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H I G H L I G H T S

• Ti6Al4V implants were successfully fab-
ricated with different inclinations (0, 45
and 90 degrees).

• Partially melted particles adhering to
the surface affect implant surface topog-
raphy, morphology, roughness, and
wettability.

• Matlab program was developed for
counting the cells type on different in-
clined surface.

• Spindle cell number was found to in-
crease at higher inclination angles (90
degrees).

• Minimal surface treatment required if
the inclination angle is used to develop
the implant surface.

G R A P H I C A L A B S T R A C T

Selective Laser Melting (SLM), a powder bed fusion technologywhich has been applied for building different in-
clined Ti6Al4V part fabrication for biomedical implant. Ti6Al4V SLM part built with higher inclination angle such
as 90 degrees revealing the rough surface texture adhering the higher amount of partially melted particles has
greatly influenced the increasing the number of spindle cells and their dimensionwith less amount of spheriodal
cells.
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Developing patient-specific biomedical implants for clinical application requires the integration of material
science, manufacturing engineering, and biology. As selective laser melted (SLM) metallic additive
manufactured implants become common, a key, but overlooked design parameter is its inclination angle.
In this study, we have fabricated Ti6Al4V implants at three different inclination angles (0, 45 and 90 de-
grees) reporting the relationship between cell attachment, surface topography and surface chemistry at
each angle. During the SLM process, we show that as the inclination angles increase, there is a correspond-
ing increase in the number of partially melted particles adhering to the surface, greatly affecting the surface
topography, morphology, roughness, chemistry, and wettability of the implant. In order to validate the ap-
proach, the effect of surface properties on cell fate was determined. In each case, the overall viability of Chi-
nese hamster ovarian cells (CHO) was found to be statistically indistinguishable; however, the number of
spindle cells and their dimension were found to increase significantly at higher inclination angles. This
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work demonstrates a novel approach for combining SLM technology in manufacturing metallic biomedical
implants and provides a novel insight in case of switching cell titanium interface by modifying one process
parameter, inclination angle, during rapid prototyping process.

Crown Copyright © 2018 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Metals and metal-alloys have a long history of application as bone,
cardiovascular implants [1–5]. Metal andmetal alloys includingmagne-
sium, iron, titanium, tantalum, titanium nickel, stainless steels, cobalt
(Co) based alloys (CoCrMo) have been applied as potential bone graft,
cardiovascular stents [6–11]. Among a wide variety of different metals
used for biomedical implants, titanium and its alloy has been used as
an effective implant material due to its excellent biocompatibility,
strength to weight ratio, corrosion resistance, toughness, and bio-inert
oxide surface [12–16]. The titanium alloy presented this paper Ti6Al4V
covers about 50% industrial applications of all titanium [17].

Rapid prototyping or additive manufacturing (AM) makes possible
the fabrication of biomedical implants with hitherto unprecedented
structural complexity and prescribed microstructure and macrostruc-
ture [18–21]. Additive manufacturing offers numerous commercial
technologies for the fabrication of robust components via a layer-by-
layer design associated with a computer model [22–24]. This control
over the shape, size andmechanical properties enables the investigation
of individual implant parameters such as porosity, pore size, shape and
permeability [25]. Metal based AM is being widely used for tissue engi-
neering applications for manufacturing patient-specific orthopaedic,
cardiac implants, [1,26–32] and the biological performance of synthetic
bone grafts [25].

Selective laser melting (SLM) is a Metallic AM (MAM) process that
creates parts by scanning powderedmaterials using the thermal energy
supplied by a focused and computer controlled laser beam based on a
digital representation of the intended implant geometry. SLM is a
layer-by-layer material addition technique that allows the generation
of complex 3D parts by selectively melting successive layers of metal
powder [23]. With reference to commercial MAM technologies, SLM is
characterized by medium productivity, good repeatability and medium
to high surface quality [18]. The SLM processwas reported to be capable
of fabricating implants of several pure titanium and titanium based al-
loys for implants such as Ti6Al7Nb [33], Ti-24Nb-4Zr-8Sn [24],Ni-Ti
[34], Ti-13Nb-13Zr [35] other β titanium alloys [36] and most impor-
tantly Ti6Al4V [37,38]. Recently, it was reported that SLM has the ability
to fabricate porous bio-inert Ti6Al4V structures with high control and
reproducibility in terms of their morphological and mechanical proper-
ties [39] and showed excellent biocompatibility [40].

Significant research on the design of cellular lattice structures has
shownpotential for controllingdimensional accuracy,mechanical prop-
erties and associated biocompatibility [24,41–43]. The final surface to-
pography, morphology, chemistry, and wettability of the implants can
be altered to adjust the interaction between the implant and the host
tissue [44–48]. These properties are dependent on the associated SLM
process parameters [49–52]. Laser power, scanning speed, scanning
pattern, hatch spacing, layer thickness, powder bed temperature and
working atmosphere are the most critical processing parameters for
the SLM process, and several groups focused their research on optimiz-
ing these parameters for the final desired parts [53–56].

We have previously shown that the mechanical properties of SLM
manufactured Ti-6Al-4 V and AlSi12Mg lattice structures can be effec-
tively manipulated to match tissue specific parameters [57,58]. Cellular
lattice structures fabricated by SLM process are the combination of nu-
merous strut elements, each with specific inclination angle to the SLM
platen. Here, for the first time, we report the relationship of the inclina-
tion angle of the implant of 0, 45 and 90 degreeswith their surfacemor-
phology, surface wettability, and surface chemistry; and, demonstrate

that these parameters have a direct relationship with biocompatibility,
cell attachment and cellmorphology. Thisworkwill have significant im-
pact on the design and fabrication of these materials for biomedical ap-
plications and the fabrication of the next generation of just-in-time,
patient specific implants.

2. Materials and methods

2.1. Sample preparation

Inclination samples (10 × 10 × 2 mm3) were fabricated by selective
laser melting (SLM) with a SLM250HL machine (SLM Solutions,
Germany) with a variable power 400 W fibre laser. The SLM powder
was titanium alloy Ti-6Al-4 V, with average particle size of approxi-
mately 40 μm. Test specimens were manufactured with the following
process parameters: laser power, P = 100 W, scanning speed, v =
375 mm/s, layer thickness, t = 30 μm, hatch spacing, h = 0.12 mm
and focal offset, f = 0mm. These parameters correspond to: volumetric
energy density, Ev = 68.5 J/ mm3 where Ev = P/vht and provide high
geometric quality with fully dense structure. Themechanical properties
of (ultimate tensile strength, yield strength, and modulus of elasticity)
of Ti64 SLM parts were σUTS = 1027 MPa, σy0.2% = 970 MPa, and E =
113 Gpa, respectively. These parameters were used in the manufacture
of implants with inclination angles of 0, 45 and 90 degrees. Support
structures were removed from the struts and struts were cleaned
using standard cleaning methodology of sequential sonication in ace-
tone, methanol and isopropanol and dried under a steady flow of nitro-
gen gas.

Samples were analysed before and after treatment for comparative
assessment and accuracy of data.

2.2. Characterisation

2.2.1. CT scan
The SLM built inclined surfaces at different angles were analysed

using General Electric Phoenix v|tome|x s 240 X-ray Computed Tomog-
raphy (CT). Key feature of interest is the surface finish of the parts. The
CT scanned parts were of 10 × 10× 2.0mm3 and the CT scanswere per-
formedusing 190 KV and 50 μA for X-ray generation, including beamfil-
ters of 1 mm tin and 0.1 mm copper, at a resolution of 9 μm. To reduce
the beam hardening effect, two copper filters of 0.1 mm in thickness
were used which block the low energy beams. The projected X-ray im-
ages were acquired at 333 ms per image, with 2000 images in stepwise
rotation of the sample.

2.2.2. Surface profile analysis
Digital Microscope VHX-500 (Keyence, Japan) was used for optical

photos, 2D profile and 3D profile analysis.

2.2.3. Surface roughness analysis
Roughness was assessed using a XP-2 Stylus Profiler (Ambios Tech-

nology, Inc.,USA) of 3D scanning at a force 1.0mg, scan speed of 50 μm/s
with X scan size 1000 μm,Y scan size 200 μmwith 5 traces having 50 μm
Y spacing. Each sample was repeated 5 times. Data was analysed using
Gwyddion image processing software.

2.2.4. Surface wettability analysis
Contact angle measurements were carried out using a contact angle

measuring system (OCA-20 contact angle meter and tensiometer,
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