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Fatigue strength of bovine articular
cartilage-on-bone under three-point
bending: the effect of loading frequency
H. Sadeghi, D. M. Espino and D. E. T. Shepherd*

Abstract
Background: The objective of this study was to determine the influence of loading frequency on the failure of
articular cartilage-on-bone specimens under three-point bending.
Methods: In this study, cyclic three-point bending was used to introduce failure into cartilage-on-bone specimens
at varying loading frequencies. Sinusiodally varying maximum compressive loads in the range 40–130 N were
applied to beam-shaped cartilage-on-bone specimens at frequencies of 1, 10, 50 and 100 Hz.
Results: The number of cycles to failure decreased when loading frequency increased from normal and above gait
(1 and 10 Hz) to impulsive loading frequencies (50 and 100 Hz). It was found that 67 and 27% of the specimens
reached run-out at loading of 10,000 cycles at frequencies of 1 and 10 Hz, respectively. However, 0% of the
specimens reached run-out at loading frequencies of 50 and 100 Hz.
Conclusion: The results indicate that increasing the loading frequency reduces the ability of specimens to resist
fracture during bending. The findings underline the importance of the loading frequency concerning the failure of
articular cartilage-on-bone and it may have implications in the early onset of osteoarthritis.
Keyword: Articular cartilage, Bending, Failure, Frequency, Strength, Three-point

Background
Every joint in the body is subjected to cycles of loading.
The function of the articular cartilage is to enable joint
surfaces to have low friction movement, with a surface
roughness of 80–170 nm [1], and to transmit these loads
from one body segment to another [2]. The average person takes approximately 2 million steps per year. Thus, a
lower limb joint undergoes 1 million loading cycles
during this time. Age has been suggested to be the main
factor which predisposes cartilage to damage due to
mechanical loading [3]. The lack of blood vessels and
cells that can repair significant tissue defects limits the
ability of cartilage to repair damage [4].
Although the mechanisms responsible for osteoarthritis remains poorly understood, factors such as obesity
and heritable genetics have been suggested to be
involved in the progression of the disease [5]. Previous
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studies [6] have suggested that vigorous physical
activities such as frequent bending and lifting are risk
factors for osteoarthritis. Such an association implies
that mechanical fatigue could also be a factor in the
development/progression of osteoarthritis. Freeman
et al. [7] suggested that a fatigue mechanism may be
associated in the progression of osteoarthritis. Weightman
et al. [3, 8], Kempson et al. [9] and Simon et al. [10] have
studied compressive, tensile and shear fatigue effects on
articular cartilage, respectively. All of these studies have
provided data, which demonstrate the progression of
damage to cartilage under cyclic mechanical loading.
Rapid heel-strike rise times during gait have been
implicated in the onset of osteoarthritis [11]. Cartilage is
typically subjected to loading with a heel-strike rise time
of 100 to 150 ms [12]. A subset of the population with
heel-strike rise times from 5 to 25 ms has been identified
as being linked to the onset of osteoarthritis [13]. The
timing of these heel-strikes correspond to loading
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frequencies of 3–5 Hz for normal and up to 90 Hz for
rapid heel-strike rise times [14].
Implication of rapid heel-strike in the onset of
osteoarthritis is in addition to the link between cartilage
failure and mechanical overload of a joint during vigorous physical activities such as heavy manual labour [15].
A previous study [16] has also found evidence suggesting
that high internal compressive joint forces by leg muscles during activities which involve deep knee bending
maybe a risk factor in osteoarthritis. Therefore, large
internal joint forces, applied at frequencies associated
with rapid heel-strike rise times might further predispose
cartilage to damage during bending, however, this is not
currently known. Previous studies [17–19] have
suggested that the frequency of loading of a joint might
be important with respect to the possibility of damage to
articular cartilage.
In the current study, cyclic three-point bend tests have
been used to determine the influence of the loading frequency and maximum load on the fatigue strength of
articular cartilage-on-bone at loading frequencies corresponding to normal gait (1 Hz), above normal gait
(10 Hz) and impulsive/traumatic loading rates (50 and
100 Hz).

Methods
Cartilage-on-bone specimens

Humeral heads from bovine shoulder joints were obtained from an established supplier (Dissect supplies,
King’s Heath, Birmingham, UK). Joints were from skeletally mature cows which were approximately 24 months
old. Bovine tissue was used because it is an established
model for human articular cartilage [20]. Furthermore,
the uniform surface of the bovine humeral head reduces
thickness variability of the specimens, which is beneficial
for quantitative experiments [21]. Animals had been
slaughtered approximately 48 h previously and kept in
refrigerated storage. Upon arrival in the laboratory, the
humeral articular surfaces of the joints were examined
with the naked eye with the aid of India ink (Loxley Art
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Materials, Sheffield, UK) to ascertain that they had no
damage or degenerative changes [22]. Joints were then
wrapped in tissue paper, saturated in Ringer’s solution
(Sigma-Aldrich, Dorset, UK), sealed in plastic bags and
stored at −40 °C. Prior to testing, joints were thawed at
room temperature and cartilage-on-bone specimens
were obtained from the humeral head of a joint. Such
freeze-thaw treatment does not alter the mechanical
properties of cartilage [23, 24] or bone [25].
Rectangular shaped samples, measuring approximately
33 mm × 8 mm along their surface and 4 mm in depth,
were cut from the joints. Cartilage-on-bone samples
were obtained from the central region of the humeral
head. This location was selected because it has a flat
surface and is in the centre of the contact region of the
joint. Articular cartilage located in this position has been
shown to undergo maximum deformation in the
humeral head [26].

Mechanical testing

Specimens were subjected to a dynamic three-point
bend test, using a Bose ElectroForce ELF3300 materials
testing machine (Bose corporation, Minnesota, USA;
now, TA instruments, New Castle, DE, USA), operated
under the control of WinTest 4.1 software. An aluminium test rig was designed and manufactured to hold the
sample and apply the loads (Fig. 1). The lower test rig
consisted of two supports (20 mm apart) that attached
to the base of the testing machine. The contact radii of
the loading supports were 1.5 mm, consistent with a
previous study of bone [27]. The upper test rig, attached
to the actuator of the testing machine, comprised a bar
with a 1.5 mm radius at the contacting end. The specimen was placed on the supports so that the lower
supports were in contact with cartilage and the upper
roller, which was used to apply the load, was in contact
with the subchondral bone (Fig. 1). The length of the
specimens varied between 32 and 36 mm, providing
overhangs of between 6 and 8 mm on each side of a

Fig. 1 Three-point bend test rig with a cartilage-on-bone specimen in the starting test position
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sample [28]. specimens were under saline irrigation
during testing [29].
The upper test rig included the roller and a rigid
aluminium box that was attached to a connector to the
load cell using three screws. The lower test rig comprised of two roller supports welded to a steel plate to
provide a firm support under dynamic loads (Fig. 2).
The testing machine was equipped with a Bose
1010CCH-1 K-B load cell (Bose corporation, Minnesota, USA; now, TA instruments, New Castle, DE,
USA), and capable to carry out ± 3 kN dynamic load, at
0 to 100 Hz frequency. The upper part of the test rig
was controlled by the software and was capable of travelling ± 12 mm in vertical direction; the lower part was
fixed in position during testing.
Testing involved the application of up to 10,000 cycles
of sinusoidally varying compressive force at loading
frequencies of 1, 10, 50 and 100 Hz [14, 30]. A total of
120 cartilage specimens, obtained from 10 joints, were
subjected to the cyclic three-point bend tests. Ten sinusoidally varying compressive force ranges were used for
testing. Sinusoidal force ranges started at 4–40 N with
the maximum force increased by 10 N up to a force
range of 13–130 N; the ratio of maximum to minimum
force was 10. These values were chosen based on
preliminary tests. The associated peak stresses (σmax) of
the selected peak loads (P) during cyclic three-point
bending tests were calculated from:
σ max ¼

3PL
2bh2

ð1Þ

where L is the length, b is the width and h is the depth
of test samples [31]. Therefore, specimens experienced a
range of maximum flexural stresses between 15 and

50 MPa. Each test was repeated on three separate specimens. A different specimen was used for every test.
Testing continued until complete fracture of the
specimen or run out of 10,000 cycles. If a specimen
reached 10,000 cycles and it did not fail it was
considered to have reached run-out.
After testing specimens that reached run-out were
immersed in Ringer’s solution for 30 min, to ensure that
the cartilage returned to its original thickness [32]. India
ink was applied on the cartilage surface. A visual
inspection of individual specimens was undertaken and
the cartilage surface was examined. Each specimen was
then photographed using a DSC-R1 Cyber-shot© digital
camera (10MP, 5 × Optical Zoom) 2.0″ (Sony
Corporation, 6-7-35 Kitashinagawa, Shinagawa-ku, Tokyo,
Japan).

Results
Figure 3 shows the results of the cyclic three-point bend
tests of cartilage-on-bone specimens in which the F-Ncurve for each frequency was plotted. Each data point
represents one cartilage-on-bone specimen. The number
of cycles to failure decreased with increasing maximum
force for all frequencies tested. This relationship can be
described using individual logarithmic curve fits in the
form:
S ¼ AðlnðN ÞÞ þ B

ð2Þ

where S is maximum force, N is number of cycles to
failure and A and B are constants.
The number of cycles to failure decreased significantly
(p < 0.05) with the increasing maximum force at loading
frequencies of 10 and 50 Hz. The correlation was not

Fig. 2 Upper part of the rigid aluminium test rig was tightly attached to the connector to the load cell of the testing machine using three
screws. Lower supports were welded to a steel plate. Lower test rig was fixed during testing
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Fig. 3 Maximum force plotted against the number of cycles to failure, with the number of cycles on a logarithmic scale (base 10) at loading
frequencies of 1 Hz (a) 10 Hz (b) 50 Hz (c) and 100 Hz (d). specimens that failed were plotted with (●) and specimens that reached run-out were
plotted with (○). Details of the regression curves are included in Table 1

significant (p ≥ 0.05) at 1 or 100 Hz. The corresponding
p and R2 values are provided in Table 1.
From the specimens that were subjected to three-point
bend tests at a loading frequency of 1 Hz, 20 out of 30
specimens reached run-out of 10,000 cycles (67%;
Fig. 3a). The number of specimens that reached run-out
at a loading frequency of 10 Hz was 8 out of 30 (27%;
Fig. 3b). However, none of the samples reached run-out
at loading frequencies of 50 or 100 Hz (Fig. 3c and d).
The number of cycles to failure were in the ranges of 5
to 217 and 6 to 374 at frequencies of 50 and 100 Hz,
respectively.
Images of two samples that reached run-out, which
had been loaded between 6 and 60 N (maximum flexural
stress of 23 MPa) at loading frequencies of 1 and 10 Hz
are shown in Fig. 4a and b, respectively. Through
Table 1 Constants from the curve fit correlations of Fig. 3
Curve fit Loading frequency (Hz) A (SE)

B (SE)

p

−5.6 (3.4) 142 (19.0) 0.12

R2

(a)

1

0.25

(b)

10

−9.6 (1.8) 152 (10.5) <0.001 0.77

(c)

50

−20 (4.6)

150 (14.5) <0.001 0.52

(d)

100

−6 (4.2)

106 (15.6) 0.24

0.04

SE is the standard error of the coefficients A and B. R2 is a squared correlation
coefficient and shows how well the lines fit the data points. If p < 0.05 it
indicates that the line is statistically significant

qualitative assessments after each test, it was observed
that four out of eight of the specimens, which reached
run-out at a loading frequency of 10 Hz, had surface
cracks at the centre of the specimens. However, no signs
of damage were observed for specimens, which completed run-out, at a loading frequency of 1 Hz (Fig. 4).

Discussion
This study has used sinusoidally varying compressive
cyclic force to produce failure in cartilage-on-bone specimens under three-point bend tests. The number of
cycles to failure decreased with increasing maximum
force. The logarithmic curve fits of the F-N-curves were
statistically significant for loading frequencies of 10 and
50 Hz, however, this relationship was not found to be
significant at loading frequencies of 1 and 100 Hz.
Increasing the loading frequency resulted in increased
failure for a given load. It was found that 67% of the
specimens reached run-out at frequency of 1 Hz, 27% at
10 Hz, but 0% at frequencies of 50 and 100 Hz.
The effect of loading frequency on fatigue strength
under bending has previously been carried out on bone
only. An in vitro study of bovine cortical bone [33]
found that increasing the frequency of loading from 30
to 125 Hz decreased the number of cycles required to
produce fracture by a factor of three to four. They

Sadeghi et al. BMC Musculoskeletal Disorders (2017) 18:142

Fig. 4 Cartilage surface crack observed on specimens that reached
run-out at loading frequencies of 1 Hz and 10 Hz (a) Top view of the
selected specimens after run-out was reached at a loading frequency
of 1 Hz and (b) 10 Hz. Both specimens in these images were loaded in
the 6–60 N

suggested that the acceleration of fatigue strength tests
with increasing the loading frequency is a result of increased strain rate. Another similar study [34] reported
that the effect of loading frequency on bending fatigue
strength of bone below 30 Hz is negligible. Loading
frequencies above 30 Hz resulted in a shorter fatigue life.
This is consistent with the present study where
cartilage-on-bone specimens subjected to three-point
bending decreased in the number of cycles to failure
when frequency increased.
The variation in the number of cycles to failure with
increasing loading frequency from physiological (1 and
10 Hz) to impulsive loading frequencies (50 and 100 Hz)
could correspond to before/after the glass transition in
cartilage [14]. Articular cartilage has been shown to
behave as a viscoelastic material from below gait relevant
frequencies such as 0.001 to 1 Hz [35] up to an impulsive loading frequency of 92 Hz [14]. Fulcher et al. [14]
showed that storage modulus increased with increasing
frequency, but it was asymptotic above 20 Hz, attributed
to a glass transition, while the loss modulus remained
constant. The dependence of storage modulus on
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frequency, in which storage modulus increases but then
levels out to a plateau, is characteristic of a material
undergoing a glass transition [36]. However, to date,
there are no data available on the variation of mechanical properties of bone with increasing loading
frequency. Therefore, it is difficult to distinguish
between the effect of frequency on bone and cartilage as
related to failure.
Results from this study showed that increasing the
loading frequency towards impulsive frequencies (50 and
100 Hz) resulted in more specimen failures. This is in
agreement with a study on bovine cartilage under impact
testing in vitro showing that when high rate impact was
applied on the surface of cartilage-on-bone explants this
caused severe damage to the tissue [37]. Burgin et al.
[38] also showed that increased energy of deformation
(per unit volume) occurred in cartilage with increased
stress and strain rates.
This current study found that 10,000 loading cycles at
a frequency of 10 Hz with an induced stress of 23 MPa
caused cracks on half of the cartilage surfaces of specimens that reached ‘run-out’. However, the same peak
load and number of cycles at 1 Hz did not create any
cracks. This observation is consistent with previous
findings that following 10,000 cycles of compressive
stress in the range of between ~ 3 and 7.5 MPa, through
an indenter, produced surface cracks on cartilage [30].
It should be noted that both this current study and previous study by Sadeghi et al. [30] tested cartilage-onbone. The physical behaviour of cartilage when on and
off-bone was suggested to be different [39] because of
the restraining effects of the underlying bone to cartilage [40, 41]. The cartilage-bone interface has been
reported to predispose cartilage-on-bone specimens to
the formation of cracks [42]. This interface is characterized by fibrils approximately perpendicular to the
articular surface [43]. Repetitive shear stresses developed at the cartilage-bone interface have been
suggested to produce cracks and splits similar to that
observed in osteoarthritic cartilage [44] particularly
under impulsive loading [19, 45].
In this study, the number of cycles required to cause
cartilage failure decreased with increasing maximum
force. This is consistent with tensile fatigue failure for
off-bone cartilage during cyclic loading [9, 46]. Kempson
et al. [46] extrapolated from their data that 30 year-old
patellar cartilage should not fail in vivo until the age of
200 years. The results from this study showed that increasing the frequency used for cyclic loading lowered
the tensile strength of cartilage. The same conclusion
has been stated when tensile fatigue failure of cartilage,
leading to the prediction of advancing failure with age
under tensile loading [47, 48]. Weightman et al. [49]
observed changes on the surface of the femoral head
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(identified using India ink) which occurred after 90,000
compression cycles. Another study of cartilage-on-bone
also revealed that cyclic loading disrupts the tissue and
the severity of the damage increased with increasing load
and number of cycles [50]. Compression fatigue fracture
strength of lumbar functional spinal units is also shown
in vitro, where incorporating specimen-specific and
load-specific parameters into a Wöhler analysis resulted
in linear relationships for F-N-curves [51]. However, the
number of cycles used by Huber et al. [51] was greater
than this study reaching up to 300,000 cycles.
Flexural stresses of cyclic three-point bend tests in this
study were calculated, using Eq. 1, to be in the range 15
to 50 MPa. Stresses used in this study are comparable to
a previous cyclic compressive study of cartilage-on-bone
specimens [52], which reported that the mean fracture
strength of bovine articular cartilage was 35.7 MPa. Cyclic tensile loading studies, instead, have found experimental damage to occur in human cartilage with the
number of cycles up to 1.5 million and stresses in the
range of 1–3 MPa [53] or 97,200 cycles under stresses
that averaged 3.2 MPa in vitro [54]. The differences in
the results could be explained by the fact that failure
was defined as the fracture of bovine cartilage and its
underlying bone in the current study, whereas a previous
study defined failure as the rupture of off-bone human
cartilage specimens under tension [53]. Further, in our
study bovine specimens were used, as compared to the
human cartilage used by Bellucci et al. [53]. Lower failure stresses for cartilage have also been reported in the
lower region of 8 MPa under static compressive loading
[55, 56]; however, failure was defined as merely large
cracks on the surface of the cartilage not failure of the
full cartilage depth and its underlying subchondral bone.
Articular cartilage damage, in the form of fissures and
fragments, has been observed clinically [57] and it is
similar to those produced experimentally by single and
repetitive impact loads [58]. A threshold of 15–25 MPa
was reported to cause subchondral bone fracture and
surface fissures on the cartilage surface [59]. None of
these studies have assessed the influence of the loading
frequency of impacts on the failure stresses reported.
Other single impact studies [60, 61] have reported the
fracture threshold stress of cartilage-on-bone specimens
to be 50 MPa, consistent with the largest maximum
stress used in this study.
Limitations

One of the limitations of this study could be that the specimens used in this study were comprised of two layers,
one of cartilage and another of subchondral bone. The
cartilage-on-bone specimens were maximum 4 mm in
depth. The cartilage layer of the bovine humeral head is
typically 0.6–1.8 mm [62]. Therefore, the thickness of
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subchondral varies between 2.2 and 3.4 mm. In this context, it should be remembered that the stiffness of subchondral bone [63] is several orders of magnitude higher
than that of the uncalcified cartilage [29]. Therefore, the
ratio of cartilage to bone might influence the overall stiffness of the specimens and consequently the strain of the
tissue under bending. However, it should be noted that all
specimens were tested to failure, and that samples were
arbitrarily selected for a given test procedure. Thus, the
increased propensity to failure observed at higher frequencies is very much expected to be a consequence of an
intrinsic weakness at higher frequencies of loading.
Another limitation of this study is that Eq. 1 provides an
approximation of the stresses experienced by the specimens during testing. This is because according to ASTM
D7774-12 [31], Eq. 1 is applied to isotropic, homogeneous
and beam shaped specimens with uniform thickness.
However, specimens used in this study were layered and
varied in thickness along the length. Stresses experienced
by the cartilage layer may also be higher than calculated
due to the positioning of the bending neutral axis.
The duration of each test frequencies varied between
2 h 47 min and 100 s at frequencies of 1 and 100 Hz, respectively. Thus, the specimen dynamic deformation
might have been accompanied by creep deformation.
One possibility was to allow samples to recover between
each set of loading frequencies, in proportion to the duration of loading [64]. However, previous fatigue tests on
cartilage scaffolds, have been carried out up to 100,000
continuous unconfined compression cycles [65]. Moreover, the increased loading time to which cartilage was
exposed at lower frequencies, may have expected to lead
to additional damage of specimens tested. However, the
opposite trend was observed, more damage ensued at
higher frequencies of loading (i.e., shortest duration of
loading). Thus, if anything our results may under-predict
the effect of frequency on failure.

Conclusion
During bending the number of cycles to failure decreased
with increased maximum force at all loading frequencies.
Independent of load, the number of cycles to failure under
bending decreased when the loading frequency increased
from normal and above gait (1 and 10 Hz) to impulsive
loading frequencies (50 and 100 Hz). Furthermore, the
proportion of specimens reaching run-out of 10,000 cycles
under three-point bending decreased from 67 to 27% at
physiological loading frequencies of 1 and 10 Hz, respectively, to 0% at 50 and 100 Hz. Therefore, an increased
loading frequency predisposes articular cartilage on-bone
to damage during bending.
Acknowledgements
The authors would like to thank Carl Hingley and Peter Thornton for making
the test rig and Bernard Lawless for his assistance during testing.

Sadeghi et al. BMC Musculoskeletal Disorders (2017) 18:142

Funding
The authors would like to thank Arthritis Research UK for funding the
equipment used in this project (Grant number H0671).
Availability of data and materials
The datasets during and/or analysed during the current study available from
the corresponding author on reasonable request.
Authors’ contributions
HS carried out the experimental work, participated in the study design, data
analysis and drafting the manuscript. DETS and DME participated in the
study design, data analysis and revising the manuscript. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 10 October 2016 Accepted: 30 March 2017

References
1. Ghosh S, Bowen J, Jiang K, Espino DM, Shepherd DET. Investigation of
techniques for the measurement of articular cartilage surface roughness.
Micron. 2013;44:179–84.
2. Mow VC, Ateshian GA, Spilker RL. Biomechanics of diarthrodial joints: a
review of twenty years of progress. J Biomech Eng. 1993;115:460–7.
3. Seedhom BB. Conditioning of cartilage during normal activities is an
important factor in the development of osteoarthritis. Rheumatology. 2006;
146–9.
4. Buckwalter JA. Mechanical injuries of articular cartilage. Iowa Orthop J.
1992;12:50–7.
5. Griffin TM, Guilak F. The role of mechanical loading in the onset and
progression of osteoarthritis. Exerc Sport Sci Rev. 2005;33:195–200.
6. Stockwell RA. Cartilage failure in osteoarthritis: relevance of normal structure
and function. A Review Clinic Anat. 1991;4:161–91.
7. Freeman MAR. Modern trends in orthopaedics. London: Butterworths;
1972. p. 40.
8. Weightman B. In vitro fatigue testing of articular cartilage. Ann Rheum Dis.
1975;34:108–10.
9. Kempson GE. Age-related changes in the tensile properties of human
articular cartilage: a comparative study between the femoral head of the
hip joint and the talus of the ankle joint. Biochim Biophys Acta.
1991;1075:223–30.
10. Simon WH, Mak A, Spirt A. The effect of shear fatigue on bovine articular
cartilage. J Orthop Res. 1990;8:86–93.
11. Radin EL, Yang KH, Riegger C, Kish VL, O’Connor JJ. Relationship between
lower-limb dynamics and knee-joint pain. J Orthop Res. 1991;9:398–405.
12. Shepherd DET, Seedhom BB. Technique for measuring the compressive
modulus of articular cartilage under physiological loading rates with
preliminary results. Proc Inst Mech Eng H. 1997;211:155–65.
13. 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: Lantz SA, King AI, editors.
Advances in bioengineering. New York: American Society of Mechanical
Engineering; 1986. p. 121–3.
14. 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.
15. Cooper C, McAlindon T, Coggon D, Egger P, Dieppe P. Occupational activity
and osteoarthritis of the knee. Ann Rheum Dis. 1994;53:90–3.

Page 7 of 8

16. Baltzopoulos V. Muscular and tibiofemoral joint forces during isokinetic
concentric knee extension. Clin Biomech. 1995;10:208–14.
17. Radin EL, Parker HG, Pugh JW, Steinberg RS, Paul IL, Rose RM. Response of
joints to impact loading – III. Relationship between trabecular
microfractures and cartilage degeneration. J Biomech. 1973;6:51–7.
18. Dekel S, Weissmann SL. Joint changes after overuse and peak overloading
of rabbit knees in vivo. Acta Orthop Scand. 1978;49:519.
19. Radin EL, Ehrlich MG, Chernack R, Abernethy P, Paul IL, Rose RM. Effect of
repetitive impulsive loading on the knee joints of rabbits. Clin Orthop.
1978;131:288–93.
20. Taylor SD, Tsiridis E, Ingham E, Jin Z, Fisher J, Williams S. Comparison of
human and animal femoral head chondral properties and geometries. Proc
Inst Mech Eng H. 2012;226:55–62.
21. Clements KM, Bee ZC, Crossingham GC, Adams MA, Sharif M. How severe
must repetitive loading be to kill chondrocytes in articular cartilage?
Osteoarthritis Cartilage. 2001;9:499–507.
22. Meachim G, Bentley G. Horizontal splitting in patellar articular cartilage.
Arthritis Rheum. 1978;21:669–74.
23. Szarko M, Muldrew K, Bertram JEA. Freeze-thaw treatment effects on the
dynamic mechanical properties of articular cartilage. BMC Musculoskelet
Disord. 2010;11:231.
24. Kiefer GN, Sundby K, McAllister D, Shrive NG, Frank CB, Lam T, Schachar NS.
The effect of cryopreservation on the biomechanical behaviour of articular
cartilage. J Orthop Res. 1989;7:494–501.
25. Seldin ED, Hirsch C. Factors affecting the determination of physical the
properties of femoral cortical bone. Acta Orthop Scand. 1966;37:29–48.
26. Canal CE, Hung CT, Ateshian GA. Two-dimensional strain fields on the crosssection of the bovine humeral head under contact loading. J Biomech.
2008;41:3145–51.
27. Draper ER, Goodship AE. A novel technique for four-point bending of small
bone samples with semi-automatic analysis. J Biomech. 2003;36:1497–502.
28. Westwater JW. Flexural testing of plastic materials. ASTM proc. 1949;49:
1092–118.
29. Mente PL, Lewis JL. Elastic modulus of calcified cartilage is an order of
magnitude less than that of subchondral bone. J Orthop Res.
1994;12:637–47.
30. Sadeghi H, Shepherd DET, Espino DM. Effect of the variation of loading
frequency on surface failure of bovine articular cartilage. Osteoarthritis
Cartilage. 2015;23:2252–8.
31. ASTM standard D7774–2012, Standard test method for flexural fatigue
properties of plastics. ASTM standards International.
32. Barker MK, Seedhom BB. The relationship of the compressive modulus
of articular cartilage with its deformation response to cyclic loading:
does cartilage optimize its modulus so as to minimize the strains
arising in it due to the prevalent loading regime? Rheumatology. 2001;
40:274–84.
33. Lafferty JF, Raju PV. The influence of stress frequency on the fatigue
strength of cortical bone. J Biomech Eng. 1979;101:112–3.
34. Lafferty JF. Analytical model of the fatigue characteristics of bone. Aviat
Space Environ Med. 1978;49:170–4.
35. Sadeghi H, Espino DM, Shepherd DET. Variation in viscoelastic properties of
bovine articular cartilage below, up to and above healthy-gait relevant
loading frequencies. Proc Inst Mech Eng H. 2015;229:115–23.
36. Ferry JD. Viscoelastic properties of polymers. New York: John Wiley & Sons;
1980. p.3.
37. Jeffrey JE, Gregory DW, Aspden RM. Matrix damage and chondrocyte
viability following a single impact load on articular cartilage. Arch Biochem
Biophys. 1995;322:87–96.
38. Burgin LV, Aspden RM. Impact testing to determine the mechanical
properties of articular cartilage in isolation and on bone. J Mater Sci Mater
Med. 2008;19:703–11.
39. Summers GC, Merrill A, Sharif M, Adams MA. Swelling of articular cartilage
depends on the integrity of adjacent cartilage and bone. Biorheology.
2008;45:365–74.
40. 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;1:100–4.
41. Edelsten L, Jeffrey JE, Burgin LV, Aspden RM. Viscoelastic deformation of
articular cartilage during impact loading. Soft Matter. 2010;6:5206–12.
42. Minns RJ, Steven FS. The collagen fibril organization in human articular
cartilage. J Anat. 1977;123:437–57.

Sadeghi et al. BMC Musculoskeletal Disorders (2017) 18:142

43. Aspden RM, Hukins DWL. Collagen organization in articular cartilage,
determined by x-ray diffraction, and its relationship to tissue function. Proc
R Soc Lond Ser B. 1981;212:299–304.
44. Byers PD. What is osteoarthritic cartilage? In: Ali SY, Elves MW, Leaback DH,
editors. What is osteoarthritic cartilage? In proceedings of the symposium,
normal and osteoarthritic articular cartilage. London: Institute of
orthopaedics; 1974. p. 131–9.
45. Radin EL, Martin RB, Burr DB, Caterson B, Boyd RD, Goodwin C. Effect of
mechanical loading on the tissue of the rabbit knee. J Orthop Res.
1984;2:221–34.
46. Kempson GE. Relationship between the tensile properties of articular
cartilage from the human knee and age. Ann Rheum Dis. 1982;41:508–11.
47. Weightman B. Tensile fatigue of human articular cartilage. J Biomech.
1976;9:193–200.
48. Weightman B, Chappell DJ, Jenkins EA. A second study of tensile fatigue
properties of human articular cartilage. Ann Rheum Dis. 1978;37:58–63.
49. Weightman BO, Freeman MAR, Swanson SAV. Fatigue of articular cartilage.
Nature. 1973;244:303–4.
50. Zimmerman NB, Smith DG, Pottenger LA, Cooperman DR. Mechanical
disruption of human patellar cartilage by repetitive loading in vitro. Clin
Orthop Relat Res. 1988;229:302–7.
51. Huber G, Nagel K, Skrzypiec DM, Klein A, Püschel K, Morlock MM. A
description of spinal fatigue strength. J Biomech. 2016;49:875–80.
52. Kerin AJ, Wisnom MR, Adams MA. The compressive strength of articular
cartilage. Proc Inst Mech Eng H. 1998;212:273–80.
53. Bellucci G, Seedhom BB. Mechanical behaviour of articular cartilage under
tensile cyclic load. Rheumatology. 2001;40:1337–45.
54. 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.
55. 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. 2011;4:1311–7.
56. Fick JM, Espino DM. Articular cartilage surface failure: an investigation of the
rupture rate and morphology in relation to tissue health and hydration.
Proc Inst Mech Eng H. 2012;226:389–96.
57. Kennedy JC, Grainger RW, McGraw RW. Osteochondral fractures of the
femoral condyles. J Bone Joint Surg. 1966;48:436–40.
58. Johnson-Nurse C, Dandy DJ. Fracture-separation of articular cartilage in the
adult knee. J Bone Joint Surg. 1985;67:42–3.
59. Torzilli PA, Grigiene RR, Borrelli Jr JJ, Helfet DL. Effect of impact load on
articular cartilage: cell metabolism and viability, and matrix water content. J
Biomech Eng. 1999;121:433–41.
60. Borrelli J, Torzilli PA, Grigiene R, Helfet DL. Effect of impact load on articular
cartilage: development of an intra-articular fracture model. J Orthop Trauma.
1997;11:319–26.
61. Flachsmann ER, Broom ND, Oloyede A. A biomechanical investigation of
unconstrained shear failure of the osteochondral region under impact
loading. Clinic Biomech. 1995;10:156–65.
62. Töyräs J, Lyyra Laitinen T, Niinimäki M, Lindgren R, Nieminen MT, Kiviranta I,
Jurvelin JS. Estimation of the young’s modulus of articular cartilage using an
arthroscopic indentation instrument and ultrasonic measurement of tissue
thickness. J Biomech. 2001;34:251–6.
63. Choi K, Kuhn JL, Ciarelli MJ, Goldstein SA. The elastic moduli of human
subchondral bone, trabecular and cortical bone tissue and size dependency
of cortical bone modulus. J Biomech. 1990;23:1103–13.
64. Parks S, Hung CT, Ateshian GA. Mechanical response of bovine articular
cartilage under dynamic unconfined compression loading at physiological
stress level. Osteoarthritis Cartilage. 2004;12:65–73.
65. Vikingsson L, Gómez-Tejedor JA, Gallelo Ferrer G, Gómez Ribelles JL. An
experimental fatigue study of a porous scaffold for the regeneration of
articular cartilage. J Biomech. 2015;48:1310–7.

Page 8 of 8

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

