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Motivation
Existence of universal patterns in bone tissues ?

Great diversity and variability of bone composition and mechanical
behavior among the different species, organs, ages', ...

..But bone hierarchical microstructure preserved''?'s182
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Structure of/collagenous tissues
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Mineralization of collagenous tissues
—— Mlnerallzatlon occurs in closed thermodynamlc systems”

ormalize
SPace 100 nm i eral . Ti hrinl N lized
minera 20, 30-33 ISSue snrinKage i
Translation of mass conservation to 2 r'-g'z_s- Experimental validation | . € tissue volume
E . _ o . o E L) 2+ = 1 5 |
5 ; mass density-diffraction spacing I E
- 7du, i relation by means of: 2 00 |
- : - . . a I i : o
extrafibrillar crosslinked ~ ~10nm : |.  Bilinear laws for the composition — & 8"° : 7 9 g 0
space collagen : 9 o — - a ., (3
molecules . Of mineralized tiSSUGSI’3’ 14,15,26,27,31, 34,48 1 12 14 16 18 2 22 24 26 28 3 7) 1 %
(a) bone tissue (b) fibrillar space Extracellular mass density [g/cm?] S ; | | ; S
: e Maoanm e TR o 5 j : ; j .0
Mineralizing bone tissue acts as a closed thermodynamic : 2. Uniform extracollagenous EEEREEEE  Check through the prediction of the & e =2.25% £ 2.51% ¥
. H M I . . . = L. .. FE T . = g - 6-8C
system, where crystals precipitate from an ionic solution: : mineral concentration'® diffraction spacing: Sh O s 03 — '
: o)
mll = —id and me = —msf : . : - b | | £ 9%
fl HA fl HA : 3. Continuum deformation theory?* 1_£0|1_| PHA _q | col ks $ Diet fssues > o1
while the fibrillar and extrafibrillar masses are preserved: Vs 4\ 2 . ef £ HA ounta / o+ 17 7 = Partially dehydrated tissues .
ml o — b —m® and m®. — mt. — m™ 770 — (d—"(‘;’) dy, =dy 0\t Do P A 1 1.1 12 13 14 15 1.4 1.6 1.8 2 22 2.4 26
b T b T ib - - . ( = )|: + = ] . . . . . . . . .
fi fi it e el ef 5 Fib w ef (pHA/ il ) HA :  Experimental diffraction spacing [nm] Mass density of the mineralized tissue [g/cm?]
Multiscal hanical behavi fb
® ) ) 17,20, 41 - S h f b 11,42
Woave propagation in bone tissues : trength of bone tissues e
L | L ] .= S = ' &
.. . . : m 0 : = :
The characteristics of the longitudinal waves: _ Characteristics of the fast and slow waves = Bone failure can be explained by i Experimental validation *!9%24% = z00fteiy 5 0
. . . . L6 — o 1=, A/, e : : ) :
traveling in bone tissues are predicted by means: g ° W = * mutual ductile sliding of mineral crystals i 300 - & | 200 <
: : 17,20, 48 : =5 e x 4% + 5% = - | | d | deled b : T e = 0.48% £ 16.48% 2 =200 0 200
of a poro-micro-mechanical approach'”-2, = ~ 270 of &3 £ :  along layered-water films, modeled by an: & : : ® ' 011 [MPa)
. . . E ‘O : - [ ] . 5 E = 200|-: . .
The micromechanical representation of the: 84 : By10° = elastic-perfectly  plastic Iaw for: ¢ {L ; 1 200 o 200, 200[T
. . . 1 0 5 < . :  ® 200 F MPa ) ,
macroscopic bone tissue comprises two pore: >3 pﬁ? ' = hydrated mineral crystals ?‘ £ - e S | @
. . - > %/z/ E : : : ,_m_ : :
spaces (the vascular pores, allowing fluid flow: §, o - - 5 150 T 3| L
o o H < 2.25 MHz fast tr; L . . . = Z 2001+ A A
and undrained lacunar pores), embedded in the: 3 - 2.25 MHz fast longitudinal = —sov o & F(0) = kmax gl , — minoy , — g““ <0 % 100 =~ 0 € ~
” I b . : " | 10 MHz undrained transverse bt ---&f;low.llovi' Ovas : i 0,9 i 0,9 HA — u%- . S : . : -200 [?\/IP ]200
extrace uiar bone matr’X. o= o 10 Mqundra@ned longitudinal - —fast, high ¢y - . 200} 5 creereeticeniaad 733 a
: -E) 0 10 MHz undrained transverse drug-treated| < 107 . ‘ = = =fast, 19W Duas : ° fo”owed by br’ttle fallure Of Collagen E 5%0 100 150 200 250 fove - v 200
vascular w a0 I 2 3 4 5 6 10" 10" 10" 10° 107 - : Predicted strength [MPal] MP — :
ores 8 . . ope L} CrOSSIlnkS . L . o [ a] ‘f -
P o Experimental wave velocity [km/s] Permeability [m3s/kg] - :  Bones: bovine tibia, whale bones, dugong rib, o BeE @
S - . = : elephant radius, human femur, deer antler SEEilE ComeElR g : : :
eXtrace”Ular/// \ -§ i Experimental validation25,28-32,36 Only faSt waves transmit : -Fcol (Ucol) — | max O.COl zl _ O.gﬂ(g'lt < 0 E — Strength surface TOO | 5oorse amiemanies
bone matrix lacunar pores low-porosity bone tissue = i ’ - Multiscale, multisurface elastoplasticit 200 0 200
P [ [MPa]
= o923 a
Conclusio
[ ] [ ] [ J
Failure-risk analysis of a vertebra : Nomenclature and references Ref
), 0 Nomenclature ‘ SIS T
. = |, Biltz & Pellegrino, J. Bone Jt. Surg. 51-A (3), 456-466 25. Lees, J. Biomech. 15 (1 1), 867-874, 1982
= d torial diffracti i Indi = 2. Blanchard et l, J. Biomech. 45, S478, 2012 26. Lees, Biophys. J. 85, 204-207, 2003
. o . ™ equatoria 1firaction spacing ndices n . anchard et a I0mec . Lees, biopnys. j. , = 9
CT images of a vertebra Micromechanical " f  volume fraction | of air = 3. Burns, Biochem. J. 23 (5), 860-867, 1929 27. Lees et al, J. Acoust. Soc. Am. 66 (3), 641-646, 1979
model " T yield function air of collagen = 4. Burstein et al, ) Biomech. 5, 35-44, 1972 28. Lees et al, J. Bone Miner. Res. 9 (9), 1377-1389, 1994
B . col ob collaget = 5. Burstein et al, J. Bone Jt Surg. 57-A, 956-961, 1975 29. Lees et al, J. Acoust. Soc. Am. 74 (1), 28-33, 1983
a ko parameter of the Mohr-Coulomb crite- 4., in dried tissues = 6. Cezayirlioglu et al, J. Biomech. 18 (1), 61-69, 1985 30. Lees et al., Int. J. Macromol. 6 (6), 321-326, 1984
= rion of of extrafibrillar space = 7. Currey, | Anatomy 93, 87-95, 1959 31. Lees et al, J. Acoust. Soc. Am. 99 (4), 2421-2427, 1995
Elastic prpperties Post-treatment: . mass o of fibrillar space = 8. Currey, /. Biomech. 8, 81-86, 1975 & 23, 837-844, 1990 32. Lees et al, Calc. Tissue Int. 29, 107-117, 1979
. . R water-to-organic mass ratio Ffibsat at fibrillar saturation point - & 37, 549-556, 2904 33. Lees & Mook, Calc. Tissge Int. 39, 291-292, 1986
distance to the y|e|d surfaces v e - = 9. Dejaco et al, J. Biomech. 45 (6), 1068-1075, 2012 34. Lees & Page, Connect. Tissue Res. 28 (4), 263-287, 1992
\ - v . fl» H;O0 Ol il , = 10. Dickenson et al, J. Bone Jt Surg. 63-B (2), 233-238, 198 35. McCalden et al, J. Bone Jt Surgery 75-A, 1193-1205, 1993
o ) . 29 L = 7 proportionality constant HA of hydroxyapatite = |1 Fritsch et l, J. Theor. Biol. 260, 230-252, 2009 36. McCarthy et dl, J. Biomech. 23 (I 1), 1139-1143, 1990
Finite-Element simulation” W = p mass density imsat  at intermolecular pore saturation ® 12, Fritsch & Hellmich, J. Theor. Biol. 244, 597-620, 2007 37. Martin & Ishida, J. Biomech. 22, 419-426, 1989
v mo  stress field point = 13. Fritsch et al, J. Biomed. Mater. Res. A 88, 149-161, 2009 38. Meek et al, Biophys. J. 60 (2), 467-474, 1991
Point—dependent Pressure load PECI i-th principal stress Lissue of collagenous tissue = 14 Gong etal, Anat. Rec. 149, 325-332, 1964 39. Morin et al, J. Theor. Biol. 317, 384-393, 2013
) ) W % oult yltimate stress A = 15, Hammet, J. Biol. Chem. 64, 409-428, 1925 40. Morin & Hellmich, J. Theor. Biol. 335, 185-197, 2013
vascular porosity s B 7 b . w ) : = 16, Hellmich et al, Eur. J. Mech. A 23, 783-810, 2004 41. Morin & Hellmich, submitted to Ultrasonics, 2013
| o Superscripts 6.6 orientation angles of the hydrox- 7 7. Helimich et al, J. Eng. Mech. 135 (5), 382-394, 2009 42. Pichler & Hellmich, J. Eng. Mech. 136 (8), 10431053, 2010
> 0 = ¢/ in the extrafibrillar space vapatite needle in a spherical co-# 18, Hellmich et al, Biomech. Model Mechanobiol 2(4), 219-238,2004  43. Reilly & Burstein, J. Biomech. 7, 271-275, 1974
Ol - e el e ordinate system = 19, Hellmich & Ulm, Biomech Model Mechanobiol 2 (1), 21-36,2003  44. Reilly & Burstein, J. Biomech. 8, 393-405, 1975
B at the end of the mineralization process = 20. Hellmich & Uim, J. Eng. Mech. 131 (9), 918-927, 2005 45. Riggs et al, Anat. Embryol. 87, 239-248, 1993
. 107" u T L T - 21. Hellmich & Ulm, J. Biomech. 35, 1199-1212, 2002 46. Rougvie & Bear, J. Am. Leather Chem. Ass. 48, 735-751, 1953
: _ o % e e e =0 = 22 Katz &Li, J. Mol Biol. 80 (1), I-15, 1973 47. Sedlin & Hirsch, Acta Orthop. Scand. 37, 29-48, 1966
i . Pinned surface i . IO = 23. Kotha & Guzelsu, J. Theor. Biol. 219, 269-279, 2002 48. Vuong & Hellmich, J. Theor. Biol. 287, 115-130, 201 |
' U 24. Lee et al.,, Bone 21, 119-125, 1997 49. Walsh & Guzelsu, Biomater. 15 (2), 137-145, 1994

COST MP1005 3" Joint Meeting - August 29-30, 2013, Patras, Greece



