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ARTICLE INFO ABSTRACT

Keywords: Orthopedic implants are under incessant advancement to improve their interactions with surrounding bone
Selective laser melting tissue aiming to ensure successful outcomes for patients. A successful biological interaction between implant and
Ti6Al4V

surrounding bone depends on the combination of mechanical, physical and topological properties. Hence,
Ti6Al4V cellular structures appear as very promising solutions towards the improvement of conventional or-
thopedic implants. This work addresses a set of fundamental tools that allow improving the design of Ti6Al4V
cellular structures produced by Selective Laser Melting (SLM). Three-point bending tests were carried out to
estimate the elastic modulus of the produced structures. Morphological analysis allowed to evaluate the di-
mensional differences that were noticed between the model CAD and the SLM structures. Finite element models
(adjusted CAD) were constructed with the experimentally obtained dimensions to replicate the mechanical re-
sponse of the SLM structures. Linear correlations were systematically found for the dimensions of the SLM
structures as a function of the designed model CAD dimensions. This has also been observed for the measured
porosities as a function of the designed CAD models. This data can be used in further FE analyses as design
guidelines to help engineers fabricating near-net-shape SLM Ti6Al4V cellular structures. Besides, polished and
sandblasted surface treatments performed on the Ti6Al4V cellular structures allowed to obtain suitable prop-
erties regarding roughness and wettability when compared to as-produced surfaces. The capillarity tests showed
that all the analyzed Ti6Al4V structures are able to transport fluid along its structure. The cell viability tests
demonstrate Ti6Al4V cellular structures SLM produced did not release toxic substances to the medium, in-
dicating that these structures can assure a suitable environment for cells to proliferate and attach. This study
proposes a design methodology for Ti6Al4V cellular structures, that owe suitable mechanical properties but also
provide a proper combination of porosity, roughness, wettability, capillarity and cell viability, all of them re-
levant for orthopedic applications. A Ti6A14V cellular structured hip implant prototype gathering the suitable
features addressed in this study was successfully SLM-produced.

Cellular structures
Design tools
Elastic modulus

1. Introduction

Selective Laser Melting (SLM) is a high-performance metal additive
manufacturing technique that selectively melts a metal powder bed,
track by track, and layer by layer to construct a 3D metal part, ac-
cording to CAD data [1,2]. SLM high design freedom empower an in-
novative design thinking focused exclusively on the target [3]. By using
SLM, engineers can design complex and customized solutions [4,5],
such as metallic porous structures, which are almost impossible or
unwarrantable to consider when using conventional processing routes
such as casting and forging [6].

SLM fabrication of metallic porous materials are in great demand
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due to these materials potential and benefits that make them extra-
ordinary to apply in biomedical field such as orthopedic implants
[7-10]. As an example, Ti6Al4V cellular structures are multifunctional
materials capable to address several needs in a single component by
tailoring the mechanical, physical and biological properties [4,5]. The
accuracy of SLM to fabricate metallic porous materials is an inherent
challenge since significant differences are detected when comparing the
CAD design with the produced components [11,12]. These dimensional
and geometrical differences are systematically detected, as reported by
other authors [11,13]. This aspect, empowers the need of predicting
these differences and correct the CAD designs accordingly, aiming to
obtain porous structures with the desired physical and mechanical
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properties. Finite element analysis (FEA) [14,15], in parallel with ex-
perimental studies, can be used as engineering tool to anticipate and
correct SLM production inherent deviations.

A successful biological interaction between implant and bone de-
pends on the combination of mechanical, topological, physical and
chemical properties [7,16]. Ti6Al4V have been extensively applied in
the orthopedic field owing their high strength-to-weight ratio, good
biocompatibility, superior corrosion resistance and lower elastic mod-
ulus when compared to stainless steels and cobalt alloys [6,17,18].
However, Ti6Al4V (=110GPa) has a significant higher elastic modulus
when compared to human cortical bone tissue (10-30 GPa) [19-22].
This results in a mismatch stiffness between the implant material and
the bone tissue, which leads to a non-adequate stress distribution in the
interface [9]. Bone resorption around the implant occurs until a critical
moment (usually 10-20 years after total hip arthroplasty surgery) when
a revision surgery is needed [23-25]. In this regard, Selective Laser
Melting technique is an effective solution to fabricate Ti6Al4V struc-
tured materials with an elastic modulus that match with that of bone
tissue [9,17,26,27]. These structures can be engineered to reduce the
typical over-high stiffness of dense Ti6Al4V implants.

Implant surface topography has a direct effect on the biological
response of bone. Several clinical and in vitro studies have demon-
strated that moderate surface roughness (R, = 2-4 um) lead to earlier
healing, enhanced cell spreading and tissue integration [28,29]. Also
has been reported to enhance the differentiation of osteoblasts cells, to
reduce the activity of bone-destroying cells (osteoclasts) as well as to
promote a better bone attachment and mineralization [28-31].

Surface energy of an implant is another surface characteristic that
plays an important role on implant-bone biological interaction [32].
This characteristic is measured indirectly by the liquid-solid contact
angle (wettability), and several studies have found that hydrophilic
surfaces tend to enhance cell adhesion, cell differentiation and bone
mineralization when compared to hydrophobic surfaces [33-36]. Zhao
et al. [33] concluded that osteoblast-cells cultured hydrophilic surfaces
produced more differentiation markers represented by increased cell
layer alkaline phosphatase specific activity and osteocalcin. The ca-
pillarity action is the ability of a fluid to flow into narrow spaces against
external forces, such as gravity through cohesive forces [37,38]. Polak
et al. [39] and Bai et al. [38] demonstrated that capillary forces play an
important role in cells self-seeding and cell attachment on scaffolds
surfaces.

In this study Ti6Al4V cellular structures were designed and pro-
duced by SLM technique aiming to obtain a proper combination of
elastic modulus, porosity, surface roughness and wettability, and also
capillarity properties targeting orthopedic implants.

2. Materials and methods
2.1. Material and SLM fabrication details

Ti6Al4V spherical powder (D90 of 40 um) from SLM Solutions®
(Germany) was used to produce layer-by-layer the Ti6Al4V cellular
structures. Fig. 1 illustrates SLM fabrication route starting with a CAD
design modeled in SolidWorks, followed by the support's generation
using Materialise Magics®. Then, SLM Autofab was used to perform the
numerical slicing. Following the preparation protocol (to achieve sui-
table temperature and atmosphere), the SLM fabrication layer-by-layer
proceeded till the last layer. Afterwards, the Ti6Al4V cellular structures
were removed from the platform by cutting the supports and this sur-
face was polished using an abrasive silicon carbide paper (mesh 180).
The SLM parameters used in this work were defined through an opti-
mization study regarding the processing parameters for Ti6Al4V, using
this SLM equipment [40]. Thus, laser power (90W), scan speed
(600 mm/s), scan spacing (i.e., distance between two consecutive laser
scans; 80 um) and layer thickness (30 pm) were used.
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2.2. Selection and design of the cellular structures

When designing cellular structures to integrate in orthopedic im-
plants, several parameters must be considered in order to provide some
key properties and in this way improve the osteointegration of the
implant. Some of these parameters are the open-cell size, the open-cell
morphology, the orientation, the open-cell interconnectivity, the dis-
tance between two consecutive open-cells (here called walls) and the
ratio surface area to volume. In this study, an admissible design area
was considered for the definition of open-cell and wall sizes, which
comprehends the following aspects:

(i) Structures with a porosity higher than 50% [13,41] in order to
lower the elastic modulus of Ti6Al4V;
(ii) Wall sizes higher than =100 pm, due to the available laser (having
a spot of 89 um) of the SLM 125HL equipment;
(iii) Open-cell sizes higher than 300 um and lower than 800 pm, con-
sidered optimum for bone ingrowth based on biological studies
found in literature [13,41,42].

Table 1 shows the model CAD design details, in which the open-cell
and wall sizes, as well as the porosity are presented.

2.3. Morphology and porosity analysis

After removing from the platform, all the structures were prepared
to posterior analyses by performing an ultrasonically cleaning during
10 min in other to remove the loose powder. SEM images were obtained
for the Ti6Al4V cellular structures, namely isometrically, lateral, top
and bottom views (Figs. 4 and 5). SEM images were used to measure the
dimensions of the open-cells and walls allowing to estimate the differ-
ences between the as-designed (Model CAD) and the produced Ti6Al4V
structures. A systematic study was performed in which 60 measure-
ments (20 on each plane for the open-cell and the wall dimensions)
were made for SP1, SP2, SP3, SP4 and SP5 structures. The average
dimensions of the open-cell and walls for each group were used to
create new CADs (here referred as adjusted CADs). These adjusted CADs
aim to reproduce the real dimensions measured on the SEM images of
the SLM produced specimens.

These structures density was determined by measuring their mass
and volume and considering the theoretical density of Ti6Al4V. This
density was then used to obtain these structures porosity, considering
four specimens for each condition.

2.4. Mechanical testing

Three-point bending flexural tests were conducted in an Instron®
5848 machine. The load signal was obtained with a load cell (2 kN), for
an acquisition frequency of 5Hz. The displacement monitoring was
performed using an 8 bit CCD Dolphin camera (Allied Vision
Technologies®), with an acquisition frequency of 1.738 fps. At least four
different structures were used for each condition. The crosshead dis-
placement rate was set to 0.005mm/s. Recorded images were post-
processed in a home-made MATLAB® routine to monitor a point in the
half-span region of the structure. Fig. 2 shows the experimental appa-
ratus used to perform the tests. The apparent elastic modulus was es-
timated through [43]:

_kr
T 48T @

With K standing for the elastic stiffness, L for the loading-span and I for
the second moment of area.

2.5. Numerical modelling

Structured finite element meshes were generated for each model
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Fig. 1. Schematic representation of SLM technique from CAD to final component.

Table 1
Model CAD design details for the tested specimens.

Structure  Model CAD design details
Dimensions (mm®)  Open-cell size Wall size Porosity (%)
(um) (um)

SP1 4.3 x 4.3 x 56.0 500 300 64.2
SP2 4.8 x 4.8 x 58.5 600 300 70.3
SP3 3.4 x 3.4 x 55.3 500 150 84.0
SP4 3.9 x 3.9 x 56.3 600 150 87.6
SP5 3.6 X 3.6 x 56.0 600 100 93.3

pattern using 20-nodes hexahedral quadratic elements (20-HQE). Fig. 3
shows a typical refined mesh used in the FE analysis and the standar-
dized dimensions (a and b). Table 2 resumes the dimensions, and with
the number nodes, and elements used in the numerical analysis.

Three cylinders were defined with 20-HQE and 15-nodes wedge
(triangular prism) element types to simulate the supports and the
loading actuator. Contact algorithms were employed to mimic the
surface interaction between the specimen and the supports. The bottom
supports were impeded to move, while a vertical displacement was
ascribed to the top cylinder to apply the load at the mid-span. Elastic
properties used in both domains, structures and supports, are presented
in Table 3 for Ti6Al4V and steel, respectively.

Fig. 3. FE mesh of the SP1 structure.

2.6. Surface preparation and surface roughness measurements

When regarding the surface properties assessments, three types of
surfaces were investigated in this study: as-produced, polished and
sandblasted. The as-produced surface corresponds to the typical surface
obtained after SLM fabrication. The polished surface was obtained
using an abrasive silicon carbide paper (mesh 180). The sandblasted
surface was prepared using spherical alumina particles (diameter ran-
ging from 106 to 150 um), blasted during 30 .

Surface roughness was measured using a surface profilometer

Supports
surface

Fig. 2. Mechanical testing system used to perform the three point-bending tests.
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Fig. 4. SEM images of SP1, SP3 and SP5 Ti6Al4V cellular structures.

SP1 SP5

CAD Design

Table 3
Elastic properties considered for the structures and cylinder domains.

Material Elastic modulus (GPa) Poisson's ratio
Ti6Al4V 110 0.30
Steel 210 0.30

Produced specimens
(SEM images)

Fig. 5. Comparison between model CAD and the SLM produced structures, at
the same scale.

(Surftest SJ 201, Mitutoyo®, Tokyo, Japan). Roughness tests were per-
formed according to ISO 4287-1997 standard, with an evaluation
length of 3mm, a cutoff wavelength of 0.8 mm and a scan speed of
0.25mm/s. A total of nine measurements were performed for each
group using three different structures.

2.7. Wettability and capillarity tests

Contact angle measurements were carried out to determine wett-
ability properties of the Ti6Al4V cellular structures for as-produced,
polished and sandblasted surfaces. The measurements were performed
on a contact angle system OCA 15 plus (Dataphysics®) using a sessile
drop method. For each group, on average, seven droplets of phosphate-
buffered saline (PBS) were measured.

Capillarity tests were carried out using a house-made apparatus for
video recording. Hence, six time points were defined to quantify the
fluid height: 0.0 s (the instant when the specimen touches the fluid),

Table 2
Resume of FE details.

0.25, 0.5, 0.75, 1.0 and 2.0s. As-produced specimens from SP1, SP2,
SP3, SP4 and SP5 were used to perform these tests. Phosphate-buffered
Saline (PBS) fluid was employed to mimic, in some extension, the
human body fluids. The fluid heights were measured for all the time
points and for all the groups by image analysis.

2.8. Cell viability

Short-term cytotoxicity tests were carried out on the SLM produced
Ti6Al4V cellular structures, following the protocol described by Silva
et al. [44,45], in triplicate. The structures were incubated with
minimum essential culture medium (MEM) and the medium was ex-
tracted and filtered using a 0.45 mm pore-size filter after each time-
point (24 h, 7, 14, 21 and 28 days). For all the MEM tests, the material
weight-to-extract fluid rate was constant at 0.2 g/ml. Latex extracts
with the same extraction protocol were used as positive controls for cell
death and culture medium as negative control.

2.9. Statistical analysis

Statistical analyses were carried out using one-way ANOVA with
post-hoc Bonferroni multiple comparison test (GraphPad Software,
USA), where pyaue < 0.05 was defined as statistical significant, to
assess the statistically significant differences of the experimental results
(porosity, elastic modulus, surface roughness and live/death cytotoxi-

city).

Wall size b (um)

Number of nodes Number of elements

Structure Open-cell size a (um)

SP1 - Model CAD 500.00 300.00
SP1 - Adjusted CAD 387.94 393.38
SP2 - Model CAD 600.00 300.00
SP2 - Adjusted CAD 487.55 393.70
SP3 - Model CAD 500.00 150.00
SP3 - Adjusted CAD 387.65 243.70
SP4 — Model CAD 600.00 150.00
SP4 — Adjusted CAD 493.55 238.69
SP5 — Model CAD 600.00 100.00
SP5 - Adjusted CAD 487.20 194.00

451488 45600
521424 52668
503376 50844
388968 40590
695136 70224
645502 65208
602640 60876
557520 56316
485328 49020
598128 60420
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Table 4
Comparison between the model CAD and the produced structures dimensions.
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Specimen Model CAD details Produced structures measurements
Open-cells size (um) Walls size (um) Porosity (%) Open-cells size (um) Walls size (um) Porosity (%)
SP1 500 300 64.2 388 + 15 393 + 19 45.0 = 1.6
600 300 70.3
SP2 600 300 70.3 488 = 13 394 + 18 54.1 + 0.8
SP3 500 150 84.0 388 = 13 244 * 17 64.0 = 1.1
SP4 600 150 87.6 493 *= 14 239 + 14 709 + 0.5
SP5 600 100 93.3 487 = 9 194 * 18 78.6 = 0.9

3. Results and discussion
3.1. Morphological characterization of the SLM structures

Selective Laser Melting technique was used to fabricate five groups
of Ti6Al4V cellular structures with different levels of porosity (from 64
to 93%) aiming to reduce the elastic modulus of Ti6Al4Valloy pursuing
the use of these structures in orthopedic implants. Fig. 4 shows SEM
images of SP1, SP3 and SP5 structures. SP1 and SP5 structures corre-
spond to outmost structures considering the model CAD design por-
osity. SP1 has the lowest porosity (64.2%), having open-cells of 500 pm,
and walls of 300 um. Contrarily, SP5 has the highest porosity (93.3%)
with open-cells of 600 um and walls of 100 pm.

In order to compare the model CAD design with the SLM produced
specimens, a morphological study was conducted using SEM images of
all the specimen's group investigated. For that purpose, the open-cell
and wall sizes of all of the structures were measured through image
analyses. SEM images from the front, the lateral and the top plane were
used in these measurements. Fig. 5 shows an illustrative comparison
between model CAD design and the SLM produced structures for SP1
and SP5. Table 4 presents the average results ( = standard deviation)
regarding the open-cell and wall sizes.

Table 4 shows systematic differences between the model CAD and
the SLM structures. The five groups investigated exhibit, on average, an
open-cell size 111 + 2pum lower than the model CAD. Contrarily, the
wall size is on average 93 * 2pum higher than that defined on the
model CAD design. Fig. 5 and Table 4 show that these dimensional
deviations were detected for all the specimens investigated (SP1 to
SP5). These differences between the model CAD and the SLM specimens
are inherent to SLM fabrication as reported in other studies [12,13,46].
In fact, the production of porous structures, with approximately 100 pm
smaller open-cells and 100 pm thicker walls can be found in literature
[11,13,47]. As an example, Q. Ran et al. [46] designed porous Ti6Al4V
specimens having open-cells with 500, 700 and 900 um of diameter.
The produced parts exhibited smaller pore sizes when compared to the
CAD design, with open-cells of 400, 600 and 800 pm, respectively. The
differences in heat transport between powder and solid material leads
to the powder sticking to the solid surface, being pointed as accountable
for these deviations [46]. Moreover, some of the powder in the vicinity
of the laser melted zones partially melts, thus increasing the dimension
of the walls. As a consequence, lower open-cells sizes are obtained,
when compared to the CAD design.

Fig. 6 shows the linear correlations between the measured open-cell
and the wall sizes, and the corresponding CAD model dimensions with
high coefficients of determination (R>. Additionally, Fig. 7 shows the
linear correlation between the porosity of the SLM Ti6Al4V structures
and the model CAD porosity, showing a determination coefficient of
97.8%.

Considering that these deviations are systematically found for
Ti6Al4V structures produced by SLM, the linear correlations shown in
Figs. 6 and 7 allow to predict and estimate the real dimensions of
Ti6Al4V cellular structures. This data can be used as design guidelines
to help engineers fabricating near-net shape SLM Ti6Al4V cellular

structures [48,49].

The average dimensions of the open-cell and walls were used to
construct adjusted CAD models aiming to obtain numerical models with
dimensions and mechanical responses matching to the SLM produced.
The porosity obtained experimentally and the porosity of the Model
CADs, and the Adjusted CADs was compared then compared as shown
in Fig. 8.

The methodology adopted for modelling the adjusted CAD allowed
to obtain structures with a porosity similar to the ones measured in SLM
structures, as shown in Fig. 8. It can be observed that the SLM structures
lower open-cell sizes and the thicker walls (Fig. 5) led to an expected
lower porosity. On average, a 30% lower porosity was found when
comparing the SLM structures with the model CAD and a 2% higher
porosity when comparing with the adjusted CAD.

3.2. Mechanical characterization

Bone tissue is a self-optimizing structure able to adapt to external
loading conditions. According to Frost's mechanostat theory, the bio-
logical response of bone depends on the level of strain that is induced
[50,51]. The stiffness mismatch between bone and currently used hip
implant solutions leads to an inefficient stress distribution, that induce
stress shielding and finally can lead to implant failure [27,28]. Typi-
cally, 10-20 years after Total Hip arthroplasty, revision surgeries are
necessary and this mismatch is pointed out as one of the main reasons
[23]. Therefore, in the present study, Ti6Al4V structures different
porosity levels were designed, SLM produced and characterized tar-
geting the development of new orthopedic implant solutions capable to
reduce revision surgeries.

Fig. 9 shows typical experimental load-displacement curves (P-§
curves) obtained for each Ti6Al4V cellular structure, in the linear
elastic regime (with corresponding linear correlations).

Finite elements analyses were carried out using the model CADs and
the adjusted CADs. Fig. 10 shows the stress fields (von Mises) obtained
for SP1 (Model CAD) and SP5 (Adjusted CAD) for a given displacement
increment within the material elastic domain (tested experimentally).

The analysis of Fig. 10 allows identifying a symmetric (von Mises)
stress field, with higher values in the mid-span. A homogenous stress
distribution is also visible throughout the model. The P-§ curves ob-
tained both numerically and experimentally were then used to estimate
the exact value of the elastic modulus (E) by means of Equation (1).
This procedure was adopted considering the influence of the loading-
span (L) on the attained value of E. Effectively, the exact value of E
results from a sufficiently high value of L, which allows respecting the
Bernoulli-Euler beam theory. Fig. 11 shows the average elastic modulus
obtained for the numerical results (model CAD and adjusted CAD) and
also for the experimental results. The elastic modulus of cortical bone
tissue is also included in Fig. 11 for comparison purposes, according
reference [22]. The elastic modulus differences between the SP1, SP2,
SP3, SP4 and SP5 are statistically significant.

Analyzing Fig. 11, several aspects can be pointed. As expected,
considering the porosity measurements (Fig. 8) the elastic modulus
obtained in the numerical study for the model CAD were lower for all
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Fig. 6. Correlations between the measured dimensions and the Model CAD dimensions.

the studied structures, comparatively to the ones obtained experimen-
tally. It can also be observed that similar values of elastic modulus were
obtained when comparing the numerical results (adjusted CAD) with
the experimental ones. The adjusted CAD models allowed to reproduce
numerically the mechanical response obtained experimentally. There-
fore, FE analysis proved to be an effective tool to simulate the me-
chanical response of SLM structures.

Ti6Al4V structure with the lowest porosity (45%) exhibited the
higher elastic modulus, i.e., 39 GPa. On the other hand, the Ti6Al4V
structure with the highest value of porosity exhibited the lowest value
of elastic modulus, i.e., 11 GPa. It was found that SP3 Ti6Al4V cellular
structure with an open-cell and wall sizes of 388 um and 244 pm, re-
spectively, and a resulting porosity of = 65%, exhibited a flexural
elastic modulus of 21 GPa. Consequently, the SP3 and SP4 geometries
can be viewed as the most adequate solutions to be applied in the
production of Ti6Al4V orthopedic implants, since they attained the
target value of elastic modulus characteristic of cortical bone tissue.

3.3. Surface roughness, wettability and capillarity tests

The interaction between the implant and cortical bone tissue de-
pends on the combination of several aspects [7,54]. In this sense, be-
sides the elastic modulus, other properties were inspected in this study,
namely the surface roughness, wettability and capillarity. In fact, sur-
face properties and capillarity play a crucial role in the implant in-
tegration with the bone tissue [35,55,56]. An efficient implant-bone
biological interaction is influenced by the adhesion and spreading
ability of cells on implant surfaces. Several surface properties (e.g.,
roughness, wettability, chemical composition and morphology) are
pointed as affecting the cellular responses when in contact with bio-
materials, and can be used to enhance implant integration [31,33,57].

Fig. 12 shows SEM images of the as-produced, polished and sand-
blasted surfaces of SP3 and SP5 structures. Table 5 shows the average
surface roughness (R,) values obtained for SP1, SP2, SP3, SP4 and SP5
specimens.

Implants with suitable roughness have been proven to enhance the
differentiation of bone-forming cells (osteoblasts), to reduce the activity

80 +
o
75 4 ’
~ .."'
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=
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<
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Fig. 7. Correlation between the measured porosity and the CAD design porosity.
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of bone-resorption cells (osteoclasts) and to promote bone attachment
to the implant surface and its mineralization [28-31]. When regarding
the as-produced structures, a surface roughness around 13 um was
found, which is in consistency with several reported studies that used a
similar powder distribution to produce Ti6Al4V SLM components
[12,35]. As reported in Table 5, the sandblasted surface treatment al-
lowed to obtain a surface roughness (R,) between 2.2 and 2.9 pym. These
results are within the range of values reported for the enhancement of
implant osteointegration. Several implant systems, such as Straumann,
Bego and Ankylos [58] use surface preparations to obtain a micro-
roughness between 2 and 4 pm (R,) [52,59,60]. In fact, several clinical
and in vivo studies [28,29] have demonstrated that moderate surface
roughness lead to earlier healing, enhanced cell spreading, tissue in-
tegration and bone formation. For each condition (as-produced, po-
lished and sandblasted) no significant differences were found between
the specimens (SP1 to SP5) indicating the homogeneity of each con-
dition/treatment. On the other hand, when comparing the different

400 T
y =494.846x - 0.308
350 + R2=0.997
y=425371x-2.802
300 + R?=10.998
y =120.097x- 0.268
- 250 + R?=0.992
é y =93.588x - 0.040
AR, 200 + R2=0.998
'6 vy =60.262x - 0.090
g 150 + R 0.998
ot

treatments for the same structure type, all the results have significative
differences indicating that each surface condition/treatment induces
specific surface roughness different from the others.

When regarding the wettability tests, for all the as-produced sur-
faces, contact angles higher than 90° were obtained, indicating a hy-
drophobic behavior. The contact angles obtained were 154.56° = 8.5,
169.94° + 17.3, 164.32° + 17.6, 144.40° = 10.3 and 161.36° = 23.1
for SP1, SP2, SP3, SP4 and SP5, respectively. These results show that
these SLM as-produced surfaces naturally repel the PBS liquid causing
the droplets to form. Fig. 13 shows a typical hydrophobic behavior
observed for SP4 specimen, as an example.

Contrarily to the as-produced surfaces, for the polished and sand-
blasted surfaces it was not possible to measure the contact angle. In
those cases, it was noticed that in three consecutive frames the drop
spreading is complete (Fig. 14). The polishing and sandblasting surface
treatments led to a higher liquid affinity resulting in a spread across
maximizing the contact. Besides the surface morphology (roughness

Displacement, 6 (mm)

Fig. 9. Experimental P-§ curves with linear fit for SP1, SP2, SP3, SP4 and SP5 Ti6Al4V structures.
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SP1 - Model CAD

SPS — Adjusted CAD

Fig. 10. Stress field (von Mises) of the SP1 (Model CAD) and SP5 (Adjusted CAD CAD).

profile) of the specimen walls, the existence of open-cells plays an
important role on the surface wettability [35]. The air present inside
the cellular structures affects the structure wettability. In fact, the effect
of the air pockets is only disrupted when the capillarity forces exceed
this pressure [61].

While all the as-produced specimens showed a hydrophobic beha-
vior, the same specimens when polished or sandblasted became super
hydrophilic (supplementary videos 1 and 2 — SP1 polished and SP5
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sandblasted structures, respectively). It remains unclear which is the
suitable hydrophilicity range to promote the best biological interaction
on implants surface. However, it is known that there is a direct corre-
lation between the wettability and cell adhesion (higher wettability
leads to enhanced adhesion). Several studies indicate that hydrophilic
surfaces are usually preferred rather than hydrophobic since they pro-
mote an enhanced implant-bone interaction [32,35]. As an example,
Zhao et al. [33] concluded that osteoblast-cells cultured hydrophilic

Cortical bone SP1 SP2

Model CAD  OExperimental results

SP4
Adjusted CAD

SP3 SP5

Fig. 11. Experimental and numerical elastic modulus of SP1, SP2, SP3, SP4 and cortical bone.
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SPS

Fig. 12. SEM images of the as-produced, polished and sandblasted surfaces for SP3 and SP5 structures.

Table 5
Average surface roughness (R,) measurements for SP1, SP2, SP3, SP4 and SP5
Ti6Al4V structures.

As-produced (pm) Polished (um) Sandblasted (pm)

SP1 12.64 + 2.66 1.98 + 0.74 2.77 * 0.20
SP2 11.61 = 1.33 1.77 = 1.09 2.21 = 0.46
SP3 12.86 + 2.58 1.82 = 0.96 2.89 = 0.72
SP4 13.01 = 1.37 1.84 = 1.09 2,50 = 0.72
SP5 14.07 = 3.53 1.45 = 0.21 2.62 = 0.34

surfaces produced more differentiation markers represented by in-
creased cell layer alkaline phosphatase specific activity.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.msec.2019.110342.

The capillarity ability is another relevant property when designing
orthopedic implants [56]. In fact, the capillary action is used in nature
to transport water and nutrients based on morphological and/or che-
mical gradient structures [38]. For instance, in the circulatory system,
blood movement proceeds in microscopic capillaries from arterioles to

venules by capillary action [37]. Fig. 15 shows images (frames corre-
sponding to different time points) obtained during the capillarity tests
and also the fluid height measured on 0.25s, 0.5s, 1.0s and 2.0 s after
the specimen touches the fluid.

Fig. 15 shows that PBS had the ability to flow in the Ti6Al4V
structures without any assistance and in opposition to gravity. This
capillarity action was observed for all the structures and were observed
fluid heights of 20.03, 13.54, 12.64, 11.25 and 9.36 mm for SP1, SP2,
SP3, SP4 and SP5, respectively (supplementary video 3 — SP1 structure).
Polak et al. [39] and Bai et al. [38] demonstrated that capillary forces
play an important role in cells self-seeding and cell attachment on
scaffolds surfaces.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.msec.2019.110342.

Despite the hydrophobic behavior seen for the as-produced surfaces
(Fig. 16) these results prove that as-produced Ti6Al4V cellular struc-
tures are able to transport PBS fluid along its structure. SP1 structure
exhibited the highest fluid height, of 20.03 mm reached after 2.0s,
being unaltered for the ensuing time. This highest fluid height was
observed for the Ti6Al4V structure with the lowest porosity (45.0% -

Contact
angle = 157.4°

Fig. 13. Hydrophobic behavior of SP4 as-produced surface.
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o

Fig. 14. Typical super hydrophilic behavior found for (a) SP5 polished surface
and (b) SP3 sandblasted surface.

SP1). Contrarily, the lowest fluid heights were observed for SP5 and
SP4, corresponding to the specimens with the highest porosity, 70.9
and 78.6%, respectively. These results indicate that the capillarity

0.00 s 0.50s 1.00 s 2.00s

Fluid height (mm)
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pressure is higher for structures with a lower porosity (lower hollow
volume) leading to a higher fluid height [62]. In fact, when comparing
SP1 and SP3 (structures with an open-cell size around 400 um) it is
possible to understand that as higher wall size, as lower the porosity,
which leads to a higher the fluid height.

3.4. Cell viability

The cytotoxicity of the produced specimens was assessed in order to
ascertain the toxic effect of the products released from the metallic
structures during incubation with MEM. Cell viability of L929 cells after
culturing for 24 h, 7, 14, 21 and 28 days was assessed and the overall
results are present in Fig. 16.

Fig. 16 shows the viability results of the Ti6Al4V cellular structures
produced by SLM, for five different timepoints. The statistical analysis
performed allow to understand that no significant differences were
observed for all the timepoints of MEM extraction compared to the
positive control. Considering these results, it can be assumed that the
Ti6Al4V cellular structures SLM produced did not release toxic sub-
stances to the medium, indicating that these structures can assure a
suitable environment for cells to proliferate and attach [35].

3.5. Hip implant prototype

In this study, a multi-functional design for hip implants considering
Ti6Al4V cellular structures with a suitable combination of mechanical
properties, porosity, roughness, wettability, capillarity and cell viability
is proposed. A prototype was fabricated to assess the technical capacity
to produce a Ti6Al4V hip implant using a SLM commercial equipment

20.03
20 1 X
b 4
15 4+
X +13.54
012.64
x + 11.25
10 +
+ 9.36
o
+
X n
-
54
o
o
0 + + + +
0 0.5 1 1.5 2
Time (s)
xSP1 +SP2 oSP3 SP4 SP5

Fig. 15. Capillary tests timeframes and corresponding fluid height results.
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Fig. 16. Cell viability of L929 cells after culturing for 24 h, 7, 14, 21 and 28 days.
Ti6Al4V CELLULAR STRUCTURED HIP IMPLANT PROTOTYPE E—
CgMMERCIAL 1 DesiGN 2 CAD DATA 3 POWDERED METALS 4 SELECTIVE LASER MELTING
OLUTION =N
Hip implant
CAD design

Fig. 17. Ti6Al4V cellular structured hip implant prototype.

(see section 2.1). This hip implant prototype was modeled by re-en- produced as shown in Fig. 17.

gineering a commercial hip implant. The obtained CAD was then This prototype has an open transversal cellular structure region
modified to create a full cellular structured hip implant. After opti- opened from side to side. Excluding the above-mentioned region, the
mizing the SLM fabrication parameters that includes the supports pre- remaining implant is internally cellular structured with a dense outer
paration/definition (type, orientation and distribution) and the implant shell of 300 pm thick. The cellular structure was defined considering the
positioning, a Ti6Al4V cellular structured hip implant was successfully suitable elastic modulus of SP3 structure (= 20 GPa), as seen in Fig. 11.
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This architecture (SP3 structure) displays an open-cell size of = 400 pm
and a wall size of = 250 um, resulting in a porosity of = 64%. Ad-
ditionally, this implant can also display a suitable combination of sur-
face roughness, wettability and capillarity, found adequate to promote
an improved implant stability. This prototype or miniaturized versions
are being considered for ensuing in vivo experiments.

4. Conclusions

. A set of fundamental tools is provided to improve the design and the
production of Ti6Al4V structures by Selective Laser Melting tech-
nique;

. Linear correlations were systematically found between the dimen-
sion/porosity of the SLM structures and the designed model CAD
dimensions/porosity;

. Finite element models (Adjusted CADs) were constructed using the
dimensions obtained experimentally to reproduce the mechanical
response of the SLM structures;

. The obtained data can be used in FE analysis as design guidelines to
help engineers fabricating near-net shape SLM Ti6Al4V cellular
structures;

. The cell viability analyses show that the SLM produced structures
did not release toxic substances to the medium;

. Besides suitable mechanical properties and a design methodology,
this study proposes an accurate combination of porosity, roughness,
wettability and capillarity, all of them relevant for the production of
novel orthopedic implant solutions;

. A Ti6Al4V cellular structured hip implant prototype gathering the
suitable features addressed in this study was successfully SLM-pro-
duced.
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