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The aim of the investigation was to develop a nanoscale functional model of bone matrix by combining its mineral elements into a single 
structure of mineral compounds, analyze the axial disorder effect of its elements on the effective elastic modules, and the distribution of stress-
strain fields in a modeling structure using a finite element technique.

Materials and Methods. We proposed a new morphological nanoscale model of bone tissue (at the level of collagen fibrils) taking into 
account the mineral bridges between the bonds of hydroxyapatite crystals based on denisov-Nikolsky’s model. We analyzed the effect of 
variation of morphological characteristics on local stress-strain state and mechanical properties of the representative bone volume element by 
means of the direct finite element simulation and homogenization.

Results. The increase of minerals disorder degree was found to be accompanied by the increase of strain and stress in a modeled structure. 
An elastic modulus value is slightly affected by disordering. The biological relevance of the phenomenon is in that the mineral disorder, regardless 
of the force direction, always increases the risk of bone matrix damage.

Conclusion. We developed a nanoscale functional model of bone matrix by combining its mineral elements into a single structure using 
mineral compounds. We determined the impact of axial disordering of it elements on effective elastic modules, and the distribution of stress-
strain fields in a modeling structure using a finite element technique. The analysis of the results showed the qualitative relationship of the 
findings with the experiment.
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Morphological Disordering of Mineral Matrix of Bone Tissue

Modern diagnostic techniques based on atomic 
force microscopy [1–3] enable to study the nanoscale 
morphology and mechanical properties of bone tissues; 
however, they have a number of limitations, in particular, 
due to the fact that only a surface layer of a sample 
can be studied. The study of computerized simulation 
methods in addition to direct objective methods enables 
to obtain the data on the processes inside the volume, 
as well as investigate the effect of a microstructure 
on mechanical properties of bone tissues by carrying 
out multi-variant simulation experiments. Osteologic 
computer models allow determining variables that 
influence biosystem response results achieved at lower 
costs and time expenditures [4].

However, it should not be overlooked that for 
computerized simulation we use simplified patterns of 
an object under study, and the correctness of results 
is determined by structure-functional model adequacy. 
In our case a simplified pattern should show the main 
nanoscale morphofunctional characteristics of bone 
tissue. A morphological constitutive bone matrix model 
put forward by Denisov-Nikolsky et al. [3] was chosen as 
a prototype, since compared to other models it relies on 

the presence of intercrystalline bridges, which have an 
effect on mechanical properties of bone tissue [5].

The model exhibits the following characteristics [3, 
6, 7]. Minerals are arranged in the basic substance 
outside and inside the fibrils (Figure 1). In interfibrillar 
spaces the assembling of crystallites adjacent to 
collagen fibrils surround them forming cuffs and 
contact with intrafibrillar assemblings. At a distance 
from collagen fibrils, crystallites form conglomerates, 
in which they are facing one direction. Relative to each 
other, these conglomerates are situated at different 
angles. Intrafibrillar crystalline assembling form a row of 
parallel helically-coiled layers oriented at 8–25° to fibril 
axis. Separate mineral assemblings bind the adjoining 
layers providing mineral element continuity of fibrils after 
organic constituent removal.

Among the mentioned morphological characteristics 
of bone matrix we have distinguished two essential ones: 
1) mineral spatial ordering along their X-axes in relation 
to X-axis of fibrils, and 2) the presence of mineral bonds 
between them, the bonds forming a single mineral array 
in every bone. It will allow assessing biologically the role 
of organic matrix and it relationships with mineral matrix.
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Structural order of mineral matrix depends on organic 
order, since the latter initiates mineral nucleation and 
determines their directed growth, and by that determining 
its three-dimensional organization [8]. In other words, 
mineral matrix in every bone tissue locus is programmed 
reflection of organic matrix ultrastructure. Therefore, 
the more optimal three-dimensional organization of the 
latter in relation to dominating directions of constant 
mechanical loading, the more optimal mechanical 
properties of bone structures in every skeletal part.

One of the main reasons for variations on organic 
matrix structure are neurohumoral changes in the body 
resulted from acute diseases, extreme factors (surgeries, 
neuro-emotional stimulus, etc.), chronic diseases, 
ageing, etc. The alterations of bone matrix structures 
being formed are adaptive, and in fact, similar to those 
occurring in blood, though unlike them they are stable 
structurally. In the course of remodeling the variations 
gradually accumulate [9], and it is our opinion that it is 
manifested in the change of axial conjugacy of mineral 
matrix elements observed as the body ages [10]. It is 
due to the fact that when ageing there is the collagen 
denaturation in the course of organic matrix formation 
in response to enzymes, i.e., breaking and uncoiling of 
triple helical structure of molecules. Moreover, the bond 
and geometry character of collagen fibrils and fibers 
also changes, there has been growing the number of 
collagen cross linkages and fiber orientation deviation. 
Such changes are accompanied by the decrease of 
bone structure strength limit, which is significantly lower 
at ageing [11–14]. It indicates why the assessment of 
the disordering degree effect of mineral structures on 
mechanical properties of bone matrix is one of the critical 
pathogenic tasks the solution of which will enable to 
comprehend nanoscale initiation mechanisms of fatigue 
damages resulting in low-energy fractures.

Mineral bonds between minerals [3, 5–7] unite mineral 
matrix in a unified complex in every bone and make us 

view from a new angle the role of 
organic and mineral constituents in 
the formation of mechanical properties 
of bone structures. The consideration 
of the bonds is a substantial addition 
to current dominant concepts, which 
ignore their existence. According to 
one of the concepts [15], collagen 
prevents bone structures from 
damaging under tension, and 
collagen — under compression. In 
accordance with another concept [16], 
bone is a two-component composite, 
of collagen matrix type with unbound 
mineral inclusions.

The aim of the investigation was 
to develop a nanoscale functional 
model of bone matrix by combining 
its mineral elements into a single 

structure of mineral compounds, analyze the axial 
disorder effect of its elements on the effective elastic 
modules, and the distribution of stress-strain fields in a 
modeling structure using a finite element technique.

Materials and Methods
General characteristics of a computing morpho

functional model. To assess the effect of structural 
disordering of mineral matrix on strength and rigidity, 
within a framework of the model suggested by Denisov-
Nikolsky et al. [3], in calculations we used its simplified 
version: representative volume element (RVE) of the 
material, minimal volume containing a priori all statistic 
information related to the distribution and morphology of 
nanoscale material irregularities. crystalline assemblings 
in RVE have a staggered arrangement, and represent a 
single mineral block, since they are connected with each 
other by mineral bridges.

The simplest RVE version (a quasi-periodicity 
cell) (Figure 2 (а)), schematically interpreting nano-
inhomogeneity, has a central crystalline conglomerate 
deviated from vertical direction and four fragments of 
neighbor undeviated minerals (1/4 of each mineral area) 
with four bridges between them and a central mineral. 
Further consideration of possible mutual disordering 
of conglomerates and bridges, random distribution 
of orientations, locations of centers and sizes require 
consideration of RVE containing a large number of 
conglomerates (Figure 2 (b), (c)). An increased number 
of conglomerates in RVE along with the expansion of 
opportunities to consider bone tissue microstructure 
irregularities enables to predict effective mechanical 
properties more precisely, since the effect of external 
boundaries is diminished.

The described model [3] was implemented in the 
finite element program pANTOcRATOR [17]. A finite 
element method in elasticity theory is introduced based 
on the equation of virtual work. The numerical solutions 
of partial differential equilibrium equations are obtained 

collagen molecules

crystal layers 
(their complanar 
assemblings)

crystal assembling over a distance  
from collagen fibrils

Fibrillary mineral cuff

cF

cF
cF

СF

Figure 1. The distribution scheme of mineral elements in bone matrix [2]; cF: 
collagen fibril
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by potential energy minimization 
reducing the task to the search for 
solving a system of linear algebraic 
equations. pANTOcRATOR enab-
les to generate automatically 
discrete RVE models of arbitrary 
geometry, solve elastic boundary 
value problems, and determine 
effective elastic moduli and 
strength properties of RVE, analyze 
the distribution of stress-strain 
fields for nanoscale morphological 
structure of a matrix fragment. 
When solving boundary problems, 
equilibrium configurations of 
heterogeneous medium RVE are 
studied based on the principle of 
momentum conservation and the 
principle of angular momentum 
conservation.

Key parameters of the finite
element model of RVE of bone 
tissue nanocomposite.

1. The task is solved under the 
assumption of plane strain state. 
RVE model is rectangular in shape (See Figure 2). The 
comparison of the three-dimensional solution with two-
dimensional solution showed acceptable accuracy of 
plane strain formulation for considered parameters of a 
stress state.

2. Mineral conglomerates in RVE model are also 
rectangular in shape (See Figure 2), since it corresponds 
to an average shape of a crystallite [18] and coplanar 
assemblings [3], as well as enables to use simple finite-
element models to perform computations when forming 
RVE.

3. The dimensions of every crystalline assembling 
along the principle axes are 2,500×350 nm. The 
dimensions of mineral bridges vary depending on their 
orientation and the crystallite orientation, their average 
size is 200×30 nm; total weight content of mineral 
component in RVE is 70% (corresponds to 55% RVE 
area) that is common with mature bone tissue. The 
mentioned dimensions of minerals comply with the sizes 
of calcospherites described by Boyde [19, 20] in forming 
bone parts. considering that in mineralizing bone matrix 
in adults the distances between fibrils do not exceed 
20–30 nm, morphological mineral substrate includes the 
fragments of mineralized collagen fibrils (50–80 nm in 
diameter and up to 2,000 nm in length) with surrounding 
cuffs, single matrix vesicles (30–200 nm in diameter), 
and differently directed crystal groups binding the cuffs 
of adjacent fibrils.

4. crystallite assemblings have a staggered 
arrangement, and embedded in organic matrix. There is 
only one bridge between every pair of adjacent crystallite 
assembling.

conglomerate

Organic matrix

Bridge

а b c

Figure 2. Finite-element models of elementary representative volumes of nanostructural 
bone matrix elements (mineralization: 70%, vertical deviation of central conglomerate: 7°, 
bridge horizontal deviation: 7°) with different number of conglomerates: (а) model R 1×1 
(totally, 2 conglomerates and 4 bridges); (b) model R 4×4 (totally, 32 conglomerates 
and 64 bridges) (finite-element mesh is not shown); (c) model R 8×8 (totally, 128 
conglomerates and 256 bridges) (finite-element mesh is not shown). R N×N means that  
representative volume element is rectangular in shape and consists of N simplest quasi-
periodic cells along X direction, and N along Y direction

5. In the model under discussion one should consider 
the presence of vertical deviation of mineral axes, and 
bridge axes deviated from horizontal axes. The angle 
of mineral axes deviation characterizing the disordering 
degree was assigned deterministically, and varied within 
the range from 0 to 8°. The angles of bridge deviation 
from normals to conglomerates varied from –45 to 45°.

6. RVE is a heterogeneous three-component material 
(mineral conglomerates, mineral bridges and organic 
matrix); boundary value problems of determining stress-
strain state of RVE are solved within framework of the 
linear elastic formulation.

7. Mechanical properties of separate components of 
the model were taken as those corresponding to isotropic 
materials, the values of nanoscale elastic moduli were 
borrowed from literature [18–20] (See the Table).

Assessment of effective elastic properties based 
on finiteelement analysis. Submicroscopically, 
effective properties of bone tissue were taken as those 
corresponding to orthotropic elastic material; and 
Hooke’s law can be presented as follows:

The operating values of elastic modules  
of separate components of elementary  
representative volume

Elasticity 
characteristics

Hydroxyapatite Collagen Bridge

Young’s modulus E 
(hPa)

65 0.65 65

Poison’s ratio ν 0.2 0.49 0.2

Morphological Disordering of Mineral Matrix of Bone Tissue
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lkijklij C= ,                              (1)

where lkijklij C= is strain tensor; lkijklij C=  is stress tensor; lkijklij C=  
is elastic compliance tensor of 4th rank. The bar over 
the introduced tensors means the conformance to 
homogeneous (mean) material. The characteristics of 
separate components of heterogeneous material are 
indicated with out a bar. A symmetric matrix of elastic 
compliances lkijklij C=  corresponds to tensor [ lkijklij C= ] in its 
own anisotropic axes for orthotropic material, the matrix 
having the following structure:

Results and Discussion. When carrying out 
the investigation the following problems were solved 
sequentially:

1) electron microscopic confirmation of morphological 
disordering of mineral bounds between minerals and 
between minerals themselves under pathological 
conditions, or at ageing compared to the norm;

2) the assessment of the effect of mineral oblique 
angle of main mineral axes in relation to the major RVE 
axes (disordering degree) on mechanical properties of 
bone matrix;

3) the assessment of the effect of deviation of the 
main axes of mineral bridges from horizontal direction on 
mechanical properties of bone matrix.

Morphological disordering of mineral bonds between 
minerals and between minerals themselves under 
pathological conditions, or at ageing compared to the 
norm has its confirmation in literature reports [21]. The 
disordering causes were considered above.

The effect of mineral deflection angles. To assess 
the effect of mineral disordering angle in RVE on its 
stress-strain state and effective elastic properties, 
we performed finite-element computations with three 
different angles: 0, 4 and 8°. Larger deflection angles 
for geometric parameters under consideration cannot 
be managed to reach due to the limited contact of 
the conglomerate to be turned and the adjacent 
unturned minerals (Figure 3). The results of computing 
experiments carried out with RVE from R 1×1 to R 8×8 
(R N×N means that RVE is rectangular in shape, and 
consists of N elementary quasiperiodicity cells along X-
axis and N along Y-axis) demonstrated that the turn of 
just one conglomerate hardly has an effect on the values 
of effective elastic moduli E

_
1, E

_
2 (the differences are 

less than 1%), though influences the maximum stress 
intensity level (Figure 4), which determines the local 
damage possibility. When a conglomerate is turned by 
8° angle, the maximum stress intensity when subjected 
to rigid loading (mechanical action under the conditions 
of prescribed displacements, or a strain tensor 
component) in vertical direction increases by 36%, and 
by 18% when loaded in horizontal direction compared to 
the corresponding idealized version without orientation 
deviation. When subjected to soft loading (mechanical 

[C
_
]= ,            (2)

where E
_

i, ν
_

ij and G
_

ij are Young’s modules, poison’s ratios, 
and shearing modules of elasticity (i, j = 1, 2, 3), for their 
determination we solved a series of boundary problems 
with various boundary conditions corresponding to 
RVE loading in different directions. The determined 
constants of homogenized material should provide the 
energy equality when homogenized and heterogeneous 
RVE material is deformed. To calculate the matrix 
components of effective elastic compliances [C

_
] (2) we 

used averaged over representative volume strain-stress 
tensors obtained in finite-element equations:

.               (3)

To solve a two-dimension (plane strain) problem it is 
suffices to find four elastic constants: E

_
1, E

_
2, ν

_
12 and G

_
12. 

Elastic moduli along the axis orthogonal to RVE plane 
under consideration can be assessed without loss of 
accuracy and according to the mixture rule.

max

min

а b

Figure 3. The distribution of stress 
intensity in a fragment of elementary 
representative volume of the material 
with 4° (a) and 8° (b) turn of a singular 
conglomerate when subjected to soft 
loading in vertical direction

31

23

12

32

23

1

13

3

32

21

12

3

31

2

21

1

100000

010000

001000

0001

0001

0001

G

G

G

EEE

EEE

EEE

C

А.S. Semenov, А.I. Grishchenko, B.Е. Melnikov



СТМ ∫ 2015 — vol. 7, No.4   25

 AdvAnced ReseARches 

action under the conditions of prescribed external 
forces, or a stress tensor component) the effect 
of increasing stress intensity effect when a 
conglomerate is turned has the same order, and 
amounts 31 and 26%, respectively.

When calculating maximal strain values in angular 
singular bridge points we used locally averaged 
values in the range of one finite element, its typical 
size being 5 nm. It should be noted that the process 
of bridge failure is defined by integral stress state 
within the elementary structural constituent element, 
and therefore it is locally averaged stress values 
that are most informative when bridge strength is 
assessed. The selection of local averaged area 
requires further detailed study.

Based on the above mentioned we can conclude 
that disordering of minerals along longitudinal 
axes in relation to load direction results in bone 
matrix stress increase. pathogenically, disordering 
of mineral conglomerates reduces nanoscale 
mechanical properties of bone matrix, and 
therefore, the skeleton in general. Thus, mineral 
disordering is one of the underlying factors leading 
to the density increase of fatigue micro-damages of bone 
tissue, which at ageing grows exponentially in women 
over forty, and in men over fifty [13, 14].

The effect of bridge deflection angles. To assess 
the effect on stress-strain state and effective RVE elastic 
properties we performed finite-element computations 
with various angles deviated from horizontal level: by 
15, 30 and 45° (Figure 5). The results of computations 
using RVE from R 1×1 to R 8×8 showed that the turn of 
only one bridge has no effect on the values of effective 
elastic RVE moduli E

_
1, E

_
2 (the differences are less than 

1%), though has an impact when the stress intensity is 
maximum (Figure 6).

The turn of a separate bridge in RVE under some 
loading conditions was found to increase the extreme 
stress level in a bridge, while under other conditions 
it appeared to decrease it. So, if a bridge is deflected 
through 15о counter-clockwise, the tension in horizontal 
direction (rigid loading, periodicity conditions) is 
characterized by the decrease of maximal relative 

stress intensity by 2%, at 30° — by 12%, at 45о — by 
47% compared to the idealized variant without a turn 
(See Figure 6). This effect is due to the fact that under 
tension in horizontal direction RVE is shrinked vertically, 
therefore neighboring conglomerates are displaced 
vertically relative to each other resulting in the turn of 
the bridge connecting them, and the appearance of 
additional stresses in the bridge. Depending on the 
direction of initial horizontal deflection of a bridge, vertical 
conglomerate displacements can create additional 
stress in them (it concerns the bridges, in which the turn 
under loading compensates the initial turn), as well as 
additional tension stress (for bridges, in which the turn 
under loading increases the initial turn).

This script is also realized when subjected to loading 
in vertical direction, and when 15° deflection of a bridge 
in the counter-clockwise direction results in the increase 
of maximal relative stress intensity by 65%, at 30° — by 
80%, and at 45° — by 47% compared to the idealized 
variant without a turn (See Figure 6).

m
ax

 σ
i|σ_ i Horizontal loading;

Vertical loading

conglomerate deflection angle (degree)

Figure 4. The dependence of maximum stress intensity on the deflection 
angle of the central conglomerate of the material when subjected to 
rigid loading

a b c

Figure 5. The distribution of stress intensity in a fragment of representative volume element of the 
material with 15° (a), 30° (b) and 45° (c) turn of a central bridge when subjected to soft loading in 
vertical direction

Morphological Disordering of Mineral Matrix of Bone Tissue
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If a bridge is deflected the opposite direction 
(clockwise) there is more complex non-monotonic 
dependence of stress intensity on deflection angle (See 
Figure 6) caused by the change of the point of extreme 
stress values (Figure 7). under horizontal tension, the 
point of maximum stress intensity is moved from the 
upper part of a bridge to the lower one at deflection 
angle being under –20°, and under vertical tension, on 
the contrary, it is moved from the lower part to the upper 
one at deflection angle being under 0° with a repeated 
subsequent change of a maximum point from the upper 
to lower part of a bridge at angles under –38°.

unturned bridge under vertical loading provides 
minimal values (among all deflection angles) of maximal 
(at all RVE points) stress intensity (See Figure 6), 
i.e. is an optimal orientation concerning the local RVE 
strength. When deflected through 15–30° regardless of 
the direction, there are local maxima of stress intensity 
exceeding the value at the point of 0° by 1.5–2 times (See 
Figure 6). At the same time, an unturned bridge under 
horizontal loading provides maximum value (among all 
deflection angles) of maximal (at all RVE points) stress 

intensity, however, one should take into consideration 
that the horizontal effect level at standard locomotions is 
significantly lower that the vertical effect level.

The findings suggest that there are non-optimal 
directions of mineral bonds in relation to trend directions 
of mechanical loadings. As a consequence, their fracture 
risk increases that can be considered as an initial 
stage of fatigue damage formation. This biomechanical 
phenomenon is of great pathogenic importance and 
suggests that in vivo bone matrix “desintegration”, the 
latter is evident as diffusely stained loci when fatigue 
damages are histologically revealed [13, 21, 22].

pathogenically, we should consider that the fracture 
of separate bridges leads to the increase of load on the 
rest bridges, and therefore, increases the risk of their 
subsequent fracture [23]. However, this process under 
physiological conditions develops relatively slowly, that 
is why there was suggested continuous hypothetical 
mechanism to recover fractured connections, which 
functions if the following conditions are fulfilled [23]:

spatial return of mineral conglomerates into original 
position existing before the bonds between them had 

Figure 7. The alteration of maximum strain intensity location (marked with a red triangle) depending on bridge horizontal deviation

Tension  
in vertical 
direction

Tension  
in horizontal 

direction

Horizontal loading (total maximum);
Vertical loading (total maximum);
Horizontal loading (the upper point of a bridge); 
Horizontal loading (the lower point of a bridge); 
Vertical loading (the upper point of a bridge); 
Vertical loading (the lower point of a bridge) 

conglomerate deflection angle (degree)

m
ax
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Figure 6. The dependence of maximum stress intensity on bridge horizontal deflection angle when elementary 
representative volume is subjected to rigid loading — R 1×1 with periodic boundary conditions
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been destroyed due to elastic deformations of bone tissue 
surrounding the damaged area;

termination of locomotor functions, and therefore the 
bone structure deformation cease (e.g., during a sleep).

Thus, structural disordering of mineral matrix is due to 
organic matrix disordering resulted from neurohumoral 
changes in the body in a number of pathologies and 
ageing. Nanoscale disordering results in damaging 
mineral bonds, which are non-optimally oriented in 
relation to trend directions of mechanical loads, and it is 
evident at the following hierarchical levels (micro, macro) 
of structural organization of bone tissue as the decrease 
of its strength properties and “disintegration”.

Regardless of the mechanical effect direction, as a rule, 
the higher the degree of mineral disordering, the higher 
the maximal strain-stress values in a modeled structure, 
assuming that the elasticity coefficient value undergoes 
no changes. The phenomenon is of significance, since it 
presupposes that disordering of minerals irrespective of 
the direction of effective forces always increases the risk 
of bone matrix damage.

The data of the study acquired are of apparent 
biomedical interest, however, they require further detailed 
model studies including those under the conditions of 
altered bone matrix mineralization degree, as well as the 
search for quantitative relationship of the experimental 
findings in case of disordering effects of mineral matrix 
elements.

Conclusion. Within the framework of a known 
morphological model of bone matrix [3] we developed 
a nanoscale morphofunctional model by combining 
its mineral elements into a single structure of mineral 
compounds. using a finite element technique we 
determined the axial disorder effect of the structure 
elements on the effective elastic moduli, and the 
distribution of stress-strain fields in a modeling 
structure.
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