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Abstract

In the real life, the leg and its skeleton are supposed at the most diverse stresses. It is known that the human bone is one of the most
important natural composite materials. The paper presents a method of study and the steps to obtain the virtual bones of the human body,
method applied to tibia bone. For that purpose was used a CAD parametric software which permits to define models with a high level of
complexity. To obtain the bone cross sections of the tibia bone a Computer Tomograph was used. 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, and we can obtain the stresses distribution for different solicitations.
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= Introduction

The research theme, presented in this paper, it was a
part of a large subject of study, which attracts the
knowledge from different fields (anatomy, surgical
techniques, orthopedics, mechanics, bio-mechanisms,
computer science, technical graphics, and computer-
aided design).

The subject of this paper permits the cooperation
between many researchers which activate in different
fields and which have the capacity to develop
informational methods and technologies to solve
difficult problems given by the complexity of the
scientifically target.

The knee joint is an important joint from the human
locomotion system and it is composed of bones,
ligaments, tendons and cartilages. From such reason,
scientifically studies are very difficult to realize because
the knee is the most complex joint in the human body,
almost they are made in a statically system.

The knee has ligaments, tendons, bones, menisci and
cartilages like the main components (Figure 1).

A number of risk factors for stress fracture have
been identified including physical fitness, external hip
rotation, body height and weight, age, race, gender,
muscle mass, motivation, footwear, smoking, and
family history of osteoporosis [1-3].

One of the best predictors of stress fracture risk is
bone geometry. Specifically, having a narrow (i.e., more
slender) tibia relative to body mass has been shown to
be a major predictor of stress fracture risk and fragility
in male military recruits, and male athletes [1, 4—6].

Stress fractures may be pronounced in individuals
with more slender bones because smaller bone size is
thought to lead to higher tissue-level stresses and thus
increased damage accumulation [1, 2].

However, this postulate is based on the assumption
that all bones are constructed in equivalent manners,
and the contribution of variable tissue-level mechanical
properties to stress fracture incidence has not been
explored. Stress fractures have been reported in the ribs,
hip, pine, and metatarsals, but vigorous weight-bearing
activities, such as running and jogging, commonly lead
to stress fractures of the lower extremities, especially
the tibia [5].

Mineral content has been shown to be positively
correlated with tissue stiffness and strength [7].

The geometry's and mechanical properties' natural
variability of the bone system from one to the other is a
big problem which makes real difficulties in the
biomechanical researches [8—10].

Biological processes that attempt to repair the
damage may further weaken the tissue because
the increased resorption results in increased tissue
porosity [11, 12].

The dimensions, form, mechanical properties, elastic
constants, physical constants of the bone are different
from one to the other. They depend on: age, sex, height,
profession etc. [13, 14].

The geometrical aspects of the bone systems
modeling are dominated by the necessity of using some
spatial models because most of the bone elements have
complicated geometrical forms in space.

=& Material and methods

To obtain the bone cross sections was used a
PHILIPS AURA Computer Tomograph installed in the
Emergency County Hospital of Craiova (Figure 2) has
been used. We have used tibia bones from dead persons,
kept in the Laboratory of Anatomy from the University
of Medicine and Pharmacy of Craiova.
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To obtain the tomography of the tibia bone for the
ends of the bone the scanning operation was made at the
distances of 1 mm and for the medial areas at the
distances of 3 mm.

To have the possibility to report the next 3D model
to a fixed coordinate system and to respect a correct
representation scale, the bone was scanned with a
plastic bar with known dimensions.

= Results

In Figure 3 are presented four important images of
the upper tibia which shown the shape changes of the
bone. In that area were analyzed 135 images.

In Figure 4 are presented four main images of the
medial tibia. In that area were studied 62 images.

In Figure 5 are presented four important tomography
of the lower tibia which shown the changes of the bone
shape. In that area were analyzed 92 images.

The obtained images were re-drawn in AutoCad
over the real tomographies and the drawing were
imported in SolidWorks (a parametrical CAD software),
section by section, in parallel planes [15].

In Figure 6 are presented the sections which defined
the tibial bone component. SolidWorks permits to
obtain a solid by “unifying” the sections drawn in
parallel planes [16, 17].

The shape which is solidifying these sections was
the Loft Shape and it defines the solid starting with the
sections and a Guide Curve defined automatically by the
software.

In the same way and using the Loft shape was
defined the virtual model of the tibia bone (Figure 7).

Finally, it was obtained the virtual model of the tibia
bone, one of the most important components of the
human knee joint. Three views of this bone are
presented in Figure 8.

For the next step we used the ANSYS program for
the discretisation with finite elements method of the
spatial structure of the tibia bone [18-20].

The modelation was realized with hexahedral finite
elements.

The characteristics of a finite element are, usually,
by: the displacements functions, the deformation matrix,
the elasticity matrix, the rigidity matrix and the exterior
forces matrix.

The element displacement is
displacement components of the nodes:

defined by 12
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as a function:
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where the scalars N have the following form:
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and [ is a 3 x 3 identity matrix.

The used displacements functions will satisfy the
continuity conditions at the level of separation surfaces
between the different elements. This thing is a normal
corollary of linear nature of displacements variation.

In the complete three-dimensional analysis,
six deformation components are important. The
deformation matrix can be defined by the relation:
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where e, e, e, are the specific linear deformations
and gy, g, g, are the specific anglers deformations
For an isotropic material the matrix [D] is done by
the relation:
Lx, v,z
[D]- EQ-V) |Lx,ypz; (6)
A+MA=-2V)|Lx,, Y52,
Lx,,y,.2,
where E is the elastic constant of the material, V is the
volume.
The rigidity matrix can be integrated because the
deformation and tension components are constants in

the interior of any element.
The nodal forces are:
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and

[6;,0,0 |

O,Ci,o
[Bi] = der| > ®

6V ci,bi,O
O,di,Ci
1d;,0,b; |

For every solicitation case for a correct numerical
simulation it is necessary to establish the contour
conditions.

The last step of the Finite Element Method consists
in the equation system solving. In this stage, the
ANSYS program assembles the equation system of the
analyzed structure using the characteristics of finite
element.

For each finite element of the spatial structure,
24 elementary equations exist in the general system.
It results a very complex equation system which is
solved by the program using the Gauss method.
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Figure 2 — The PHILIPS AURA Computer Tomograph

Figure 3 — Four main images of the upper tibia Figure 4 — Four main images made in the
medial tibia area
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Figure 5 — Four images scanned Figure 6 — Sections Figure 7 — The definition
in the lower tibia area for the tibia bone scheme of the tibia
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Figure 8 — Three views of the
virtual model of the tibia
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The geometrical model was supposed at different
solicitations for studying the most solicited parts
of the bone which will be the possible broken parts [16,
19, 20].

In the first case, the virtual model of tibia bone was
supposed to a torsion couple equal with 4.8 Nm on the
top surface (Figure 9).

The bone is leaned in his inferior base. The virtual
solicitation is realized with the help of two sets of forces
placed on the extremities of had bone, in a
perpendicular plane on the longitudinal axe of the bone.

We obtained the resultant stress distribution for the
torsion solicitation for the entire bone (Figures 10
and 11).

We observe that the most solicited areas of the bone
are situated in the 1/3 inferior diaphisis of the bone,
where the value of section area is minim. On diagram,
the maxim values are indicated by the color red, and the
minim values are indicated by the color blue. The values
increase from blue to red.

In second case the bone was supposed to a
compression force equal with 800 N distributed on the
both superiors condils (Figure 12), having the direction
of the longitudinal axe of the bone. Finally, we obtained
the resultant stress distribution for the compression
solicitation (Figures 13 and 14).

= Discussions

The last step of the Finite Element Method consists
in the equation system solving. In this stage, the
ANSYS program assembles the equation system of the
analyzed structure using the characteristics of finite
element.

For each finite element of the spatial structure,
24 elementary equations exist in the general system.
It results a very complex equation system which is
solved by the program using the Gauss method.

Solving the equation system leads to the
determination of the principal variables which are the
nodal displacements on the three directions in every
node of all the finite elements. The ANSYS program
uses these results for the determination of the
deformations and stresses which appear in the analyzed
structure.

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 tibia 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 work hypotheses are:

a) Even though the material of the bone is an-
isotropic and not homogeneous, in the modeling, the
bone was considered homogeneous and isotropic, for a
zone of solicitation that does not exceed certain limits.

b) The bone is made by two kinds of materials,
compact and spongy, like a composite material.

c¢) The average values considered for the longitudinal
modulus of elasticity, E, are: 20.000 N/mm® for the
compact bone, situated in the exterior zone of the bone

and 2 N/mm?’ for the spongy bone, situated in the interior
zone. The value of the coefficient for the transversal
contraction of Poisson was 0.3.

d) The virtual central channel is realized in accordance
with the obtained tomographies, so the complex spatial
structure is assured.

In both of the analyzed cases (torsion and
compression) the results were obtained using the
Von Mises theory and the values are presented in
N/mm® or MPa (Mega Pascals). On the value scale, the
higher values of stresses are indicated by red color and
the lower values are indicated by blue color. The values
increase from blue to red.

It can be observed that even the solicitations are
uniform; the repartitions of stresses along the bone are
not uniform. This thing is the result of the complex form
of the tibia. The lower values are found at the
extremities of the bone and the highest values are found
in a limited area on the anterior zone.

It can be also observed that the maximal values are
recorded in the 1/3 inferior diaphisis of the bone, where
the value of section area is minim. In figure 14 it can be
observed the bone structure.

= Conclusions

In this paper we present and discuss the results
obtained with a three-dimensional finite element model
of the tibia human bone corresponding to different
external solicitations.

The three-dimensional finite element model has
been constructed based on Computer Tomograph scans
of a tibia specimen.

The use of the computer tomograph for the
sectioning of the bone increases the precision of the
model.

The obtained three-dimensional model of tibia bone
uses parameters completely, so it can be adapted by
modifying any specific dimensions.

The virtual model of the bone can be supposed at
different solicitations, and using the finite element
method and ANSYS 5 programs can be studied the
stresses, and also, the displacements distribution for
entire bone or for a longitudinal section of bone.

From the diagram analysis we observe that the
highest values of stresses occur in the curvature zone of
the bone situated in the diaphisar area that will become
the future fracture zone.

The observations made by studying 34 cases of real
fractures caused by torsion and compression and also
made by the testing of 11 tibia bones confirms that the
most frequent place of fracture is situated at the level of
1/3 distal of tibial diaphisis. For testing the bone, we
used the EDZ20 machine from the Laboratory of
Strength Materials, Faculty of Mechanics, University of
Craiova.

These conclusions confirm the fidelity and the
accuracy of virtual model, so this model can be used in
other similar researches for other different kinds of
solicitations.

The scientific results could be introduced in studies
in the fields of robotics, biomechanics, and applications
of the smart materials in the medical field.
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