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SUMMARY 
Even though the arrangement of collagen fibers in mineralized 
tissues is a crucial factor in determining their elastic 
properties, it is not yet well resolved. A few semi-quantitative 
methods of evaluating the fiber orientation in bone include 
spectroscopic techniques or polarized light microscopy. A new 
qualitative birefringence measurement technique, which found 
several applications in evaluation of properties of crystals, was 
calibrated here for the use on lamellar bone. The technique 
was calibrated on thin sections of mineralized turkey leg 
tendons (MTLT), and applied to human cortical bone for 
quantitative assessment of the out-of-plane collagen fibers 
orientation. 
 
INTRODUCTION 
Composites with fibers reinforcement are very frequent 
motives in the design of natural materials like bone or wood 
[1]. Complex design is needed when constructing with fibers 
as they are usually strong in tension, but rather weak in 
compression, as they buckle easily. There is an ongoing 
interest in quantification of the arrangement of mineralized 
collagen fibers in lamellar bone, as one of the factors 
contributing to its extraordinary mechanical performance. 
In this study the uniaxial fibril directions in thin sections of 
MTLT were correlated to birefringence.  
 
METHODS 
When polarized light is passing through a birefringent material 
it splits into two waves travelling with different velocities (due 
to different refractive indices). This induces a phase difference 
between the two waves. After the recombination of the waves 
the phase difference δ, given by: 
 
 
 
with L - sample thickness, λ - wavelength of the light, Δn -
linear birefringence, is a measure of the optical anisotropy of 
the material [2]. 
A polarized light imaging technique that unfolds 
birefringence, absorption and orientation of minimum and 
maximum refraction for light propagation through a 
sufficiently transparent sample was used in the study [3]. The 
technique, based on the rotating polarizer method, samples an 
object with polarizers at four different angles in a single image 
using an image multiplexer (Quadview, MAG Biosystems). 
The system used consists of a microscope for polarized light, 

an interference filter, a broadband quarter-wave retarder and a 
CCD camera. The concept of the system operation is 
described elsewhere [3]. 
In this study a calibration relationship between the observed 
phase difference δ and the angle α, which the wave normal 
makes with the optical axis of fibrils was investigated.  
MTLT was used as a model for calibration of the 
birefringence because this tissue is composed of mineralized 
collagen fibers - similar in constitution to bone, but with much 
simpler, uniform arrangement, approximately parallel to the 
main axis of the tendon. As the region of interest, the MTLT’s 
morphology around the large pores was chosen because it 
presents low porosity, densely packed collagen fibers, and 
mineralization similar to human cortex.  
For the calibration purpose, 35 MTLT samples were 
embedded in epoxy resin. The samples were cut at five 
different angles to the tendons main axis 0, 30, 45, 60 and 90˚ 
(Figure 1). All sections were polished to the thickness of 
approximately 30µm.  

 
Figure 1:  MTLT samples extraction scheme with the five 
different cut angles. 
 
The linear birefringence can be expressed as the difference of 
the refractive indices in the direction of the extraordinary and 
ordinary wave propagation direction (ne and no, respectively) 
and the angle which the wave normal makes with the optical 
axis (α): 
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Substituting the linear birefringence into the equation for the 
phase difference δ, we come up with a relationship between α 
and the phase difference δ (corrected with sample thickness 
L). 
 
 
The fringe-order of function of α can not be derived from the 
trigonometric functions directly, as these are periodic. This 
introduces an ambiguity (unless relatively low birefringence is 
observed) that can be resolved with multiwavelength 
measurements [4]. In the present study measurements of 
|sin(δ)| were performed with two wavelengths: 550nm and 
600nm. 
Thin slices of seven mid-shaft human femur samples were 
prepared with the same protocol as the MTLT samples. The 
obtained calibration curve was applied to transform the |sin(δ)| 
information into the out of plane collagen angle. The collagen 
arrangement in osteons was quantitatively assessed. 
 
RESULTS AND DISCUSSION 
Mean values of |sin(δ)| were calculated for each acquired 
image. The ambiguity in the phase measurements was 
removed using two wavelength measurements.  
A calibration curve was proposed that correlates the angle of 
out-of-plane arrangement of collagen fibers α with the relative 
phase factor δ/L (Figure 2).  
The resulting calibration curve was applied to birefringence 
images of human mid-shaft femur cortical bone and allowed 
quantification of the collagen arrangement in the imaged 
tissue (Figure 3). 
 

 
Figure 2:  Calibration curve between the observed relative 
phase factor δ/L and the cut angle α (collagen orientation 
angle). Error bars represent one standard deviation.  
 
The limitations of the technique are: the need of thin samples 
preparation and the fact that volume fraction of collagen fibrils 
in a tissue tested might influence the results. The region of 
interest in MTLT, chosen for the calibration procedure, shows 
a similar tissue volume fraction to lamellar bone.  

 
 
Figure 3:  Example of application of the calibration curve to a 
birefringence measurement of human lamellar bone. False 
color image represent the out-of-plane collagen arrangement 
angle (α). 
 
Multiwavelength measurements are required to remove 
ambiguity of the modulus and order n in |sin(δ)| = |sin(δ+n⋅π)|  
from the measurements, which extends somewhat the 
sampling time but was found to efficiently extend the usable 
data range. 
Commonly used relationship of mineralization with tissue 
stiffness shows moderate correlation. Combining 
birefringence analysis as shown here with mineralization and 
stiffness assessment can result in better understanding of the 
principles underlying the hierarchical structure of bone and its 
mechanical behavior. 
 
CONCLUSIONS 
This study presents a promising technique to quantify collagen 
fibers orientation in cortical bone, which is a curtail parameter 
in many models and can help improve our understanding of 
the principles underlying the exceptional mechanical 
properties of bone. The technique could be applied to other 
(bio-) materials with birefringent fibers. 
As a validation of the accuracy of the collagen arrangement 
measurements, further spectroscopic studies on the angled 
MTLT samples are planned. 
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