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Laser surface texturing (LST) is a powerful technique for creating high quality micro-textured patterns with
different shapes and sizes on metallic biomaterials. Textured surfaces may improve the interaction between bone
and implant by increasing the surface contact area and thus promoting bone regeneration. The goal of this study
was to explore Nd:YAG laser potential for texturing micro-scale pillars with pyramid geometry, with dimensions
in a selected range, in a reproducible way. First, the design and texture of grooves were addressed, then pro-
ceeding to pillars. Two laser machining and marking strategies were investigated, and the consecutive laser
processing strategy and continuous marking mode were selected due to the resultant smoother grooves. Then, a
cross-hatched pattern was designed to texture a pillar pattern with targeted dimensions. Given the direct effect of
the LST drawing and laser parameters on the texture dimensions, three mathematical models, one for each
texture dimension (groove width, pillar width and pillar depth) were developed. These models are accurate tools
for predicting the texture dimensions in the selected range and this LST approach was effective on creating well-
defined, uniform and equally spaced surface textures on Ti6Al4V parts, in a reproducible way. A combination of
drawing and laser parameters was selected for the target dimensions, also considering suitable wettability and
roughness for biomedical applications.

1. Introduction

Metallic materials are widely used for dental and orthopaedic ap-
plications, specially titanium (Ti) and Ti-based materials, which are
considered the number one choice due to a combination of corrosion
resistance, fatigue strength, low Young’s modulus amongst metals and
alloys and biocompatibility [1-3]. Nevertheless, in order to improve the
interaction between bone and implant, a broad set of surface treatments
have been subject of great interest. These range from simple use of 2D
materials, such as protective coatings, and the creation of porous
structures to more complex processes, such as fabrication of textured
surfaces [4,5]. More examples can be found in previous review studies
on this matter [4,6,7]. Wang et al. added a protective coating on Ti
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alloys by anodization, which exhibited a lower contact angle, higher
roughness and similar cell viability compared to untreated Ti alloy [8].
The hydrothermal treatment was proposed as capable of creating a
potentially bioactive and hydrophilic layer on Ti able to enhance the
bone-implant interface [9]. Henningsen et al. investigated the potential
of UV light and non-thermal plasma treatment of argon and oxygen on Ti
surfaces and concluded that, after short-term functionalization, both
techniques improved the surface properties and cellular response [10].
Another strategy is the fabrication of specific patterns on the implant’s
surface which, besides increasing the surface contact area, may improve
some properties and performance, as wetting, tribological or biological
behaviour [11-13]. In fact, cell-substrate adhesion is influenced by
substrate topography and the impact of topographical features on
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cellular response and behaviour has been covered in the literature [14,
15].

One of the most promising surface modification processes is the laser
surface texturing (LST) due to its high beam quality, high efficiency,
accuracy, flexibility, precision and environmental-friendliness [16].
Surface texturing obtained through the action of a laser consists in the
incidence of a high-energy beam on the material surface, generating
melting and vaporization of the material from the irradiated area [17].
Although this non-conventional machining process allows a good con-
trol of micro-textured patterns shape and size, Ding et al. had shown that
the final surface topographies are strongly dependent on the laser pa-
rameters including the laser wavelength, pulse duration, frequency and
laser power [18].

The Q-switched Nd:YAG laser technology has been used to produce a
variety of textures such as microchannels [19], grooves [20], holes [21,
22] and pillars [23] on Ti-based materials. Topological features have
been shown to influence the cellular response and therefore have a po-
tential use for biomedical applications. Therefore, surface texturing has
been investigated to enhance the antimicrobial properties and osseoin-
tegration to improve the long-term performance of metallic biomaterials
[7,11]. Lawrence et al. used Nd:YAG laser to alter the surface properties
of Ti6Al4V and concluded that by increasing the wettability as a result of
an increased surface roughness, surface oxygen content and polar
component of the surface energy, osteoblast cell activity was improved
[24]. A groove pattern (20 and 60 pm width and 2 pm depth) was
created on Ti6Al4V using a femtosecond laser and mesenchymal stem
cells (MSC) aligned in the grooves direction and produced cytoplasmic
extensions with focal contacts [25]. In another study, micro-grooves
were fabricated using a combination of photolithography and induc-
tively coupled plasma-based dry etching on Ti substrate with varying
dimensions (groove width of 7 and 12 pm, ridge width of 3 and 10 pm
and depth of 2 pm). These patterns enhanced the in vitro osteogenic
differentiation of MC3T3-E1 preosteoblastic cells and the pattern with
groove width of 7 pm and ridge of 3 pm presented the strongest contact
guidance and could effectively stimulate the in vivo bone regeneration
[26]. Tiainen et al. developed cross-hatched micropatterns on Ti6Al14V
(varying groove width of 40, 80 and 140 um and groove spacing of 0, 20
and 100 pm) which wettability behaviour and structural stability were
evaluated, the latter by friction tests against bone [27]. In a different
study, laser-induced periodic surface structures (LIPSS) and nanopillars
were produced by a femtosecond laser on Ti grade 2 and both laser
patterns reduced the biofilm formation and bacterial adhesion, therefore
reducing the risk of implant-associated infections [28]. Luo et al. used a
femtosecond laser to produce nano-ripples on Ti6Al4V capable of pre-
venting biofilm formation and bacterial adhesion, while promoting
proliferation of rat MSC [29].

For the purpose of, for example, total joint replacements, surface
texturing may be tailored not only to improve the biological interaction
of the biomaterial but also the tribological performance, which can be
improved by enhancing lubrication and wear resistance [30,31]. How-
ever, texture dimensions (groove width, pillar width and depth) depend
on laser variables, such as laser power, scanning speed and number of
passages, and drawing-based variables, as drawing pattern and dimen-
sional features. Given these numerous variables, the selection of draw-
ing features and laser parameters can be very demanding and time
consuming. Therefore, research groups have dedicated effort towards
optimization of surface textures, aiming different applications [32].

The goal of the present study was to explore the potential of the laser
processing technique and analyse the influence of drawing and laser
parameters to obtain a micro-scale pillars pattern which geometry and
dimensions are suitable for the cellular ecosystem and, therefore,
biomedical applications. In this context, this study explores the effect of
laser and drawing parameters on the fabricated textures, by performing
a design of experiments (DOE) and response surface method (RSM) to
obtain a mathematical model for each texture dimension of interest. The
final surfaces were evaluated regarding their geometry and dimensions,
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roughness, wettability, and reproducibility.

2. Materials and methods
2.1. Laser surface texturing

Ti6Al4V alloy plates (ASTM B265), with chemical composition pre-
sent in Table 1, were purchased from Titanium Products (United
Kingdom) and cut into plates with dimensions of 9.0 x 10.0 x 0.5 mm,
using a Nd:YV04 laser (XM-30D, XianMing Laser, China) under an argon
atmosphere.

Surface texturing was performed using a Nd:YAG laser (OEM Plus,
SISMA, Italy), which specifications are summarized in Table 2.

A schematically representation of the laser processing is depicted in
Supplementary Figure 1. Briefly, the laser power is controlled using a
software interface and the laser beam is irradiated on the surface of the
Ti6Al4V plate by a focusing unit containing fused quartz lens with a
nominal focal length of 160 mm. The texture design (groups of vertical
lines equally spaced and cross-hatched patterns for groove and pillars
texturing, respectively) was defined in a computer-aided design soft-
ware and then engraved on the metallic surfaces, according to specific
laser parameters, through the laser connected Sisma Laser Controller
(SLC) software. The texturing was assisted with a flow of air to remove
sediments produced during laser processing. Afterwards, samples were
cleaned in an ultrasonic bath with isopropyl alcohol (2-Propanol, Lab-
solve, Portugal) for 5 min and dried at room temperature.

The main goal of the present study was to explore micro-scale pillars
texturing with pyramid elements with uniform size and spacing by laser
surface texturing, with final dimensions in a selected range. For that
purpose, the main steps were identified, as schematically illustrated in
Fig. 1.

First, grooves were designed and textured to determine the groove
width and depth. One to ten lines were engraved (Fig. 1A) by two
different strategies: discrete laser processing and consecutive laser
processing. In the former, the laser scans discrete zones at a time,
creating one groove/laser ablation area and, afterwards the subsequent
one, whereas in the second strategy the laser scans the total area of the
sample consecutively (from left to right, and then returns to the begin-
ning of the sample), as represented in Fig. 2.

Three laser scanning parameters were adjusted to optimize the
texturing process: laser power, scanning velocity and number of pas-
sages. Laser power (P) corresponds to the laser beam energy delivered
per pulse (Watts); the scanning speed (v) is the leading edge of the beam
front speed (mm/s), and the number of passages (N) corresponds to the
number of scans carried out by the laser during the process. Another
parameter defined in the laser software is the line spacing (d), corre-
spondent to the distance between the scanned lines in mm. These pa-
rameters were used to calculate, for each condition, the laser energy
density in J/mm?, by using Eq. (1):

E— PxN a

vxd

In the grooves design and texturing step (Fig. 1A), the laser power
was set at 3 or 6 W, the number of passages at 20, 40 or 80, the scanning
speed at 50, 100, 200 and 400 mm/s and the line spacing at 10 pm, so
that the laser energy density was either 120 or 240 J/mm?. For each
condition, the two scanning strategies were investigated. After evalu-
ating the quality of the grooves, the consecutive laser processing was
selected. Subsequently, two different marking approaches were studied:
pre-set marking and continuous marking. In the former, the laser scans
each line in one direction, whereas the latter marking mode employs a
fill calculation method which connects parallel lines in a way that the
laser remains on as much as possible, as shown in Fig. 3.

The continuous marking option presented a smoother surface
compared to the one obtained by the pre-set marking and was, therefore,
selected to investigate the combination of laser parameters and number
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Table 1
Chemical composition of Ti6Al14V, according to manufacturer.

Surfaces and Interfaces 35 (2022) 102466

Material Chemical composition (wt%, max)
N C H Fe Al \% Ti Other
Ti6A14V 0.050 0.100 0.015 0.400 0.200 5.500-6.750 3.500-4.500 Matrix 0.500
bl followed by the vertical lines (from left to right), repeatedly by this
Table 2

Laser Nd:YAG technical specifications.

Laser specifications

Average output power (W) 6
Peak power per pulse (kW) 8.57
Wavelength (nm) 1064
Spot size (pm) 3
Pulse width (ns) 35
Repetition rate (kHz) 20
Maximum pulse energy (mJ/pulse) 0.3
Beam quality factor, M? < 1.8

Cooling system Forced-air cooling

of lines considering the targeted distance between pillars. For texturing
the micro-scale pillars (Fig. 1B), the laser power was set at 3 W, the
scanning speed at 100 mm/s, the number of passages varied between 65
and 125 and the line spacing at 10 pm. Based on the selected laser power
and features, processing was performed at a laser fluence of 12.6 J/ cm?,
according to ISO 11146-2 [33]. Despite what was initially predicted,
considering the same number of lines, the groove width obtained for the
pillars texturing, i.e., distance between pillars, did not correspond to the
groove width obtained for grooves texturing. Consequently, the number
of lines was again adjusted to obtain the targeted groove widths, and the
laser parameter combinations were again evaluated. Finally, the draw-
ings were fine-tuned to obtain the targeted dimensions (Fig. 1C): groove
width of 60+5, 90+5 and 120+5 pm, pillar width of 20+5 pm and pillar
depth of 5045 pm.

In a preliminary texturing of pillars by consecutive processing
strategy, the horizontal lines were first engraved (from up to down)

(A) Grooves design

» Processing strategy: discrete vs consecutive
» Marking strategy: pre-set vs continuous

* 1-10lines

» Evaluation of laser parameters

(B) Pillars design

» Consecutive processing strategy
» Continuous marking

« 3,6and9lines

* Adjust laser parameters

(C) Pillars design - Fine adjustment of drawing
and laser parameters

« Consecutive processing strategy
» Continuous marking

* 6,9and 12 lines

» Adjust laser parameters

order. It was observed that this strategy led to a variation of pillar depth
along the sample. To counteract this effect and achieve a uniform pillar
depth on the total sample area, the laser processing strategy was re-
defined, still following the consecutive processing strategy. The hori-
zontal lines were engraved from up to down followed by the vertical
lines engraved from left to right and then the laser processing was per-
formed in the opposite directions, i.e., horizontal lines were engraved
from down to up and vertical lines from right to left. This laser pro-
cessing order was repeated the selected number of passages.

2.2. Statistical analysis of the drawing and laser parameters

Response surface methodology (RSM) was used to analyse the rela-
tionship between explanatory variables (drawing and laser processing
variables) and response variables (texture dimensions), which are
depicted in Fig. 4.

Three predictive models were obtained, one for each texture
dimension: groove width, pillar width and pillar depth. Each output
response, R, is obtained through the construction of a polynomial
mathematical relationship, correspondent to Eq. (2),

k k k
R=ay+ Y ami+ Y aw + Y agx +e 2
i=1 i=1

i<j

where qp is a constant, g; is the linear coefficient, a; is the quadratic
coefficient, a; is the interaction coefficient, x; and x; are the independent
variables, k is the number of factors and ¢ is the associated error. These
coefficients are predicted through regression analysis based on the
measured responses.

Measured features:
« Groove width
+ Depth

Measured features:

» Pillar width
* Groove width
* Depth

Measured features:

» Pillar width
* Groove width
*  Depth

Fig. 1. The study of the micro-pillar surface laser texturing was divided into three main steps: (A) grooves design and texturing, followed by (B) pillars design and
texturing and, finally, (C) a fine adjustment of the drawing and laser parameters to obtain a micro-scale pillars pattern with uniform size and dimensions in the

selected range.
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Discrete laser processing

Groove 1 x N Groove n x N
1
d
AAAAAA AAAAAA
~. =4

Laser processing direction
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Consecutive laser processing

Groove 1 Groove n
\
A T k‘ A A A=
A A A A AN
A A A A A JN-N

Laser processing direction

Fig. 2. Schematic representation of the grooves texturing processing, in which n is the number of grooves engraved by scanning vertical lines, spaced in between by
d, in discrete and consecutive processing strategies. In the former, the laser engraves each groove (represented by one colour) at a time, whereas in the latter strategy
each line is engraved consecutively from left to right, N number of passages (each passage is represented by one colour).

Pre-set marking

Continuous marking

Laser processing direction

Fig. 3. The laser surface texturing begins at the point s (starting point) and finishes at f (finishing point), considering the laser scanning from left to right. In the pre-
setmarking approach the laser direction is from down to top repeatedly, whereas in the continuous marking parallel lines are connected so that the laser remains on

as much as possible.

Pillar width

Pillar depth

Fig. 4. Representation of the pillar laser texture dimensions: groove width, pillar width and pillar depth.

Table 3
Multilevel factorial design of the experiment, including the input parameters and corresponding levels.
Input parameters Input levels
A_CAD Groove width (pm) 3-level 50 80 110
B_CAD Pillar width (pm) 3-level 30 35 40
N Number of passages 9-level 65 70 75 80 85 110 115 120 125
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The experimental matrix considering the levels of each parameter,
summarized in Table 3, was constructed using Minitab software, which
included a total of 81 combinations, as presented in Supplementary
Table 1.

The obtained texture dimensions were measured as described in
Section 2.3.1. and the experimental data was inserted in the Minitab
software. Using the RSM tool, the results were analysed, and the three
mathematical models obtained. Afterwards, ANOVA was applied to each
mathematical model with a 95% confidence interval to investigate the
reliability, namely the contribution of each individual and combined
parameters in the final response.

2.3. Surface characterization

2.3.1. Surface topography

Textured samples were analysed by scanning electron microscopy
(SEM) using JSM-6010 LV (JEOL, Japan). The surface of groove textured
samples was assessed by SEM and texture dimensions were calculated
using the ImageJ software. The groove width was measured by aver-
aging five measures using a top view SEM image and the groove depth
using a cross-section SEM image view.

The topography of pillar textured samples was assessed by a S neox
3D Optical Profiler (Sensofar, Spain) with a 10X objective and analysed
with the Gwyddion software to assess the texture dimensions. The 2D
profile was acquired in the horizontal direction and each texture
dimension corresponded to the average of five measurements. For a
better comprehension, texture dimensions were grouped according to
the study timeline: first, the goal setting dimensions were selected, then
the drawing dimensions were defined in a CAD file and finally, after
processing, the dimensions were measured by profilometry. As opposed
to the groove width and pillar width, which are strongly influenced by
the 2D drawing dimensions (A_CAD and B_CAD), the desired pillar depth
is primarily achieved by selecting the appropriate laser parameters,
particularly the number of passages (N). The abbreviation of each
dimension denomination is summarized in Table 4.

2.3.2. Surface wettability

The wetting behaviour of post-processed samples was assessed using
the contact angle system OCA 15 plus (Dataphysics, Germany). Samples
were ultrasonically cleaned with isopropyl alcohol for 5 min, stored at
60 °C overnight and stored in a desiccator. 180 days after surface laser
texturing, a 4 pL droplet of distilled water was dispersed at a dosing rate
of 1 pL/s at room temperature and the contact angles were determined
using the DataPhysics SCA software.

2.3.3. Surface roughness and shape factor

Sample roughness can be obtained at a micro or macro scale. In the
former, Ra and Rq were obtained by averaging ten measurements by
selecting 2D profiles both in horizontal and vertical directions. At a
macro-level, within a defined sample area, Sa, Sq and Sku of the 3D
surface texture were obtained. The latter was used to evaluate the
sharpness of the surface height distribution, which may be skewed above
the mean plane (Sku<3), normal and thus sharp when indented portions
co-exist (Sku=3) or spiked (Sku>3), as illustrated in Fig. 5 [34]. The
roughness values were obtained for an area of interest defined in the
Gwyddion software.

To quantitively evaluate the shape of the textured pillars, a formula
to determine the geometry shape factor was defined in Eq. (3). The

Table 4
Texture dimension denomination along the study.

Goal (G) 2D Drawing (CAD) After processing (AP)
Groove width (A) AG A_CAD A_AP
Pillar width (B) B.G B_CAD B_AP
Pillar depth (C) CG - C_AP

Surfaces and Interfaces 35 (2022) 102466

N

6 X 0 X 0 X
Sku<3 Sku=3 Sku>3

Fig. 5. Sku measures the sharpness of the roughness profile.

shape factor was calculated for the input variables combinations which
texture dimensions, after processing (AP), were closer to the range of the
targeted dimensions.

D
Shape factor = 7 3
in which D is the groove width and d the distance correspondent to the
horizontal plane of the groove, as represented in Fig. 6.

3. Results and discussion

The main goal of the present study was to explore the capability for
obtaining a micro-scale pyramid pillars pattern by laser surface
texturing with groove width (A_G) of 60+5, 90+5 and 12045 pm, pillar
width (B_G) of 20+5 pm and pillar depth (C_G) of 50+5 pm. The study
was focused, first, on the design and texture of grooves with the targeted
widths and then on adjusting the laser and drawing parameters to design
and texture pillars with uniform size and equally spaced with di-
mensions in the defined range.

3.1. Grooves design and texturing

3.1.1. Discrete vs consecutive processing laser

In this study, two laser scanning strategies were evaluated: discrete
and consecutive laser processing, which principle is shown in Fig. 2.
Considering the same laser parameters, and thus the same laser energy
density, the consecutive laser processing strategy resulted in smoother
grooves, as presented in Fig. 7. When scanning the overall sample
through consecutive laser processing, the generated temperature in the
groove is lower compared to when creating discrete grooves, leading to a
lower number of defects and thus smoother grooves [35].

3.1.2. Pre-set vs continuous marking

Besides the machining strategy, two laser marking approaches were
investigated: pre-set and continuous marking, as schematically repre-
sented in Fig. 3. The latter was selected due to the obtained smoother
surface, as shown in Fig. 7.

In the pre-set marking, the laser goes on/off on each line which may,
therefore, present some power variations. On the contrary, in the
continuous marking mode, the laser is as close as possible to be always
on throughout the whole processing process, and thus, the laser power
distribution is more uniform and constant. Nevertheless, the grooves-
textured surfaces present some debris, which are typical for a LST pro-
cess [36]. Different laser parameters were evaluated for both laser
processing and marking strategies and the obtained groove width and
depth of one to ten lines engravement are summarized in Supplementary
Tables 2 and 3. The laser power was set at 3 or 6 W, the scanning speed
at 50, 100, 200 and 400 mm/s and the number of passages at 20, 40 or
80 so that the laser energy density was either 120 or 240 J/mm?2.

The first main step included the design and texture of grooves to
evaluate the effect of some drawing and laser parameters on the ob-
tained groove width and depth. Discrete and consecutive laser pro-
cessing strategies were investigated, and a smoother surface was
achieved on the consecutive laser processing. Afterwards, the pre-set
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(A) Rectangular geometry
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(B) Pyramid geometry
D

1

Fig. 6. The shape factor of a (A) rectangular geometry is equal to one, whereas a (B) pyramid geometry presents a shape factor higher than 1 (D>d).

Discrete laser processing
+

Pre-set marking

Consecutive laser processing

Pre-set marking

Consecutive laser processing
+

Continuous marking

podE N e AR N SER e VGER AR W

Fig. 7. Top and cross-section scanning images of discrete laser processing (left) and consecutive laser processing (middle) strategies by pre-set marking and
consecutive laser processing and continuous marking (right). One to ten lines (from left to right) were engraved with 3 W laser power, scanning speed of 100 mm/s

and 80 laser passages.

and continuous marking modes were compared, and the latter was
selected for this study. A more uniform laser energy distribution for the
continuous marking mode resulted in a surface with less debris and
smoother ablated zones.

3.2. Pillars design and texturing

After selecting the consecutive laser processing as the machining
strategy and the continuous marking mode, the obtained groove width
and depth were evaluated to select the laser power, scanning speed and
number of lines for pillars design and texturing. The laser power was set
at 3 W, the scanning speed at 100 mm/s and the CAD drawings of cross-
hatched patterns were designed with groups of 3, 6 and 9 lines, as shown
in Fig. 1B. However, the groove width obtained by processing grooves
(groups of vertical lines) was higher than the groove width obtained for
the cross-hatched pattern (groups of vertical and horizontal lines),
considering the same number of lines and laser parameters. This is
probably related to the fact that texturing grooves is faster, because only
vertical lines are engraved (from left to right). Consequently, the tem-
perature of the textured sample is higher when the laser returns to the
beginning and the accumulated heat in the ablation area leads to a wider
machined area [35,37]. For this reason, the number of lines was
adjusted to 6, 9 and 12 lines to obtain the targeted groove widths (60, 90
and 120 pm, respectively), as schematically represented in Fig. 8A-C.
Besides the number of lines, which is predicted to directly influence the
groove width, another drawing parameter is the distance between the
groups of lines, which was set as 30, 35 and 40 pum, as shown in

Fig. 8D-F.

The laser parameters were fixed to a power of 3 W, the scanning
speed to 100 mm/s and the number of passages was varied between 65
and 125, making a total of 81 combinations, as summarized in Supple-
mentary Table 1.

When texturing the cross-hatched design pattern, the laser ablation is
increased when the vertical and horizontal lines are intersected. In fact,
on those areas, the number of passages is the double, creating high depth
holes as demonstrated in Fig. 9.

3.3. Mathematical models

For each experiment the texture dimensions (A_AP, B_AP and C_AP)
were measured and collected to perform a statistical analysis. A two-
second order regression model was developed for each texture dimen-
sion and the effect of individual and combined variables were investi-
gated using ANOVA. The coefficients reflect the main effects of the
drawing and laser processing parameters and their interaction. The
relationship between the responses and single input variables is statis-
tically significant for all models (p<0.001). Furthermore, the interaction
between variables has a significant effect, proving that LST is a complex
process and that the texture dimensions are a result of the interaction of
multiple variables. In this sense, mathematical models are a crucial tool
to understand the effect of drawing and laser processing input variables,
and to predict the texture dimensions for a particular set of input vari-
ables. All models are normally distributed and present hetero-
scedasticity, as shown by the plot of regular residuals and residuals
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(A) il (D) 30 pm

(B) PLULUIN (E) 35 pm
110 ym 40 pm

(C) D E— (F) >

Fig. 8. CAD drawings of cross-hatched patterns with a groove width of (A) 50 pm, (B) 80 pm and (C) 110 pm and pillar width of (D) 30 pm, (E) 35 pm and (F) 40 pm,
in this case exemplified for the design pattern with a groove width of 50 pm.

x (mm)

Fig. 9. (A) 2D and (B) 3D optical profilometry images of a textured sample and the corresponding (C) extracted profiles, in which the black corresponds to the
horizontal line and the grey to the diagonal one. Pillar peaks are in red and deeper holes in blue. The displayed images were acquired for Exp. No. 35 (A_CAD = 50
pm, B_.CAD = 40 pym and N = 70). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

versus fitted values in Supplementary Figures 2-4.
One model for each texture dimension of interest (groove width,
pillar width and depth) was proposed, as follows. —0.01001BN

Groove width (um) = —13.1 + 1.475A + 1.16B — 0.501N — 0.002666A>

4

The suitability of the developed groove width model and the sig-
nificance of linear and second order terms and the two-way interactions
between terms are presented in Supplementary Table 4. The P-values of
A, B and N are lower than 0.05, indicating that these factors are

a) Groove width model

The mathematical model of the groove width, simplified with only
significant terms, is described in Eq. (4).
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extremely significant for the groove width regression model. The in-
teractions A% and BN are also significant terms (p-value<0.05). The
groove width model describes the response given a low value of S (S =
1.91) and the regression is approximately 100 (R? = 99.40%), which
indicates that 99.40% of the groove width variation can be explained by
the regression model and thus the data fits the model. In addition, the
high values of adjusted R? and predicted R? suggest that the model is
adequate for the prediction of the groove width values within a confi-
dence interval of 95%. In addition, the high F-value of the model
(1311.78) indicates that the proposed model is significant.

a) Pillar width model

The pillar width mathematical model is described in Eq. (5),
simplified with only significant coefficient, and the suitability of the
model and significance of the terms are presented in Supplementary
Table 5.

Pillar width (um) = 17 — 0.284A — 1.03B + 0.540N + 0.001236A

— 0.00747BN 5)

The P-values of A, B and N are extremely significant due to their P-
value lower than 0.05. Regarding the interactions, A% and BN are the
only significant interactions (P-value< 0.05). Although the S value is
still considered low (S = 2.02), only 61.01% of the variation can be
explained by the regression model. The adjusted R? and predicted R?
values are close to 61%, suggesting that the model can only be used for a
short acting range. In fact, the B_.CAD was only varied between 30 and
40, which is suggested to be the main reason for a not high F-value
(12.34). Nevertheless, the residual plots fall on a linear trend and the
obtained model can be used for the pillar width range that was defined
as target in this study.

a) Pillar depth model

The third mathematical model is the pillar depth model, which is
plotted in Eq. (6), reduced to only significant coefficients. The suitability

(A) Main effects plot for groove width (um)

Fitted means
Number of passages

Groove width (um) Pillar width (um)
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and the significance of linear and second-order terms are presented in
Supplementary Table 6.

Pillar depth (um) = —297.8 — 1.447A + 19.29B — 1.627N — 0.004924>
— 0.3243B + 0.00685AN + 0.06558BN + 0.06480AB
(6)

All linear terms (A, B and N) and the interactions A2, B2, AN, BN and
AB have a P-value lower than 0.05, which means they are significant
terms for this model. Although the S of the depth model is higher than 2
(S =5.97), the model is still acceptable given the regression close to 100
(R? = 98.02%), as well as the high values of adjusted R? and predicted
R?, which suggest a proper fitting. Furthermore, the high F-value of the
model (391.43) implies that the depth model is significant. In this sense,
the proposed model for pillar depth is adequate for predicting depth
values with a confidence interval of 95%.

3.3.1. Effect of the parameters on texture dimensions

The statistical analysis performed on the three mathematical models
suggests that groove width (A_CAD), pillar width (B_CAD) and number
of passages (N) have a significant effect on the texture dimensions (P-
value<0.05). The main effects of each parameter on groove width
(A_AP), pillar width (B_AP) and depth (C_AP) are plotted in Fig. 10.

As initially predicted, the A_CAD has a proportional and evident ef-
fect on the groove width after processing. Although not so pronounced, a
higher B_CAD increases the groove width, on contrary to the number of
passages which does not have a linear effect (Fig. 10A). The pillar width
increases, not linearly, with N and A_CAD and decreases with increasing
B_CAD (Fig. 10B). Close to a linear tendency, the pillar depth increases
with A_CAD, B_.CAD and N.

Sen et al. studied the influence of laser processing parameters on
micro-groove texturing of Ti6Al4V substrates using a fibre laser. The
increment of the number of passages resulted in an increase of groove
depth and width, the latter up to a certain number of passages because of
the re-solidification of the molten material [38]. The correlation be-
tween picosecond laser processing parameters and the corresponding
micro-groove dimensions were also assessed and the authors concluded

(B) Main effects plot for pillar width (um)

Fitted means
Groove width (um)

Number of passages Pillar width (um)

Mean of pillar width (um)

80 100 120 S0 75

Main effects plot for pillar depth (pm)
Fitted means

Pillar width (pm)

75 100 30 35 40

Fig. 10. Main effects of each parameter on (A) groove width, (B) pillar width and (C) pillar depth.
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that increased groove depth was obtained by increasing the number of
passages or decreasing the scan speed [39]. According to Eq. (1), higher
number of passages reflects a higher laser energy density, considering
the same laser power, scanning speed and line spacing defined in the
laser processing. In this sense, high laser energies result in higher pillar
depths as a consequence of the greater ablation [40]. The same
conclusion was claimed by Soveja et al., in which the analysis of
developed mathematical models showed that the pulse energy was the
most influential factor on the material removal rate [32].

Besides the significant contribution of each linear term, according to
the analysis of variance present in Supplementary Tables 4-6, the
combination of both pillar width (B_CAD) and number of passages (N)
have a significant effect (p<0.005) on the groove width (A) and pillar
width (B), whereas the combinations of the three variables have a sig-
nificant effect (p<0.005) on the pillar depth (C). To better understand
the effect of the second-order interactions in each texturing response,
contour plots of the developed mathematical models are present in
Fig. 11.

The contour plots confirm that each texture dimension is well
described by the developed mathematical models. The significant in-
teractions of the input parameters on the three mathematical models are
summarized in Table 5.

For the groove width model and focusing on the target groove widths
(A_G = 60+£5, 90+5 and 120+5 pm) the interactions A_CAD vs B_.CAD
and A_CAD vs N are not significant. On the other hand, the interaction
between B_CAD and N has a significant effect on the groove width (e.g.,
comparison between Exp. No. 62 and 33). Considering the actuation
range predicted by the pillar width model, the interaction between
B_CAD and N has a significant effect (e.g., by comparing Exp. No. 54 and
57). On the contrary, for the target pillar width (B_.G = 20+5 pm) the
interactions A_CAD vs B_CAD and A_CAD vs N do not have a significant
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Table 5
Significant effect of combined parameters in the final response for the obtained
mathematical models.

Model Exp. A_CAD B_CAD N Output Significant
No. (pm) (pm) texture interaction
dimension
(pm)
Groove 62 80 30 70 A_AP =97.6 B_CAD vs N
width 33 125 A AP =90.4
model
Pillar 54 80 30 75 B_AP = 15.4 B_CAD vs N
width 57 115 BAP=21.6
model
Pillar 49 80 30 85 CAP =375 A_CAD vs
depth 63 110 CAP =59.5 B_CAD
model 57 80 30 115 CAP=47.2 B_CAD vs N
52 40 CAP=144.1
60 50 35 65 CAP =54.2 A_CAD vs N
42 120 CAP=739

effect. The only mathematical model which is strongly dependent on all
input variables combinations is the pillar depth model. By focusing on
the target pillar depth (C_G = 50+5 pm), the following combinations
have a significant effect: A_.CAD vs B_.CAD (e.g., comparison between
Exp. No. 49 and 63), B_.CAD vs N (e.g., comparison between Exp. No. 57
and 52) and finally A_CAD vs N (e.g., comparison between Exp. No. 60
and 42).

The proposed mathematical models are therefore suitable to predict
the texture dimensions for a set of input drawing and laser processing
variables, for the range of dimensions selected for this study.
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Fig. 11. Contour plots of groove width (A), pillar width (B) and pillar depth (C) in response of the combination of the input variables (A_CAD, B_CAD and N), by

holding the third variable at the middle of its range.
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3.4. Characterization of textured samples

Topology and morphology of metallic surfaces can be modified by
laser processing and achieved by changing the laser parameters. In fact,
micro-scale patterns with pyramid elements were successfully obtained,
with different texture dimensions. Considering each target texture di-
mensions, three combinations of drawing and laser processing param-
eters were selected, as displayed in Table 6.

As any machining process, laser texturing presents a tolerance due
to, for example, laser positioning and inherent error of the technology.
Nevertheless, there is flexibility to adjust the drawing and laser pa-
rameters to obtain a micro-scale pillar pattern with dimensions of
interest.

3.4.1. Wettability

The wetting behaviour of textures which dimensions are in the range
of the target was assessed by sessile drop measurement with distilled
water and is displayed in Fig. 12. Surfaces with water contact angles
(WCA) under 90° are defined as hydrophilic and above 90° as hydro-
phobic [41].

When considering smooth surfaces, wetting is assessed by the Young
model. However, two theories have been proposed to characterize the
wetting behaviour on micro-structure surfaces: Wenzel and Cassie-
Baxter solid-liquid wetting states. On the former, the water droplet
penetrates the grooves, whereas on the latter the water droplet is sus-
pended on the top of the texture features [42]. Given the heterogeneity
associated to laser processing, textured samples are not smooth and thus
air may be entrapped in surface irregularities, increasing the contact
angle [43]. In addition, variations between the real and ideal surface
contribute to contact angle hysteresis which influences the contact angle
measurement [44]. Wettability of a solid surface is, therefore, deter-
mined by the surface morphology and topography, but also by its
chemical composition [45]. Despite the fact it is a muti-variable
dependent feature, some authors investigated the correlation between
laser textured surfaces and wetting. Wang et al. performed pulsed laser
ablation in liquid to engrave a grid pattern (spacing between adjacent
scanning lines of 150 pm) on Ti6Al4V by nanosecond laser pulses [46].
The raw Ti6Al4V surface presented a contact angle of 77° and after
texturization in air, deionized water and ethanol it increased to more
than 150°. The transition to hydrophobic state was hypothesized to be

Table 6

Combinations of drawing and laser parameters for the targeted dimensions
(groove width (A_G) of 60+5, 905 and 120+5 pm, pillar width (B_G) of 20+5
pm and pillar depth (C_G) of 50+5 pm).

Exp. Input parameters Output texture dimensions
No. ACAD  BCAD N  Groove width pillar  Pillar
(pm) (pm) width depth
AG AAP B_AP C_AP
(pm) (pm) (pm) (pm)
41 50 40 75 60+5 70.5+ 16.2 + 78.8 +
2.7 1.5 4.0
37 30 125 60.2 + 16.6 + 339 +
2.8 3.4 3.2
46 30 80 60.0 £ 18.3 + 324 +
3.8 1.2 6.5
71 80 30 80 90+5 91.4 + 19.0 + 44.1 +
3.0 2.8 2.9
57 30 115 88.2 + 21.6 + 47.2 +
4.0 4.0 3.9
33 30 125 90.4 + 18.6 + 47.9 +
2.4 2.6 5.2
25 110 30 70 120 121.6 15.4 + 50.7 +
+5 +4.4 2.8 4.1
63 30 85 120.8 19.2 + 59.5 +
+ 3.5 2.8 3.5
65 30 125 114.2 20.8 + 54.0 +
+1.6 4.2 2.6
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120+

WCA (°)

Exp. No.

Fig. 12. Water contact angles of the experiment numbers which dimensions
after processing are in the range of the target texture dimensions. The dark bar
corresponds to the control group (non-textured), blue bars to textures with A_G
= 6045 pm, green bars to A_G = 90+5 pm and orange bars to A_G = 120+5 pm.
The demarcation of hydrophilic and hydrophobic behaviour is represented by a
dashed line at 90°. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).

related to the weak adhesion between textured surfaces and the droplet,
impairing the complete immersion of the droplet (Cassie-Baxter state)
and to the absorption of organic species during laser ablation which
changed the surface polarization and thus the surface wettability [46].
In addition, storage conditions, in which are included the period of time
between texturing and the contact angle measurement, have been
shown to influence wetting. Raimbault et al. fabricated grooves on
Ti6Al4V by a femtosecond Yb-YAG laser (groove width of 25, 50 and 75
pm and depth of 1 or 5 pm) and concluded that contact angles increased
in the days following the irradiation due to the passive hydrophobic
hydrocarbon layer amplified by the surface topography [47]. Patel et al.
observed that pillars textured samples presented a wetting behaviour up
to 24 h after Nd:YAG laser irradiation but was altered to hydrophobic
over time [23]. Similar behaviour was found by the study conducted by
Yang et al., in which a nanosecond pulser laser was used to create line,
grid and spot patterns on Ti grade 2. Immediately after laser treatment,
surfaces were more hydrophilic while, after long-term exposure to air,
the contact angles increased to more than 130° [45].

Compared to the non-textured group, textured surfaces displayed
similar or lower contact angles. Laser treatments alter surface features,
such as surface structure, roughness and chemical composition, and the
combination of these dictate the surface wettability. Hydrophilic sur-
faces improve the interaction between the biomaterial and the in vivo
environment and thus, adding textures to titanium samples by LST can
increase their wettability, contributing to better osseointegration
outcomes.

3.4.2. Roughness, topography and morphology

The roughness of each texture may be acquired either by 2D profiles
or by selecting a specific surface area. Amplitude parameters are
considered the most important parameters to characterize the surface
topography, as they are used to measure the vertical characteristics of
surface deviations. Ra and Rq were calculated at the horizontal plane of
grooves and Sa, Sq and Sku considering the surface of interest, as sum-
marized in Table 7. Other parameters related to the surface roughness
are shown in Supplementary Table 7.

A pyramid geometry was obtained through laser processing, as
illustrated in Fig. 13, due to the Gaussian beam energy distribution. In
order to quantitively assess the pillars geometry, a shape factor was
calculated according to Eq. (3). The shape factor was calculated for the
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Table 7

Groove and surface roughness values and shape factor of the experiment
numbers which dimensions after processing met the target texture dimensions.

Exp. Ra (pm) Rq (pm) Sa Sq Sku Shape

No. (pm) (pm) factor

41 2.73 3.08 32.21 39.91 —0,32  3.94+0.65
+1.72 +1.93

37 1.66 2.12 13.89 17.68 0,35 4.46+0.92
+0,83 +1.12

46 1.68 2.01 13.74 17.99 0,85 4.83+0.62
+0.59 +0.76

71 2.17 2.68 24.22 31.07 0,31 3.76+0.83
+1.10 +1.35

57 2.23 2.70 25.18 32.02 0,25 5.02+0.85
+1.10 +1.28

33 1.88 2.26 24.1 31.23 0,51 4.194+0.52
+0.63 +0.81

25 2.36 2.70 31.22 38.75 -0,29 2.3240.21
+0.97 +1.09

63 2.43 3.04 30.27 37.89 -0,15  2.54+0.37
+1.23 +1.50

65 1.96 2.40 29.78 38.21 0.25 3.11+0.44
+1.24 +1.47

selected combinations through the 2D profilometry profile, as exem-
plified in Fig. 6. The rectangular shape was adopted as the comparing
element and the calculated shape factors are summarized in Table 7.

When in direct contact with bone, the surface properties of metallic
implants must elicit a cellular response that promotes bone regeneration
and assures an implantation success. The mechanisms underlying the
interaction between cells and biomaterials are complex and the optimal
surface topography responsible for eliciting the target application re-
mains a critical challenge. Surface treatment by a nanosecond laser is a
promising technique to create specific topographies. In the current
study, micro-pillar patterns with pyramid elements and different texture
dimensions were textured on Ti6Al4V samples.

Chikarakara et al. performed a high-speed CO; laser melting of
Ti6Al4V which resulted in a modified layer from 20 to 50 pm deep with
improved microstructural properties [48]. Afterwards, the improved
biocompatibility of these laser-treated surfaces (with average roughness
values between 1.39 and 2.73 pm) was demonstrated by culturing
fibroblast and osteoblast cell lines [49]. Topological features, such as
micro-grooves, have been shown to regulate contact guidance which
influences cell adhesion, shape and orientation and therefore the
cellular response. Mukherjee et al. used a long-pulsed laser to create
micro-ripple topographies on Ti6Al4V surfaces with different sizes (20,
40 and 100 pm width). Human MSC were prominently orientated on
surfaces having 20 pm ripples (3D average roughness of 1.9 pm) and
showed the highest differentiation potential towards osteoblastic
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lineage [50]. Voisey et al. textured groove arrays (40 pm width, 10 pm
depth and ridge width of 20 pm) on commercially pure titanium using a
Q-switched laser and the obtained surface with a Sa of 18+03 pm and
groove Ra of 0.840.01 pm promoted a preferential alignment of human
osteosarcoma cells with the groove length [51]. Zheng et al. machined
micro-grooves on Ti6Al4V surface by a fibre laser marking machine
(depth 10 pm, width 10, 20 and 30 pm and pitch 60, 105 and 150 pm)
and higher roughness values (2.72+0.52 pm) improved MC3T3-E1 cell
adhesion and biological activity [52]. Micro-texturing increases the
surface area and rougher and hydrophilic or near hydrophilic surfaces
promote adhesion, spreading and proliferation of cells and thus its po-
tential application in bone tissue engineering. Laser texturing was per-
formed in other materials which also promoted a positive cellular
response. In vitro studies were conducted on squared ridges of ~50 x 50
um? (grooves with 100 pm width 80 pm depth) textured on a zirconia
substrate using a Nd:YAG laser. The surface with Ra<3 pm, Sa of 17.1
pm and Sq of 21.4 pm promoted the attachment and proliferation of
MC3T3-E1 cells [53].

The obtained surface roughness values are in line with the literature
for laser texturing on metallic materials. Furthermore, surface roughness
between 20 nm and 10 pm were reported to have a positive impact on
the biocompatibility of metallic materials, as cells and biological mol-
ecules have an approximate length scale [54]. In the present study, the
textured pillars have a pyramid shape (shape factor>1), and surface
laser texturing may be used to create a micro-scale design with uniform
size pillars that are evenly spaced. A set of drawing and laser parameters
were selected for each targeted pattern dimensions as follows: A_CAD =
50, 80 pm and 110, B_.CAD = 30 pm and N = 80 (for A_CAD = 50 and 80
pm) and N = 125 (for A_CAD = 110 pm), which correspond to a laser
energy density of 240 and 375 J/mm? (for 80 and 125 laser passages,
respectively). The selected samples were hydrophilic or near hydrophilic
and the roughness parameters and shape factors are similar for the three
selected combinations. The micro-scale pillars texture of each selected
sample was assessed by SEM, as represented in Fig. 14.

4. Conclusions

The search for an improved surface micro-geometry on metallic
implants, able to efficiently promote bone regeneration, remains a
challenge. Laser surface texturing has been proposed as a promising tool
to modify the surface of metallic biomaterials. However, several pa-
rameters including drawing and laser processing parameters, such as
laser power, scanning velocity and number of passages, significantly
influence the surface geometry and properties. The present study aimed
to explore the capabilities of laser surface texturing on Ti6Al4V samples
and, by assessing the influence of drawing and laser parameters, a set of
input parameters was selected to obtain a micro-scale pattern with

0.3 0.4 0.5 0.6

Fig. 13. The shape factor was calculated by randomly selecting lines in the 2D profile, as the acquired for Exp. No. 41 (A_CAD = 50 ym, B_.CAD = 40 pm and N = 75).
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60+5 um groove width

90+5 pym groove width
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120+5 ym groove width

%200

100um

Fig. 14. SEM images of the selected patterns (top view and with tilting of 30°). The micro-scale pattern with pillar width of 20+5 pm, depth of 50+5 pm and groove
width of 60+5, 90+5 and 120+5 pm correspond to the Exp. No. 46, 71 and 65, respectively.

pyramid pillars with dimensions targeted for biomedical applications.
On grooves texturing, two laser machining strategies and marking
modes were investigated. The consecutive laser processing strategy and
continuous marking mode were selected given the smoother grooves.
Afterwards, a pillar pattern was designed and textured within a set of
input drawing and laser parameters. Predictive models were developed
for each texture dimension (groove width, pillar width and depth) and
the main contributions of the input parameters were correlated with
each dimension. This processing strategy was effective to obtain micro-
scale patterns and input combinations were selected based on the tar-
geted dimensions, wetting behaviour, roughness values and shape fac-
tor, which are in accordance with reportedly adequate ranges for
biomedical applications.
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