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Abstract

In this paper, we present a three-dimensional mathematical model for a normal hip joint. The three-dimensional finite element model has
been constructed based on Computer Tomograph scans of the bones. The obtained 3D model is studied using the finite element method,
taking into consideration the real structure of the bone and the mechanical characteristics of cortical and spongy. The FE model of hip joint,
the material properties used to simulate the behavior of the cortical and trabecular bone (of femur and coxal bone) and the cartilage, as
well as the boundary conditions are presented. The distribution map of the axial and global movements on the global model and the
distribution map of the axial and von Misses strain in the cartilaginous surface of the femur are presented.
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=& Introduction

Once with the continuous progress of computers
technology, graphical and mathematical models have
been used more and more in clinical applications.
We have used the finite element method in order to
virtually represent the hip joint and to study the
biodynamic and loads that act on it. We have also
tried to link the stress and strain state of the articular
surfaces and the forces developed in the muscle
structures with the hip pain. And, from another point
of view, the study of stress and strain state in the
hip joint might prove to be helpful in a preoperative
planning (ex. when we have to choose between
two types of surgical interventions — hip arthroplasty or
osteotomy) [1-3].

A virtual study method of forces that act in the hip
joint is the finite element method (FEM), which is based
on the Newtonian correlation principles of surfaces that
make contact [4—7].

The FEM method was introduced for the first time in
1972 when stress forces that act in human body bones
were studied. Since then, the method continued to be
used more and more frequently, nowadays being used
especially in medical engineering to adapt and to
evaluate the endoprostheses [8—15].

FEM is a mathematical method, frequently used
in engineering for biomechanics or structural analysis
[5, 10, 15-17].

& Material and Methods

For the theoretical study, FEM was used in the follo-
wing situation: a normal right hip in one leg standing
position, supporting the whole body weight. The hip is
subjected to a vertical force of 500 N (equivalent of
60 kg body weight). The main purpose was to determine
axial (tensile and compressive) and equivalent strain
distribution in the articular cartilage of acetabulum and
femoral head. The axial and global displacements of the
femur and coxal bone were evaluated.

It was generated a three-dimensional mathematical
model for a normal hip joint.

Material

In this study, we have used the normal femur and
coxal bone geometry and finite element models generated
and thoroughly described in previous papers [16, 17].

We have taken into consideration the real structure
of the human bone. We know that the bone is one of the
most important natural composite materials. The body
of the femur bone is formed by a compact bone tissue
cylinder all pierced by a central channel called the
medullar channel. The ends of the bone are formed by a
thin layer made outside by a compact bone substance,
and inside by a spongy mass. The mathematical model
of the coxal bone was imported and improved by a
delimitation of cortical (variable in thickness) and
cancellous bone.
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Methods

In order to use FEM it is necessary to follow three
stages:

Stage I - Generate the finite element model

In this stage (also known as “Finite Element Model”),
with the help of finite element programs available
(ANSYS in this study), the geometry of each compo-
nent is approximated using hexahedron bodies (finite
elements), connected by nodes placed in hexahedrons
corners. Different attributes were assigned to the hexa-
hedron bodies corresponding to the studied materials,
thus obtaining a three-dimensional mathematical model
in which we know the three-dimensional position of
every node, the geometric characteristics of each finite
element (area, volume, mass) and also the stiffness or
elasticity of all the components.

Stage Il - Applying the loads and known suppor-
ting conditions in the real case

This stage is known as ,.boundary conditions” and
consists of known forces and the corresponding appli-
cation points and known restrained degrees of freedom
of the nodes where the structure is sustained. Once these
boundary conditions are applied, the mathematical model
can be solved.

Stage Ill - Processing the results

In this stage, the gathered results (type and distribu-
tion of displacements, stresses and strains) are visua-
lized in maps with different colors, graphical shapes or
lists (tables).

Data processing

The FE model of hip joint, the material properties
used to simulate the behavior of the cortical and trabe-
cular bone (of femur and coxal bone) and the cartilage,
as well as the boundary conditions applied will be com-
prehensively presented.

The finite element model
The finite element model of normal hip joint

The finite element model of right acetabulum and
right femoral head in which we have introduced the
material characteristics such as cortical and trabecular
bone and articular cartilage is shown in Figure 1
(a and b). The whole FE model contains 135 724
elements and 156 614 nodes. The acetabulum and the
femoral head are positioned in such manner that the
cartilage surfaces are in contact as shown in Figure 2.
This relative position of the femur and coxal bone was
obtained considering the values of the specific joint
angles as shown in Figures 3 (a and b) and in Table 1.

The gluteus medius muscle is simulated with a
spring element type. The insertion points of the muscle
on iliac bone and femur near the tip of greater trochanter
are shown in Figure 4. The material properties used are
shown in Table 2.

The finite element model of the right coxal bone was
appreciated at 48 mm in diameter of the acetabular area
(Figure 5). Different material characteristics for cortical
and trabecular bone were introduced.

(b)

Figure 1 — (a) The finite element model for right ace-
tabulum and articular cartilage — front and profile
view (cross-section). (b) The finite element model of
right femur with the femoral head and articular
cartilage — profile, front, oblique and back view.

Femoral head
cartilage

Figure 2 — Finite element model for right hip joint
(cartilaginous surfaces of acetabulum and femoral
head). Relative view, firont and profile (cross-
section).
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.

(b)
Figure 3 — (a) Finite element model of right hip joint
— front and profile view (cross-section). (b) Finite
element model of right hip joint — upper view (cross-
section).

Table 1 — Hip joint specific angles

Angle Value [degree] Miscellaneous

CCD 130

DCV ~8.2

VCE ~32

HTE -2 In standing position, the angle is less

than 10 degrees.

HCC’ 16

Figure 4 — Finite element model of the right hip joint
with simulation of gluteus medius muscle — profile
and front view.

Table 2 — Material properties

Young

No. Component Material modulus Po'ss.on’s
[MPa] ratio
1. Cortical bone 17000 0.2
2. Femur Trabecular bone 1000 0.24
3. Cartilage 105 0.45
4. Cortical bone 11300 0.3
"5 Coxal bone Trabecular bone 800 0.2
6. Cartilage 105 0.45

Figure 5 — The finite element model for right hemi-
pelvis — profile and front view.

Boundary conditions

The boundary conditions applied in this study are
shown in Figure 6 and consist of:

1. Loads:

=in all the nodes located at zone A (sacro-iliac
joint), a total vertical load of P =500 N is applied;

* in gluteus medius muscle a force FM = 1.6XP =
800 N is applied [18].

2. Restraints:

= all the nodes located in zone A were restrained
for two degrees of freedom, translation along X- and
Y-axes (Ux=Uy=0);

= all the nodes located at zone B (pubic symphysis)
were forced not to move along Y-axis (Uy=0);

=the node that simulates the knee joint was
considered fixed, the femur can rotate only about X-axis
(direction of movement).

Zone A
UX=UY=0

l

P=500 N

FM=1.6P

Figure 6 — Finite element model
of the right hip joint with simu-
lation of gluteus medius muscle
— profile and front view.

o
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=& Results and Discussion

The results gathered, especially the results concer-
ning the femoral head and its cartilaginous surface, will
be emphasized. The results were obtained using the
von Misses theory. The values are presented in [mm]
for axial and global movements. On the value scale, the
higher values are indicated by red color and the lower
values are indicated by blue color. The values increase
from blue to red.

The calculated results are:

= axial and global movements on the global model
(Figures 7-10);

= axial and von Misses strain in the cartilaginous
surface of the femur (Figures 11-14).

1 ANSYS 11.0
NODAL SOLUTION
STEP=1
SUB =1
TIME=500
ux (ave)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =1.7
SMN =-.336E-03
SMX =1.542
- 336E-03
B 096043
192422
B 240611
33699
Bl 38510
B - 481559
Wl 529748
Bl 26127
Bl 574317
Bl 770696
567075
Bl 915264
g i.012
m L.06
B 1156
- O 1.20¢
b7 5 CJ i.301
B 1.349
‘z 3 1445
Bl 1542

Figure 7 — Axial movements (X-axis) in right hip
[mm] — profile and front view.
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Figure 8 — Axial movements (Y-axis) in right hip
joint [mm] — profile and front view.
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Figure 10 — Global movements in right hip [mm] —

profile and front view.
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Figure 11 — Axial strains (along X-axis) of cartilage-
nous surfaces (right femur) — oblique view.
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Figure 12 — Axial strains (along Y-axis) of cartilage-

nous surfaces (right femur) — oblique view.
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Figure 9 — Axial movements (Z-axis) in

joint [mm] — profile and front view.
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Figure 13 — Axial strains (along Z-axis) of cartilage-

nous surfaces (right femur) — oblique view.
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Figure 14 — Von Misses strain in cartilaginous surfa-
ces (right femur) — oblique views.

The maximal strain in the joint, standing on one leg,
is at the antero-superior region of the femoral head.

By examining the equivalent and axial strains of
the femoral head cartilage it can be noticed that
their distribution on Z-axis is almost identical to what
was noticed on a real femoral head from a patient
who suffered a hip arthroplasty (Figures 13 and 14).
The maximum axial strain is -0.064 (6.4%) and corres-
ponds mainly to a compression load along Z-axis (see
Figure 13). The maximum equivalent strain is 7.65%
and occurs in the inferior region of the femoral head due
to a compressive combined load along all three axes.

= Conclusions

The distribution of equivalent strain explains the
presence of osteophytes on the femoral head because
the compression stresses mainly act after Z-axis (main
direction). In time, this stressed area wears out, the sup-
port capacity of the cartilage in this area (emphasized
in Figure 13) diminishes, and osteophytes appear in
the inferior region of the femoral head (as shown in
Figure 14) as a normal reaction of organism that grows
bone in the stressed areas. This also proves that:

= By FEM we show the changes in structure of carti-
lage and subchondral bone of the femoral head, also
shown by a histological macroscopic examination of the
femoral head.

* FEM is a non-invasive study method, useful and
secure, that can be successfully used in any surgical
branch, including orthopedics.

* FEM must be considered as one of the methods
useful in a preoperative planning.

* FEM or any other statistical method must be
improved in order to more accurate appreciate the real
human joint and the lesions that occur at this level and
also improved software and hardware might be helpful
to mathematically represent and study the modification
of the human joint in dynamics.
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