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articular cartilage: dependency on thickness
and loading frequency
Daniel M Espino*, Duncan ET Shepherd and David WL Hukins

Abstract
Background: The knee is an incongruent joint predisposed to developing osteoarthritis, with certain regions being
more at risk of cartilage degeneration even in non-osteoarthrosed joints.
At present it is unknown if knee regions prone to cartilage degeneration have similar storage and/or loss stiffness,
and frequency-dependent trends, to other knee joint cartilage. The aim of this study was to determine the range of
frequency-dependent, viscoelastic stiffness of articular cartilage across the bovine knee joint. Such changes were
determined at frequencies associated with normal and rapid heel-strike rise times.
Methods: Cartilage on bone, obtained from bovine knee joints, was tested using dynamic mechanical analysis (DMA).
DMA was performed at a range of frequencies between 1 and 88 Hz (i.e. relevant to normal and rapid heel-strike rise
times). Viscoelastic stiffness of cartilage from the tibial plateau, femoral condyles and patellar groove were compared.
Results: For all samples the storage stiffness increased, but the loss stiffness remained constant, with frequency. They
were also dependent on cartilage thickness. Both the loss stiffness and the storage stiffness decreased with cartilage
thickness. Femoral condyles had the thinnest cartilage but had the highest storage and loss stiffness. Tibial plateau
cartilage not covered by the meniscus had the thickest cartilage and lowest storage and loss stiffness.
Conclusion: Differences in regional thickness of knee joint cartilage correspond to altered frequency-dependent,
viscoelastic stiffness.
Keywords: Articular cartilage, Dynamic mechanical analysis, Stiffness, Thickness, Viscoelasticity

Background
In this study, Dynamic Mechanical Analysis (DMA) has
been used to determine viscoelastic stiffness of bovine
knee joint articular cartilage. A frequency sweep was
used to measure viscoelastic stiffness from normal up to
rapid loading rates. Measurements were taken from distinct knee joint regions. This has provided a range of
viscoelastic stiffness for healthy knee joints over normal
and rapid loading frequencies.
Rapid heel-strike rise times during gait have been implicated in the early onset of osteoarthritis (OA) [1,2].
Heel-strike rise time is typically 100 to 150 ms [3]. A
subset of the population with heel-strike rise times from
5 to 25 ms have been identified as being predisposed to
* Correspondence: d.m.espino@bham.ac.uk
School of Mechanical Engineering, University of Birmingham, Birmingham
B15 2TT, UK

OA [2]. The timing of these heel-strikes correspond to
loading frequencies of 3–5 Hz for normal and up to
90 Hz for rapid heel-strike rise times [4].
Increased loading frequency alone might predispose
cartilage to becoming damaged. This was suggested because of changes in cartilage viscoelastic properties with
frequency such that, at higher frequencies, more energy
was available to damage cartilage [4]. This damage is
distinct from that caused purely by excess loading [5,6].
Undamaged articular cartilage contributes to smooth
joint motion, aided by a surface roughness of around
80 – 170 nm [7]. However, OA is associated with damaged
cartilage and impaired/painful joint motion [8].
Viscoelastic properties of a material are characterised
by its storage and loss moduli [9,10]. The storage modulus characterises the ability to store energy which is then
available for elastic recoil. The loss modulus characterises
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the ability of the material to dissipate energy. Storage and
loss moduli are calculated from the storage and loss stiffness, respectively, using a shape factor [4]. If the area of
cartilage loaded is constant (e.g. constant indenter area),
the only shape factor variable is the cartilage thickness.
The mechanical properties of cartilage vary across
the knee [11] and may be a result of diverse localised
loading [12]. However, it is unknown how storage and
loss stiffness of cartilage vary across the knee and
whether all knee joint cartilage follows the frequencydependent viscoelastic trends found by Fulcher et al.
[4] from normal up to rapid loading. Therefore, it is
also unknown if regions across the knee known to
show signs of cartilage damage have a similar storage
and/or loss stiffness to regions that show no signs of
damage. There are two clear reasons why the knee is
of particular interest. Firstly, it is an incongruent joint
predisposed to developing OA [12,13]. Secondly, it
often shows signs of damage at specific regions even
in otherwise healthy joints [14].
The aim of this study was to determine the range
of frequency dependent viscoelastic stiffness of articular
cartilage across the knee joint. Bovine cartilage was used
because it is an accepted model for human cartilage,
with similar thickness [15]. DMA was used to measure
storage and loss stiffness, with cartilage thickness subsequently measured. The ratio of storage to loss stiffness,
i.e. propensity to failure, was also derived. Variation of
these parameters was assessed against both frequency of
loading and cartilage thickness.

Methods
Specimens

Six bovine knee joints, approximately between 18 and
30 months old, were obtained from a supplier (Johnston’s
Butcher, Kings Heath, Birmingham, UK). Upon arrival
in the laboratory, samples were dissected into femoral
condyles, patellar groove and medial and lateral tibial
plateau. Individual samples were then wrapped in tissue
paper saturated in Ringer’s solution and stored at −40°C
in plastic bags. Prior to testing, samples were thawed and
individual test specimens were obtained. Such freezethaw treatment does not alter the dynamic mechanical
properties of cartilage [16]. Test specimens included the
underlying subchondral bone which prevents tissue
swelling [17]; further details are available elsewhere [4,18].
Typically over 1 cm of underlying bone was maintained.
India ink (Loxley Art Materials, Sheffield, UK) was used to
identify any pre-existing surface lesions [19]. Regions
showing pre-existing lesions were not tested. However, as
joints were not osteoarthritic, large scale damage was not
evident. Therefore, it was always feasible to identify a region of interest for testing. In some cases, however, this
meant testing near a lesion site. Specimens were dissected
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so as to load an approximately flat cartilage surface, described further elsewhere [4].
DMA frequency sweep

The experimental protocol has been defined previously
[4]. Briefly, samples were secured in a custom made rig
with acrylic polymer cement (WHW Plastics, Hull, UK)
bathed in Ringer’s solution at room temperature. WinTest
DMA software (Bose Corporation, ElectroForce Systems
Group, Minnesota, USA) was used to control a materials
testing machine (Bose ElectroForce 3200). A sinusoidally
varying compressive force between 16 N and 36 N was applied, i.e. nominal peak stress of 1.7 MPa, estimated
physiological for cartilage [20]. Forces were applied using a
cylindrical indenter (diameter of 5.2 mm), with a chamfered end to prevent cartilage damage at the edge of the
contact area. The cartilage surface (>20 mm × 20 mm) was
larger than the indenter surface area. The resulting displacements were consistent with our previous studies
[4,18]. The loading was applied over a range of frequencies
(1, 8, 10, 12, 29, 49, 71, and 88 Hz). Two preload conditions were applied before the frequency sweep, at 25 and
50 Hz (1500 and 3000 cycles respectively, i.e. 2 minutes of
preconditioning cycles with a 60 s rest period). Note, that
the DMA protocol involved a dynamic load amplitude
which resulted in a dynamic displacement amplitude that
was used to calculate dynamic stiffness. This requires
the cartilage to have achieved a dynamic “steady-state”,
which for ex vivo cartilage occurs after around 1200 to
4500 preconditioning cycles [4,21,22]. Further explanation, and applicability, of the method is provided elsewhere [4,18]. Samples were fully immersed in Ringer’s
solution during tests.
The cartilage thickness was measured after the final
test using a previously described technique [4,23].
Briefly, a sharp needle is pushed through the cartilage
layer and up to the bone using a testing machine. This is
an established technique used to measure ex vivo cartilage thickness [15,23]; extended discussion on its applicability is provided elsewhere [18]. A total of 99 DMA
frequency sweep tests were performed on the samples
obtained (see specimens section, above).
Calculations

The storage (k’) and loss (k”) stiffness and thickness were
obtained. As the indenter diameter (5.2 mm) is constant,
the only variables are the measured sample thickness
and dynamic stiffness. A curve was fitted to the graphs
of storage stiffness against frequency of the form:
k 0 ¼ A loge ðf Þ þ B

ð1Þ

where A defines the gradient of k’ plotted against the
natural logarithm of f, the loading frequency (Hz), and B
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is the intercept. A similar curve fit has been used for
representing storage modulus previously [4].
The ratio of storage to loss stiffness (k’/k” ratio) is a
measure of energy stored in a system that enables its
elastic recoil to the energy dissipated by the system. The
greater the k’/k” ratio, the greater the proportion of energy available in the system for recoil and/or failure.
Further explanation of dynamic stiffness is available
elsewhere, including its relation to dynamic modulus
and phase angle [4,10,18,24].
Statistics

Statistical comparisons of data were made between cartilage test samples from different regions within the knee
joint. Cartilage test samples were identified as being either femoral or tibial. Femoral cartilage was further classified as being either from the femoral condyles or the
patellar groove. Tibial plateau cartilage was classified as
either meniscus covered or not covered by the meniscus.
Medial and lateral samples were compared to determine
whether medial-lateral differences were negligible, thereby,
enabling results to be combined. A one-way analysis of
variance (ANOVA) was undertaken using Tukey’s method
for multiple comparisons to investigate significant differences (p < 0.05), in thickness and/or dynamic mechanical
stiffness and moduli, between the different regions [25].
Tables in the results section use A, B, C, D, E to indicate
‘statistical’ groups which are significantly different. Also, a
knee joint region may form part of more than one ‘statistical’ group. Thus, where two knee joint regions do not
share a letter they are significantly different (p < 0.05) but
if they do share a letter they are not significantly different
(p > 0.05) from each other.
Frequency dependent measurements of storage and
loss stiffness, and their ratio, were compared at all frequencies. For conciseness, comparisons at 1 Hz are presented in the results. Note, the two constants, A and B,
are used to characterise the frequency dependent storage
stiffness of samples (equation 1); i.e. their comparisons
are not made at an individual frequency. Dynamic moduli were compared across different knee regions to assess whether regional variations were due to inherently
different material properties of cartilage.
Cartilage thickness was compared across knee joint
cartilage. Lines of best fit between cartilage thickness
and storage and loss stiffness, and their ratio, were plotted to determine whether correlations were significant
(p < 0.05). Regression equations were obtained for significant correlations.
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was limited to the tibial plateau. The lateral tibial plateau
cartilage, that is covered by the meniscus, had a significantly greater loss stiffness than the corresponding medial
cartilage (Table 1). For subsequent analyses, data obtained
from lateral and medial samples were combined.
Thickness

From the samples tested, cartilage thickness ranged from
0.5 to 3.3 mm. Tibial plateau cartilage not covered by
the meniscus was significantly thicker than all other
knee joint cartilage (2.19 ± 0.67 mm, p < 0.05; Table 2).
In descending order, it was followed by patellar groove and
meniscus covered tibial plateau cartilage. The thinnest cartilage was found at the femoral condyles (0.89 ± 0.26 mm;
Table 2).
Loss stiffness

The loss stiffness of articular cartilage (on bone) was frequency independent (Figure 1). The loss stiffness of knee
joint cartilage ranged from 16 – 640 N/mm. Femoral
condyle cartilage has a significantly greater loss stiffness than all other knee joint cartilage (106 ± 28 N/mm,
p < 0.05; Table 2). It was followed by patellar groove and
meniscus-covered tibial plateau cartilage. Tibial plateau
cartilage not covered by the meniscus had a significantly
lower loss stiffness than all other cartilage (37 ± 23 N/mm,
p < 0.05; Table 2).
There was a significant non-linear decrease in the loss
stiffness with thickness across knee joint cartilage (p < 0.05;
Figure 2). A second order polynomial curve fitted to the
experimental data (equation 2; R2 = 69%) was
k 00 ¼ 172:8−102:7t þ 17:64t 2

ð2Þ

where t is the cartilage thickness in mm, and k” is the
loss stiffness in N/mm.
Storage stiffness

The storage stiffness ranged from 90 to 1930 N/mm. At
1 Hz, tibial plateau cartilage not covered by the meniscus, had a significantly lower storage stiffness than all
other cartilage (304 ± 189, p < 0.05; Table 2). Femoral
condyle cartilage had significantly higher storage stiffness values than all other cartilage (923 ± 233, p < 0.05;
Table 2; Figure 1). The storage stiffness decreased significantly with thickness (p < 0.05; Figure 3), with data
being fitted using a second order polynomial equation
(equation 3; R2 = 63%).
k 0 ¼ 1384−764:1t þ 121:7t 2

ð3Þ

Results
Lateral and medial cartilage

At 1 Hz the only significant difference in viscoelastic
stiffness between comparable lateral and medial cartilage

where k’ is the storage stiffness in N/mm.
For all samples storage stiffness increased with frequency (Figure 1). This relationship was described using
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Table 1 Mean and standard deviation of parameters measured at 1 Hz and thickness of cartilage
n
Lateral

Femoral condyle

Thickness (mm)

k’ (N/mm)

k” (N/mm)

k’/k”

mean

SD

mean

SD

mean

SD

mean

SD

12

0.89C

0.24

949A

266

95A,B

24

10.0A

1.5

C

A

A

A

Medial

Femoral condyle

12

0.89

0.29

897

203

118

29

7.9

1.8

Lateral

Patellar groove

9

1.48B,C

0.18

508B,C,D

135

57C,D,E

20

9.3A

2.1

B,C

A

Medial

Patellar groove

Lateral

Tibial plateau

8

meniscus covered

0.22

A,B

1.14

0.98C

708

235

80

21

9.1

3.0

0.43

763A,B

190

98A,B

29

8.0A

1.1

1.22C

0.29

534B,C

197

60C,D

11

8.8A

2.7

2.36A

0.5

249D

160

29E

14

8.1A

2

28

A

14

Medial

Tibial plateau
meniscus covered

13

Lateral

Tibial plateau not meniscus covered

15

Medial

C

Tibial plateau not meniscus covered

A,B

16

2.03

C,D

0.78

360

D,E

204

45

8.3

1.8

The lettersA, B, C, D, E are used to indicate significant differences between the different regions; where a region does not share a letter they are significantly
different (p < 0.05).
n:number of samples tested from each region.

two constants, A and B (see Calculations section). Constant A ranged from 2 to 120 N/mm. Tibial plateau cartilage not covered by the meniscus, was significantly lower
than all other cartilage (21 ± 18, p < 0.05; Table 3). Femoral
condyle cartilage had significantly higher values for A than
all other cartilage (67 ± 29, p < 0.05; Table 3). Constant A
decreased significantly with thickness (p < 0.05), this relationship can be described using a second order polynomial
equation (equation 4; R2 = 51%; Figure 4).
A ¼ 115:5−77:81t þ 14:68t 2

ð4Þ

The intercept B ranged from 90 to 1340 N/mm. Tibial
plateau cartilage not covered by the meniscus had significantly lower B values than all other cartilage (303 ±
182, p < 0.05; Table 3). Femoral condyle cartilage had
significantly higher values for A than all other cartilage
(922 ± 231, p < 0.05; Table 3). Constant B decreased significantly with thickness (p < 0.05), with data being fitted
using a second order polynomial equation (equation 5;
R2 = 63%, Figure 5).
ð5Þ

B ¼ 1393−781:2t þ 126:9t 2

Ratio of k’/k”

From the samples tested, the k’/k” ratio (i.e. ratio of storage
to loss stiffness ratio) for cartilage ranged from 1–14. This
ratio increased with frequency as k’, but not k”, increased
with frequency (see Loss and Storage stiffness sections,
above). No significant differences in the k’/k” ratio were determined for different cartilage samples (p > 0.05; Table 2).
For example, tibial plateau cartilage not covered by the meniscus had the lowest value for the k’/k” ratio (8.2 ± 1.8).
However, its k’/k” ratio was not significantly lower than the
k’/k” ratio for patellar groove cartilage (9.2 ± 2.5) which had
the highest ratio.
Dynamic moduli

Tibial plateau cartilage, not covered by the meniscus,
had significantly lower storage and loss moduli than
the thinnest knee joint cartilage of the femoral condyles
(Tables 4 and 5). These findings are consistent with findings for dynamic stiffness (see storage stiffness and loss
stiffness, above).
At 1 Hz, femoral condyle cartilage had the largest storage modulus (37.3 ± 8.2 N/mm2; Table 2). It was followed

Table 2 Storage (k’) and loss (k”) stiffness, and their ratio, at 1 Hz and cartilage thickness
n

Thickness (mm)
mean
A

SD

k’ (N/mm)
mean

k” (N/mm)
mean

A

233

106

215

69B

Femoral condyles

24

0.89

0.26

923

Patellar groove

17

1.32B

0.26

614B
B

A,B

SD

A

k’/k”

SD

mean

SD

28

A

9.0

2.0

23

9.2A

2.5

B

A

Tibial plateau meniscus covered

31

1.10

0.38

653

223

80

29

8.4

2.0

Tibial plateau not meniscus covered

27

2.19C

0.67

304C

189

37C

23

8.2A

1.8

The lettersA, B, C are used to indicate significant differences between the different regions; where a region does not share a letter they are significantly
different (p < 0.05).
n:number of samples tested from each region.
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Figure 1 Frequency dependency of storage (k’) and loss (k”)
stiffness for two cartilage samples. The two samples shown were
from the lateral tibial plateau, not under the meniscus (LTPnM), and
lateral femoral condyle (LFC). The former was 2.1 mm and the latter
0.9 mm thick. A trend-line, of the form of equation 1, is included for
the storage stiffness of both samples. Note, in the equations in the
graph x refers to the frequency (f in equation 1) and y to the storage
stiffness (k’ in equation 1).

by patellar groove and meniscus-covered tibial plateau cartilage. Tibial plateau cartilage not covered by
the meniscus had a significantly lower storage modulus (27.6 ± 12 N/mm2) than femoral condyle cartilage
(p < 0.05; Table 4). Storage moduli at 90 Hz were significantly greater than those at 1 Hz (p < 0.05), consistent with
a frequency dependent increase in storage stiffness (see
storage stiffness, above). Results at 90 Hz were consistent
with findings at 1 Hz and for stiffness, with mean storage
moduli ranging from 52.3 ± 9.2 N/mm2 (femoral condyles)
to 32.3 ± 16.2 N/mm2 (tibial plateau cartilage not covered
by the meniscus; Table 4). Thus, storage modulus of the
thinnest cartilage increased with frequency by 40%, compared to a 17% increase for the thickest cartilage.
Femoral condyle cartilage had the largest loss modulus
(4.3 ± 1.0 N/mm2; Table 5). It was followed by patellar
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Figure 3 Thickness dependent storage stiffness of knee joint
cartilage at 1 Hz. A second order polynomial curve (see equation 3)
was fitted to the experimental data (R2 = 63%; p < 0.05) as shown (solid
line). The 95% confidence intervals are also included (dashed line).

groove and meniscus-covered tibial plateau cartilage.
Tibial plateau cartilage not covered by the meniscus had
a significantly lower loss modulus than femoral condyle
cartilage (3.3 ± 1.2 N/mm2, p < 0.05; Table 5). Values are
reported for 1 Hz, however, note that the loss modulus
was not frequency dependent.

Discussion
Main findings

This study has used dynamic mechanical analysis to
characterise the storage and loss stiffness (i.e. viscoelastic
stiffness) of articular cartilage, on bone, across bovine
knee joints. The ratio of storage to loss stiffness was also
derived. The dependency on both frequency and cartilage thickness was assessed for all parameters. Key findings from this study include:
▪ femoral condyles had the thinnest cartilage but had
the highest storage and loss stiffness;
▪ tibial plateau cartilage not covered by the meniscus
was the thickest cartilage across the knee with the
lowest storage and loss stiffness;

Table 3 Variation in storage stiffness coefficients with
knee joint location
A (N/mm)
mean

Figure 2 Thickness dependent loss stiffness of knee joint
cartilage at 1 Hz. A second order polynomial curve (see equation 2)
was fitted to the experimental data (R2 = 69%; p < 0.05) as shown (solid
line). The 95% confidence intervals are also included (dashed line).

Femoral condyles

A

67

Patellar groove

38B

SD

B (N/mm)
mean

SD

29

922

A

231

24

584B

225

Tibial plateau meniscus covered

B

45

21

B

656

223

Tibial plateau not meniscus covered

21C

18

303C

182

The lettersA, B, C are used to indicate significant differences between the
different regions; where a region does not share a letter they are significantly
different (p < 0.05).
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Figure 4 Thickness dependency of A (see equation 1) for knee
joint cartilage. A second order polynomial curve (see equation 4)
was fitted to the experimental data (R2 = 51%; p < 0.05) as shown
(solid line). The 95% confidence intervals are also included
(dashed line).

▪ the storage and loss stiffness were dependent on
cartilage thickness;
▪ no differences in propensity to fail (i.e. k’/k” ratio)
were found across the knee joint;
▪ changes in moduli confirm that stiffness trends result
from inherent changes in the material properties of the
tissue rather than simply size.

Storage and loss stiffness

In this study we found the storage, but not loss, stiffness
to be frequency dependent. These findings are consistent
with previous reports of moduli between frequencies of
1 – 90 Hz for cartilage on-bone [4]. This was expected
because the storage and loss moduli are calculated from

Figure 5 Thickness dependency of B (see equation 1) for knee
joint cartilage. A second order polynomial curve (equation 5) was
fitted to the experimental data (R2 = 63%; p < 0.05) as shown (solid
line). The 95% confidence intervals are also included (dashed line).
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the storage stiffness and a shape factor, where the shape
factor is a constant for an individual sample. The loss
modulus has been reported as being frequency dependent
when removed from its underlying bone [9]. However, the
physical behaviour of cartilage when on and off-bone differs [17] because of the restrictions provided by the underlying bone to cartilage [26]. For example, hysteresis can
decrease when cartilage is on-bone, but increase when offbone, with increased loading velocity [27].
Storage and loss stiffness both decreased with cartilage
thickness. Therefore, femoral condyle cartilage and tibial
plateau cartilage not covered by the meniscus appear to
represent extremes across the knee. Cartilage from the
patellar groove and from the tibial plateau covered by
the meniscus fell somewhere in between. Moreover, both
the gradient and intercept increased with reduced cartilage thickness. Therefore, thinner cartilage had a greater
storage stiffness increase with frequency than thicker
cartilage.
Knee joint & implications for the onset of OA

Tibial plateau cartilage not covered by the meniscus was
the thickest cartilage in our knee joints tested and was
most likely to show signs of damage. Damage to this cartilage is common, and has even been reported in otherwise healthy adolescent human knee joints [14]. It has
also been shown that this cartilage is thicker than other
knee cartilage by weakening of its underlying structure
[14]. For example, a comparison of collagen fibers of tibial plateau cartilage, showed that cartilage not covered
by the meniscus were of more uniform diameter and
more likely to be arranged in parallel bundles than cartilage under the meniscus [14]. Collagen provides the
main tensile reinforcement in connective tissues [10,28].
Thus, changes in collagen uniformity and alignment
are expected to compromise its ability to provide such
reinforcement during dynamic loading. This is consistent with our finding that the cartilage not covered by
the meniscus had the lowest dynamic stiffness.
It has been argued that tibial plateau cartilage not
under the meniscus is exposed to intermittent shockloading with low ambulatory stress [12]. This combination of loading has been proposed to lead to degeneration of cartilage for all joints [29,30]. Our results show
that this degenerated, thicker, cartilage also has reduced
dynamic stiffness and a reduced frequency-dependent
increase in storage stiffness. As mentioned above, increased cartilage thickness is a consequence of damaged
ultrastructure. However, tibial plateau cartilage not under
the meniscus also has greater water content (87%) than
meniscus covered cartilage (71%) [14]. Therefore, differences in dynamic stiffness, and its frequency dependency,
are expected to be the result of changes to gel-collagen
interaction. How, structurally, cartilage dissipates and
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Table 4 Storage (E’) modulus, at 1 Hz and 90 Hz and cartilage thickness
n

1 Hz (E’, N/mm2)

Thickness (mm)

90 Hz (E’, N/mm2)

mean

SD

mean

SD

mean

SD

24

0.89A

0.26

37.3A

8.2

52.3A

9.2

Patellar groove

17

B

1.32

0.26

35.9

Tibial plateau meniscus covered

31

1.10A,B

0.38

31.7A,B

Femoral condyles

Tibial plateau not meniscus covered

C

27

2.19

A,B

0.67

B

27.6

9.5

A,B

44.4

12.9

11.2

40.9B,C

13.6

12.0

C

32.3

16.2

The lettersA, B, C are used to indicate significant differences between the different regions; where a region does not share a letter they are significantly
different (p < 0.05).
n:number of samples tested from each region.

stores energy is likely to be related to the stress transfer
mechanism during gel-collagen interaction [31].
In the knee joint, higher than baseline bone joint area
and volume of cartilage has been associated with the loss
of cartilage over the subsequent two-years [32]. Antony
et al. [32] suggested that the most likely cause of increased cartilage volume was swelling. This is consistent
with increased water content and cartilage thickening
during the early stages of OA [33]. Our results show that
increased thickness is accompanied by reduced storage
and loss stiffness. The k’/k” ratio had a similar range of
values to a previous study [18], but did not vary with
thickness. Therefore, no differences in propensity to fail
are reported due to differences in storage to dissipation
of energy. However, if thicker cartilage is weaker than
thinner cartilage, then for a given k’/k” ratio it may experience greater damage. This is consistent with tibial
plateau cartilage not covered by the meniscus being
damaged across the knee [14].
Relevance to heel-strike

A subset of the population with high heel-strike rise
times during gait may be implicated in the onset of OA
[1]. This subset of the population has been identified as
having heel-strike rise times ranging from 5–25 ms
[2,3,34]. These rise times are sufficiently rapid to generate impulsive loading during heel-strike. They compare
to ‘healthy’ heel-strike rise times of approximately 100–
150 ms [3,4].

Table 5 Loss (E”) modulus at 1 Hz and cartilage thickness
n

Thickness (mm) E” (N/mm2)
mean
A

SD

mean
A

SD

Femoral condyles

24

0.89

0.26

4.3

1.0

Patellar groove

17

1.32B

0.26

4.0A,B

1.1

1.10

0.38

3.8

A,B

1.1

2.19C

0.67

3.3B

Tibial plateau meniscus covered

31

Tibial plateau not meniscus covered 27

A,B

1.2

The lettersA, B, C are used to indicate significant differences between the
different regions; where a region does not share a letter they are significantly
different (p < 0.05).
n:number of samples tested from each region.

Our experiments include frequencies of up to 92 Hz
which leads to a maximum rise time of 5.4 ms, comparable to impulsive heel-strike rise times [4]. Although
heel-strikes repetitively occur at this rate only after an
individual gait cycle, this does provide a maximum frequency at which to measure mechanical stiffness. Moreover, it highlights how cartilage dynamic mechanical
properties change with heel-strike rise times.
Experimentally, this led to an increase in storage to
loss stiffness with frequency, and is in agreement with
previous findings of an increased ratio of storage to loss
modulus [4] and stiffness [18] with frequency. Thus,
there is an increase in the proportion of energy stored to
energy dissipated which is due purely to the increase in
frequency. If the energy stored becomes too great, then
excess energy would potentially be dissipated through
cracking the tissue; i.e. cartilage failure. This mechanism
would be consistent with cartilage failure occurring
through increased energy during impact loading [35].
If energy storage and dissipation is altered with loading frequency, then the transfer of energy during contact
from bone to cartilage and cartilage to bone could also
be altered. The altered energy transfer, with loading frequency, to the underlying bone may have implications
for bone remodelling.
Limitations

In this study lateral and medial results were pooled to
enable comparisons between regions. This meant that
a limited number of lateral-medial differences were
ignored. The only difference identified was limited to
lateral tibial plateau cartilage, that is covered by the
meniscus, having a significantly greater loss stiffness
than the corresponding medial cartilage. However, full
medial-lateral data (including statistical analysis) has
been presented. The advantage of combining mediallateral cartilage is that it enables comparison of cartilage
under similar generic-types of loading. For medial-lateral
comparisons, using Table 1, it should be noted that animal knee joints undergo lower external tibial rotation,
during knee extension, than the human knee joint [36].
Differences in rotation may lead to subtle medial-lateral
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differences in tibial human cartilage not applicable to animal knee joint cartilage.
A bovine knee joint model has been used in this study.
Bovine cartilage is an accepted ultrastructural model for
human cartilage [37] and has been shown to be a good
mechanical model for the knee joint including similar
thickness [15]. While animal models are often used to
infer human knee joint function [38] they remain a
model for a human joint. Due to similarities in the joint
similar trends across different regions of the knee are
anticipated, i.e. we do not anticipate large changes to
our conclusions. However, known differences in mediallateral rotation, in particular, should be noted when
comparing tibial medial and lateral behaviour and extrapolating conclusions to human cartilage.
A possible limitation with cyclic loading at higher frequencies for any soft structure is that the displacement
is not able to recover its original position with load. This
could lead to wave addition through the sample, cycle
on cycle. This effect was not observed during our tests,
consistent with previous articular cartilage studies testing cartilage up to 90 Hz [4,18] and 100 Hz [16] at the
macro-scale, or up to 300 Hz at nano-scale [39].

Conclusions
This is the first study to correlate dynamic stiffness of
articular cartilage, at healthy and traumatic loading frequencies, to its underlying thickness. Viscoelastic stiffness
of knee joint articular cartilage are thickness and frequency
dependent. Thin knee joint cartilage (e.g. femoral condyles)
had higher storage and loss stiffness; whereas, thick cartilage (e.g. cartilage from the tibial plateau not covered by the
meniscus) had lower storage and loss stiffness. Changes to
the storage and loss stiffness are such that the proportion
of stored to dissipated energy does not change across the
joint. However, thicker cartilage may be predisposed to failure because of its weaker structure; note thick knee joint
cartilage is known to be structurally compromised [14].
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
DME participated in conception and design of the study, performed
acquisition of all data, analysis, interpretation of data, and drafted the
manuscript. DETS participated in conception and design of the study and
has critically revised the manuscript for important intellectual content. DWLH
participated in conception and design of the study and has critically revised
the manuscript for important intellectual content. All authors read and
approved the final manuscript.
Acknowledgements
This work was supported by the [European Community's] Seventh Framework
Programme [FP7/2007-2013] under a Marie Curie Intra-European Fellowship for
Career Development, [grant agreement number 252278] to DME. The study has
been supported through EPSRC institutional sponsorship funds: early career
researchers fund [EP/K503472/1]. The equipment used in this study was funded
by Arthritis Research United Kingdom [Grant number H0671].

Page 8 of 9

Received: 23 July 2013 Accepted: 10 June 2014
Published: 14 June 2014

References
1. Radin EL, Whittle MW, Yang KH, Jefferson R, Rodgers MM, Kish VL, O'Connor JJ:
The heelstrike transient, its relationship with the angular velocity of the
shank, and effects of quadriceps paralysis. In Advances in Bioengineering.
Edited by Lantz SA, King AI. New York: American Society of Mechanical
Engineering; 1986:121–123.
2. Radin EL, Yang KH, Riegger C, Kish VL, O'Connor JJ: Relationship
between lower-limb dynamics and knee-joint pain. J Ortho Res 1991,
9:398–405.
3. Shepherd DET, Seedhom BB: Technique for measuring the compressive
modulus of articular cartilage under physiological loading rates with
preliminary results. P I Mech Eng H 1997, 211:155–165.
4. Fulcher GR, Hukins DWL, Shepherd DET: Viscoelastic properties of bovine
articular cartilage attached to subchondral bone at high frequencies.
BMC Musculoskelet Disord 2009, 10:61.
5. Fick JM, Espino DM: Articular cartilage surface rupture during compression:
investigating the effects of tissue hydration in relation to matrix health.
J Mech Behav Biomed Mat 2011, 4:1311–1317.
6. Fick JM, Espino DM: Articular cartilage surface failure: an investigation of
the rupture rate and morphology in relation to tissue health and
hydration. P I Mech Eng H 2012, 226:389–396.
7. Ghosh S, Bowen J, Jiang K, Espino DM, Shepherd DET: Investigation of
techniques for the measurement of articular cartilage surface roughness.
Micron 2013, 44:179–184.
8. Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG, Jordan JM,
Kington RS, Lane NE, Nevitt MC, Zhang Y, Sowers M, McAlindon T, Spector TD,
Poole AR, Yanovski SY, Ateshian G, Sharma L, Buckwalter JA, Brandt KD, Fries JF:
Osteoarthritis: new insights. Part 1: The disease and its risk factors. Ann Intern
Med 2000, 133:635–646.
9. Aspden RM: Aliasing effects in Fourier transforms of monotonically
decaying functions and the calculation of viscoelastic moduli by
combining transforms over different time periods. J Phys D: Appl Phys
1991, 24:803–808.
10. Hukins DWL, Leahy JC, Mathias KJ: Biomaterials: defining the mechanical
properties of natural tissues and selection of replacement materials.
J Mater Chem 1999, 9:629–636.
11. Shepherd DET, Seedhom BB: The ‘instantaneous’ compressive modulus of
human articular cartilage in joints of the lower limb. Rheumatology 1999,
38:124–132.
12. Swann AC, Seedhom BB: The stiffness of normal articular cartilage and
the predominant acting stress levels: implications for the aetiology of
osteoarthrosis. Br J Rheumatol 1993, 32:16–25.
13. Simon WH, Friedenberg S, Richardson S: Joint congruence: a correlation of
joint congruence and thickness of articular cartilage in dogs. J Bone Joint
Surg 1973, 55A:1614–1620.
14. Bullough PG, Yawitz PS, Tafra L, Boskey AL: Topographical variations in the
morphology and biochemistry of adult canine tibia1 plateau articular
cartilage. J Ortho Res 1985, 3:l–16.
15. Taylor SD, Tsiridis E, Ingham E, Jin Z, Fisher J, William S: Comparison of
human and animal femoral head chondral properties and geometries.
P I Mech Eng H 2012, 226:55–62.
16. Szarko M, Muldrew K, Bertram JEA: Freeze-thaw treatment effects on the
dynamic mechanical properties of articular cartilage. BMC Musculoskelet
Disord 2010, 11:231.
17. Summers GC, Merrill A, Sharif M, Adams MA: Swelling of articular cartilage
depends on the integrity of adjacent cartilage and bone. Biorheology
2008, 45:365–374.
18. Pearson B, Espino DM: The effect of hydration on the frequencydependent viscoelastic properties of articular cartilage. P I Mech Eng H
2013, 227:1246–1252.
19. Meachim G: Light microscopy of indian ink preparations of fibrillated
cartilage. Ann Rheum Dis 1972, 31:457–464.
20. Yao JQ, Seedhom BB: Mechanical conditioning of articular cartilage to
prevalent stress. Br J Rheumatol 1993, 32:956–965.
21. Verteramo A, Seedhom BB: Effect of a single impact loading on the
structure and mechanical properties of articular cartilage. J Biomech 2007,
40:3580–3589.

Espino et al. BMC Musculoskeletal Disorders 2014, 15:205
http://www.biomedcentral.com/1471-2474/15/205

Page 9 of 9

22. McCormack T, Mansour JM: Reduction in tensile strength of cartilage
precedes surface damage under repeated compressive loading in vitro.
J Biomech 1998, 31:55–61.
23. Shepherd DET, Seedhom BB: Thickness of human articular cartilage in
joints of the lower limb. Ann Rheum Dis 1999, 58:27–34.
24. Wilcox AG, Buchan KG, Espino DM: Frequency and diameter dependent
viscoelastic properties of mitral valve chordae tendineae. J Mech Behav
Biomed Mat 2014, 30:186–195.
25. Bland M: An Introduction to Medical Statistics. Oxford: Oxford University
Press; 2000.
26. Aspden RM: Constraining the lateral dimensions of uniaxially loaded
materials increases the calculated strength and stiffness: application to
muscle and bone. J Mater Sci: Mater Med 1990, 1:100–104.
27. Edelsten L, Jeffrey JJ, Burgin LV, Aspden RM: Viscoelastic deformation of
articular cartilage during impact loading. Soft Matter 2010, 6:5206–5212.
28. Aspden RM: Fibre reinforcing by collagen in cartilage and soft
connective tissues. P Roy Soc Lond B Bio 1994, 258:195–200.
29. Seedhom BB, Takeda T, Tsubuku M, Wright V: Mechanical factors and
patellofemoral osteoarthrosis. Ann Rheum Dis 1979, 38:307–316.
30. Seedhom BB: Conditioning of cartilage during normal activities is an
important factor in the development of osteoarthritis. Rheumatology
2006, 45:146–149.
31. Goh KL, Meakin JR, Hukins DWL: Influence of fibre taper on the interfacial
shear stress in fibre-reinforced composite materials during elastic stress
transfer. Compos Interface 2010, 17:74–80.
32. Antony B, Ding C, Stannus O, Cicuttini F, Jones G: Association of baseline
knee bone size, cartilage volume, and body mass index with knee
cartilage loss over time: a longitudinal study in younger or middle-aged
adults. J Rheumatol 2011, 38:1973–1980.
33. McDevitt CA, Muir H: Biochemical changes in the cartilage of the knee in
experimental and natural osteoarthritis in the dog. J Bone Joint Surg 1976,
58B:94–101.
34. Simon SR, Paul IL, Mansour J, Munro M, Abernethy PJ, Radin EL: Peak
dynamic force in human gait. J Biomech 1981, 14:817–822.
35. Jeffrey JE, Aspden RM: The biophysical effects of a single impact load on
human and bovine articular cartilage. P I Mech Eng H 2006, 220:677–686.
36. Fuss FK: Principles and mechanisms of automatic rotation during
terminal extension in the human knee joint. J Anat 1992, 180:297–304.
37. Kääb MJ, Ap Gwynn I, Nötzli HP: Collagen fibre arrangement in the tibial
plateau articular cartilage of man and other mammalian species. J Anat
1998, 193:23–34.
38. Xerogeanes JW, Fox RJ, Takeda Y, Kim H, Ishibashi Y, Carlin GJ, Woo SLY:
Functional comparison of animal anterior cruciate ligament models
to the human anterior cruciate ligament. Ann Biomed Engng 1998,
26:345–352.
39. Han L, Frank EH, Greene JJ, Lee HY, Hung HHK, Grodzinsky AJ, Ortiz C:
Time-dependent nanomechanics of cartilage. Biophys J 2011,
100:1846–1854.
doi:10.1186/1471-2474-15-205
Cite this article as: Espino et al.: Viscoelastic properties of bovine knee
joint articular cartilage: dependency on thickness and loading
frequency. BMC Musculoskeletal Disorders 2014 15:205.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

