *
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Figure 1 - SEM micrographs of the implants after laser Figure 2 - SEM micrographs of the implants after laser
treatment, with original magnification of 500 X. treatment, with original magnification of 5,000 X. 4 Weeks 8 Weeks 12 Weeks
Healing Time
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Ti/Zr alloys for bio-medical applications

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)

» Collaborative work
- UNIMORE (IT)
- Sumy State University, PP Exiny”
— Comenius University (SK)
- 1APS (LV)
- University of Lisbon (PT)
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» Surface nanotexturing to | ——
and steer the growth of Can LIPSS mprove the |uertexuredTienrey

osteoblasts and fibroblastl  osteointegration? | s

).
» 50% of dental implant loss are due
to loss of bone support.
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Esperimental setup

30 samples - 9 mm discs
 TiI6AI4V ( commercial grade 1)
« Zr (99.7% purity )

Dulbecco’s Modified Eagle
Medium; Fetal Bovine

Mercaptoethanol
24 h incubation 37 °C

UNIMORE * Department of Sciences and Methods f
s SFRS 0 Manufacturing and Technology Group
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HR-LIPSS generation

Material Fluence Scanstep Speed Repetition Rate

J/cm?2 um mm/s kHz

Ti6Al4V 1.17 3 3000 600

Zr 1.33 3 3000 600
Attenuator

Pharos
Yb:KWG femtosecond laser
1030 nm, 213 fs, 600 kHz

Galvoscanner HWP

Polariser
Expander

F-theta lens

Quasi regular structures obtained on both the materials
= Ripples oriented perpendicularly to polarization plane
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Morphology results

» Periodicity in Zr is about
850 nm.

» For TiI6Al4V 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

Fluorescence
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Cells viability: in vivo results analysis

Fb Connective fibres (Fi)

BSE COMPO x250 BSE COMPO 30kV. x230__ 200um | BSE COMPO ' - |Erythrocytes (Er)

Leucocytes (Le)
Fibroblasts (Fb)

BSE COMPO 30kV x83.0 BSE COMPO 30kV x380 100um @ BSE COMPO

UNIMORE * Department of Sciences and Methods Laser surface processing for biomedical applications
ERRCRGUOHIR 5, TR Manufacturing and Technology Group Sumy State University, 18 october 2018



Laser surface processing for biomedical

applications

Ok, all is fine with flat surfaces
for lab testing but what about
real complex geometries?

UNIMORE * Department of Sciences and Methods Laser surface processing for biomedical applications 49
EEReeSA 5T Manufacturing and Technology Group Sumy State University, 18 october 2018




Manufacturing and ns-laser texturing of jaw model

» Stainless
steel model

» 5 mechanical
axis + 3

optical axis

» 20 W, 180 ns,
80 kHz laser

UNIMORE * Department of Sciences and Methods for Engineering Laser surface processing for biomedical applications
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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 viabillity.

» Surface modifications maintain bio-compatibility of the
material: no new clinical trials are required.
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