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Abstract

Understanding local microstructural deformations and strains in cortical bone may lead to a better understanding of cortical bone
damage development, fracture, and remodeling. Traditional experimental techniques for measuring deformation and strain do not
allow characterization of these quantities at the microstructural level in cortical bone. This study describes a technique based on
digital stereoimaging used to measure the microstructural strain fields in cortical bone. The technique allows the measurement of
material surface displacements and strains by comparing images acquired from a specimen at two distinct stress states. The accuracy
of the system is investigated by analyzing an undeformed image set; the test image is identical to the reference image but translated by
a known pixel amount. An increase in the correlation sub-image train parameter results in an increase in displacement measurement
accuracy from 0.049 to 0.012 pixels. Errors in strain calculated from the measured displacement field were between 39 and 564
microstrain depending upon the sub-image train size and applied image displacement. The presence of a microcrack in cortical bone
results in local strain at the crack tip reaching 0.030 (30,000 microstrain) and 0.010 (10,000 microstrain) near osteocyte lacunae. It is
expected that the use of this technique will allow a greater understanding of bone strength and fracture as well as bone

mechanotransduction. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A greater understanding of the relationship between
globally applied mechanical loads and local or tissue
level strains is beneficial in developing an improved com-
prehension of the mechanisms underlying bone fracture,
damage development, and bone remodeling. For
example, it is known that bone microstructure plays
a role in bone fracture behavior, including interaction of
specific microstructural features such as the cement line
with crack propagation (Burr et al., 1988; Advani et al.,
1992; Guo et al., 1998, 1995), the dependence of bone
density and microstructural orientation on bone fracture
(Behiri and Bonfield, 1989; Feng et al., 1995; Norman et
al., 1995), and the role of microcracks in bone fracture
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behavior (Vashishth et al., 1997). It has also been shown
that bone behaves like a brittle microcracking material
(Schaffler et al., 1995; Zioupos and Currey, 1994) and that
these microcracks, on the order of tens or hundreds of
microns in size, may stimulate a bone remodeling re-
sponse (Martin and Burr, 1982; Mori and Burr, 1993).
Strain gages and extensometers are the traditional tools
used to characterize strain and deformation in cortical
bone. However, due to their relatively large size com-
pared to the scale at which strain and displacement
information is desired, alternative methods of measure-
ment are required.

The goal of this study was to investigate the applica-
tion of a full field deformation and strain measurement
system to quantify the local, microstructural and cellular
level strains in cortical bone. The accuracy of this tech-
nique with respect to digital image correlation para-
meters is investigated. The technique is then applied to
quantify the strain field around a microcrack in cortical
bone.
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2. Methods
2.1. Digital stereoimaging

Digital stereoimaging is a technique based on photo-
grammetry that allows the measurement of material sur-
face displacements by comparing images of a specimen
taken at two different stress states (Davidson and Lank-
ford, 1983; Lankford and Davidson, 1988, Williams et al.,
1980). To use the system, an array of measurement points
is digitally superimposed on a micrograph taken of the
specimen in the reference state, thereby defining where
displacement measurements are to be made. The user
defines the measurement grid density by indicating the
number of grid columns and rows. The image processing
system “trains” on (stores in memory) a small area (the
model) based on the unique surface texture surrounding
each measurement point in the reference image (Fig. 1).
A local search is then performed to find the best matching
area in the second (deformed) image. The sizes of the
user-defined train and search regions generally depend
upon available surface detail and material displacement
magnitude. The displacement search procedure is con-
trolled by a normalized image correlation algorithm
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Fig. 1. Digital micrograph of microcracked cortical bone used in un-
loaded analyses to determine system accuracy. The displacement
measurement grid is superimposed on the micrograph and shown at the
top-left-corner are graphical representations of the correlation train
and search parameters. The inner square represents the sub-image train
size and the outer square represents the search size (train = 31 x 31
pixels, search = 63 x 63 pixels). Image resolution = 1312 x 1032 pixels.
Original magnification: 200X.

where r(u,v) defines the degree of correlation between
the image areas, 7 is the target (stressed) image region,
M is the model (reference) image region, M; is the model
pixel location (x;,y;), I;, is the target pixel location
(u + x;,v + yi), N is the number of pixels in the model
image where i ranges from 1 to N. The trained image area
is a square array of pixels (with sides N) around each
measurement grid point. A correlation value of r =1
indicates a perfect match, » =0 no correlation, and
r = — 11is a perfect mismatch (Franke et al., 1991). This
algorithm determines the position of the deformed ma-
terial points with respect to the undeformed image. Rota-
tions are not accounted for with this algorithm; however,
the images are first aligned automatically using the image
correlation procedure over a large portion of the image to
minimize rigid body translations and rotations. All image
processing, alignment, and correlation measurement func-
tions are performed with custom software written within
the LabView (LabView v.5.0, National Instruments,
Austin, TX) programming environment running on a
Pentium-based PC. The software system uses the correla-
tion index () within the search region to interpolate
between pixel locations to calculate fractional pixels and
estimate subpixel displacement position. Variations in sur-
face contrast or texture between image sets is also ac-
counted for by adjusting the train and search parameters
accordingly. Upon determination of the displacement
components for each measurement point, the full, in-plane,
two-dimensional strain tensor is calculated by smoothing
and numerically differentiating the displacement field
(Williams et al., 1980).

2.2. System precision and accuracy

To determine the accuracy and precision of the dis-
placement mapping technique, an analysis was per-
formed using image pairs consisting of identical images;
one image was used as the reference image, the second,
identical image, was used as the test image. The reference
image was digitized using a digital camera (Kodak Mega-
Plus Digital Camera, Model 1.41, Eastman Kodak Co.,
Rochester, NY ) at a pixel resolution of 1312 x 1032. The
test image was generated by making a copy of the refer-
ence image and digitally translating the image in the
horizontal direction by a known pixel amount (0, 1, 5,
and 10 pixel translation), creating a rigid body displace-
ment. The displacements were measured over a 9 x 10
measurement grid using increasing train areas of 19 x 19
pixels, 31 x 31 pixels, and 63 x 63 pixels (Fig. 1). From the
measured displacement field for each analysis, the
resulting strains were determined using a previously de-
scribed method (Williams et al., 1980). Rigid body dis-
placements result in zero strain; calculated strains are
thus a measure of system accuracy.
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2.3. Example application: cortical bone microstructural
strain measurement

To investigate local tissue level deformations and
strains in cortical bone, the strain resulting from a micro-
crack in stressed cortical bone was investigated. The
cortical bone specimen was prepared from a fresh bovine
tibial bone; rectangular sections were milled flat and
parallel to within + 0.0254 mm under constant irriga-
tion. After machining, each sample was polished using
standard metallurgical polishing techniques to a surface
finish of 3um. The initial crack was created by pre-
cracking the flat, edge-notched longitudinally oriented
specimen of bovine cortical bone with a razor blade; the
razor blade was slowly inserted into the notch until
a crack approximately 250 um in length was created at
the notch tip. Specimens were tested at 23°C and kept
wet with normal saline. Images of the unloaded, but
pre-cracked specimen were taken with a Polaroid camera
attached to an inverted metallographic microscope at
magnifications of 500X. The razorblade was re-inserted
into the specimen resulting in a sub-critical stress inten-
sity factor, thus opening the microcrack, and correspond-
ing images were obtained of the stressed specimen at the
same magnifications. The loaded and unloaded images
were digitized with the digital camera at a resolution of
1312 x 1032 pixels. The microstructural strain field was
calculated from displacements measured using a local
sub-image train size of 63 x 63 pixels.

3. Results
3.1. Precision and accuracy
Increasing the local sub-image train size resulted in an

increase in displacement measurement accuracy (Fig. 2).
The maximum error in grid point location for the 90
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Fig. 2. Effect of correlation train parameter on sub-pixel displacement
measurement resolution (s = search, t = train). Shown are the min-
imum, maximum, and mean error over 90 measurement points. Error
bars on mean values indicate one standard deviation.

measurement points used was 0.049 pixels for a train size
of 19 x 19 pixels and 0.012 pixels for a train 63 x 63 pixels.
Increasing the train parameter size also resulted in a re-
duction of the mean displacement error from 0.002 pixels
(standard deviation, SD = 0.02) for the 19 x 19 pixel train
size to 0.0004 pixels (SD = 0.004) for the 63 x 63 pixel
train size. There was minimal effect of the magnitude of
applied image displacement on displacement measure-
ment accuracy (Fig. 3). All errors were normally distrib-
uted about their means.

The strains in the horizontal direction (e,,) calculated
from the measured displacement fields also showed an
increase in accuracy with an increase in sub-image train
size (Fig. 4). Maximum error in the computed strain was
reduced from 564 microstrain using a train size of 19 x 19
pixels to 133 microstrain using a train size of 63 x 63
pixels for the 10 pixel displacement case. Increasing ap-
plied image displacement resulted in an increase in com-
puted strain (Fig. 4) for all sub-image train sizes. The
average computed strain varied from a maximum of 4.52
microstrain (SD = 66.58) for the 10 pixel displacement
case using a train size of 31 x 31 pixels to 0.00 microstrain
(SD = 16.39) for the O pixel displacement case using
a train size of 63 x 63 pixels. The other strain tensor
components showed similar results. All errors were nor-
mally distributed about their means.

3.2. Microcrack specimen

The presence of a microcrack in cortical bone results in
the local strain at the crack tip reaching 0.030 (30,000
microstrain). A plot of the effective strain (Davidson and
McClung, 1997)
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Fig. 3. Displacement magnitude had little effect on sub-pixel measure-
ment accuracy. As the magnitude of applied displacement increased, the
maximum, minimum, and mean measurement error remained constant.
Data shown is for the 63 x 63 pixel correlation train size. The other
train sizes showed identical results. Error bars on mean values indicate
1 SD.
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Fig. 4. Increasing the correlation train parameter resulted in an increase in strain accuracy. Maximum strain measurement error ranged from 564
microstrain corresponding to a train size of 19 x 19 pixels to 133 microstrain corresponding to a train size of 63 x 63 pixels. An increase in the applied
displacement magnitude resulted in an increase in strain measurement error. Error bars on mean values indicate one standard deviation. All strain
tensor values showed similar results. A: train = 19, search = 31; B: train = 31, search = 63; C: train = 63, search = 127.

Fig. 5. Digital micrograph of bone surface taken at 500X magnifica-
tion. Superimposed on the micrograph is the resulting effective
strain field. The effect of microstructural features such as osteo-
cyte lacunae (arrows) on the strain field is evident. The dashed line
shows the location of the microcrack tip. Local strain reaches 30,000
microstrain at the crack tip and 10,000 microstrain near an osteocyte
lacuna.

(where &; and &, are the principal strains) over this area
reveals a region of high tissue strains present at the crack
tip (Fig. 5). The measurement grid spacing used, 11 um,
captures the complexity of the strain field at this micro-
structural level revealing the effects of microstructural
features such as osteocyte lacunae. Local strain concen-
trations on the order of 0.010 strain (10,000 microstrain)
are associated with osteocyte lacunae (Fig. 5) as a local
peak in the strain field.

4. Discussion

Understanding local microstructural deformations
and strains in cortical bone may lead to a better under-
standing of cortical bone damage development, fracture,
and remodeling. An image correlation technique, based
on digital stereo photogrammetry, used to quantify the
microstructural deformation and strain fields in cortical
bone has been presented. The random nature of the bone
surface texture is used to track the displacements of
unique material points between distinct stress states, with
subsequent measurement accuracy dependent on the
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level of image detail present. The correlation sub-image
train parameter determines the accuracy of the proced-
ure, which has been shown to be less than 0.02 pixels. The
overall performance of this system is similar to other
two-dimensional image correlation systems (Lyons et al.,
1996).

The results presented here, obtained from the analyses
of undeformed image sets, represent the baseline accu-
racy that can be expected using this image-based dis-
placement measuring system. As the material deforms,
additional error will be introduced due to the local defor-
mation of the sub-image train area from the undeformed
to the deformed state. Additional error can result from
poor surface texture, which will result in incorrect cor-
relation matches, hence erroneous displacement
measurements. Furthermore, some image sets may con-
tain a heterogeneous level of detail resulting in regions in
which the correlation directed search performs poorly
(low surface detail) as compared to other regions within
the same image (high surface detail). This can be compen-
sated for by selectively adjusting the correlation para-
meters for specific measurement points that return low
correlation values and re-analyzing those points. How-
ever, some care must be taken when selecting correlation
parameters. Although a larger train size increases the
accuracy of the displacement measurements, larger train
areas also may result in the averaging of local strain fields
in which high strain gradients exist. Therefore, when
choosing the correlation parameters, the expected strain
gradients and the level of image textural detail should be
taken into consideration. As such, the optimal correla-
tion parameters must be determined for each image set
and analysis.

Local strain fields in the microcracked specimen were
shown to reach over 30,000 microstrain within a local
area ahead of the microcrack. As shown by Vashishth et
al. (1997), microcracks form in a “process zone” ahead of
the crack tip as the crack propagates through the bone
specimen. These microcracks are a consequence of local
tissue failure caused by the localized, intense strain con-
centration at the crack tip. This process zone is highly
complex, and is influenced by the bone microstructure;
multiple strain peaks are present not only at the crack
tip, but adjacent to the osteocyte lacuna as well (Fig. 5).
High strains around osteocyte lacunae associated with
microcracks may contribute to the observed remodeling
response to bone microdamage (Mori and Burr, 1993;
Burr et al., 1985).
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