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Background
Various arrangements of the hierarchical structure allow bones to achieve different functions. 
Bone remodelling ensures fine-tuning of the mechanical properties to the actual mechanical 
demands. The rapid growth of large animals like sheep require early skeletal support, which is 
achieved  by  the  formation  of  plexiform  (fibrolamellar)  bone  tissue,  which  is  partially 
remodelled in osteonal (Haversian) bone during the animal's lifetime [1]. These two tissue 
types exhibit different mechanical properties [2], which should be quantified on the relevant 
scales and taken into account in finite element analyses aiming for accurate prediction of 
strain magnitude and distribution.
The aim of this study was to measure the elastic properties of ovine femoral plexiform and 
osteonal  cortical  bone tissue on the micro-  and mm-scales.  The obtained data  sets  are  of 
interest  for  numerical  modelling  of  whole  bone mechanical  response  and  the  multi-scale 
micro-mechanical modelling of bone tissue.

Methods
The right femora of two Merino-mix sheep aged 1 and 4 years were excised and cleaned of 
soft tissues. The diaphyses were cut perpendicular to the bone axis into 10 mm thick sections 
using a diamond-coated band saw. The proximal cut surface of each bone section was ground, 
polished and measured with 50 MHz scanning acoustic microscopy (SAM) in PBS coupling 
fluid. Using a calibration established from five materials with known material properties, the 
confocal amplitudes were converted into acoustic impedance (Z) [3] and then into stiffness 
units using an established relationship [4]. This process provided 2D maps of tissue stiffness 
in the probing (i.e. longitudinal) direction with 23 µm resolution within the whole bone cross 
section. From each bone section, four parallelepiped samples with 2-3 mm edge length were 
then cut with a low speed diamond saw at defined anatomical locations guided by the SAM 
images. These samples were measured with resonant ultrasound spectroscopy (RUS), which 
quantified the complete orthotropic stiffness tensor on the mm-scale [5]. Local tissue type, 
mean and standard deviation of the micro-scale stiffness and the 2D estimate of porosity were 
evaluated from regions of SAM images corresponding to the location of each RUS sample.
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Results
A total of N = 68 samples were successfully measured and the evaluation is still in progress. 
Preliminary  results  obtained  from  nine  representative  samples  (Table  1)  indicated  that 
plexiform tissue is significantly stiffer than osteonal bone on both scales. Further, the RUS 
data  underlined  the  truly  transverse  isotropic  nature  of  osteonal  tissue:  the  degree  of 
anisotropy (DA) in the plane transverse to the bone axis was found to be 0.99±0.07 and the 
axial stiffness was approximately 1.7 times higher. Plexiform tissue exhibited an orthotropic 
behaviour with larger standard deviations of the DA values.

Table 1.  Mean (SD) of the stiffness tensor components of the two tissue types in GPa as  
quantified by RUS on the mm-scale (Cii) and SAM on the micro-scale (cii), where i = 1,2,3  
refer to the radial, circumferential and axial directions. SAM-based porosity is provided in %.
Tissue type RUS C11 RUS C22 RUS C33 SAM c33  SAM Po

Osteonal (N=5) 14.57 (4.66) 14.20 (4.11) 24.42 (6.70) 30.69 (5.23) 7.48 (8.09)

Plexiform (N=4) 18.01 (5.40) 25.18 (2.57) 31.20 (3.21) 40.33 (4.02) 1.55 (0.59)

All three elastic components corresponding to pure compression (Cii) were highly related in 
osteonal tissue (R² >= 0.90), but not in plexiform bone (R² <= 0.40). There was a strong 
correlation between the axial stiffnesses of the micro (SAM c33) and mm scales (RUS C33) for 
plexiform (R² = 0.99), but only a moderate correlation for the osteonal tissue (R² = 0.64). This 
may be due to the large variation of porosity observed in osteonal bone.

Discussion
Ultrasound-based  characterization  of  ovine  cortical  bone  tissue  revealed  significant 
differences in the mechanical properties between the originally deposited plexiform tissue and 
the later formed osteonal bone. Although differences in the mechanical properties of those 
tissues have previously been described, data have been reported for a limited set of elastic 
constants and on one scale only  [1]. Strengths of the present study are the large number of 
samples  that  have  been measured and that  RUS yields  all  terms  of  the  stiffness  tensors, 
including in particular Poisson ratios which until now have received only little attention. The 
data  obtained here will  be used to systematically  analyse the relationships of all  stiffness 
constants  to  porosity  and  micro-scale  stiffness  and  to  develop  homogenization  tools  for 
plexiform tissue, which are not yet available.  The final goal is to enrich the definition of 
material properties in organ-scale finite element models of the ovine femur.

REFERENCES

[1]  J.D. Currey, Bones: Structure and Mechanics, Princeton University Press, 2002
[2]  S.F. Lipson, J.L. Katz, The relationship between elastic properties and microstructure 
of bovine cortical bone, Journal of Biomechanics, Vol 17, pp. 231-240, 1984.
[3]  K.  Raum:  Microelastic  Imaging  of  Bone,  IEEE  transactions  on  ultrasonics,  
ferroelectrics, and frequency control, Vol. 55, pp. 1417–1431, 2008.
[4]  B. Preininger. S. Checa, F.L. Molnar, P. Fratzl, G.N. Duda, K. Raum, Spatial-temporal 
mapping of bone structural and elastic properties in a sheep model following osteotomy. 
Ultrasound in medicine and biology, Vol. 37, pp. 474–483, 2011.
[5]  S. Bernard, Q. Grimal, P. Laugier, Accurate measurement of cortical bone elasticity 
tensor with resonant  ultrasound spectroscopy.  Journal of  the Mechanical  Behavior of  
Biomedical Materials, Vol. 18, pp. 12-19, 2013.


