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ABSTRACT  
 

The understanding of the mechanical properties of bone is important to the understanding of bone repair. Previous studies 
have focused on macroscopic failure of bone material but have failed to provide evidence of strain evolution during 
mechanical testing. In this present study, we performed compression tests on lamb femurs to understand the failure 
mechanisms and the real time strain evolution in bones during compression testing. We examined the strain distribution 
patterns in specimen tested at three different strain rates and have also varied the specimen length to identify the effects of 
specimen length and strain rates during compression.  The study has shown that the specimen lengths and loading rates have 
a significant effect on the failure behavior and strain distribution in bones. 
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1 INTRODUCTION  
 
In the past few decades, extensive studies have been 
carried on to understand the mechanical properties of 
bone [1-4]. The mechanical properties and the failure of 
the bone gives insight into the bone healing process 
which is important to the treatment of bone and bone 
related diseases [4-8]. The biomechanical understanding 
of bone has seen significant progress but a complete 
understanding of the mechanical properties is yet to be 
developed [9-11]. Although most previous studies of the 
bone have focused on mechanical behavior and fracture, 
the outcomes lack the understanding of real time damage 
mechanisms and strain evolution.  
 
The damage mechanisms in bone material have also been 
of great interest over the last few decades. The damage 
modes are different during different methods of testing. 
The failure in tension is known to be mainly due to the 
opening of bone wherein the crack propagation was 
found to be propagating in a direction perpendicular to 
the test axis. In contrast to tensile failure, failure in 
compression is known to be mainly due the in-plane 
shear effects. Torsional failure is known to be a 
combination of these two modes of failure.  Damage 
development in cortical bone therefore is dependant on 

the mode of loading [12, 13]. Although there has been 
qualitative and quantitative work done at various levels, 
there is limited knowledge of bone fracture on the surface 
and a lack of literature relating to surface strain 
evolution. The use of optical metrology methods is 
essential in the study of surface strain in bones. Barak et 
al. [14] have reviewed the various studies involving 
optical metrology methods in bone studies. Optical 
metrology methods form an alternative approach to 
measure displacements on the surface of bones and the 
advantage lies in the lack of contact with the test 
specimen. The various deformation measurement 
techniques used thus far are holographic interferometry, 
electron speckle pattern interferometry and digital image 
correlation methods. These optical interferometry 
techniques are widely used in the study of metals and 
composite materials but have not found much interest in 
bone studies as yet. We have shown through this study 
the use of a novel 3D real time strain measurement 
method for the strain analysis of bone materials during 
compression. 
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2 EXPERIMENTAL PROCEDURE  
 
2.1. Specimen Preparation     

 
Lamb femurs from 6 month old lambs, purchased from a 
local supermarket, were stored in a refrigerator at -20 C°. 
These femurs were macerated in a solution which 
contained 40 g Biozet laundry powder (KAO, Australia) 
and 2 L water for 5 days at room temperature in a fume 
cupboard. Biozet laundry powder contains two types of 
enzymes for biological active cleaning, anionic and 
nonionic surfactant for lifting dirt, sodium perborate 
mononhydrate for oxygen bleach, sodium alumino 
silicate for softening water, sodium carbonate for 
breaking up fatty soils, fluorescers for brightening fabric, 
soil suspending agent and perfume (KAO, Australia). 
The pH value of the solution was 10.5. After 5 days, soft 
tissues were manually removed from the femurs using a 
scalpel, a knife, and a brush.  
 
Transverse-section specimen of 30, 40, 50 and 60 mm 
thickness were cut from the central femurs using a 
diamond saw machine at a low rotary speed. Alcohol was 
utilized as coolant during the cutting process. The 
specimens were washed to remove any residual abrasives 
from the cutting. These samples were then visually 
inspected for any damages that could have occurred 
during the cutting process. Once ensured that the 
specimens were cut as required and had the necessary 
parallel edges for the compression testing, they were 
stored in a phosphor buffered saline solution and kept 
refrigerated until testing. 

 
2.2. Compression Testing   

 
The prepared specimen were then subject to compression 
tests until failure using the INSTRON 5500 series 
material testing system to record the real time strain 
evolution in the bone specimen prepared. The test set-up 
included compression plates for the testing of the bone 
specimens and care was taken to ensure that the specimen 
had been placed at the centre of the plates. The plates had 
a maximum diameter of 50mm. The load data was 
recorded using a 100kN load cell attached to the 
INSTRON testing system and the extension data 
recorded using an optical extension encoder. The 
specimen lengths were limited by the nature of the bone. 
The samples need to be machined to have flat surfaces 
after the joints were removed and this has been the 
limitation of the specimen sizes. The specimens 
machined to 30, 40, 50 and 60mm lengths were all tested 
under constant loading rates of 1.3, 2.3 and 3.3 mm/min. 
The loading rates have been limited to the number of 
images that could be recorded during a test by the 
ARAMIS optical measurement system used for the real 
time strain evolution and strain measurements.  

 

2.3 Strain analysis 
 

 A full field real time strain analysis was performed 
during the compression testing of each of the specimens. 
The strain measurement was performed using the 
ARAMIS system (GOM mBH, Germany) which 
provides a deformation and strain analysis using 3D 
image correlation. The system provides full field strain 
measurements using photogrammetric method as the 
specimen are being tested. Each specimen was sprayed 
with a contrasting stochastic pattern which deformed 
with the specimen during the test. Two high speed, high 
resolution, digital CCD cameras recorded the images of 
the specimen during the test and the deformation was 
calculated from these images using an area based 
matching algorithm. The two dimensional displacements 
recorded by each of the cameras are then correlated to a 
three dimensional measurement using intersection of the 
two dimensional measurements. The result is a three 
dimensional point distribution for each of the stages and 
the strain values are calculated from this point. This 
digital image provides a full-field contour of the 
specimen and the strain distribution throughout the test. 
The image sampling time used during these tests were 
maintained at 8ms. Deformation and strain values 
ranging form 0.02% to 100% can be measured depending 
on the image quality. Figure 1 shows the experimental 
set-up. During this study, the images were obtained from 
the entire specimen that was clamped between the two 
compression plates. 

  

 
 

Figure 1.  Experimental set-up for the 3D real time strain measurement 
 
2.4 System specifications 
 
The specifications for the ARAMIS system used while 
monitoring the compressions tests are as illustrated in 
Table 1. The type of lens used on the cameras and the 
position of the cameras largely defines the measuring 
volumes. There are a number of recommended measuring 
volumes and appropriate configurations supplied by the 
manufacturer, GOM, Germany. Due to the varying 
specimen lengths in the study, measuring volumes of 40 
x 30 x 30mm was used for surface strain measurements 
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in 30 and 40 mm long specimens and a measuring 
volume of 60 x 50 x 50 mm was used to characterize 50 
and 60 mm long specimens. 
 

Table 1: ARAMIS System specifications 
Parameter Specification 
Measuring 
Volume 

10x8x8 mm up to 
1700x1360x1360 
mm 

Camera Resolution 1280x1024 pixels 
Camera Chip 2/3”,CCD 
Maximum Frame 
Rate 

24Hz 

Maximum images 612 
Shutter Time 0.1ms – 2s 
Strain Range 0.05% - 100% 
Strain accuracy 0.02% 

 
Due to the high inter dependency of the frame rate, 
shutter speed and the aperture of the camera a number of 
tests were performed to achieve optimum balance 
between these factors. The lowest possible aperture was 
used in the cameras to achieve maximum depth in the 
volume and to accommodate the geometry of the bones. 
Trials made using two directional incandescent lights 
(500W) revealed a minimum shutter speed of 8ms, which 
would allow successful image processing. The frame rate 
was calculated as 20Hz as maximum while using the 
shutter speed of 8ms. 
 
2.5 Specimen Preparation 
 
For the successful measurement of surface strain using 
the ARAMIS system, the surface structure of the 
specimen is an important factor. The surface 
requirements for successful strain measurement are low 
reflectivity, a high contrast stochastic pattern and 
sufficient lighting. 
 
A high contrast stochastic pattern is a histogram of equal 
proportions of black and white. This is essential for the 
allocation of coordinates on the surface of a specimen. 
The specimens prepared were spray painted with a thin 
film of white paint. When the paint was sufficiently dry, 
the specimens were coated with a splatter pattern of black 
on the surface to generate a high contrast stochastic 
pattern. Care was taken to keep the bones from drying by 
dropping approximately 5ml of phosphate buffer saline 
solution on the cut surfaces to maintain the material 
properties of the bone specimens. The specimens were 
tested immediately after the drying of the paint pattern. 
This process is sufficiently quick to prevent the bone 
specimens from drying. Figure 2 shows a typical pattern 
applied to a bone specimen prior to compression testing. 

 
 
Figure 2. Stochastic pattern on bone specimen      

 
3 RESULTS AND DISCUSSIONS 
 
3.1 Load Displacement Behavior 

 
Figure 3 shows the load displacement curves for 
specimens of length 30mm when tested at a strain rate of 
1.3 mm/min and 3.3 mm/min. The load displacement 
curve for a test run at a strain rate of 1.3 mm/min is very 
smooth showing no signs of microcracking. There are no 
load drops in the curve to indicate any failure. The failure 
in the specimen is catastrophic with no accumulated 
damage. The maximum load at failure in the specimen is 
11.735kN. The load displacement curve for a specimen 
of the same length loaded at a strain rate of 3.3 mm/min 
shows an initial ductile deformation where there are no 
microcracks. The load displacement curve indicates an 
initial plateau at a load of 6.39kN as seen in Figure 3 
indicating densification of the specimen. Further load 
drops of small amounts are noticed in the figure 
indicating damage accumulation and the failure occurred 
at a load of 11.2kN.  
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Figure 3. Load Displacement Curve for bone specimens of length 

30mm tested at a strain rate of 1.3mm/min and 3.3 mm/min. 
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Figure 4. Load Displacement Curve for bone specimens of length 
50mm tested at a strain rate of 1.3mm/min and 3.3 mm/min. 

 
Figure 4 shows the load displacement curves for 
specimens of length 50mm tested at a strain rate of 1.3 
mm/min and 3.3 mm/min. The load displacement curve 
is characterized by many load drops indicating 
development of microcracking during the test. There has 
been accumulated damage in the specimen leading to 
catastrophic failure. The maximum load at failure in the 
specimen tested at 1.3 mm/min is 5.72kN. The load 
displacement curve for a specimen of the same length 
loaded at 3.3 mm/min shows initial ductile deformation 
with no crack development until a load of 4.1kN. The 
load displacement curve also indicates small load drops 
and the formation of a plateau representing signs of 
densification in the specimen. The accumulated damage 
in the specimen leads to a catastrophic failure at a 
maximum load of 7.36kN. 

 
3.2 Strain Distribution 

 
An initial investigation of the surface strain was carried 
out by the observation of Von Mises strain distribution at 
failure in the specimens. Figure 5 shows Von Mises strain 
distribution in a specimens of lengths 30mm and 50mm 
tested at a strain rate of 1.3 mm/min. The strain 
distribution in the specimen of length 30mm, seen in 
Figure 5(a), shows regions of higher strain distributed at 
different regions in the specimen. The maximum strain 
recorded for the specimen was 4.33%. The failure in the 
specimen is catastrophic leading to the loss of the image 
in the optical measurement system. Figure 5(b) shows the 
Von Mises strain distribution in a specimen of length 
50mm tested at a strain rate of 1.3 mm/min. The strain in 
most regions of the specimen was 2.16%. However the 
region near failure recorded a maximum strain value of 
37.7%. This indicates a damage accumulation due to 
microcracking which ultimately formed a high strain 
concentration region. This region was the origin of a 
major crack that resulted in a catastrophic failure. 
 

 
 

 
 

 
Figure 5. Von Mises strain distributions in bone specimens, near failure, 

tested at 1.3mm/min. (a) Specimen of length 30mm (b) Specimen of 
length 50mm. 

 
Figure 6 shows Von Mises strain distributions in 
specimens of length 30 and 50mm loaded at a strain rate 
of 3.3 mm/min. A specimen of length 30mm, as seen in 
Figure 6(a) exhibits a strain value of 3.16% for most 
parts of the specimen. There was a region of high strain 
concentration where the failure in the specimen occurred. 
The maximum strain recorded for the specimen was 
33.2%. Figure 6(b) shows a specimen of length 50mm 
tested at the same strain rate. Regions of higher strain are 
limited to the top end of the specimen indicating the 
damage accumulation near the compression plate. The 
maximum strain rate recorded for the specimen was 
71.2% at the region of failure and a strain value of 4.6% 
was observed to be distributed in most regions of the 
specimen. 
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Figure 6. Von Mises strain distributions in bone specimens near failure, 

tested at 3.3mm/min. (a) Specimen of length 30mm (b) Specimen of 
length 50mm. 

 
Figure 7 shows the distribution of major strain in bone 
specimens of length 30 and 50mm tested at a strain rate 
of 1.3 mm/min.  Major strain was used in these figures 
since it represents the dominating compressive strain 
experienced by specimens during loading. There is a 
region of higher strain towards the lower end of the 
specimen of length 30mm indicating the region of failure 
in Figure 7(a). This region of higher strain was measured 
to have a maximum value of 3.85% while the most 
regions of the specimen exhibited a maximum strain of 
0.4%. A closer observation of the evolution of the strain 
in the specimen revealed a behavior characterized by the 
change in strain values from compression to tension 
indicating shear failure as a possible cause for the failure 
of the specimen. Figure 7(b) shows the major strain 
distribution in a specimen of length 50mm tested at a 
strain rate of 1.3 mm/min. The distribution contains a 
strain value of 1.9% in most parts of the specimen and a 
region of high strain concentration showing the crack 
propagation during compression. The maximum value of 
major strain recorded was 18.9% for the specimen. 

 
 

 
 

Figure 7. Major strain distribution in specimens tested at a strain rate of 
1.3 mm/min (a) Specimen of length 30mm (b) Specimen of length 

50mm. 
 

Figure 8 shows specimens of length 30mm and 50mm 
tested at a loading rate of 3.3mm/min. From Figure 8(a), 
it can be observed that the maximum value of major 
strain was 39.4% for the specimen measuring 30mm in 
length. Figure 8(a) correlates high strain values to the 
fracture of the specimen. There is a region at the crack 
formation in the figure which has no values. This is due 
to localized peeling of the specimen during testing. 
Figure 8(b) shows a specimen of length 50mm tested at a 
loading rate of 3.3mm/min. The Figure shows crack 
formation in the specimen at the top interface with the 
compression plate during testing. This region has 
recorded the highest strain at a maximum value for major 
strain as 72.4%. 
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Figure 8. Major strain distribution in specimens tested at a strain rate of 
3.3 mm/min (a) Specimen of length 30mm (b) Specimen of length 

50mm. 
 

3.3 Effect of Specimen Length 
 
Specimens of lengths 30mm and 50mm observed at the 
same strain rates showed significant changes in the load 
displacement curves and strain measurement. The 
specimen of length 30mm showed a predominant ductile 
deformation and the formation of a plateau. This plateau 
formation indicates the densification in the specimen. 
There have been no signs of accumulated damage in the 
specimen while the specimen of length 50mm showed 
load drops indicating microcracking leading to 
catastrophic failure. There is also a significant difference 
in the maximum load in the specimens of different sizes. 
The failure load is observed to decrease with the increase 
in specimen lengths. The densification of the specimens 
of lower lengths explains the higher loads at failure in the 
smaller specimens. This densification is not observed in 
specimens of greater length and can be explained by the 
development of microcracks during the compression 
testing. The densification of specimens was observed to 

prevent crack propagation. Specimens of greater length 
were noticed to have a larger crack depth. From the strain 
distributions it can be observed that there is a significant 
change in the strain values measured in the specimens of 
different sizes. An increase in the specimen length has 
shown significant increase in the strain values measured. 
This increase in the strain values are a result of greater 
depth of the fracture in specimens. A larger depth of 
fracture allows for greater deformation on the surface of 
the specimen leading to higher strain values which are 
concentrated in the region of fracture. Although 
significant changes have been observed in the load 
displacement curves and the strain distribution, 
specimens of different lengths have shown similar failure 
mode with shear failure as the predominant mechanism.  
 
3.4 Effect of Strain Rate 
 
From the observations of experimental results of both 
load displacement behavior and the strain distribution, it 
can be noticed that there are significant changes in the 
failure behavior of bone specimens in compression when 
tested at different strain rates. The load displacement data 
indicates development of microcracking in the specimens 
of greater length when tested at higher strain rates. The 
strain distributions in the specimens tested at different 
rates also indicate a significant change in the magnitude 
of the maximum strain values at the region of failure. The 
maximum strain values recorded a significant increase 
with the increase in strain rate in all specimens. There has 
also been a significant change in the failure behavior in 
the specimens. Densification was noticed to be higher in 
the specimen of lower lengths while the specimens of 
larger length showed greater damage accumulation when 
tested at higher rates such as 3.3 mm/min. Specimens 
tested at lower strain rates show crack propagation along 
the long axis of the bone specimens. This is seen in 
Figure 6. Directional cracking was observed in 
specimens tested at higher strain rates. The cracking was 
observed to propagate in a direction perpendicular to the 
loading direction. In specimens of smaller lengths, the 
crack was initiated in the direction of loading and 
propagated in a direction perpendicular to the loading 
axis. This is observed in Figures 7 (a) and 7(b).  
 
CONCLUSION   
 
To understand the mechanical behavior of bones at the 
macro level, experiments were conducted to test the bone 
material in compression. Compression tests have been 
conducted on prepared lamb femurs at different strain 
rates. Specimen length has also been varied to record the 
effect of specimen length and strain rates on the real time 
strain evolution in bone. Significant changes have been 
observed with changes in specimen lengths and strain 
rates used during testing. Peak strain values were 
observed to have an increase with increase in specimen 
length and strain rate. Although there was an observed 
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change in the strain measurements for specimens tested 
at different strain rates, shear failure was observed to be 
the dominant failure mechanism. The deformation in 
bone specimens was also found to change with change in 
strain rates. The deformation during lower strain rates 
was found to have an initial ductile deformation with no 
accumulated damage in the specimens. Higher strain 
rates were characterized by the accumulation of damage 
in specimens leading to catastrophic failure. This study is 
the first of its kind to elucidate the failure mechanism in 
bone material through real time strain measurement. The 
strain values recorded shed fundamental information on 
the failure mechanism for bone materials experiencing 
compressive loading. The results from the study can 
provide valuable insights in developing constitutive 
models for bone materials and their failure behavior.  
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