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Abstract— During hip replacement procedure femoral head
is removed and instead of it implant is inserted into the
hollow femur. When an implant is inserted into the
fractured bone the healing process starts to happen, which
means that the newly formed bone interlocks with the
inserted implant. Interlocking capacity is commonly
analyzed using in vivo experiments, and only several papers
have information on numerical approach. The goal of this
study was to use the numerical approach to analyze the
interlocking capacity of the modified hip implant surface.
Numerical approach included implementation of the finite
element method (FEM) for simulation of the interlocking
capacity of modified surface topographies in the titanium
alloys (Ti-6Al-4V) implants. Analyzed topographies were
produced by the electron beam (EB) technique on the
surface of the titanium alloy. The structures were analyzed
by infinite focus microscopy and exported as a 3D profile for
the application of the finite element method. The biggest
advantage of this approach is that it can provide
information about different types of topographies under a
wide range of loading conditions before needing to insert an
implant into an animal.

I. INTRODUCTION
The hip is a ball-and-socket joint between the upper end
of the femur and the pelvis. It connects the lower and
upper parts of the body, while bearing loads up to 5 times
of bodyweight [1]. Also, the joint provides stability during
daily activities (e.g. walking, running, etc.). The geometry
of the hip allows rotation in all directions while muscles
provide with forces that are needed for joint movement
and help with stability [2].
Human life expectancy has been increasing in the last
decades. With aging we are facing lot of health
challenges. Some of those, such as arthritis causes
disability and chronic hip pain. In those situations, hip
replacement surgery is necessary. Hip replacement
surgery is one of the most successful procedures that
restores patient mobility. Also, it is a procedure with a
minimum rate of early complication while providing
immense improvement to the quality of life [3]. It is
performed when bone and cartilage need to be removed as
a result of a degenerative process or a trauma to a hip

joint. In those situations, bone and cartilage are replaced
with artificial joint.
The femoral head that is damaged is removed and is
replaced with a metal stem that is inserted in the center of
the femoral bone. On the upper part of the stem, a ball
(ceramic or metal) is added so that it can replace removed
damaged femoral head. Cartilage that is damaged is
removed as well, and instead a metal socket is placed. In
the end a spacer (metal, plastic or ceramic) is inserted
between the socket and the ball in order to provide better
movements.
When an implant is inserted into the fractured bone, the
healing process starts to happen. This healing process is
similar to primary bone healing. Osseointegration is a
direct functional connection between bone and inserted
implant. After the osseintegration is established, along the
fixture surface cortical bone is formed [4]. One method to
improve mechanical interlocking between bone and
implant and enhance osseintegration is to use implant that
has rough surface [5, 6]. The fixation of osseointegrated
implants depends on the mechanical interlocking [7].
Interlocking capacity is commonly analyzed using in
vivo experiments, and not many papers deal with
numerical approach. Results from the in vivo studies
indicate that increased surface roughness of cylindrical
implants leads to increased interfacial shear strength [8].
Effect of surface texturing of orthopedic implants has
been experimentally investigated in previous years. Ito et
al. [9] have investigated possibility of polyethylene wear
reduction by forming concave dimples on the surface of
the metal femoral head while Zhou et al. [10] analyzed
influence of concave dimples on the metallic counterface
on the wear of ultra-high molecular weight polyethylene.
Effect of surface texturing on the elastohydrodynamic
lubrication analysis of metal-on-metal hip implants was
analyzed by Gao et al. [11].
Mathematical model presented in [7], showed that
rough surface led to increase in interfacial shear strength.
One of the papers with numerical approach [5], showed a
shear stress distribution for a non-resorbable fibrereinforced composites during static load while bone and
implant were rigidly bonded. Improved approach can be
seen in [6], where better boundary conditions and
geometry were used.

The goal of the present study was to obtain stress values
for the modified hip implant surface using finite element
method and use these values for assessment of
interlocking capacity. This approach has been used in
design and analysis of orthopedic devices, as this
approach complements experimental work and can
provide information that cannot be obtained from
experiments.
The rest of the paper is organized as follows. The
surface modification and explanation of the model used
for finite element method are included in the part II. Part
III covers obtained results while conclusion is given in
part IV.
II.

Next step in model creation included manually adding
previously created and exported modified surface on top
of the implant (Fig. 3).

MATERIALS & METHODS

A. Electron Beam Technique
Modified surface topographies were produced by highly
energetic electron beam (EB) technique on the surface of
the titanium alloy (Ti6Al4V). Modification was performed
using an electron beam welding (EBW) machine, model
Probeam EBG 45-150 K14. Sample plates had dimensions
15 × 15 × 2 mm3. This technique was successfully applied
for titanium alloys structuring for biomedical application
[12].
Created surface was analyzed using Alicona Infinite
Focus microscope. The modified surface had to be
exported as a 3D profile in order to use it for Finite
Element Analysis. This was done with special focus
variation technique. Acquired surface is shown in Fig. 1.

Figure 1. EB Structuring of Ti-6Al-4V with a square array with 100
arms each figure.

B. Finite Element Analysis
In order to carry out computational simulations of boneimplant interaction, the finite element models of implant
and bone were modeled. The created three-dimensional
model (Fig. 2) had four layers. The layers were created
using a computer aided design (CAD) software. Each
layer was exported from CAD software as .stp file in order
to use it for mesh creation. Surface mesh was
automatically generated and manually refined in order to
improve mesh quality and reduce sharped triangular
elements. Models created in CAD software had smooth
surface.

Figure 2. Created three-dimensional model

Modified surface was added to the end of the implant
and its position will be of interest in future studies.

Figure 3. Implant (layer 1) after manually adding modified surface
from Fig 1.

The implant surface (layer 1 – Fig. 2) was in contact
with the very thin layer of the bone tissue with highly
reduced mechanical strength (layer 2), followed by layer
of the bone with the slightly reduced mechanical strength
(layer 3). The last layer represented a healthy cortical
femur bone (layer 4). Bone layers were modeled only to
cover part of the implant where rough surface was added.
The rest of the implant has smooth surface and it is of no
interest at the moment.
This model consisted of 146453 nodes and 667527
tetrahedral elements.
Materials used for these calculations are considered to
be homogenous, linear elastic and isotropic. Material
properties (Young’s modulus and Poisson’s ratio) for all
layers were gathered from the literature. Values are shown

in Table 1. Titanium Alloy (Ti-6Al-4V) was chosen for
implant material. Although material properties of bones,
especially cancellous bone, are really complex, due to the
computer constraints we had to consider all the bones to
be homogenous, linear elastic and isotropic. This was
done in order to obtain results in less time. In future
studies we will use improved bone material properties.
TABLE I.
MATERIAL PROPERTIES – LAYERS 1, 2 AND 4.

Layer 1
Layer 2
Layer 3
Layer 4

Young’s
modulus [GPa]
109
0.02
10
16.7

Poisson’s
ratio
0.34
0.3
0.3
0.3

Reference
[13]
[14]
[14]
[14]

Applied boundary conditions included load and several
constraints. For load we have used maximum force value
on the hip joint during the gait cycle. This value depends
on a patient and for this analysis we have chosen the
average weight of 70kg.
Applied constraints were adapted from paper [6], while
taking into consideration the difference in model axis. The
upper surface of layer 4 was fixed, while the sides of the
implant were only allowed to move in x direction (locked
in y and z direction) and lower surface of the implant was
locked in the z direction. All other elements were allowed
to move in all three directions.
Micro motions can occur between bone and implant.
These motions can cause wear of the material. In order to
simulate this accurately we have defined friction
coefficient between layers 1 and 2. We have used friction
coefficient of 0.39 obtained from the experimental study
where tribological behavior of Ti6Al4V was investigated
against cow bone [14]. The contact between other layers
was considered to be glued.
After models were created and material properties and
boundary conditions applied we were able to perform
numerical simulations. Simulation was performed in order
to analyze healing process.
III. RESULTS & DISCUSSION
Results depend on the quality of the created 3D model,
elements, material properties and boundary conditions.
Fig 4. shows the von Mises stress distribution for the
modified surface.

Figure 4. von Mises stress distribution for the modified surface.

It can be noticed that modified surface has no effect on
the von Mises stress values of the surrounding structure.
In the Fig. 4 there were several small areas (marked with
black circles) with high stress values, up to 545 MPa. The
reason for this was that modified surface was additionally
added to the implant surface, which led to several
elements with bad quality. As it can be seen these areas
were on the edges of the surfaces and have not been
changed as we wanted to keep profile the way it was
exported.
If these areas are not taken into consideration, as they
are most likely result of manual combining of implant
model with modified surface mesh, the highest value was
around 220 MPa. This value was calculated in the area
represented by white square (Fig. 4).
Fig. 5 shows the contact pressure for the modified
surface.

Figure 5. Contact pressure for the modified surface.

Again, it can be noticed that modified surface has no
effect on the results of the surrounding structure. As with
the previous case, the same areas have higher contact
pressure values (up to 287 MPa) compared to the rest of
the modified surface. The highest value for the contact
pressure (white circle in Fig. 5) was around 205 MPa. It is
important to notice that the left half of the surface had
higher contact pressure values compared to the right half.
This will be further analyzed.
A few papers have analyzed surface modification using
FEM. It is hard to compare results as this modified surface
is very complex. We were able to compare von Mises
stress values outside of our modified surface. Fouad [16]
had tried to predict stress of the bone fracture. Values he
obtained for von Mises stress at fracture site at 1% healing
(corresponds to our layer 2) was slightly higher compared
to our values in layer 2. We had obtained about 2.3 MPa
(outside of the modified surface), while he obtained 2.7
MPa. However, von Mises stress values in the area that
was in the contact with modified surface showed
significantly higher stress values, up to 130 MPa. These
values require running more simulation using different
boundary conditions in order to better understand it.
Obtained shear stress was significantly higher in the
area of modified surface compared with smooth implant
area. It is in range from 1 MPa (smooth area) to 100 MPa
(modified surface). According to Mattila et al [5], shear
stresses at the implant-bone interface should be minimized
in order to promote bone ingrowth.

In order to improve interlocking capacity, we need to
reduce shear stresses. There are several ways in which we
can improve obtained results. First step will be to refine
mesh near the edges of modified surface in order to reduce
stress values. Friction coefficient value is also parameter
that can be further analyzed as well as different boundary
conditions combined with more accurate representation of
material properties. Beside these parameters we also plan
to analyze how multiple modified surfaces instead of one
(presented in this paper) influence stress distribution.
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