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ABSTRACT

Mineralized collagen microfibrils in human bone provide its mechanical properties
(stiffness, elasticity, ductility, energy dissipation and strength). However, detailed 3D finite
element models describing the mechanical behaviour of the mineralized collagen microfibrils
are still lacking. In the current work, we developed a 3D finite element model of the
mineralized collagen microfibril that incorporates the physical 3D structural details. The
model components consist of five tropocollagen molecules, mineral hydroxyapatite and
intermolecular cross-links joining primarily the ends of the tropocollagen molecules.
Dimension, arrangement and mechanical behaviour of the constituents are based on
previously published experimental and theoretical data. Tensile load was applied to the
microfibril under different conditions (hydrated and dehydrated collagen) to investigate the
relationship between the structure and the mechanical behaviour of the mineralized collagen
microfibril (stress-strain curve and elastic modulus). The computational results match the
experimental available data well, and provide insight into the role of the phases and
morphology on the microfibril behaviour. Our predicted results show that the mechanical
properties of collagen microfibrils arise due to their structure and properties. The proposed 3D
finite element model of mineralized collagen microfibril contributes toward the investigation
of the bottom-up structure-property relationships in human bone.

Keywords: Bone, Mineralized collagen microfibril, Cross-links, 3D Finite element,
Structure-property relationship
Introduction

Bone is a hierarchically structured material beginning at a nano-scale level continuing
to the whole bone geometry (Fig.1) . At the nano-scale level, bone tissue is a composite
material composed of an organic phase, consisting mainly of the protein-based material
collagen, and a mineral phase, consisting primarily of hydroxyapatite (HA)

Figure 1
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At the lowest hierarchical level, bone structure is composed of tropocollagen (TC)
which can be viewed as a rod of about 300 nm long and of about 1.1-1.5 nm in diameter,
made up of three polypeptide strands, each of which is a left-handed helix . The
arrangement of the TC molecules comes from the strong chemical bonds (cross-linking) that
form between adjacent collagen molecules throughout the collagen bundles

During bone remodeling process, TC molecules are deposited first by osteoblasts and
arranged with a longitudinal stagger and then thin mineral particles are nucleated to form
microfibrils . It is generally believed that mineral particles are nucleated primarily
inside the gap region of the microfibrils and fibrils where nucleation sites could be present
and where more space is available. In a later stage, however, the mineral particles extend into
the extra-collagenous region . The fraction of mineral that is extrafibrillar is not well-
established, although Bonar et al. 1985 suggests that as much as 70-75% of the mineral
may be extrafibrillar.

At ultrastructure level, mineral and TC molecules are arranged into higher hierarchical
levels to form microfibrils, fibrils and fibers . The existence of sub-structures in
collagen fibrils have been a debate for years . Recent studies suggested
the presence of microfibrils in fibrils. A longitudinal microfibrillar structure was visualized in
both hydrated (wet) and dehydrated (dry) 3D image reconstructions of collagen
fibrils also showed a 4 nm repeat in a transverse section, which was related to the
microfibrillar structure Using X-ray diffraction, Orgel et al. (2006) suggested the
presence of right-handed supertwisted microfibrillar structures in collagen fibrils.

A comprehensive study of bone mechanical properties must investigate the tissue at
several levels of organization in order to gain a complete understanding of the influence of
structure and composition on these properties

Experimental works were performed to investigate the ultrastructure of mineralized
collagen. Some authors focused on the mechanical properties of individual collagen fibrils

In addition, mechanical models for mineralized collagen fibrils have been
developed by several authors in order to study the effects of the collagen-mineral deformation

process to estimate the mechanical properties of mineralized collagen fibrils and bone
tissues and to model the 3D orthotropic elastic properties of a single collagen fibril
Nikolov and Raabe (2008) proposed a homogenization method to model the elastic

properties of bone at the level of mineralized collagen fibrils from the staggered arrangement
of collagen molecules up to an array of parallel mineralized fibrils.

Also, molecular dynamics simulations have been developed to investigate the
mechanical properties and the deformation of bone and its constituents at the nanoscale
considering the collagen molecules

Other experimental studies were performed on hydrated collagen microfibril in the
small strain regime based on X-ray diffraction and atomic force microscopy (AFM)

to investigate the stress-strain relation and the elastic properties of microfibrils.

However, limited computation works were performed at microfibril level . As a
result of these limitations, it is not clear how microfibrils react to mechanical load in either
the elastic or plastic deformation regimes. Recently, Gautieri et al. (2011) developed a
2D atomistic collagen microfibril dynamic model that incorporates the full biochemical
details of the amino acid sequence of constituting molecules and the nanoscale molecular
arrangement to describe the mechanical behaviour at the microfibril level. Unfortunately, due
to the size of the model, full microfibril model simulations require enormous computational
power and are still not affordable at present. However, 3D FE models of a single microfibril
structure considering the TC, mineral phases and the cross-links are still lacking.



In this study, we expand upon previous models dealing with bone ultrastructure
modeling in three aspects: (i) Creation of lower level (microfibril) realistic 3D finite element
(FE) model to represent the structure of the mineralized collagen microfibril with three
constituents (mineral, TC molecules and cross-links). (ii) Investigation of the microfibril
deformation behaviour in relation with its constituents states (hydrated, dehydrated collagen,
mineral filling the gap or extra-collagenous region). (iii) Validation of the model based on
experimental data from literature (stress-strain curve and elastic modulus).

The proposed 3D FE model of mineralized collagen microfibril enables the bottom-up
investigation of structure-property relationships in human bone. Such model can be applied to
study the effects of biochemical details related to the collagen or the mineral components on
the strength of human bone.

2. Method

In the current section, We will discuss (i) the model development (on the basis of a
descriptive experimental data) and (ii) the presentation of the behaviour law of each phase (on
the basis of mechanical experimental data).

Model validation will be discussed in results and discussion section. The predicted
microfibril elastic modulus and the stress-strain curve will be compared with available
experimental data.

2.1. Microfibril Model Composition

Smith (1968) suggested that each microfibril consists of exactly five molecules in
a generic circular cross section. Lee et al. (1996) suggested that collagen microfibrils
have a quasi-hexagonal structure. In the current work, the smith's model (cylindrical
microfibril) was retained for simplicity to develop the 3D microfibril FE model. In addition,
the current work investigate the microfibril mechanical behaviour under tensile load which
depends mainly on the area of the cross section (section shape has no influence under tensile
load).
The elementary components of the microfibril can be distinguished as follow:

(@) Tropocollagen: Long cylindrically shaped TC molecules establishing a continuum in
which mineral crystals are embedded. The mineralization process reduces the lateral
spacing between collagen molecules and bringing them closer to each other It
have been reported by Lees (1981) and Fratzl et al. (1993) that effective molecular
diameter of dry TC molecules is 1.09 nm and that of wet TC molecules is about 1.42-1.5
nm. Hydration affects the packing (molecules are closer) and the sliding between
molecules (which become more difficult due to increased adhesion). TC length is about
300 nm self-assembled in the form of microfibrils.

(b) Mineral: Plate or needle-shaped mineral crystals consisting of impure HA (Cal0 [PO4]6
[OH]2) with typical 1-5 nm thickness, and 25-50 nm length This longest dimension
is typically found to be oriented parallel to the collagen molecules.

During bone remodeling process, mineral particles are nucleated primarily inside the gap
region of the microfibrils. In a later stage, the mineral particles extend into the extra-
collagenous region

(c) Cross-links: The microfibril structure is stabilized through intermolecular cross-links
joining two TC molecules. Cross-linking of tropocollagen molecules play a critical role in
bone microfibrils, fibrils and fibers connectivity . Cross-linking is either



enzymatically or non-enzymatically mediated It have been reported that the
formation of intermolecular covalent cross-links have a significant effects on material
properties (strength and brittleness) and mechanical behaviour
Considering a macroscopic response of bone, enzymatic cross-linking has been linked to
improved mechanical properties whereas non-enzymatic cross-linking prevents energy
absorption by microdamage formation and may accelerate brittle fracture

(d) Different non-collagenous organic molecules: Predominantly lipids and proteins WhICh
regulates HA mineralization, probably by proteins supporting or inhibiting mineralization,
possibly also by lipids

(e) Water: Provides the liquid environment for the biochemical activity of the non-

collagenous organic matter.

The mineralized periodic microfibril is a helical assembly of five TC molecules
(rotational symmetry of order 5), which are offset one another with apparent periodicity of 67
nm (Fig. 2). This period of dimension length is denoted by the letter D and is used as a
primary reference scale in describing structural levels. The helical length of a collagen
molecule is 4.47 D = 300 nm and the discrete gaps (hole zones) are about 0.66 D =~ 44 nm
(some references give it as 35 nm) between two consecutive TC molecules. Those five
molecules create a cylindrical formation with a diameter 3.5-4 nm and its length is unknown

Figure 2

In Tab.1 are reported the dimensions of the different constituents shown in Fig.2.

Table 1

2.2. Microfibril FE Model Generation

The proposed 3D FE model of microfibril with symmetric and periodic repetitive
portion (one period of length 340 nm of Fig. 2) was generated based on following
hypothesis as described in section (Microfibril Model Composition):

(@) Tropocollagen molecules are approximated by cylinders with around 300 nm length and
1.09 (dry) and 1.5 nm (wet) diameters.

(b) Mineral phase is modeled as homogenized material with uniform concentration. Three
models are considered here:

Model TC: Microfibril composed of pure TC (without mineral) linked with cross-links.

Model GM (First stage mineral formation): Microfibril composed with TC, mineral
filling the gap region of the TC and cross-links.

Model EM (second stage mineral formation): Microfibril composed with TC, mineral
filling the extra-collagenous space and cross-links.

(c) Cross links are modeled using calibrated spring elements: Siegmund et al. (2008)
developed a 2D FE model to investigate the failure of mineralized collagen fibrils
considering the role of collagen cross-linking. The authors suggested that the enzymatic
cross-links are placed between the TC molecules ends and non-enzymatic cross-links



appear to possess no specific spatial arrangement with a random distribution between
collagen—collagen domains. In current work, following Siegmund et al. (2008) Cross-
links representation, enzymatic cross-links were modeled by spring elements joining two
TC end terminals and non-enzymatic cross-links are modeled by springs elements joining
the TC-TC interfaces at their end surfaces (Fig. 3). The springs rheological behaviour
were calibrated with experimental and computed data reported in . Adhesion
forces between mineral and TC interfaces remain weak enough to allow for slip in the
small strain regime. Therefore, sliding is neglected in the present work.

Figure 3

(d-e) It have been suggested that non-collagenous organic molecules and water in tissue
biomineralisation may be absorbed to crystal surfaces, bound to collagen, or situated
freely in the liquid environment between mineral and collagen Therefore, their
effects are neglected in the present work for simplicity.

The proposed 3D FE model of a single microfibril composed of previously described
components (a-e) is given in Fig. 4. The model is composed of about 22000 tetraedric
elements and the simulations were performed using the software ABAQUS/Standard with a
computation time of about 45 minute for a complete simulation of a single microfibril model.

The bottom surface of the microfibril was encastred and an uniaxial tensile force (F)
along the axis of the collagen molecules was applied to the top surface of the microfibril.

In general, bone organ is loaded in compression. Nevertheless, due to eccentric
loading convex side of bone undergoes local tension and the concave side of bone undergoes
local compression. We present here results for tensile load instead of compressive load on the
model for consistency with available experimental data (stress-strain curves under tensile tests
and Young modulus measured under tensile tests). Nevertheless, our FE model can be applied
to investigate the compressive behaviour of mineralized microfibrils.

From the simulation results, the overall microfibril elongation Al and local
strains/stresses fields of the microfibril and its phases were calculated.

Geometry of every constituent and their arrangement are presented (Fig. 4) separately
for clarity. Due to the excessive microfibril length to diameter ratio (340/4), only a segment of
microfibril full length is plotted in Fig. 4.

Figure 4

Current study focuses on the FE description and the elastic behaviour of the
mineralized collagen microfibril in the small strain regime (& <5%) Plasticity, rupture
and relative sliding on the interface between TC and mineral were not considered here.

Stress-strain curves were predicted with the FE model and the corresponding elastic
modulus of the microfibril was compared to previously published experimental data

and theoretical analyses

An alternative method to calculate the apparent tensile stress o©,,, and the

corresponding apparent strain ¢,,, applied to the microfibril can be calculated using:

app
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where A, Al and |y are respectively the apparent area of the microfibril, the total microfibril
elongation computed by the FE analysis and the initial length of the microfibril.

The apparent elastic modulus of the microfibril model is then defined as the apparent
applied stress divided by the apparent strain of the microfibril by:

E - O app (€))

app
8app

2.3. Tropocollagen mechanical behaviour

Experimental studies dealing with collagen mechanical behaviour and
mechanical properties of single TC molecule have been investigated by several
authors.

Sasaki and Odajima (1996b) studied the stress-strain behaviour of single collagen
molecule. Using X-ray diffraction and simultaneous tensile loads on molecules, a linear
stress-strain behaviour was deduced for collagen molecules in the hydrated state. The deduced
Young’s modulus of collagen was ranged from 2.8 GPa to 3.0 GPa.

2.4. Mineral mechanical behaviour

The mineral in bone is HA, which is a calcium phosphate Cal0(PO4)6(OH)2. It have
been reported that HA mineral is stiff and extremely fragile exhibiting elastic isotropic

behaviour Its experimental Young’s modulus is about E, =114GPa and
Poisson’s ratio is about v, =0.3. The mineral fails in britle mode at a stress of

o, ~100 MPa . Usually the two phases (mineral in gap and mineral in extra-collagenous
regions) are modeled as linear elastic

The mechanical properties of the TC and the mineral reported in the literature are
summerized in Table 2.

Table 2

2.5. Cross-links mechanical behaviour

From a FE point of view, spring elements can be used to model connections between
two different regions (TC ends here) to couple a force with a relative displacement
representing the elasticity of the physical connecting constituents (physical cross links). The
spring model retained in the current work acts between two nodes belonging to two different



cross-linked TC molecules. The line of action corresponds to the line joining the two nodes,
so that this line of action can rotate in large-displacement analysis.

In present work, in order to describe the FE behaviour of a cross-link as a constitutive
model, we incorporate a non-linear spring elements with three calibrated rheological regimes
as suggested recently by (Fig. 5): (i) Elastic regime with (ii) delayed response due to the
unraveling of the telopeptide and (iii) the friction representing the intermolecular slippage
which can be modeled by a perfectly plastic spring response.

Figure 5

Rheological spring parameters were calibrated based on studies referenced in Tab. 3.

Table 3

3. Results and discussion

In the current work, the analyses focused on simulation of the whole microfibril
deformation and the prediction of the apparent stress-strain curve and corresponding apparent
elastic modulus. Accordingly, the insights offered by the analyses mainly focus on overall
mechanistic understanding of the microfibril mechanical properties variation providing
variation on the phases contents and the properties of each constituent.

Fig. 6 shows the equivalent von Mises stress distribution within the microfibril for
three different models (a) TC model, (b) GM model and (c) EM model. Note that the TC
molecules are cross-linked for the three models. The contours were plotted for a fraction of
the microfibril at a longitudinal cross section for clarity.

Figure 6

Observations of the different contours reveal different stress distribution within the
microfibril components due to the structural difference of the mineral phase ratio and the
nature of the TC (dry or wet). Our predicted results show that adding mineral to the pure
collagen microfibril leads to increase of the distribution of equivalent stress revealing
increase of the microfibril stiffness in combination with the TC molecules.

Burstein et al. (1975) studied the mechanical properties of compact bovine. They
showed that the Young’s modulus increases with the degree of mineralization. Bowman et al.
(1996) investigated the tensile behaviour of completely demineralized bovine cortical
bone and reported that average tensile Young’s modulus, was much lower than untreated
compact bone. They noted an initial non-linear ‘toe’ region at small strain regime <4% with
low elastic modulus value which was attributed to uncoiling of the collagen molecules. At
higher strains, the behaviour was linear with higher elastic modulus attributed to stretching of
the collagen molecules.

7



Fig. 7 plots the stress—strain responses for TC, GM and EM models, under tensile
loading. The averaged equivalent strain (&) was computed for every phase (i) based on the
relation:

g :V—ong dv @)

Where V, and g; denote respectively the phase reference domain and the output at every

finite element location j.

For tensile strains in the elastic regime up to 4%, the stress—strain responses for the
models (TC, GM and EM) exhibit different slopes, indicating that increase of mineral
crystals during bone formation significantly increases the bone stiffness. Mechanical
fundamental function of bone is to provide a lightweight frame to support the body weight.
The results reveals how composite bone combines the high stiffness and fragility of the
mineral phase and the high toughness and ductility of the collagen phase to fulfill this
essential function.

Figure 7

Very good agreement is obtained between predicted and experimental results in the
small strain regime based on X-ray diffraction atomic force microscopy (AFM)
and molecular dynamics (MD) computation

Predicted apparent elastic modulus of microfibril variation for the different models are
plotted in Fig. 8 for wet and dry states of TC.

Figure 8

The elastic modulus is strongly influenced by TC states (wet/dry) (Fig. 8-a). Our
prediction shows that hydrated TC model experience a more soft-like behaviour compared to
dehydrated TC in conformity with finding of

The results reveal that increasing of the mineral phase contents within the microfibril
combined with the TC state (dry or wet) leads to increase of the apparent modulus of the
microfibril (Fig. 8-b). A direct comparison of the elastic modulus of pure collagen microfibril
model versus that of mineralized collagen microfibrils suggests that the microfibril stiffness is
highly dependent of the mineral content (gap or extra-collagenous ) (Fig. 8-b). The results
suggests that at this ultrastructure scale, the elasticity is strongly scale dependent. This finding
agrees well with experimental and numerical results reported by

In addition, the results show that change of the elastic modulus when comparing a
single TC molecule (2.8 GPA) to the predicted pure collagen microfibril model (0.1 to 0.25
GPa) suggest that elasticity is strongly scale dependent. Microfibril atomistic model
developed by found that a direct numerical comparison suggests a factor of 10-20
difference in the Young's moduli of single molecule collagen and collagen microfibrils.

In Fig. 9 is plotted the variation of mineral and TC molecules strains obtained for
hydrated and dehydrated TC molecules versus the apparent microfibril strain (case of mineral
filling the gap region: GM model).

8



Figure 9

One can observe that in small strain regime, both mineral strain (&,,) and TC strain (

&rc) are linearly correlated to the microfibril strain (&, ). The slope of the curves depend

whether the TC is hydrated or not. Also, at a given microfibril strain, the strain sustained by
mineral is lower than that of TC due to its elastic modulus.
The predicted results reveals that in the small strain elastic regime, the response results

is constant TC-to-microfibril strain ratio (&;¢ /8mf ) of about 0.49 (dehydrated TC) and of

about 0.33 (hydrated TC) as well as a constant mineral-to-microfibril strain ratio (&, /gmf ) of

about 0.14 (hydrated TC) and (dehydrated TC) of about 0.22

FE results in conformity with experimental ones of considering the cooperative
deformation of mineral and collagen in bone at the nanoscale, show that tensile load on
microfibril induces a coordinated deformation process at its constituents level. These finding
suggest that the hierarchical structure of the microfibril leads to a gradation of the tensile
strain applied to the whole microfibril to its constituents (stiff mineral, soft TC and elastic

cross-links). Additionally, different ratio values of ¢, /gmf and &rc /gmf suggest that load

transfer between the mineral and the collagen occur by shear transfer (Fig. 10) in the
microfibril and involves a load transfer at the mineral-TC interface mediated by the cross-
links. Our results are in conformity with Ji (2008) observation. The author has shown
that failure of TC—mineral assemblies is a result of combined tensile and shear loading. A
stress concentration in the mineral and collagen phases near the collagen/mineral interfaces
(Fig. 10) is clearly observed, which may be critical for the properties of the composite and
which could induce debonding on the interfaces at the plastic regime.

Figure 10

At macroscopic level, bone mechanical properties depend on the properties of its
elementary constituents (microfibrils composed of TC molecules, mineral and cross-links).
The development of 3D FE models to investigate the structure-properties relations for
mineralized collagen microfibrils is of crucial importance, for the evaluation of the
mechanical properties of bone tissue. In this paper, a 3D FE model was achieved to study the
nanomechanical behaviour of collagen microfibril considering the geometry and arrangement
of the model constituents and the state of the TC molecules (dry/wet).

The developed 3D FE model to simulate microfibrils behaviour under tensile load has
shown that its constituents lead to synergical deformation mechanisms which appear to
modulate the apparent behaviour and elastic modulus of the microfibril. Results of the FE
model deformation show that the different components of the microfibril take up successively
lower levels of strain. The results suggested that the TC can be viewed as a staggered model
of load transfer in bone matrix, exemplifying the hierarchical nature of bone deformation to
increase the bone ductility in order to protect against its brittle fracture.

The current approach is, to our knowledge, the first 3D FE model describing
the mechanical behaviour of microfibril. However, despite the success of the proposed FE
9



model, it will be useful to address the limitations and challenges of this investigation in the
future. Specifically, it is important to extend the model to include elastic large strain regime,
plasticity and rupture in both phases (TC and mineral) and relative sliding on the interface
between two phases. However, the effect of cross-links between molecules and intermolecular
sliding has been observed to occur at larger deformation regime [12]. Despite these
limitations, the proposed computational model was able to capture the mechanical behaviour
observed in experiments. The associated FE prediction can be applied in order to investigate
the relationship between bone strength and the normal and pathological mechanical behaviors
of collagenous bone tissue.
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Figure 1. The multiscale hierarchical structure of cortical bone composed of seven levels.
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Figure 2. Double period model of cylindrical microfibril composed of (i) five TC molecules
shifted by the interval D forming a cylindrical shape with, (ii) mineral phase filling the gap
space (GM model) and the extra-collagenous space (EM model) and (iii) Cross-links joining

two TC molecules ends.
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{a) Nlustration of cross-link structure based on low-resolution X-ray diffraction results [ 70].

(

\

Tm::)octl)llagen | Non-enzymatic cross-link
molecules Minera :
‘\\\_‘ . / {Spring element}
T E—
- %
‘%’M
Jromnf
%X
Jon] LY

\ Enzymatic cross-link
{Spring element}

{b} FE model of non-enzymatic cross-links developed in the current work based on calibrated spring elements.

Figure 3. FE modeling of enzymatic and non-enzymatic cross links. Calibrated spring

elements were used here based on experimental and theoretical data.



Bottomsurface

Top surface

{b) Model GM (First stage mineral formation}): Microfibril 3D FE model composed with TC, mineral filling the
gapregion of the TC and cross-links.

{c) Model EM (second stage mineral formation): Microfibril 3D FE model composed with TC, mineral filling the
extra-collagenous space and cross-links.

Figure 4. Fraction of 3D FE periodic model of the microfibril composed of 35000 tetraedric
elements. The FE mesh (small size of the tetraedric elements) and the spring elements
(cross-links) are not plotted here for clarity. Due to the excessive microfibrile length to

diameter ratio (340/4), only a segment of microfibril full length is plotted.
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Figure 5. Rheological model of the non-linear spring element representing a cross-link
behaviour with three regimes (i) elastic behaviour, (ii) delayed spring response and (iii)

friction due to the intermolecular slippage from [12].
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Figure 6. Contour of predicted equivalent von Mises stress (MPa) applied to the microfibril
(Longitudinal cross section presentation) for three different models with hydrated and
dehydrated TC molecules.
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Figure 7. Microfibril tensile stress-strain behaviour at small strain regime for different
models (dry and wet TC). Comparison between predicted 3D FE and experimental results

(AFM) from and molecular dynamics (MD) compuation from
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{a) Pure tropocollagen microfibril without mineral phase (TC model} for hydrated and dehydrated states.
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(b) Microfibril with mineral phases {(GM and EM models}) with TC [{hydrated and dehydrated states).

Figure 8. Predicted elastic modulus for different microfibril models for wet and dry TC states.
Increase of the mineral phase content within the microfibril combined with the TC state (dry

or wet) leads to increase of the apparent modulus of the microfibril.
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Figure 9. Correlation between TC molecule (dry and wet), mineral (GM model) strains and
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Figure 10. Longitudinal shear stress (in MPa) distribution in the top area of the microfibril

(Zoom detail) showing the load transfer between the TC and the mineral.
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Description Variable Value (nm) Source
Length of model Lot 340 Buehler (2008), Gautieri
etal. (2011)
Diameter of model D¢ 4 Buehler (2008), Gautieri
et al. (2011)
Length of tropocollagen molecule Lic 300 Buehler (2008),Gautieri
et al. (2011)
Diameter of tropocollagen molecule Dy 1.09 (Dry) Lees (1981) and
1.5 (Wet) Fratzl et al. (1993) [7,8]
Periodicity D 67 Buehler (2008),Gautieri
et al. (2011)
Discrete gaps (hole zone) G (= 0.66 D) 44.22 Buehler (2008),Gautieri
et al. (2011)
Overlap O (=0.34D) 22.78 Buehler (2008),Gautieri

et al. (2011)

Table 1. Microfibril geometrical model variables and dimensions and their sources.
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Mechanical Young's modulus (GPa) Poisson's | Stress at Source
properties Ratio fracture
Tropocollagen | Small deformation: 2.8 0.30 9.3 GPa Sasaki and Odajima (1996b)
Mineral 114 0.30 100 MPa Weiner and Wagner (1998)
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Table 2. Tropocollagen and mineral mechanical properties




Rheological properties Value Source

Stiffness k ( N/nm) 1181.1 3e-11 Buehler (2008)
Friction parameter fy, (pN) 466 Buehler et al. (2008)
Delayed spring response parameter 8 (nm) 10 Uzel and Buehler, (2011)

Table 3. Spring element rheological parameters and their sources representing the cross link

behaviour for the proposed FE model.
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