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Abstract

The purpose of our research is to develop a model of cancellous bone that would allow us to forecast the changes in this structure under
various mechanical forces and to simulate the dynamics of the cancellous bone behavior under these circumstances. At the same time, the
suggested model will allow the measurement of the tension/forces applied onto the bone structure, with the purpose of comparing these
with the in vitro values, identification of the areas with increased trauma risk, and simulation of the behavior of cancellous substance under
different mechanical stimuli, which affect the growth and aging of the bone, as well as to study the materials used in endoprostheses.
Two groups of methods have been used for this purpose: micro-anatomical methods – for the visualization of bone structures, and
bio-mathematical methods (finite element method) – for the modeling of these structures. The micro-anatomical studies were performed on
a group of six bone items, from which 12 samples were harvested from the femoral head and neck, from corpses of both sexes and of
varying ages, whose death was not due to specific pathological states or which could regard the bone itself. The obtained results have
allowed us in identification of dependency relationships between the microscopic structure of the trabecular bone and its mechanical
properties, as well as for the elaboration of bidimensional reconstructive and analytic models of the cancellous bone, which would further
allow detailed representation of samples of cancellous bone that are big enough to supply macroscopic information. The conclusions of the
present research have illustrated the usefulness of using the finite element method in the study of the mechanical behavior of spongy
tissue, thus opening large perspectives in approaching the issue of the behavior of this tissue.
Keywords: cancellous bone model, trabecular architecture, mechanical behavior of bone tissue, osseous pathology
determinism, endo-prostheses.

 Introduction
Although the studies dedicated to the analysis of
bone tissue have been at the core of researchers’
interest, lately the cancellous bone has become the topic
of major research programs. Most of these studies
are focused on determining the mechanical properties
of the cancellous bone, playing a major part in
the determinism of bone diseases such as osteoporosis
[1–4], or stress fractures [5].
The study of bone morpho-physiology has been
characterized, over the last 15 years, by a new approach
of the macro and micro-structural levels, and has
involved the use of new concepts regarding the bone
growth, modeling and remodeling [6, 7], as well as the
introduction of osteon models [8–10].
Similarly, adapting the apparent bone density when
applying a mechanical stimulus represents a problem
that has become, lately, the object of intensive studies,
thus requiring the re-wording of a phenomenological
theory of bone remodeling, with a good spatial and
temporal stability [7, 11–13]. From a mathematical
point of view, improving this stability has been made
possible by writing the differential equations that
characterize this phenomenon as exponential equations.
Precise theoretical predictions concerning bone structure

behavior in implants [14, 15] or in the growth and aging
processes [16, 17] have been made possible.
Is a well-known fact that long bones display
distinctive structures: close to joint areas, in epiphyses,
spongy bone tissue is predominant, while at the
diaphyses level, compact tissue is predominant. Joint
stress or effort tends to be directed towards the
diaphysis, the existing trabecular matrix being the main
element involved in this; bone marrow, joint cartilage
and even the synovial fluid are also structures that play
a part in bearing mechanical demands, but their role is
much less important, compared to that of the trabeculae
[18, 19]. Thus, the cancellous bone overtakes the load
applied on the joint surfaces and distributes it to the
diaphysis of the compact bone through the extra-cellular
matrix. The trabeculae represent the force transmission
systems, the strength of the cancellous bone being given
by the properties of the trabecular body [20, 21] and by
its architecture [22–24].
Depending on the applied forces, micro-structural
changes occur, which are presumably acting as
regulating factors in the adaptation processes developed
within the spongy bone substance [25–28]. Despite the
importance of this process, there is little data regarding
the behavior of individual trabecula, the majority of the
data regarding the macroscopic level instead (due to the
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available measuring techniques). The study of the
relationship between mechanical factors and bone
structure thus gains new perspectives as far as the
architectural adaptability under mechanical stimuli in
bone grafts and endo-prostheses is concerned [29–32].
Taking into account all this information, we have
concluded that the investigation of the relationships
between the mechanical properties of bone tissue and its
structure can prove extremely useful in the study of
determining osseous pathology. Where mechanical
tensions need to be calculated, the opportunities
provided by modern computational technologies and the
advantages presented by the various numeric analysis
methods have allowed researchers to create a direct link
between applied mechanical forces and the changes that
occur within the bone structure, by using non-invasive
methods. Most of the current theories regarding boneremodeling take into account a time-related change in
the density of the bone material, as a non-linear
function, based on certain numeric parameters that are
taken into account. The approach of this theory with the
method allows the realistic simulation of the
phenomena, taking into account their continuity and the
anatomical aspects of the problem [33–35].
From all these approaches, we have paid particular
attention to the modeling and re-construction of spongy
architecture based on serial anatomical sections, by
using the method of finite element. By analyzing
the advantages and disadvantages of this method, we
have attempted countering the latter, by suggesting
other
mathematical
formulations
that
would
subsequently improve and further extend the available
information.
We can state that within the current research, the
ultimate goal in the study of the cancellous bone is the
development of mathematical models of bone
architecture that would allow the simulation of the
morphological changes that result on the application of
a mechanical stimulus.
There is increasing interest in this problem in
Romania, but the research is still in its infancy. For this
reason, the current paper aims to use and improve new
methods of investigation of the functional structure of
bones in general, and of the cancellous bone in
particular.
 Material and Methods
Two groups of methods have been used in the study
of cancellous bone substance bio-modeling microanatomical methods, for the visualization of bone
structures and bio-mathematical methods for the
modeling of these structures.
The micro-anatomical studies were performed on a
group of six bone items, from which 12 samples were
harvested from the femoral head and neck; the lots came
from bodies of both sexes, of varying ages, whose death
was not due to specific pathological states or which
could regard the bone itself (Table 1).
These studies were performed with the agreement of
the Ethical Research Committee within the University
of Medicine and Pharmacy of Craiova.

Table 1 – Distribution of samples related to bone
localization, age and sex
Bone piece / sample

Age [years]

Sex

Femur / femoral head
Femur / femoral neck
Femur / femoral head
Femur / femoral neck
Femur / femoral head
Femur / femoral neck

39
39
45
45
62
62

F
F
M
M
M
M

No. of samples
2
2
2
2
2
2
Total: 12

The bio-anatomical and bio-mathematical studies
have been made on the femoral bone, as this is
representative through its anatomical position, through
its role in the bio-mechanics of the lower limbs and of
the human body as a whole, through its structural
particulars determined by the tempo-spatial orientation
of the circumferential blade systems on the main effortlines direction. The dissection and the careful removal
of the soft parts has been made within the macro- and
micro-dissection laboratory within the Human Anatomy
Department. The qualitative study of the cancellous
bone tissue within these pieces required the use of
harvesting, preparation and processing techniques that
would allow optimal visualization while preserving the
relationships and rapports within this tissue. Because the
bone is a non-homogenous, non-isotropic bio-material,
its mechanical properties vary according to the specific
location of a sample within the assessed structure.
In order to realize the microscopic study, the bone
pieces were preserved in 40% formaldehyde and then
decalcified through an electrolytic proceeding, using a
mixture composed of equal parts of 8% hydrochloric
acid solution and 10% formaldehyde solution, and as
current source, a plumb accumulator of 12.6 volts;
the electric parameters of the electrolysis process were:
the 8.5 volts tension voltage, the 0.8 amperes
electrolysis bath current, and the 5 hours electrolysis
process period. After decalcification, the bone pieces
were processed using a hard tissues specific process
and then were included in paraffin and serial sections
of 5 µm have been produced using a microtome.
The sections have been obtained following the main
trabecular orientation – parallel with the longitudinal
axis of the piece (Figure 1, a and b), taking into
consideration that the distribution of the trabeculae from
the femoral head up to the upper edge of the femoral
neck are due to mechanical traction stress, while the
orientation of the trabecular group starting from the
lower limit of the femoral neck shows the effects of
mechanical compression.
Micro-anatomic and histochemical methods used in
the visualization and analysis of structural osseous
elements.
Amongst these, staining methods have been used:
▪ usual staining: Hematoxylin–Eosin staining in
order to obtain a global image of the bone architecture,
as well as Van Gieson trichrome staining (with
picrofuxin), in order to visualize the collagen fibers.
▪ specific staining: Gömöri silver impregnation
method in order to emphasize the reticulin fibers, the
Goldner–Szeckely trichrome staining method.
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(a)

(b)
Figure 1 – (a) Femur: upper epiphysis, male 62-yearold subject; section directions on the femoral head upper inferior view; (b) Femur: upper epiphysis,
male 62-year-old subject; section directions on the
femoral neck – anterio-posterior view).

The image processing has been made using images
of fields obtained with a Nikon Eclipse 600 photon
microscope (ob. ×10; oc. ×20; oc. ×40) fitted with a
Sony DCR cam-recorder connected to a Pentium IV,
512 MB HDD computer through a Matrox–Comet
capture card. The licensed image processing software
Lucia M has been used, together with the ANSYS 5.6
package (Finite Element Method – FEM). We have thus
obtained an algorithm that had the capability to create a
repetitive bidimensional structure, with the possibility to
expand and transfer the information to a tri-dimensional
model. The tracked variables were represented by the
variability in the shape of trabecular bones, the content
of the areolar cavities, the bone cellularity, and the
orientation of the collages fibers, the diameters of the
areolar bone cavities, the individualized area of the bone
trabeculae and the total area of the bone areolae evident
in a microscopic field, as well as the total area taken by
areolae per studied field [%].
Biomathematical methods in bone structure
modeling
The finite element method (FEM) has been used, as
it aims to determine, within a given field, the values of
one or more unknown functions, represented within our
research by the mechanical behavior, tensions and
specific deformations when mechanical forces are
applied onto the trabecular structures. The method uses
the technique of bi-dimensional reconstruction of
anatomical serial sections by directly converting
the pixels into elements of the analyzed model.
The operations required for the solving of a problem
through the finite element method can be conventionally
divided into a number of stages. Some of these stages
are completed in the analytic phase of the problem,
while the others are completed by computation.
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The first stage consists in separating the analyzed
field into finite elements (idealization and
discretisation). The material system under study is the
cancellous bone, while the analysis domain represents a
model of this system, obtained through a process of
geometrical idealization, in order to reduce the
complexity of the geometric configuration of bone
tissue. The structure is split into its constitutive parts
(discretisation of the analyzed model), while the
physical elements become finite elements through
mathematical modeling. Further on, the numbering
of the finite elements, of the knots and the determination
of the connective matrixes takes place. In approximation
of the necessary degree of accuracy within the
discretisation process, we processed a sample of
2×2×2 mm, by using different discretisations: 20, 40,
60, 80, 100 and 120 µm.
The discretisation of the working field was
performed in two steps:
▪ During the first step a discretisation using the
Automatic Mesh was performed by ANSYS. Thus, a
primary discretisation of the working field was
obtained, which resulted in elements with geometric
irregularities that can lead to difficulties in the model
solving stage.
▪ In the second step, a manual discretisation
was used, aimed at eliminating the elements
susceptible to inducing the difficulties in the model
solving stage.
The following stages of the method were the
constitution of the finite elements, the assembly of the
elemental equations within the equation system of the
structure, resolving the equation system of the structure
and supplementary calculations to determine the
secondary parameters. For these stages, the facilities of
the ANSYS programming language have been used.
The value of the forces applied to the model started
from 0.1 N to 0.5 N, with a 0.1 N increase in every step
and a section area of 0.18 mm2.
The bi-dimensional model obtained has been
subjected to the simulation of a compression and
traction test. The proposed approach for the study of this
phenomenon was an iterative one, with progressive
increasing of the load (steps), thee step-by-step results
being used to change the value of the elasticity module
for each element.
This process has been completed by using an
algorithm written with APDL (ANSYS Parametric
Design Language) and which used the “Element Birth
and Death” function. The aim at every step during
the analysis has been to determine the deformation
energy per surface unit, according to the following
relationship:

1 n Ui
∑ = k (1), where:
n i =1 p
▪ Ui [Mpa] represents the density of the deformation
energy for step “i”;
▪ Ua [MPa] represents the average density of the
deformation energy for “n” steps;
▪ k represents the reference value of the stimulus.
When the stimulus goes over the limit-value, a
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macro selects the required elements and changes their
material properties. The program controlling the process
consists in a “DO” loop that, using the model previously
presented, applies the loading and launches the
calculation of the analysis. For every iteration, the
program saves the calculated values in an external
results file, reads the values of the equivalent tensions
on the elements and establishes which of these will
change their properties. The model is then modified, the
loadings and limit-conditions are applied and the next
stage is launched.
This methodology was initially applied for the
model of a single trabecula, in order to determine if the
force direction significantly influences on its
mechanical behavior, and further on for a matrix of
3×3 and 4×4 trabecules. The same mechanical
properties have been imposed on all elements, taking
into account Young’s model as a 12720 MPa value and
Poisson’s constant at a 0.3 value.
The method permits the recording of the following
variables:
▪ the deformation of the unitary repetitive structure
on the OX and OY axes under the application of forces
on these directions, for different loading steps;
▪ the total deformation of the unitary repetitive
structure for different loading steps;
▪ the value of the von Mises mechanical tension on
the unitary repetitive structure (this is a synthetic
measurement, encompassing the influence of the axial
mechanical tensions);
▪ the value of the deformation energy on the unitary
repetitive structure, a measurement that reflects the
degree of deformability and which is closely correlated
with the capacity of the structure to withstand
mechanical demands;
▪ all measurement categories mentioned above, on a
3×3 and 4×4 unitary repetitive structures matrix.
 Results
Micro-anatomical observations
cancellous substance

on

the

The analysis of the frontal sections through the
cancellous substance in the femoral neck and head of
the newborn and adult, as well as the analysis of the
binary images obtained by processing these through the
Lucia M software, revealed the following qualitative
and quantitative aspects, as shown in Figures 2 and 3,
and Tables 2 and 3.

Figure 2 – Section through femoral neck; 45-yearold man. Bone trabeculae, 100–200 µm thick, and
areolar cavities of varying shapes and variable diameters (50–400 µm) are observed (HE stain, ob. ×10).

(a)

(b)
Figure 3 – Fontal section through adult femoral
neck. (a) Peri-areolar lamellar structures are observed
in the bone cancellous substance. Van Gieson stain
(×20); (b) Image obtained by binary modification of
the previous image (a); the surface of the microscopic
field: 68216.1 µ2; total trabecular area = 54217.33 µ2;
total areolar surface = 13998.77 µ2; surface of areola
1 = 3868.79 µ2; surface of areola 2 = 8778.52 µ2;
surface of areola 3 = 1315.5 µ2; percentage of areolar
area = 5.83%.

Table 2 – Micro-anatomical qualitative variables
Tracked variables
Variable shapes of
trabeculae
Shape of the areolar
osseous cavities

Microscopic study

Observations

Tubular, semi-tubular or flattened
Oval, round and tubular-cylindrical areolas

Contents of cavities

Hematopoietic bone marrow with specific cellular
composition (lymphocytes, plasmacytes) and
yellow, adipose bone marrow

Bone cellularity;
the orientation of
collagen fibers

Osteoblasts, osteocytes in osteoplasts;
transversal, longitudinal or circumferential
collagen fibers

The variability of the trabecular shape as well as of
the areolar spaces determines the structural
heterogeneity for the studied sections

The presence of transition areas where the
orientation changes; the visualization of trabecular
boundaries and thus of the areolas through binary
images. Osteoblasts have been noted to exist on the
trabeculo-alveolar boundaries.
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Table 3 – Micro-anatomical quantitative variables
Tracked variables
Diameters of the areolar cavities
Individualized surface of bone
trabeculae in a microscopic field
Overall surface area of bone
areolas in a field
Percentile total surface area of the
areolas, as compared to the area
of the studied surface

Limits
27.32–425.71 µ
259.372–6754.19 µ
442.68–8479.18 µ

2

2

5.83–71.32%

Presentation of the bi-dimensional model
obtained by FEM
Since the cancellous bone consists of bone
trabeculae orientated in different directions, crossing in
different points, thus delineating a series of cavities with
varying shapes and sizes, as a result of the idealization
and discretisation processes, the trabecular bone has
been recreated as a bidimensional repetitive cellular
structure. The basic element was the idealization of the
trabecular unit as a hexagon shape (Figure 4a).
Because the software packages that analyze using
the finite element method do not have these kind of
finite elements, it was preferable to use second order
quadrilateral elements, with intermediate knots on
the sides, type PLANE 42. Within the considered
system, 9735 elements have been generated for
the basic element of the repetitive structure, containing
11125 nodes, which means that this structure has
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44500 degrees of freedom (two degrees of translational
freedom and two degrees of rotational freedom for each
structural knot). For a 3×3 matrix, we have therefore
obtained 400500 degrees of freedom, while for a
4×4 matrix 712000 degrees of freedom have resulted.
Presentation of the effects generated in the
cancellous bone substance through mechanical
action for the obtained model
The study focuses on the dynamics of the
deformation of cancellous bone up to its destruction and
the occurrence of micro-fissures. The bidimensional
model obtained with the previously described
methodology has been subjected to the simulation
of a compression test, thus determining its deformation
and the distribution of mechanical tensions within
the structure. Notable have been the localization of
the first giving in points of the cancellous bones, as
well as the distribution of mechanical tensions within
the tissue, as shown by different colorations (Figures 4b
and 5b).
The values of the mechanical tensions corresponding
to these colorations are recorded to the side of the
drawing. The value of the total rigidity of the trabecular
tissue and its collapse over time has been calculated
under the conditions described above.
The numeric values of the monitored variables are
shown in Tables 4–7; the negative values represent
compression and the positive ones represent traction.

Table 4 – The evolution of the tracked variables within the study of the model’s behavior when forces are applied on
the OX axis
Tracked variables
Von Mises equivalent tensions

Unit of measurement

First step limits

Final step limits

MPa

34–533

81–1312

-4

26–369

868–9830

-4

26–361

72–9580

-4

3

78–2590

-4

6–113

404–2190

-4

15–184

44–9820

Total movement vector

Mm × 10

UX component of traction movements

Mm × 10

UX component of compression movements

Mm × 10

UY component of traction movements

Mm × 10

UY component of compression movements

Mm × 10

Table 5 – The evolution of the tracked variables within the study of the model’s behavior when forces are applied on
the OY axis
Tracked variables
Von Mises equivalent tensions

Unit of measurement

First step limits

MPa

Final step limits

37–593

32–600

-4

18–255

291–4130

-4

6–155

28–2990

-4

9–54.3

22–49

-4

3

109–463

-4

16–243

211–4080

Total movement vector

Mm × 10

UX component of traction movements

Mm × 10

UX component of compression movements

Mm × 10

UY component of traction movements

Mm × 10

UY component of compression movements

Mm × 10

Table 6 – The evolution of tracked variables in the study of the model’s behavior in the 3×3 trabeculae matrix
Tracked variables
Von Mises equivalent tensions

Unit of measurement

First step

Last step

MPa

30–480

37–587

-4

4–642

8–246

-4

19–119

8–311

-4

5–227

90–1080

-4

2

18

-4

47–624

23–2340

Total movement vector

Mm × 10

UX component of traction movements

Mm × 10

UX component of compression movements

Mm × 10

UY component of traction movements

Mm × 10

UY component of compression movements

Mm × 10

Deformation energy

J × 10

-7

-8

176 × 10 –227

-10

729 × 10 –252
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Table 7 – The evolution of tracked variables in the study of the model’s behavior in the 4×4 trabeculae matrix
Tracked variables

Unit of measurement

First step

Last step

MPa

37–597

37–600

-4

1–1290

3–2470

-4

27–180

48–391

-4

10–350

62–1180

-4

10

87

Von Mises equivalent tensions
Total movement vector

Mm × 10

UX component of traction movements

Mm × 10

UX component of compression movements

Mm × 10

UY component of traction movements

Mm × 10

UY component of compression movements
Deformation energy

As can be noticed, the distribution model of the
von Mises equivalent tension and of the deformation
energy is similar, and the failure of the material happens
in the same area, for equal values of the force.
The results are graphically represented in Figure 4

-4

Mm × 10
J × 10

-7

90–1260
-7

586 × 10 –219

10–2380
-8

725 × 10 –639

(a and b) for a trabecular unit, and in Figure 5 (a and b)
for 4×4 unitary repetitive matrix. Different colorations
within the model have a direct correspondence with the
registered values, as shown in the right side of the
figures.

(b)

(a)
Figure 4 – Application of forces. Results for a trabecular unit. (a) Applying forces on the OX axis. The distribution of
the equivalent von Mises tensions [MPa] in step 1. (b) Applying forces on the OX axis. The distribution of the
equivalent von Mises tensions MPa in step 4.

(a)

(b)
Figure 5 – Application of forces. Results for the 4×4 trabeculae matrix. (a) Distribution of the equivalent von Mises
tension in step 1. (b) Distribution of the equivalent von Mises tension in the last step.

 Discussion
The osseous system is a very complex composite
material. Alteration of the structure of bone tissue is a
non-linear process. With the increase of the external
stimulus, the bone tissue increases its density due to
osteoblastic action, in order to respond to increased
demand and to reduce the tension within the structure
[3]. There is a saturation point beyond which the
increase in the value of the stimulus cannot be

compensated by the increased density within the
bone tissue. Micro-fissures develop in these regions.
If the value of the external stimulus continues to
grow, the evolution of the micro-fissures will lead to
collapse [6, 7].
Many authors insisted upon the fact that bone
resistance is dependent on age, sex, anatomical
localization of various bone structures, orientation of
mechanical forces, speed of deformations, testing
conditions. Nigg BM and Grimston SK [38] consider
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that for the initialization of failure in a trabecular
sample with an area of 1 mm2 is necessary to apply
a force with a value of 5 N. The elaborated model
presented in this paper has been subjected to the
simulation of a compression and traction test, using
forces valued between 0.1–0.5 N, with a 0.1 N increase
in every step and a section area of 0.18 mm2, and finally
obtaining values correspondent with those of mentioned
studies (Table 9).
Keyak JH et al. [35] finds similar values of the
forces needed to generate microlesions on femural
structural level, respectively 5.4 kN for a section of
12 cm2. Maximal stress developed by the trabecular
bone in traction and compression is appreciated by
Martin RB and Burr DB [9] to 20–25 MPa, comparative
with the cortical bone that bears loadings of 75 MPa
for traction and 200 MPa for compression.
Alterations of trabecular architecture represent an
important direction of study, both from the theoretical
point of view, by realization of trabecular models and
simulation of its behavior under different mechanical
loadings but also from the experimental point of view.
Fyhrie DP and Hollister SJ [28] stress the fact that
if a realistic model is desired, it is absolutely necessary
to verify its credibility with both theoretical and
experimental existing data, so the generation of the
model has to be followed by its validation. For this
purpose, the data obtained for this model has to
correspond with the theoretical and experimental data in
literature. Michel CM et al. [39] studied experimentally
the appearance of microfractures within the spongy
bone. The experiments were conducted on trabecular
bone extracted from the femoral condilis and the
direction of the applying force was parallel with the
longitudinal axis of the piece. The results coincided
with the ones obtained by us during the present
numerical experiment, by using FEM in modeling of the
process, for different configurations of the trabecular
tissue.
Van Rietbergen B et al. [18] elaborate a tridimensional model starting from a bone sample of a
7×7×7 mm trabecular bone cube. The tridimensional
microstructure of this cube was digitized in 176 serial
sections, with a 176×248 pixel resolution. The geometry
of the voxel was transposed as FEM geometry, with
brick-type structures as its basis (eight nodes per
element). The validity of the suggested algorithm has
been verified by calculating the deformation state, the
tension and deformation energy for a 20×20×20 voxel
model with a dedicated software package – MARC
(MARC Analysis Corporation, Palo Alto, CA).
The same mechanical properties were attributed the
same mechanical properties, taking into account the
Young module as 1000 MPa and the Poisson constant
0.3. Because the analysis is linearly elastic, the results
can be scaled for any other elasticity module, keeping
the Poisson constant at a 0.3 value.
Also, other authors elaborated bidimensional models
for idealized trabecular structures, using different types
of finite elements (Table 8) or mechanical loads
(Table 9). A comparison of these models is reproduced
in Table 10.
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Table 8 – Types of finite elements used in FEM
modeling
Types of finite elements
Quadrilateral
Tetraedonal
Parallelepiped (type brick)
Quadrilateral of second order

Authors
Jacobs CR et al. [33]
Müller R et al. [40]
Van Rietbergen B et al. [18]
Present study

Table 9 – Applied mechanical forces/surface unit in
trabecular models obtained by FEM
Mechanical forces/surface unit
2

5 N / 1 mm
2
9.10 N / 4.9 mm
2
5.4 kN / 12 cm
2
0.5 N / 0.18 mm

Authors
Nigg BM and Grimston SK [38]
Van Rietbergen B et al. [18]
Keyak JH et al. [34]
Present study

Table 10 – Characteristics regarding the number of
finite elements, nodes and degrees of freedom in
trabecular models obtained by FEM
Authors
Müller R
et al. [40]
Van Rietbergen B
et al. [18]

Present study

Number of Number
finite
of
elements
nodes
30 179
7082
27 832
73 142
24 158
6517
296 769 2 373 432

9735

Degrees of
freedom
–
–
–
1 381 602

▪ 44 500
(for a trabecular unit);
▪ 400 500
11 125
(for 3×3 matrix);
▪ 712 000
(for 4×4 matrix).

We also want to underline that the basis of the
elaboration and use of the presented model consisted in
assuming that a bone micro-structural unit is an
indicator of the macroscopic bone resistance. Such a
model linearly links the mechanical resistance of the
bone and the behavior of its micro-structural unit.
The use of this model makes the approach and
interpretation of the following problems possible: the
effect of the thickness of the trabecular wall, the growth
area of bone fissure and the effect of bone anisotropy on
rupture resistance, as well as the stability of the
evolution process of a slow-evolving fracture. It must be
added that, in order to create the theoretical model, the
work has been done under the assumption of a limiting
hypothesis for the plane deformation and linear-elastic
rupture.
By extension, we intend to obtain a mathematical
model that will permit enlarging the use of results to
samples of cancellous bone that are big enough to
supply macroscopic information. Also, it is worth
mentioning that choosing this discretisation was as a
result of convergence tests for the solutions, so that the
difference in the deformation of the given structure,
between two successive discretisations, is below 0.1%.
Also, a good degree of uniformity is obtained when the
finite elements have a edge proportion as close to
unitary as possible. This was the reason why the
elimination of the elements with high degrees of
deviation from the standard shape was attempted at the
model discretisation phase.
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The novelty of this study, based on the use of
a superior computation equipment, is that by applying
a new strategy in creating the model with the FEM, it
has become possible to generate detailed representations
of large portions of trabecular bone, large enough to
supply macroscopic information. Special techniques
have also been used for the assembly of the equation
system that characterizes the model thus obtained.
This model allows the dynamic tracing of the
cancellous bone resistance under mechanical demands
(compression), the tracing of the distribution of
mechanical tensions in the studied tissue, with an
estimate of the values at which micro-fissures occur.
The validation of the suggested model is made by the
correspondence of the caving in values of the cancellous
bone resistance, as measured within the presented
model, with the theoretical and experimental results in
literature. The cave-in of the trabecular tissue is
controlled by a given deformation energy value, the
values obtained within the present study being
correlational with those in literature, which illustrates
the credibility of the model.
 Conclusions
This paper illustrates the benefits of using the finite
element method for the study of the mechanical
behavior of bone tissue, and for determining a
mathematical model that can be used in the simulation
of the occurrence conditions of stress fractures,
implicantion into the growth and aging of the bone,
as well as in the study of materials used in
endoprostheses.
The present model, applied to experimental data,
leads in determining the mechanical properties and the
deformation model of the trabecular structure and opens
up large perspectives in approaching the issue of the
behavior of this tissue from the point of view of bone
remodeling and endo-prosthetic design by allowing the
ability to forecast the changes in cancellous bone
architecture under different mechanical demands, and
by knowing the values of the forces that act within the
joint.
The analysis of the behavior of the 3×3 and
4×4 trabeculae matrix respectively can constitute
the basis of further development, this being adaptable
for the bone remodeling process. This procedure is
also applicable for tri-dimensional models with a
different geometry from the one considered in this
study, with the advantage that it is not related at a
particular geometry of the model; it can function
with different sets of data, once the caving in criterion
and the convergence of the analyses have been
established and verified.
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