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Abstract This paper presents studies on the design of pros-
theses manufactured by selective laser melting (SLM) of po-
rous Ti alloys. The results are materialized by a new design
and manufacturing strategy of customized orthopedic
endoprostheses. The strategy is presented in a case study.
The design methodology consists in processing, editing, ana-
lyzing, and performing measurements with the Materialise’s
Interactive Medical Image Control System (MIMICS) soft-
ware in order to extract and develop the 3-D model from
specific computed tomography (CT) files. The finite element
analysis (FEA) was used in order to verify the distribution of
the cortical bone tissue of a femur and to evaluate the prosthe-
sis by simulating normal and atypical daily activities. The
contact surfaces and the elements of the endoprosthesis were
established taking into account the distribution of the von
Mises equivalent stress in the section carrying the highest
loads. It was elaborated a strategy that allows reproducing
anatomic bone shapes by using Bézier curves and obtaining
parameterized 3-D models. After determining the ideal shape,
the prosthesis to be fabricated by SLM was designed and
analyzed. An original item of the research is the design of a
multistructural endoprosthesis consisting in three elements
with different structural proprieties. The proposed prosthesis
model is a perfectible solution, the research being focused
exclusively on the considered case. By studying the

distribution of bone structures, their shapes, and dimensions,
new prostheses can be obtained following the steps of the
strategy elaborated in this study.

Keywords Additivemanufacturing (AM) . Customized
endoprostheses . Titanium alloys . Finite element analysis .

Creo Parametric software

Abbreviations
A Elongation
AM Additive Manufacturing
CT Computed tomography
E, E1, E2, E3 Young’s modulus
FEA Finite element analysis
G12, G13, G23 Shear elasticity modulus
MIMICS Materialise’s Interactive

Medical Image Control System
NCRP National Center for Rapid

Prototyping
Rm Ultimate strength
Rp0.2 Yield strength
SLM Selective laser melting
STL Stereo lithography
Tt Melting range
Tβ Beta transus temperature
ν, ν12, ν31, ν32 Poisson’s ratio
ρ Density

1 Introduction

Additive manufacturing (AM) technology applications are
very diverse and can be used in many fields, from industry
to design or medicine. Applications of AM technologies in
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medicine have been reported since 1994 [1–4]. These appli-
cations have led to the development of customized implants
that are physical prosthetic models made for each individual
case, in order to accurately reconstruct the bone structure.
Custom implants are presurgically constructed on the basis
of medical data acquired by computer tomography or nuclear
magnetic resonance using virtual 3-D models and CAD/CAM
techniques.

Custom implants fabricated with AM have been used by
different surgeons mainly for rebuilding posttraumatic or
posttumor defects in the neuro-cranium (cranioplasties), not
only for reconstructing viscero-cranium defects, but also for
other defects and/or dislocations of the orthopedic system.
Preoperative manufacture of customized implants offers many
advantages compared to intra-operative modeling of
alloplastic implants or auto-gene bone grafts. Among these,
one should mention the following:

& Significant shortage of the operative time with a reduced
anesthetic stress of the patient.

& Precise matching to the receiving surface due to the pos-
sibility of repeated presurgical modeling without stressing
the patient.

& The symmetry control can be presurgically made allowing
repeated corrections of the implant

& Implant fasteners are preoperatively planned and adapted
on the 3-D model regarding their type, size, position, and
direction.

& Three-dimensional model is simultaneously used as a tool
for quality assurance.

The National Center for Rapid Prototyping (NCRP) from
the Technical University of Cluj-Napoca initiated research in
this field in 1996 [5–8], when silicone rubber was used to
obtain casting molds. Some researchers [9, 10] used gypsum
molds for casting or injection molding of implants of biocom-
patible materials (usually polymethyl and polymethyl methac-
rylate). Compared with gypsum, the main advantage of sili-
cone rubber is its elasticity that allows preserving the fine
details of the model during the mold release.

NCRP extended the research in this area by starting a
collaboration with the Department of Cranio-Maxillo-
Facial Surgery (University of Medicine and Pharmacy of
Cluj-Napoca) in 1998 [7, 8]. Using the technical and tech-
nological facilities which existed at that time, several
physical models of polyamide implants were produced
by selective laser sintering (SLS). Because the polyamide
is not biocompatible, the model was used as a master
model for manufacturing silicone rubber molds to cast
the implant of polymethyl methacrylate and polyethylene.
In this way, it was succeeded the clinical implementation
of personalized implants in the reconstruction of neuro-
and viscero-cranium defects.

In the research carried out by the School of Engineering,
Computing and Mathematics (University of Exeter-UK), the
SLM technology was used to fabricate implants directly from
hydroxyapatite (HA) and 316L stainless steel (SS), by mixing
powders, with the aim of developing joints and bioactive im-
plants [11]. Thus, the parameters required for the manufacture
of pure SS and SS/HA composite samples were identified.
Visual inspections, measurements of density, tensile tests,
hardness tests, and microstructure examinations have shown
the effects of SLM parameters and HA particles on the prop-
erties of SS/HA composites.

There are a very limited number of commercially available
biocompatible materials in the form of fine-grain powders that
can be successfully used in the implant manufacture by selec-
tive melting of metal powders. Due to this fact, numerous
studies and research are undertaken worldwide in the field of
developing such biomaterials [12–14].

Biocompatibility can be understood as a general character-
istic of biomaterials including a set of other properties (phys-
ical, chemical, mechanical, etc.). In order to get the status of a
general property, biocompatibility is defined by several com-
ponents: intrinsic, functional, and structural [15].

1.1 Endoprostheses

The literature review has led to the conclusion that all joints of
the orthopedic system can be replaced if necessary by
endoprostheses. There are several endoprostheses that have
not been sufficiently studied yet, which may restrict the mo-
bility of joints. On the other hand, some prostheses are sub-
jected to wear over the time and require the surgical
replacement.

The medical practice currently uses a wide range of hip
prostheses, according to the prosthetic joint area and the type
of bone integration. Figure 1 shows a general classification of
prostheses, which can be extended to all types of prostheses
for joints (knee, shoulder, etc.), the elements of the prostheses
differing only in shape and size.

1.2 Structures manufactured by SLM from Ti6Al7Nb alloy
powder

For the manufacture of implants, it is preferred that the outer
structure be porous so as to adhere better to all types of soft
tissues. In time, such a porous structure allows the newly
created tissue to grow inside.

In terms of mechanical properties, titanium and especially
its alloys are characterized by high values of specific strength
(ratio tensile strength vs. density), which exceeds the similar
characteristic of steel or hardened aluminum alloys. The prop-
erty that causes the extensive medical use of titanium is its
excellent corrosion resistance. Due to the fact that outer oxide
layer is usually saturated with ions of alloying elements, the
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intrinsic biocompatibility of alloys is poorer than that of the
pure titanium.

1.3 Research topics

This paper presents a research concerning the endoprosthesis
design of femoral head for SLMmanufacturing. The diagnosis
of the medical case considered in the study is bilateral coxa
varawith acetabular dysplasia and secondary structural chang-
es of the femoral head. The femoral neck does not have the
same orientation with the femur body. In fact, an angle of 120–
135° is usually formed by the axes of the femur body and
neck. Any change in the value of this angle affects the normal
relation between the femur head and the acetabular cavity of
the pelvis. When the femur angle becomes greater than 135°,
the femur head will be displaced upward. This malformation
is called coxa valga. In the case when the angle becomes lower
than 120°, the malformation is known as coxa vara.

The research conducted in this study is focused on the
issues raised to right femur, especially those related to the
orientation and tilt of neck and femoral head as well as aspects
related to the shape and size of femoral head. The acetabular
region will be the object of another study.

The originality of the work consists in the design and man-
ufacture of a new type of endoprosthesis by means of a new
design methodology for customized orthopedic prostheses.
The strategy behind this methodology consists in processing,
editing, analysis, and measurement using the Materialise’s
Interactive Medical Image Control System (MIMICS) pro-
gram in order to extract and achieve the 3-D model from
specific CT files. Numerical methods (finite element analysis
(FEA)) are used to check the tissue distribution of a femur
cortical bone and to evaluate the endoprosthesis by simulating
normal and atypical daily activities. The attachment surfaces

and the elements of the endoprosthesis (head, neck, and
stem) are established taking into account the distribution
of the von Mises equivalent stress in the section carrying
the highest loads. One develops a strategy for obtaining 3-
D parametric models that allows the accurate representa-
tion of the anatomical bone shapes using Bézier curves.
Based on the studies and research conducted, an ideal
geometry of a mono-structural prosthesis is proposed. An
original contribution of the paper consists in the design of
a new multistructural endoprosthesis on the basis of the
ideal geometry of the mono-structural endoprosthesis. The
multistructural endoprosthesis has three elements with dif-
ferent structures, each of them having a well-defined role
in terms of intrinsic, functional, and structural
biocompatibility.

The material considered in this research is Ti6Al7Nb alloy
[15, 16], widely used in medicine primarily for orthopedic
applications, such as total hip prostheses, plates for fracture
fixation, rods, intermedullar nails, several devices for spine,
and medical screws and wires. The chemical composition and
physical-mechanical properties of this alloy are listed in
Tables 1 and 2, respectively.

The selective laser melting technology can be used to man-
ufacture from this alloy structures with controlled porosity (in
which the distribution, size, and orientation of pores are con-
trolled by 3-D modeling or specific software facilities of the

Fig. 1 Classification of hip
prostheses [15]

Table 1 Chemical composition of the alloy Ti6Al7Nb

Al Nb Ta Fe O C N H Ti

Min (%) 5.5 6.5 – – – – – – 88.0

Max (%) 6.5 7.5 0.50 0.25 0.30 0.08 0.05 0.009 84.9

Source: Leordean [15]
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SLM systems) or spatial porosity. In the last case, the pores
have nonhomogeneous shape, dimension, and distribution.
Space-porous structures are obtained using different process
parameters which contribute to the formation of a spongy
network randomly oriented in space.

Porous structures (with controlled and spatial porosi-
ty) have been obtained using the Realizer II SLM 250
system produced by the company MCP Germany (today
SLM Solutions). By means of 3-D modeling and the
use of specific process parameters, there were obtained
structures whose mechanical and physical characteristics
satisfy the requirements needed for the orthopedic im-
plants and prosthesis. The porous structures made of
alloy Ti6Al7Nb are similar to the cortical and/or trabec-
ular structures of mature bones and have following
physical-mechanical characteristics listed in Table 3
[15]:

2 A new design strategy for customized orthopedic
endoprostheses—case study

2.1 Endoprosthesis design methodology

The studies and analyses aim at designing a new type of cus-
tomized prosthesis different from those used so far in medical
practice. To achieve this goal, the specially designed
endoprosthesis (customized) has to allow normalization of
the femoral head position in acetabulum and decreasing of
abnormal pressure between head and cotyloid cavity by the
following:

& Correction of shaft-neck angle
& Correction of ante-version angle
& Eliminate any shortening of the leg and any deformity of

the knee in the frontal plane

The design of customized endoprostheses involves several
steps as shown schematically in Fig. 2.

2.2 CT data processing and editing

In order to build the 3-D models by processing and editing 2-
D data provided by CT, the MIMICS software version 10 was
used. This software ensures maximum accuracy, flexibility,
and ease of use, facilitating direct analyses (measurements)
of created 3-D models. It also allows exporting data to a vari-
ety of different 3-D files for CAD applications.

As mentioned above, the considered case study aims at
addressing issues raised only by the right femur. With this
purpose in mind, the functions needed to obtain and export a
3-D model as closed as possible to the anatomic model were
applied. The 3-D model must be “clean” (in the sense that it
should not contain free elements or cavities), editable by CAD
software, and, in the same time, sufficiently small to facilitate
the FEA. In this way, virtual models of all the joint compo-
nents presenting interest were obtained (Fig. 3).

Three-dimensional models obtained by the MIMICS pro-
gram are actually structures covered with triangular facets of
different sizes and shapes according to model geometry. To
obtain an appropriate virtual model, several functions were
applied such as smoothing, homogenization and re-faceting,
and finally another smoothing [17]. The homogenization op-
eration involves also a manual pixel selection so that it gets a
filled solid model with no internal cavity, as shown in Fig. 4.
This figure presents also measurements and analyses per-
formed using software functions.

The rotation centers of the articulation elements are repre-
sented in Fig. 4 by the centers of two spheres: the first one
containing the spherical surface of the femoral head (plotted in
blue) and the second one materializing acetabular cavity (plot-
ted in green). Analyzing the two spheres, it is found that their
centers are not coincident, which shows the existence of rela-
tivemovement, other than rotation of the femoral head relative
to the cotyloid cavity.

2.3 Static FEA of the 3-D-CT femur model

The STL file format is chosen to perform the FEA. The STL
format is a 3-D-surface model which is called 3-D-CT femur
model. FEA tests of 3-D-CT model were needed to determine
the stress state in the femur structure, which helps determine
the minimum and maximum loaded areas. In this respect, the

Table 2 Physical-mechanical properties of the alloy Ti6Al7Nb

Characteristic Tt (°C) Tβ (°C) ρ (g/cm3) Rm (MPa) Rp0.2 (Pa) A (%) E (GPa) ν (-)

Value 1538–1649 1010±15 4.52 900 800 10 105 0.33–0.37

Source: Leordean [15]

Table 3 Physical-mechanical properties of the spatial porous structures

Laser power (W) Rm (MPa) Porosity (%) ρ (g/cm3) E (GPa) ν (-)

50 20 25 3.43 9 0.14

70 136 15 3.87 33 0.26

100 400 5 4.34 81 0.36

Source: Leordean [15]
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patient’s weight (about 50 kg) has been taken into account,
together with the fact that a hip joint can withstand an over-
load of up to eight times body weight [18, 19], resulting a
maximum force acting on the femoral head of 4000 N
concentrated on an elliptical surface. FEA was performed
with Creo Simulate 2.0 included in the CAD Creo ver. 2.0
software, which uses tetrahedral finite elements with
higher-order interpolation function. Creo Simulate im-
poses the conversion of the 3-D surface-type model
(facets) into a solid-type model.

After obtaining the solid model type, it was found the im-
possibility of performing the FEA due to the complexity
caused by the interference of some elements resulting from
the conversion.

To determine the state of stress in the femur obtained by
CT, a section of 1-mm thickness was selected. This section
contains all the structural elements of the femur—diaphysis,

neck, and femoral head, establishing also a driving force pro-
portional to the sectional thickness.

To check the relevance of the method and the numerical
results, a section of a healthy femur was analyzed, knowing its
distribution of bone tissue. By overlapping the section photo-
graph of a healthy femur over a virtual plate 1 mm thick, a
section was cut to obtain a 3-D solid model (Fig. 5). For the
relevance of the results, a scaling was performed so that the
size of the resulting solid, especially the shaft thickness and
femoral head diameter, to be as close as possible to the case
study.

The model was subjected to FEA (Fig. 6), taking into ac-
count the 400-N force set to analyze the 3-D-CT femur section
and the force application direction. This force is applied on a
slice that represents 10 % of entire elliptical surface; thus, the
total force of 4000 N is proportionally reduced. Two load di-
rections have been considered: usual load (at 20°—specific for

Fig. 2 Steps of customized
prostheses design

Fig. 3 Three-dimensional representation of joint components
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walking and running) and atypical load (at 0°—that can occur
accidentally) [20]. Both angles are defined with respect to the
shaft axis. The lower face of the 3-D slice subjected to FEA has
been fully locked to remove the rigid bodymotion of themodel.
The FE analysis of the above-described femur was performed
using the mechanical characteristics of a cortical bone, consid-
ering the bone as an orthotropic material as follows: E1=10,
930MPa; E2=14,780MPa; E3=18,890MPa; ν21=0.276; ν31=
0.501; ν32=0.280;G12=4240MPa;G13=5130MPa; andG23=
6270 MPa [15].

The differences between the two loading modes are shown
in Fig. 6. The areas of maximal stress are pointed out by red
color. In order to make a quantitative comparison, the same
scale for stress presentation was kept. One may notice in
Fig. 6b a stress surplus due to the change of the force appli-
cation angle as compared to the normal value of the angle.
Transposing the diagram on gray color scale (Fig. 7a), it is
visible the layout of the femur cortical bone tissue (plotted in
white color) so this can take forces even their application
directions are atypical (for example, parallel to the axis of

Fig. 4 Analyses and measurements using MIMICS software

Fig. 5 Obtaining a 3-D solid
model based on a section of
healthy femur: a photo
superposition b contour cutting,
and c geometric dimensions
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the femoral diaphysis). One may notice that the distribution of
the femur cortical bone is coincident with the maximum
stressed areas. Gray color corresponds to trabecular tissue
(Fig. 7b) while black indicates total lack of tissue.

As compared to the findings, one may conclude that the
analysis of the section subjected to the maximum load can

lead to conclusive results for determining the distribution of
cortical bone. After proving its relevance, the method has
been applied to the analysis of a section through the
nonhealthy femur (Fig. 8). The stresses arising in this case
(Figs. 9 and 10) for loading parallel to the diaphysis axis
are distributed similarly to the case of healthy femur, their

Fig. 6 Distribution of the vonMises equivalent stress in the healthy femur section: a 400-N acting force at 20° and b 400-N acting force at 0°. The von-
Mises stress is a scalar quantity that describes the equivalent effect of a spatial stress state (see Creo Simulation help for theoretical details)

Fig. 7 Arrangement of cortical
bone tissue in relation to existing
stress at 0°: a black-white
diagram (force acting at 0° angle)
and b section through a normal
femur
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values being different only due to the different anatomic
profile. The maximum value of 567 MPa (Fig. 8b) is given
by a local stress concentrator and can be ignored.

Given the worst case when the force is acting at 0° angles,
the research continues by determining the region where the
endoprosthesis can be applied.

Fig. 8 Stress state in femur section for 400-N acting force: a force direction angle 20° and b force direction angle 0°

Fig. 9 Arrangement of cortical
bone tissue in relation to existing
stress at 0°: a black-white
diagram (force acting at 0° angle)
and b section through a
nonhealthy femur
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2.4 Establishing the region where the endoprosthesis
can be applied

In order to determine the application region, the image of the
stress state corresponding to the atypical load is mapped on the
CAD 3-D model of the femur. The mapping is made in the
plane from where the 1-mm section was previously extracted.
In this way, the neck areas subjected to the lowest stress levels
can be detected. Two points denoted by P1 and P2 are selected
in these areas, and a normal plane is drawn through these points.
In what follows, the plane will be called prosthesis settlement
plan and will be used to cut the femur model (Fig. 10).

By measuring the angle between the axes of the femoral
shaft and femoral neck, a value of 107° has been obtained. By
defining the prosthesis settlement plan, as previously men-
tioned, the angle between the endoprosthesis settlement plan
and the neck axis is 99.5°. It is found a 9.5° adjustment of the
femoral neck axis to 116.5°, which is closer to the normal
values mentioned in Sect. 1.3. The settlement base once
established, it allows the design of the future endoprosthesis
that can be applied to the femur under analysis.

2.5 Design and static FEA of endoprostheses

The design aims at obtaining a partial prosthesis that replaces
only the head and femoral neck, without reference to the ace-
tabular cavity. This prosthesis has three components, one in-
ternal (rod) that is fixed in the femur and two outer (neck and
head). Once designed prosthesis, an FEA of the assembly
femur prosthesis should be performed. In order to perform
the FEA, the femoral component of the assembly should be
simplified. As mentioned above, the 3-D femur model was
impossible to analyze because of the complexity of the data
obtained from CT.

The most efficient simplifying method is to create a 3-D
volume using the function “Swept Blend” of the Creo

Parametric program. This function involves defining a path
through the femoral shaft axis, as well as 18 intermediate
sections. These sections are quadratic Bézier curves [21]
traced through 24 checkpoints set for each section so as to
approximate is as closely as possible. Drawing Bézier curves
is a refinement operation and is very useful in the approxima-
tion of 3-D complex models (surface or solid type) due to their
parameterization [22]. In order to obtain the 3-D volume using
Bézier curves (Bézier volume), there were properly set section
plane sections so that they include defining elements of the
approximated model (Fig. 11).

The femur parameterized by means of Bézier curves allows
performing the FEA of the assembly femur prosthesis.
Parameterization also significantly reduces the time required for
the analysis to a few seconds as compared to minimum 15 min
required for the initial model obtained from the STL conversion.

Initially, it was designed an ideal version of the prosthesis to
see the results and make a comparison with the model suitable
for implantation. The first analysis takes into account the char-
acteristics of the structure with the spatial porosity structure
fabricated by SLM with a laser beam power of 70 W, consider-
ing the mechanical properties of cortical bone tissue area.

In order to obtain the internal part of the prosthesis, it was
required to identify the least stressed area by overlapping the
stress state previously determined, the ideal profile of the rod
being drawn on it (Fig. 12b). For the same purpose, several
elliptical intermediate sections were drawn together with the
starting section materialized by an offset to the contour edge
of the settlement base. The contour of the prosthesis neck was
drawn to take into account the presence of the cortical
bone tissue of the femoral neck. The prosthesis de-
signed in this way represents an ideal configuration of
such an implant, because it exactly replaces the least
stress region inside the femur. However, due to shape
of the rod, this model cannot be used in real-life appli-
cations because it is impossible to insert in the femur.

Fig. 10 Setting the section plane
of the femoral neck [15]: a
establishing the cutting points, b
measuring the angle of the
femoral neck axis, and c
endoprosthesis settlement base
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Figure 12 shows the mounting surface and the model of the
ideal endoprosthesis. It could be noticed in Fig. 12c the cor-
rection angle between shaft axis and femoral neck axis from
107° to 131.5°. Although the usual values of this angle are
120°–135°, the endoprosthesis was designed to a maximal
angle because it is expected a rearrangement over time that
leads to an angle decrease.

The force of 4000 N will be applied on the femoral head
under a 20° angle on an elliptical surface, similarly to the
previous analyses (Fig. 13).

The elliptical shape of the force application region has been
mainly considered due to footprint between the two spherical
surfaces (acetabular cavity and femoral head) and due to
marks that can be noticed around the principal rotation axes
of the hip joint (flexion/extension axis, abduction/adduction
axis, and rotation axis) [15]. The interface used to perform all
the analyses is a “bonded” type contact.

The von Misses stress distribution diagram (Fig. 13a) re-
veals that the 70-W structure behaves almost identical with the
bone structure. Moreover, due to the shape and material prop-
erties, the maximum stress occurring in the femur (95 MPa)
does not exceed the maximum allowable stress (tensile
stress—123 MPa, compressive stress—167 MPa, bending
stress—173 MPa). The maximum stress value (187 MPa) re-
corded at the top of the neck supporting areamay be caused by
the local effect of a stress concentration due to the model
geometry and/or finite element mesh (502 mesh points, 2597
edges, and 3866 facets).

Noting that the endoprosthesis presented above remains an
ideal solution, because of the insertion issues generated by the
rod shape, the design of a new rod model is needed to meet the
functional requirements. In this respect, the rod must be firstly
rectilinear and must have an elliptical section, while its inser-
tion must not affect the cortical bone tissue of the femur, and

Fig. 12 Mounting surface and
ideal endoprosthesis: a mounting
surface of the femur, b ideal
endoprosthesis, and c prosthetic
assembly

Fig. 11 Femur modeling using
Bézier curves [15]: a defining an
intermediate section, b set of
sections and the path needed to
construct the Bézier volume, c
final model. Bézier curves and
surfaces provide an efficient
manner of modeling complex
geometrical entities defined by a
minimum amount of control
points
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secondly, it must be strong enough. The external rod surface
must also favor and allow the growth of the bone tissue and
contribute to the incorporation of the prosthesis.

As it is well known, a straight line shape allows an
easier preparation of the femur in view of the implan-
tation. The elliptical channel can be obtained using a
broche specially designed for the particular configura-
tion of the endoprosthesis.

The steps followed to obtain the functional prosthesis are
identical to those performed in the case of the ideal one, with
the peculiarity of drawing the profile of the prosthesis rod in a
form that favors the centering, securing, and locking of the
elliptical cross-sectional rod (Fig. 14a). This provides a larger

surface area of the contact and thus a better fit and stress
distribution in the channel prepared in the femur.

Unlike the rod of the ideal prosthesis, slightly higher stress-
es occur in the actual rod. This situation is explainable by the
shape of the actual rod and weakening of the bone in that
region (Fig. 14b).

The FEA shows that the maximum value recorded in the rod
is 119 MPa corresponding to the case of a load angle of 20°.

On the basis of the test results obtained with the structure of
70 W and the fact that the final prosthesis consists of a com-
plex of structures, analyses were also conducted for models
whose characteristics were spatial structure porosity 50 or
100 W (Fig. 15). These analyses show that, unlike the 70-W

Fig. 13 FEA of the whole
prosthetic assembly: a stress
diagram (exploded view) and b
region where the force is applied

Fig. 14 Redesigned version of
the endoprosthesis rod (material
70-W structure): a drawing the
rod profile and b static
distribution of the von Misses
stress (main section)
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power structure, the stress is mostly transmitted to the cortical
bone tissue in the case of 50-W power structure (due to the
elastic and plastic characteristics), while the stress is absorbed
by the prosthesis in the case of the 100-W power structure
(due to its increased stiffness).

As a result of these findings, it is recommended that the
final prosthesis be made of all three types of structures distrib-
uted according to the characteristics of each one. The basic
structure was regarded as the 70-W structure due to its tenac-
ity; the 50-W structure provides the contact area between the
prosthesis and the bone; the 100-W structure surrounds the
femoral head ensuring the wear resistance and the possibility
of mechanical processing in order to obtain a very smooth
surface. The distribution of the prosthesis structures described
above is shown in Fig. 16, each type of structure being indi-
cated by a different color.

The final design of the multistructure endoprosthesis is
further analyzed in similar conditions to those described
above, including the comparison of specific deformations
and displacements. The finite element models have 1698
nodes; 10,069 edges; and 16,240 elements.

The displacement analysis shows a 9.2-mm displacement
for atypical loading and 2.4 mm for the normal one (Fig. 17).

Concerning the von Mises equivalent stress (Fig. 18), one
may notice an improvement of its distribution up to a signif-
icant diminishing on the rod surface, in the case of a force
acting at 20° angle. This happens due to the 50-W structure
layer, which surrounds the rod. This layer acts like a sponge
and dissipates the stress inside the rod. In the case of an atypical
load (force acting at 0° angle), the stress distribution confirms
the dissipative role of 50-W structure layer. Unfortunately, the

maximal stress values occurred in this case may result in dam-
age and/or breakage of the prosthesis and femur. Such implant
design proves to be not applicable in this case.

It must be noticed that, in the case of multistructural
endoprosthesis, the stresses supported by the cortical bone
tissue have a similar distribution to the situation that precedes
the implantation. However, the stress level is reduced by 43%
(from 136 to 95 MPa) for 20° acting angle and 54 % for 0°
acting angle (from 568 to 369 MPa). Keeping stressed the
bone tissue under acceptable limits is also a necessary

Fig. 15 Analyses of the redesigned endoprosthesis—main sections: a static distribution of the von Misses stress for 50-W structure and b static
distribution of the von Misses stress for 100-W structure

Fig. 16 Layout of multistructure orthopedic endoprosthesis (50 W
(purple), 100 W (green), 70 W (red))
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condition because it prevents their retraction from the
contact area.

The channel geometry and its shape characteristics are
shown in Fig. 19a. The femur channel (Fig. 19b) has the
shape and size of the multistructural prosthesis rod. The
broche needed for executing this channel can be made by
SLM technology and will be supplied with the
prosthesis.

2.6 Data export for SLM manufacturing
of the endoprostheses

The 3-D models of the designed endoprosthesis are further
transferred in the CT data analysis software—MIMICS,
which allows the measurement of the neck-shaft angle and
the ante-version angle. As shown in Fig. 20, both angles
values are in the normal range.

Fig. 17 Comparison between the displacements occurred in the final design—front view: a force acting at 20° angle and b force acting at 0° angle

Fig. 18 Comparison between the distributions of the von Mises equivalent stress occurred in the final design—front view of the principal cross section
[15]: a force acting at 20° angle and b force acting at 0° angle
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2.7 Data export for SLM manufacturing
of the endoprosthesis

To obtain the multistructure endoprosthesis assembly by SLM
technology, the set of three components (Fig. 19a) must be
exported separately via STL files. These files will be prepared
for manufacturing using Magics RP software. This program is
also able to create supports for all the elements. The final
phase consists of assembling the parts using the machine soft-
ware (Controller for Realizer) so that a unique element that
also contains the support is obtained.

3 Discussions and conclusions

The new multistructure orthopedic endoprosthesis designed,
developed, and presented in this work meets the biocompati-
bility requirements in order to function in a medical applica-
tion due to the material (titanium alloy Ti6Al7Nb), shape, and
structures with spatial porosity.

By producing the prosthesis contact surface of 50-W struc-
ture, it is ensured the biofunctionality through the
endoprosthesis integration and the new bone tissue formation.
This process is stimulated by the size and shape of spatial pores.

Fig. 19 Geometrical characteristics [15]: a endoprosthesis final design and b channel practiced in the femur

Fig. 20 Functionality check: a front plane and b sagittal plane
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The functional biocompatibility can be improved by apply-
ing on the contact surfaces several treatments such as nitration,
ionizing, deposition, or impregnation with hydroxyapatite,
etc. Unlike other studies [23], where the coating requires the
creation of a porous layer, in the case of the present study, the
porosity of the contact surface is a direct result of the prosthe-
sis manufacture, favoring the adherence of any biocompatible
substance and/or material.

The chosen constructive design facilitates the implan-
tation of the endoprosthesis in the femur, as well the nor-
malization of the femoral head position in the acetabular
cavity and the stress minimization between head and
cotyloid cavity. These characteristics are ensured not only
by the correction of the angle between shaft axis and
femoral neck axis and ante-version angle, but also by
elimination of any leg shortening and any knee deformity.
These macro-structural features are prerequisites for struc-
tural biocompatibility.

The Creo Simulation module was used for the FEA of the
orthopedic endoprosthesis model, using tetrahedral elements
with curved edges. The number of necessary elements is small
and reduces the time required for analysis. The FEA has re-
vealed the following aspects:

& All the static analyses were performed using a force of
4000 N and considering two directions of force applica-
tion: normal (20° inclination) and atypical (0°).

& Behavior of 70-W structure is the closest to that of cortical
bone tissue, making it ideal for initial testing of any new
endoprosthesis design. Thus, the 136-MPa value has been
set as standard tensile strength for FEA.

& The 50-W structure has high elastic and plastic character-
istics, lowering and dissipating stresses. This structure is
recommended for interface areas between femur and
endoprosthesis.

& The 100-W structure has a high stiffness as compared to
the cortical bone tissue. It is recommended for interface
areas between the implant and other medical items or ac-
etabular zone.

& The von Mises equivalent stresses, in the maximal load
section, help to define the shape of some endoprosthesis
elements (rod and neck).

& The displacement values of the multistructure
endoprosthesis are 2.4 mm for normal load and 9.2 mm
for atypical load.

& The von Mises equivalent stress values when the load is
applied to the multistructure prosthesis at a 20° angle are
in appropriate limits both for the endoprosthesis and fe-
mur. In an atypical load, the maximum stress levels can
damage the bone structure.

& Maintaining the bone tissues under stress, within reason-
able limits, is a prerequisite to prevent their retraction from
the contact areas.

& In the case of multistructural endoprosthesis, the stress
level is reduced by 43 % for loads acting at 20° angle
and 54 % for loads acting at 0° angle, as compared to
the case of a single-structural prosthesis.

& The only technologies able to produce multistructure as-
semblies are additive manufacturing technologies, which
are able to produce porous metallic structures.

In conclusion, orthopedic endoprostheses designed as an
assembly of structures with spatial porosity can be produced
by additive manufacturing technologies (SLM) and represent
an important step in the manufacture of prostheses (both cus-
tomized and mass fabricated), due to their outstanding me-
chanical and biocompatible characteristics.
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