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SUMMARY 
Cortical bone is composed of osteonal and primary interstitial 
bones. This is regarded as “osteon composites”. It has been 
reported that the mechanical properties of cortical bone 
depend on the osteon composite structure. However, the 
difference of mechanical properties in the components of 
osteon composites has not been fully investigated and 
elucidated, specifically the effects of HAp crystals. This study 
used strip specimens aligned with the bone axis taken from the 
cortical bone of a bovine femur. In the experiments, the elastic 
modulus of the specimens was measured by tensile tests. The 
HAp orientation and deformation were measured by X-ray 
diffraction method. Indentation tests using an AFM probe 
were conducted at the transverse cross-sections of the 
specimens. As a result, HAp deformation does not depend on 
the difference of component rate of the osteon composites. 
The c-axis of the HAp crystals were highly aligned with the 
bone axis of the specimen with few osteonal bones that had 
high elastic modulus. This study suggests that the degree of 
HAp orientation at the primary interstitial bone is higher than 
that in the osteonal bone. The difference of elastic modulus in 
the osteon composites may depend on the HAp orientation. 
 
INTRODUCTION 
Osteon has a cylindrical structure and is aligned along the 
bone axis in cortical bone, such as a femoral diaphysis. The 
osteon consists of lamellae surrounding a cylindrical 
Haversian canal, and is several hundred micrometers in 
diameter. The cortical bone is composed of osteonal and 
primary interstitial bones. This is regarded as “osteon 
composites”. Here, the osteonal bone includes both osteonal 
lamellar and osteonal interstitial bones. Further, cortical bone 
is often regarded as a composite of hydroxyapatite (HAp) and 
collagen matrix. HAp has a hexagonal crystal structure and the 
c-axis of HAp crystals in cortical bone is orientated to the 
bone axis [1]. Moreover, HAp strain is defined as the 
displacement of the lattice plane of the crystals [2]. The osteon 
composites in the cortical bone appear to play a crucial role in 
the strength and fatigue of the tissue. It has been reported that 
the mechanical properties of cortical bone depend on the 
osteon composite structure [3-5]. However, the difference of 
mechanical properties in the components of osteon composites 
has not been fully investigated and elucidated, specifically the 
effects of HAp crystals. The study used strip specimens 
aligned with the bone axis taken from the cortical bone of a 
bovine femur. The specimens had the different component rate 
of osteon composites. In the experiments, the elastic modulus 

of the specimens was measured by tensile tests. The HAp 
orientation and deformation were measured by X-ray 
diffraction method. Moreover, indentation tests using an AFM 
probe were carried out at the transverse cross-sections of the 
specimens. 
 
 
METHODS 
Five strip specimens (40×2×1 mm) were cut from the cortical 
bone of the middle diaphysis of an adult bovine femur (24-
month-old), as shown in Figure 1. The longitudinal direction 
of the specimens was aligned with the bone axis. A strain 
gauge (KFG-1N-120-C1-11L3M3R, Kyowa, Japan) was glued 
to the surface of the specimens for the measurements of the 
tissue strain ε. The specimens were air dried through the 
following measurements. 
 
As shown in Figure 2, the specimens were irradiated with X-
rays by an X-ray diffractometer (Ultima IV, Rigaku, Japan) 
with characteristic X-rays (Mo-Kα, λ ~ 0.071 nm), tube 
voltage 40 kV, and tube current 40 mA. The exposure time 
was 10 minutes and the irradiated area was 1 mm in diameter. 
The measurement positions were three points as shown in 
Figure 2. The diffracted X-rays were detected by Imaging 
Plate (IP) (BAS-SR 127×127 mm, FUJIFILM, Japan).  
 

 

Figure 1:  Strip bone specimen taken from a bovine femur. 
 

 

Figure 2:  Measurement system of X-ray diffraction using IP. 



The traveling direction and the intensity of diffracted X-rays 
depend on the direction and the number of the lattice planes, 
respectively. To measure the degree of c-axis orientation of 
HAp crystals, the study used the X-ray diffraction pattern of 
the (002) lattice planes of the crystals, because the plane is 
perpendicular to the c-axis in the crystals. The degree of c-axis 
orientation in the bone axial direction is defined as Eq. (1) [6]. 
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I(β) is the diffracted intensity at the azimuth angle β in the X-
ray diffraction pattern of the (002) plane. If the c-axes are 
completely orientated in the bone axial direction, the <cos2β> 
is equal to 1. Further, to measure the deformation of HAp 
crystals, the specimens were also irradiated during tensile tests. 
The strain in the (002) lattice plane of HAp crystals εH is 
defined as in Eq. (2), where d0 is the interplanar spacing of the 
non-strained state. 
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The X-ray diffraction profiles were measured by a scintillation 
counter. The HAp strain εH was measured three times at each 
tissue strain condition (ε=0, 500μ, 1000μ, 1500μ, and 2000μ). 
Further, the elastic modulus of each specimen was also 
measured. 
 
To evaluate the osteon composite structure of the specimens, 
the transverse cross-sections at the X-ray measurement 
positions were observed by an optical microscope (VH5000, 
KEYENCE, Japan). In the study, the area of osteonal bone 
was distinguished from the primary interstitial bone in the 
section and the area ratio of osteonal bone Aosteon was 
calculated at each position, relieving the area of Haversian 
canals. Further, an AFM image as shown in Figure 3 was 
obtained by an AFM (MFP-3D-BIO-J, Asylum Technology, 
Japan) with a probe (MPP-11100-10, Veeco Instruments, 
U.S.). The indentation tests using the probe were carried out at 
7 points in osteonal and primary interstitial bones, respectively. 
The probe speed was 1 μm/sec. To evaluate the elastic 
modulus of these regions, the contact stiffness S of the load-
displacement curve, which was defined as the slope of the 
curve, was focused on. 
 

 
Figure 3:  Microscopic and AFM images of the cross-section.  

RESULTS AND DISCUSSION 
The area ratio of osteonal bone Aosteon varied greatly between 
measurement positions in the five specimens, from 0.10 to 
0.62; however, the differences in individual specimens were 
small. The elastic modulus has a strong negative correlation 
with Aosteon (r = -0.94), showing that the elastic modulus of the 
osteonal bone is lower than that in the primary interstitial bone. 
Further, <cos2β> was strong negatively correlated with Aosteon 
(r = -0.90). This means that the degree of c-axis orientation in 
the bone axial direction at the primary interstitial bone is 
higher than that at the osteonal bone. On the other hand, there 
was no strong correlation between εH/ε and Aosteon. Therefore, 
the HAp deformation in the bone axial direction does not 
depend on the difference of component rate of the osteon 
composites. The results suggest that the difference of 
mechanical properties of the components in the osteon 
composites should depend on the HAp orientation. 
 
In this study, to confirm the elastic modulus between osteonal 
and primary interstitial bones, the contact stiffness S in the 
indentation tests using the AFM probe was conducted. Here, 
the contact stiffness S depends on not only the elastic modulus 
of the tissue but also the elasticity of the probe. The average 
value of S in the osteonal and primary interstitial bones were 
177.6 ± 14.9 and 216.7 ± 53.8 N/m, respectively. It seems that 
the elastic modulus of the osteonal bone is lower than that of 
the primary interstitial bone; however, the difference is not 
very large. Here, the displacement of the tissue was up to 55 
nm in this study. The depth was much smaller than that in the 
usual nanoindentation tests [5]. Such difference of the 
measured scale will be useful to clarify the nanostructure of 
the osteon composites. 
 
 
CONCLUSIONS 
The c-axis of the HAp crystals were highly aligned with the 
bone axis of the specimen with few osteonal bones that had 
high elastic modulus. This study suggests that the degree of 
HAp orientation at the primary interstitial bone is higher than 
that in the osteonal bone. The difference of elastic modulus in 
the osteon composites may depend on the HAp orientation. 
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