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Abstract

Recently, the production of well-defined patterned surfaces with random or regu-
lar micro and nano-features has brought new opportunities for research and develop-
ment in the field of tissue engineering and regenerative medicine. Among advanced
micro and nano processing technologies, laser surface texturing (LST) stands out
due to its simplicity, flexibility, precision, reproducibility and relatively low cost.
This work studies the development of patterned surfaces controlled by of LST into
biomedical grade V titanium, Ti—6 Al-4 V—-alloy. We present different cross-hatched
micropatterns followed by the characterisation of surface morphology and topogra-
phy. Structural integrity of the produced patterns is evaluated by friction tests
against bone, mimicking the insertion of an implant. Wettability is studied as it is
crucial for protein adsorption and cell adhesion. The results show that the surface to-
pography obtained using different patterning plans influences the wetting behaviour

and the coefficient of friction against bone.

*Corresponding author Laura Tiainen
+351 927 552 529
laura.tiainen@me.com

Preprint submitted to Journal of the Mechanical Behavior of Biomedical Materials March 18, 2019



Keywords: Surface texturing, micropatterns, LST, Ti-6A1-4V alloy, dental implant

material

A Effective focal spot area R,  Arithmetic mean surface roughness

b Distance between consecutive laser [R.  Average maximum peak to valley
pulses Sz Laser spot overlap

Epuise Laser energy per pulse w Radius of laser beam spot size

F,.;; Effective fluence COF Coefficient of friction

Q Laser pulse total effective energy o' Apparent contact angle
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1. Introduction

Despite that in general the success and survival rates of dental implants are ex-
cellent, complications still occur and peri-implant diseases pose significant challenges
for clinicians and patients. The primary stability, roughly the first two to four weeks
after implantation, is defined by the mechanical stability on the traumatized bone,
the bone healing process and possible infections. Biomechanical stability is com-
pleted by distant osteogenesis and contact osteogenesis at the implant surface. A
clinical failure of an implant often implies the extraction of the dental fixture due to
insufficient osseointegration (early failure) or bone maintenance (late failure) [1, 2].
The causes for early failures are related to poor bone condition, patient’s health
condition, lack of mechanical stability and infections among others |[SHZIENIONON
Late failures are generally associated with functional overload, peri-implantitis and
inadequate prosthetic construction [5, 7, 2]. Over the past thirty years, different
approaches to alter implant surface characteristics have gained attraction in the bio-
engineering and biomedical fie [l Surface modifications aim to increase control
over tissue and cellular response through the modulation of the basic mechanisms of

cell attachment, proliferation, differentiation and maturation [9, 10].

1.1. Implant surface

Several studies have demonstrated that by changing the implant surface, the
rate of osseointegration and the percentage of bone-to-implant contact (BIC) can
be significantly improved [11, 12, 13, 14]. Furthermore, is has been highlighted
that the most relevant implant surface properties impacting the adhesion and the

survival of cells are chemical composition, surface energy, wettability (hydrophobic-

ity/ hydrophilicity), roughness, topography and surface morphology. [SllGCessituRutay
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The lower young modulus results in a more appropriative stress distribution at BIC
[16, 17]. These titanium alloys also form spontaneously an adherent passive layer
that inhibits corrosion in a physiological environment. In fact this oxide-rich layer

is responsible for their excellent biocompatibility. [18, 19, 20, 7, 8]. [Alse, biocactive

Thus, it is well-known that additionally to the selected material, the surface to-
pography at micro- and nanoscale has a direct impact on cell morphology, orientation,
activity, behaviour and even on the phenotypic expression of various types of cells.
Preliminary results indicate that there is substantial potential of reducing infection
risks by 60-90%, without using any antibiotics, purely by optimising biomaterials
to improve osteogenic cells proliferation by 15-30% [22, 23]. The different scales of
dimension may have different roles in biomedical applications. It is suggested that
the cellular fate and function can be modulated by both nano- and microscale cues

as well as periodic structures [24, 25, 26].

The most employed features are grooves and ridges hence they have been widely
investigated as well [27, 28, 29, 30, 31, 24]. In the majority of the cases, cells tend
to align and spread along topographical discontinuities like the edges of grooves and
ridges. The underlying biological phenomena of this contact guidance are yet to be
uncovered but it is clear that there is a link to mechanotransduction. In a nutshell,

cells can recognise topographies with heights ranging from a few nanometers to sev-
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eral hundreds of micrometers. Different responses to similar surface topographies can
be observed with large cells, such as osteoprogenitor cells (30~50 um), and small cells

like monocytes (~10mm), platelets (~2pm) or even bacteria (~1pm) [32, 33, 34].

Cell adhesion is preceded by the adhesion of ions and proteins on the surface.
Hydrophilic surfaces promote higher degree of protein adsorption when compared
with the hydrophobic counterparts [35]. Also initial attachment of osteoblastic
cells increases with increasing hydrophilicity [36]. However, moderate hydrophilicity
(~40°< Op,0 < ~70°) is more advantageous by promoting balanced protein adsorp-
tion and better initial interaction, motility, proliferation and differentiation of cells

37, 38, 36, 35].

75

1.2. Laser surface texturing

Laser surface modification techniques make use of the thermal and photonic ef-
fects associated with the interaction of the laser beam with various engineering mate-
rials [40]. The ejection of material from the target surface is characterised by absorp-
tion of a massive quantity of energy. The mechanism of removal is based on ablation

or vaporisation. In most cases, thermal conduction and fluid dynamics effects can
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also be observed [40]. Depending on the power density and temporal working mode
of the laser, specific ablation mechanisms can prevail over others [41]. Evidently,
material processing by laser is dependent on a large number of process variables
so that influence directly the laser—material interaction and ultimately the processing
efficiency and quality. Thus, the topography and chemistry of the surfaces can be

optimised for the desired biomedical application.

2. Materials & Methods

Laser surface texturing method was employed to produce various micropatterned

e surfaces on biomedical grade V titanium alloy, Ti—6 Al-4 V [ClCHlNCoNasCatSa
CIOTSTCPONCIIESION Cross-hatch patterns were selected in order to increase the

effective surface area for bone-implant contact. Research on the hierarchical struc-
tures of bone and behaviour of osteoblastic cells has shown that cross-hatch patterns
hold a higher adhesion work when compared against micro-dimples or chaotic sur-
o faces produced by direct laser texturing [31]. Wettability and friction tests were
performed to characterise and compare the different patterns against two control
sample types; grit-blasted and polished biomedical grade V titanium. At least three

samples of each pattern were processed.

2.1. Sample preparation

% The specimens were cut from two rods with diameters 6 mm and 24 mm, polished
with silicon carbide (SiC) papers and cleaned. The final thickness of the samples
was 2mm =+ 0.02mm. Removing the particles produced in the polishing is essential
as they induce defects upon the laser treatment. To obtain the high reproducibility
of the micropatterns, the samples were ultrasonically cleaned for 5min first in a de-

w0 tergent solution and then in acetone or isopropanol. The samples were then rinsed
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thoroughly with distilled water and left to dry in a desiccator overnight at room

temperature.

The layout of different patterns, division into groups and the structural nomen-
clature used, are presented in Fig.1. The ridge and groove widths were designed to
have uniform dimensions. A total of nine combinations with varying groove width
(40 pm, 80pm, 140 pm) and groove spacing (0pm, 20pum, 100 pum) were defined.
The designs were drawn in SVG format using the freeware graphic editor software
Inkscape (v0.91). The patterns were placed in three groups according to the spacing

between consecutive grooves.
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grouping used for the combinations. Lasered grooves are marked in red and untouched areas in

white (left). Top and side view respectively (right)

LST presented in this work was performed using a Q-switched diode-pumped
Nd:YAG laser (OEM plus 6 W, SISMA, Ttaly). The laser specifications are tabulated



in Table 1. The system is equipped with a galvanometer scanning head (2-axis sub-
us  system Focus shifter, model MS-10 [Y] D1 V2, from RAYLASE) and a 160 mm f-theta
objective for focusing the beam and rastering the patterns. The input aperture of
the laser beam is 10pm. Pulsed lasers are usually characterised by beam shape,
beam quality M?, spot size (dy), peak power (P) and fluence (F, laser energy FE,
delivered per effective focal spot area A). Laser beam has circular Gaussian shape
120 profile (TEMO00) and the theoretical focal spot size (dy) calculated in accordance with
ISO Standard 11146 is 39 um [42]. Moreover, the spot size depends greatly on the

focusing of beam.

Table 1: Technical specification of SISMA OEM plus 6W

Laser Specifications

Average Output Power [W] 6
Wavelength [nm] 1064

Laser Technology Nb
Repetition Rate [kHz| 20

Pulse Width [ns] 35

Maximum Pulse Energy [mJ] 0.3

Beam Quality Factor, M?2 < 1.8

Cooling System Forced-aired Cooling
Power Supply 230V, £10%,, 50/60 kHz

Fluence is a position-dependent value and meaningful only in combination with
125 irradiation time. Assuming a uniform temporal and spatial beam distribution, total
effective energy (Q)) per unit are gives the effective incident laser fluence (F.rs) that

can be calculated using the following equation.

Fepp = % (1)

As the pulsed laser beam moves with a constant scanning speed. The the spot
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overlap (S;) between consecutive pulses is related to linear scan speed which is

illustrated in Figure 2.

Single beam Direction of laser
spot diameter beam motion

b b |Spu\5ﬂ3

Spu\sc?

Figure 2: Overlap of successive laser pulses over a single spot area.

Thus, the contribution of each pulse to total effective energy (Q) delivered in
a single spot area can be described as sum over the number of the pulses. In Eq.
2, Epuse is the laser energy per pulse. The beam diameter (2w) at the focal plane
defined by [42] is twice the distance between the maximum peak intensity of the
beam and the point where the beam energy in no more than 1/e* (~ 13.5%) of the

maximum intensity.

Q- i 2 B ®)

In the comparison of different laser operation settings, this contribution of pulses

over a single spot area was taken into account by using the effective fluence Fiys

(Eq.1).

All samples were textured in room air and assisted with a jet of air to remove
debris produced during processing. The patterns that have groove width larger than

the spot size were produced by overlapping multiple scan lines with an offset of half



145

150

155

160

165

the spot size until the desired width was reached. This methodology was adopted
in an attempt to produce regular and flat-bottom microgrooves, since changing the
wobble amplitude only resulted in highly irregular V-shaped grooves. The effective
laser fluence was 7.47 J /cm? per a scan line. The laser parameters used were average
power 1.2W, scan speed 400 mm/s and 10 laser passes per line. The grit-blasted
control samples were P4000 grit polished 6 mm ) Ti—6 Al-4V disks, grit-blasted

30s with alumina particles of 149 pm average size.

2.2. Wettability tests

Wetting is most often characterised by the contact angle between the material
and water, W(CA. The apparent contact angles 8" of patterned Ti-alloys and pol-
ished alloy were studied. The samples were cleaned the previous afternoon using the
procedure described earlier and left to dry in a desiccator overnight. Measurements
were taken with an optical tensiometer (OCA 15 plus, Dataphysics, Germany) using
5nL of freshly made type I ultrapure water (18.2 MQ cm, ELGA PURELAB® Clas-
sic) and 10 pl analytical grade glycerol (PA Hi-media, purity > 99.5 %, JMGS). The

dispensing rate was 5puls™L.

Room temperature during all the measurements was
~20°C. The determination of apparent contact angels was done with DataPhysics
SCA -software using the Laplace—Young’s method, after fitting drop outline to the

recorded images. The substrate baseline was set manually and tilting was disabled.

The micropatterned samples are evidently far from an ideal polished surface and
the liquid may spread throughout the pattern (Wenzel wetting theory) on the top of
the features (Cassie-Baxter wetting theory) or by mixing the two mechanisms. The
dimensions of the textures presented here are slightly large and obtaining Cassie—

Baxter behaviour in 140 pm groove is unlikely. However, the features of the patterns

10
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are not smooth and entrapment of air is possible. Moreover, the obtained apparent
contact angles can be reasonably used as a comparative parameter of hydrophilicity.
Surface energies are not evaluated as the textures may introduce capillary effect and

bias through chemical heterogeneities and topography.

2.8. Friction tests

The parallelepipeds of bone had been extracted from the femoral part of an indige-
nous breed 8-month-old bovine, machined into rectangular (4216220mm) samples.
During this preparation the bone was continuously moistened with PBS solution.
For storing the samples were immersed in PBS and frozen. The bone hardness
125.2HV+4.9 was obtained by load controlled micro indentation. The initial load
was 0.8mN, maximum load 3N, rate 12mNs~! and the dwell period at maximum

load 15s.

The entire surface of ) 6 mm disks was patterned for these tests. Prior to fric-
tion tests, the disks were cleaned sequentially in acetone, isopropanol and distilled
water for 5min and then left to dry in a desiccator overnight at room temperature.
At least three samples of each micropattern were tested using a new bone plate for
every new test. In addition, the coefficients of friction (COF) of alumina grit-blasted
Ti—6 Al-4V samples was measured for comparison. Hardness of the patterned sur-

faces was not studied. Grade V titanium hardness is roughly 347.0 HV.

The friction experiments were performed on a reciprocating pin-on-plate tribome-
ter (Bruker-UMT-2, USA). An illustration of the friction tests performed in this work
and a schematic coefficient of friction (COF) curves are shown in Fig.3. The de-

frosted bone plates were mounted in an acrylic electrochemical cell attached to the

11
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tribometer and lubricated with standard PBS. A 50 N load was applied at 1 Hz fre-
quency and 3 mm amplitude at 37°C. The initial static coefficient of friction (COF)
is determined by a single displacement in one direction. The measurement of the dy-
namic coefficient of friction follows immediately. The cycles of reciprocating slidings
take 15s after which the final static coefficient of friction is determined in a single
displacement in the opposite direction of the initial COF. Total duration of the three

tests was 25s.

Applied Load .
Static

Friction

Static
Friction

COF

Pin-Holder

Laser Textured N
THEAV disk

Lubricant
/

/ Fresh Bone
z/ / Reciprocating stage
© displacement

.

Dynamic
Friction

’ 5s 20s Time

Figure 3: Bruker-UMT-2 tribometer or could be left out. A schematic representation of the friction

test. Initial, dynamic and final static friction are measured in one measurement cycle of 25s.

2.4. Characterisation methods

The laser-textured surfaces were characterised in terms of topography, morphol-
ogy, chemical composition and surface roughness. All samples were inspected by
naked eye and an optical microscope (Hund H500, Helmut Hund GmbH, Germany;
or Leica DM 2500M, Leica Microsystems, Germany) for defects. The surface topogra-
phy, morphology and surface chemical composition were characterised with an ultra-
high-resolution field-emission Scanning Electron Microscope (NanoSEM - FEI Nova
200 (FEG/SEM) with integrated EDAX - Pegasus X4M (EDS/EBSD)) with a built-in
Electron Backscatter Diffraction (EBSD) detector and microanalysis X-ray system
(EDS). Surface topography was observed in both Secondary Electron (SE) and Back
Scattered Electron (BSE) modes. Micrographs were acquired at low and high mag-

12



215

220

225

230

235

nifications in order to visualise the morphology at different scales. In addition, ele-
mental surface analysis was performed by EDS which is suitable for microscale bulk
composition analysis. The information gathered in SE and BSE modes is different
and for instance dimensions measured in BSE mode with high magnification were
~20nm larger than in SE mode. Thereby, SEM imaging presented here is primarily
secondary electron imaging since the main concern was the topographic contrast.
Backscattered electrons have chemical contrast that is useful for inspection after the

friction tests.

Oxidation in the patterns was studied with X-Ray diffraction (Bruker D8 Discover)
at SEMAT, Guimaraes. Confocal Raman microscope (WITec Alpha300M+, Witec Ulm
Germany / Izasa Portugal) and XPS (Thermo Scientific Escalab 250 Xi) measurements
were taken the INL, Braga. However, both XRD and confonical Raman were not
suitable for the purpose. Lastly, surface roughness was measured using a mechanical
profilometer (Surftest SJ 201, Mitutoyo, Tokyo, Japan). Contact surface roughness was
measured in accordance to ISO 4288:1996 standard [43, 44]. The profilometer was
equipped with @2 pm and 70° opening angle diamond stylus. The sampling length
was 1.5mm for every new measurement. The measurement was repeated at least

five times on different regions parallel to the scanning direction.

3. Results

The following subsections describe the morphology of each group of patterns in
detail. The groove width affected the wettability of the surfaces more than the
characteristic feature. A switch from hydrophobicity to hydrophilicity was observed
in all groups and the results with glycerol follow the same trend. It seems that

narrow grooves induce hydrophobicity and wider groove width hydrophilicity. The

13



improvement in the friction performance is evident when comparing all the cross-
hatched surfaces with the grit-blasted ones. The dynamic coefficient of friction is
higher by a tenth and the static friction at the end of the measurement shows a

behaviour different from the grit-blasted control.

3.1. Microstructural characterisation

A general trend in the influence of laser texturing design on the micropatterns, is
that the increase in number of intersections produces a lower relief of features. The
groove aspect ratio decreased with the increasing groove width in all groups. During
processing localised heat build-up induces a heat affected zone around the treated
area which promotes oxidation and microstructural changes near the surface [45, 46,
47,48, 49]. In the case of several laser passes, recasted layers are formed. Depending

on operation parameters different titanium oxides, could be formed [46, 50, 51]/Due

and a polished reference sample. High heating rates of the substrate can also be

associated with formation of microcracks and fatigue. Some microcracks were found
particularly in the combinations with higher groove spacing and wider grooves. The
100-140 pm combination was observed with some fracturing of the sidewalls. In all
groups the groove bottoms in combinations XX-80 and XX-140 have wavy roughness

perpendicular to the texturing direction that is most visible in this group in Fig.4c.

3.1.1. Group I — Spikes, No spacing between the grooves
Beginning with the results from Group I in Fig.4, the characteristic features

within this group are spikes and pits arranged in a very orderly fashion relief is very

14
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narrow and accentuated. The SEM images below present a top, cross-section and
40° tilted view of the pattern. Increase in the groove width decreases the number of
peaks per unit area and gives the pattern a square shape. Concurrently, the relief
becomes less pronounced and porosity starts to occur. The spikes in these patterns
are located on the edges of intersections and in the case of the largest 140 pm groove

width (see Fig.4c) the valleys between the edges are relatively flat.

3.1.2. Group Il —Towers, 20 pm spacing between the grooves

The topographical and morphological differences between the combinations in
this group are evident. The pattern with smallest, 40 pm, groove width (Fig.5a) has
a well-defined arrangement of tower-like structures Applying larger widths 80 and
140 pm (Fig.5b and Fig.5¢) resulted in patchy towers with round and pointy edges.
It is also noteworthy, that these towers seem to be partially hollow inside. It is likely
that the recasting of layers form the cavity. In addition, the two patterns with larger

groove width have porosity but it is not extravagant.

3.1.3. Group III — Untreated square islands and rises sidewalls

In this final group all the combinations have untreated square islands (~100 x
100 pm) surrounded by raised sidewalls of resolidified material. The common trend
of change from U-shaped grooves to rectangular grooves with considerable degree
of roughness was observed here as well Fig.6. As expected, the aspect ratio of the
grooves (depth/width) decreased with increasing groove width from 0.77 to 0.11.

Porosity was found sparsely only on the widest groove combination. 6c.

15



(c) Pattern 00-140. Groove width 140 pm

Figure 4: SEM images of micropatterns from Group I. Characteristic features in this group are
spikes and pits. No spacing between the grooves. The groove width is measured as the white

arrows indicate on the top view (left). Magnification at 40° tilt (left).

16



20-140

(c) Pattern 20-140. Groove width 140 pm

Figure 5: SEM images of micropatterns from Group II. Characteristic features in this group are
tower-like. 20 pm spacing between the grooves. The groove width shown by white arrows. Magni-

fication at 40° tilt (left).

17



100-140

(c) Pattern 100-140. Groove width 140 pm

Figure 6: SEM images of Group III micropatterns. Untreated square islands surrounded by raised
sidewalls. 100 pm spacing between the grooves. The groove width shown by white arrows (left).

Magnification at 40° tilt (left).

18
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To summarize, it is evident that the design of both the grooves and the process-
ing reflects in the structural integrity of micropatterns. Particularly, the textures
with wider grooves exhibit more microcracking and porosity. Grooves with 40 pm
were composed of one marking scan line, whereas grooves with 80 pm and 140 pm
needed respectively three and six parallel marking lines. Since the wide grooves are
composed by multiple overlapping scan lines, the recast layers from the first marking
lines might have "neighbouring” thermal effects and higher oxidation. When the ad-
jacent scan lines induce changes in the previous heat affected zones, also mismatches
between the microstructural phases and the superposed recast layers increases and

microcracks will eventually appear [48, 47, 52].

The groove width, spacing and depth were measured from the SEM images by
image analysis with ImageJ software. The data extracted from cross-sectional SEM
images (see Fig.4, 5 and 6) is presented in Table 2. The groove width and spacing
were close to the set point values. A peculiar deviation is observed within Group II
where the groove width is 10 pm less and the groove spacing 10 pm more than the
target value. This may be explained by processing inaccuracy occurred during laser
texturing, pattern drawing or laser focusing for example. Regarding the depth of the
grooves, increasing the groove width results in smaller depth. The deepest grooves
are found in Group I and the lowest are obtained in Group III. This is explained by
the material accumulation from previous laser passages onto the adjacent ablating

tracks (marking lines) and by deviations in energy density.

The arithmetic mean surface roughness (R,) and average maximum peak-to-

valley (R.) calculated from the surface profiles are also presented in Table 2. The

19



Table 2: Dimensions of the patterns. The mean + SD [pm] from image analysis of cross-sectional
SEM images. Arithmetic mean (Ra) and average maximum peak-to-valley ratio (Rz) in accordance

to ISO 4288:1996.

Pattern combination|Groove spacing Groove width Depth depth/width Ra Rz
0040 39.5 +£0.5 | 49.0 +3.1 0.19 6.3 £04 | 33.4 £2.6
Group I 00-80 81.1 +£1.7 | 215 +1.6 0.27 6.1 £1.1 | 235 £3.2
00-140 1371 +£2.5 | 264 +1.3 1.24 45 +£03 | 234 +1.2
20-40 327 £24 | 289 £19 | 46.0 £4.3 0.17 6.1 £1.2 | 26.6 +4.0
Group II 20-80 30.5 £2.9 | 68.0 £25 | 20.2 +£1.9 0.30 6.8 £0.5 | 24.6 £2.0
20-140 354 +4.9 |123.5 +£44 | 21.3 +2.3 1.59 4.2 +£0.7 | 21.5 +£29
10040 699 +1.5 | 42.1 +£15 | 323 +£1.7 0.11 49 4+£06 | 274 +1.8
Group IIT 100-80 99.8 +£4.1 | 77.0 £3.5 | 20.8 +£2.0 0.27 4.0 +£04 | 209 +1.8
100-140 101.6 £3.9 [136.5 +£2.7 | 15.2 +£3.3 0.77 3.1 £0.5 | 188 £2.8
Grit-Blasted 1.9 £0.1 | 145 +0.5
Polished 0.25+£0.03] 1.8 £0.2

si0  obtained average mean roughness R, of the polished samples was ~0.25um and
the grid-blasted samples’ R, ~ 2num. The average roughness values were higher on
the combinations with lower spacing and narrower grooves. Within the groups in-
creasing groove width decreases the average roughness, except in the group II. The
average maximum peak-to-valley describes the surfaces more consistently and the
a5 groove depth is in accordance with values obtained with SEM. Unlike the rough-
ness of grit-blasted and polished surface, the values from the cross-hatched patterns
ought to be prudently treated, since their topography is uneven, i.e., the roughness
on the grooves is different from the roughness of the plateaus. Therefore 2D profiles
presented in Fig. 7 are more informative for representing differences between the

20 Ppatterns.

20



Grit-Blasted

;J Ay ale A f\j\U}IL\\/"\"L FANWYY ‘f\xvﬂvﬂ\/\/‘w"h\ ’"’h‘v
| VT V Wv VVVU W v M7 \

Length [mm)

Rough Groove

Bottom Spike
, 00-140
A n
[\ [ rﬂ\ ﬂ N\ N \
[ [l A [ [ (
4 AL [ 1 1 11 |
Y v ‘« Y \“’ *ﬁ. ; AT LT W
d oV \ V | AR
N '
ength [mm)
Smaoth Raised
plateau Sidewalls Groove
100-40
lvl N (| ‘f\ |J‘ \\ / A / /\ ﬂ\ \WVM | I‘n‘l N 'm‘ .“IN' f
U T A A T UL LA
\“»\A“l_JUL.J“/LﬁJgu“ﬂ‘\l/\_ =
[ . I
\ | |
' ‘V‘ " \‘ V L I/ lv' | |

Length [mm)

Figure 7: 2D roughness profiles of Grit-blasted surface (top) and two cross-hatched patterns 0 —
140 pm (middle) and 100 — 40 pm (bottom). The profile is a convolution of the surface and the

diamond stylus.

Interestingly, all the micropatterns had nanostructures in the areas where the
laser had passed. These features were not highly perceptible on SEM, but there
seems to be a net-like-structure of very thin filaments. Figure 8 below shows how this

s anomalous net is superimposed onto the microstructures at both groove edges and
bottom. Although these nanofeatures are a very exciting standpoint for applications,

they peal off easily during cleaning (see Fig.8e).

3.1.4. Chemical analysis

Analysis on the chemical composition here are limited to elemental composition.

;0 Surface analysis by XPS describes the composition of metals and their oxides. EDS
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Figure 8: SEM images from combination 20-40 um (a, b, ¢ and d) showing the nanostructures
superimposed onto the microstructures created by thermal ablation, on both groove edge (b, ¢) and
bottom (d). The bottom right corner (e) corresponds to groove bottom from combination 20-140

pm after cleaning.

is micro scale bulk analysis. Techniques available to evaluate polymorphs, XRD and

Raman spectroscopy, did not have the sensitivity needed.

From the EDS analysis (Fig.9, Tab.3), it can be concluded that there are dif-
ferent degrees of contamination and perhaps oxidation in different locations of the
micropatterns. Proportions of other elements did not changed significantly. Figure
9 shows a representative case of Group III sample where chemical analysis is car-
ried out on three areas with different exposure to laser treatment. As the material
ablation is greater on the central area of the laser beam this likely contributed to
the EDS results in Table 3. The formed oxide layer from first laser pass may have
been partially removed due to the action of the second pass [47]. As observed, the
higher atomic content of carbon in the area with material pile-up might indicate
higher susceptibility to surface contamination on these areas. Even though EDS is
a poor method for the evaluation of oxygen content, the difference in oxygen count

from non-treated and lasered areas is significant, yet, this comparison should not be
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made between the two laser treated areas, A2 and A3.

100-140

Table 3: Elemental content (at.%) at Al, A2
and A3 in Fig. 9. Simulated spatial resolution

of EDS is ~1.8 pm.

Non-treated Laser-treated Laser-treated

Al A2 A3
Ti 75.63 43.46 34.79
R e Al 11.65 6.03 4.91
Figure 9: SEM/SE image of 10040 on the cor- AV 2.74 1.57 1.11
ner of a square island. EDS taken at locations O 2.34 41.90 48.78
A1, A2 and A3. Recasted layers on the edges C 7.64 7.05 10.40
and sidewall. O/ Ti 0.03 0.96 1.40
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3.2. Surface wettability

The results obtained from sessile drop measurements with ultrapure water and
glycerol are presented in Fig.10. Glycerol was used to study the interaction of a less
polar and more viscous liquid. The textured surfaces showed slightly better wetting

with glycerol whereas the smooth control surface had the opposite tendency.

In all the groups, it is possible to observe a switch from poorly wettability to
moderate wettability with increasing groove width. The wider grooves induce rough

and chemically heterogenous area by more laser passages and adjacent tracks. In
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Figure 10: Average apparent contact angles obtained by sessile drop measurements 30 days after
fabrication. Hydrophobic regime in (6’ > 90°, yellow), hydrophilic regime (6’ < 90°, blue) and
moderate hydrophilicity (green).

fact, increasing the groove width from 40 to 80 pum, resulted in transition towards
the hydrophilic regime. As seen from the comparison between Groups with simi-
lar groove widths, it seems clear that the groove spacing affected wettability within
experimental error. The characteristic features of the combinations with smallest
grooves width, xx—40 pm have deeper valleys and pointy well-defined spikes, towers
and sidewalls that may cause entrapment of air and pinning of the drop edge. When
comparing the results from the micropatterns with larger grooves, 80 pm and 140 pm,
the variation in 6’ is not so pronounced. Indeed, small deviations are observed and
the apparent contact angle values of both liquids are similar to the smooth control
surface results. The contact line between the sample and liquid is different on dif-

ferent patterns.

All things considered the comparison of wetting behaviour should be done with
caution as the mechanism of wetting needs further studies. Also, it is worthwhile
mentioning that these measurements were performed 30 days after the laser texturing

of the patterns. Also, contaminations such as the absorption of hydrocarbons from
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the atmosphere may have influenced the results [53, 49]. However, these preliminary
results suggest that the 80 pm and 140 pm grooves may promote a better degree of
contact with physiological liquids than the ones with 40 pm grooves. As a matter
of fact, directly after fabrication a super hydrophilic behaviour was observed in all
the cross-hatched combinations upon cleaning. This was also verified by a contact
angle measurement, however, spreading of water on a freshly patterned surface was
too rapid and the contact angle too low to collect sufficient number of data points.
After cleaning the specimen change in wettability and the super hydrophilicity was

lost or even turned to hydrophobicity as in the case of 40 pm groove combinations.

The explanation for losing the super hydrophilic character might be related to
several reasons. The nanostructures detected on SEM observations (see Fig.8) in-
crease drastically the overall surface area and the surface free energy but the cleaning
peals them off. On the other hand, the oxidation of the surface may also play an
important role [54]. Also, photo-induced hydrophilicity (PTH) may be a plausible
explanation for this apparent super hydrophilicity [53, 54]. Several authors have re-
ported this behaviour right after laser surface texturing in various types of materials
such as coper, titanium and silicon with lasers of different pulse widths [55, 56, 57].
This phenomenon is also referred as photo-functionalisation. In the case of titanium
and its alloys, this process is characterised by the TiOy photocatalytic activity that
upon UV-irradiation leads to formation of radicals and anionic oxygen species which
are highly reactive [58, 59, 60]. Thus, the formation of such volatile species will
change the chemical stability of the surface and turn it highly reactive [53]. Addi-
tionally, some studies have shown that this hydrophilised state can remain for days

or even weeks in ambient atmosphere without exposure to cleaning agents [53, 59].
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3.8. Friction tests

The average dynamic coefficient of friction (COF) shown in Fig.11 on the follow-
ing page is around 0.4 for all combinations and the static COF values were always
higher than the dynamic friction. Grit-blasted surface has a different trend as the
final static friction coefficient is slightly smaller than the dynamic coefficient. In the
case of Group I combinations, no significant deviation between the initial and final
static COF values was observed. Here Group I differs from the other groups. The
difference in initial and final COF is the most pronounced in the combinations 20-80
of Group II, and 100-40 and 100-140 of Group III. However, sample orientation may

have influenced the results.

Reference measurements were taken with grit-blasted samples and compared
against experimental work of performed against bone from the same source. The
conditions in this work of Dantas et.al. resemble short-hip-stem implant insertion.
Their materials are the same but the grit-basted ( R, = 2.1-2.5pm) and smooth
(R, =0.3-0.5pm) Ti—6 Al-4V surfaces are slightly rougher than presented in this
work. Also, the measurement temperature was 17 degrees lower. Despite these dif-

ferences in measurement parameters the results are in an agreement.

When comparing all the cross-hatched combinations with the grit-blasted re-
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Figure 11: Average coefficients of friction (COF). COF-SI and COF-SF denote the initial and final
static coeflicient of friction. COF-D stands for dynamic confident of friction. The average dynamic

coefficient for all combinations is ~0.4.

sults, the improvement in friction performance of patterned surfaces is evident. The
dynamic coefficient of friction is one tithe grater and the difference in the static
counterpart is even higher. Regarding the grit-blasted results, it is noticeable that
the final static COF is approximately equal to the dynamic COF. This is interesting
as none of the other analysed patterns exhibit this trend. It might indicate that this
surface reached a plateau, whereby increasing the sliding distance will not produce
significant variations. The explanation for this can be that the measured value is
in fact describing the adhesion and compaction of bone against the test-surface. In
such case the coefficient of friction is truly not measured between the surface and
bone but between compacted bone and bone bulk. Figure 12 presents this so called

sliding plane. Thus, this finding indicates that the analysed micropatterns have not
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reached this stage in compaction of bone due to their topography and wear of bone

is still occurring.

a) Normal Load b) Normal Load

vy

Plastic deformation of bone  Test surface Adherent bone Test surface

Y

Sliding
Plane

BONE Sliding direction BONE Sliding direction

Figure 12: An illustration of adhesion and compaction of bone against a test-surface. a) bone debris
amassed between asperities during sliding. b) gliding of the counter body along the sliding plane

and compaction of the adhered bone underneath.

The morphology of patterned surfaces was observed by SEM in the BSE mode.
Bone was found compacting on the samples as expected (see Figures 14, 15 and
16in following subsections). The adhesion and compaction of bone against the test-
surface is responsible for the variations in static COF and not the structural integrity
of the micropatterns. The grit-blasted surface and pattern 00-40 seem to be the only
ones where no surface debris was mixed with bone. Increasing the spacing between
grooves did not seem to cause surface features fracturing. Pattern 10040 after the
friction test (Fig.16) has adherent bone compacted and this combination exhibited

the highest variation between the initial and final static COF.

The grit-blasted surface was also investigated by SEM/EDS. The results were
similar to the above-mentioned surfaces with significant amount of compacted bone.
Furthermore, this surface did not yield in considerable surface debris. Indeed, when
analysing the worn bone surfaces, only some embedded debris was found spread out

through the wear tracks. Figure 13 shows the grit-blasted surface with adherent
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bone (a) and the wear track left on the bone surface (b) as well as the EDS analysis
confirming the transfer of debris form the test-surface (c¢). This indicates that grit-

blasted surfaces may leave debris during the insertion of implant.

Grit-Blasted [} N

Sliding direction

6 [kev]

Figure 13: SEM images of (a) worn grit-blasted surface. Darker regions correspond to adhered bone.
(b) The respective wear track on bone, where light spots are titanium. (¢) The EDS spectrum of

A1 confirms the particle as Ti-alloy debris.

Analysis of the surfaces after the friction tests reveals, as expected, that the
abraded bone particles seem to allocate on the lower regions of the surfaces such
as grooves, pits, groove intersections and in between raised sidewalls. However, in
most cases it is possible to observe considerable amount of adhered bone mixed with
surface debris. It seems that increasing the groove width leads to a higher fracture
whereas increase in spacing between grooves had no effect. It is reasonable to assume
that under a load the microcracks open and propagate and indeed the observed mi-
crocracks correlate well with the amount of surface debris. In addition, it is worth
to mention that despite on the 100-140 combination debris are not visible does not
mean that is has higher structural integrity but rather the opposite. In fact, the
debris might not have been produced as this combination has showed fracture prob-

lems long before the friction tests upon cleaning for example.

In all the three groups, the combinations with 40 pm groove width showed the
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smallest content of surface debris mixed with the bone. Explanation for the fracture
of structures can be related to the lower mechanical resistance associated with the
presence of microcracks. Among the tested surfaces the combinations with 40 pm
groove width seemed to be the most advantageous. These surfaces left low wear
debris and had higher coefficients of friction significantly than the grit-blasted control

surface.
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3.3.1. Friction test results — Group I SEM images

00-40
After friction tests

(a) Groove witdth 40 pm

00-80
After friction tests

00-140
After friction tests

(¢) Groove witdth 140 pm

Figure 14: SEM images of the tested combinations from Group I against bovine bone. SE-images
(left) show the topographies before test and the insets magnify the microgrooves. The BSE images

of the worn surfaces (right) visualise the transferred bone, darker regions correspond to bone.
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soo  3.3.2. Friction test results — Group 11 SEM images

20-40
After friction tests

20-80
After friction tests

N5

(b) Groove witdth 80 pm

20-140
After friction tests

(¢) Groove witdth 140 pm

Figure 15: SEM images of the tested combinations from Group II against bovine bone. Secondary
electron images (left) show the topographies before friction test. In the BSE images of corresponding
worn surfaces (right) the darker regions correspond to transferred bone. The scale bar for SE and

BSE images is 200 pm and 50 pm for the insets.
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3.3.8. Friction test results — Group III SEM images
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(b) Groove witdth 80 pm
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(¢) Groove witdth 140 pm

Figure 16: SEM images of the tested combinations from Group III against bovine bone. Secondary
electron images (left) before friction test and In the BSE images of the corresponding worn surfaces
(right) the darker regions correspond to transferred bone. The scale bar for SE and BSE images is

200 pm and 50 pm for the insets.
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4. Discussion

The topographical measurements of the produced cross-hatched combinations
showed a good agreement between the designed and obtained features. Increasing
groove width leads to decrease in the density of features, the groove shape changes
from U-shaped to squared and the features get less pronounced. Furthermore, the
evolution of the distinct feature follows a similar tendency in all of the groups. Re-
garding the depth of the grooves, as expected increasing the groove width resulted in
smaller groove depths. Thus, the combinations with higher groove width and spacing
were the shallowest ones (~ 15.2pm) and the micropatterns with narrower grooves
had the higher groove depths (between 32.3 pm and 49 um). Moreover, the roughness
results followed the same trend in which the average roughness values were higher
on the combinations with lower or without spacing and narrower grooves (R, ~ 5-
6um). As expected, increasing the groove width decreased the average roughness of

the surface.

The wetting behaviour studied by a sessile drop method showed that combina-
tions with groove width of 40 pm were hydrophobic (0’ ~ 120°), whereas the combi-
nations with wider grooves possessed a hydrophilic behaviour with average contact
angles similar to values recorded for a control smooth surface. The spacing between
grooves did not seem to affect the wettability. Further observations suggested that
40 pm groove combinations may be in a metastable Cassie-Baxter state where air is
imprisoned underneath the droplet between topographical discontinuities. On the
other hand, the 80 pm and 140 pm groove combinations may promote Wenzel model
wetting where the surface is completely or nearly totally wetted by the testing lig-

uids. No significant difference in the trend of spreading was observed between UPW
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and glycerol. Prior cleaning all the textured surfaces were superhydrophilic but
upon cleaning and drying this wetting behaviour changed. Preserving the superhy-
drophilic character could promote antibacterial response [34]. Further, modulating
the observed change into less hydrophobic in the case of patterns with 40 pm groove

width could benefit osseointegration.

From the friction tests it was found that variations in the static coefficient of fric-
tion are not associated with the structural integrity of the micropatterns but with the
mechanism of adhesion and compaction of bone against the test surface. Regarding
the structural integrity of the produced surfaces, it was found that if microcracks
were present on the surface they led to some fatigue problems and fracture of the fea-
tures. The debris may result in premature failure of the implants by promoting metal
sensitivity and osteolysis. When comparing the performance of these micropatterns
with a grit-blasted surface, the combinations with groove width of 40 pm seemed to
be the most advantageous. These surfaces were characterised by leaving low wear
debris and having the coefficients of friction significantly higher than recorded for the
grit-blasted surface. These properties suggest a possible improvement in the implant

stability after insertion.

5. Conclusions

The main purpose of the work was to develop novel textures onto Ti—6Al-4V
surfaces in order to improve the overall stability and osseointegration process of
dental implants. Limitations of the study prevent declaring tissue response of the
presented micropatterns. This work succeeded in laser surface texturing of nine cross-
hatch micropatterns on biomedical grade titanium alloy with good reproducibility.

The structural integrity of the features is good with only a few defects. The obtained
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micropatterns vary in wetting and friction against bone and the characteristics orig-
inate from different texturing plans with the same operation parameters. The macro
scale wetting may be adjustable by patterning and the surfaces generally have higher
coefficients of friction than the grit-blasted control samples. The optimisation of LST
patterns gives rise to new designs for mechanically stable implant-bone connection
and functional surfaces. After all, there is still potential to reduce healing times and

achieve long-lasting osseointegration.
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Annex

I - XPS data and curve fitting
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Ref. Name Peak BE CPS Ratio CPS.eV Ratio (ev)
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E  Ti2p3 TiO2 459,37 38838,15 1 72403,29 1 1,44
F  Ti2p4D 464,41 12870,18 0,33 42875,04 0,59 3,15
Figure 17: XPS results. Polished sample.
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Figure 18: XPS results. Pattern 00-40. Group I, Groove width 40 pm.

48



Suney 1 DP6kV
1Scan, 1m50.1s, 650pm, CAE 200.0, 1.00 eV

PeakTable:  20-80

Name Peak BE  Atomic %
Cls G-C 285,15 6,23
Cls =0 289,41 1,06
Cls -0 286,53 2,7
Ti2p3 met 454,89 0,83
Ti2p3 TiOx 457,77 4,61
Ti2p3 Ti02 459,2 18,03
Ti2p4D 464,66 0
V2p3 metal 513,17 0,05
V2p3 VOX 523,54 0,2
V2p 4D 516,08 0,49
Cls 285,22 10,09
01s met 530,76 34,36
01s GO 531,71 15,43
Al2p met 71,9 0,64
Al2p AlOx 74,55 5,27

Courts / s (Residuals x 5)

Tizp 1
5Scans, 2m 15.4's, 650um, CAE 20.0, 0.10 eV
5.00E+04

4.00E+04 Ti2ps Ticy
3.00E+04 i
| [
2.00E+04 Ti2p ‘9 [
p Ti2p3 'n0}
/ J
1.00E+04 SN ot
0.00E+00 —

474 472470 468 466 464 462 460 458 456 454 452 450 448
Binding Energy (eV)

Figure 19: XPS results. Pattern 20-80. Group II, Groove width 80 pm.
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Figure 20: XPS results. Pattern 100-80. Group III, Groove width 80 pm.
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