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Abstract
The objective of this study was to provide a detailed experimental assessment of the two-dimensional
cartilage strain distribution on the cross-section of immature and mature bovine humeral heads
subjected to contact loading at a relatively rapid physiological loading rate. Six immature and six
mature humeral head specimens were loaded against glass and strains were measured at the end of
a 5 s loading ramp on the textured articular cross-section using digital image correlation analysis.
The primary findings indicate that elevated tensile and compressive strains occur near the articular
surface, around the center of the contact region. Few qualitative or quantitative differences were
observed between mature and immature joints. Under an average contact stress of ~1.7 MPa, the
peak compressive strains averaged −0.131 ± 0.048, which was significantly less than the relative
change in cartilage thickness, −0.104 ± 0.032 (p < 0.05). The peak tensile strains were significantly
smaller in magnitude, at 0.0325 ± 0.013. These experimental findings differ from a previous finite
element analysis of articular contact, which predicted peak strains at the cartilage-bone interface even
when accounting for the porous-hydrated nature of the tissue, its depth-dependent inhomogeneity,
and the disparity between its tensile and compressive properties. These experimental results yield
new insights into the local mechanical environment of the tissue and cells, and suggest that further
refinements are needed in the modeling of contacting articular layers.

INTRODUCTION
Despite a wealth of studies on the biomechanics of articular cartilage, it is interesting that
detailed measurements of the strain distribution in articular layers under physiological loading
conditions have yet to be reported. Here, physiological loading conditions refer to relatively
rapid loading rates (but not impact loading) and contact stress magnitudes achieved during
normal activities of daily living. Load magnitudes (Cooney and Chao, 1977; Paul, 1976;
Poppen and Walker, 1978; Rydell, 1973) and articular contact tractions (Ahmed and Burke,
1983; Ahmed et al., 1983; Brown and Shaw, 1983; Brown and Shaw, 1984; Clark et al.,
2002; Huberti and Hayes, 1984; Huberti and Hayes, 1988; Matthews et al., 1977) have been
reported for a number of activities of daily living. However, there are only a few reports of
measurements of relative cartilage deformation under physiological conditions, using
radiographic techniques (Armstrong et al., 1979), ultrasound (Macirowski et al., 1994) and
magnetic resonance imaging, (Eckstein et al., 2000; Eckstein et al., 1999), typically reporting
relative deformations ranging from 6% to 20%. In contrast, the relative change in thickness of
cartilage under prolonged static loading is on the order of 57% (Herberhold et al., 1999;
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Herberhold et al., 1998). However, this type of loading is not physiological and large changes
in thickness under static conditions are not representative of in vivo cartilage deformation.

Cartilage deformation, as measured by change in thickness, has been characterized under
various loading conditions using radiographic methods (Armstrong et al., 1979; Wayne et al.,
1998), ultrasound (Macirowski et al., 1994; Suh et al., 2001), cryofixation followed by scanning
electron microscopy (Kaab et al., 1998), chemical fixation followed by light microscopy (Clark
et al., 2003), and magnetic resonance imaging (Eckstein et al., 2000; Herberhold et al., 1999;
Herberhold et al., 1998).

Local strain measurements in articular cartilage explants have been reported under equilibrium
static loading conditions using optical methods, by tracking distances between cells or cell
nuclei (Guilak et al., 1995; Schinagl et al., 1997; Schinagl et al., 1996) or with digital image
correlation (DIC) (Bae et al., 2003; Canal et al., 2003; Erne et al., 2005; Wang et al., 2003;
Wang et al., 2002). These studies have yielded valuable insights into the equilibrium properties
of the tissue, but the equilibrium response is not representative of physiologic loading
conditions, and the explant geometry used in these studies was not representative of the articular
geometry. More recently, strain fields in cartilage explants have been reported using magnetic
resonance tagging (Neu et al., 2005) under steady-state dynamic loading. This approach holds
great promise for delivering 3D dynamic strain measurements in situ but has only been applied
to small explants to date.

The objective of this study is to complement these valuable literature findings by providing a
detailed experimental assessment of the 2D cartilage strain distribution on the cross-section of
immature and mature bovine humeral heads subjected to contact loading at a physiological
loading rate. Mature and immature joints are compared to explore whether significant
differences may arise due to the well-recognized evolution in material properties (Kempson,
1991; Williamson et al., 2003) and composition (Front et al., 1989; Garg and Swann, 1981;
Wachtel et al., 1995) with age. The strain measurement method employed in this study, which
uses digital image correlation, builds upon our earlier application in the study of cartilage
explants under static loading (Wang et al., 2002). The characterization of localized strains from
experiments can aid in the understanding of the biomechanics of articular cartilage under
physiological loading conditions, the structure-function relationships of this tissue, and the
interpretation of degenerative and acute failure patterns observed in osteoarthritis and traumatic
injuries. It also sets the stage for refining constitutive models of articular cartilage.

MATERIALS AND METHODS
Specimen Preparation

Humeral heads were dissected from six-month-old calf joints (N=6) and mature 2-year-old
shoulder joints (N=4). All samples were observed to be normal by visual inspection. The
humeral heads were sectioned by band saw to create samples with smooth cross-sectional areas
of the articular layer and underlying bone. The resulting sample groups were labeled
‘immature’ (n = 6) and ‘mature’ (n = 6, with two joints providing two samples each). The
cartilage layers were kept moist with phosphate buffered saline (PBS) during all specimen
preparation. A Badger Model 200 airbrush (Badger Air-Brush Co., Franklin Park, IL) was used
to spray the cross sectional surface with Verhoeff’s stain to produce an optically textured
surface (Narmoneva et al., 1999) (Figure 1). Specimens were mounted into the loading
apparatus along a line of action perpendicular to the articular surface and parallel to the cross-
sectional surface. The textured cross-section of the sample was placed flush against the glass
face of a specimen chamber to ensure that motion of the specimen relative to the camera was
parallel to the image plane, and to minimize out-of-plane deformation. The specimen chamber
was filled with PBS at room temperature (Figure 2).
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Loading Protocol
Images of the joint cross-section were acquired before and during deformation using a video
camera (Sony SSC-C50, Japan, 640 × 480 pixel resolution) mounted on a stereoscope
(Olympus model SZ40, Olympus America, Melville, NY, 20–25 µm/pixel). The articular
surface of the osteochondral sample was loaded against the flat glass bottom of the chamber
(Figure 1) using a voice-coil force actuator (Model LA17-28-000A; BEI Kimco Magnetics
Division, San Marcos, CA, 71N peak force, 28 N stall force). An earlier study (Park et al.,
2004) of the response of bovine cartilage to dynamic sinusoidal loading under physiological
stress magnitudes (~5 MPa) reported that the cartilage thickness decreases on average by 9%
to 16% for loading frequencies from 40 Hz down to 0.1 Hz (loading cycles of 0.025 s to 10 s);
from preliminary studies, it was determined that bovine articular layers loaded against glass
would undergo comparable deformations for a load of 36 N. Thus, using a feedback load-
control loop, a load of 36 N was applied over a 5 second ramp (comparable to a sawtooth
loading cycle at 0.1 Hz) and sustained for a total loading time of 30 seconds. The observed
stress-relaxation response did not achieve equilibrium over this testing duration. Images of the
cross-section were acquired at intervals of 500 ms over the entire testing duration. The load
was measured using a load cell (Model 8523, Burster, Sterling Heights, MI, ±200 N). All data
control and acquisition was implemented with a personal computer (Intel Pentium4 CPU) and
data acquisition card (Model PCI-MIO-16XE-10, National Instruments, Austin, TX), running
through a Labview software interface (National Instruments, Austin, TX).

Data Analysis
Strain analysis was performed using 2D digital image correlation software (Vic 2D, West
Columbia, SC) whose accuracy was validated against the results of our earlier study (Wang et
al., 2002) (data not shown). The analysis was performed by comparing an image of the unloaded
specimen to subsequent images of the specimen in a loaded state. All analyses utilized search
window sizes of 39×39 pixels surrounding data analysis points which were incrementally
chosen at every fourth pixel horizontally and vertically throughout the region of interest, being
the articular layer. Localized in-plane deformation was calculated by the software, smoothed
over 9 point segments to create a continuous field and differentiated spatially to yield the
Lagrangian strain tensor. Lateral (Exx) and axial (Eyy) normal strains, and shear (Exy) strains,
were subsequently plotted, where y represents the loading direction and x is at the intersection
of the contact plane and the plane of the cross-section.

To calculate principal normal strains (E1 and E2) in the plane of the cross-section, it was
assumed that the strain tensor has the general form

This implies that the out-of-plane shear strains can be neglected even if the normal strain out
of the plane of the cross-section is not necessarily negligible. A preliminary finite element
analysis was used to validate this approximation.

Each specimen yielded 2D strain maps over the entire articular layer, and an averaging
algorithm was formulated to combine results from all specimens, for each of the relevant strain
components. The strain map for each specimen was sampled uniformly over a 2D rectangular
grid scaled vertically to the thickness of the unloaded specimen, and horizontally to the loaded
contact width (Figure 1); the grid was centered horizontally at the half-width of the contact.
The contact width was determined from the images at the end of the loading ramp (at 5 s). The
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sampled grid values were averaged over all specimens to yield average and standard deviation
strain maps; if a particular grid point contained data from fewer than half the specimens, it was
not included in the final map.

The average contact stress was calculated from the applied load and the contact width, by
assuming that the contact region was semi-circular; consequently, the contact half-width is
reported below as the contact radius.

Statistical comparisons between the immature and mature groups were performed using a
Tukey HSD Post-Hoc analysis, with a level of α = 0.05 considered significant (Statistica
Software, StatSoft, OK).

Polarized Light Microscopy
Polarized light microscopy was used to identify the superficial, middle and deep zones in the
immature and mature bovine humeral head. A total of eight unfixed cartilage slices were
imaged (two slices each from two immature and two mature joints), and 80 µm thick samples
were observed through an inverted microscope (Olympus IX70; Olympus America, Melville,
NY, USA) equipped with differential interference contrast optics (Olympus America, Melville,
NY, USA). Samples were observed with the superficial zone oriented at 45° to cross polarizers.
Intensity profiles of the acquired grayscale images (Figure 3) were analyzed (ImageJ, Bethesda,
MD) to reveal locations of light extinction or fiber reorientation at the middle zone boundary
points, from superficial to middle and from middle to deep. The boundaries between these
zones were identified from inflexion points in the grayscale profile; their fractional location
through the thickness was averaged over immature and mature samples.

The temporal evolution in the axial normal strain Eyy under the prescribed ramp-and-hold
loading profile is depicted for a representative immature specimen in Figure 4a, b, and c,
showing that the strain magnitude increased with time after the applied load had reached its
peak value at 5 s. Repeatability measurements, illustrated in this representative specimen
(Figure 4a, b, and c versus d, e, and f), demonstrated that reloading the tissue sample (after a
5 min recovery) and evaluating the strain distribution anew produced satisfactorily consistent
results. A quantitative analysis of repeatability was performed on the six immature specimens.
The root mean square of the difference in principal normal strain measurements between the
first and second test, at t=5 s, was 0.0066 for peak E1, 0.0072 for peak E2, and 0.0008 and
0.0022 respectively for the mean values of E1 and E2 across the entire articular layer.

All subsequent results represent measurements at the end of the loading ramp (t=5 s). The
articular layer thickness of the immature specimens was significantly larger than that of the
mature specimens (p < 0.001; immature: 2.20 ± 0.29 mm , mature : 1.06 ± 0.16 mm); the
opposite was observed for the articular surface radius of curvature (p<0.0005; immature: 22.5
± 1.7 mm, mature: 54.5 ± 9.5 mm). There was no significant difference in contact radius
(p=0.28; immature: 3.60 ± 0.38 mm , mature : 3.93 ± 0.65 mm) and therefore no significant
difference in contact stress (immature: 1.84 ± 0.36 MPa , mature : 1.56 ± 0.57 MPa).

Contour plots of lateral normal strain (Exx) showed similar patterns for immature (Figure 5a)
and mature (Figure 5b) joints: Exx was tensile over the central contact region, highest at the
articular surface and decreased with increasing depth from the surface and distance from the
center of contact, and compressive at the edges of contact. Contour plots of the axial strain
(Eyy) also showed similar patterns for immature (Figure 5c) and mature (Figure 5d) joints:
Eyy was compressive over the entire cross-section, highest at the articular surface, particularly
at the center of the contact region, and decreased with increasing depth from the surface. Shear
strain (Exy) was concentrated at the edge of contact and was highest in intensity at the articular
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surface in the immature samples (Figure 5e), and at varying depths in the mature samples
(Figure 5f).

The contour plot of the maximum principal normal strain E1 shows that it was tensile over the
entire cross-section and highest near the articular surface, at the center of contact (Figure 5g,
h). Similarly, the minimum principal normal strain E2 was compressive over the entire cross-
section, with greatest magnitude near the articular surface at the center of contact (Figure 5i,
j). The maximum shear strain (not shown), which can be deduced from (E1–E2)/2, exhibited a
similar pattern.

The average of the peak value of E2 over all specimens, immature and mature, was −0.131 ±
0.048, which was significantly less than the relative change in cartilage thickness, −0.104 ±
0.032 (p < 0.05) (Figure 6), reflecting the inhomogeneity of the strain distribution through the
thickness of the articular layer. There were no significant differences between immature and
mature joints for the average peak value of E2 (p=0.99) and the relative change in thickness
(p=0.36). The average peak value of E1 in immature samples was 0.0225 ± 0.031, which was
significantly smaller from that of the mature sample group of 0.0426±0.012 (p < 0.005).

Polarized light microscopy results indicate that the superficial and middle zones respectively
occupy 4.6±1.0% and 12.1±2.3% of the articular layer thickness in immature joints, and 6.5
±1.4% and 17.0±1.5% in mature joints. These average zonal delineations are indicated with
dashed lines in Figure 5.

In this study, strain distributions throughout full thickness cross-sections of the articular layer
of the bovine humeral head were characterized under physiological loading rates (average
contact stresses of ~1.5–2.0 MPa applied over 5s) which, for humans, would represent
moderate activities of daily living (Ahmed and Burke, 1983; Brown and Shaw, 1983). Both
mature and immature joints were analyzed to investigate how age related differences in material
properties and composition affect strain profiles; however, few qualitative and quantitative
differences were observed in the strains. The primary findings indicate that elevated tensile
and compressive strains occur near the articular surface of the humeral head (Figure 5). In
particular, the peak values of the principal normal strains occur around the center of the contact
region (Figure 5g–j). The qualitative difference in the distribution of the shear strain Exy over
the cross-section of immature and mature joints may be attributed to differences in the variation
of cartilage material properties through the thickness of the articular layer: The concentration
of shear strain near the articular surface in immature joints (Figure 5e) suggests that the deep
zone has a much higher shear modulus relative to the superficial zone than in mature joints
(Figure 5f).

The strain fields are significantly inhomogeneous through the depth, as attested by the contour
plots, as well as the statistically significant difference between the relative change in cartilage
thickness and the peak compressive strain values (Figure 6). Based on these results, the peak
compressive strain is approximately 30% greater than the relative change in thickness.

It is well known that the equilibrium compressive modulus of articular cartilage is smallest
near the articular surface, and increases toward the deep zone (Guilak et al., 1995; Schinagl et
al., 1997; Wang et al., 2002). Therefore it is tempting to conclude that the inhomogeneous
strain distribution observed in the current study derives directly from this property. However,
there are additional subtleties that need to be considered in order to obtain a more
comprehensive picture of this problem. First, cartilage is also known to exhibit a higher
equilibrium tensile modulus at the articular surface than in the deep zone (Akizuki et al.,
1986). Second, unlike the case of equilibrium loading, rapid loading causes significant
interstitial fluid pressurization (Mow et al., 1980) which is enhanced by the disparity between
tensile and compressive equilibrium moduli (Soltz and Ateshian, 2000), and this disparity is
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greatest at the articular surface (Park et al., 2003). These competing mechanisms (lower
equilibrium compressive stiffness but higher dynamic interstitial fluid pressurization at the
articular surface) could produce a different outcome for the strain distribution, since the
dynamic compressive modulus of cartilage may not necessarily be smallest at the articular
surface. Indeed, the temporal evolution of the strain (Figure 4) confirms that it increases in
magnitude and spreads toward the deep zone as the interstitial fluid pressure subsides, implying
that the short-term strain response is not necessarily representative of the long-term equilibrium
response (not measured in this study) because of fluid pressurization.

In a previous biphasic finite element articular contact study which incorporated experimentally-
measured depth-dependent tensile and compressive properties of human patellofemoral
articular cartilage, it was predicted that the peak principal normal strains appeared at the
cartilage-bone interface (Krishnan et al., 2003), contrary to the experimental findings of the
current study. Other analytical studies have incorporated inhomogeneous properties when
modeling cartilage (Julkunen et al., 2007; Li et al., 2000; Mow et al., 1980; Mow and Mansour,
1977; Wang et al., 2001), but these have not addressed articular contact. Clearly, the
experimental results of this study provide an opportunity to refine existing models of the
articular layer, and may motivate the formulation of new constitutive relations for articular
cartilage that can capture the observed response.

It is also important to assess the advantages and limitations of 2D strain measurements on a
joint cross-section. Evidently, 2D strain contour plots over an entire cross-section provide more
useful information than measurements of the relative change in cartilage thickness alone. The
local distribution of the strain is uncovered, which can be valuable for understanding the local
mechanical environment of the tissue and its embedded chondrocytes, and for refining
constitutive models of cartilage. However, cutting through the tissue may introduce
measurement artifacts that need to be assessed. One clear limitation is that the tissue properties
may be compromised precisely on the plane of the cross-section where strain measurements
are being performed. The true extent of this limitation is difficult to assess, since there is
currently no practical method of measuring accurate 3D strain fields in intact articular layers
for comparison purposes. This limitation is inherent to all studies of cartilage mechanics where
the tissue is excised or partially cut to measure its properties or strain distribution (Schinagl et
al., 1997; Wang et al., 2002), and future studies may have to investigate this issue more closely.

A more readily measurable experimental limitation is the assumption that the testing
configuration constrained the articular layer from deforming out of the plane of the cross-
section (Figure 2). If this were true, then Ezz=0 and no interstitial fluid could escape from the
presumably well-sealed sectioned cartilage surface. Since it is well known that cartilage
deformation is isochoric in the short-term loading response (Armstrong et al., 1984;Ateshian
et al., 2007;Jurvelin et al., 1997), due to the near-incompressibility of the solid matrix and
interstitial fluid (Bachrach et al., 1998), and the low permeability which prevents rapid fluid
exudation, we would thus expect that Exx+Eyy+Ezz = 0 (under small strains), or equivalently
here, Exx= −Eyy. Since the experimental results do not confirm this relation, we can conclude
that fluid exudation did occur on the cartilage cross-section (implying that Exx+Eyy+Ezz ≠ 0),
and thus the cross-section did not form an effective seal with the chamber wall.

This observation has two important ramifications. First, it implies that the strain measurements
reported here do not replicate exactly what would happen in an intact articular layer under
contact loading. Second, it implies that in future finite element analyses that attempt to replicate
these experimental results, it would be more appropriate to model the cross-section as free-
draining rather than impermeable. Indeed, the logical progression is to perform a finite element
analysis that reproduces the boundary conditions of the current experimental setup, use it to
refine constitutive models of articular cartilage until good agreement is achieved with the

Canal et al. Page 6

J Biomech. Author manuscript; available in PMC 2009 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



current experimental strain results, then apply this refined model to analyze the contact
mechanics of intact articular layers to get a more accurate estimate of the strain and stress fields
in normal contact.

Another limitation of this study is that it examined contact between an articular layer and a flat
glass slide. This configuration is more realistic than earlier strain measurements on plugs of
cartilage (Neu et al., 2005; Schinagl et al., 1996; Wang et al., 2002), yet it is not entirely
representative of cartilage-on-cartilage contact, which would generally be expected to yield
more congruent contact. However, the methodological insights and strain results gained from
this study serve as a useful guide toward future studies of cartilage-on-cartilage contact (Canal
et al., 2007). In particular, this study shows that strain measurements on the entire cross-section
of an articular layer can be performed with good repeatability, as the root-mean-square
difference observed between repeated measurements was ~0.007 (0.7% strain) or less.

In contrast to earlier studies that have investigated the equilibrium response of cartilage under
loading, the current study focuses on the early-time response of the tissue to loading. Thus the
strain distributions reported here are expected to be more representative of physiological
loading conditions. Elevated tensile and compressive strains in the superficial zone are
consistent with findings of fibrillation and fissures as reported from impact studies (Atkinson
et al., 2001; Atkinson and Haut, 2001; Bentley, 1985), from the natural progression of wear in
osteoarthritis (Hollander et al., 1995) or as a result of induced osteoarthritis (Panula et al.,
1998; Setton et al., 1994; Stoop et al., 2001). The presence of these elevated strain patterns at
the articular surface in these experimental results is an important parallel with the location of
initial degradation of the extra-cellular matrix of cartilage.

This study uniquely contributes to the characterization of the non-uniform 2D-strain
distributions across a fully contacting articular layer. Future studies will expand this technique
to characterize the strain distribution between two articulating layers at physiological load
magnitudes (Canal et al., 2007). In addition, a more extensive characterization of the local
material properties, as well as refinements in cartilage constitutive modeling, will facilitate the
prediction of the stress distribution across the cartilage layer, and therefore advance our
understanding of local stress and strain distributions in articular layers under physiological
loading conditions.
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Figure 1.
Immature bovine humeral head osteochondral sample, mounted in the loading apparatus. The
cross-section has been sprayed with Verhoeff’s stain to produce an optically textured surface.
This representative image shows the joint in its loaded configuration at t=5s (* contact width).
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Figure 2.
Schematic diagram of the loading apparatus. The load is applied with a voice-coil actuator and
the deformation is measured with a LVDT. The osteochondral sample is loaded against a glass
slide. A side view of the chamber shows that the sectioned specimen is mounted with its cross-
section nearly flush with the transparent chamber wall, to produces images as shown in Figure
1.
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Figure 3.
Polarized light microscopy was used to identify the superficial, middle and deep zones of
immature and mature bovine humeral head cartilage. This representative image of an 80 µm
thick slice from a mature sample exhibits the highest light intensity where collagen fibers are
at 0° (superficial zone) and 90° (deep zone) to the articular surface; the lowest intensity is
representative of fiber orientations deviating from these principal directions (middle zone).
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Figure 4.
Plots of axial normal strain (Eyy) for a representative immature specimen as a function of time,
at (a) 5 s (end of loading ramp), (b) 10 s, and (c) 30 s. Corresponding time points for a repeated
test on the same specimen are also shown, (d, e, f).
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Figure 5.
Strain contour plots over the cross-section of osteochondral samples, at t=5 s, averaged over
all immature (a, c, e, g, i), and all mature (b, d, f, h, j) specimens; x-axis represents distance
from center of contact and y-axis represents distance from articular surface. Dashed lines
indicate zonal delineations, based on polarized light microscopy results (Figure 3).
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Figure 6.
Averages and standard deviations of mean, peak and engineering strain values over all
immature and mature sample groups, at t=5 s.

Canal et al. Page 16

J Biomech. Author manuscript; available in PMC 2009 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


