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Abstract
Purpose – The purpose of this paper was to present how customized implants could be made with specific properties, by setting different values
of the laser power, within the selective laser melting (SLM) process. A detailed case study was undertaken and a new multi-structured femoral
prosthesis was designed and analyzed, to simulate its behavior for a specific case study.
Design/methodology/approach – The materials and manufacturing methods are presented, with details regarding the SLM process, using the
Realizer 250 machine. The laser power was varied between 50 and 200 W, thus obtaining samples with different physical and mechanical
characteristics. All those sample parts were characterized and their properties were measured.
Findings – A practical methodology was found to produce multi-structured implants by SLM. Significant changes of the porosity and properties were
found, when modifying the laser power at the SLM machine. The studies have indicated an open porosity varying between 24.810.83 per cent.
Tensile tests of the samples showed Young’s modulus values varying between 13.5 and 104.5 GPa and an ultimate stress between 20.2 and
497.5 MPa.
Research limitations/implications – There is no Additive Manufacturing (AM) machine available, to work with different laser power values, in
different regions of the same section of the implant. Hence, a multi-structured implant cannot be obtained directly.
Practical implications – The prosthesis should be specifically designed to contain separate models/regions to be made with appropriate laser
power values.
Originality/value – This paper presents a new method to design and manufacture a multi-structured implant, using the existing AM equipment. A
detailed case study is presented, showing the design procedure, the way to simulate its behavior and the methods to produce the implants by SLM.
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1. Introduction
Application of Additive Manufacturing (AM) and Rapid
Manufacturing (RM) technologies in medicine has been
reported since almost two decades (Binder and Kaye, 1994;
Petzold et al., 1999). These applications have led to implants
that are custom-made, representing prosthetic physical models
for the exact reconstruction of the bone for each analyzed case.
Custom implants are constructed before the surgical operation
on the basis of medical data acquired by computed tomography
(CT) or nuclear magnetic resonance and using three-
dimensional virtual models obtained by Computer-Aided
Design/Computer-Aided Manufacturing (CAD/CAM) techniques.
Custom implants produced with AM and RM technologies have
been used by different surgeon teams, mainly for the
reconstruction of post-traumatic or tumor defects in head trauma
cases or orthopedic applications. Manufactured preoperative
individualized implants offer many advantages as compared
to modeling intra-operative implants, such as significantly
shorter surgery time, possibility of modeling repeated

preoperative implants without requiring the patient,
possibility of repeated corrections of the implants, fasteners
are planned and adapted to implant pre-operation and a
three-dimensional model serves simultaneously as a tool for
quality assurance.

Despite the great progress that has been achieved in
orthopedic biomaterials, fixation of implants to the host bone
remains a problem. A major reason for implant loosening
following stress shielding of bone has been found to be the
mismatch of Young’s moduli of the biomaterials and the
surrounding bone. However, the implanted material must be
strong enough and durable to withstand the physiological
loads placed upon it over the years. A suitable balance
between strength and stiffness has to be found to best match
the behavior of the bone. One consideration to achieve this has
been the development of materials that exhibit substantial
surface or total bulk porosity in medical applications (Ryan
et al., 2006). Many papers in the past decades present studies
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based on AM technology to design customized implants by
CAD-generated porous materials, all trying to clarify
fundamental aspects of interactions between porous metals
and hard tissue. Recent investigations by Parthasarathy et al.
(2010) describe an image-based micro-structural analysis and
the mechanical characterization of porous Ti-6Al-4V
structures fabricated using the electron beam melting (EBM)
RM procedure and based on a CAD model for the closed
porosity. Using the EBM technology, Marin et al. (2010)
obtained a cellular solid structure called trabecular titanium
based on a cubic 3D CAD model that proved to have good
mechanical properties and potentially enhanced biological
fixation of the prosthetic implants as compared to the
conventional porous-coated acetabular components. Hollander
et al. (2006) used the direct laser forming technology to
manufacture Ti-6Al-4V hard-tissue biomaterials with a cubic
pore pattern that was successfully structurally, mechanically
and in vitro characterized.

Porous materials in arthroplasty implants are increasingly
attracting the widespread interest of researchers as a method
of reducing stiffness mismatches and achieving stable
long-term fixation. Vaucher et al. (2003) used a Selective
Laser Sintering (SLS) station for the fabrication of dental
implants using aluminum and titanium composites. Parts of
titanium samples were manufactured with a low pulsed laser
(25-40 W). This process setting enables higher porosity within
the structures, as the particle powder would partially fuse into
each other. Though this created an inherent porosity within
the implant, it was generally weak and did not have the desired
mechanical properties. At a higher laser power (60-100 W),
dense parts were formed with the macroporosity generated
from the structural design of the implant. Lin et al. (2007)
fabricated a topology-optimized Ti-6Al-4V alloy lumbar
interbody fusion cage using selective laser melting (SLM).
The experimental average compressive modulus of the cage
was 2.97 � 0.90 GPa, comparable to that of healthy cortical
bone tissue.

The paper presents studies based on SLM technology to
obtain porous Ti-6Al-7Nb structures with physical and
mechanical characteristics close to healthy cortical bone and
porosity dimensions that facilitate the tissue ingrowth. The
technology and method used help avoid generation of the
geometric complex porous structures and allow one-step
manufacturing of prosthetic implants by varying only the
machine parameters (laser power). The obtained result is a
porous material with low value of the elasticity modulus, close
to that of the cortical bone and strong enough to be used as a
customized implant. Different structures obtained at different
laser powers have been analyzed to describe their open
porosity, density and mechanical properties. By changing the
laser power during processing, a complex structure with
different physical and mechanical properties can be obtained.
Based on the experimental results, a finite element (FE) study
has been done for a particular case (coxa-vara disease) to
prove and underline the reliability of the obtained material and
method. This method provides the necessary virtual models to
produce such customized implants by AM, which bring many
benefits, as presented by Harrysson et al. (2007).

2. AM of porous titanium-based structures

2.1 Materials and manufacturing methods
SLM is an RM technology of complex metal parts by adding
layers of powders and melting them only where necessary.
This process is characterized by a sudden temperature
increase in the laser action areas, which significantly
influences the resulting component’s micro-structure (Thijs
and Verhaeghe, 2010).

Studies to obtain biocompatible porous structures were
made in this paper using the Realizer II SLM 250
(www.slm-solutions.com). The machine and the used
powders were purchased from MCP-HECK Company. This
system uses an Nd:YAG laser whose power can reach 200 W,
with a spot size that can be set between 0.08 and 0.23 mm.
Thickness can vary depending on the used powder between
0.03 and 0.1 mm. The amount of deposited volume is
between 5 and 30 cm3/hour. The volume of the work chamber
and the maximum dimensions of the parts that can be
achieved are 248 � 248 � 240 mm3.

There are a limited number of biocompatible materials
commercially available as fine-grained powder that can be used
successfully in manufacturing of implants by SLM. The most
used materials are titanium-based alloys. In terms of mechanical
properties, titanium, and its alloys in particular, is characterized
by high values of the ultimate stress-to-density ratio, which
exceeds that of steel or aluminum alloys. For the current study,
the Ti-6Al-7Nb alloy as a porous structure was analyzed in terms
of structural and mechanical properties to determine its viability
for medical applications. The Ti-6Al-7Nb alloy was designed
and developed with the objective to create a titanium alloy for
medical applications with properties nearly identical to
Ti-6Al-4V, replacing niobium with vanadium as beta phase
stabilizing element. The material provider specifies that corrosion
in saline solutions of vanadium and iron in titanium alloys results
in soluble elements, while aluminum and niobium produce
stable and insoluble oxides (Al2O3, Nb2O5). They form a dense
and stable layer, providing passive protection to the alloy surface,
resulting in an improved corrosion resistance and
biocompatibility related to Ti-6Al-4V and Ti-6Al-4V Extra-Low
Interstitial (ELI). The alloy is in use clinically since 1986,
primarily for orthopedic applications, such as total hip prosthesis,
fracture fixation plates, rods and nails, backbone devices, medical
screws and wires.

The chemical composition and physico-mechanical
characteristics of Ti-6Al-7Nb alloy processed by SLM are
presented in Tables I and II, respectively, according to the
producer datasheet (www.atimetals.com).

Problems with the powder flow when manufacturing
Ti-6Al-7Nb components on the SLM machine were
encountered. Therefore, the powder was subjected to a heat
treatment at a temperature of 500°C for 1 hour followed by a
slow cooling. Following this treatment, there was a change of
color, signs of oxidation of titanium and also a significantly
improved flow and distribution of the powder during the
manufacturing process. Due to this latter aspect, it was
necessary to reduce the parameter controlling the flow time by
50 per cent. To obtain porous structures of the Ti-6Al-7Nb
alloy, the power of the laser beam was varied in the range of
50-200 W, all other parameters remaining constant: laser
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beam diameter 0.15 mm, full hatch with the distance between
two consecutive hatches of 0.12 mm in both X and Y
directions, scan speed 0.4 m/s and machine table temperature
set at 248°C. Specimens were prepared with linear supports of
2 mm height and 2 mm distance between them. With the
parameters and conditions mentioned above, some prismatic
structures and tensile specimens were manufactured using six
powers of the laser beam: 50, 70, 100, 160, 180 and 200 W.

2.2 Characterization of porous SLM Ti-6Al-7Nb
structures
An external characterization of the structures aimed to
determine the variation of porosity with the laser power of the
SLM machine. Prismatic structures with dimensions 10 � 5 �
3 mm3 (W � D � H), presented in Figure 1, were
manufactured. The laser power ranging from 50 to 200 W,
used during the process, can be easily identified by observing
the roughness (granular appearance) of the specimen’s
surfaces – from left to right.

The Archimedes’ method (ISO 2738-99) involving
impregnating porous structures with water under preliminary
vacuum was used for determining the porosity. The obtained
results are presented in Table III. As expected, the structures
made with a laser power of 50 W had the highest porosity,
about 25 per cent. For the structures manufactured in the
power range 100-180 W, a relatively constant porosity of
about 3-4 per cent can be noticed.

Table IV presents the densities of the structures
manufactured by SLM technology, compared to the density of
solid Ti-6Al-7Nb given by the producer (about 4.52 g/cm3).

Within the porous materials requested in hard-tissue implants,
the shape and size of external cavities promote adhesion,
subsequent attachment of osteoblasts and subsequent formation
of blood vessels. To observe the porosity in the volume, there
were analyzed cross-sections of different structures (50 [. . .]
200 W). The micro-structure was analyzed with a metallographic
microscope Laminated Object Manufacturing (LOM). Figure 2
shows the micro-structures of specimens manufactured with
different laser powers. The structures obtained with 50 W and 70
W display mainly irregular interconnected pores. Higher laser
power generated pure compact specimens with round pores. As
resulting from Table III and Figure 2, total and open porosity
decrease by increasing the laser power.

Measurements revealed that for 50-W structures, the pores
are characterized by a minimum diameter dmin � 70-100 �m
and a maximum diameter dmax � 200-400 �m. An important
aspect, which must be mentioned especially for structures
made with the laser powers under 100 W, is the presence in
the pores of some likely unbounded powder particles. This can
be harmful to future implants. If these particles reach the
outside structure, they can lead to infection of the nearby
tissues. Figure 2(c and d) represent the porosity of the
structures made with the laser power of 100 and 200 W,
respectively. Analyzing the images, the differences in porosity
of the two structures are obvious; strengthening the
confidence of the measured density values of 4 per cent for
100 W and 1 per cent for 200 W laser power.

2.3 Evaluation of the mechanical properties
Measurement of the material properties of the above
structures was performed by tensile tests according to EN
10002-1 of flat specimens with length of 30 mm (overall
length 66 mm), 8 mm width and 1 mm thickness. All tests
were conducted on a tensile testing machine INSTRON 3366
(10 KN), with a constant cross-head speed of 0.1 mm/min,
strain measurement being achieved simultaneously with an
extensometer and strain gauges glued on the specimens in
longitudinal and transversal direction. Strain gauges, type
Vishay C2A-06-125LW-120, were glued to ensure proper
adhesion to this kind of porous materials with the
two-component Hottinger Baldwin Messtechnik (HBM)-
X60 fast-curing adhesive. The specimens were not

Table I Chemical composition of Ti-6Al-7Nb processed by SLM

Ti-6Al-7Nb Al Nb Ta Fe O C N H Ti

Minimum [%] 5.5 6.5 – – – – – – 88.0
Maximum [%] 6.5 7.5 0.50 0.25 0.20 0.08 0.05 0.009 84.9

Table II Physical and mechanical properties of Ti-6Al-7Nb

Melting
range [°C]

Beta-transus
temperature [°C]

Density
[g/cm3]

Ultimate
stress Rm [MPa]

Yield
stress Rp0.2 [MPa]

Elongation
at brake [%]

Young’s
modulus [GPa]

Poisson’s
ratio

1538-1649 1010 � 15 4.52 900 800 10 105 0.33-0.37

Figure 1 Prismatic specimens manufactured with variable laser
power

Table III Total and open porosity of the Ti-6Al-7Nb specimens
manufactured by SLM

Laser power 50 W 70 W 100 W 160 W 180 W 200 W

Total porosity [%] 24.50 14.80 4.35 3.63 3.75 1.12
Open porosity [%] 24.81 12.70 3.45 3.25 2.93 0.83

Table IV Densities of the Ti-6Al-7Nb specimens manufactured by SLM

Laser power 50 W 70 W 100 W 160 W 180 W 200 W

Density [g/cm3] 3.41 3.85 4.32 4.36 4.35 4.47
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subjected to any heat treatment to homogenize the metallic
structure and for residual stress removal. The tensile tests
were conducted onto the structures, as they were obtained
from the SLM process. The flat specimens were built up in a
lying position, which means that their longitudinal axis was
parallel to the substrate surface. For each laser power, five
specimens were tested. The mean values of some important
mechanical characteristics such as the ultimate stress, Young’s
modulus and Poisson’s ratio are presented in Table V.

Tensile strengths of untreated porous Ti-6Al-7Nb were in the
range 20-498 MPa, which clearly underpasses ISO 5832-11:
1994 mechanical requirements for wrought-annealed, cold-
finished Ti-6Al-7Nb alloy bar and wire to be used in the
manufacturing of surgical implants (900 MPa). However, for
laser power larger than 70 W, the values are above the tensile
strength of healthy cortical bone (115-125 MPa) (Cowin, 2001).

With 0.4-0.6 per cent values, the breaking elongation of this
material was far below the corresponding ISO limit (10 per
cent). The aim of these studies was not to get a higher strength
of the material but rather closer values to the bone strength. The
modulus of elasticity varies in the range 13.5-104.5 GPa, the
lower limit being very close to that of cortical bone (10-22 GPa)
and the upper one to the standard value (105 MPa) of the
titanium alloy. For certain laser powers, there are no mismatches
of Young’s moduli of the biomaterial and the surrounding bone.
However, the material obtained at higher laser powers is strong
enough to withstand the physiological loads placed upon it in
case of an implant. A suitable balance between strength and
stiffness has to be found to best match the behavior of the bone.

3. Design and FE simulation of a multi-structural
femoral implant
With the above-described materials, a simulation of a
customized implant was realized using FE. The case
considered is an 11-year-old female patient diagnosed with
congenital coxa-vara bilateral, which means alteration of the
angle made by the axis of the femoral neck to the axis of the
femoral shaft, so that the angle is less than 120° and the neck
becomes more horizontal. As can be observed in the CT
images shown in Figure 3, some structural changes of the
femoral head are also present.

The prosthesis in this case should normalize the femoral
head and acetabulum position by decreasing the abnormal

Figure 2 Porosity evaluation of Ti-6Al-7Nb specimens manufactured by SLM

Table V Mechanical properties of the porous Ti-6Al-7Nb obtained by SLM

Laser
power [W]

Ultimate
stress [MPa]

Elongation at
break [%]

Young’s
modulus [GPa]

Poisson’s
ratio

50 20.20 0.40 13.51 0.18
70 136.70 0.48 37.87 0.26

100 399.90 0.58 86.59 0.36
160 497.50 0.60 91.34 0.38
180 386.93 0.52 93.16 0.39
200 354.41 0.53 104.49 0.40
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pressure in the joint. Prosthesis customization will allow the
correction of the neck-shaft angle (from about 110° to
127-135°) and the ante version angle (from about 60° to
20-25°), removing any shortening of the limb and any
deformity of the knee in the frontal plane.

FE analysis was performed using the Pro/Mechanica
module available within the Parametric Technology
Corporation (PTC) Creo Parametric 2.0 software package,
taking into account similar studies (Yosibash et al., 2007a;
2007b). Loading forces were defined according to the
patient’s weight of 50 kg and the fact that the joint must
withstand an overload of up to eight times body weight. Forces
of 4000 N acting on the femoral head have resulted. The CT
model due to its geometrical complexity could not be directly
used for the FE analysis. A reliable FE model can be obtained
by smoothing the volume surface by quadratic Bézier curves
defined in the transverse plane of the femur using a certain
number of control points. Drawing a volume through the
Bézier curves is an operation of refinement and is a good
approximation of complex 3D models (surface or solid type)
due to its parameterization possibility.

The FE analysis of the above-described femur was
performed using the mechanical characteristics of a cortical
bone (Cowin, 2001), considering the bone as an orthotropic
material as follows: E1 � 10930 MPa, E2 � 14780 MPa, E3 �
18890 MPa, �21 � 0.276, �31 � 0.501, �32 � 0.280, G12 �
4240 MPa, G13 � 5130 MPa, G23 � 6270 MPa.

The distribution of von Mises stresses in the femur was
analyzed for two load cases corresponding to the force of
4,000 N applied on a elliptical surface (resulting from the
contact surface between the acetabular cup and femoral head)
about the vertical at two angles usually used in the FE
simulations of a femur: 20 degrees and 0 degrees (when the
contact areas are located outside the normal walk).

Examining the von Mises stress distribution in the middle
plane of the femur, one can establish the area where the
prosthesis should be applied. Marking two opposite points, as
shown in Figure 4, which correspond to a relatively low stress,

a solid base located in the femoral neck can be obtained,
avoiding the low-density structures.

Design of the final femoral prosthesis took care of its
functional and biocompatibility requirements and consisted
in a multi-structure combining several types of the
abovementioned manufactured porous materials. Thus,
because of its suitable balance between strength and stiffness,
for the basic structure, the 70-W laser power manufactured
structure was considered, while the 50-W structure provided
the contact area between the prosthesis and the bone. The
femoral head was covered by a 100-W laser power structure to
increase its wear resistance and to have the possibility to
obtain sphericity and surface finish requirements specified by
the ISO standards for partial and total hip joint prostheses.
The distribution of different layers is presented in Figure 5.

Figure 3 Case study – coxa-vara bilateral diagnosis

Figure 4 Section plane of the femoral head
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FE analysis of the above-presented load cases (considering
bounded contact between the prosthesis and the bone)
revealed a good stress flow between different layers of the
prosthesis and the femur (Figure 6). The maximum value of
von Mises stresses for the load case at 20° was 95 MPa in the
prosthesis and 85 MPa in the bone. The values are close,
which is a necessary condition to prevent bone tissue
retraction from the contact areas. For the load case at 0°, the

maximum stress was 369 MPa, above the ultimate stress of the
70-W laser power structure and the bone.

4. Conclusions
The main contribution of this paper is to present how
customized implants could be made with a specific porosity,
by setting different values of the laser power, at the SLM
machine. The proposed technology and method offer the
possibility to get porous Ti-6Al-7Nb structures with low value
of the elastic modulus, very close to that of the cortical bone,
and with a good balance between strength and stiffness to be
used in the manufacture of a customized implant. By changing
the laser power in a certain range, complex structure with
different physical and mechanical properties can be obtained.
Using laser powers between 50 and 200 W, the studies have
indicated that the obtained structures had an open porosity
varying between 24.81 and 0.83 per cent and a density ranging
from 3.41 to 4.47 g/cm3. Measurements revealed that for low
laser powers, the structure pores ranged in size from 70-100
�m to 200-400 �m, values that facilitate tissue ingrowth
(Hollander et al., 2006). Tensile tests of the samples showed
Young’s moduli values varying between 13.5 and104.5 GPa
and an ultimate stress between 20.2 and 497.5 MPa. For low
laser powers, there are no mismatches of Young’s moduli of
the obtained material and the surrounding bone, given the
perspectives to be used in the interface areas.

The study showed an application of this particular SLM
technology by varying only the machine parameters as a
promising technology for the direct fabrication of patient-specific
custom implants with variable mechanical properties. There is

Figure 5 Model of the multi-structured femoral prosthesis made of
porous Ti-6Al-7Nb

Figure 6 Distribution of the von Mises stresses in the femur and multi-structural prosthesis corresponding to the load angle
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no need to generate a complicated CAD structure to get the
porosity, and a part can consist of areas having different
physical and mechanical properties.

Other significant contribution of the paper is represented by
the new application of such implants with specific porosity, to
produce a multi-structured implant, with a soft 50-W
structure at the interface with the bone and with a hard 100-W
structure on the outer surface. A detailed case study was
undertaken and a new multi-structured femoral prosthesis was
designed and analyzed, to simulate its behavior for this specific
case study.

Based on the experimental results, an FE study has been
performed for a particular case (coxa-vara disease) to check
the reliability of the obtained material and method. The design
of the femoral prosthesis consisted of a multi-structure
combining several types of porous Ti-6Al-7Nb structures. By
covering the prosthesis body by a layer with higher porosity,
the possibility of new bone formation is facilitated by the pore
shape and dimensions. Once the geometrical model of the
bone and the prosthesis has been created, it can be easy
analyzed by the FE method to check its strength and
reliability. Data exchange between the CAD software and
the SLM machine allows quick manufacturing of the
multi-structured prosthesis.

Biocompatibility can be improved by direct treatments of
the contact surfaces (i.e. hydroxyapatite impregnation), the
porous structure being achieved directly from fabrication,
being not necessary to create them separately. Future studies
were planned to study the structures (materials) biocompatibility
by performing in vitro and in vivo tests.

In conclusion, the authors have found that the porous
structures produced by laser power variation in the SLM
process represent a promising RM strategy for the direct
fabrication of customized titanium implants for enabling
personalized medicine.
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