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Abstract: The failure of titanium implants is associated with two main problems that include the
bone resorption and fracture of the surrounding bone tissue (stiffness incompatibility) and implant
loosening (poor osseointegration). The development of porous titanium implants with low Young
modulus solve the stress shielding phenomenon, while the modification of the implant surface must
be implemented to promote a fast bond between the implant and bone. In this work, femtosecond
laser micromachining was applied to modify the topography of the surface of Ti porous samples
obtained by a space-holder technique to obtain hierarchical structures (micro and nano roughness
patterns) to enhance osseointegration. Scanning electron microscopy, confocal laser microscopy,
and image analysis were used for characterization of the surface morphology, roughness, and porosity
before and after performing the laser treatment. Based on these results, the effect of the treatment on
the mechanical behavior of the samples was estimated. In addition, a preliminary in-vitro test was
performed to verify the adhesion of osteoblasts (filopodia presence) on modified titanium surface.
Results revealed that laser texturing generated clusters of micro-holes and micro-columns both on the
flat surface of the samples and inside the macro-pores, and periodic nanometric structures across the
entire surface. The porous substrate offers suitable biomechanics (stiffness and yield strength) and
bio-functional behavior (bone ingrowth and osseointegration), which improves the clinic success of
titanium implants.

Keywords: porous titanium; femtosecond; roughness patterns; surface modification; osseointegration

1. Introduction

Currently, the manufacturing of bone implants is a field of increasing importance within the
medical sector. Due to the progressive aging of the population, there is an increase in the demand for
reliable implants. Among metallic biomaterials for orthopedic and dental implants, titanium and its
alloys constitute an excellent choice thanks to their superior mechanical properties, high corrosion
resistance, and excellent biocompatibility [1,2]. However, there are currently two main problems that
compromise their use as implant materials: bone resorption of the tissue surrounding the implant
associated with the phenomenon of stress shielding due to the difference between the Young modulus
of the alloy and that of the cortical bone tissue [3–5]; and the problems at the interface of the implant
(implant loosening, proliferation of bacteria, etc.) associated with poor osseointegration [6,7].
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The need to solve the problem of stress shielding has led to the development of β titanium
alloys with low elastic modulus. These alloys are based on refractory alloy elements of low toxicity
for cells (such as Nb, Mo, Zr, and Ta) and, therefore, they present excellent biocompability [8,9].
In recent decades, several studies have addressed the problem of stress shielding by designing and
manufacturing porous materials with lower Young modulus [10–12]. The morphologies and size of
the pores, the percentage of porosity, and the degree of interconnectivity of the porous structure play
an important role in bone tissue formation throughout the implant [13,14]. However, so far, there is no
consensus on the optimal pore diameter and percentage of porosity to maximize bone ingrowth [15,16].
In addition, pores larger than 100 microns ensure bone ingrowth requirements. However, excessive
pore size and content as well as deficient sinterability (quality of the necks) may compromise fracture
and fatigue behavior.

To achieve good osseointegration, it is important that the implant surface promotes adhesion,
proliferation, and differentiation of tissue cells (bone) [17,18]. At the same time, it is desirable to
prevent the adhesion and proliferation of bacteria at the interface, which could cause infections and
failure of the implant. In order to accomplish this goal, multiple techniques have been studied to
modify the properties of the surface. These techniques can be divided in two main groups: chemical
modifications and physical modifications [19]. Chemical techniques consist of coating or impregnating
the surface with elements that encourage the interaction between the implant material and tissue cells
and promote bone growth. The coatings are usually made of bioactive materials such as hydroxyapatite
or bio-glass [20]. Physical methods are comprised of techniques focused on modifying the topography
of the surface. Within these groups, there are many techniques capable of creating surface structures
on implants such as grit-blasting, acid-etching, plasma spray, or laser surface processing [21,22].

Several studies showed that surfaces containing micrometric roughness improve osseointegration
when compared to smooth surfaces [23–26]. Surface microstructures promote osteogenic differentiation
(better differentiation, less proliferation with more roughness) [27,28] and mechanical interlocking
between the implant and the bone [29–31]. Currently, surface micro-roughening has already become
a standard technique and, therefore, many commercial implants undergo a process of some kind to
increase the roughness of the surface.

In more recent times, the effect that roughness at the nanometric level could have on the
performance of the implant at the interface has begun to be studied. Although not yet fully understood,
it is believed that cellular behavior can be modified by the topography at the nanometric level [32–37].
It has been suggested that the ability of nano-scaled structures to mimic bone structures lies behind the
improvement in bone cell behavior during osseointegration [38,39]. Moreover, roughness and features
at the nano-scale level can have great influence on the wettability of the surface, which, in turn, can
affect cell adhesion [40]. To better understand the interaction between these types of structures and the
host tissue, it is important to use techniques capable of generating repeatable and controllable periodic
structures at the nanometric level [41].

Several studies have raised the possibility that the use of a multiscale hierarchical structure
composed of micro-features and nano-features could enhance osseointegration with respect to only
nanometric or micrometric structures. Gittens et al. obtained increased osteoblast differentiation
and local production by introducing nanoscale structures over titanium micro-rough surfaces [42].
Huang et al. observed that different types of nano-features over a micro-topographical surface can
have different effects in cell functions [43]. Zhao et al. compared the osteoblasts’ behavior on a
micro-structured titanium surface prepared by acid etching and on a hierarchical micro-nanostructured
titanium surface prepared by acid etched plus anodization to form nano-textures [44]. They found
that the micro-structured surface increased cell adhesion but also reduced cell proliferation. Instead,
the hierarchical structure allowed retaining or increasing most of the cell functions studied. Ferraris et al.
combined a chemical treatment with a dual acid etching process to obtain a micro-nano-texture on the
surface of dental implants [45]. The treated samples showed enhanced protein absorption, bioactivity,
and hydrophilicity when compared with traditional dual acid etching samples.
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Among the existing techniques used to obtaining hierarchical structures is the laser structuring
technique. Laser structuring is a promising technique that presents advantages over other conventional
structuring techniques. This process is fast, contactless, and clean. It can be applied in ambient air and
it has high precision [46,47].

Laser structuring of titanium is most commonly done using femtosecond laser systems. By using
ultrashort laser pulses instead of nanosecond laser pulses, high quality surface structures can be
obtained due to the minimal heat affected zone and thermal damage on the workpiece [48]. Femtosecond
laser micromachining allows us to obtain a great variety of surface structures, ranging from a nanoscale
to a microscale size, such as laser-induced periodic surface structures (LIPSS), undulating grooves,
and columnar, hole, or maze structures [49]. The processing parameters must be carefully selected in
order to attain the desired structure [50].

Hierarchical multiscale structures in which the microstructures are covered by nanostructures
can also be realized by laser processing [51,52]. These composite micro-nano-textures have been
shown their ability to modify the behavior of the cells [53–57] and to change the wettability of the
surface [58,59]. Additionally, by carefully controlling the size of the obtained structures, the adhesion
and proliferation of bacterial cells can be inhibited [60].

In this work, femtosecond laser micromachining has been applied to porous titanium samples
manufactured by the space-holder technique. The goal is to obtain a hierarchical nano-micro-structure
in which a self-organized nanostructure consisting of LIPSS is generated on top of micro pillars
distributed along the surface of the sample. This hierarchical structure is created both inside the pores
generated by the space-holder technique and on the flat surface of the samples. Therefore, when using
this methodology, a three-level hierarchical topography is generated. It is composed of big macro-pores
from the space-holder technique and small micro-pores and a nano-texture from the laser treatment.
The samples have been analyzed in terms of surface morphology, roughness, and porosity and the
surface structures have been compared before and after the femtosecond laser treatment. Additionally,
an estimation of the mechanical behaviour of the porous samples is included. A preliminary in vitro
study evaluates the potential capacity to improve cell adhesion of the proposed treatments.

2. Materials and Methods

2.1. Obtention of the Porous Titanium Samples

In this work, different commercially pure titanium (Ti CP-Grade IV) discs were manufactured.
Figure 1 shows a schematic diagram explaining how the samples were prepared. On the one

hand, a fully-dense sample was produced by conventional powder metallurgy, pressing and sintering
the powder at 1300 MPa and 1300 ◦C, respectively. On the other hand, porous samples were obtained
by the space-holder technique by mixing the titanium powder with 50% vol. of spacer (NH4HCO3).
Two ranges of spacer size were chosen for the study: 100–200 µm and 355–500 µm. Then, the mixture
was pressed at 800 MPa. Subsequently, the NH4HCO3 was removed in a low vacuum furnace (Heraeus,
Hanau, Germany) (10−2 mbar) in two stages (60 ◦C and 110 ◦C) 12 h each. Lastly, the porous green
samples were sintered at 1250 ◦C. Both sinters were carried out in a ceramic furnace (Carbolyte®

STF 15/75/450, Carbolyte Gero Ltd., Hope, UK) under high vacuum atmosphere (~10−5 mbar) for 2 h.
Before performing the surface modification, a conventional and careful metallographic preparation
of the specimen was necessary to preserve the porosity fraction, size, and morphology of the pores.
This process included resin mounting, grinding, and mechano-chemical polishing with magnesium
oxide (MgO) and hydrogen peroxide (H2O2).



Metals 2020, 10, 748 4 of 17

Figure 1. Schematic diagram of the experimental setup.

2.2. Surface Modification Using Femtosecond Laser Irradiation

Femtosecond laser irradiation was performed using a Yb-doped fiber laser (Spirit 1040-4,
Spectra-Physics, Santa Clara, CA, USA) with a wavelength of 1040 nm and 396 fs pulses at a
repetition rate of f = 100 kHz with a maximum pulse energy of 49.7 µJ. The experimental setup is shown
in Figure 2. After deflection by a galvanometer scanner, the laser beam is focused through a F-Theta
lens (f = 160 mm) to a beam radius of approximately w0 = 12 µm on the working surface. As shown in
the diagram of Figure 2b, the surface of the samples was scanned line by line with the moving laser
beam and the laser paths were separated from each other according to a specified overlap. The surface
can be processed multiple times to increase the energy deposited on the surface. The experiments were
performed in air, and Argon was used as shielding gas in order to reduce any undesirable oxidation on
the surface of the workpiece. A nozzle placed on the side of the part directed the jet of shielding gas
over the surface to be processed. Macroscopic images of the samples revealed that the use of shielding
gas was satisfactory since there was no visible oxidation on the processed surfaces.

Figure 2. Experimental setup for femtosecond laser processing. (a) Components of the laser system
and (b) illustration of the laser texturing process.
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Preliminary experiments were carried out to determine the optimal processing parameters.
The selection of the parameters was made on the basis that the main goal was to achieve the combination
of two laser-induced structures on the surface of the workpiece, which include laser-induced periodic
surface structures (LIPSS), also known as ripples, and columnar micro structures/micro pillars.
A parametric study was performed by changing the values of laser power, scanning speed, and number
of repetitions (the number of times the surface was scanned). Modifying these parameters allowed
regulating the energy deposited on the surface and the number of laser spots per unit area, which have
a great influence on the surface structures obtained. The distance between consecutive lines was fixed
for each experiment so that the distance between laser spots in the direction parallel and perpendicular
to the scanning direction was similar. Scanning electron microscopy (SEM) images of the processed
surfaces were analyzed in order to choose the final parameters, which are reported in Table 1. A pulse
energy of Ep = 49.7 µJ (100% nominal power) and a scanning speed of v = 960 mm/s were chosen.
The resultant fluence was F = 21.98 J/cm2. The distance between parallel lines was set to d = 12 µm,
corresponding to a spot overlap between lines of s = 50%. The area was scanned Nr = 20 times using
these parameters. Under these conditions, the resultant number of pulses per spot (PPS) on the surface
was PPS = 100.

Table 1. Laser parameters.

Wavelength 1040 nm

Pulse duration 396 fs
Repetition rate (f) 100 kHz

Maximum pulse energy (Ep) 49.7 µJ
Spot radius (w0) 12 µm

Scanning speed (v) 960 mm/s
Distance between consecutive lines (d) 12 µm

Number of repetitions (Nr) 20

2.3. Microstructural and Surface Characterization of Samples

The porosity of the samples was evaluated by image analysis (IA) using a Nikon Epiphot optical
microscope (Nikon, Tokyo, Japan) coupled with a Jenoptik Progres C3 camera (Jenoptik, Jena, Germany)
and Image-Pro Plus 6.2 analysis software. Total porosity (PT), equivalent diameter (Deq), and shape
factor Ff were measured. The shape factor was defined as Ff = 4πA/(PE)2, where A is the area of the
pore and PE is its experimental perimeter. Image analysis was assessed using five pictures of 5x for
each sample (one for each kind of material).

Scanning electron microscopy (FEI Teneo, FEI, Eindhoven, The Netherlands) and confocal laser
scanning microscopy (Sensofar Sneox, Sensofar, Glonn, Germany, allowing 2D and 3D images) were
used to evaluate the size and morphology of pores and surface roughness patterns resulting from
substrate fabrication using the spacers’ technique and the superficial modification with femtosecond
laser irradiation. In addition, the confocal laser scanning microscopy was performed to analyze
and quantify the roughness of the surface (both in the flat area of the samples and inside the pores).
To evaluate surface roughness, the arithmetical mean deviation (Sa) and the root mean square height
(Sq) were calculated.

2.4. Cell Behavior Evaluation

A preliminary study of the cellular behavior of superficially modified samples was carried out.
MC3T3E1, which is a murine pre-osteoblast cell line (CRL-2593, from ATCC, Manassas, VA, USA),
was used to analyze the potential influence of surface modified with femtosecond in the bone cells
(morphology, cell adhesion, and proliferation) [61–65]. Routine passaging of the cell line was performed
on 25 cm2 flasks with minimum essential medium (MEM), containing 10% fetal bovine serum plus
antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin sulfate) (Invitrogen). Autoclaved samples
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were carefully placed into a 24-well plate, and trypsinized osteoblasts cells were seeded at a cellular
density of 30,000 cells/cm2 per sample. Afterward, 800 µL of prewarmed culture medium was added,
and culture plates were kept at 37 ◦C in a humidified 5% CO2 atmosphere. The experiments were carried
out at 4 days of culturing osteoblasts with osteogenic media (α-MEM medium supplemented with
10 mM ascorbic acid (Merck, Darmstadt, Germany) and β-glycerophosphate (StemCell Technologies,
Vancouver, BC, Canada) 50 µg/mL). Scanning electron microscopy (SEM) was used to evaluate the cell
behavior at 4 days. The samples were fixed in 10% formalin, which was followed by a dehydration
step with ethanolic solutions and coated by gold-coating using a sputter coater (Pelco 91000, Ted Pella,
Redding, CA, USA). The images were obtained using a Jeol JSM-6330F scanning electron microscope
(JEOL, Tokyo, Japan) with an acceleration voltage of 10 kV.

3. Results and Discussion

Figure 3 shows SEM images of the fully-dense and porous samples (100–200 µm and 355–500 µm)
before and after femtosecond laser irradiation (FS). The surface of the samples can be divided by the
flat surface and the surface of the pores. Before irradiation, the flat part of all the samples has a smooth
finish due to the polishing treatment. As for the pores, two types can be observed on the surface
before irradiation. Small micro-pores are formed during the sintering process and the macro-pores
inherent to the size ranges of the spacers are used in the space-holder technique. In addition, a
pattern of micro-roughness can be observed inside the large pores. This pattern is a result of the
inherent roughness of the surface of spacer particles, which is transferred to the titanium substrate
during the compaction process. On the other hand, in the images after femtosecond laser irradiation,
the effects produced by the laser treatment can be clearly observed. The surface of the samples is
covered by clusters of micro-holes and micro-columns. These structures consist of groups of periodic
micro-columns with pits between them. The pits have the shape of circular holes (like-craters of
a volcano). The period of the laser-generated microstructure can be estimated from the magnified
SEM images, giving average values under 10 µm. The clusters of micro-holes do not cover the entire
surface. By modifying the processing parameters used for the irradiation, the spatial density of the
micro-holes could be changed. If the energy per unit area were increased, the amount of surface
covered by micro-holes would also be increased and vice versa. When looking at the image at a higher
magnification, as shown in the close-ups at the right of Figure 3, it is observed that the entire surface is
covered by a nanometric pattern. This pattern consists of laser-induced periodic surface structures
(LIPSS), which appear when a surface is subject to ultra-short laser pulses. The structure is made up of
periodic ripples aligned perpendicularly to the polarization of the laser beam. The period of the LIPSS
structure is close to the wavelength of the laser, which is 1040 nm in this case.

Figure 4 shows SEM images of the flat areas and the interior of the pores. As shown in the images,
the laser generated structures appeared both in the flat area and inside the macro-pores created from
the space holders. The entire surface, including the areas with micro-features generated by the laser,
is covered with nano-ripples. During laser processing, the laser fluence threshold required for the
formation of micro-columns is larger than for the formation of LIPSS. The spatial profile of the laser
beam has Gaussian shape and, therefore, the fluence is higher in the center of the beam than in the
outer region. When the laser beam moves along the surface, the fluence at the region near the center of
the beam is high enough to produce the formation of micro-columns. When the beam moves away,
the outer region of the beam with a fluence below the threshold for micro-column formation but above
the threshold for melting, creates the ripples over the already present microstructure, which explains
the structures obtained in this work [51].

There is no appreciable difference between the textures obtained in the flat areas and in the areas
inside the pores. This fact indicates that the energy deposited is roughly the same for the whole surface,
despite the difference in height between the flat area and the region inside the pores. Although this is
true for the optical system used in this work, another system with a more pronounced beam divergence
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could be more sensitive height changes in the topography. In that case, it may be necessary to adjust
the focus position according to the height of the sample so that the result is homogeneous.

Figure 5 shows images of the samples obtained by confocal laser microscopy. The roughness
parameters Sa and Sq obtained using this technique are summarized in Table 2. The roughness was
measured before and after the femtosecond laser treatment for the whole surface of the samples. For the
space-holder samples, the roughness of the flat surface between macro-pores was also measured.

Figure 3. Scanning electron microscopy (SEM) images of the surfaces before and after femtosecond
laser irradiation. The close-up images (higher magnification) correspond to the flat surface of titanium
that lies between the macro pores generated by the spacer.
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Figure 4. SEM (using the topography view configuration, it gathers both material and topographic
contrast with the unique segmented in-lens backscattered electrons (BSE) detector (T1)) images of the
titanium flat surfaces and walls of the macro pores after laser treatment. Note: Regardless of the area
and type of porous substrate studied, a similar morphology of micro-holes and surface roughness
patterns generated with irradiation can be observed in the inside images (more magnification).

Figure 5. Confocal laser microscopy images of the modified titanium surface with femtosecond
irradiation: (a) fully-dense sample before surface treatment, (b) modified surface of the fully-dense,
(c) and (d) appearance of the irradiated titanium surface present between the macro-pores of sizes
between 100–200 µm and 355–500 µm, respectively.
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Table 2. Influence of the characteristics of the pores and the femtosecond laser irradiation on the surface
roughness modification of the samples. The magnification of the measures was 10× and 100×.

Surface
Roughness
Parameters

Before Femtosecond Laser After Femtosecond Laser

Whole Surface (10×)
Flat Surface

- Between Macro-Pores (100×)

Fully-Dense100–200 µm 355–500 µm 100–200 µm 355–500 µm Fully-Dense
(10×–100×) 100–200 µm 355–500 µm

Sa (µm) 0.68 1.38 1.29 4.02 6.32 0.98–1.00 0.50 1.17
Sq (µm) 1.10 3.89 5.11 10.19 14.75 1.60–1.69 0.82 1.74

Before laser treatment, the fully dense sample presented very low roughness, with Sa = 0.68 µm,
due to previous polishing. The porous samples had slightly higher roughness, with values of Sa = 1.38
for the 100–200 µm sample and Sa = 1.29 for the 355–500 µm sample. Since the flat surface of the porous
samples is also predominantly smooth, the increase in roughness must be caused by the existence of
the pores. Furthermore, in Figure 4, a roughness pattern can be seen on the surface of the interior
of the pores, which also contributes to the increase of the roughness values. After laser irradiation,
the roughness of all the samples was increased. The new values of roughness were Sa = 0.98 for
the fully-dense sample, Sa = 4.02 µm for the 100–200 µm sample, and Sa = 6.32 for the 355–500 µm
sample. The changes on the topography after the laser treatment can be clearly seen in the images of
Figure 5. The laser irradiation produced a surface with heterogeneous height and a grainy texture.
The heterogeneity of the color, as opposed to the untreated samples, is explained by the presence of
nano-ripples all over the surface. The clusters of micro-holes generated during the laser treatment
appear as circular areas with darker colors than their surroundings. The roughness was also measured
at a higher magnification (100×) for the fully dense surface and for the flat surface between macro-pores
for the porous samples, which correspond to the areas shown in Figure 5. The resultant values were
Sa = 1.00 µm for the fully-dense sample, Sa = 0.50 µm for the 100–200 µm sample, and Sa = 1.17 µm
for the 355–500 µm sample. On these areas, the roughness is due only to femtosecond laser texturing.
Since these topographies do not show large deviations from the mean surface, the Sa value is lower
than when the macro-pores are considered (Sa = 4.02 µm and Sa = 6.32 µm).

Figure 6 shows 3D confocal images of the samples after the laser treatment. The images correspond
to the fully-dense 100–200 µm and 355–500 µm samples from top to bottom. The images of the left
column correspond to a magnification of 10× while the ones of the right correspond to a value of
50×. In the fully-dense sample, the areas with laser-induced topography are composed of micro-pores
(small black dots) and micro-pillars (orange/pink). According to the color levels used, this shows
that the micropores are lower and the micro-pillars are higher than the flat area with a blue-yellow
color. This indicates that the micro-pillars generated by the laser treatment are produced above the
flat surface. This fact can also be observed in the porous samples where the micro-pillars have a pink
color whose corresponding height is superior to the orange and yellow of the flat area. At the highest
magnification, it can be seen how these regions form protrusions above the flat surface. As for the
macro-pores, the depth and size of all the pores inspected is very uniform. They have a dark-blue/cyan
color that indicates they are below the flat surface.

Image analysis (IA) was performed over the SEM images of the samples to calculate their porosity
parameters. Since, after laser treatment, there are pores with different origins, they were divided and
analyzed in three groups, as shown in Figure 7. The groups consisted of micro-pores associated with
the femtosecond laser irradiation on the flat surface (red), macro-pores inherent to the spacer used
(yellow), and micro-pores associated with the femtosecond laser irradiation on the walls inside the
macro-pores (blue).

The porosity parameters measured before and after laser treatment are reported in Table 3. Before
irradiation, the fully-dense sample presented low porosity, PT = 1.6± 0.3%, caused by small micro-pores
of Deq = 5.9 ± 0.2 µm inherent to the sintering process. The porosity percentage for the 100–200 µm
and 355–500 µm samples was 52.3 µm ± 1.2 and 50.1 µm ± 1.0, respectively, which are values close to
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the 50% design target. The diameter of the pores in these samples was 164 µm ± 28 and 395 µm ± 34.
Therefore, it lies within the expected range for the spacers used. The shape factor of the pores was
close to 1 for all the samples, which shows a high degree of circularity.

Figure 6. Confocal laser 3D images showing the distribution of macro and micro porosity. Sequence of
colors from low to high height: black, dark blue, cyan, green, yellow, orange, and pink. Macro-pores
are dark-blue/cyan, micro-pores are black, and micro-pillars are orange/pink.

Figure 7. Image analysis of the modified discs. Note: in the images, different pore populations have been
identified. The macro pores (spacer) have been colored yellow while the micro-pores inherent to laser
treatment have been colored red (flat titanium surface) and blue (interior walls of the macro pores).
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Table 3. Porosity parameters measured by Image Analysis: total porosity (PT), the equivalent diameter
(Deq), and the pore shape factor (Ff). Note: * Flat surface (between macro-pores) and † Inside of pores.

Porosity Parameters Fully-Dense Spacer Size

100–200 µm 355–500 µm

Before FS
PT (%) 1.6 ± 0.3 52.3 ± 1.2 50.1 ± 1.0

Deq (µm) 5.9 ± 0.2 164 ± 28 395 ± 34
Ff 0.97 0.72 0.75

Pfemto Pspacer Pfemto Pspacer

After FS
PT (%) 25.6 ± 0.9

4.4 ± 0.7*
44.2 ± 2.8

1.92 ± 0.9*
45.8 ± 1.40.9 ± 0.3† 0.3 ± 0.2†

Deq (µm) 3.2 ± 1.2 4.6 ± 0.9 123 ± 52 2.8 ± 0.7 373 ± 42
Ff 0.74 0.63 0.34 0.70 0.35

After irradiation, the porosity of the fully dense sample was clearly increased to a value of PT = 25.6
± 0.9%. The effect of the treatment on the percentage of porosity was less significant in the porous
samples since the presence of macro-pores continued to be the dominant factor for determining total
porosity, which maintained similar values despite being marginally lower than before the treatment.
In these samples, the distribution of the laser-induced micro-holes was homogeneous over the entire
studied area with a similar number of them being located within the macro-pores in the flat areas.
The diameter of the micro-holes generated by the femtosecond laser was roughly similar for all the
samples: Deq = 3.2 ± 1.2 µm, 4.6 ± 0.9 µm, and 2.8 ± 0.7 µm for the fully-dense samples and 100–200 µm
and 355–500 µm for other samples. The micro-pores obtained by the laser treatment were generally
smaller than the micro-pores from the sintering process, but they had a more irregular shape (Ff = 0.74,
0.63, 0.70). The laser treatment also increased the irregularity of the walls of the macro-pores, reducing
the shape factor of these pores from Ff = 0.72 to Ff = 0.34 for the 100–200 µm sample and from Ff = 0.75
to Ff = 0.35 for the 355–500 µm sample.

According to the results obtained, a hierarchical triple structure was attained on the surface of the
porous samples. This structure consists of macro-pores manufactured by the space-holder technique
and micro-holes and nano-ripples produced by femtosecond laser irradiation. The characteristic
sizes of the structures ranged from 150 to 300 µm for the space-holder pores, around 3.5 µm for the
laser generated micro-pores, and under 1 µm for the laser generated nano-ripples. All the structures
coexist simultaneously in the same areas since the surface of each structure is covered by the smaller
structures. The geometry of the global structure could be tuned by changing the parameters of the
processes used to manufacture the sample. The number and size of the big macro-pores can be changed
by modifying the total volume of the space holder solution and the size of space holder particles.
The spatial density, i.e., the amount of micro-holes generated, could be changed by controlling the
laser parameters. For instance, increasing laser fluence would also increase the amount of micro-holes
generated on the surface. The flexibility of the laser technique would also allow controlling the area of
application of the beam in case it was desired to generate multiple areas with a different morphology.

On the other hand, in this work, we can estimate Young’s modulus and the elastic limit of
porous implants from the results collected in Table 3 and by using Equations (1), (2), and (3) proposed
in the literature (EN (Nielsen equation) [66], Ed (dynamic Young’s modulus) [67], and σy [68]),
which establish relationships between microstructural parameters (porosity and pore morphology)
and mechanical behavior.

Ed = ETi·
(
e−0.02·PT

)
− 0.03·ETi (1)

EN =
ETi·
(
1− PT

100

)2
1 +
(
F f − 1

)
·

PT
100

(2)
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where ETi is the Young’s modulus for bulk Ti CP-Grade IV (~110 GPa [69]), PT is the percentage of total
porosity of the sample, and Ff is the shape factor.

σy

σTi
=
(
1.2018·e−0.043·Pi

)
(3)

where σTi is the yield strength of bulk Ti CP-Grade IV (~650 GPa [70]) and Pi is the percentage of
interconnected porosity of the sample.

Table 4 shows the values obtained with these equations for porous implants before and after the
laser treatment. From these results, it is possible to indicate the yield strength does not depend on the
surface treatment. In our materials, the triaxial distribution of stress in the bulk is not affected (porosity
is the same). However, the new surface porosity may decrease the fatigue resistance of the implant,
and there is an inverse relationship between the porosity and the Young’s modulus of the material.

Table 4. Young’s modulus (EN and Ed) and the yield strength (σy) estimated for porous implants before
and after FS.

Mechanical Properties Fully-Dense Spacer Size

100–200 µm 355–500 µm

Before FS
EN (GPa) 106.6 ± 1.3 29.3 ± 2.7 31.3 ± 2.3

Ed (GPa) 103.2 ± 1.3 35.4 ± 1.9 37.1 ± 1.6
σy (MPa) 738 95 118

After FS
EN (GPa) 65.2 ± 3.1 41.7 ± 7.0 43.2 ± 6.3
Ed (GPa) 62.6 ± 2.6 37.6 ± 4.7 38.8 ± 4.2
σy (MPa) 738 96 118

Lastly, Figure 8 shows a preliminary result of the ongoing study of the evaluation of the bone
environment in vitro. In particular, it is compared completely dense (before femtosecond treatment)
with porous titanium substrate (after surface modification). In these experiences, MC3T3E1 used a
murine pre-osteoblastic cell line (CRL-2593, from ATCC, Maassas, VA, USA) to analyze the effect of
porosity and surface treatment on cell metabolism and viability during the process of cell adhesion
and proliferation. The results indicate a clear improvement in cell proliferation in the modified disc.
Here, the MC3T3 cell monolayer was found. Osteoblast cells were marked with a yellow arrow and
a nucleus was marked with red asterisks in the images. The completely dense ones had a cellular
cytoskeleton extended at the edges of the sample while the osteoblastic cells covered the internal walls
of the macro-pores inert to the use of the spacer. The cells adhere through filopodia (fine cellular
projections). Furthermore, osteoblast growing on a controlled, fully dense surface presented lower
filopodia protrusions, which are essential cellular structures during the cell adhesion process.
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Figure 8. SEM images of MC3T3 cell morphology growing (four days incubation) on the (a) surface of
virgin fully-dense sample, (b) surface, and (c) within the macro-pores of porous titanium substrate
(after femtosecond laser treatment). The MC3T3 cell (yellow arrow) and the nucleus cell (red asterisks)
are indicated in the images.

4. Conclusions

This work evaluated the ability to create hierarchical micro-nano-structures on the surface of
fully-dense and porous Ti CP substrates for bone replacement using a femtosecond laser system.

Femtosecond laser micromachining allows different structures to be obtained on the surface of
metals, which range from a nanoscale to a microscale size. The influence that the different processing
parameters have on the formation of the surface structures is complex. However, all these parameters
influence the total amount of energy deposited on the surface and the number of laser spots per unit
area. In this work, using these factors as a basis of a parametric study helped us obtain the set of
parameters associated with the desired structures.

The laser texturing process generated clusters of micro-holes and micro-columns and periodic
nanometric structures across the whole surface. In the porous samples, the laser-induced structures
appeared both on the flat surface and inside the macro-pores. The structures obtained were similar for
all types of substrates analyzed. Surface roughness generally increased for all the samples after the
treatment due to the changes in the surface topography.

Image analysis of the samples revealed that the laser-induced micro-pores had a characteristic size
slightly smaller than the micro-pores inherent to the sintering process, but with a more irregular shape.
The effect of the treatment on total porosity was more prominent in the dense sample, which underwent
a significant increase in value. In the porous samples, the change in total porosity was attenuated by
the presence of the macro-pores. However, laser treatment increased the irregularity of the already
present macro-pores.

Modifying the surface with femtosecond does not compromise the mechanical strength of porous
titanium substrates, but a decrease in the elastic modulus is observed in the fully dense sample.

Preliminary results of bone evaluation in vitro show a clear improvement in cell proliferation on
the surface of the modified sample.



Metals 2020, 10, 748 14 of 17

The approach presented in this work allows combining the biomechanical advantages of a porous
substrate (stiffness and yield strength) and the bio-functional behavior of a modified surface (bone
ingrowth and osseointegration) to improve the success of titanium implants.

The versatility and high precision of the laser as a micro-machining tool allow for treating complex
surfaces. In this sense, the authors have begun to study the potential application of the approach used
in this work for the design and manufacture of porous cylindrical dental implants and the modification
of their surface using the femtosecond laser system.
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