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Introduction 
The exceptional toughness of biomineralized 
tissues like bone is believed to depend crucially 
on the mechanisms of inelastic deformability of 
the mineralized collagen matrix. These 
mechanisms are, to date, incompletely 
understood. Antler bone is one of the toughest 
bone types (over twice the toughness of bovine 
bone [Currey et al, 2009, Krauss et al 2009]) and 
is thus an excellent model organ to analyse these 
mechanisms quantitatively. By combining wide-
angle synchrotron X-ray diffraction (WAXD), 
small-angle X-ray scattering (SAXS) and 
macroscopic mechanical testing with analytical 
fibre composite mechanics, we develop a 
quantitative multiscale model which explain 
consistently the deformation behaviour of antler 
bone at three length scales concurrently – 
molecular, fibrillar and macroscopic – in both 
elastic and inelastic deformation [Gupta et al, in 
review]..  
 
Methods 
Experimental: In situ synchrotron SAXS and 
WAXD was combined with micromechanical 
tensile testing of sections of antler cortical bone 
(0.2 mm × 0.4 mm × 16 mm in dimension) at 
beamlines ID2 (ESRF, Grenoble) and A2 
(HASYLAB-DESY, Hamburg). The main axis of 
the sample was oriented parallel to the long axis 
of the antler beam. Percentage changes in the 67-
nm collagen D-period repeat were used to 
measure fibrillar strain, while shifts in the (0002) 
c-axis reflection arising from the apatite crystal 
structure provided a measure of mineral strain. 
Cyclic and uniaxial stretch-to-failure tests were 
carried out while maintaining the tissue in a 
hydrated condition in phosphate buffered saline.  
Modelling: A two-level model of the mineralized 
collagen fibril and fibril arrays was developed, 
where anisometric mineral platelets are arranged 
in a staggered manner inside the collagen fibril, 
separated by layers of collagen molecules. At the 
fibril-array level, fibrils were separated from 
each other by a thin layer of extrafibrillar matrix. 
The elastic moduli of the mineral and collagen 
phases (Em, Ec) were fixed from bulk 
measurements at 100 GPa and 2.5 GPa 
respectively, and the overall mineral volume 
fraction Φ was the sole additional free parameter. 

Force balance relations at the intrafibrillar and 
interfibrillar levels were derived. To complete 
the model, the mechanism for inelasticity was 
proposed to be intrafibrillar mineral/collagen 
sliding when the interfacial shear τ between the 
mineral platelets and collagen molecules reached 
a critical value τ*.  
 
Results 
Cyclic loading combined with fibrillar strain 
measurements showed clear evidence of fibrillar 
plasticity together with minimal hysteresis 
between successive cycles. These motivated the 
introduction of a fibrillar plasticity criterion via 
mineral/collagen slip, as described above. This 
critical yield stress τ* was calculated from the 
model, as well as the mineral platelet aspect ratio 
and the fibril and tissue yield strains. With these 
quantities calculated, the mineral stress/ strain, 
fibril strain/tissue strain and macroscopic 
stress/strain plots could all be computed from the 
model and showed excellent agreement with 
experimental data. The experimentally 
determined mineral platelet aspect ratio was 
found to result in a yield strain occurring close to 
the minimal possible value for a given mineral 
volume fraction.  
 
Discussion 
We have proposed an experimentally validated, 
bottom-up structural model for the full stress-
strain curve (elastic and inelastic deformation) of 
antler bone in tension, where the main 
contribution to the large energy dissipation in 
tension is via mineral/collagen sliding at the 
intrafibrillar level. We also predict the well-
known elastic/inelastic transition (yield) strain 
solely as a function of calculated intrafibrillar 
parameters. The minimal value of the yield strain 
suggests an interesting evolutionary 
optimization. Extensions of the model to higher 
mineralized bone types are possible.  
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