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Trabecular Structures in Titanium Alloy to Optimize
Osteointegration
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Abstract—Electron Beam Melting (EBM) process was used to
prepare porous scaffolds with controlled porosity to ensure optimal
levels of osteointegration for different trabeculae sizes.
Morphological characterization by means of SEM analyses was
carried out to assess pore dimensions; tensile, compression and
adhesion tests have been carried out to determine the mechanical
behavior. The results indicate that EBM process allows the creation
of regular and repeatable porous scaffolds. Mechanical properties
greatly depend on pore dimension and on bulk-pore ratio. Adhesion
resistance meets the normative requirements, and the overall
performance of the produced structures is compatible with potential
orthopaedic applications.
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1. INTRODUCTION

HE success of bone response in prosthetic implant

osteointegration processes largely depends on the surface
properties of the applied material [1]. In this field, a large
research work has been carried out to improve biological
response of the human body to biomaterials, mainly related to
enhance adhesion of bone osteoblast on the implant surface
[11-[5].

Particularly, the development of highly porous surfaces and
scaffolds is of great interest, and its successful application is
demonstrated by clinical evidences [6], [7]. There is a lot of
interest in studying the ability of the natural bone to re-grow in
narrow porosities cellular solids and metal foams [2], [6], [7].

According to what reported in the literature, pore size and
porosity play a critical role in the formation of new bone
tissue. In fact, it seems that a minimum pore size of 300um
has to be reached in order to improve osteointegration.
Further, it has been found that the growth of osteoblast is
quicker in 600um holes than in other diameters, ranging from
300, 400, 500 to 1000pum [6].

In addition, bone response can be enhanced also by surface
roughness. It has been demonstrated that micro-texturing
enhances the osteointegration properties of the scaffold, at the
point that comparable levels of bone ingrowth can be obtained
even with different pore diameters and porosity [8], [9].

It has to be considered however that porosity and roughness
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affect the mechanical properties of the realized structures, and
have to be appropriately designed for the mechanical safety of
the overall prosthesis.

Moreover, the manufacturing techniques used to produce
scaffolds and structures are often complex and not scalable at
an industrial level.

According to the findings reported in literature, the desired
maximization of bone ingrowth can be efficiently obtained by
realizing porous components with Electron Beam Melting
(EBM) technology [2], [8].

The EBM additive manufacturing technique has been
extensively studied and applied in the prototyping of a wide
range of industrial applications [10]-[13]. EBM process
conditions allow realizing high melting point alloys
components. The advantages of additive manufacturing in the
production of porous scaffolds are related to high volume
production capacity and process control, as well as to the
possibility to easily modify the geometry of the produced
structures, which is based on 3D CAD models [14].

One of the major examples in the production of highly
porous orthopaedic components is Trabecular Titanium™
(TT). The EBM process creates single part components, in
which TT is applied to the outer surfaces of acetabular cups to
maximize bone response. TT is a porous structure with two
mesh sizes, 640 and 1200 pm, both based on multi-planar
hexagonal cells, and its morphology and properties have been
designed for imitating the natural trabecular bone [15].

The titanium powder beads melted to realize the desired
cellular solids naturally create roughness at a micro scale on
the melted arms, and with a 640 or 1200um open porosity
both structures ensure high levels of osteointegration [8], [16]-
[18]. TT is produced either in Ti6Al4V or in Ti cp Gr2, and is
currently applied to acetabular components.

However, in different anatomical sites, trabecular
dimensions may vary significantly, demanding a tailored
porosity for an optimal bone ingrowth [19], [20].

The aim of this study is therefore to prepare Ti6Al4V
Trabecular Titanium™ scaffolds with different pore
dimensions, and test their morphological and mechanical
properties, in order to provide new solutions designed for an
optimal osteointegration of implants for every specific
anatomic bone tissue and evaluating the possibility of their
application in prosthetic components.
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II. MATERIALS AND METHODS

A. Scaffold Design and Preparation

A CAD 3D modeler software was used to create three
different structures on the basis of the same multi-planar
hexagon of the TT cellular structures, applying a scale factor
of 0.5, 0.75, or 1.25 on the original 640 um TT base cell (Fig.
1). The cells were replicated in order to obtain a 3D matrix for
each structure. Meshes were then cut with Boolean operators
on planes and volumes to obtain the desired scaffold shapes.

Fig. 1 Trabecular Titanium™ structure 3D model

For the characterization tests, cylinders of 10.5mm diameter
and 11.2mm height have been used in compression tests and
morphology evaluation, while dog-bone shaped specimens
(13x6.7mm, 195mm length) have been realized for tensile test
and 22.5x22.5mm square shaped sandwich structures were
prepared for the adhesion test, in which a porous layer was
inserted between two layers of bulk material (Fig. 2). Table I
summarizes all the prepared specimens for the scaffolds
characterization.

TABLE I
PREPARED SPECIMENS
Scaffold  Scale factor Test Dimensions
A 0.5 Compression / ©10. 5 mm; h11.2 mm
morphology
Tensil 13x6.7 mm; h 195 mm
enstie dog-bone shape
Adhesion 22.5x22.5 mm
B 0.75 Compression / ©10.5 mm; h11.2 mm
morphology
Tensile 13x6.7 mm; h 195 mm
dog-bone shape
Adhesion 22.5x22.5 mm
C 1.25 Compression / ©10.5 mm; h11.2 mm
morphology
. 13%6.7 mm; h 195 mm
Tensile
dog-bone shape
Adhesion 22.5x22.5 mm;

Fig. 2 Specimen for the adhesion test. A bulk-porous layer-bulk
sandwich specimen was prepared, in order to evaluate the tear
resistance of the scaffolds against a bulk substrate

B. Testing

Compression, tensile and adhesion tests were carried out
using an MTS Landmark 370 uniaxial tensile testing machine,
servo-hydraulically assisted, equipped with a 100 KN class
0.5-certified load cell. Tests were performed at a constant
strain speed until failure or breakage of the specimens.
Strength was calculated by dividing the applied load with the
cross section of the tested specimens. Adhesion test was
carried out according to what reported in the ASTM standard
for coatings, for comparison purposes with previous studies
[16], [21], even if, in this case, the manufacturing technique of
the specimens does not produce coated structures but
continuous monolithic components. Test is considered
successful if fracture occurs within the porous layer of the
sandwich structure and not at the interface between bulk and
porous layer.

Morphology evaluation was performed using image post
processor software for microscopes and Scanning Electron
Microscopy (SEM) technique for image acquisition. The main
issue of the pore dimension evaluation was related to the
orientation angle of the measure. Since spatial position of the
scaffold and its cutting plane determine the observed pore
dimension, because the orientation of the structure affects the
projection of the 3D porosity into the observation plane,
samples were all evaluated by rotating the sample by fixed
angles in order to expose the hexagonal plane passing through
the two opposite vertices and the centre of gravity of the
cellular element. SEM images were then taken and evaluated
by the measurement software.

III. RESULTS AND DISCUSSION

Fig. 3 shows the SEM images of the evaluated porous
structures. Scaffolds appear as high open porosity foams, with
irregular shape of the melted material but with a great
repeatability in terms of geometry and pore dimension, as
observed elsewhere for the TT starting structure [16], [17].
Pore dimension measurements were reliable for all samples,
showing a narrow data dispersion from the average value. This
indicates a great regularity and repeatability of the EBM
production process. The applied scaling factors result in the
variation of the pore diameter and percentage difference from
the average, but not in the thickness of the mesh arms. From
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Table II, it can be seen that pore diameter is 143, 350 and
802um for A, B and C structures, respectively, and that arm
thickness remains almost unchanged.

Date 8 Jan 2014
Time :15:34:31

EHT = 20.00 kv
WD =28.5mm

Signal A = SE1
Mag® 40X

Date 8 Jan 2014
Time :14:19.06

EHT = 2000 kV
WD =34.0mm

Signal A = SE1
Mags 40X

Date 8 Jan 2014
Time :13:23:00

Fig. 3 From top to bottom, SEM images of A, B, and C scaffolds
used to assess pore dimensions and arm thicknesses

TABLE II
PORE DIMENSION AND ARM THICKNESS

Scaffold Pore dimension [pm] Arm thickness [pum]
A 143 +30 348 +39
B 350+ 16 366 =47
C 802 + 38 350 +36

Arm thickness can be tuned by changing machine process
parameters, to enhance or reduce the beam spot dimension and
power. This will result in an enlarged or restricted melt pool
area, modifying arm thickness and, consequently, porosity of
the realized scaffold.

In order to increase pore dimension for structure A, a
different set of process parameters was used for the sample
production. The resulting sample (A*) pore dimension after
the tuning was 230+£29um, indicating that even with an
reduced melt pool area the machine precision cannot be less
than £250um. (Fig. 4).

EHT =20.00 kV Signal A = SE1

Date :24 Jan 2014
8:32

Fig. 4 Modified A scaffold with different EBM process parameters
(A%)

From what emerges from the SEM images, it seems that
forcing the machine process to reduce beam spot size will
result in a partial fusion of powder beads, which remain
present and distinguishable at the arm surface. Further work
has to be carried out in order to properly optimize beam
parameters in order to realize smaller structures. For this
reason, only A, B and C structures were characterized with
mechanical tests.

Mechanical characterization results are summarized in
Table III. As predictable, the mechanical properties of the
realized structures were different, since pore dimension and
overall bulk-pore ratio varied among the scaffolds.

TABLE III
MECHANICAL PROPERTIES
Compressive Tensile Adhesion
Scaffold
peak stress [MPa] peak stress [MPa] peak stress [MPa]
A 185.1+5.8 124.7+3 93.0+2.2
B 73.2+0.3 559+24 76.6+3.3
C 12.1+0.2 75+23 24.6+2.0

The tensile, adhesion and compressive strength of the
scaffolds was higher for smaller porosity dimensions, as
predictable. Peak stresses differed greatly among the
structures. Fig. 5 illustrates the mechanical behavior of the
realized structures to tensile, compressive and adhesion loads.
In the tensile test graph, stress-strain curves were nearly linear,
indicating an elastic behavior for all specimens. Regarding the
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plastic deformation at ultimate loads, A structure showed a
low ductility immediately before fracture, while for B and C
specimens the plastic behavior was progressively more
pronounced.

This is presumably due to the lower stiffness of the higher
pore sized structures. In general, the limited plasticity of the
porous structures is caused by the presence of a relatively
small amount of arms in the resistant sections.
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Fig. 5 From top to bottom, mechanical behavior in tensile, adhesion
and compression tests for A, B and C scaffolds

At the beginning of the test, breakage of the first arms does
not result in the failure of the whole structure, which occurs
when a certain amount of arms along the weakest plane of the
structure (with a 45° inclination) does break. When this
condition is reached, the whole structure collapses
instantaneously [22]. Deformation at break was 1.1, 1.5, and
2.5% for A, B and C structures, respectively.

Adhesion test gave similar indications, despite for A
structure, which showed a long and well defined plateau

stress. This can be attributed to the yielding in bending of the
cell edges, which is usually observed in open cell foam
structures [23]. Deformation at break was thus 8.5, 1.0, and
03% for A, B and C scaffold, respectively. For every
specimen, fracture occurred within the net structure.

Differently from previous tests, the mechanical behavior
observed under compression varied according to pore size of
the tested structures. In fact, for smaller pore size, after the
arms failure in the 45° weaker plane, indicated by the
inflection point in the graph, the structure compacted and,
acting as a bulk material, showed a further increase in the
specimen resistance. This situation was not replicated for the
bigger pore size scaffolds, which collapsed immediately after
the failure at 45°, since the overall limited number of resistant
arms and the modified loading conditions caused by the
deformation of the metallic arms under loading (sample C).

For B structure, instead, after the failure of the 45° plane,
cells showed a somewhat more complicated behavior which
caused the stress to rise and fall steeply with increasing strain
[23]. This is caused by the structure compaction, which occurs
after the slipping of the resistant plane, resulting in the
creation of additional resistant planes. This leads to the
compressed structure resistance enhancement, and to the
possibility for the scaffold to resist at larger strains.

The observed behavior was repeatable for all the tested
samples. Data dispersion was limited as for full density
materials, and peak stresses ranged from 12.1 MPa for C
scaffold to 182.1 MPa for A scaffold.

The elastic, compressive and adhesion modulus were
calculated for each tested scaffold. Values are reported in
Table IV. In accordance to what observed for mechanical
strength, Young’s and compression moduli were higher for
smaller structures. This will have an impact on the in vivo
behavior of the scaffolds, since it is known that bone response
is related also to stress shielding effects [24]. Adhesion
modulus was almost constant among A, B and C scaffolds,
indicating a great influence of the bulk structure in the elastic
response of the specimens.

TABLE IV
ELASTIC MODULI
Scaffold mc()grllllllflrse[slf/ll\l,’ea] modYu(l’lli;l %I\/S[Pa] mol(?l(lillllless[llci/rllf’a]
A 455+23 1774 +2.7 109.8 £9.7
B 193+0.3 59.3+£22 1302 £2.1
C 24+04 63+04 112.8+£22

IV. CONCLUSION

The experimental results reported in this study indicate that
the EBM process ensures the realization of highly accurate
porous scaffolds, with narrow variations of pore dimension
and geometry. The powder melting process results in a natural
irregularity of the realized trabeculae, modifying the original
CAD geometry towards a micro-textured arm appearance. The
prepared structures have shown to be sensitive to scaling
factors applied to the 3D model in terms of pore dimensions,
while it was observed that arm thickness strongly depends on
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the process parameters set up rather than to the original
geometry.

By modifying the EBM process parameters however, the
melted structures can be prone to fusion defects which can
cause a premature failure of the scaffolds. As a consequence,
mechanical properties can be varied safely by tuning pore
dimensions, limiting the arm thickness modification only to a
certain extent. The EBM process accuracy is therefore
assessed at £250pm.

Mechanical properties depend on pore dimensions, both in
terms of peak stresses and deformation at break. Larger pore
diameter results in lower strength and higher ductility of the
structure. In each of the tested structures, mechanical
resistance to adhesion has shown to meet the minimum
requirements for a potential use in prostheses [21].

Compression behavior is greatly changing according to
material density. Progressive enhancement of compressive
resistance is ensured if a proper bulk-pore ratio is reached.
Lower bulk-pore ratios will result in weaker structures, while
higher bulk-pore ratios will make the scaffold act as a bulky
material, enhancing significantly not only its resistance but
also its elastic modulus. This can play a role in the choice of
the newly developed net structure to be used in orthopaedic
implants.

Although osteointegrative potential and biological fixation
of the realized structures has to be assessed with appropriate in
vitro and in vivo studies, the indications here reported let to
hypothesize an interesting potential for the successful use of
these structures in novel orthopaedic implants, also
considering the previous results obtained for the TT native
structure [8], [18], [25]-[33].
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