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Abstract. Cancellous bone is a widespread structure in a creatural
body, for instance, in the femoral head and spondyle. The damage
evolution and crack growth of cattle cancellous bone were studied
under three-point-bending load conditions. A series of speckle images
with deformation information surrounding the crack tip were re-
corded, and the full-field displacement distributions were obtained at
different loading levels by means of digital speckle correlation method
�DSCM�. Characterizations of the damage deformation and fracture of
cancellous bone were analyzed. These results provide some useful
information for studying the fracture behavior of cancellous bone.
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Introduction
ancellous bone has a cellular structure with biological com-
osites for the femoral head and spondyle. It consists of 3D
etting trabecular bones. Due to its complex hierarchical
tructural style, cancellous bone has some physical and me-
hanical properties that vary by location. This nonhomog-
nous characterization results in complicated deformation
ehavior.1–3 In fact, both the deformation and fracture of can-
ellous bone are important physiological subjects in necrosis
tudies of the femoral head and spinal fractures.

At present, most studies about cancellous bone concentrate
n the qualitative analysis of microdamage. Yeh and Keaveny
tudied the relative biomechanical roles of these damage cat-
gories by reevaluating the elastic modulus for trabecular
one after simulated overloads to various strain levels using a
eneric 3D finite element model.4 Wang and Niebur investi-
ated the relationship between microdamage propagation and
he loading mode in trabecular bone.5 They analyzed impor-
ant microstructural features such as microcrack density, dam-
ge area, and microcrack length. Thurner et al. compared a
atigued and a nonfatigued bovine bone sample with respect
o failure initiation and propagation, and studied the failure

echanism of trabecular bone on the microlevel, using syn-
hrotron light.6 However, there are few references in the lit-
rature about the quantitative analysis of deformation and
racture.

Traditional experimental techniques for measuring defor-
ation and strain do not allow the characterization of defor-
ation and fracture quantities at the microstructural level in

ancellous bone. The digital speckle correlation method
DSCM� has demonstrated its special merits in the deforma-
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ournal of Biomedical Optics 034026-
tion measurement of materials and structures by being non-
contact, full field and real time. DSCM provides the full dis-
placement field by comparing two speckle images before and
after deformation of the specimen. Nicolella et al. measured
the local microstructural deformations and strains in cortical
bone by comparing images acquired from a specimen at two
distinct stress states using digital stereo imaging technology.7

Thurner et al. presented an approach for real-time imaging of
human trabecular bone samples under a compression load by
using high-speed photography.8 They revealed that whitened
trabeculae were strongly damaged by microscopic cracks and
mostly failed in delamination. Zhang et al. measured the
strain distribution on cartilage and vessel tissues by means of
an improved DCSM and time-sequence electric speckle pat-
tern interferometry.9 Zaslansky et al. mapped deformations on
irregular surfaces and measured strain and Young’s modulus
on various sizes of wet root dentin samples using electronic
speckle pattern-correlation interferometry.10 Duncan et al.
provided parametric and nonparametric data processing
schemes for analyzing translating laser speckle data used to
investigate the mechanical behavior of biological tissues.11

Yao et al. and Meng et al. studied the basic principle of digital
speckle correlation technology and its measurement applica-
tion to many engineering structures.12,13

In this paper, the DSCM was used to study both the defor-
mation characterization and the fracture behavior of cancel-
lous bone. A series of digital speckle images with deformation
information were recorded under different loading levels. The
full-field displacement distributions were calculated. Some
nonhomogeneous deformation and fracture characteristics
were analyzed based on the evolution of the damage and
crack growth of the cancellous bone.

1083-3668/2008/13�3�/034026/7/$25.00 © 2008 SPIE
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Digital Speckle Correlation Method
he DSCM can compare two images of a specimen in a un-
eformed and deformed states by using image recognition
echnology. The key of DSCM is to search for the maximum
orrelation between small zones in the deformed and refer-
nce images from which the displacement can be obtained at
ifferent positions in the zone of interest. The simplest image-
atching procedure is cross correlation, which can determine

he in-plane displacement field �u ,v� by matching different
ones of two images.14,15. In this paper, the correlation equa-
ion in the DSCM calculation is shown in Eq. �1�:

C�u,v� =

�
i=1

m

�
j=1

m

�f�xi,yj� − f̄��g�xi�,yi�� − ḡ�

��
i=1

m

�
j=1

m

�f�xi,yj� − f̄�2��
i=1

m

�
j=1

m

�g�xi�,yj�� − ḡ�2

,

�1�

here f�x ,y� is the gray-level value at coordinates �x ,y� for
he original image, g�x� ,y�� is the gray-level value at coordi-
ates �x� ,y�� for the target image, C is the maximum corre-

ation factor, and f̄ and ḡ are the average gray values of the
mage f�x ,y� and g�x ,y�, respectively. The coordinates �x ,y�
nd �x� ,y�� are related by the deformation that occurred be-
ween the two images. If the motion of the object relative to
he camera is parallel to the image plane, the relation between
he coordinates �x ,y� and �x� ,y�� can be expressed as

� x� = x + u +
�u

�x
�x +

�u

�y
�y

y� = y + v +
�v
�x

�x +
�v
�y

�y ,

�2�

here u and v are the displacement components of the subset
enters in the x and y directions, respectively. The terms �x
nd �y are the distances from the subset center to point �x ,y�.
igital image correlation technology is used to obtain the six
eformation parameters for u, v, �u /�x, �u /�y, �v /�x, and
v /�y.

Based on the peak value and the symmetrical character of
he correlation coefficient C as shown in Fig. 1, a cross-search

ethod is used to make the speed of the search about one
rder of magnitude faster than the traditional approach. First,
he displacement in an integer number of pixels �image unit�
s extracted by determining the average displacement of the
eformed image with respect to the reference image when the
aximum of the cross-correlation function is evaluated at

ach pixel location �x ,y� of the zone of interest. Second, a
ubpixel correction of the displacement is obtained by deter-
ining the maximum of a parabolic interpolation of the cor-

elation function. This interpolation is performed by consider-
ng the maximum pixel and its eight nearest-neighbor points.
fter finding the first peakpixel, a quadratic Lagrange inter-
olation function C��x ,y� of the correlation function is
dopted as shown in Eq. �3�:
ournal of Biomedical Optics 034026-
C��x,y� = Ax2y2 + Bx2y + Jx2 + Dxy2 + Exy

+ Fx + Gy2 + Hy + I . �3�

Thus, the precise position of the subpixel will be searched. It
is obvious that the nine correlation coefficients �A, B, J, D, E,
F, G, H, I� of a 3�3 area surrounding this peak point can be
determined.13,15

The maximum value can be determined by differentiation
of the function C��x ,y�:

�C�

�x
=

�C�

�y
= 0. �4�

After using the above processing procedure, the subpixel
search becomes much simpler and more precise. This kind of
image recognition method results in a much better measure-
ment of the displacement field.

3 Experimental Detail
3.1 Preparation of Cancellous Bone Specimen
In this study 10 fresh cancellous bones were obtained from
the femoral heads of five adult cattle. Five fresh cancellous
bones were from the left legs of five adult cattle; the other five
fresh cancellous bones were from the right legs of the other
five adults. Ten rectangular specimens of cancellous bone
were cut from 10 fresh cancellous bones using a special medi-
cal thin saw with a 0.2-mm-thick diamond blade. The specific
locations of the cancellous bone specimens in the femoral
head are shown in Fig. 2. Due to the porous structure and
brittleness of cancellous bones, it is difficult to make all speci-
mens the same size. The specific sizes �length�height
� thickness� of the 10 specimens in this study are shown in
Table 1. These samples were stored in a 0.9% sodium chloride
solution.

Before the formal experiments, an initial crack �1.26-mm
length� was made, using the special medical thin saw, in the
middle of the longitudinal side of the specimen. The crack
was made parallel to the direction of the height side.

3.2 Experimental Information
Figure 3 shows the geometrical configurations and loading
conditions of the cancellous bone specimens. A schematic dia-

Fig. 1 Peak and symmetrical distribution of correlation coefficients.
May/June 2008 � Vol. 13�3�2
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ram of digital speckle correlation technology is shown in
ig. 4

In this experiment, the experimental setup for the digital
peckle correlation technology consisted of a special test ma-
hine, a charge-coupled-device �CCD� camera, an optical fi-
er cold light source, and digital image correlation processing
oftware written in C++ language. The test machine was con-
rolled by a computer, the moving velocity of the cross-head
as 0.5 mm /min, and the load was measured using a force

ransducer. The displacement of the load tip was measured by
he displacement transducer. In the three-point-bending ex-
eriment, the distance between the two supports was 26 mm.

In the DSCM, the specimen surfaces were sprayed with
lack and white paint to form a random pattern. This pattern
as prepared by coating the surface with white paint and then

llowing the overspray from a can of black paint to speckle
he white surface. It is easy to find the image pairs with this
ind of black and white pattern using the digital image corre-
ation method.

In this experiment, the cold light source was the common
isible white light, which passes through the optical fiber to
lluminate the specimen surface. This cold light source had
80-nm center wavelengths with 30-nm bandwidths, and the
orresponding coherence length was 10 mm. The CCD cam-
ra was used to record the speckle image of the specimen
urface with a resolution of 1280�1024 pixels. The image
as monochrome, and the brightness was represented by grey

evels. Grey level 0 represented the darkest point and grey
evel 255 was the brightest area. In this experiment, a point
ith white paint showed the brightest and one with black

Fig. 2 Location of cancellous bone specimen in the femoral head.

(a) (b)

ig. 3 Three-point-bending test of cancellous bone specimen. �a�
ancellous bone specimen. �b� Geometrical configuration and load-

ng condition.
ournal of Biomedical Optics 034026-
paint was the darkest. The average speckle characteristic size
was about 3 pixels, or 0.12 mm �because 25.17 pixels repre-
sents 1 mm in this experiment�.

4 Experimental Results and Discussions
4.1 Load-Displacement Curves in Cancellous Bone

Specimens
Due to the thickness differences in the 10 cancellous bone
specimens, the force per unit thickness � was defined by

� =
F

T
, �5�

where F represents the actual applied load, and T is the width
of the specimen.

After a series of three-point-bending tests, the relationship
between the force per unit thickness and the displacement for
the 10 cancellous bone specimens was determined, as shown

Table 1 Specific dimensions of cancellous bone specimens.

No.
Side
of leg

Length�Le�
�mm�

Thickness�T�
�mm�

Height�H�
�mm�

1 Left 32.00 2.86 10.00

Right 31.92 1.98 10.00

2 Left 31.80 1.98 10.90

Right 31.60 2.34 10.00

3 Left 32.10 2.16 10.34

Right 31.96 2.10 10.16

4 Left 32.10 2.70 10.40

Right 32.06 2.26 10.40

5 Left 31.90 2.26 10.14

Right 32.00 2.30 10.30

Fig. 4 Schematic diagram of digital speckle correlation technology.
May/June 2008 � Vol. 13�3�3
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n Fig. 5�a�. It is obvious that there is an approximately linear
elationship between the load and the displacement before the
amage initiation and fracture of the specimen. Some fluctua-
ions in the load-displacement curves resulted from the initia-
ion and progress of microdamage in the trabecular bone.
nce the load reached the maximum value, a lot of damage

ppeared at the crack tip. Then the crack was initiated and
egan to grow. In the meantime, the loading capacity of the
ancellous bone specimen was reduced with the evolution of
he damage and the propagation of the crack in the specimen.
hese fracture phenomena can be attributed to the hierarchical
raded structure and the complex mechanical properties of the
ancellous bone. In this experiment, the average force per unit
hickness was about 44.6 N /mm.

.2 Speckle Patterns of Damage and Fracture in
Cancellous Bone

hile the three-point-bending tests of cancellous bone speci-
ens were performed, the deformation fields surrounding the

rack tip of the specimens were recorded in the form of
peckle patterns using the CCD camera. These images re-
ealed the whole deformation and fracture process of the can-
ellous bone specimens, including elastic deformation, dam-
ge evolution, and crack initiation and propagation. On the
hole, the deformation and fracture of cancellous bone can be
ivided into three patterns: elastic deformation, damage evo-
ution, and crack growth. Figure 6 gives a typical image of
eformation and fracture of a cancellous bone specimen for
he left leg �no. 5�. Here, S represents the displacement, P is
he applied load and L represents the crack length.

In the initial loading stage, the deformation of the speci-
en was considered as the elastic state. While the applied

oad was increased gradually, the stress concentration at the
rack tip will be further buildup. When the applied load
eached the maximum value, the damage at the crack tip ap-
eared and evoluted. Subsequently, the crack tip was initiated
nd propagated. During the whole growing process of the
rack, the damage at the running crack tip developed succes-
ively. Due to the hierarchical graded structure characteriza-
ion of cancellous bone, the crack locus in the fracture dis-
layed an irregular curve. Also, the roughness of the fracture
urface was rather high due to the broken trabecular bone and
he tearing of the reseau in cancellous bone.

(a) (b)

ig. 5 Relationship between the displacement S and the force per unit
hickness � for cancellous bone specimens: �a� specimens from left
emoral head; �b� specimens from right femoral head.
ournal of Biomedical Optics 034026-
4.3 Deformation Field of Cancellous Bone
After making digital image correlation calculations from the
speckle patterns, we obtained the full-field U and V displace-
ments, where U and V represent the displacement components
in the horizontal X and vertical Y directions, respectively. In
the DSCM test system, the measurement accuracy of the dis-
placement was 0.05 pixel, or 0.002 mm �because 25.17 pixels
represents 1 mm in this experiment�.

Figure 7 shows the elastic deformation filed of the speci-
men before the cracking damage appeared, when the load was
from 132N to 137N ��P=5N�. The full-field displacement
distribution of cancellous bone was almost the same as the
typical displacement field in a three-point-bending homog-
enous specimen. According to the distribution of maximum
correlation factors at every point in Fig. 7�d�, the maximum
correlation factors at each point were all above 0.91, which
means that the full-field displacements U and V in Figs. 7�b�
and 7�c� are reliable and acceptable.

(a)

(b)

(c)

(d)

(e)

Fig. 6 Typical images on deformation and fracture of cancellous bone
specimen for the left leg �no. 5�: �a� Elastic deformation �S
=0.05 mm, P=8 N, L=1.26 mm�; �b� Damage evolution �S
=0.18 mm, P=49 N, L=1.26 mm�; �c� Damage initiation and crack
growth �S=1.05 mm, P=2.26 N; L=5.16 mm�; �d� Crack propagation
and fracture �S=2.00 mm, P=1 N, L=7.79 mm�; �e� Recovery stage.
May/June 2008 � Vol. 13�3�4
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While the applied load was increased and reached the
aximum value, the damage at the crack tip appeared and

voluted. The full-field displacement at the static crack tip is
hown in Fig. 8. In this period, although the damage zone area
head of the crack tip increased, the crack tip position was
till unchanged, as shown in Fig. 8�a�. In other words, the
rack was in a stationary state. In Fig. 8�b�, an arrow tip
oints to the damage position at the crack tip. Also, the strain
oncentration at the crack tip developed because the displace-
ent contours at the crack tip were denser than those at any

ther positions. The displacement field in the vertical Y direc-
ion shows no distinct difference from that in Fig. 7�c�. Due to
he evolution of damage, the correlation factor of the displace-

ent field calculation was a little lower than the one in Fig.
�e�, but the correlation factor was still above 0.86 and is
eliable and acceptable. The reason for this phenomenon is
hat the speckle image at the crack tip was distorted when the
amage evoluted.

While the applied load was further increased, the damage
t the crack tip evoluted and the crack began to propagate.
igure 9 shows the displacement field of the specimen in the

eft leg �no. 5� during crack propagation. Because the crack
ip damage and growth almost reached the top side of the

ig. 7 Displacement field of the specimen in the left leg �no. 5� before
he damage evolution when the load was from 132N to 137N ��P
5N�: �a� calculation zone; �b� displacement field in the X direction,

c� displacement field in the Y direction; �d� maximum correlation
actor.
ournal of Biomedical Optics 034026-
specimen, the displacement distribution in the X direction is
different from those in Figs. 7�b� and 8�b�. The displacement
field in the Y direction has no distinct difference from those in
Figs. 8�c� and 9�c�. From the distribution of the maximum
correlation factor in Fig. 9�d�, the maximum correlation factor
at some positions is lower than 0.9. But since it is still higher
than 0.85, the related results are reliable and acceptable.
Again, the reason for this phenomenon is that the speckle
image at the crack tip was distorted when the damage evo-
luted and the crack propagated.

Based on the above stated experimental results, the neutral
axis of the specimen in Fig. 7�b� is in the middle of the speci-
men like in the normal three-point-bending experiment. The
neutral axis moved up toward the load tip top side of the
specimen in Figs. 8�b� and 9�b� when the damage evoluted
and the crack propagated.

As shown in Figs. 7�d�, 8�d�, and 9�d�, the correlation fac-
tor near the crack was smaller than those at other places. In
particular, the speckle correlation factor at the damage zone in
the DSCM calculation decreased, as shown in Figs. 8�d� and

Fig. 8 Displacement field of the specimen in the left leg �no. 5� during
the damage evolution when the load was from 123N to 122N ��P
=−1N�: �a� calculation zone; �b� displacement field in the X direction;
�c� displacement field in the Y direction; �d� maximum correlation
factor.
May/June 2008 � Vol. 13�3�5
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�d� when the calculated zone was within the damage zone of
he specimen. The explanation is that cancellous bone is made
f cellular tissue with many trabeculars; both the deformation
f the specimen itself and the relatively rigid movement of the
rabecular bones were caused simultaneously under the ap-
lied load, and the speckle image in the damage zone was
istorted due to the structural changes of the cancellous bone.
inally, the speckle correlation coefficient of the DSCM cal-
ulation decreased, in addition to the changes in surface con-
guration of the specimen.

.4 Damage Length and Crack Length of Cancellous
Bone Specimen

uring the fracture process of the cancellous bone specimen,
oth the damage evolutions at the crack tip and the crack
ropagation were concurrent. Usually the damage at the crack
ip happened before the crack initiation and propagation. The
ropagation of the damage zone and the crack growth termi-
ated at the load tip location near the top side of the speci-
en. Here Both the damage length and the crack length were

ig. 9 Full displacement field of the specimen in the left leg �no. 5�
uring crack propagation when the load was from 2.26N to 2.51N
�P=0.25N�: �a� calculation zone; �b� displacement field in the X
irection; �c� displacement field in the Y direction; �d� maximum cor-
elation factor.
ournal of Biomedical Optics 034026-
used to describe the fracture behavior of the specimen. In the
crack tip damage zone, the cancellous bone was still con-
nected and the crack was not initiated.

As a typical example illustration, Fig. 10 shows the corre-
sponding relationships among the load, crack length, damage
length, and load-tip displacement in the whole damage and
fracture process of the left leg specimen �no. 5�. Both the
damage length and the crack growth length were obtained by
analyzing the image information of the speckle pattern in Fig.
6. The size of the damage zone increased sharply and the
crack length increased step by step when the applied load was
decreased sharply. Finally, The crack length was the same as
the damage zone size. This phenomenon means that it is the
size of the damage zone, not the crack length, that determines
the loading capacity of the specimen. Thus, the size of the
damage zone is important data in studying the fracture of
cancellous bone.

5 Conclusion
This paper reported on deformation and fracture behavior of
cancellous bone that was experimentally studied using the
DSCM. Some important conclusions are summarized as fol-
lows:

1. During the process of fracture in the cancellous bone,
three kinds of patterns were shown: elastic deformation, dam-
age, and crack growth. In particular, both the crack tip dam-
age and the crack growth were concurrent with the crack
propagation. Also, the crack tip damage happened before of
the crack initiated and propagated. The crack tip damage de-
termines the loading capacity of cancellous bone.

2. A series of speckle images about the deformation and
fracture in the cancellous bone specimen were recorded. The
full-field displacement distributions of the cancellous bone
were calculated using the DSCM, including elastic deforma-
tion, damage deformation, and the displacement field during
the crack propagation. The experimental results about the dis-
placement field and the correlation coefficient revealed the
potential and reliability of the DSCM technology in the analy-
sis of bone damage evolution.

3. The speckle correlation coefficient of the DSCM calcu-
lation in the damage zone at the crack tip decreased compared
to the other positions in the specimen. The explanation is that
the cancellous bone consists of porous tissue with many tra-
beculars. Both the deformation of trabecular bone itself and

Fig. 10 Relationship among load, crack damage, and displacement of
the left leg specimen �no. 5�.
May/June 2008 � Vol. 13�3�6
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he relatively rigid movement of trabeculars were caused si-
ultaneously under the applied load. The speckle image in

he damage zone was distorted due to the structural changes
f the cancellous bone.
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