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Purpose: Bone is a hierarchical material that can be characterized from the microscale to macroscale. Multiscale models make
it possible to study bone remodeling, inducing bone adaptation by using information of bone multiple scales. This work proposes
a computationally efficient homogenization methodology useful for multiscale analysis. This technique is capable to define the ho-
mogenized microscale mechanical properties of the trabecular bone highly heterogeneous medium. Methods: In this work, a morphol-
ogy-based fabric tensor and a set of anisotropic phenomenological laws for bone tissue was used, in order to define the bone micro-scale
mechanical properties. To validate the developed methodology, several examples were performed in order to analyze its numerical be-
havior. Thus, trabecular bone and fabricated benchmarks patches (representing special cases of trabecular bone morphologies) were
analyzed under compression. Results: The results show that the developed technique is robust and capable to provide a consistent mate-
rial homogenization, indicating that the homogeneous models were capable to accurately reproduce the micro-scale patch mechanical
behavior. Conclusions: The developed method has shown to be robust, computationally less demanding and enabling the authors to
obtain close results when comparing the heterogeneous models with equivalent homogenized models. Therefore, it is capable to accu-
rately predict the micro-scale patch mechanical behavior in a fraction of the time required by classic homogenization techniques.
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matrix, by creating or reabsorbing it [25]. This process is
progressive and it is triggered to allow for bone adapta-
tion to any new external loads. As bone is a hierarchical

1. Introduction

Bone is a complex mineralized biological structure
defined by bone matrix and by bone cells. It can be
classified as a hierarchical material possessing distinct
scales from the nanoscale to the macroscale [21]. To
comprehend bone physiology, it is necessary to under-
stand bone at its different scales. Therefore, bone is
studied at its macroscale level, [14], microscale level
[20], and also crossing scale levels (multiscale analy-
ses) [22]. Bone remodeling is one of the most trend
research topics in computational biomechanics. In this
process, bone cells are responsible to renew the bone

structure, its morphology adaptation leads to changes of
its macro-scale mechanical properties, needed to fulfill
and optimize the bone-specific physiological function
of structural support [7]. Bone remodeling can be
studied using a multi-scale approach, where infor-
mation from two or more scales can be used to define
bone different functional requirements at different
scales, reflecting bone’s different behavior at different
scales [13]. Wolff [26] reported that the directions of
the external applied loads directly influence the direc-
tion of the trabecular bone. As a consequence, changes
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in bone’s trabecular structure (at a microscale level)
influence its macroscale mechanical behavior, which,
in turn, impacts the remodeling process.

Today, it is common to use computational biome-
chanics to study this type of biological problems [2].
The numerical methods and discretization techniques
used in computational biomechanics enable the re-
searchers to define, approximate and mimic biological
processes using mathematical descriptions of the prob-
lem. Bio-mathematical formulations combined with
distinct discretization approaches, such as finite ele-
ment methods (FEM) [27] and meshless methods [2],
make it possible to describe the mechanical behavior
of bone at certain scale levels by using multiscale
approaches [15] and homogenization techniques [19].
As in many other subjects, the use of the numerical
approaches to study bone remodeling began with sim-
plistic models. At first, it was considered that bone
was only sensitive to mechanical stimuli [6]. In early
studies, bone tissues started to be considered as an
isotropic-elastic material, a consideration that disre-
gard the importance of material orientation and struc-
ture in the remodeling process. In the last few years,
the complexity of bone models gradually increased,
and models started to be combined with multiscale
methods [15], in which homogenization techniques
are required [23]. Trabecular bone is characterized by
having a highly heterogeneous morphology, possess-
ing a high surface-area-volume ratio. Thus, trabecular
bone is the major responsible for bone’s metabolic
activity, including the remodeling process. Thus, con-
sidering that many of bone remodeling studies are per-
formed using discretization methods, the highly hetero-
geneous trabecular bone domain can have a negative
impact on the performance of these methods. Hence,
some authors started to use homogenization tech-
niques which allowed them do define highly hetero-
geneous domain as a homogeneous domain of the
trabecular bone, but considering its orientation and
anisotropy [17]. Homogenization techniques are de-
fined using a variety of approaches. In the literature,
numerous examples of homogenization techniques
application are found, with different approaches to
define bone mechanical properties. The majority of the
works use micro-CT images as a source for represent-
ing bone structure, [10], [16]-[19], but other authors
use different methods, such as scanning acoustic mi-
croscopy (SAM) [5]. The method to define the me-
chanical properties of the homogeneous domain usu-
ally relies on the definition of a tensor that enables the
researchers to relate the bone microstructure with bone
mechanical properties. Imaging-based approaches, such
as gray-level structure tensor (GST) or Mean Intercept

Length (MIL) method, are the most often used to ac-
quire these tensors [12], [16]-[18], although there are
other approaches, such as using Fast Fourier Transform
(FFT) homogenization methods [5]. These homogeni-
zation techniques make it possible to determine
equivalent mechanical properties of a heterogeneous
material by substituting the volume of the heterogene-
ous material with an equivalent volume of homogene-
ous material so as to predict the behavior of the
macro-scale using the mechanical properties coming
from the micro-scale. The fabric tensor concept, A,
a symmetric second rank tensor, enables the researcher
to characterize the arrangement of a multiphase material.
Back in 1985, Cowin [8] described the relation be-
tween the fabric tensor and the fourth rank elasticity
tensor C;. The fabric tensor also provides informa-
tion that allows to define an ellipsoid that can be re-
lated with the several material symmetries observed in
many natural materials, such as bone tissue. The fab-
ric tensor can be defined using two different methods,
a mechanically-based method and the morphology-
based method. The MIL method [24], a morphology-
based method that uses the interface between phases
of the material to estimate the tensor, is the most used
technique to compute a fabric tensor [16]. When con-
sidering the bone structure, it is possible to obtain
information regarding the material phase-change us-
ing computed tomography scan images, leading, natu-
rally, to the use of morphology-based techniques to
define the fabric tensor. The morphology-based meth-
ods use an orientation distribution function (ODF),
which is estimated from an orientation-dependent
feature of interest. ODF disposes the data in a polar
plot and, then, fits the data with an ellipse. As Cowin
initially suggested [8], it was afterwards demonstrated
in the literature that the ODF fitted ellipse (specifi-
cally, the ellipse parameters) can be correlated with the
material orientation, i.e., the material anisotropy [24].
The fabric tensor concept makes it possible to numeri-
cally define bone mechanical proprieties, which is of
high importance when studying the structural behavior
of bone tissue or its biological processes, such as bone
remodeling. Defining the mechanical properties en-
ables the researchers to feed constitute laws, in order
to better simulate the structural behavior of bone tis-
sue. With this, the main objective of this work was to
develop a new 3D homogenization technique, by ap-
plying the fabric tensor concept combined with a pre-
viously developed bone tissue material law and with
FEM, aiming to achieve a low-cost and efficient mul-
tiscale technique. The novelty of this homogenization
technique, that enables us to mechanically define bone
microstructure, is the combination of the fabric tensor
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concept with a previously defined bone tissue material
law, acquired using experimental data.

2. Materials and methods

The objective of this work was to develop a ho-
mogenization technique based on the fabric tensor con-
cept. Thus, a 3D MIL method was used to define an
ellipsoid encoding the material anisotropy and orien-
tation. This 3D MIL method uses a micro-CT bone im-
age Representative Volume Elements (RVE) as input,
which enables it to represent the bone structure. The
methodology was evaluated using a set of RVE bench-
marks. Having the ellipsoid parameters and using a phe-
nomenological material law according to Belinha et al.
[4] and Agic et al. [1], it was possible to define an
homogenized domain representative of a highly het-
erogeneous trabecular domain. Then, a set of me-
chanical simulations were performed, in which het-
erogeneous models were used. The geometry of these
heterogeneous models was defined by micro-CT im-
ages of the representative trabecular bone. Addition-
ally, homogenous geometrical models with regular
shape (cubes) were constructed, with their mechanical
proprieties defined using the developed homogeniza-
tion technique.

2.1. 3D MIL

To define the fabric tensor encoding bone anisot-
ropy, the method requires a medical image as input.
These images are usually a set of grey-scale images,
thus, the first operation of this method is to segment
the medical images using the Otsu method. This en-
ables us to define in the RVE which voxels are bone
material or void. The second step of the method is de-
fined by an iterative process, where a random search
using a sphere centered within the RVE boundaries is
selected. This search sphere contains a set of vectors
with random directions that are set constant in all the
iterations. In each iteration, the search sphere centroid
changes, and the intersection between the vectors
from the vector list and the bone voxels are counted.
These intersections are only counted if the bone voxel
centroid has a maximum distance from the vector of at
least the voxel size. As the vector list is constant
within the iterative process, it is possible to sum the
number of bone voxels that are intercepted in all the
iterations for each vector. In this work, depending on
the benchmark, the iterative process has a minimum

and a maximum of 1000 and 5000 iterations, respec-
tively, and has a variance stop criteria of 0.08. Using
equation (1), it is possible to transform the intersec-
tion count into Cartesian coordinates. For each direc-
tion, 7 represented by a unique vector, it is multiplied
the number of iterations, iter, with the original vector
size, h. Dividing this value by the number of intercep-
tions of the vector with direction /n#(z) for all the
iterations, the MIL(1) is obtained. The original vector
size, h, was defined by the search sphere size, that
contained the vector list. Having the MIL value, the
ODF data, it is possible to fit it into an ellipsoid us-
ing Fitzgibbon method. [9] After defining the ellip-
soid, relevant parameters for the methodology are
extracted. Specifically, the parameters extracted are
the radius that define the ellipsoid, r, 7, and r; being
ry > r, > r3, and the angles theta, 6, and azimuth @,
defined from 7, that defined the ellipsoid 3D orienta-
tion. ry, r, and r; are normalized by the r| size, being
r; =1 always.

hxiter
Int(r)

MIL(1) = (1)

2.2. Material law

Using the parameters obtained from the 3D MIL
method, the RVE image information, and the phenome-
nological material laws obtained from Belinha et al.
[4] and Agic et al. [1], it is possible to create and de-
fine a material law.

The segmented image information was used to
define the bone apparent density, p,,,. It was ob-
tained using a relation between the number of white
voxels (bone voxels), w,, and the black voxels (void
voxels), b,, as described in Eq. (2). In this equation,
po = 2.1 g/lem’ represents the bone typical maximum
apparent density.

" x pp [gem’]. @)

_ w,
pﬂPP (bv + Wv)

Also, using the image information, through the uni-
versal mixture laws, was possible to define v;, Eq. (3),
being v = 0.3 the typical Poisson ratio for cortical
bone (bone voxels, at the microscale).

_(0xb,))+(0.3xw,)
ECETS

A3)

Regarding v, and v, in this work, the values ob-
tained from Agic et al. [1] are assumed (Fig. 1),
where a relation between v, and v; and the bone ap-
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Fig. 1. Data obtained from Agic et al. [1], fitted to polynomial functions

parent density, p,,,, is shown. Fitting Agic et al. data
it was possible to define two fourth order polynomial
equations, Egs. (4) and (5), which enabled us to de-
scribe the behavior of v, and v; analytically, consid-

ering Py
v, =
4 3 2
7.1743p,,, —7.8346p,,, +2.3005p,,, +0.6563p,,,

b
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453070, ~5.45590] +2.04807,
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Considering Belinha’s material law [3] and using
Eq. (6) and coefficients from Table 1, it is possible to
define E;. Concerning E, and Fj, it is a defined rela-
tion between £, and the radius 7y, , and r3. Thus, E, is
defined using a relation between ry, r, and E; (Eq. (7)),
and Ej3, is defined using r, r3 and £}, (Eq. (8)).

Table 1. Coefficients obtained from Belinha’s material law [3]

Jj=0 =1 Jj=2 Jj=3
@ | 0.0E+00 | 7.216E+02 | 8.059E+02 | 0.0E+00
b; | ~1.770E+05 | 3.861E+05 | —2.798E+05 | 6.836E+04

0
> a,p), if p,, <1.3glm’
j=3

El =  0 ) s (6)
Zb‘/p‘{pp if p,,, >1.3 g/em’
=3
E, :M, 7)
h
nxE
E,= 5377 (8)
h

The shear modulus, Gy, G, and Gj, are approxi-
mated using Egs. (9), (10) and (11), respectively:

El
Gl_2x(l+vl)’ ©)
_ E2
2 2x(14+vy)] (10)
_ E3
U 2x(14vy) (b

Using the proposed method, it is possible to de-
fine a set of mechanical properties capable of defin-
ing a homogenized RVE (£, E», E3, Vi, W, W5, G, Gy, G
and @ and w). It made it possible to construct a con-
stitutive matrix ¢,y,~, equation (12) for the ox'y'z’
local coordinate system (oriented with the material
principal axis, following the principal “axial” and
“transverse” directions).Using & and @ obtained from
the ellipsoid fitting, the transformation rotation matri-
ces T, are defined (Egs. (13) and (14)).
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Afterwards, it is possible to define the material
constitutive matrix in the global axis with Eq. (15),

¢ =[T,. [T, 1L Cory [T, 11T, 1,.  (15)

2.3. Algorithm robustness

In order to evaluate the robustness of the 3D MIL
method, benchmark examples were analyzed. One of
the factors that could influence the method was the
number of vectors in the vector list present inside the
search sphere. Thus, the behavior of the method was
evaluated assuming distinct vector list sizes with: 50,
100, 250, 1000 and 1500 vectors. These sets are rep-
resented in Fig. 2. Furthermore, 6 benchmarks RVEs
were fabricated with well-defined geometric charac-
teristics, containing bone-voxels and void-voxels,
being bone voxels represented in blue (Fig. 3).
Benchmark 1 (Fig. 3a), has a well-defined vertical

material principal direction. Benchmark 2 (Fig. 3b),
has exactly the same number of bone and void voxels
as benchmark 1, but it was obtained applying a rota-
tion in order to have a horizontal material principal
direction. Benchmark 3 (Fig. 3c), and benchmark 4
(Fig. 3d) have an oblique material principal direc-
tion. The difference between benchmarks 3 and 4, is
the number of voxels that define the thickness of the
bone region. Benchmark 5 (Fig. 3e) and benchmark 6
(Fig. 3f) have the same material principal direction,
but different number of bone voxels defining the bone
voxels central column. The corresponding ellipsoids
and material directions are shown in Figs. 3g—1. It
was expected that the material first principal direc-
tion was collinear with the material distribution.
With Figures 3g—I, it is possible to observe that
using the proposed technique, the obtained material
directions are in accordance with the expected ma-
terial directions of each benchmark. The study of
these benchmarks aimed to evaluate the obtained
mechanical proprieties, prior to the transformation
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Fig. 2. Set of image is representing different numbers of vectors inside the search sphere:
(a) 50 vectors, (b) 100 vectors, (c) 250 vectors, (d) 500 vectors, (e) 1000 vectors, (f) 1500 vectors

#

(® (h) @

°)

\ 4

@ (9] o

Fig. 3. Images (a)—(f) represent the constructed benchmarks, and images (g)—(1) represent the respective ellipsoid fitting

with Eq. (15), and verify if the obtained parameters
reflect correctly the benchmarks morphology, which
was confirmed.

2.4. Mechanical simulation

Using the developed homogenization technique,
it was possible to define the mechanical properties of
homogeneous RVEs from the heterogeneous RVE
(characterizing real trabecular bone morphology).
With this, and using structural mechanical simula-
tions, it was created a set of models that allow to ana-
lyze if the mechanical behavior of the homogenized
RVEs is equivalent to the heterogeneous RVEs. Thus,
5 different geometrical models were constructed con-
sidering the trabecular bone morphology Figs. 4 b—f,
and 5 equivalent homogenized RVEs, represented in
Fig. 4g as an example (all homogenized RVEs are sim-
ple cubes discretized regularly as the one in Fig. 4g.
These mechanical simulations were performed using
ABAQUS Unified FEA — SIMULIA™ 6.14 by Dassault
Systémes”.

The heterogeneous models were constructed using
the same models to which the developed homogeniza-

tion technique was applied. The images used to create
these models were obtained using micro-computerized
tomography (micro-CT) from a foot cuboid bone.
Since these images were obtained using micro-CT,
they possess a sufficiently high resolution to represent
the trabecular structure, but also possess information
about the pixel and voxels dimensions, allowing to
define, for each voxel a mesh element. Using the same
threshold method and parameters used in the homog-
enization technique, each voxel corresponds to a hexa-
hedric element, which could be defined as bone mate-
rial or void space. The mechanical properties applied
to the elements defined as bone and void in the het-
erogeneous models are represented in Table 2. It is
noteworthy that the geometrical information from the
micro-CT imposed the existence of void space in be-
tween the trabeculae, making it necessary to define it
as a solid “material”. Thus, the solution was to define
it as a soft material that would not (significantly) in-
terfere with the global structural response of the RVE.
Thus, for the “void space”, a Young’s modulus with
a much lower magnitude than the one of the trabecula
was attributed. Concerning the boundary condition,
two sets of boundary conditions were considered,
resulting in two simulation sets. Figure 4a represents
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Fig. 4. (a) Geometrical models schematics, (b) heterogeneous model 1,
(c) heterogeneous model 2, (d) heterogeneous model 3, (e) heterogeneous model 4,
(f) heterogeneous model 5, (g) generic homogeneous model

a generalization of the geometrical models used in
all simulations. For the first set of boundary condi-
tions, at the top layer nodes (z = L) a displacement
of (w =0.1 x L) and a displacement restriction # =
0 A v = 0 were imposed. Also, at the bottom layer
nodes (z = 0), a displacement restriction w = 0 was
applied. For the second set of boundary conditions, at the
top layer nodes (z = L) a displacement of (w = 0.1 x L)
and a displacement restriction # =0 A v = 0 were
also imposed. However, at the bottom layer nodes
(z=0) a complete displacement restriction, # =0 A Vv
=0 A w = 0 was applied, being {u, w, w} the dis-
placement components along the {Ox, Oy, Oz} axis,
respectively.

Table 2. Mechanical properties
used to define the bone by Hong et al. [11]
and void space in the heterogeneous models

Mechanical Properties

trabecula void space
Young modulus [GPa] 3.470 1.0x 1077
Poisson’s ratio 0.36 0.1

(2) (b) ©

3. Results

This section presents the results obtained from
the computational analyses performed to evaluate the
behavior of the 3D MIL and also the results obtained
from the mechanical simulations, where the me-
chanical properties of the homogeneous models were
defined using the developed homogenization meth-
odology.

3.1. Validation of MIL method

Using the created benchmarks, the number of
vectors (in the vector list inside the search sphere)
that provided stable results with the developed
method were analyzed. The behavior of theta, &, and
azimuth, @ (Fig. 6a), and the length of the radius that
defines the fitted ellipsoid (Fig. 6b) were analyzed.
The results in Figs. 6a) and 6b) were obtained ap-
plying the proposed method to the benchmarks pres-

‘see

Fig. 5. Different number of vectors inside the search sphere:
(a) 50 vectors, (b) 100 vectors, (c) 250 vectors, (d) 500 vectors, (e) 1000 vectors and (f) 1500 vectors
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Fig. 6. (a) Evolution of the obtained wand @ with the increase of the number of vectors in the vector list inside the search sphere,
(b) Evolution of the obtained 7|, r, and 3 with the increase of the number of vectors in the vector list inside the search sphere

Table 3. Parameters obtained using the developed method, defining the local mechanical properties
of the constructed benchmarks

Benchmark
1 2 3 4 5 6
[} 11.985 0.219 43.701 44.373 28.517 26.107
0 89.546 0.089 34.733 35.731 89.654 89.138
E, 333.440 333.440 15.509 111.540 15.509 66.301
E, 253.905 249.008 2.133 55.018 5.280 34.569
E; 247.595 246.993 2.085 54.725 5.176 34.354
Gy 159.084 159.084 7.731 54.720 7.731 32.757
G, 95.211 93.374 0.993 23.472 2.459 15.350
G3 103.035 102.784 0.958 24.360 2.379 15.554
v 0.048 0.048 0.003 0.019 0.003 0.012
123 0.333 0.333 0.074 0.172 0.074 0.126
V; 0.202 0.202 0.088 0.123 0.088 0.104
Papp 0.336 0.336 0.021 0.134 0.021 0.084

ent in Fig. 5. In Table 3, the several parameters ob-
tained using the proposed method for all benchmarks
of Fig. 3 are shown.

3.2. Mechanical simulation

The performed mechanical simulations aimed to
evaluate whether the developed homogenization tech-

nique was able to define the mechanical properties
of the heterogeneous domains, enabling to define ho-
mogeneous models (mechanically equivalent to the
trabecular heterogeneous models defined by the het-
erogeneous geometrical models). For the constructed
models, both the von Mises stress field and the dis-
placement field were obtained, Figs. 7 and 8, respec-
tively. Figure 7 regards the first set of boundary
conditions applied to the models. In each sub-image
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4. Discussion

This section presents discussion regarding the re-
sults obtained from the tests performed to evaluate the
behavior of the 3D MIL. Moreover, the results obtained
from the mechanical simulations, where the mechanical
properties of the homogeneous models were defined
using the developed homogenization methodology, are
also analyzed and discussed.

From the results obtained using the benchmarks,
concerning the behavior of theta, 6, and azimuth, @
(Fig. 6a), and the length of the radius that defines the
fitted ellipsoid (Fig. 6b), it is possible to visualize that
starting from 250 vectors, highlighted with vertical
dotted line, the results stabilize, which means that the
convergence is achieved and using a higher number of
vectors does not increases significantly the accuracy
of the solution. Thus, using 250 vectors enables us to
obtain results very close to the ones obtained consider-
ing 1500 vectors. The advantage is the computational
time, an analysis with 250 vectors is much faster than
an analysis with 1500 vectors. Concerning the values
from Table 3, when comparing the results of bench-
mark 1 and 2, Figs. 3a and b, respectively, and con-
sidering the benchmarks characteristic, it is possible to
conclude that these results are as expected. Bench-
marks 1 and 2 have the same number of bone voxels,
reflecting the high similarity between E|, E,, E3, G,
Ga, G3, Wi, V5, v3 and p,,,, however, when considering
0 and o, these two parameters reflect the different
benchmark principal direction.

Concerning benchmark 3 and 4 (Figs. 3c, d) that, as
previously described, have an oblique principal direc-
tion, & and w parameters reflect this oblique topology.
The remain parameters, E,, E,, E;, G, Gy, G3, vi, W,
v5 and p,,, reflect the different number of voxels that
define the thickness of the bone region. Comparing
the results obtained with benchmark 5 and benchmark
6 (Figs. 3e, f), the values in Table 3 make it possible
to understand that € and @ parameters are highly
similar. The remaining parameters, £, £, E;, Gy, Gy,
Gs, Vi, v, v3 and p,,, are not comparable. These re-
sults were the expected ones, because, as previously
described, these benchmarks have the same material
principal direction but a different number of bone
voxels. Although insignificant, the difference be-
tween values (that should be exactly the same, as for
example E3) for benchmark 1 and 2 occurs because
of the random selection of the centroid of the search
sphere. In Figures 3g to 1, the fitted ellipsoids are
presented. In these images it is visible that the fitted

ellipsoid, by visual inspection, has the same material
principal direction as the fabricated benchmarks, re-
enforcing the hypothesis that the developed method-
ology can define and encode trabecular bone orienta-
tion and anisotropy.

Concerning the mechanical simulation results, it
was observed for all the heterogeneous models re-
sults that bone zones, which define the trabeculae,
present higher values of the stress. For the case of
the displacement values, as expected, higher values
are observed in the region close to z = L, which is
the location were the imposed displacement was
applied. As expected, a gradual apparent linear de-
crease of the displacement from z = L to z = 0 is also
observed. Concerning the homogeneous models, they
present, when compared with the heterogeneous mod-
els, a smoother von Mises stress spatial distributions,
reflecting the homogeneous nature of the model.
Analyzing the displacement values, the images show
that, similarly to the heterogeneous models, the higher
displacement values appear in the nodes where the
enforced displacement was applied (the region close
to z = L), and that a gradual decrease of the displace-
ment values down to z = 0 occurs. As the geometrical
nature of the models is so different, it is difficult
to compare these models using a local perspective
of the models. Thus, to evaluate whether the homo-
geneous models have an equivalent behavior to the
heterogeneous model, a relation between the sum of
the z components of the reaction forces, at z = 0,

ZRZFO, and the displacement applied at z = L,

ui=", Eq. (16) was defined, leading to a homogenized
value of stiffness K.

z=0
K= 2R (16)

z=L
U

The results obtained using Eq. (16) are represented
in Figs. 9 and 10. Regarding the results of Fig. 9, con-
cerning the first boundary conditions set, the differ-
ence between the homogeneous and the heterogeneous
model is of 56% for the model 1, 0% — for model 2,
26% — for model 3, 38% — for model 4 and 9% — for
model 5, representing an overall average difference
of 21%. For the case of mechanical simulations per-
formed, using the second set of boundary conditions,
the difference between the homogeneous and the het-
erogeneous model is of 6% for the model 1, 7% — for
model 2, 11% — for model 3, 3% — for model 4 and 59%
— for model 5, representing an overall average differ-
ence of 14%.
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Fig. 9. Homogenized stiffness K for the mechanical simulation results
performed using the first set of boundary conditions,
for the homogeneous (HM) and heterogeneous (HT) models
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Fig. 10. Homogenized stiffness K for the mechanical simulation results
performed using the second set of boundary conditions,
for the homogeneous (HM) and heterogeneous (HT) models
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Fig. 11. Computational cost of the mechanical simulations performed using the 6 heterogeneous models (HT),
and its 6 equivalent homogeneous models (HM), for the two sets of boundary conditions, set 1 and set 2
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One factor possessing a significant impact in mul-
tiscale simulation is the computational cost. Thus, the
computation cost of the developed method was ana-
lyzed. In Figure 11, the computational cost of the per-
formed mechanical simulation for each model, and for
both boundary condition sets (set 1 and set 2) is pre-
sented. The developed method leads to a maximum
decrease of 99.2% of the computation time, in the
case of the model 1, a minimum of 51.7% for model 4
and a 90.3% average decrease of the computational
time of all the models.

5. Conclusions

In this work, a method to define the homogeneous
equivalent mechanical properties of the highly heteroge-
neous trabecular bone tissue was proposed. The method
uses the fabric tensor concept and two material laws [1],
[4], [26]. Regarding the fabric tensor, the results show
that if actually encodes the trabecular bone orientation
and anisotropy. Also, using the set of fabricated bench-
marks, the robustness of the method was evaluated,
which made it possible to conclude that it provides reli-
able information about the principal directions and ani-
sotropy. The considered material laws (Belinha’s law
and Agic’s law) complemented the fabric tensor infor-
mation, by providing the Young’s modulus of the ho-
mogenized material in the material’s principal direction
and the Poisson’s coefficient (by using the average ap-
parent density of the complete domain). The mechanical
simulations analyzed heterogeneous and homogeneous
models with equivalent mechanical properties obtained
using the developed method. The simulations shown that
the developed method properly defines the equivalent
mechanical proprieties of the homogeneous models.
Since the analyzed geometric models have a distinct
discretization (the nodes of two distinct models do not
spatially coincide), it was not possible to compare the
results using a local nodal comparison, in which the
displacements and stresses at the same nodal coordinates
in both models are analyzed. Thus, the concept of ho-
mogenized stiffness K was considered, proving to be an
efficient tool to compare the homogeneous and hetero-
geneous models. Considering the differences in the ho-
mogenized stiffness K between the heterogeneous and
the equivalent homogeneous models and the differences
between the computation cost, it is possible to conclude
that the proposed homogenization technique is capable
to deliver accurate homogenized mechanical properties
to be applied to very coarse homogenized discrete mod-
els in a fraction of time. Thus, the proposed homogeni-

zation method possesses the potential to significantly
decrease the computational cost of demanding multiscale
analyses without compromising its accuracy.
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