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Abstract— The development of human endoprostheses
involves the use of technologies based on software systems
that enable the design, planning and development of complex
products in a short period of time. This paper describes the
process of developing the body of the hip joint endoprosthesis
(femoral stem), which is one of the most complex and
mechanically loaded endoprosthesis aids. The procedure
consists of several phases: definition of a computer model of
the affected femur by processing of tomographic images used
in the diagnosis of disease, definition of the key parameters of
external and internal geometry of the femur, forming the
computer model of the body of a prosthesis and verification
through simulation of the behaviour in exploitation
conditions. This paper also presents the procedure for
experimental verification of the results for the developed
endoprosthesis.

role of the hip joint endoprosthesis is to provide a reliable
connection with the femur, and to take most of the load.

Keywords— Computer aided design, Computer Aided
Engineering, Hip, endoprosthesis

Fig. 1 Elements of the hip

I. INTRODUCTION
The intensity of life activities and illnesses of modern
humans have a significant impact on the elements of the
locomotion system. During physical activities the
elements of hip and knee joints they are exposed to
intensive workloads. Statistical surveys show that, as a
result of this, about 800,000 total hip replacement
surgeries are done in the world [1] every year. This (hip)
joint is among the spherical joints, establishing a
connection between the pelvis and femur (Fig. 1).
The success of the surgery to replace natural with
artificial hip joint is measured by time period necessary for
recovery of the patient and the exploitation time of the
prosthesis. The main factors that influence the success of
the surgery are the degree of adaptation of prosthesis
elements to the patient and its mechanical properties.
Recently, for the primary total joint replacement hip
surgery, in the first 10 years after surgery more than 90%
of the endoprosthesis is still successfully used [3], [4]. The

The success of the installation of the hip prosthesis, and
period of its exploitation in the organism depends on many
factors, from which the most important are the proper
selection of the shape and size of the implant. In the
previous period, the complexity of the shape of the implant
and the time period necessary for their development
limited adaptation of the prosthesis to the patient. This led
to the development of standardized prostheses (primary,
revision ...), of standardized size (usually up to 10 per type)
[5], and of standardized way of fixing the prosthesis in the
femur (cement, cementless). The selection of
endoprosthesis for the particular patient, from the offered
set of prostheses, was based on the complexity of the
disease, patient's age and size of the femur.
New trends in thein the medicine indicate the need for
using of endoprostheses specifically designed for specific
patients, based on their individual measures.
The objective of this paper is to review the
characteristical phases in the hip joint endoprosthesis body
(femoral stem) design process, description of the
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programming system (including its structure) for
automation of certain phases of this process and the issues
related to the development of these aids for the specific
patient's measures.
II. MATERIAL AND METHODS
A. Operative treatment to replace hip joint
The surgery of a replacing the natural with an artificial
hip joint is generally composed of several phases:
• Separation of the natural femoral head and neck from
the femur (Fig. 2a [2]).
• Installation of acetabular component with the
appropriate shell as the seat of the joint (Fig. 2b).
• Installation of the femoral stem into the medullary
channel of the femur bone with the elements which
replace the natural neck (Fig. 2c).
• Setting the artificial femoral head prosthesis to the
neck of the body (Fig. 2d.
• Connecting the elements of the artificial hip joint (Fig.
2e).

a)

b)

c)

d)

e)

f)

Fig. 2 Elements of the hip

As shown on Fig. 2c and 2f, the selection of the
appropriate femoral stem and its implementation in the
femur defines the movement quality and autonomy of a
patient after surgery.
B. Development of the elements of the endoprosthesis
The area of biomedical engineering is recently a
significant challenge, especially in the field of designing
and making prostheses according to the morphological
characteristics of the particular patient (custom-made
prosthesis), maximally taking into account the type and
extent of disease. The development of this type of total hip
endoprosthesis has also additional requirements from the
engineering point of view, including: maximum design
speed (including adjustment to the patient or group of
patients), but also from medical point of view: minimal
invasiveness, short period of patient's recovery and
maximal exploitation life of the implant. This can be
achieved by application of computer technologies that
enable: design, analysis and simulation of the product
behaviour in all stages of the endoprosthesis development.
The development of the femoral stem, considering the
measures of the specific patient, includes four activities [6]
as follows:
• Data acquisition from diagnostic images and
reconstruction of the morphology of the affected
elements of the skeletal system.
• Definition of a computer model of hip endoprosthesis.
• Verification, through appropriate computer analysis.
• Production of the prosthesis.
Data acquisition from the diagnostic images.
Diagnosing diseases of the human locomotion system is
based on the formation of spatial images using

tomographic methods [7], which generate digital images
of desired cross-section of the subject. In medicine, of
about thirty methods for digital recording of disease the
most commonly used are computerized tomography (CT)
and magnetic resonance imaging (MRI). The result of
these methods is a series of snapshots showing crosssections of the diseased tissue. Their use in diagnosis
allows determination of the type and extent of disease and,
also, to perform measurements of the characteristic size of
the diseased limb, allowing in this way the definition of the
geometric parameters of the femur [2]. In addition, the
application of tomographic methods allows the formation
of spatial computer models of the diseased limb, creating
in this way the prerequisites for definition of the
parameters of prosthesis, geometry optimization,
simulation of its behaviour in the exploitation conditions
and simulation of the surgical procedure.
Definition of a computerized model of the hip joint
endoprosthesis includes the determination of the
geometric size of the hip endoprosthesis segments, using
appropriate CAD (Computer Aided Design) software
systems. This activity may be realized in three ways:
• By defining multiple groups of characteristic
geometric sizes of the endoprosthesis using statistical
analysis of the geometrical characteristics of the femur
for a large group of patients, based on which standard
models can be designed depending on disease type and
measures of the patient. In this way, several
independent computer models of endoprostheses can
be defined [5].
• By defining the general geometric model of
endoprosthesis based on analysis of the characteristics
of the femur. This includes analysis of the geometrical
characteristics, biomechanical analysis of the
locomotion system etc. This kind computer model
adapts to the particular patient by adjusting the
parameters based on data obtained by diagnostic
methods. Application of a general geometric model
allows development of primary, as well as revision
endoprostheses.
• By designing special prosthesis based solely on the
characteristics of particular patient and disease, taking
into account the severity and the character of the
disease. This type of prosthesis is designed in case of
most complex diseases, as well as for the revision of
the previously performed replacement of the hip joint
[8].
The verification includes computer simulation based
evaluation of the behavior of endoprosthesis by using
software systems for the analysis of the computer models
based on the finite element method [9], [10]. Given the
nature of the conditions to which the endoprosthesis is
exposed when transferring power from the legs to the
pelvis, it is evident that its elements are subjected to
constant loads (at rest static and during movement
dynamic). This analysis is used to evaluate the conceptual
design and optimization of geometrical parameters of
endoprosthesis from the point of static, kinematic and
dynamic characteristics.
C. Realized research

10

The paper describes the development of the femoral
stem based on characteristics of external and internal
geometry of the femur of the patient, as well as the
structure of the specialized software system developed for
this purpose and integrated into the general purpose CAD
/ CAE software systems. The most important phases of the
femoral stem development are:
• Definition of the geometric characteristics of the femur,
• Definition of a femoral stem computer model, by
application of complex spatial surfaces based on Bezier
functions of surfaces that were defined by using
tomographic images of the femur for the particular
patient,
• Computer analysis of the exploitation life and behavior
of prosthesis in static and dynamic load conditions.
Additionally, for evaluation of the development
process of the femoral stem, a prototype was tested in the
laboratory for static load and expected exploitation life.
In the first phase the computer reconstruction of the
shape and dimensions of the femur was completed by
transformation of diagnostic images. Special attention was
paid to the reconstruction of the external and internal
geometry of the femur.
The second phase of work included design and
development of computer model whose individual
elements are based on the characteristics of the prosthesis
BB2 intended for primary hip joint surgery (Fig. 3). This
prosthesis was developed in 1994 as a universal type of
cement endoprosthesis of the hip joint and after prolonged
clinical use in Banjica Institute and Clinical Center of
Vojvodina showed reliability and quality.

III. BASIC GEOMETRIC CHARACTERISTICS OF A TOTAL HIP
JOINT ENDOPROSTHESIS

The femoral stem is composed of several segments of
complex geometric structure. Geometric forms that
describe these segments depend on several factors. These
include: the dimensions of the femur bone of the patient,
the type and extent of disease, fixing method of the femoral
stem in the femur, etc. In the previous period, with the aim
to satisfy these factors, a number of different hip
endoprostheses with different shapes and sizes was
developed (Figure 4 [5]).

Fig. 4 Hip joint endoprosthesis types [5]

Since the geometrical structure of a prosthesis body is
complex, its shape is defined in several cross-sections:
coronal (C), sagittal (S) and axial (A) (Fig. 5) 1 . The
femoral stem, depending on the position and role of the
segment in the extremity, is divided into distal, middle and
proximal segment [11].

Fig. 3 The BB2 hip joint femoral stem

The third phase, a verification of the femoral stem
design, includes the application of the finite element
methods for the examination of exploitation life and static
characteristics of the femoral stem. Verification is
performed for a specific model developed by the
dimensions and characteristics of the femur based on a CT
image of the specific patient.
Finally, for the purpose of experimental evaluation of
the obtained solution of the femoral stem, the used
methodology was verified by using the physical model,
where the exploitation life was measured and static load
conditions for the case of an upright walking human were
analyzed.

1

Fig. 5 Elements of the femoral stem

Each of these segments of the prosthesis has the shape
and dimensions that are directly correlated with its role.
Therefore, the geometric parameters of each of the
segments are formed independently, adjusting in this way
the femoral stem to the patient. In order achieve better
connection between the distal and middle segments of the
prosthesis and femur, prostheses with different cross
sections are used [12]. Figure 6 shows the most commonly
used cross-section shapes of distal and middle segment of
femoral stem.

Basic anatomical planes
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On the other hand, the dimensions of the cross sections
for each segment of the prosthesis are changing depending
on the distance from the reference coordinate system. In
practice, the geometry of a segment is represented in two
ways: by mathematical definition of complex geometrical
shapes describing the segment or by a surface defined by
the envelope of a series of cross-sections in the axial plane
[13]. For older types of endoprostheses it is very common
application of 12-15 cross-sections along its anatomical
axes.

segment in the upper part to the appropriate section of the
medullary channel.
The middle part of femoral stem is built so that its
length follows the form of the medullary channel.
Therefore, the shape of this segment is a complex area
which, satisfying specific criteria (the way of binding to
the femur, the implementation procedure), depends on the
geometry of the medullary channel. Fig. 8 shows an image
of the femur with built in endoprosthesis and the axial
sectional view of medullary channel after the
implementation procedure.

Fig. 6 Cross-section shapes of the femoral stem [12]

Fig. 8 Cross section of the femur with implemented endoprosthesis [8]

The distal (lower) segment has a significant role in
positioning the femoral stem into the medullary channel
(which extends into the interior of the femur along its axis)
and the in the determination of the final rigidity of the
connection between the endoprosthesis and the femur after
implantation. Length of this segment of the femoral stem
is selected depending on the size of the femur and the type
and complexity of the disease. Fig. 7 shows the femoral
stems with different lengths of the distal segment.

The last, proximal segment of the femoral stem is of
the most complex geometric shape. It consists of three
parts (Fig. 9):
• The carrying part with the collar, which relies on the
femur. This part suffers the greatest load in usual
endoprosthesis implementation and, in case of
modularly designed endoprostheses, contains elements
of connection with other segments (A),
• Neck of the proximal segment of the femoral stem,
which replaces the natural neck of the femur (B), and
• The conical element that provides a link between the
artificial head of the femur and the femoral stem (C).
Because of the small number of parameters in this
section that depend on the femur, its geometry was
standardized and depends on the dimensions of the
proximal segment.

Fig. 7 The femoral stems with distal segment of different length

In order to facilitate the positioning of the distal
segment into the medullary channel the body section of the
endoprosthesis is usually wedge-shaped. The maximum
rigidly of connection between the femoral stem and the
femur is achieved by adjusting the shapes of the distal
Fig. 9 The proximal segment of the femoral stem
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Based on previous statements, one can conclude that
the geometrical structure of the femoral stem is defined by
a large number of parameters resulting from the structure
of the femur, biomechanical, exploitation and conditions
depending on the method of installation of the implant.
Because of individual differences in size and shape of the
femur as a consequence of age, sex, national origin, and
specific illnesses, one can conclude that the best solution
for the patient, when possible, is the usage of
endoprosthesis made by the specific measures of the femur
for that patient (custom-made prosthesis).
Development of custom-made endoprosthesis requires
defining a range of geometrical parameters resulting from
the size and shape of the femur, especially the medullary
channel, as well as complementary parameters depending
on endoprosthesis implementation techniques. The
geometrical parameters can be divided into two groups:
parameters derived from the external or internal geometry
of the femur (i.e. the medullary channel). The basic
parameters of the external geometry of the femur are [2]:
• Isthmus of the body of the femur, for the purposes of
defining the reference coordinate system of the
endoprosthesis,
• The anatomic femoral axis, i.e. the spatial function of
the straight line equation which describes it,
• The position and diameter of the femoral head [14],
• Isthmus of the neck of the femur,
• The angle of neck of the femur in relation to the
anatomical axis of the femur in the coronal plane,
• The distance of the head of the femur from femoral axis,
• Anteversion, twist of the femur in relation to the
anatomical axis of the femur in the sagittal plane,
• Constriction ratio of medullary channel (channel flare
index - CFI).
In Fig. 10 the most important geometrical parameters
which depend on the external geometry of the femur are
marked.

Fig. 10 Parameters of the external geometry of the femur [2]

The parameters of the internal geometry of the femur
are the shape and dimensions of the medullary channel.
They define the geometry of the body cross section of
prosthesis in order to provide the maximal adjustment to
the form of the medullary channel. Since the femur and the

medullary channel are usually described as a series of
planar images in coronal section of the femur, or as a
spatial computing model, these geometric shapes are used
as basis for femoral stem design (Fig. 11).

Fig. 11 The computer model of the femur

The last group includes the parameters depending on
the type and method of the operational procedure used for
the implementation of the femoral stem. This is primarily
the thickness of the bone cement and the restrictions
caused by extra equipment used in the surgery.
IV. DEFINITION OF THE COMPUTER MODEL OF THE HIP
FEMORAL STEM

A. Introduction
The development of the hip joint endoprosthesis in
contemporary conditions involves the use of computer
technology to support the product development process
(CAD / CAE software systems). Because of the specifics
of the application area, the uses of these software systems
have the greatest application in:
• Reconstruction of external and internal topology of the
affected femur,
• Selection of the type of the femoral stem,
• Selection of geometrical parameters that determine the
shape and dimensions of the endoprosthesis body,
femoral head and acetabular cup,
• Analysis of the behavior of the endoprosthesis body in
conditions, to which it is exposed in the organism,
• Definition of the production process for components of
the endoprosthesis by utilizing numerically controlled
machine tools and devices for rapid prototyping.
Definition of a computer model of the femoral stem,
because of its geometric complexity, implies
parameterization of anthropometrical variables of the
femur. It includes reference geometric variables, the shape
of the prosthesis profile in certain segments and the
corresponding parameters.
For the purpose of the artificial hip development a
software system "femoral stem" was developed, which
allows the user to form a computer model of the primary
femoral stem for the specific patient, based on the
diagnostic image of the femur.
In the process of definition of the parameters which
determine the geometric model of the femoral stem, global
parameters that are depending on external geometry of the
femur, as well as local parameters related to a particular
segment of the femoral stem geometry (depending on the
external and internal geometry of the femur) were taken
into consideration.
B. The structure of the software system
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The software system for the design of hip femoral stem
consists of four parts. These are the following subsystems:
data
acquisition,
preprocessor,
processor
and
postprocessor, whose task is to incorporate a range of
activities necessary to define the model of the
endoprosthesis. Fig. 12 shows the block diagram of the
algorithm of the "femoral stem" software system.
Each of these subsystems is defined as an independent,
modularly designed entity.
The software system "femoral stem" was developed in
Visual Basic for Application and implemented in the
CATIA general purpose CAD / CAE software system.

matrix) containing contrasts of colors for each image pixel.
Then the matrices are filtered and pixels whose contrast
corresponds to the contrast of bone mass are separated.
The obtained array of matrices is then transformed by
using the appropriate mathematical treatment to the cloud
of points that includes external and internal geometry of
the femur. Fig. 13 shows the structure of this subsystem.

Fig. 13 Block diagram of the data acquisition subsystem

D. The Pre-processor Subsystem
The activities that define geometric parameters
necessary for the design of the femoral stem are realized in
the preprocessor subsystem of the software system. The
parameters are divided into two categories: global, (or
reference parameters) necessary to define the dimensions
and position of the femoral stem after surgery and local,
defining the geometry and dimensions of individual
modules of the endoprosthesis.
Fig. 12 Block diagram of the "femoral stem" software system

C. The subsystem for data acquisition
Design of total hip endoprosthesis by the
measurements of the specific patient assumes definition of
a large number of geometrical parameters determined by
the shape and dimensions of the femur. Therefore, the
initial step in the design process consists of a series of
preparatory activities among which the most important are
reception and processing of digital images from diagnostic
devices.
Diagnostic images of affected limbs usually come from
tomographic equipment (CT and MRI) and, as such,
represent a series of digital images of the cross-sections of
the recorded object in DICOM format (which, in addition
to the individual raster images, contains additional
information about the shooting parameters and the patient).
The processing of digital images involves several steps
that are used for the analysis of each cross-section image,
where only the pixels which in this case correspond to the
bone mass are selected. In the developed version of this
subsystem, the initial DICOM image is converted into a
series of matrices (each extremity image represents a

Reference Geometric Values of the Model
The establishment of a computerized model of the
femoral stem is based on a series of geometrical
parameters that are used in the previous period to
determine the size and shape of the body prosthesis. These,
reference, geometrical sizes are determined by analyzing
the external geometry of the femur. In the coronal plane
are determined the following values (Figure 14):
• Position the center of the origin of the femoral stem in
the femur, located at the minimal cross-sectional area
of the femur,
• The axis of the femoral stem - A, which is based on the
anatomical axis of the femur,
• The position of the endoprosthesis head – B,
• Endoprosthesis neck angle - C, which is the angle
between the axis of the neck and anatomical axis of the
femur,
• The distance between the position of the head and the
axis of the endoprosthesis – D.
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Fig. 17 Determination of the femoral stem distal segment length
Fig. 14 Reference geometric values in the coronal plane

In the axial plane additional parameters are determined
(Fig. 15) which includes:
• Anteversion, the angle between the axis of the femoral
neck and coronal plane – α
• The position of the femoral head – G.

Fig. 15 Reference geometric values in the axial plane

These geometric values determine the position of the
femoral stem, global dimensions of certain segments of the
femoral stem and their mutual relationship. As such, they
are the basis for a detailed definition of the individual
segments.
Local geometric values of the distal segment.
The distal segment is the geometrically simplest part of
the femoral stem. It consists of a semi-spherical beginning
and a complex geometric shape which has a wedge shape
in the coronal and sagittal plane, while its cross-section has
trapezoidal shape with rounded edges. The shape of the
cross-section was chosen based on analysis of a large
number of CT images of the medullary channel of the
femur bone. Fig. 16 shows the femoral stem with crosssections that describe the shape of the distal segment.

Fig. 16 The femoral stem with characteristic cross-sections of the distal
segment

The middle segment of the femoral stem.
The geometrical shape of the middle segment of the
femoral stem is determined by the angle of the prosthesis
neck, anteversion, and the shape and dimensions of the
medullary channel of the femur.
The main function of this segment is to provide the
bond hardness between the femoral stem and the femur.
Therefore, the ideal geometry of this segment is a shape
that matches the shape of medullary channel with respect
to certain limitations imposed by operational techniques to
implement the hip prosthesis into the body. In this case
these are: the recommended thickness of the binder (bone
cement) and selection of the middle segment profile which
provides maximum stiffness...
The middle segment consists of a complex geometrical
trapezoidal shape of the cross-section with additional ribs
to increase stiffness and increase the contact area. The
geometrical shape of the middle segment is in the model
described as a complex spatial surface which is determined
by the initial profile (cross section C-C in Figure 18), the
cross-section of the femur which is located 20 mm from
the “lesser trochanter” and the final profile (cross section
D-D).

Fig. 18 The femoral stem with characteristically cross sections of the
middle segment

The proximal segment
The proximal segment of the femoral stem makes the
connection between femoral stem and the hip joint. It
consists of the (Fig. 17): body of the proximal segment
with the collar of the endoprosthesis which relies on the
femur (A), neck (B) and conic element with an inclination
1:10 (C).

The distal segment of the femoral stem is described
with relatively small number of parameters derived from
the morphological characteristics of the femur. These
include: the diameter of a semi-spherical beginning of the
distal segment, the segment length, position and geometric
parameters of cross-sections at the end of the distal
segment. Length of the distal segment is defined as the
distance from the spot where the medullary channel
constricting to the plane which is located 20 mm from the
conical bulge on the femur, called the “lesser trochanter”
(Fig. 17).
Fig. 19 Proximal segment of the femoral stem

15

The shape and dimensions of these elements are not
fully determined by the geometry of the femur, but are
influenced with the dimensions of the remaining elements
of the endoprosthesis (artificial femoral head, acetabular
cup), and are, consequently, in most cases standardized.
Because of this, the parameterization of this segment of the
endoprosthesis includes only the parameters which
determine the distance between the center of the femoral
head and the anatomical axis of the femoral stem, as well
as the type and size of the cone which is used to realize the
connection between these elements.
The process of defining the geometrical parameters
As stated in the previous text, the endoprosthesis
designs several geometric references of the femur bone are
used. The starting point from which they are defined, as
well as the beginning of the coordinate system of the
femoral stem, is a constriction point of the medullary
channel (Fig. 20).

Fig. 20 Model of the femur

The procedure for determining the required geometric
values from the model of the femur begins by automation
of the definition of the location of the femoral channel
constriction point and the axis of the femur (based on the
maximum radius of the circle inscribed in a cross-section
of the channel) and by definition of the position of
“trochanter” as reference values. Based on these values
local geometric values are determined as elements of
mathematical laws that determine the shape of individual
segments of the endoprosthesis. Block diagram of the
algorithm of this subsystem is shown in Fig. 21.

Fig. 21 Block diagram of the pre-processor subsystem algorithm

E. The Processor Subsystem
The processor software subsystem consists from a
series of program segments which have the task to define,
by combining geometric and operational parameters,
certain segments of the prosthesis body in the form of
complex geometric surfaces. Due to the large number and
complexity of the geometrical parameters defining the
shape of the distal and middle segments rational Bezier
surfaces were used. Here many years of work experience
was applied [24].
The distal segment of the femoral stem is defined in
two planes positioned at the point of constriction of the
channel and the position of 20mm from the minor
“trochanter”. For the formation of the Bezier equation,
both cross-sections were determined with six control
points placed around the femoral anatomical axis,
dependent on the shape of the cross-section of medullary
channel at that place and the way of fixing of the
endoprosthesis to the bone (with the presence of bone
cement, or without it) (Fig. 22).

16

Fig. 24 Mathematical and CAD model of the middle segment of the
femoral stem

Fig. 22 Block diagram of the pre-processor subsystem algorithm

The equation (1) describes the mathematical curve
surface of the distal segment of the femoral stem.
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The last, proximal, segment is standardized geometric
entity consisting of three simple geometric shapes, so that
its dimensions are selected from the appropriate database
of the developed software system, with necessary
adjustment of the surface used in connection with the rest
of the prosthesis (Fig. 25).

(1)

ij

Where the elements of the surface are determined by
control points (Pi and PJ) Berstein polynomial Bi (t) and Bj
(t) (where t[0, 1]) and by the weighting coefficient wi,j.
Fig. 23 presents the mathematical description of the
distal segment of prosthesis based on Bezier curves, as
well as the CAD model obtained using by the "femoral
stem" software system.
Fig. 25 CAD model of the proximal segment of the femoral stem

F. The Post-Processor Subsystem
The post-processor subsystem is designed to complete
the model of the femoral stem by defining an "assembly"
of the pre-defined segments. This procedure is
implemented in an automated cycle in which the femoral
stem segments connected, considering relevant geometric
constraints on surfaces planned for this (Fig. 26).

Fig. 23 Mathematical and CAD model of the distal segment of the
endoprosthesis body

By using a similar methodology, the middle segment
of the endoprosthesis body was defined. Due to a slightly
higher number of parameters of influence (such as the
femoral neck angle, anteversion, etc..) and more complex
form, this segment is defined in three planes (20mm above
and below lesser “trochanter” and the plane where extend
is leaned), while the profile is described in 8 points. The
equation (2) defines a rational Bezier surface describing
the middle segment of the endoprosthesis body.
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In Fig. 24 a mathematically defined middle segment of
the endoprosthesis is shown, as well as the CAD model
obtained by the "femoral stem" software system.
Fig. 26 Block diagram of the algorithm for post-processor subsystems

In this way a volumetric model of the femoral stem is
obtained which is the basis for the shape optimization
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using CAE software systems and manufacturing
technologies using CAM software systems. Fig. 27 shows
the CAD model of the femoral stem.

Fig. 27 CAD model of the femoral stem

G. An example of forming of a computer model of femoral
stem
In order to verify the developed software system and
further improvement of the total hip endoprosthesis design
process, a femoral stem was designed for a specific femur.
To reconstruct the geometry of the femur a CT image
obtained using the Siemens SOMATOM Sansation device
16 was used , with a resolution of 512x512 pixels/inch and
the distance between the recording layers of 2 [mm].
By using the "femoral stem" software system a data
acquisition was carried out and a model of the hip femoral
stem was defined, with a complex middle segment (where
reinforcing ribs were present), with no anteversion angle.
Fig. 28 presents a model of the femur with a femoral stem
specifically designed for that specific femur.

Fig. 29 Discretized model of the femoral stem of the hip joint

A. Static analysis of the femoral stem model
To perform the static analysis of the hip prosthesis the
characteristics of the material from which it is made were
adopted. In the case of body prosthesis mostly a superalloy
material Co-Cr-Mo (ISO 5832/IV 1978) is mostly used,
which is treated in FEM analysis as linear isotropic
material whose mechanical properties are shown in Table
1.
TABLE I MECHANICAL CHARACTERISTICS OF THE
MATERIAL

Fig. 28 Model of the femur with built-in femoral stem

Endoprosthesis defined in this way is, by the size and shape,
comparable to actual endoprostheses present on the market.

V. VERIFICATION OF THE FEMORAL STEM
MODEL
One of the stages in the development of femur femoral
stem according to the characteristics of the specific patient
is the simulation of its behavior in exploitation conditions.
It is the basis for the optimization of solution according to
different criteria. Volumetric model of the joint of the
femoral stem obtained in the previous stage is discretized
by using finite element analysis, which provided, for the
specific case, a mesh consisting of 4056 elements and
20340 nodes (Fig. 29).
For analysis the finite element of type isoparametric
tetrahedron was used, which has 10 nodes and each node
has three degrees of freedom.

Material

Modulus of
elasticity
[MPa]

Poisson
ratio

Stress flow
boundary
[MPa]

Co-Cr-Mo

211

0,33

720

Using the discretized model of the femoral stem
several analyses can be made, of which the most
commonly used is the static analysis [17], [18], [19]. The
optimization process was done based on: static analysis
(for the simulation of the impact of the angle of the
resultant force on the static behavior of the hip femoral
stem) and analysis of the exploitation life of the prosthesis
body.
To ensure proper simulation of exploitation conditions,
an analysis of the forces and constraints of biomechanical
human locomotion system was performed [17]. As
previously shown, the distal part of the prosthesis provides
the positioning of the prosthesis in modular part of the
femur. In orthopedic practice, the femoral stem is placed
in the femur so that the resultant force is acting at an angle
of 20° to the sagittal plane (Figure 28). However, due to
poor implementation this angle of placement of prosthesis
may be lower, which changes the intensity of the stresses
at critical cross sections of the femoral stem. For the
analysis of the behavior for static load, the resultant force
of 4000 N acting on the frontal surface of the conical
element proximal femoral stem at an angle α [20], [21]
(Figure 30a) was utilized, which is altered for better results
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in range of 15° to 20°. The distal part of the prosthesis was
limited by subtracting the three translational degrees of
freedom. Incarceration of the femoral stem is achieved
through the distal segment, in the most disadvantaged
position, for the case where bone cement establishes a
connection over a partial segment of the surface [22].
Height of fixation is selected based on clinical experience
and is about a third of the total body height of the
endoprosthesis.

19
20

377.7
359.4

B. Analysis of the exploitation life of the endoprosthesis
The main objective of implementation of the
endoprosthesis is a return of the function to the diseased
organ for a longer period of time. Therefore, the design of
endoprosthesis for the specific patient must also include
the exploitation time. The life time of the prosthesis is
determined on the basis of the stresses obtained by the
static analysis for different angles of the load. To
determine the measured material fatigue, S-N curves for
cobalt-chromium alloy were used, which show the fatigue
properties of a stress compared to the number of cycles.
Life of the prosthesis failure is determined based on
Soderbeg theory of failure. Failure analyzes were
performed in accordance with an infinite life span of
N=109 cycles. The minimal safety factor is calculated for a
femoral stem at the effect of static loads described in the
previous chapter. Life of failure and a minimal safety
factor are shown in Table 3.
TABLE III MINIMAL SAFETY FACTOR AND LIFE OF
ENDOPROSTHESIS SHOWN IN CYCLES FOR DIFFERENT LOAD
ANGLES

Fig. 30 The load direction: a) in real conditions; b) X-ray image of the
built in hip; c) during static analysis

The obtained Von-Misses stresses are shown on Fig.
31 in dependency on the angle of the resultant force.

Fig. 31 Equivalent Van-Misses stresses

At this stage of the analysis is important to note the
maximum equivalent stresses on the femoral stem and
compare them with the boundary stress flow of materials
[23]. Calculated maximal equivalent stresses (as shown in
Table 2) are significantly lower than the stress flow of
cobalt-chromium alloy given in Table 1. It was concluded
that change of the angle of the load action will not result in
exceeding the maximum allowable stress for a given
material of the endoprosthesis of the hip joint, but the
effect of reducing the load angle increases the stress at the
critical cross section of the endoprosthesis.
TABLE II MAXIMAL EQUIVALENT VAN-MISSES STRESSES
Load
angle [α°]

Maximal equivalent VanMisses stress σekv [MPa]

15
16
17
18

449.5
431.7
413.8
395.8

[α°]
15
16
17
18
19
20

Min. safety
factor
1,08
1,18
1,34
1,67
1,98
2,01

Life of failure ×106
cycles
9
13
15
17
19
23

According to literature, the projected life of the
endoprosthesis is 15 million cycles, which corresponds to
the period of 15 years [24]. Analyzes show that the
exploitation of the prosthesis is 23 × 106 cycles or 23 years,
for the properly defined load angle. From table 2, one can
conclude that changing the angle of the load from 17 to 20
degrees affects the life of the prosthesis replacing it with
15 to 23 × 106 cycles, or from 15 to 23 years, which
corresponds to literature data [24]. But, when the angle of
the load is less than 17 degrees, the exploitation life is
reduced to 13 or 9 × 106 cycles (i.e., 13 or 9 years). Based
on this, one can conclude that change of the angle of the
load does not result in increase of the stress over the stress
flow, but significantly affects the life of the endoprosthesis.
VI. EXPERIMENTAL VERIFICATION OF THE
RESULTS
For the purpose of experimental verification of the
characteristics of the developed femoral stem and analysis
of its behavior from the standpoint of static loads and
exploitation life, a physical prototype of the adopted
solution was made. By using this prototype, two types of
static analysis and analysis of femoral stem exploitation
life were analyzed.
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The analysis of the exploitation life of the femoral stem
was realized by using a high frequency hydraulic pulsator,
installed at the Department of Production Engineering,
Faculty of Technical Sciences in Novi Sad. The prototype
was subjected to one-way dynamic variable load. The
number of cycles used in testing corresponded to the
anticipated exploitation life of the endoprosthesis, i.e. 15 ×
106 cycles.
To realize the experiment, femoral stem was fixed
distally in the lower part, up to about 1/3 of its height (as
in computer analysis), anchored and poured into a plastic
mass (Fig. 32). The position of the femoral stem was
positioned similarly to the position in real situations, i.e. to
the position in the human body (angle of 20 °).

Fig. 33 The position of the poured femoral stem for the experimental
research

The second part of the experimental research was the
maximum analyze stress that can occur on the femoral
stem. Stress measurement was performed using strain
gages LY 1x 3/120 produced by HBM, that are placed on
the middle segment of the femoral stem in areas where the
maximum stress occurrence was expected (Fig. 34).

Fig. 32 Schematic view of the position of the poured femoral stem for the
experimental research

The femoral stem was exposed to load which was a
one-way variable force acting vertically (Figure 30). The
maximum force to which the prototype was subjected was
Pmax=4000 (N) and the minimum was Pmin=400 400 (N)
such that the average power load was Psr.=. =2200 (N),
which means that the force amplitude was 3600 (N). The
action direction of the maximal load was determined based
on the analysis of decomposition of forces in the hip joint
and the direction of the resultant force.
The frequency of the force to which the endoprosthesis
was exposed to during testing was 2-200 Hz. After the
experiment, in which the number of cycles greater than 15
× 106 was finished, was not detected occurrence of the
deformation or surface cracks on the femoral stem. Figure
33 shows the equipment for testing of the endoprosthesis
life, on which the experiment was, realized [24].

Fig. 34 The position of the poured femoral stem for the experimental
stress measurement

The detection and storage of the measured data of the
stress change caused by deformation of the femoral stem
was done by using the appropriate data acquisition devices.
Based on measurements a diagram was obtained (Fig.
35), which shows that the stress on the dorsal surface, the
critical cross section, increases linearly as load is increased,
while on lateral sides there is almost negligible change in
stress, which corresponds to the stress state of the model
obtained using FEA methods.
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Fig. 35 The position of the poured femoral stem for the experimental
research

Conversion of measured results to stresses that occur
in the femoral stem the value of σ = 420 [MPa] was
obtained, which corresponds to the results from the FEA
analysis.
Results for the exploitation life of the femoral stem and
stresses that occur correspond to the results obtained by
computer analysis using the finite element method.
VII.
CONCLUSIONS
Based on a number of studies in recent years which
were carried out in the world, one can conclude that there
is a tendency towards the development of endoprosthetical
aids adjusted to the specific patient [1]. The present level
of development of diagnostic tools and software systems
for product development allow partial automation of all
stages of development of endoprostheses.
In this paper the developed general computer model of
the femoral stem designed to provide adaptation of the
endoprosthesis to the measures of the patient is presented,
as well as the process of determination of the geometrical
parameters necessary to define the femoral stem using
computer reconstruction of the geometry of the femur and
the methods of analysis of the femur in exploitation
conditions. For the purpose of improvement of the
endoprosthesis development process a software system
"femoral stem" was developed, which automates most of
this process. Results obtained by experimental tests of
physical models built on the basis of the described
procedure for the specific femur indicate a good selection
of geometric parameters and the results confirm the results
of the theoretical analysis.
The process of development of the femoral stem
described in this paper includes a combination of three
groups of methods (bone reconstruction based on
tomographic images, endoprosthesis design by introducing
a general mathematical model of the endoprosthesis with
the use of the programming system for partial automation
of the femoral stem design process and analysis by FEM
methods) that are developed independently. Thus the
directions of further research can be seen through their
individual development, or through the integrated process
of the endoprosthesis development. Methods of
reconstruction of the femur (and other elements of the
skeletal system) and the definition of its geometrical

properties are a set of standardized activities that can be
almost completely automated by using VTK libraries and
by upgrading of the CAD system [23]. Development of the
computer based model of the endoprosthesis can also be
automated through integration of the software to define the
characteristic parameters, leaving the designer only the
key decisions depending on additional requirements
related to the implementation procedure of the
endoprosthesis. Software systems for data analysis allow
automation of the shape and mass optimization for the
endoprosthesis by using a feedback system between
software systems and allow correction of the parameters
corresponding to the geometric model of prosthesis prior
to its production.
By applying the presented methods for development of
endoprostheses and their further automation, the time for
development and making of the endoprosthesis according
to the measures of the patient can be greatly decreased,
which significantly influences reduction of the price of
these aids.
In addition to the presented development of the hip
endoprosthesis tailored to the measures of a specific
patient, the further development direction can also be the
introduction of the concept of modular construction in
development and production of these aids [26].
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