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Abstract: Various methods in the literature proposesequations to calculate the
stiffness as a function of density of bone tissue such as apparent density and ash
density among others[Helgason, Perilli, Schileo, Taddei, Brynjolfsson and Vice-
conti, 2008]. Other ones present a value of an equivalent elasticity modulus, ob-
tained by statistical adjustments of curves generated through mechanical compres-
sion tests over various specimens[Chevalier, Pahr, Allmer, Charlebois and Zysset,
2007; Cuppone, Seedhom, Berry and Ostell, 2004]. Bone tissue is a material with-
different behaviors according to the scale of observation. It has a complex com-
posite hierarchical structure, which is responsible for assign optimal mechanical
properties. Its characteristics, composition and mechanical properties depend on
the level at which the material is evaluated[Fritsch and Hellmich, 2007; Hamed,
Lee and Jasiuk, 2010]. This paper presents a methodology for computational me-
chanical simulation of trabecular bones based on the mechanical properties of their
elements, hydroxyapatite, type I collagen and non-collagenous proteins with water,
and the concentration of these ones obtained by microtomography.

Keywords: Microtomography, Trabecular Bone, Properties of Materials, Biome-
chanics, Computer Simulation, Finite Elements.

1 Introduction

Bone is a highly specialized form of conjunctive tissue whose function is to sup-
port the higher vertebrates. It is a complex living tissue in which the extracellular
matrix is mineralized, providing rigidity and strength to the skeleton, but maintain-
ing certain degree of elasticity. Its composition can be separated into an organic
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matrix, composed almost entirely of collagen, and an inorganic matrix, composed
primarily of calcium and phosphate in the form of hydroxyapatite[Bilezikian, Raisz
and Rodan, 1996]. Hydroxyapatite (Ca5(PO4)6OH) is responsible for the stiffness
of bone tissue and the fibers of type I collagen by its elasticity[Behari, 2009]. The
trabecular bone, object of study of this article, in its composition in microscale,
is characterized by a bone matrix formed by lamellae and lacunae, composed by
specialized cells such as osteoblasts (bone formation), osteoclasts (bone resorp-
tion) and osteocytes. At nanoscale, bone tissue is composed primarily of fibrous
type I collagen (tropocollagen) that interact with molecules of hydroxyapatite in an
aqueous medium in presence of non-collagenous proteins (NCP).

The ability to simulate the internal structure of a bone in microscale may suggest an
improvement in surgical techniques, for example, knee arthroscopy, which is now
commonly done to treat the damaged meniscus cartilage, the construction of full
prosthesis knee, anterior cruciate ligament reconstruction or treatment of cartilage
microfractures, among others. In some of these cases, it is necessary to implant pins
or screws for fixation. The identification of mechanical properties of bone tissue
of each patient can help, for example, in choosing the best type of screw for each
specific case, improving both the surgical procedure and postoperative morbidity.
In addition, the proposed model can assist in the development of equipment and
tooling systems for surgery applied to the trabecular bone tissue.

In the literature, within the area of biomechanics and bioengineering, it is pos-
sible to find works that proposes ways to characterize the bone tissue, mainly
seeking tounderstand its mechanical properties.Some authors have presented val-
ues of the elastic modulus for human bone tissue[Cuppone, Seedhom, Berry and
Ostell, 2004], [Chevalier, Pahr, Allmer, Charlebois and Zysset, 2007], [Uchiyama,
Tanizawa, Muramatsu, Endo, Takahashi and Hara, 1999], equine[Leahy, Smith,
Easton, Kawcak, Eickhoff, Shetye and Puttlitz, 2010], swine[Teo, Si-Hoe, Keh and
Teoh, 2006], muridae[Cory, Nazarian, Entezari, Vartanians, Muller and Snyder,
2010], through destructive tests on reference volumes of bone samples with statis-
tically significant amounts, and some of them also considered samples extracted in
many directions for tests[Mittra, Rubin and Qin, 2005], [Ohman, Baleani, Perilli,
Dall’Ara, Tassani, Baruffaldi and Viceconti, 2007]. This methodology provides
aindication of the samples mechanical properties, applicable with accuracy only
over these samples, and providing an approximation to estimated the properties
in other different trabecular bones. Other authors presented equations for calcu-
lating the elasticity modulus based onbone volume ratio, tissue volume[Guo and
Kim, 2002]and bone tissue density in a representative reference volume [Helgason,
Perilli, Schileo, Taddei, Brynjolfsson and Viceconti, 2008], [Rho, Hobatho and
Ashman, 1995], [Zannoni, Mantovani and Viceconti, 1998], including relations for
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elastic modulus obtained for tension and for compression[Kaneko, Pejcic, Tehran-
zadeh and Keyak, 2003]. Some of these equations for the trabecular bone tissue
were reviewed by Helgason, 2008 [Helgason, Perilli, Schileo, Taddei, Brynjolfsson
and Viceconti, 2008] for apparent density, ash density and bone volume fraction.
This review shows both the lack of standardized testing and the variation of results.
In a certain way, these equations can describe an elastic modulus for bone tissue.
The problem is that these equations are very varied and different, depending on the
location from where the tissue was extracted and type of bone density. Even us-
ing the same kind of density and a very same location to extract a sample in order
to proceed the calculation, the equations differ from each other. The test condi-
tion and size of the specimen theoretically should not influence the determination
of a relationship between density and elastic modulus. However, as each sample
is a single chaotic structure it is impossible to obtain a constant ratio[Helgason,
Perilli, Schileo, Taddei, Brynjolfsson and Viceconti, 2008]. There are also other
authors who presented methods that treat the bone as a material with composite
structure and organized in several levels[Rho, Kuhn-Spearing and Zioupos, 1998].
This was made as a way to understand the molecular properties of its elemental
constituents in order to describe the mechanical behavior in these various levels
or scales[Hamed, Lee and Jasiuk, 2010]using techniques of homogenization and
multiscale[Hollister, Brennan and Kikuchi, 1994], [Aoubiza, Crolet and Meunier,
1996].

In fact, bone is a material that behaves according to the scale ofobservation since
it has a complex composite hierarchical structure responsible for its optimal me-
chanical properties. The characteristics, composition and mechanical properties of
a bonedepends on the level in which the material is evaluated[Ghanbari and Naghd-
abadi, 2009; Norman, Shapter, Short, Smith and Fazzalari, 2008; Rho, Kuhn-
Spearing and Zioupos, 1998]. Moreover, all these material structures work together
to produce the global properties of bone (mechanical, chemical, etc.)[Sansalone,
Lemaire and Naili, 2007].The hierarchical structure of bone tissue, starting from
the elemental constituents, can be composed as follows: first, entry level, there are
collagen fibers in an aqueous medium in the presence of non-collagenous proteins.
The next level is represented by the fibers of interfibrillar collagen containing hy-
droxyapatite crystals, thus, producing mineralized collagen fibers. In the following
level, the mineralized collagen fibers are surrounded by a matrix of extrafibrilar
hydroxyapatite, consisting of hydroxyapatite in an aqueous medium in the pres-
ence of non-collagenous proteins. The final level, addressed in this article, is the
level where the mineralized collagen fibers in a matrix of extrafibrilar hydroxyap-
atite join together, leaving some empty spaces, known as lacunae, to form a single
lamellae[Jasiuk and Ostoja-Starzewski, 2004; Nikolov and Raabe, 2008; Sansa-
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lone, Lemaire and Naili, 2007]. A model in visiblescale, in this case microscale,
which represents satisfactorily the mechanical properties of a bone, should consider
all levels of its hierarchical structure[Sansalone, Lemaire and Naili, 2007]studying
at each scale which properties are governed by the structural organization at lower
levels[Weiner and Traub, 1992].

This paper presents a methodology for computer simulation for the mechanical be-
havior ofspecific trabecular bone samples, starting from the mechanical properties
of the elementary constituents of bone tissue, hydroxyapatite, type I collagen and
other, existing at the nanometric level, and its concentration in bone tissue, given
by the gray level ofmicrotomography transverse slices and an estimation of the
variation in volume fraction of each constituent, based on minimum and maximum
values from the literature.

2 Description of the method

The bone tissue is a living material and therefore its mechanical properties are func-
tions of numerous biological variables as quantity of certain hormones, biomechan-
ical variables such as physical exercises that the individual undergoes, and physi-
cal variables, as the bone density that are different in each individual [Compston,
Mellish, Croucher, Newcombe and Garrahan, 1989]. The analysis of the material
presented in this article is restricted to a bone tissue of a person with certain charac-
teristics of life, at the very instant when the regeneration and reabsorption functions
ceased, what is marked by the time of the sample extraction. The tissue properties
degradation was minimized in order to make the acquisition of µCT images and
mechanical tests reveal the original properties of the extracted bone.

2.1 Trabecular bonesamples

Samples of autologous and homologous human tissue are used for analysis. Its use
is approved by the Ethics Committee in Research of the National Health Council,
case number 285/2011, which deals with the partnership between the Group of Bio-
engineering, Federal University of Parana and VitaHospital. Patients who agreed
to participate in research, through the donation of residual bone of the tibia after
surgery, signed a consent form. The surplus graft or bone piece is recorded, pack-
aged and sent with a registration number that identifies the patient. The medic in
charge is the only one with access to the patient’s identification. Patient’s identity
is not revealed in any step of the study.

Samples were taken from surgical discards of human tibia removed during surgi-
cal procedures on the knee with variable sizes and shapes. These samples were
prepared using a trephine drill (Drill Trephine, Neodent, Curitiba - PR - Brazil)
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and a diamondwafering blade (Diamonds Wafering Blades, Buehler, Lake Bluff -
Illimois – USA) for precise cutting, to convert the sample into a cylinder of 5 mm
diameterand 13 mm height,keeping the ends of the cylinder parallel. After shap-
ing, the samples were submitted to ultrasound (Ultrasound Bath Cleaning - Q335D,
QUIMIS r, Diadema - SP - Brazil) for cleaning inside. The minimization of the
degradation of its properties is done by keeping the samples in a saturated 0.9%
solution of sodium chloride, that also maintains the osmotic balance. A total of
three samples of trabecular bone were used.

 
T1                            T2                            T3 

 Figure 1: Samples T1, T2 and T3 of trabecular bone seen with 10x magnification.

After tests, samples are packed in plastic material used for medical waste, being
returned to the hospital of origin for proper disposal.

2.2 Microtomography

After preparation, the samples are submitted to microtomography for the acqui-
sition of transverse µCT slices that are used both for construction of the three-
dimensional geometry of the sample and to obtain the volume fraction of the com-
posite material formed in the microscale level.
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2.2.1 Aquisition and Reconstruction of µCT Slices

The device used to acquire microtomography was the SkyScan 1172 high resolution
(rSkyscan, Kontich - Belgium). The acquisition of radiological images for each
sample was made using 80 kV (kilovolt) of power and 124 mA (microamperes)
current flow with aluminum 0.5 mm (millimeters)filtering and a exposure time of
6 s (seconds) to eachrotation step of 0.42007◦ for a total of 360◦, resulting in 857
images. The sample was positioned at a distance of 166.51 mm from the X-ray
source, ensuring an accuracy of 5.25 micrometers (micron) for each side for each
basic unit of the digital image, the pixel, after the reconstruction of tomographic
slices.

The reconstruction of transverse slices of the samples is done by a modified Feld-
kamp algorithm and four computers connected in parallel for data processing, us-
ing the reconstruction program NRecon (rSkyscan, Kontich - Belgium), version
1.6.3.0. The results are digital images with resolution of 1360 x 1360 pixels, with a
total amount of 2572 images representing cross sections of the bone sample along
the height. After the reconstruction, algorithms are applied for cleaning images,
removing noise and defects that arise from errors during the process of acquisition
and reconstruction, such as ring artifacts or beam hardening.

2.2.2 Segmentation and Generation of a representative three-dimensionalgeometric
model

Segmentation of µCT transverse slices is a process in which the pixelscorrespond-
ing to the bone tissue are selected from images and identified to be used in the
generation of a representative three-dimensional geometric model. This procedure
is done through the software ScanIP (Simpleware r, Innovation Centre, Exeter,
United Kingdom) generating three-dimensional solidsthat describe the geometric
structure of the trabecular bone sample. Figure 2 illustrates the representative three-
dimensional geometric model generated throughScanIP for a sample of trabecular
bone.

From the representative three-dimensional geometric model described in the STL
format is possible to generate a tetrahedral finite element mesh for stress analysis.

2.2.3 Finite Elements Discretization

The discretization in finite element mesh of three-dimensional geometry was done
using the software Amirar(Visage Imaging, Inc. San Diego, CA, USA). Fig. 3
shows a view of the samples after the generation of finite element mesh.

The finite element meshes of bone samples were generated to have an average of
3.3 million elements.This value was found through the extrapolation of the total
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 Figure 2: Representative three-dimensional geometric model.

number of elements needed, according to a convergence test over a piece of trabec-
ular bone, to the entire trabecular volume.

Table 1: Properties of finite element meshes.

T1 T2 T3
Number of Nodes 5.415.234 5.051.599 5.324.874

Degrees of Freedom 16.245.702 15.154.797 15.974.622
Number of Elements 3.431.572 3.134.052 3.350.539

2.2.4 Mechanical Tests

After the acquisition of tomographic images, trabecular bone samples are subjected
toa mechanical compression test[Turner and Burr, 1993], Fig. 4. The mechanical
tests were performed using a universal testing machine DL10.000, electromechan-
ical microprocessed EMIC (EMIC - Equipment and Systems Testing Ltd.), pro-
grammed by a script using TestScript language to implement automated testing. A
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 Figure 3: Bone sample discretized finite element.

load cell with maximum capacity of 50 kg was used for the load acquisition. In
the test script were set a test speed of 0.01 mm/min, a total displacement of 3 mm
andthe detection of material rupture preset to finish the test with 40% of rupture
detected. With this results the global mechanical properties of the sample can be
evaluated [Fyhrie and Kimura, 1999].

 

 
 

Figure 4: Execution of the compression test.
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2.2.5 Homogenization at each hierarchical level

The hierarchical structure of bone tissue, discussed in this article, consists of four
distinct levels, namely: nanoscale, supernanoescale, submicroescale and microscale.
It is considered that, at each level, the material has two distinct phases, a matrix and
inclusions. The shape of the inclusions is determined by an approximation of its
actual format in to a geometric form expressed mathematically. Furthermore, the
inclusions must be much smaller than the matrix. Thus, at each hierarchical level
inclusions are defined as being formed by the existing structures at lower levels,
considering these structures as embedded in a matrix composed of the most abun-
dant material in referenced level.

The homogenization of the phases is made at each level in order to obtain the
effective stiffness tensor, which represents the equivalent mechanical behavior of
the composite. The main method employed for the homogenization procedure was
Mori-Tanaka method. The method was applied at each level in a similar way. The
effective stiffness tensor of the level in question is used at the next level for the
inclusions and so on until the final level.

According to the hierarchical structure of bone tissue[Weiner and Traub, 1992]de-
fined for this work, the homogenization steps performed at each level are:

1. Nanoscale level, first homogenization: water (matrix) and non-collagenous
proteins (inclusions), leading to the aqueous medium;

2. Nanoscale level, second homogenization: collagen fibers (matrix) and the
aqueous medium (inclusions), leading to wet collagen fibers;

3. Supernanoescalelevel, first homogenization, wet collagen fibers (matrix) and
interfibrillar hydroxyapatite crystals (inclusions), generating mineralized col-
lagen fibers;

4. Supernanoescalelevel, second homogenization: extrafibrilar hydroxyapatite
(matrix) and the aqueous medium (inclusions), generating wet extrafibri-
larhydroxyapatite;

5. Submicroescalelevel: wet extrafibrilar hydroxyapatite (matrix) and mineral-
ized collagen fibers (inclusions), leading to lamellae matrix;

6. Microscale Level: lamellae matrix (matrix) and lacunae (inclusions), gener-
ating a single lamella.

In the final level, the relationship between the single lamellae and lacunae is a
function of volume fraction of both constituents, as it is done in all other levels, but
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with these fractions calculated according to the gray value from the µCT transverse
slices. Through this, the effective stiffness tensor, in microscale, specific to the
trabecular bone sample under analysis is obtained.

The Mori-Tanaka method was chosen for the homogenization of the properties of
the composites formed at each hierarchical level of bone tissue, precisely because
of their use for this purpose[Fritsch and Hellmich, 2007], [Hamed, Lee and Jasiuk,
2010]. Moreover, the values that the method provides are coherent for the homog-
enization of composites mechanical properties[Klusemann and Svendsen, 2010].

The Mori-Tanaka method [Mori and Tanaka, 1973] uses the Eshelby equivalent
inclusion method [Eshelby, 1957] and the fact that the average deformation in a
ellipsoidal matrix circumscribed to an ellipsoidal inclusion is also zero. In addi-
tion, the method approximates the interaction between the phases of the composite
assuming that each inclusion i is incorporated, at a time, in an infinite matrix which
is subject to a uniform load applied away from the inclusion, resulting in a field
of average stresses and strains in the matrix σM and εM, respectively[Mura, 1993].
Therefore, the deformation in a simple inclusion iis calculated by,

εi = AiεM (1)

where, Ai is the influence tensor for a single inclusion[Klusemann and Svendsen,
2010]. The influence tensor can be given by,

Ai =
[
I+EC−1

M (Ci−CM)
]−1

(2)

being, I the fourth order identity tensor, E Eshelby tensor for aninclusion, depend-
ing on the elastic properties of the matrix and the shape of inclusions, Ci the inclu-
sion stiffness tensor and CM the matrix stiffness tensor[Klusemann and Svendsen,
2010].

Eq. (2) is defined, according Mura, 1993, in the case of ellipsoidal inclusions for
a single inclusion[Mura, 1993]. The shapes of inclusions as spherical, cylindrical,
ellipsoidal cylinder, can be derived from the ellipsoidal formulation by adjusting the
Eshelby tensor, according to the lengths of the axes of the ellipsoid[Mura, 1993].
For example, for a sphere, the axes of the ellipsoid have equallengthswhile to a
cylinder one axis has an infinite length and so on.

The volume fraction of inclusions and matrix are related as follows[Hamed, Lee
and Jasiuk, 2010],

fi+ fM=1 (3)

The effective stiffness tensor for the composite, according to the Mori-Tanaka



Simulation of Trabecular Bone Structures Mechanical Behavior 169

method, can be written as[Benveniste, 1987],

Ce f =CM+ fi (Ci−CM)Ai( fiAi+ fMI)−1 (4)

This method can be interpreted in the sense that each inclusion behaves like an
isolated inclusion in the matrix being εM a far deformationsfield[Benveniste, 1987].

The Eshelby tensor used in Eq. (2) is a fourth-order tensor that relates the eigen-
strains, depending on the shape and material of the inclusions, and the matrix, with
the total deformation of the composite[Mura, 1993]. If both materials, in the inclu-
sion and in the matrix are isotropic or transversely isotropic materials, the Eshelby
tensor has an analytical solution, given respectively by Mura[Mura, 1993] e Li e
Dunn[Li and Dunn, 1998].

In the case of the inclusions being in a matrix of anisotropic material, it is neces-
sary to calculate the Eshelby tensor through a numerical method[Klusemann and
Svendsen, 2010]. The Eshelby tensor can be calculated by a surface integral, pa-
rameterized on the surface of a unit sphere[Mura, 1993], given by,

Ei jkl=
1

8π
CMi jkl

∫ 1

−1

∫ 2π

0

[
Gim jn

(
ξ

)
+G jmin

(
ξ

)]
dθdξ 3 (5)

where, Gim jn

(
ξ

)
is the tensor of Green’s functions, derived from the method of

Green’s functions for the description of eigenstrains[Mura, 1993].

Using the numerical method of Gauss-Legendre integration, the Eq. (5) is rewritten
as,

Ei jkl=
1

8π
CMi jkl

∫ np

p=1

∫ nq

q=1

[
Gim jn

(
θq,ξ 3 p

)
+G jmin

(
θq,ξ 3 p

)]
WqWp (6)

where, np isthenumberof Gauss points in directionξ 3, nq thenumberof Gauss points
in the angular directionθ , Wp and Wq therespective Gauss weights [Desrumaux,
Meraghni and Benzeggagh, 2001].Calculating the Eshelbytensor is possible to cal-
culate the influence tensor of the inclusions and thus find the effective stiffness
tensor for the composite.

2.2.6 Volumetric Fractions

The volumetric fractions in the microscale, are calculated according to the gray
level of pixels in the transverse microtomographycslices. All other volumetric frac-
tions, in the other levels are derived from elementary constituents fractions that
exists in the single lamellae level (micro) through percentages described in the lit-
erature for each elementary constituents[Fritsch and Hellmich, 2007], [Hamed, Lee
and Jasiuk, 2010].
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The lacunae, its size and quantity in a certain part of the trabecular bone are closely
related to bone remodeling, being directly proportional to the osteoclastic activ-
ity[Fritsch and Hellmich, 2007], responsible for bone resorption. The size of the
lacunae varies with diameters about 0.1 µm and lengths from 1 to 3 µm[Jasiuk
and Ostoja-Starzewski, 2004]with an approximately ellipsoidal shape. Fractions of
these lacunae occur within each voxel[Tkachenko, Slyfield, Tomlinson, Daggett,
Wilson and Hernandez, 2009]. These fractions can be identified by the gray value
of µCT transverse slices. Based on the survey of segmentation, where the lower
and upper limits of the gray values within bone pieces are found and knowing that
the fraction of lacunae inside a cubic voxel size about 5.0 µm edges may vary
about 16% with a variance of 1.9%[Tkachenko, Slyfield, Tomlinson, Daggett, Wil-
son and Hernandez, 2009] it is possible to create an approximated linear correla-
tion between the gray value of the transverse µCT images with volume fraction of
lamellae matrix for each voxel.

 

 
 

Figure 5: Correlation of the voxel gray value and its corresponding volume fraction
of lamellae matrix.

AccordingtoHamedand Lee [Hamed, Lee and Jasiuk, 2010], the volumetric frac-
tions for each elementary constituent of bone tissue present in the lamellae ma-
trix, can be defined keeping the mineral fraction around 50%[Fritsch and Hellmich,
2007].

Table 2: Volume fractions of the elementary constituents for the lamellae matrix
[Hamed, Lee and Jasiuk, 2010].

Constituent Volumetric Fraction [%]
Colagen 35

Hydroxyapatite 50
NCP 5
Water 10
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In the lamellae matrix,among the totalamount of hydroxyapatite, 25% are from
extrafibrilar hydroxyapatite and 75% of interfibrillar hydroxyapatite [Hamed, Lee
and Jasiuk, 2010]. In relation to water and non-collagenous protein (NCP), in this
paper, the corresponding relations are: 50% come from wet collagen fibers and
50% of wet extrafibrilar hydroxyapatite. 100% of the collagen fibers come from
wet collagen. The flowchart in Fig. 6 shows the path of elementary constituents
fromnanoscale to microscale, being flm and flac the volumetric fractions of lamellae
matrix and lacunae, given by the graph in Fig. 5 as a function of gray value of the
pixel.

 

Figure 6: Path of the elementary constituents through the scales.

According to Tab. 2 and Fig 6, the volumetric fractions f f ib, fhext , f e
aq, f e

hap, fcol ,

f i
hap, fc, f f

aq, fw, fncp are defined for the mineralized collagen fibers, wet hydrox-
yapatite matrix, aqueous medium of the wet hydroxyapatite matrix,extrafibrilar
hydroxyapatite, wet collagen fibers, interfibrillar hydroxyapatite, collagen fibers,
aqueous medium of wet collagen fiber, water and non-collagenous proteins, re-
spectively.

The values of Tab. 3 are defined in this paper in order to maintain the percentages
defined in Tab. 2 for the mineral part (hydroxyapatite), organic (collagen) and other
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Table 3: Volumetric Fractions Values
Volumetric Fractions Value [%]

f f ib 75
fhext 25
f e
aq 15

f e
hap 85
fcol 50
f i
hap 50
fc 85
f f
aq 15
fw 67

fncp 33

constituents (water and NCP).

2.2.7 Principal Directions

At each level of homogenization anisotropic fourth-order continuous stiffness ten-
sors are written with the principal directions remaining constant and generic for
the homogenization steps[Hamed, Lee and Jasiuk, 2010]. The generalization of
the directions is achieved by specifying the same directions for the main elemen-
tary constituents, namely: collagen, hydroxyapatite, water and non-collagenous
proteins in order to engender the construction of the stiffness tensor.

Because the elongated fiber and crystal shapes of the collagen and hydroxyapatite,
they have a specific main direction. In this paper, this direction is defined as iden-
tical for both elements in every step of homogenization where thecorresponding
elementary stiffness tensors are employed, as in the nanoscale and supernanoescale.

Consideration of an anisotropic continuous matrix is taken based on two main ar-
guments. The first comes from the fact that collagen molecules have the form of
triple helix and are connected by cross-linking, which guarantees continuity in the
structure[Buehler, 2006]. The second comes from the assumption that the hydrox-
yapatite crystals have compact form, and strongly adhere to the fiber surface, which
again ensures the use of continuous matrix and the application of Mori-Tanaka
method in the process of obtaining the tensor of equivalent stiffness[Hamed, Lee
and Jasiuk, 2010].

The generalization of the principal directions, based on directions of the elementary
constituents is applied to the nanoscale level,supernanoescale and submicroescale.
At the microscale level, where there is lamellae matrix with empty spaces known as
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lacunae, a different assumption is made for the local axes of each single lamellae
represented by a voxel.The equivalent stiffness tensors obtained in this level for
each voxel or lamellae, were made considering their principal direction as the same
directions of the trabeculae.

A procedure for coordinate transformation of the fourth order tensor, given by Eq.
(8), is used to obtain the equivalent stiffness tensor of voxel, written in global di-
rections [Lai, Rubin and Krempl, 2010].

C′i jkl = QmiQn jQrkQslCmnrs (7)

being, Cmnrs the equivalent stiffness tensor of voxel obtained by the process of
homogenization of Mori-Tanaka for the last hierarchical level, microscale, Qi j the
matrix of directive cosines (the transformation matrix between local and global
axes) e C′i jkl the equivalent stiffness tensor of the voxel in the total directions.

2.2.8 Anisotropic stiffness tensor of each finite element

The anisotropic stiffness tensor of each finite element is calculated using the ap-
proximation of Voigt[Mura, 1993]. Voigt’s method is known from the literature for
presenting overestimated values, being used as the upper limit[Hamed, Lee and Ja-
siuk, 2010]for the analysis of homogenization methods. However, because inside a
finite element it is an idealized material (a bunch of piled cubes or voxels), which
does not define matrix and inclusions, the method can be applied as a first approach
to the problem. The stiffness tensor of each finite element (Celem) is calculated from
the stiffness tensor calculated for each voxel representing the bone (Ci

vox), based on
the volumetric fractions of each voxel ( f i

vox) present within the finite element by its
respective stiffness tensor.

Celem=
∫ nve

i=1
f i
voxC

i
vox (8)

being, nve the total number of voxels within the finite element in question.

After proceeding a survey about which voxels are present within each finite ele-
ment, the Voigt’s approximated homogenization method is applied in order to ob-
tain the stiffness tensors for each one of these elements.

The volumetric fractions of each voxel are nothing else than very volume of them.
Each voxel has cubic shape with 5,25 µm edges (function of the microtomography
parameters) with a total volume of 144,70 µm3. The sum of the volumetric frac-
tions of all voxels within certain finite element should be approximately equal to
the volume of the same finite element.
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2.3 Computacional Simulation

The purpose of the computational simulation was to obtain the force by displace-
ment curve of the finite element model of the trabecular bone samples. The sim-
ulation was based on the properties of their elementary constituents, function of
volumetric fractions, obtained at the microscale for lamellae and lacunae. To this
end, the properties calculated through the homogenization process should be eval-
uated for each finite element in the model.

 

Figure 7: Flowchart for generating the finite element model.

A microscaleeffective tensor, representing a single lamellae is associated with each
voxel of the three-dimensional geometric model. This tensor is calculated accord-
ing to the methodology of multiscale homogenization and according to the volu-
metric fractions defined by the gray value derived froma transverse microtomogra-
phy slice.

In the next step, the voxels present within each finite element are determined.A
simple homogenization of the properties of each voxel, using the Voigt homog-
enization scheme is made for calculating the anisotropic stiffness tensor of each
finite element. As each sample is around 3.3 million elements and each element
receives an anisotropic stiffness tensor, each analysis has approximately 3,300,000
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stiffness tensors.

The finite element model is solved through the application of concentrated loads
representing a total load of 150 N in the upper nodes of the model, constraining
the displacements of the nodes of the upper surface to have equal displacement.
Boundary conditions are inserted in the lower nodes, considering them fixed, for
the simulation of mechanical testing and obtaining the force by displacement com-
putational curve.

An application in python, divided into modules, was developed for these proce-
dures. The final result of this algorithm is a computer simulation, through the finite
element method, of the linear elastic part of the physical mechanical test. The res-
olution of the computer simulation took about three days for each bone sample and
was only possible through the Linux operating system Ubuntu 4.10 LTS (Lucid
Lynx) (http://www.ubuntu-br.org/).

The algorithm was written in python, because of the ease implementation and pro-
ductivity offered by this programming language. After concluding the simulation
and obtaining a graphic of force by displacement, the evaluation and comparison
of the results contrasting with physical mechanical tests were done.

The calculation of elastic moduli for both physical tests and the results of the com-
puter simulations were made according to the slopes obtained with trend lines for
the linear part of the force by displacement curves. These values were calculated as
functions of the total height and the cross-sectional area of the samples, according
to the Eq. (9).

E = IFD
h
A

(9)

where, IFD trend line slope for the force by displacement graphs, h total height of
the samples (13 mm), A the cross-sectional area and E the elastic modulus of the
sample.

3 Results

Graphics comparing the physical mechanical tests and the computer simulation of
the mechanical tests, using finite elements for samples T1, T2 and T3 are shown in
Fig. 8. Due to the size and complexity of computer simulation, comparisons are
restricted to linear elastic regime.

4 Discussion and Conclusions

Bone tissue is a complex material in its geometry, mechanical properties, physical
and biological characteristics. The complexity of the issue justifies the numerous
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Figure 8: Force vs. Displacement comparison graphic for the sample T1, T2 and
T3, respectively.

studies where the main subject is the bone, both cortical and trabecular one. The
characteristics studied such as mechanical properties are disparate and almost never
define or standardize a generic behavior.

Indeed the mechanical characterization of a bone is almost an impossible mission
when adopted an simplified approach since the properties of it are functions of
many biological variables as the amount of certain hormones, biomechanical vari-
ables such as amount of exercise that a person undergoes and physical variables
such as bone density, which one is different in every person atdifferent moments
in life. This occurs because bone is a living tissue that undergoes constant damage
and recovery (bone remodeling)to the extent of changing the entire human skeleton
in approximately eight years[Behari, 2009].

The approach of bone tissue as a composite material consisting of a multiscale
hierarchical structure in which, at each level, all the structures compounding the
material work together to produce the global properties of the bones (mechanical,
chemical, etc.), is currently the most accepted approachproducing the most consis-
tent results. This assertion can be made based on the latest publications on the me-
chanical behavior of bone tissue[Coelho, Fernandes and Rodrigues, 2011; Hackl,
Ilic and Gilbert, 2010; Hambli, 2010; 2011; Hambli, Katerchi and Benhamou,
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2011; Hamed, Lee and Jasiuk, 2010; Ilic, Hackl and Gilbert, 2010; Levengood, Po-
lak, Wheeler, Maki, Clark, Jamison and Johnson, 2010; Podshivalov, Fischer and
Bar-Yoseph, 2011].

However, the mere consideration of bone tissue as a hierarchical and multiscale
material does not guarantee the general characterization since it undergoes a high
variation in its mechanical properties. The method proposed in this paper for a bet-
ter approximation of the real and correct mechanical properties in a specific bone
sample is to measure the amounts of bone constituents at a certain level or scale,
more specifically, in the microscale, and use these measures in the stiffness tensors
formulation. Theses tensors represent the mechanical properties for each represen-
tative volume where it is possible to identify certain variation of these properties,
being these representative volumes the voxels.

There are many difficulties on implementing a model with these proposed features,
starting from the complexity of the multiscale mathematical procedure andhomog-
enization, and ending with enormity of the computer model to represent a small
sample of 5 mm in diameter and 13 mm in height. The justification for this model
liesin the possibility of implementing large computational models due to the lat-
est generation of computers available in ordinary consumers market in the years of
2010 and 2011. Also, another justificationis the possibility of using very high level
programming languages, as python, what guarantees a high productivity.

A model with this level of complexity can provide much more than a simple com-
parison with mechanical compression tests. Its evolution in terms of implementing
features as damage, fracture, and other non-linear mechanical theories, can lead to
a deeper understanding about bone tissue’s behavior and consequently improve the
process of computer simulation for these structures. The material damage is visi-
ble by observing the displacement-force curve of physical compression tests. For
example, the curve for sample T2, Fig. 8, shows the starting point of damage after
the linear elastic regime followed by a major loss of rigidity. In the curves, another
depicted point deserves some commentaries. This is the point of stiffness initial
gain, which can be understood as a failure (and even rupture) of the trabeculae in
contact with the surface of the load stage due to the small contact area, which is
about 10 to 15% of the total cross-sectional samples. This rupture occurs until the
point that the packaging of these fractured trabeculae generates a sufficient con-
tact area for the whole sample to be requested and the structure as a whole start
to work mechanically. Even so, it is possible to note that the elastic regime is not
as linear as it is supposed to be according to the theoretical definition. There is a
little damage occurring with this scheme. This damage can be a residue of failure
and continuous breaking offin the structures that initially collapsed, or a failure of
small trabecular structures, arranged in improper positions in relation to the stress
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concentration, what causes a fast elevationin the tension level rapidly achieving the
collapse.

Regarding the results obtained through the methodology proposed in this paper,
there are discrepancies in the computational results in relation to the physical re-
sults, from approximately 4% for samples 1 and 2 and 6% in sample 3. This error
maybe a result from several variables involved in development of the employed
methodology. It can be related to the application of Voigt’s homogenization theory,
classically known in the literature for overestimate stiffness values for compos-
ites[Hamed, Lee and Jasiuk, 2010], or the occurrence of damage and failure of
structures, previously to the linear regime, causing a global behavior distinct from
the behavior calculated in the computer modeling. In addition, the methodology
itself may need some adjustments. Another factor to be considered is to soak the
ends of the bone sample in a resin or similar material to ensure an area of load trans-
fer that does not begin with an early damage on parts of the end structure during the
sample’s physical compression tests, what makes possible even a tensile test. This
approach requires that the contact surface between the resin and the bone must be
calculated as well as the mechanical properties of the resin should be known.

The presented methodology for trabecular bone tissue computational simulation
was found to be approximately consistent with the results of physical tests. It
means that, in a certain way, the methodology can be applied in the prediction
of stresses and strains intrabecular bone structures. The main consideration on the
proposed methodology is the fact that it can characterize specific trabecular bone
structures departing from same values of stiffness tensors for the elementary con-
stituents. This fact is illustrated by the variation in the force displacement graphics
of each sample in computer simulations. Being function of microtomography pa-
rameters, this characterization is a noninvasive technique that according to some
special parameters can even be applied in vivo.

Cases in which the methodology is applicable are those ones where there was no
damage in the trabecular structure and also when only an idea about the structure
behavior in linear elastic regime is needed.

Despite of its limitations, the methodology was found to be efficient on the charac-
terization of specific bone structures, achieving global mechanical properties sim-
ilar to the same properties evaluated through mechanical testes according to every
different samples of human trabecular bones.

Thus, studies in specific locations of certain individual’s trabecular bone tissue,
with certain characteristics, according to the time when his functions of regenera-
tion and resorption ceased can employ the proposed methodology in order to obtain
the structure’s response about the stress and strain relation on an elastic regime.
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