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Featured Application: Multiscale analysis is widely applied in the field of mechanics of
heterogeneous materials, as a numerical tool, to simulate both microstructure evolution and
macroscopic response to loads. The potential of this technique is applied in this work to the micro-
and macro-mechanical study of the cortical bone tissue, using a mixed experimental-numerical
approach. Hence, the experimental characterisation of the cortical bone is used to calibrate the
outcome of the multiscale analysis. This strategy provides useful information at macro- and
micro scales. First, the apparent mechanical (orthotropic) behaviour of the tissue is obtained.
Second, microstrain and microstress distributions are shown along the bone microstructure. The
multiscale analysis presented in this paper can be a useful technique to further investigate the
microstructural and local mechanical stimulus which orchestrates several bone functions, such as
bone remodelling.

Abstract: Multiscale analysis has become an attractive technique to predict the behaviour of
materials whose microstructure strongly changes spatially or among samples, with that microstructure
controlling the local constitutive behaviour. This is the case, for example, of most biological
tissues—such as bone. Multiscale approaches not only allow, not only to better characterise the local
behaviour, but also to predict the field-variable distributions (e.g., strains, stresses) at both scales
(macro and micro) simultaneously. However, multiscale analysis usually lacks sufficient experimental
feedback to demonstrate its validity. In this paper an experimental and numerical micromechanics
analysis is developed with application to cortical bone. Displacement and strain fields are obtained
across the microstructure by means of digital image correlation (DIC). The other mechanical variables
are computed following the micromechanics theory. Special emphasis is given to the differences
found in the different field variables between the micro- and macro-structures, which points out the
need for this multiscale approach in cortical bone tissue. The obtained results are used to establish
the basis of a multiscale methodology with application to the analysis of bone tissue mechanics at
different spatial scales.

Keywords: cortical bone; digital image correlation; multiscale analysis; micromechanics;
computational mechanics
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1. Introduction

The key importance of mechanical factors on the physiological functions and processes that
take place in the bone tissue, in both healthy and pathological conditions, is widely accepted [1–3].
Therefore, in recent decades, important efforts have been made in the mechanical characterisation
of bone tissue [4,5] (at different scales), and the mathematical modelling of its mechanical and
mechanobiological behaviour [6–8].

On the one hand, the properties of the bone tissue are affected by a high number of factors,
such as its morphological complexity and porosity, anisotropic orientation of trabeculae and osteons
or its inherent hierarchical structure. A large number of studies characterise the structural and
mechanical behaviour of the bone tissue by means of micromechanical [9,10], nano-mechanical [11]
and macroscopic approaches [12], to cite a few. They all show the heterogeneity of this tissue at all
scales and the difficulty of relating experimental measurements to real tissue properties. For example,
Tai et al. [11] show, with atomic force microscopy experiments and computational simulations, that
the nanomechanical properties and shape of cortical bone are directly related to their macroscopic
mechanical behaviour, being this structure-property relation a key factor in some non-physiological
behaviour of the bone tissue. Therefore, processes such as bone damage, bone remodelling and
bone-related diseases (e.g., osteoporosis and fracture healing) could be better understood by relating
microscale material heterogeneity to its macroscopic structural performance.

One of the techniques that allows to obtain microscopic parameters in inhomogeneous, anisotropic
and non-linear materials is digital image correlation (DIC). It is particularly suitable for biological
tissues and has been successfully used for measuring the strain field in bone tissue [13–15]. It consists
of comparing the positions of different points of reference within a deformable loaded region that
is photographed at different times. These points of reference are usually painted in the sample
using a spray to create a speckles pattern. Using this method, the strain field of a region of interest
within a specimen may be provided with microscopic resolution. The advantage of this method over
others, such as nanoindentation [10,11], is that the whole strain field is recorded easily for different
loading conditions. This technique, however, generate large amounts of data in comparison with
traditional methods.

On the other hand, there is a vast literature related to modelling bone tissue in many different
scenarios and at several scales. The models may be classified—according to the observation scale—as
macroscopic and microscopic. At the macroscopic scale, several issues have been addressed in the last
few decades, such as modelling/remodelling [16–23], poroelasticity [24,25], bone healing [26–28] or bone
tissue engineering [29–32] among many others. Moreover, the driven mechanical stimulus [27,33–36]
and the microstructural distribution of mechanical variables have also been studied [37–40].

The multiscale analysis is a technique initially applied in the framework of the mechanics
of heterogeneous materials. Specifically, multiscale techniques have been used in the analysis of
fluid circulation within a porous medium [41], plasticity [42,43], thermoelasticity or composite
adhesives [44,45], to cite a few (refer to [46] for a review of multiscale analysis in different applications).
On the other hand, multiscale analysis has progressively developed great potential for the combined
macro-and-micro analysis of biological tissues due to their hierarchical, multiphasic and heterogeneous
nature [47], such as tissue engineering processes [30,31,48]. Cancellous bone has been one the first
candidates to be analysed through a multiscale approach [49–51]. However, cortical bone tissue has not
been such a clear candidate, probably due to the lack of such a clear porous microstructure as compared
to the cancellous bone, so it has been traditionally modelled as homogeneous, anisotropic material
with directly homogenised properties [52]. However, some of the most interesting microstructures
of the bone tissue are present in the cortical region including canaliculi, or Haversian and Volkmann
canals [53,54].

The referred studies of the multiscale analysis of the bone tissue are developed independently of
its mechanical characterization. In this paper, cortical bone is studied from a multiscale perspective
to model an experimental setup specifically developed for this analysis. Therefore, the developed
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mathematical analysis and simulation is fed by the results recorded in the experiments providing a
novel and mixed computational-experimental approach. The outcomes of the multiscale approach
for the cortical tissue allow to conclude the importance of using a multiscale approach to capture the
heterogeneity of the results along the microstructure, which is critical in order to understand many of
the essential biological processes of bone tissue at this level.

The paper is arranged as follows: first, the experimental setup is introduced in the Section 2.
Second, the mathematical multiscale approach is developed in Section 3. Both experimental and
numerical results are presented in Section 4. Finally, the results are discussed and some conclusions
are established at the end of the paper.

2. Materials and Methods

A cortical bone sample from the left femur of an adult male horse, aged between 15–20 years old,
was used to obtain the strain maps under both longitudinal and transversal forces by means of the
Digital Image Correlation (DIC) technology. Sample preparation and experimental tests were carried
out as follows.

2.1. Sample Preparation

To prepare the bone sample, first, a rectangular bone piece was extracted from the mid diaphysis
of the femur, lateral cranial side, by means of a band saw (Figure 1a). Second, the surface of the
sample was polished with carbide papers (P600 to P4000). Colloidal silica slurry (0.04 µm) was used
for the final polishing step. The sample was cleaned ultrasonically with distilled water between each
polishing step. The size of the plane specimen obtained after this stage was 50 × 20 × 4 mm, with the
direction of the larger side corresponding to the longitudinal direction of the bone (Figure 1b). Thirdly,
the sample bone ends (10 mm approximately) were embedded in Epoxy® resin (Struers Inc, Cleveland,
OH, USA) to fix them to the testing machine (Figure 1c). Finally, the spray painting was carried out
with black speckles over a bright white background. It can be observed in Figure 1d that the speckles
are consistent in size.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 17 

heterogeneity of the results along the microstructure, which is critical in order to understand many 
of the essential biological processes of bone tissue at this level. 

The paper is arranged as follows: first, the experimental setup is introduced in the section 2. 
Second, the mathematical multiscale approach is developed in Section 3. Both experimental and 
numerical results are presented in Section 4. Finally, the results are discussed and some conclusions 
are established at the end of the paper. 

2. Materials and Methods 

A cortical bone sample from the left femur of an adult male horse, aged between 15–20 years 
old, was used to obtain the strain maps under both longitudinal and transversal forces by means of 
the Digital Image Correlation (DIC) technology. Sample preparation and experimental tests were 
carried out as follows. 

2.1. Sample Preparation 

To prepare the bone sample, first, a rectangular bone piece was extracted from the mid diaphysis 
of the femur, lateral cranial side, by means of a band saw (Figure 1a). Second, the surface of the sample 
was polished with carbide papers (P600 to P4000). Colloidal silica slurry (0.04 µm) was used for the 
final polishing step. The sample was cleaned ultrasonically with distilled water between each 
polishing step. The size of the plane specimen obtained after this stage was 50 × 20 × 4 mm, with the 
direction of the larger side corresponding to the longitudinal direction of the bone (Figure 1b). 
Thirdly, the sample bone ends (10 mm approximately) were embedded in Epoxy® resin (Struers Inc, 
Cleveland, OH, USA) to fix them to the testing machine (Figure 1c). Finally, the spray painting was 
carried out with black speckles over a bright white background. It can be observed in Figure 1d that 
the speckles are consistent in size. 

 
 

(a) (b) 

Figure 1. Cont.



Appl. Sci. 2019, 9, 5228 4 of 17
Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 17 

 

 

(c) (d) 

Figure 1. (a) Horse femur after extracting a piece from the mid diaphysis for machining; (b) one of the 
four specimens after milling; (c) embedding process; (d) spray speckle for digital image correlation 
strain measurements. 

2.2. Experimental Tests 

The experimental tests are composed of mechanical tests and strain measurements of the sample. 
The former consisted of applying both longitudinal compressive (FL) and transversal compressive 
(FT) forces to the prepared sample (Figure 2a). The FL was applied in the direction of the larger side 
of the specimen by means of a push-pull testing machine (KEELAVITE® 50 kN) (Figure 2b). This 
machine consists of a hydraulic actuator directed by an automatic control (MTS 407®), which allows 
to apply loads up to 50 kN (Figure 2b). The longitudinal system is equipped with an Eaton Lebow 20 
Klbf load cell (model: 3174-20K) for force measurement. The piston of the machine, threaded to the 
inferior end of the sample, compresses the sample, whose superior end is threaded to the fixed frame. 
In addition, a complementary device [55] allows to apply transversal compressive force (FT) in the 
mid-section of the specimen as shown in Figure 2a. This device consists of a linear screw type actuator 
controlled manually [55], in which forces up to 1500 N are measured with a load cell connected in 
series (Interface 2 Klbf, model: WMC-2000). 

Figure 1. (a) Horse femur after extracting a piece from the mid diaphysis for machining; (b) one of the
four specimens after milling; (c) embedding process; (d) spray speckle for digital image correlation
strain measurements.

2.2. Experimental Tests

The experimental tests are composed of mechanical tests and strain measurements of the sample.
The former consisted of applying both longitudinal compressive (FL) and transversal compressive (FT)
forces to the prepared sample (Figure 2a). The FL was applied in the direction of the larger side of the
specimen by means of a push-pull testing machine (KEELAVITE® 50 kN) (Figure 2b). This machine
consists of a hydraulic actuator directed by an automatic control (MTS 407®), which allows to apply
loads up to 50 kN (Figure 2b). The longitudinal system is equipped with an Eaton Lebow 20 Klbf load
cell (model: 3174-20K) for force measurement. The piston of the machine, threaded to the inferior end
of the sample, compresses the sample, whose superior end is threaded to the fixed frame. In addition,
a complementary device [55] allows to apply transversal compressive force (FT) in the mid-section of
the specimen as shown in Figure 2a. This device consists of a linear screw type actuator controlled
manually [55], in which forces up to 1500 N are measured with a load cell connected in series (Interface
2 Klbf, model: WMC-2000).
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Figure 2. (a) Scheme of the loads applied to the specimen, longitudinal forces, FL, and transversal forces,
FT; (b) picture of the system during experiments. The push-pull testing machine may be observed in
the back ground. The piston and the load cell above, attached to the green frame, can be observed. The
system that applies the transversal load can be seen below, while the DIC camera appears in front.

A total of eight different loading states were simulated for transversal and longitudinal force
values 0, 250 and 500 N as indicated in Table 1. For each loading state, transversal and longitudinal
loads were applied from 0 to the desired level of load in static conditions. The load was applied very
slowly, below 10 N/s. During load application, the strain in the region of interest was measured as
described below. During the 6 h required to complete the test, from the moment that the samples are
taken out of the freezer, the sample was not hydrated.

Table 1. Macroscopic results of the mechanical tests.

FL [N] FT [N] εL ×10−3 [%] εT ×10−3 [%]

0 −250 5.8 −17.6
0 −500 21.4 −35.9
−250 0 −16.5 9.5
−250 −250 −9.8 −8.8
−250 −500 0.55 −27.7
−500 0 −36.3 16.8
−500 −250 −28.2 −0.025
−500 −500 −17.9 −20.3

Note: Table notes. FL: Overall longitudinal force. FT: Overall transversal force. εL : Averaged longitudinal
component of the strain tensor. εT : Averaged transversal component of the strain tensor.

To determine the strain of the bone sample during the biaxial test, an optical non-contact system
(Limess®, Q400; Vic Snap Image Acquisition®, version 2010, build 902; and Vic2D 2009®, version
2009.1.0, build 345M) was used (Figure 3a). This system allows to obtain the history of deformations in
real time on the outer surface of the sample. Strain measurements were performed in the 10 × 10 mm
region of interest located in the middle of the sample (see Figure 2a). The resolution of the system
allows to measure strains in points with a separation of 57 µm within the region of interest. It means
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that the analysed region generates a strain field of around 34,000 points. Strain maps were taken at
the loading points selected with the DIC camera, which took pictures of the bone surface every 20 ms
(Figure 3b). In addition, a micrograph of the region of interest in the bone sample was carried out for
meshing purposes. A high resolution image with a size of 11.63 × 11.8 mm was manually generated
from 54 images taken by microscopy with 5×magnification. These images were converted into a finite
element model of the mineralised portion of the specimen.
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3. Mathematical Approach

The analysis of heterogeneous media involves two well-distinguished scales: the macroscopic
scale (x), with characteristic length (L), in which the size of the heterogeneities is very small; and
the microscopic scale (y), with characteristic length (`), which is the scale of the heterogeneities. To
sustain this statement, we must assume the length separation scale condition, i.e., L � `. In order
to deal with the macroscopic scale as a continuum in a macroscopic material point, the microscopic
scale is homogenised in terms of its effective behaviour over a Representative Volume Element (RVE).
An RVE must statistically represent the underlying microstructure of the specimen, in such a way
that every material point of the macroscopic region is featured by such RVE. Another definition of
the RVE may be established as it being the smallest microstructural volume that sufficiently and
accurately represents the overall macroscopic properties of interest. The minimum required RVE size
also depends on the type of material behaviour, macroscopic loading path and difference of properties
between heterogeneities.

In the following, the variable x stands in the homogeneous macroscopic body, whereas y describes
the microscopic scale of the RVE. In the microscopic scale, the domain is composed by the (solid or
bulk) bone (B) and pore (P) bodies, so that RVE ≡ Ω

ϕ
B ∪ Ω

ϕ
P . The linear elastic equations are posed

in the RVE domain to obtain the averaged, apparent or homogenised mechanical properties and the
microscopic distribution of the stress and strain fields. Then, the primary variables are asymptotically
expanded as:

uϕ = u0(x) +ϕu∗(x, y) (1)

where uϕ is the total displacement field, u0 is the associated field variable averaged at the macroscopic
scale and u∗ is the perturbation (oscillating) functions due to the heterogeneity of the microscopic scale.
In Equation (1),ϕ = `/L refers to the ratio between the microscopic and macroscopic levels.

For averaging the macroscopic fields, the following operator is defined over a microscopic volume
generally denoted by Θ:

〈�〉 =
1
|Θ|

∫
Θ

�dΘ (2)
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This expression enables us to obtain macroscopic quantities and, eventually, the macroscopic
response (behaviour) induced by the underlying microstructure. This approach is called
homogenisation. The inverse procedure, localisation, allows to determine the microscopic values from
the macroscopic ones. Both are outlined below.

3.1. Localisation

The linear, elastic, microscopic problem in the absence of body loads reads as:

∇·σϕ = 0
εϕ = 1

2

(
∇uϕ + (∇uϕ)T

)
σϕ = Cϕεϕ
〈εϕ〉 = ε0

(3)

There is an absence of boundary conditions in Equation (3). These boundary conditions must
reproduce, as closely as possible, the in situ state of the RVE inside the material. Therefore, they
strongly depend on the choice of the RVE itself, and particularly on its size. Amongst the classical
boundary conditions considered in the literature (see Suquet [56] for further reading), Dirichlet
boundary conditions are used in our problem:

uϕ = u0 on ∂Ωϕ
S (4)

Then, the local strain εϕ(uϕ) is split into its average and fluctuating term so that:

εϕ(uϕ) = ε0 + εϕ(u∗)
〈εϕ(u∗)〉 = 0

(5)

Let Equation (5) be substituted into the equilibrium (divergence free) equation of the stress tensor
(see Equation (3)), namely:

∇·(Cϕεϕ(u∗)) = −∇·
(
Cϕε0

)
in Ωϕ

S (y)
+boundary conditions

(6)

where the boundary conditions are related to Equation (4). By virtue of the linearity of the problem, the
solution of εϕ(u∗) in Equation (3) for a general macro strain ε0 may be expressed as the superposition
of elementary unit strain solutions εϕ(χkh) [56], such that:

εϕ(u∗) = ε0
khε

ϕ(χkh) (7)

where χkh are the displacements associated to those elementary strain states denoted by indices kh
resulting from the solution of Equation (3).

By substitution of Equation (7) into Equation (5), the micro-strains are expressed as:

εϕ(uϕ) = ε0
kh(Ikh + ε

ϕ(χkh)) (8)

where Ikh is the identity fourth order tensor with components Ikh =
(
Ii j

)
kh

= 1/2
(
δikδ jh + δihδ jk

)
.

Equation (8) allows us to obtain the microstructural distribution of the strain field, under
the aforementioned hypothesis and once the boundary conditions are established through the
macroscopic ones.
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3.2. Homogenisation

Once the elementary solutions εϕ(χkh) are obtained through (8), the macroscopic stress-strain
relationship is directly obtained:

σ0 = 〈σϕ(uϕ)〉 = 〈Cϕεϕ(uϕ)〉 = 〈Cϕ(Ikh + ε
ϕ(χkh))〉 : ε0 (9)

Consequently, at the macroscopic scale, the elasticity tensor is identified in Equation (9) as:

C0 = 〈Cϕ(Ikh + ε
ϕ(χkh))〉 (10)

3.3. Variational Formulation

Using the standard formulation, the variational form of Equation (6) yields to [56]:∫
Ωϕ

S

εϕ(w) : (Cϕεϕ(u∗))dy = −

∫
Ωϕ

S

εϕ(w) :
(
Cϕε0

)
dy ∀ w(y) ∈ VY (11)

where the space VY is defined as:

VY :
{
w

∣∣∣∣ w ∈ H1
(
Ωϕ

S

)}
(12)

with H1
(
Ωϕ

S

)
as the first-order Sobolev space. Using (7), Equation (11) can be further developed, namely:

∫
Ωϕ

S

Cϕi jpq

∂χkl
p

∂yq

∂ωi
∂y j

dy =

∫
Ωϕ

S

Cϕi jkl
∂ωi
∂y j

dy (13)

χkl
p represents the characteristic microstructure displacement at p directions due to an applied kl

unit strain, being k = l normal unit strain states and k , l shear unit strain states. ωi represents
a virtual displacement. There are three total strain states (two normal and one shear, assuming
plane stress two-dimensional (2D) modelling) corresponding to the three linear equations above
(Equation (13)). Once these functions are obtained, the macroscopic stiffness tensor can be computed
through Equation (10).

3.4. Multiscale Approach

The multiscale analysis of the cortical bone tissue proceeds as follows. First, at the microstructural
level, the overall, apparent or homogenised properties of the macroscopic cortical bone tissue are
obtained by solving the homogenisation problem, i.e., Equation (10) in the microscopic domain. The
input data to solve this problem are the microstructural domain of the cortical bone tissue (Figure 4)
and the mechanical properties of the mineral bone material, which are a parameters to be fitted as
explained in Section 4.2.

Second, using the obtained homogenised mechanical properties, the mechanical problem is
then solved at the macroscopic domain for a given loading state. Finally, strain and displacement
macroscopic quantities, associated to such a loading state, are passed to the microstructure where the
localisation problem is solved.

Macro and micro variables are recorded from the macroscopic and microscopic localisation
problems, respectively. A sketch of the multiscale procedure can be seen in Figure 5. The details of the
computational implementation can be found, as an example, in Yuan and Fish [57].
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4. Results

4.1. Computational Models

Two different levels of analysis are considered in the present multiscale approach of cortical bone
tissue modelling and simulation.

First, at the macroscopic level, the experimental setup shown in Figure 2a is modelled. The model
was solved using the software Abaqus Simulia® v6.17 and modelled under the plane stress hypothesis
so that a 2D geometry is considered. Bilinear quadratic (plane stress) elements were selected. The
model resulted in 2846 nodes and 2737 elements. Load boundary conditions are applied along the
left and bottom regions of the specimen as shown in Figure 2a. Moreover, normal displacements are
prescribed along the right and top regions (Figure 2a).

Second, a finite element model was developed for the microstructure presented in the region
of interest (see Figure 2a). First, the microstructure image was converted into a grey level image.
Then, a binary mask was created and filtered using a filter of 5 pixels (i.e., objects smaller than
5 × 5 pixels are removed). Pixels of the filtered mask were converted then to a regular quadrilateral
finite element mesh with a resolution of 1358 × 1358 pixels. Matlab® R2017a was used during this
process. Dirichlet boundary conditions were applied along the boundary of the domain, as a hypothesis,
following the micromechanics theory [56]. The workflow of the methodology is summarised in Figure 5.

4.2. Homogenisation Macrostructural Results

4.2.1. Homogenisation

The model of the microstructure of the cortical bone tissue (see Figure 4), was used to solve
the micromechanics equations presented in Section 3.2, under the finite element framework, with
the objective of obtaining the homogenised mechanical properties tensor (Equation (10)) from the
micromechanical analysis of the microconstituents of the microstructure.

The microstructure of the cortical bone was considered to be composed of mineral bone material
and pores (voids). Mineral bone is considered at the observation scale of our model as a homogeneous
material with orthotropic (2D) mechanical behaviour along the longitudinal and transversal directions,
according to the literature [58,59]. After a fitting iterative procedure of the experimental results
(introduced and explained below), the following values were obtained for the mechanical behaviour of
bone mineral tissue: EL = 20 GPa, ET = 48 GPa, GLT = 12.5 GPa and υLT = 0.395. These mechanical
properties are associated to the following orthotropic tensor:

Cϕ =


77.0 30.4 0
30.4 32.0 0

0 0 12.5

 [GPa] (14)

Therefore, after the homogenisation procedure, the macroscopic (or apparent) mechanical
properties tensor yields to:

C0 =


23.13 8.63 1.01
8.63 19.54 0.91
1.01 0.91 6.90

 [GPa] (15)

4.2.2. Macrostructural Results

The experimental mechanical tests (see Figure 2) provided the macroscopic results (averaged in
the region of interest shown in Table 1. These results are the basis for fitting the mechanical properties
of the mineral bone tissue iteratively as follows:

(i) Choose values for the mechanical properties of the mineral bone tissue (assumed as orthotropic).
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(ii) Solve the homogenisation problem in the microstructural domain (Figure 4) and obtain the
(homogenised) macroscopic mechanical properties.

(iii) Solve the macroscopic problem shown in Figure 2a. At the macroscopic level, bone is assumed as
a homogeneous continuum medium with macroscopic (homogenised) mechanical properties
derived from the micromechanics analysis of the microstructure (ii).

(iv) Obtain the average for the solution of the macroscopic problem along the ROI and compare
results with Table 1.

The iterative process converged to values of the mechanical properties of the bone mineral tissue
and macroscopic cortical bone tissue shown in Equations (14) and (15), respectively. The fitting of the
numerical results versus the experimental ones is plotted in Figure 6.
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of the strain tensor versus overall longitudinal force (for different values of the overall transversal force).
See macroscopic setup of the problem in Figure 2a. ROI dimensions: 10 × 10 mm (n = 1 specimen).
Average R2 of the fitting: 0.992.

4.3. Multiscale Results

As we have discussed throughout the paper, the proposed multiscale approach allows to obtain
both the macroscopic (mechanical) solution of the problem at hand, as well as the distribution of
mechanical variables along the domain of the microstructure. Therefore, micromechanical variables
are recovered in the microstructure following the localisation procedure introduced in Section 3.1.
On the other hand, multiscale results are obtained according to Section 3.3.

The multiscale results, i.e., results belonging to the macro geometry and microstructure, are shown
in Figures 7–9 for the displacement, strain and stress fields, respectively. The microstructure of the ROI
is distinguished in these figures and the results are represented both in the macroscopic (homogeneous)
and microscopic (heterogeneous) domains.
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5. Discussion

The multiscale characterisation and analysis of the cortical bone tissue shown in this paper
included several steps of analyses at different spatial scales, namely, microscopic and macroscopic
scales. The micromechanical analyses performed in the microstructure of the cortical bone tissue
initially took place through a homogenisation analysis. This procedure allowed to estimate both the
micromechanical properties of the mineral bone material of the matrix, as well as the homogenised
apparent properties of the bone tissue. Specifically, using the information of the performed mechanical
tests (Table 1), we could fit the properties of the mineral bone matrix by means of the homogenisation
problem (Equation (14)), and then, the overall macroscopic or apparent behaviour (Equation (15)).
Several interesting conclusions can be drawn from this analysis, as we shall reveal next.

Assuming an orthotropic mechanical behaviour of the bone mineral matrix, the microstructural
arrangement of the cortical pores yields to an approximately orthotropic mechanical behaviour at
the apparent level as well, along the longitudinal and transversal directions. This can be concluded
from Equation (15) where it is seen that the components 1–3 and 2–3 of the matrix are one order of
magnitude lower than the others. With a broad consensus, an orthotropic behaviour of the cortical
bone is considered in the literature [4,58–60].

Assuming an orthotropic apparent behaviour for the bone tissue, the following values are
estimated, using homogenisation, in the longitudinal and transversal directions: EL = 16.32 GPa,
ET = 19.31 GPa, υLT = 0.373 and υTL = 0.442. These values are within the range of values measured in
the literature for cortical bone tissue. For example, values in the range of 15–22 GPa are reported for the
elasticity modulus of equine cortical bone [61–64]. On the other hand, for human bone tissue, values in
the range of 10–25 GPa are found for the elasticity modulus, and 0.3–0.6 for the Poisson’s ratio [4].

In the microstructural approach mineral bone is considered a homogeneous material without
distinguishing among hydroxyapatite or collagen. A multiscale analysis may be recursively established
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at the microstructural level to accurately obtain the micromechanical interaction and overall behaviour
of mineral bone [11,65,66].

Results referring to the multiscale approach were obtained using the fitted properties of the
mineral bone matrix at the microscopic domain in the localisation problem. These results show a
smooth variation along the microstructure of the displacement field (see Figure 7). Therefore, as a first
approach, the displacement field may be estimated through its macroscopic modelling. However, both
the strain field and—most importantly—the stress field show peak magnification of 3× versus their
macroscopic and homogenised (mean) values (see Figure 9). This is an extra and important added
value given by the multiscale approach. It is currently accepted that the mechanical stimulus which
orchestrates many bone processes and diseases, such as osteoporosis, remodelling or consolidation,
is local and microstructural [27,33–36,67–70]. In this context, a multiscale approach is critical to link
mechanical loading of the bone organ with internal and microstructural evolution of the bone tissue.

Finally, as highlighted in the introduction, the low porosity level of the cortical bone makes this
tissue not very attractive from a multiscale point of view, assuming a priori a similar mechanical
behaviour to the mineral bone tissue matrix. However, in this work, significant differences between the
macro and micro behaviours have been evidenced, highlighting the importance of considering cortical
bone tissue through a multiscale approach, for a suitable characterisation of its mechanical response.
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