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A multiscale modeling of bone ultrastructure elastic proprieties

using finite elements simulation and neural network method

ABSTRACT

Bone is a living material with a complex hierarchical structure which entails exceptional
mechanical properties, including high fracture toughness, specific stiffness and strength. Bone
tissue is essentially composed by two phases distributed in approximately 30-70%: an organic
phase (mainly type | collagen and cells) and an inorganic phase (hydroxyapatite-HA-and
water). The nanostructure of bone can be represented throughout three scale levels where
different repetitive structural units or building blocks are found: at the first level, collagen
molecules are arranged in a pentameric structure where mineral crystals growth in specific
sites. This primary bone structure constitutes the mineralized collagen microfibril. A
structural organization of inter digitating microfibrils forms the mineralized collagen fibril
which represents the second scale level. The third scale level corresponds to the mineralized
collagen fiber which is composed by the binding of fibrils. The hierarchical nature of the bone
tissue is largely responsible of their significant mechanical properties, consequently, this is a
current outstanding research topic. Scarce works in literature correlates the elastic properties
in the three scale levels at the bone nanoscale. The main goal of this work is to estimate the
elastic properties of the bone tissue in a multiscale approach including a sensitivity analysis of
the elastic behaviour at each length scale.This proposal is achieved by means of a novel
hybrid multiscale modelling that involves neural network (NN) computations and finite
elements method (FEM) analysis. The elastic properties are estimated using a neural network
simulation that previously has been trained with the database results of the finite element

models. In the results of this work, parametric analysis and averaged elastic constants for each



length scale are provided. Likewise, the influence of the elastic constants of the tissue
constituents is also depicted. Results highlight that intelligent numerical methods are powerful
and accurate procedures to deal with the complex multiscale problem in the bone tissue with

results in agreement with values found in literature for specific scale levels.
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Introduction

Bone is a mineralized biological material which serves, among its other functions, as a
structural support for other tissues in the body. The mechanical properties of bone have been
naturally designed to fulfil this specific physiological function. In fact, in order to accomplish
their biological and mechanical functions, bone hierarchical structure is constituted of many
scale levels with specific interactions and a very complex architecture [1]. These structural
scales can be distinguished as follows: macro-scale (whole bone), meso-scale (cortical and
trabecular bone), micro-scale (single osteon and single trabecula), sub-micro-scale (lamella),
nano-scale (microfibrils, fibrils and fibers), and sub-nanoscale (HA crystals and TC

molecules) [2,3].

In order to analyse the equivalent mechanical behaviour of bone material, it is
important to investigate the mechanical properties of its components and the structural

relationships between them at different scales of hierarchical structural organization [4-6].

Many researchers in the literature have addressed this problem by developing
analytical and numerical multiscale modelling of the bone mechanical behaviour [3,7-12].
These models use the homogenization and / or finite element technique to describe the

mechanical behaviour of bone at certain scale levels. Some of these studies have focused on



Mineralized Collagen Microfibrils (MCMs) scale [13-17]. Others have been interested on the
second scale level Mineralized Collagen Fibrils (MCFs) [18-21]. There are also works dealing
with lamella scale [11,22] and osteons scale [12]. However, to the best of our knowledge,
there are no studies focusing on the full multiscale description of bone hierarchical

organization using numerical simulation methods.

Previous researchers have tried to approach bone multiscale organization by resorting
to homogenization method. Some of them have estimated bone elastic properties. We can cite,
as an example and not a limited list, the works of Martinez et al. [7] and Hamed et al. [3].
Others have evaluated fracture properties such as Fritsch and Hellmich [9] while Fritsch et al.
[23] have extended their elastic multiscale micromechanical model for elasto-plastic analysis
to predict cortical bone fracture toughness. Their findings mention that bone material fracture

begins at the nano-scale at HA crystals and is followed by collagen cross-links fracture.

Concerning nano-structural scale levels, a particular attention has been given to the
composition and structure of bone at these levels [24-27], the numerical modelling and
experimental studies. There are few studies that focused on the MCMs scale level [3,13,15,16,
28]. In the work of Barkaoui et al. [13] has been proposed a finite element geometrical model
to study elastic mechanical properties and investigate the effect of some mechanical and
geometrical parameters on the mechanical behaviour of mineralized collagen microfibril

scale.

Scarce works are that referred to the Mineralized collagen Fibres (MCFRs) scale level. Yoon
and Cowin [11] have studied mechanical properties of the tissue at the fibre scale by means of

the homogenization method.

Most of works have been interested on mechanical behaviour and properties of individual

MCF [29-32]. Several mechanical models have been developed in order to estimate the



mechanical properties of MCFs and bone tissues [9,33] and to model the 3D orthotropic
elastic properties of a single MCF [34]. Nikolov and Raabe [10] proposed a homogenization
method to model the elastic properties of bone at the mineralized MCF level from the
staggered arrangement of collagen molecules up to an array of parallel MCF. Jaeger and
Fratzl [35] proposed a model of MCF with a specific staggered arrangement of mineral
particles distributed unequally in the gap and overlap zones of collagen fibrils. This geometric
model has served as a reference for almost all the FEM models proposed for modelling bone
at nano-scale. Jaeger and Fratzl [35] used this model to explore the effect of the mineral
volume fraction and thickness as well as the distance of the HA platelets on the longitudinal
elastic modulus, maximum elastic strain, and maximum elastic stress (strength) of the MCF.
Kotha and Guzelsu [36] extended the Jaeger—Fratzl model [35] to investigate the effect of
interphase and bonding on elastic properties of bone. Ji and Gao [37] used the same model
geometry coupled with analytical formulation and a FEM analysis to obtain the transversely
isotropic elastic constants of the MCF as a function of mineral aspect ratio. Yuan et al. [18]
used a FEM analysis to predict the elastic properties of a MCF both in 2D and 3D and
validated their computational results with experimental data obtained by synchrotron X-ray
diffraction. They improved the shear lag Jaeger—Fratzl model [35] by incorporating more
structural features of the MCF. To the best of our knowledge, this is the first MCF 3D model
considering the staggered arrangement of HA crystal within the collagen matrix. Vercher-
Martinez et al. [21] used a direct homogenization procedure by means of the finite element
method and composite materials approaches to estimate the transversally isotropic properties
of the MCF by considering the collagen and mineral distribution accordingly to the Hodge
and Petrutska model [38]. Molecular dynamics simulations (MD model) [39] have been
developed to investigate the mechanical response under uniaxial tension of individual MCF.

The results show that the deformation and failure mechanisms of a collagen fibril are strongly



influenced by its length and width as well as cross-linking density which, in turn, indicates the

size dependence of failure mechanical properties of collagen fibrils.

In this study, we extend our previous models dealing with bone ultrastructure modelling in
two aspects: (i) proposition of new 3D FE models to represent MCF and MCFR structures,
(i1) development of a multiscale hybrid approach EF/NN of bone ultrastructure composed of
three scale levels MCM, MCF and MCFR. This novel multiscale modelling is used to study
the elastic properties of different bone tissue levels. Such model provides advantages when
studying the effects of some parameters (geometrical or mechanical) related to the collagen,

the mineral or the cross-links components on the strength of human bone.

2. Bone Ultrastructure

All researchers agreed on the fact that the bone in a nano-scopic scale is essentially formed by
two phases: organic phase is mainly composed of collagen type | representing [85-95%] [40]
of the total protein in bone. The remaining bone organic matter consists of non-collagenous
proteins (NCPs) and lipids. Inorganic phase is mainly composed of tiny crystals of apatite-like
gold mineral hydroxyapatite (HA), Ca 10 (PO 4) 6 (OH) 2) and water. The hierarchical
combination of these components and the interconnection mechanisms between collagen
molecules that provides stability and strength (cross-links), form a highly organized bone
tissue. The length of the collagen molecule is approximately 4,4D [41] with D=67 nm being
the periodic length between adjacent collagen molecules in the axial direction of the
molecule. The period is composed by the gap or hole zone of 0,6D and the overlap zone of
0,4D [38]. The diameter of the collagen macromolecule is about 1.23 nm [42] and the lateral
distance between adjacent molecules is 0.24 nm [43] in the absence of mineralization. This
structure is repeated in the same way at different levels of scale forming a special building.

This organization at the nano-scale is considered as multiscale structure. The transition



between different hierarchies of the ultrastructure scales is continuous rather than discrete in
vivo bone. Although there is a general consensus on the classification of major scales, we
accept some flexibility for intermediate levels. For example, Hamed et al. [8] reduce the
number of scales by not considering the MCFR level between nano-scale (MCF) and the sub-
microscopic level (lamella) in their study. On the other hand, Yang et al. [44] do not consider
the existence of the MCMs. In contrast, in the present work, we consider that bone nano-
architecture (ultrastructure) is formed by three basic structures which are: the mineralized
collagen microfibrils (MCMs), the mineralized collagen fibrils (MCFs) and the mineralized
collagen fibers (MCFRs) (see Fig. 1). MCFRs are formed by the assembly of MCFs
surrounded by a matrix of mineral and are offset from each other with an apparent periodicity
noted D. Then, MCFs are made the same way by MCMs related to each other by cross-links.
Finally, MCMs, a particular assembly of five helical TC molecules, longitudinally offset them

with the same apparent periodicity D.

[Insert Figure 1 about here]

In the following, we describe in more detail these three scale levels and their 3D FE
modeling.

3. Method and tools

This section presents the hybrid multiscale modeling approach (Finite Element EF / Neural
Network NN) of bone ultrastructure. This approach, which is summarized in Fig. 2, is
composed of four steps: (i) development and simulation of geometric FE models for each
level scale separately (microfibril, fibril and fiber), (ii) use of the results obtained from FE

simulation in each scale level for the neural network program training phase,/(iii)



generalization of the results in neural network prediction phase, (iv) transition between the

different scales using the same NN program.

The forth step is constituted from three NN blocks assembled in series (NN block for each
scale level) so each NN(i+1) block uses as inputs the NNi block outputs (being i=1,2).

Finally, NN3 outputs allow obtaining MCFR elastic properties.

[Insert Figure 2 about here]

Below, modeling with finite element methods and neural networks will be described in more
detail. In section 3.1, we present the three proposed models of bone ultrastructure. A
description of neural network method used for the generalization of the results and the

multiscale transition is presented in Section 3.2.

3.1. Finite element model of scale levels

3.1.1. Mineralized Collagen Microfibril

From the work of Smith [46] several experimental works and observations highlight the
presence of the microfibrils as the building block of the fibrils [47-52]. Basing on the previous
references, Barkaoui et al. [13] have proposed a 3D modeling using finite elements method of
the microfibril scale. By considering the work of Smith, the microfibril is defined as a hollow
cylindrical pentameric arrangement of collagen molecules with an average diameter of 4 nm,
generally known as Smith microfibril (see Fig. 3). Therefore, Barkaoui et al. [13] assume that
microfibril is a helical assembly of five TC molecules (see Fig. 3), which are offset from each
other with aperiodicity of 67 nm. This periodical length, D, is commonly used as a primary
reference scale in describing the structural levels. Thereby, the helical length of a collagen
molecule is approximately 4.34 D =~ 291 nm and the discrete gap (hole zone) is 0.66 D ~ 44
nm between two consecutive TC molecules in a strand. These gaps are the sites of nucleation
for hydroxyapatite crystalline close packed structure.
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[Insert Figure 3 about here]

3.1.2. Mineralized collagen Fibril/Fibre

In several researches, MCF is considered as a fiber reinforced composite characterized by
short and stiff fibers (hydroxyapatite mineral platelets) embedded in a deformable matrix
(cross-linked collagen molecules) at the collagen mineral scale [35]. Fig. 4 (a) represents an
illustration of the real shape of mineralized collagen fibril which is composed of microfibril
assembly formed in their turn by a specific cylindrical assembly of five TC molecules. Each
one of these TC molecules is composed of three alpha helix chains.

Works using this model consider a periodic rectangular unit with definite geometric
parameters [18,21,35,53]. In this work, the mineralized collagen fibril MCFs is considered as
reinforced composite formed by a matrix of hydroxyapatite mineral platelets reinforced by
deformable fibers (cross-linked mineralized collagen microfibrils) [54].

A new 3D finite elements geometric model of MCF is proposed in this study. Naturally,
MCFs have a cylindrical shape with about 200 nm of diameter, but in this modeling a
symmetrical and periodic square-shaped MCF portion having a length of about 10 nm is
considered (see Fig. 4 (b)). The dimensions of the square is < (1/20) of the MCF diameter,
where the geometrical representation of a cylindrical shape by a square shape is
mathematically acceptable (see Fig. 4). The microfibrils have cylinders form. These
microfibrils are regularly distributed in the inorganic matrix (mineral) of the mineralized

collagen fibril [54].

[Insert Figure 4 about here]

3.2.  Neural network method description



From mathematical modeling side, we can define the NNs by the following four elements
(i) The nature of the inputs and outputs, (ii) The total input function that defines pretreatment
performed on the inputs, (iii) the neuron among activation function that defines its state based
on its total input, (iv) output function that calculates NNs output depending on its activation
state. NN is characterized by its ability to learn and generalize from experience and examples
and to adapt to changing situations. After the training and testing phases, NNs is able to
generalize rules and respond rapidly to inputs data in order to predict required outputs within
the domain covered by the training example sand without a known relationship between data
sets.
The NN model is a parallel processing architecture consisting of a large number of inter-
connected processing elements called neurons organized in layers. The single neuron
performs a weighted sum of the inputs x;that are generally the outputs of the neurons of the

previous layerv,,, adding threshold value and producing an output given by:

Um = Yoy WimX; + by (1)

Where w;,,, are the network weights.

Input signals cumulated in the neuron block are activated by a nonlinear function given by:

fwm) =1/(1 + eCFrm)) (2)

The training process in the NN involves presenting a set of examples with known outputs.
The system adjusts the weights of the internal connections to minimize errors between the
network output and target output. There are several algorithms in a NN and the one used in
the current analysis is the BP training algorithm. This algorithm is an iterative gradient
procedure designed to compute the connection weights, minimizing the total mean square
error between the actual output of the multilayer network and the desired output. In particular,

the weights are initially chosen randomly and the rule consists on the comparison of the
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known and desired output value with the calculating output value by using the current set of
weights and threshold.

The mean square error is calculated by:

1=(33) 28 3, Dim = Yim)? )

Where v,  is the actual output of the i th output node with regard to the m th training pattern,

while D;,, is the corresponding desired output.P and N denote respectively the total number of
patterns and the number of output nodes.
The finite element modeling results of the bone ultrastructure scales, presented in the previous
section were used for networks training.
To check its accuracy compared to FE method, the error is calculated according to the

equation below comparing the two responses (FE and NN).

_ varFE—yarNN 4
error = W ( )

Where, Var represents the Young Modulus.

Fig. 5 shows the NN prediction results compared with modeling results by EF. These results

show good agreement between both technics (EF/NN) with a very low error value.

[Insert Figure 5 about here]

4. Results and Discussions

In this section, we present the most relevant results of the novel hybrid multiscale modeling
performed in this work. Fig. 6 shows the generalized results obtained by NN in the three scale
levels MCM, MCF and MCFR. Fig. 6 (a) represents the MCM equivalent Young's modulus as

a function of the Young's modulus of the two essential bone constituents at this scale (mineral
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and collagen). These results, obtained through NN1, are used in Fig. 6 (b) in order to
represent the MCF equivalent Young's modulus as a function, at the same time, of the elastic
properties of the mineral. In analogous way, the results of NN2 are used to determine the
MCFR Young's modulus Fig. 6 (c). Note that the mineral is assumed to be at least in the
matrix at every scale level. Our analyses bring the possibility of varying the Young’s modulus
of the mineral accordingly to the significant difference between amorphous and closely pack
crystalline structure [18]. Fig. 6 shows that the mineral Young's modulus has a very
significant effect compared to the effect of TC molecules Young modulus for the MCM level
scale Fig. 6 (a) and a smaller effect compared with the effect of MCMs Young's modulus for
the MCF scale level Fig 6 (b). These results are in good agreement with the results of finite
element modeling [14,16]. By against, the curve of Fig. 6 (c) depicts that the MCFs Young's
modulus has a greater effect on equivalent Young’s modulus of MCFR compared to the

mineral Young's modulus.

[Insert Figure 6 about here]

The elastic mechanical properties of bone ultrastructure scale levels depends on several
geometrical and mechanical parameters such as Young's modulus bone elementary
compounds (mineral, collagen) [16, 28], the nature of collagen (dry, wet) [15], size of the
mineral crystal and the number of cross-links [28]. In order to clarify, the averaged elastic
constants have been presented in table 1 to compare our results with experimental and
numerical results of further works performed on the same components. There are few works
focused on the mechanical properties characterization of MCFR, for this reason the
comparison of the results is limited on MCM and MCF scale levels (see Figs. 7 and 8,

respectively).

[Insert Table 1 about here]
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Fig. 7 show a very good agreement between NN predicted (present work) and
experimental results in the small strain regime based on X-ray diffraction [32], atomic force

microscopy (AFM) [30] and molecular dynamics (MD) computation [17].

[Insert Figure 7 about here]

Fig. 8 also shows a good agreement between our NN predicted results for the MCF and
numerical and experimental works: High-energy X-ray scattering [55], molecular dynamics

(MD) computation [39] and finite elements method [18].

[Insert Figure 8 about here]

We note though a slight difference between the results of different studies. This
can be explained by the different methods used, the size and nature (hydrated or dehydrated)
of the MCM and MCF tested and the assumptions considered by each. In this study, for
example, we neglect NCPs and consider mineral asa homogenized matrix without taking into
account the presence of water. These assumptions can explain the differences mentioned
above. However, seen living nature of the materials studied (bone), Young's modulus of
MCM can be averaged about 1+ 0.2 GPa and 40+ 2 GPa for Young’s modulus of MCF. Note
again, that these elastic properties are highly dependent on several material and structural
parameters of the scale studied. By varying one parameter, a large variation in elastic
properties or also the properties at fracture can be produced. Finally, if initial conditions are
specified we can give a unique value of the elastic properties of bone for every scale level.
Make experimental tests or numerical simulations case by case can take much time and is
expensive. Hence the growing interest in the use of intelligent numerical method, such as
artificial neural networks method. This method provides great efficiency and precision. In this

work, the combinations of artificial neuronal network method and finite element analysis have
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been implemented and used to determine the mechanical elastic properties at different scale

levels of the nanostructure of the bone tissue.

5. Conclusion

In this study, three 3D FE model for each nano-scopic structure of bone ultrastructure (MCM,
MCF and MCFR) were proposed. Different numerical simulations were performed to
identified the apparent behavior for each structure (global homogenized) and to identify the
corresponding apparent mechanical properties. The proposed 3D geometric models were used
to perform parametric studies to see the influence of geometrical and mechanical properties of
the elementary constituents (HA crystals, TC molecules and cross-links) on the equivalent
properties. In a second step, a multiscale approach using neural networks was developed. This
approach uses the results of the finite element analysis for the training phase. It allows us to
generalize the results obtained by finite element and do the transition between the different
scale levels. The results were compared and validated by other studies from the literature and
a good agreement was observed. This hybrid multiscale approach allows determining quickly
(a few seconds) the mechanical equivalent properties as a function of the entered parameters.
Here the method was only used to determine the elastic properties but can be approved to

identify mechanical equivalent properties related to fracture behavior.
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TABLE CAPTIONS

Tablel- The average elastic mechanical properties of the bone ultrastructure scales.
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FIGURE CAPTIONS

Fig. 1- Ultrastructure of the bone: (a) Full SEM MCFs [45], (b) collagen fiber, collagen fibril
and microfibril with mature mineral in gap collagen zones (c) collagen fiber, fibril collagen
and collagen microfibril with mature mineral gap in areas covered by the immature
amorphous mineral.

Fig. 2- Hybrid (FE/NN) multiscale modeling of bone ultrastructure.

Fig. 3- Mineralized collagen microfibril structure.

Fig. 4- New 3D finite element model of MCF (a) grouping of MCMs in MCF, (b) 3D finite
element model of portion MCF.

Fig. 5 - Comparison between finite element and neural network prediction results.

Fig. 6- Evolution of elastic moduli (GPa) of MCM and MCF as function of the mineral
Young's modulus and passage between the MCM and MCF.

Fig. 7- Comparison between NN predicted Average Young’s modulus of MCM and literature
results.

Fig. 8- Comparison between NN predicted Average Young’s modulus of MCF and literature
results.
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Figure 6
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