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Introduction: Previous research has shown that 

longitudinal alignment of collagen fibers in the long 
bones is preferential to tensile stress in vivo and that this 
preferential alignment is a predictor of tensile and flexural 
strength1, 2.  Since the HAp crystal alignment is dependent 
on the direction of the collagen fiber2, 3, the longitudinal 
orientation of collagen acts to maximize the mechanical 
properties in the tensile direction, thus allowing bone to 
withstand physiologic bending and tensile loads.  While 
the mechanical strength of current HAp/C composites 
with a random collagen fiber alignment has been 
improved with the aid of a compaction process prior to 
dehydrating, they are still at or below the strength of 
bone4, 5, 6.  The low strength of these composites has 
precluded them from load bearing applications in 
orthopaedics.  Therefore, there is a need to characterize 
the morphology of a HAp/C composite with preferential 
collagen alignment and correlate to quantified mechanical 
properties.  A novel extrusion process for preparing the 
HAp/C composite may achieve this goal by inducing 
preferential alignment of the collagen fibers.  In this 
study, we will investigate how the morphology and 
strength of a HAp/C composite is affected by 
mechanically induced collagen fiber alignment. 
Methods: HAp/C was synthesized from the precursors 
H3PO4, collagen, and Ca(OH)2 following a precipitation 
method6.  Collagen dissolved in 59.7 mmol H3PO4 (aq) 
and 191.1 mmol of Ca(OH)2 were slowly added to a 
central reaction vessel maintained at a pH of 9 and 40ºC 
and aged for 18 hours to allow for self organization of 
collagen fibers and crystallization of HAp within the 
collagen matrix, after which the suspension was 
consolidated by vacuum filtering.  The wet precipitate 
was divided into randomly and preferentially aligned 
composite groups, both with and without compaction.  
Preferentially aligned HAp/C specimens were extruded 
through an extrusion screen into a mold where the 
extrusion process is expected to induce axial flow in the 
extrudate and alignment of the collagen fibers.  Randomly 
aligned HAp/C specimens were molded without the use of 
the screen.  Compacted specimens were subjected to a 
5MPa in-mold pressure for 16 hrs while non-compacted 
specimens remained without pressure.  Specimens were 
air dried and machined into beams with dimensions 
1.0x1.0x15 mm. Each beam was mechanically tested in 4-
point bending with a 12.0mm span and 0.01 mm/s loading 
rate.  
Results and Discussion: Four point bending tests were 
conducted on specimens from each of the four groups. 
The sample size of each group was n=5 for a total sample 
size of twenty specimens.  Results from the mechanical 
tests showed that the preferentially aligned HAp/C group 
had an ultimate stress and Young’s modulus that was 
greater than the randomly aligned HAp/C group (Table 

1).  The increase in the ultimate stress and Young’s 
modulus for the preferentially aligned group was not 
statistically different (P>0.05).  Others have also shown 
that compaction of HAp/C composites increased the 
modulus5,6.  Here, the mechanical tests were in agreement 
with the previous research and showed an increase in both 
the ultimate stress and the Young’s modulus for the 
compacted HAp/C composite (Table 2).  However, the 
ultimate stress and Young’s modulus were not statistically 
significant (p>0.05).  A power study that was conducted a 
posteriori suggested that the sample size was not 
sufficiently large enough the etect a significant difference.  
The results of the power study suggest a sample size of 
n=10 for each group for a total of 40 specimens. 
 
Table 1: Mechanical Properties of Random vs Aligned 
Collagen 
Group Ultimate Stress 

MPa (SD) 
Young’s Modulus 

GPa (SD) 
Random 7.69 (2.20) 4.41 (0.69) 
Aligned 10.68 (3.64) 4.88 (1.36) 
 
Table 2: Mechanical Properties of Non-Compacted vs 
Compacted with Aligned Collagen 
Group Ultimate Stress 

MPa (SD) 
Young’s Modulus 

GPa (SD) 
Non-Compacted 10.68 (3.64) 4.88 (1.36) 
Compacted 14.36 (4.81) 5.50 (1.52) 

 
Summary:  These results are encouraging given the 
observed trend in mechanical properties.  Future work to 
further enhance the mechanical properties of HAp/C 
composites should include optimizing the degree of 
mineralization of the HAp crystals and fibrillogenesis of 
the collagen fibers.  In addition, investigation of synthesis 
factors such as HAp:Col ratios and aging duration by 
TEM, DSC, and XRD need to be employed to correlate 
the mechanical properties to the composition and 
morphology of the HAp/C composite.  While the current 
results are encouraging, the future work is needed to 
realize the end goal of applying HAp/C composites to 
load bearing orthopaedic applications. 
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