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ABSTRACT: Bone is a biological tissue whose main components are different from the mechanical
aspect. Some of the bone diseases are due to mutations in the bone structure at the nano scale, while

nano scales is important. In the current study, the finite element modeling is performed to evaluate
the mechanical properties and behavior of bone at the nano scale and the cohesive element is applied.

After its verification, the stress distribution and elastic properties are compared with the analytical

model. Limited studies are available on strain ratio and it is presented for different cohesive elements  Keywords:
in the current study. The influence of mineral volume fraction and mechanical properties of collagenis .
investigated. The comparison between finite element models and the other ones demonstrate an excellent N

ano

agreement. The collagen- hydroxyapatite interface with unknown mechanical properties is the most ‘
important parameter in the model and the thick water layer with Van der Waals interaction and viscous Cohesive clement
shear is determined as the most probable cohesive layer. The parametric studies indicate the significant ~ Finite clement.

effect of nonlinear collagen on the model. To decrease the calculation in models, the proposed unit cell

with periodic boundary conditions could be employed.

1. INTRODUCTION

Bone is a connective tissue that stores minerals, produces
blood cells and protects vital internal organs [1]. The
mechanical properties and behavior of bone are different at
the nano to the macro level and the result of each level can be
used as an input for the upper level.

Numerous methods are used to model the multi-scale
mechanical properties of bone such as continuum and
structural mechanics [2-4], micromechanics [5-7], finite
element analysis [8-11] and molecular dynamics [12-14].

In the current study, the numerical model of bone at the
nano level is investigated in Abaqus. After verification the
results with other numerical and analytical research, the stress
distribution in different layers, load transfer mechanisms and
elastic modulus are compared with the shear-lag model. The
strain ratios of hydroxyapatite platelets versus mineralized
collagen fibril with three different collagen-hydroxyapatite
interfaces are determined and the limitation of the shear-lag
model is investigated by comparing the numerical results
of different hydroxyapatite volume fraction with analytical
ones. Besides, the effect of collagen mechanical properties on
the behavior of the model is presented.

2. MATERIALS AND METHODS

The mineralized collagen at the nano level is numerically
modeled by the staggered arrangement of collagen layers,
hydroxyapatite platelets and cohesive zone in collagen-
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hydroxyapatite interaction and potential fracture sites
in mineral layers and also some links between collagen
materials. Five different models including strong collagen-
hydroxyapatite interaction, intermediate and weak ones and
also perfectly bonded interfaces (without any cohesive zones)
and pure hydroxyapatite are studied.

The hydroxyapatite materials are assumed with isotropic
elastic elements and both elastic and hyperelastic material
properties are used for modeling the collagen layers.
The strain energy potential is utilized for modeling the
hyperelastic collagen materials and also the exponential
traction-separation laws are used in modeling the cohesive
zones. Moreover, maximum stress criterion and energy are
considered as damage initiation and evolution parameters.

3. RESULTS AND DISCUSSION

The numerical results of the presented mineralized
collagen model are compared with other research as shown
in Fig. 1 and Fig. 2. Besides, the comparison between
current numerical results and molecular dynamic method are
presented in Table 1.

The stress-strain results of mineralized collagen fibrils
with hyperelastic and elastic collagen properties with different
links for strong hydroxyapatite - collagen interactions are
presented in Fig. 3.

4. CONCLUSION
The comparison between current numerical results and
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Fig. 1. Stress-strain diagram of models with hyperelastic collagen

properties in current study and comparison with Hamed et al [15]

Table 1. Comparison between strength and ultimate strain results
of mineralized collagen models in current research and other
molecular dynamics studies

Ultimate .
Ttems strength Ultlm.ate
(GPa) strain
Numerical Strong interaction 593 17.9
method Intermediate
(current interaction 396 12.68
study) Weak interaction 1.80 5.97
Molecular Buehler [13] 0.6 6.7
dynamic Dubey and Tomar 3 6
method [14]

the other numerical and analytical studies indicate a good
agreement between them. Besides, the stress distribution and
load transfer mechanism confirm the shear-lag model in which
the hydroxyapatite phase is responsible for normal stress and
the shear stress between layers is carried by collagen. The
zero stress in the cohesive layer demonstrates the debonding
in layers between the hydroxyapatite-collagen interface.

The strain ratio of hydroxyapatite platelets versus
mineralized models in different hydroxyapatite-collagen
interactions is presented and the strain ratios in weak
interaction coincide well with experimental results.

The numerical and analytical results of different
hydroxyapatite volume fractions are compared and the
limitation of the shear-lag method is investigated. The cover
length and the longitudinal distance between hydroxyapatite
crystals are the two main parameters that should be considered
in numerical models.

The nonlinear behavior of collagen material has a
significant effect on the mechanical behavior of mineralized
collagen fibril. Moreover, the two-unit cell models proposed
in the current study are compatible with the whole model
results and could be used with periodic boundary conditions
in future studies.
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Fig. 2. Stress-strain diagram of weak collagen- hydroxyapatite
interaction models with hyperelastic collagen properties and
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Fig. 3. Stress-strain results of mineralized collagen fibril with
strong collagen-hydroxyapatite interaction with hyperelastic
and elastic collagen properties with different

The results of different numerical and analytical studies in
current research show that the weak collagen- hydroxyapatite
interaction is the most probable case among others.
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Table 1. Dimensions and distance between hydroxyapatite platelets in mineralized collagen fibril
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Fig.2. Mineralized collagen fibril

ol (Fase (NS et 1Y S

By 5 el eyp ol G ol Gua U 5 PP Jlegis mss cenl 5L Ll oIS et 5l o0
oLl ey xS b gl gl o lese =5 959~ S il (J9Sdge Sl (sla gl eslicn]
Sy Ol b gl mba ;0 Gyl Joo ebite cpd dibice  pp LS Lo IS 5 Sowe o dudis yges Ll L 1 ol

&y )l Jols mlo o 1l oglate Sl Sluogas b ol —ONS s 05,5 S (s loged A lie Lailonges b))
ol duglie SI-,i Ldog Aol b o] el ol 5 2 Basaalis pals Coll (uSgjamd i § Soll Sy 00
& e J5 855 4 (Game Slrbo S S mes Sl Bl 1) JT 56 Caglie Gase gla b S g oS Sl o
Sglae cdl> aw b Jow b)) 50 Jla8 150 5 ppee 5,558 )lge IRV-X9P

Vel



(AN

Fig. 3. Traction-separation response in exponential model a) normal mode, b) shear mode [39]
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Fig. 4. Stress-strain diagram of collagen [58] and different strain energy potential
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Table 2. Mechanical properties of different collagen-hydroxyapatite interaction in mineralized collagen fibril at nano level[59]
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Table 3. Fracture properties of different collagen- hydroxyapatite interaction in mineralized collagen fibril at nano [level [59
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Table 4. Summary of constituents of models studied in current research
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Fig.5. Stress-strain diagram of models with hyperelastic collagen properties in current study and comparison by Hamed et al [26]
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Fig. 7. Stress-strain diagram of strong collagen- hydroxyapatite interaction models with hyperelastic collagen properties and elastic ones
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Fig.8. Stress-strain diagram of weak collagen- hydroxyapatite interaction models with hyperelastic collagen properties and elastic ones
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Table 5. Comparison between strength and ultimate strain results of mineralized collagen models in current research and other molecular

dynamic studies
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Table 6. Comparison between elastic modulus of current research and analytical equations
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Fig. 9. Normal stress in X direction in collagen fibril without cohesive layers a) whole model, b) hydroxyapatite c)platelets
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Fig.10 . Shear stress in collagen fibrils without cohesive layers, a) whole model, b) hydroxyapatite platelets, c) collagen layers
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Fig.11. Normal stress in models with cohesive layers and debonding between them

Lay (4 g ot gl Saslie waws sy gl Jao 10 W58 sl s ) S

oy (oaimmz laa 08l) JolS Jlasl b onds Sawe o DIS
ol Cewsdy b Gllas sl oad ools las Ve 59 sl IS o
e Slio 0l Hlo K- d Jow 5o sl ssiles 9 ISl
Sl s Uil ey 525 G 56 5 5 970 Sla s Joos Al
Syl eage 4 b p dlwsas | o lamas 4 dxman SO
A G 995 YL AVl oo dlauly 4 Sose Slxas
Ol (i 5 00505 Jozd (6 ian sl i ()5S slaasy
o] 3550 42l )0 5 Slo (Some Do 10 525 W8 (la i
yohate 45 aS odienz glaaY ol #ilae Lo 4 L cleols &
ool axd )5 Say Sawe sloliw 5 (KienS J785 5 (o) 2

Ak

G50 L Jae s e Logas cssse Joe ol )5 s
35 J5Sge Seliss g, ) Jole s b g s wcions
S helos Lals) i b pol> Joe &tV Jooe (e
RGO PR W SOWILIE S

Joe ¥l Jgae dnlie do i a8 892 dunlie
o i | ol s (S ol il b ol s50e
st 5 8998 5 Skl gy 99 50 (Same Dlmio ez S
el oa al) o sla i 5o o Al g8

Joe i slaasy jo by s 5B sl yiid &y 5e5 -Y-Y

iy 2 o SIS ol G s @SB Slais



Y5 U VYD aawo NF- - Jl.w Al D)lAM HY 0,93 ‘).A.Ag)ml ;i.u&‘o Uw.\...e(c d..;)mu

Min: +0.000e+000

S, Mises I /1

(Avg: 75%) 7
+4.430e-09 I / I
+4.061e-09 Vi

+3.323e-09 /

+2.954e-09 / I
+2.584e-09
+2.§1 ge-gg I
+1.846e-
+1.477e-09 | | | |
+1,108e-09
+7.384e-10 I
+3.692e-10
+0.000e+00 I I

Min: +0.000e+00

I I

Y

|| ||
L X | \
Min: +0.000e+000

Fig.12. Stress in collagen- hydroxyapatite cohesive layers (Zero stress in cohesive zone at ultimate loading capacity demonstrates the debonding

between layers which are finally replaced by void in models)
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Table 7. Strain ratio of hydroxyapatite platelet versus whole mineralized collagen model in perfectly bonded interface

(ot &Y 231 clizl o JolS” Jlail 2dlo )3 0ud (Gase G o ped Jote IS @0 il (o500 domiio (20 StV Jgur

o oS oS Ao )5 | Ao W yS GS | Ao i) | Aiio i8S

(GPa) ) Jored e 4 (oo Jord (oo 4 P
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(EE1) (LEmn)

0/801 1/791 0/018 0/013 0/750 0/018 0/013 0/747
1/588 3/582 0/036 0/027 0/747 0/036 0/027 0/743
2/360 51373 0/053 0/040 0/744 0/053 0/040 0/740
3/118 7/164 0/071 0/052 0/741 0/071 0/052 0/736
3/862 8/955 0/088 0/065 0/738 0/088 0/065 0/733
4/593 10/746 0/105 0/077 0/734 0/106 0/077 0/730
5/311 12/537 0/122 0/089 0/731 0/123 0/089 0/727
6/016 14/328 0/139 0/101 0/728 0/140 0/101 0/724
6/708 16/119 0/156 0113 0/725 0/157 0113 0/721
71389 171910 0/173 0/125 0/721 0/174 0/125 0/718
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Table 8. Strain ratio of hydroxyapatite platelet versus whole mineralized collagen model in strong collagen- hydroxyapatite interaction
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(EE1) (LE1D)
0/640 1/791 0/017 0/011 0/607 0017 0011 0/605
11271 3/582 0/035 0/021 0/607 0/035 0/021 0/606
1/891 51373 0/051 0/031 0/608 0/052 0/031 0/606
21501 71164 0/068 0/041 0/609 0/068 0/041 0/607
3/101 8/955 0/084 0/051 0/609 0/085 0/051 0/607
3/707 10/746 0/101 0/061 0611 0/101 0/061 0/609
4/245 12/537 0/116 0/071 0/610 0117 0/071 0/607
4/818 14/328 0/130 0/080 0/614 0/132 0/080 0/609
51323 16/119 0/144 0/089 0/615 0/146 0/089 0/607
5/760 171910 0/158 0/096 0/612 0/160 0/096 0/603

Table 9. Strain ratio of hydroxyapatite platelet versus whole mineralized collagen model in weak collagen- hydroxyapatite interaction
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0/203 01599 0/006 0/003 0/544 0/006 0/003 0/543
0/404 1/197 0/012 0/006 0/544 0/012 0/006 0/544
0/605 1/796 0/018 0/010 01545 0/018 0/010 0/544
0/804 2/394 0/023 0/013 0/545 0/023 0/013 0/545
1/001 2/993 0/029 0/016 0/546 0/029 0/016 0/545
1200 3/591 0/035 0/019 0/546 0/035 0/019 0/546
1/395 4/190 0/040 0/023 01547 0/041 0/022 0/546
1/560 4/788 0/045 0/025 0/545 0/046 0/025 0/544
1/667 5/387 0/049 0/026 0/542 0/049 0/026 0/540
1/874 5/985 0/055 0/030 0/544 0/055 0/030 01542
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Table 10. Comparison between elastic modulus of numerical and analytical models
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Fig. 13. Different volume fraction of mineralized collagen fibrils with weak interactions, (a) 45 %, (b) 35%, (c) 30%, (d) 20%
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Table 11. Details of different hydroxyapatite volume fraction in mineralized collagen fibril with weak interaction
and comparison between numerical and analytical results based on Eq. (12)
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Fig. 14. Comparison between different elastic modulus versus different hydroxyapatite volume fraction by numerical and
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Table 12. Investigation the limitation of analytical method for different hydroxyapatite volume fractions[11]
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Fig. 15. The structure of two unit cell presented in current study
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Fig. 16. Comparison between the behavior of proposed unit cell and complete numerical model in perfectly bonded interface, pure collagen
and pure hydroxyapatite
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Fig. 17. Stress-strain results of collagen based on different cross links (the B parameter show the links in collagenfi brils([S8]
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Fig. 18. Stress- strain results of mineralized collagen fibril with strong collagen- hydroxyapatite interaction with hyperelastic and elastic

collagen properties with different B
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Fig. 19. Stress- strain results of mineralized collagen fibril with weak collagen- hydroxyapatite interaction with hyperelastic and elastic collagen
properties with different B

bz B b SewoYlols o Sl joled b 5 slacdls (> Cans (iS00l L Sdse 50 b (35,8 =55 jlages 934 JS.M:

0.1 1
0.09 +
0.08 +
0.07 +
0.06 +
0.05 +
0.04 +
0.03 +
0.02 +
0.01 +

Stress (GPa)

0 I I
0 20 40

60 80

Strain (%)
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