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Compression-rate-dependent nonlinear
mechanics of normal and impaired porcine
knee joints
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Abstract

Background: The knee joint performs mechanical functions with various loading and unloading processes. Past
studies have focused on the kinematics and elastic response of the joint with less understanding of the rate-dependent
load response associated with viscoelastic and poromechanical behaviors.

Methods: Forty-five fresh porcine knee joints were used in the present study to determine the loading-rate-dependent
force-compression relationship, creep and relaxation of normal, dehydrated and meniscectomized joints.

Results: The mechanical tests of all normal intact joints showed similar strong compression-rate-dependent behavior: for
a given compression-magnitude up to 1.2 mm, the reaction force varied 6 times over compression rates. While the static
response was essentially linear, the nonlinear behavior was boosted with the increased compression rate to approach
the asymptote or limit at approximately 2 mm/s. On the other hand, the joint stiffness varied approximately 3 times over
different joints, when accounting for the maturity and breed of the animals. Both a loss of joint hydration and a total
meniscectomy greatly compromised the load support in the joint, resulting in a reduction of load support as much as
60% from the corresponding intact joint. However, the former only weakened the transient load support, but the
latter also greatly weakened the equilibrium load support. A total meniscectomy did not diminish the compression-
rate-dependence of the joint though.

Conclusions: These findings are consistent with the fluid-pressurization loading mechanism, which may have a
significant implication in the joint mechanical function and cartilage mechanobiology.

Keywords: Articular cartilage, Compression-rate dependence, Knee joint mechanics, Mechanical test, Meniscus,
Poromechanics

Background
The knowledge of joint mechanics is essential for un-
derstanding the mechanism of joint injury and disease.
Applications of this knowledge also include joint recon-
struction and replacement. Articular cartilage is essential
for the normal mechanical function of a diarthrodial
joint. The load response of articular cartilage is highly
compression-rate dependent. For a given magnitude of
compressive strain, the reaction force is substantially
greater if the strain is applied at a higher rate until the
force approaches its asymptote. This rate-dependent re-
sponse is well observed from the mechanical tests of

cartilage disks and elaborated in modeling [1–3]. The
rate-dependence is also found in tensile tests of articular
cartilage [4, 5]. However, these tests have been performed
using small tissue explants. The rate-dependence has not
been sufficiently investigated at the joint level to account
for the complex structure of the joint and provide physio-
logically relevant data.
A series of experimental techniques have been used to

study the mechanics of the knee joint. Hand-held probes
are used during knee arthroscopy to evaluate cartilage
properties [6–8]. Non-invasive methods, such as electro-
arthrography [9] and T2 relaxation maps of magnetic
resonance imaging [10], are also used to determine the
integrity of the tissue structure. These measurements* Correspondence: Leping.Li@ucalgary.ca
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target at cartilage properties rather than the mechanical
response of the joint.
The mechanical testing using entire knee joint speci-

mens is still the most direct and convenient measurement
to gain the mechanical response of the joint [11–13].
Static assessment of cadaveric knee joints shows the role
of the Medial Collateral Ligament (MCL) to primarily
restrain valgus loading and stabilize external rotation
[14–16]. Impact tests have been used to study the influ-
ence of braces on the MCL elongation for dynamic
conditions, the multiple failure modes of the Posterior
Cruciate Ligament (PCL) on a high-speed crash, and
the increased anteromedial strain in the Anterior Cruciate
Ligament (ACL) under combined impulsive knee com-
pression, flexion and valgus moments [17–19].
The mechanical function of menisci has also been

widely studied using joint testing [20–22]. A meniscecto-
mized knee joint under compression shows a reduced
contact area and increased peak pressure as compared
with the intact joint, while any meniscal transplantation
with only one horn secured gives intermediate values for
both peak pressure and contact area [21–23]. Naturally,
the contact area increases with force applied to the joint
[24]. Cadaveric knee joint measurements showed that a
significant fraction of the load is transmitted through
the menisci [25]. In addition, a tibial flexion osteotomy
increases cartilage pressure and causes an anterior shift
in tibial resting position [26, 27].
Animal joints are widely used in the mechanical tests

due to great availability, low cost and low biological risk
as compared to the use of cadaveric joints. In addition,
large animal stifle joints have a biological similarity to
human knee joints [28, 29]. Porcine stifle joints are a
popular choice for testing as the porcine knee has a
similar size and anatomy to human’s [30, 31].
The mechanical response of the knee joint has been

mostly studied for elastic or traumatic behavior [32–34].
Few studies have considered both transient and long-
term mechanical behaviors [35]. The effect of loading
rates on the joint response has only been addressed in
the injury models of the joint. For example, two com-
pression rates, 1 and 500 mm/s, were tested in a murine
model of post-traumatic osteoarthritis [36]. Different in-
juries were seen when a compression of 1.7 mm was ap-
plied, respectively, at the two rates.
The investigation of rate-dependent mechanical behav-

ior is essential for the understanding of the knee joint
mechanics and the consequence of surgical procedures
because the joint experiences a variety of loadings ap-
plied at different rates. The objective of the present
study was to quantify experimentally the compressive
loading-rate-dependent mechanical behavior of the knee
joint and the subsequent creep and relaxation of the
joint associated with the poromechanical behavior of the

tissues in the joint. Only compressive loadings were con-
sidered in the study to highlight the influence of fluid
pressurization in articular cartilages and menisci.

Methods
Porcine stifle joints were used as they have anatomy
similarities to human’s and are available in a large quan-
tity required in the present study. Fresh porcine joints
with sealed joint capsules were purchased within 24 h of
the slaughter of the animals (Irricana Meat Market, Red
Deer Lake Meat Processing and Ryan’s Meats, Alberta,
Canada). The ankle joint was partially retained to keep
the tibia and fibula together. The joints were kept in
sealed bags with Phosphate Buffered Saline (PBS) and
stored in a fridge at 4 °C before testing in 1–3 days.
Compression tests of the joints were performed on an

858 Mini Bionix® II material testing system (MTS,
Minnesota, USA). Two custom-made hollow steel cylin-
ders, each welded at one end to a square flat plate, were
used to fix the joint to the MTS (Fig. 1), as described
below. All muscles were removed from the distal tibia and

Fig. 1 Experimental setup for the porcine knee joint test on MTS.
The joint was initially fixed at its natural angle to custom-made
adapters with screws and dental cement. The lower cylinder was
fixed to the base of the MTS, while the upper one was able to
move in the vertical direction only. A force was applied by the
movable cylinder of the MTS
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proximal femur so the ends of the specimen could be
fixed in the hollow cylinders using dental cement
(Fastray™ LC, Bosworth, IL, USA). Three alloy steel set
screws were tightened to the bone surface before cement-
ing, to prevent sliding between cement and cylinder or
bone. The femur was fixed to the cylinder first in a fume
hood, and the cement was let set for 10 min before the cy-
linder holding it was attached to a force transducer (MTS®
661.19F-02) using an adaptor. After the force transducer
was installed in the movable cylinder of the MTS, the
custom-made cylinder for the ankle joint was positioned
appropriately on the MTS base to maintain the natural
angle of the joint while the pig stands, which was approxi-
mately 40° [31]. The ankle joint was then fixed to the cy-
linder with screws and cement and finally let set for
15 min. This fixing procedure minimized malalignment
and prestresses in the joint. Since the cementing of the
ankle joint had to be done on the MTS, a fan was used to
expel the cement fume to the fume hood using a long
hose. PBS-soaked gauzes were used to cover the joint in
order to keep it hydrated during the preparation and test
(Fig. 1).
Station Manager®, a software developed by the MTS,

was used to control the vertical motion of the load cell.
Both force and displacement control modes are avail-
able. For safety reasons, the testing machine was set to
stop if a compressive or tensile force reached 800 N,
which did not actually occur during any tests. The sam-
pling frequencies were set to 10–100 Hz, depending on
the loading rate, for the loading phase, and 1 Hz for the
relaxation/creep phase to record at least dozens of data
points for each phase.
Before applying a targeted loading protocol, the joint

was subjected to preconditioning with a cyclic loading,
to ensure that the structure of the joint was at a repeat-
able reference state [37, 38]. After applying a compres-
sive force of 20 N to ensure contact within the joint, the
preconditioning was performed at 0.25 Hz with an amp-
litude of 400 μm for 30 cycles. The response tended to
be repeatable in less than 10 cycles.
Measurements were performed for different loading

protocols with intact, dehydrated, and meniscectomized
joints. Six groups of mechanical tests were done with 45
joints in total (Table 1) as described below.

(1)A pilot study (n = 13) was conducted to determine
the appropriate magnitude of ramp compression
within the elastic range and compression rates
necessary to approximate the full range of rate-
dependent response. Eleven joints were tested with an
800-μm ramp compression at six rates respectively,
10, 50, 100, 500, 1000 and 2000 μm/s, from the lowest
to highest rate, followed by a 20-min relaxation
period. Two additional joints were loaded with a

higher ramp compression of 1200 μm at up to
5000 μm/s (Table 1). The joint remained unloaded for
at least 20 min between tests on the same joint to
allow tissue recovery from synovial fluid loss and
deformation. The loading protocol was repeated for
2–3 times with the same specimen among some of
these joints (7/13).

(2)A ramp compression of 1200 μm with four
compression rates, 10, 100, 1000 and 2000 μm/s,
was chosen for most further tests after the pilot
study. The relaxation phase was extended to
35 min for the increased compression of
1200 μm. The relaxation phase was skipped in
some tests in order to complete multiple
compression rates for the same specimen during
the same day (Table 1).

(3)Different loading sequences were tested with the
same joint specimens, when various compression
rates were applied, respectively, from the lowest to
highest rate, from the highest to lowest rate and
randomly starting from a middle rate (n = 5).

(4)The static response was simulated with the
equilibrium response of relaxation tests, because a
zero compression rate cannot be possibly
performed. A joint was slowly compressed
(~10 μm/s) to 300, 600, 900 and 1200 μm,
respectively, and each of the four compressions
was followed by a relaxation of 30–45 min to static
equilibrium (n = 7, Table 1).

(5)The force-displacement relationship was examined
with repeated tests on the same intact and dehydrated
joints (n = 3). First, the fully hydrated intact joint was
tested. Second, the joint capsule was carefully opened
to drain the synovial fluid partially: dry kitchen paper
towels were inserted above and below the menisci by
lifting the femur slightly, followed by a small joint
compression to squeeze out some fluid from the
tissues. Finally, the towels were removed, and the
same loading protocol was repeated on the joint
after the fluid loss.

(6)Tests were repeated on the same joints before and
after meniscus removal (n = 12, Table 1). A ramp
compression of either 1200 or 800 μm was applied
in the displacement-control tests with or without
the relaxation phase (n = 8). A force of 500 N was
applied in 20 s and kept constant for 30–60 min in
the creep loading protocol with additional specimens
(n = 4). After the test of each intact joint, small incisions
were made to reach and cut the meniscal attachments
and remove the menisci from the joint, while the
specimen remained on the MTS. The joint was then
tested with the same loading protocol. The locations
of the incisions were chosen to keep the synovial fluid
in the joint capsule.
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All tests were performed when the joints were held at
their natural angles (~40°) with a 10-kN force transducer
until the shared load cell failed (n = 35; Table 1). Al-
though the failure of the load cell was unlikely related to
the loading tests in this study, we reduced the joint angle
to 30° to reduce the horizontal reaction and bending
moment in the system, which were potential risks for
the force transducer. We further reduced the maximum
ramp compression from 1200 back to 800 μm in the
sixth group of tests (Table 1). A new force transducer of
15-kN was used thereafter (n = 10). The resolution is 1%
in force for this type of transducers according to the
manufacturer.
The joints were carefully opened and visually inspected

for tissue damage and degeneration after the mechanical
tests. Only two joints from all tests were found to be ab-
normal: one had a small cut in the joint capsule resulting
in a synovial fluid loss, another had a frozen joint capsule
because the lab refrigerator was accidentally set to an un-
usually low temperature. The one with a damaged joint
capsule showed a much smaller reaction force than other
joints. The one with a frozen joint capsule showed a much
weaker rate-dependence in the load response. Therefore,
the measurements from these two joints were excluded
from Table 1.
Finally, all statistical analyses were performed with

Minitab 17.1.0 (Minitab Inc., PA, USA). The General
Linear Model in the software includes a two-way ANOVA
(analysis of variance) that was used, for example, to deter-
mine the significance of our results on the compression-
magnitude, compression-rate and the combined effect of
the two variables.

Results
The force-displacement data for various rates were re-
producible when the same loading protocol was repeated
on the same joints (n = 7 which includes all joints in
Group 1 that were subjected to repeated tests). For ex-
ample, the relative error was 4.0% at 800 μm, and in-
creased to 7.4% at 400 μm compression when averaged
over all compression-rates for all repeated tests. No sig-
nificant difference was found between repeated tests as
shown in a two-way ANOVA (p = 0.93). The deviations
produced by different loading sequences were also insig-
nificant (two-way ANOVA p = 0.88; n = 5, Group 3). The
relative error was 2.2% and 6.3%, respectively, at
1200 μm and 600 μm compression. These findings vali-
dated the testing system including the fixing procedure.
They also indicated that the loadings were within the
elastic limit of the joints and that the waiting periods
between tests on the same joints were sufficient for the
tissue recovery from the previous loading.
The average force-compression relationship is shown

for five compression rates (Fig. 2a). For the clarity of the

figure, the deviations are shown separately for 1200-μm
compression only (Fig. 2b), which also shows the force
as a function of compression rate. A two-way ANOVA
showed a significant dependence of the reaction force
on the compression-magnitude, compression-rate and the
interaction between the two factors (p < 0.001 for all).
The reaction force was reduced by approximately 60%

for all four compression-rates even when the synovial
fluid was only partially removed (Fig. 3). An ANOVA
analysis showed a significant dependence of the reaction
force on the joint hydration (p < 0.001). Moreover, after
the fluid loss from the tissues, the toe region of the
force-displacement curve became more obvious and the

Fig. 2 Average reaction force in the joint as a function of (a)
compression magnitude and (b) compression rate (n = 6). The data
for the zero compression rate were taken from the equilibrium
responses of the relaxation tests of six joints when each joint was
compressed, respectively, by 300, 600, 900 and 1200 μm. b shows
the reaction for the 1200-μm compression: the average forces were
24, 88, 119, 139 and 148 N, when the equal compression of 1200 μm
was applied, respectively, at a compression rate of 0, 10, 100, 1000 and
2000 μm/s (specimens were obtained from the same source)
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force continued to increase substantially from 1000 to
2000 mm/s (Fig. 3b).
The reaction force for any compression rate was sig-

nificantly reduced after meniscectomy (p < 0.001). At the
compression of 1200 μm, the force was reduced by over
60% with meniscectomy (Fig. 4a). On the other hand, a
larger percent variation in the rate-dependence was ob-
served after meniscectomy (Fig. 4b). The long-term re-
sponse was also altered by meniscectomy (Fig. 5). After
the initial ramp compression, reaction force decayed
rapidly within the first five minutes relaxation (Fig. 5a).
The knee compression at equilibrium was increased by
almost 40% with meniscectomy when a 500-N force was
applied (Fig. 5b).
The reaction forces varied approximately 3 folds among

different groups of joints (Fig. 6), which was most likely
related to the age and breed of the animals that were not
made available for this study. For this reason, only the
joints obtained from the same source were used to

evaluate the mean and deviation values (Fig. 2). Interest-
ingly, the percent variations for different intact joints were
similar as a function of either compression-magnitude or
compression-rate (Fig. 7).

Discussion
Forty-five porcine stifle joints were tested to determine
the compression-rate-dependent force-compression rela-
tionship, creep or relaxation behavior of the normal,
dehydrated, and meniscectomized knee joints. The joints
were loaded with a flexion angle but only the vertical
motion of the femur was possible. The testing system
and loading protocols were reasonably examined with
repeatable results.
The force-compression relationship of normal joints

was predominantly determined by the compression rate

Fig. 4 Influence of meniscectomy on the load support of the joint.
The joint was first tested with intact joint capsule (I) and then after
meniscectomy (M). a Typical reaction force as a function of compression
for three compression rates, 10, 100 and 1000 μm/s respectively;
b Normalized reaction force at 1200-μm compression: the force
was normalized by the maximum obtained, respectively, from the
intact and meniscectomized joint

Fig. 3 Influence of joint hydration on the compression-rate-dependent
response of a knee joint: a intact joint capsule; b drained joint capsule.
Note that the vertical axis of (b) is scaled to 40% of that of (a)
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(Figs. 2, 3a, 4 and 7). For a given magnitude of knee
compression, the force increased with the compression
rate rapidly until after 100 μm/s; it then increased slowly
towards its asymptote (Fig. 2b); little increase was seen
after 2000 μm/s, as indicated in the pilot study with a
compression rate of 5000 μm/s (Table 1). In other
words, a full-range of compression-rate-dependence has
been approximated in the present study. On the other
hand, the nonlinear behavior was also rate-dependent:
the load response was almost linear at a nearly static
compression; it became strongly nonlinear at a fast
compression.

A comparison of these results with that from the lit-
erature is only partially available. Compression test data
from cartilage discs showed over 10 times variation in
stress over strain-rate for a given strain-magnitude of
10% [1]. Similarly, the dynamic modulus of cartilage
tested in unconfined compression at 10 Hz cyclic load-
ing was 24 times equilibrium modulus [39]. The present
study indicated a weaker compression-rate dependence
at the joint level than at the tissue level, likely due to
non-uniform tissue compression and meniscus load sup-
port in the joint, as compared to uniform compression
in the simple tissue test. Interestingly, the present study
showed a variation of stress as a function of strain-rate
that agrees with a model prediction. The model pre-
dicted a faster increase in the stress when the strain-rate
gradually increases until around the vicinity of 5%/s then
a slower increase towards to the asymptote [40]. The
present study showed a similar trend (Fig. 2, 100 μm/s
likely corresponds to ~5%/s average strain-rate in the
joint), where the reaction force was only increased by 24%
(119 to 148 N) when the compression-rate increased from
100 to 2000 μm/s (Fig. 2b). This result also compares well
with the result from unconfined compression tests where

Fig. 6 Force-compression data variation potentially caused by
different ages and breeds of the pigs. The curve shows the average
over the 17 intact joints, including 2, 5, 5, 3 and 2, respectively, from
test Groups 1, 2, 3, 5 and 6 (Table 1). Data were taken from all joints
(regardless of the sources) tested at the natural angle (~40°) with a
compression of 1200 μm applied at 1000 μm/s

Fig. 5 Typical transient responses of a knee joint before and after
meniscectomy. a Relaxation test: the joints were compressed by
800 μm at a rate of 100 μm/s prior to relaxation. The peak forces
were 419.8 ± 129.1 and 187.4 ± 112.3 N (n = 6), respectively, before
and after meniscal removal of the same joints (× marks the peak
force for the meniscectomized joint). b Creep test: the joints were
loaded to 500 N in 20 s prior to creep. The maximum knee compressions
were 3.24 ± 0.70 and 4.56 ± 0.98 mm (n= 4), respectively, before and after
the meniscal removal
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the average dynamic modulus was only increased by 34%
(48.2 to 64.8 MPa) when the frequency increased from 0.1
to 40 Hz [41]. Note that the present study only concerned
with elastic deformation, as the variation of stress with
strain-rate may be reversed at the strain level that causes
the interruption of the collagen network [42].
The tissue hydration played a key role in the load sup-

port of the knee joint as indicated by the reaction force
for a given joint compression. Fluid loss in the tissues
not only reduced the load support of the joint, but also
altered its nonlinear mechanical behavior including a
more obvious toe region and a delayed asymptote for
the compression rate (Fig. 3b vs 3a). This observation
may be explained by fluid pressurization in the issues:
some partially saturated region became fully saturated
and pressurized with tissue compression. Therefore, the
force increased faster with further compression. The
fluid-pressure load support in the tissue and joint was
explored previously [43, 44]. Therefore, only three joints
were used in the present study (Table 1) to demonstrate
the phenomenon and the compromised load support
was not quantitatively correlated to the amount of fluid
loss in the joint. On the other hand, it is understood
from the literature that a partial fluid loss does not affect
the equilibrium response of the joint because tissue hy-
dration has little influence on the response at low

compression rates [45, 46] when the load is mainly sup-
ported by the tissue matrix [47, 48]. Thus, the dehydra-
tion tests were only performed for the loading phase
without creep or relaxation phases.
The load support of the joint was compromised con-

sistently over all compression rates after a total menisc-
ectomy. For the compression of 1200 μm, the total
meniscectomy reduced approximately 60% of the load
support as compared to that of the same intact joint at
the same compression rate (Fig. 4a). The reduction was
slightly greater at lower compression rates (68% and 62%
reductions at 10 and 1000 μm/s respectively). The menisci
were known to improve the congruency in the knee and
thus provide a better load support in the joint [49–52].
Our result compares well with the previous data from par-
tially degenerate human and healthy pig knees that
showed menisci bearing 45–75% of the joint load [53].
Interestingly, the patterns of rate-dependence for normal
and meniscectomized joints were similar (Fig. 4b). The
slightly larger variation in the meniscectomized joint was
probably caused by a greater contact area change during
loading as compared to the normal joint. Furthermore, a
meniscectomy also altered the rate of creep and relaxation
and greatly reduced the load support of the knee at
equilibrium (Fig. 5) while the fluid loss does not affect
the equilibrium response. This observation was sup-
ported by modeling results that showed changes in
fluid pressurization after both total and partial menisc-
ectomy [54, 55].
The mechanical responses of all normal joints were

found to have similar patterns of compression-rate de-
pendence (Fig. 7), although the stiffness of the joint in
compression varied over 3 times among the joints
(Fig. 6). This implied that the rate-dependent response
was governed by the same mechanisms regardless of dif-
ferences in the age or size of the joints tested in the study.
The load response was mainly determined by cartilages
and menisci in the present test conditions. It has been
understood from constitutive modeling that the interplay
between fibril-reinforcement and fluid pressurization
governs the mechanical behavior of articular cartilage
in unconfined compression [3, 56]. The necessity of
implementing this fluid pressurization mechanism in
cartilages and menisci was also demonstrated with a
human knee joint model [57]. The mechanism was par-
tially validated in the present study when the fluid loss
in cartilages and menisci greatly reduced the load sup-
port of the joint (Fig. 3).
There were a few limitations with the present study.

First, the age and breed of the animals were not avail-
able, because all the pigs were butchered for meat. Sec-
ond, only one flexion angle was tested for each joint due
to the constraint of the adapters; the corresponding
loading condition is similar to that of a standing animal.

Fig. 7 Normalized reaction force at three compression rates for
the normal intact joints. The lines show the average results taken
from Fig. 2a, while the symbols show the results for individual
joints (□: Figs. 3a; ×: 4a). The value shown was normalized by the
reaction force at 1200-μm compression applied at 1000 μm/s in
each case
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Third, the system could only record the vertical reaction
force and thus the knee response to the transverse load-
ing and bending was not investigated. Finally, the hori-
zontal force and bending moment in the joint required
the use of large load cells (10-kN and 15-kN), although
the vertical force was well below 1 kN. As a result, we
were not able to obtain good data for a very slow com-
pression at 1 μm/s (the data for static compression were
taken from the equilibrium response of relaxation tests).
However, these limitations do not compromise the quali-
tative results of the present study.

Conclusions
The force-compression relationship of the fresh porcine
joint is highly compression-rate-dependent, which is dem-
onstrated in the present study to be greatly influenced by
the fluid pressurization in the cartilaginous tissues. This
phenomenon has been previously observed in the mech-
anical testing with cartilage explants that are immersed in
PBS. The present results have been obtained using the
whole joints with sealed joint capsules and thus the cartil-
aginous tissues are intact, saturated with only synovial
fluid and subjected to realistic contact and loading condi-
tions. Accordingly, a weaker rate-dependence has been
observed in the joint than explant tests, while the trend of
variation on the strain-rate is similar.
This study has also confirmed the role of menisci in

the creep and relaxation behavior of the joint, in addition
to the previous finding in the load share in the joint.
Although no animal models will ultimately match hu-

man joints, we expect similar mechanical behaviors for
the human knee joints, as predicted by our computer
simulations of the human joint. Since our daily life in-
volves loading and unloading in the joint at different
rates, the results presented here may help understand
the injury, repair and mechanobiology of the knee joint.

Abbreviations
ACL: Anterior cruciate ligament; ANOVA: Analysis of variance; MCL: Medial
collateral ligament; MTS: Material testing system; PBS: Phosphate buffered
saline; PCL: Posterior cruciate ligament

Acknowledgments
We appreciate Dr. Walter Herzog’s great support with his lab facility and
technical assistance from Tim Leonard and Andrew Sawatsky.

Funding
The Natural Sciences and Engineering Research Council of Canada.

Availability of data and materials
The datasets used during the current study are available from the
corresponding author on reasonable request.

Authors’ contributions
MLR performed the study under the supervision of LPL. MLR collected all
data, while LPL played a key role in the study design and manuscript writing.
Both authors wrote, revised and approved the manuscript.

Ethics approval
Not required

Consent for publication
Not applicable

Competing interests
LePing Li is a member of the editorial board of this journal.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 17 March 2017 Accepted: 6 November 2017

References
1. Oloyede A, Flachsmann R, Broom N. The dramatic influence of loading

velocity on the compressive response of articular cartilage. Connect Tissue Res.
1992;27(4):211–24.

2. Langelier E, Buschmann MD. Increasing strain and strain rate strengthen
transient stiffness but weaken the response to subsequent compression for
articular cartilage in unconfined compression. J Biomech. 2003;36(6):853–9.

3. Li LP, Shirazi-Adl A, Buschmann MD. Investigation of mechanical behavior of
articular cartilage by fibril reinforced poroelastic models. Biorheology.
2003;40(1):227–33.

4. Verteramo A, Seedhom B. Zonal and directional variations in tensile
properties of bovine articular cartilage with special reference to strain rate
variation. Biorheology. 2004;41(3):203–13.

5. Ahsanizadeh S, Li LP. Strain-rate-dependent non-linear tensile properties of
the superficial zone of articular cartilage. Connect Tissue Res. 2015;56(6):469–76.

6. Lyyra T, Jurvelin J, Pitkänen P, Väätäinen U, Kiviranta I. Indentation instrument
for the measurement of cartilage stiffness under arthroscopic control. Med Eng
Phys. 1995;17(5):395–9.

7. Kiviranta P, Lammentausta E, Töyräs J, Kiviranta I, Jurvelin J. Indentation
diagnostics of cartilage degeneration. Osteoarthr Cartil. 2008;16(7):796–804.

8. Dudda M, Hauser J, Muhr G, Esenwein S. Low-intensity pulsed ultrasound as
a useful adjuvant during distraction osteogenesis: a prospective, randomized
controlled trial. J Trauma. 2011;71(5):1376–80.

9. Préville AM, Lavigne P, Buschmann MD, Hardin J, Han Q, Djerroud L, Savard P.
Electroarthrography: a novel method to assess articular cartilage and diagnose
osteoarthritis by non-invasive measurement of load-induced electrical
potentials at the surface of the knee. Osteoarthr Cartil. 2013;21(11):1731–7.

10. Kwack K, Min B, Cho J, Kim J, Yoon S, Kim S. T2 relaxation time mapping of
proximal tibiofibular cartilage by 3-tesla magnetic resonance imaging. Acta
Radiol. 2009;50(9):1049–56.

11. Desio SM, Burks RT, Bachus KN. Soft tissue restraints to lateral patellar
translation in the human knee. Am J Sports Med. 1998;26(1):59–65.

12. Lee S, Aadalen K, Malaviya P, Lorenz E, Hayden J, Farr J, Cole B. Tibiofemoral
contact mechanics after serial medial meniscectomies in the human
cadaveric knee. Am J Sports Med. 2006;34(8):1334–44.

13. Papaioannou G, Nianios G, Mitrogiannis C, Fyhrie D, Tashman S, Yang KH.
Patient-specific knee joint finite element model validation with high-
accuracy kinematics from biplane dynamic roentgen stereogrammetric
analysis. J Biomech. 2008;41(12):2633–8.

14. Paulos L, France E, Rosenberg T, Jayaraman G, Abbott P, Jaen J. The
biomechanics of lateral knee bracing. Part I: response of the valgus
restraints to loading. Am J Sports Med. 1987;15(5):419–29.

15. Griffith C, LaPrade R, Johansen S, Armitage B, Wijdicks C, Engebretsen L.
Medial knee injury: part 1, static function of the individual components of
the main medial knee structures. Am J Sports Med. 2009;37(9):1762–70.

16. Thaunat M, Pioger C, Chatellard R, Conteduca J, Khaleel A, Sonnery-Cottet B.
The arcuate ligament revisited: role of the posterolateral structures in
providing static stability in the knee joint. Knee Surg Sports Traumatol
Arthrosc. 2014;22(9):2121–7.

17. Erickson A, Yasuda K, Beynnon B, Johnson R, Pope M. An in vitro dynamic
evaluation of prophylactic knee braces during lateral impact loading. Am J
Sports Med. 1993;21(1):26–35.

18. Balasubramanian S, Beillas P, Belwadi A, Hardy WN, Yang KH, King AI,
Masuda M. Below knee impact responses using cadaveric specimens. Stapp
Car Crash Journal. 2004;48:71–88.

19. Withrow TJ, Huston LJ, Wojtys EM, Ashton-Miller JA. The effect of an
impulsive knee valgus moment on in vitro relative ACL strain during a
simulated jump landing. Clin Biomech. 2006;21(9):977–83.

Rodriguez and Li BMC Musculoskeletal Disorders  (2017) 18:447 Page 9 of 10



20. Bylski-Austrow D, Ciarelli M, Kayner D, Matthews L, Goldstein S. Displacements
of the menisci under joint load: an in vitro study in human knees. J Biomech.
1994;27(4):421–31.

21. Krause W, Pope M, Johnson R, Wilder D. Mechanical changes in the knee after
meniscectomy. Journal of Bone and Joint Surgery Am. 1976;58(5):599–604.

22. Kurosawa H, Fukubayashi T, Nakajima H. Load-bearing mode of the knee
joint: physical behavior of the knee joint with or without menisci. Clin
Orthop Relat Res. 1980;149:283–90.

23. Chen M, Branch T, Hutton WI. It important to secure the horns during
lateral meniscal transplantation? A cadaveric study. Arthroscopy : the journal
of Arthroscopic & Related. Surgery. 1996;12(2):174–81.

24. Haut RC. Contact pressures in the patellofemoral joint during impact
loading on the human flexed knee. J Orthop Res. 1989;7(2):272–80.

25. Ahmed AM, Burke DL. In-vitro measurement of static pressure distribution
in synovial joints-part I: Tibial surface of the knee. J Biomech Eng.
1983;105(3):216–25.

26. Agneskirchner J, Hurschler C, Stukenborg-Colsman C, Imhoff A, Lobenhoffer
P. Effect of high tibial flexion osteotomy on cartilage pressure and joint
kinematics: a biomechanical study in human cadaveric knees. Arch Orthop
Trauma Surg. 2004;124(9):575–84.

27. Giffin J, Vogrin T, Zantop T, Woo S, Harner C. Effects of increasing tibial
slope on the biomechanics of the knee. Am J Sports Med. 2004;32(2):376–82.

28. Gregory MH, Capito N, Kuroki K, Stoker AM, Cook JL, Sherman SL. A review of
translational animal models for knee osteoarthritis. Arthritis. 2012;2012:764621.
https://doi.org/10.1155/2012 /764621.

29. Brill R, Wohlgemuth W, Hempfling H, Bohndorf K, Becker U, Welsch U,
Roemer F. Dynamic impact force and association with structural damage to
the knee joint: an ex-vivo study. Ann Anat. 2014;196(6):456–63.

30. Seo J, Li G, Shetty G, Kim J, Bae J, Jo M, Nha K. Effect of repair of radial tears
at the root of the posterior horn of the medial meniscus with the pullout
suture technique: a biomechanical study using porcine knees. Arthroscopy :
the journal of Arthroscopic & Related. Surgery. 2009;25(11):1281–7.

31. Proffen BL, McElfresh M, Fleming BC, Murray MMA. Comparative anatomical
study of the human knee and six animal species. Knee. 2012;19(4):493–9.

32. Eckstein F, Lemberger B, Gratzke C, Hudelmaier M, Glaser C, Englmeier KH,
Reiser M. In Vivo cartilage deformation after different types of activity and
its dependence on physical training status. Ann Rheum Dis. 2005;64(2):291–5.

33. Hosseini A, Van de Velde S, Kozanek M, Gill T, Grodzinsky A, Rubash H, Li G.
In-vivo time-dependent articular cartilage contact behavior of the tibiofemoral
joint. Osteoarthr Cartil. 2010;18(7):909–16.

34. Hosseini A, Van De Velde S, Gill TJ, Li G. Tibiofemoral cartilage contact
biomechanics in patients after reconstruction of a ruptured anterior cruciate
ligament. J Orthop Res. 2012;30(11):1781–8.

35. Halonen K, Mononen M, Jurvelin J, Töyräs J, Salo J, Korhonen R. Deformation of
articular cartilage during static loading of a knee joint - experimental and finite
element analysis. J Biomech. 2014;47(10):2467–74.

36. Lockwood K, Chu B, Anderson M, Haudenschild D, Christiansen B.
Comparison of loading rate-dependent injury modes in a murine model of
post-traumatic osteoarthritis. J Orthop Res. 2014;32(1):79–88.

37. Cheng S, Clarke E, Bilston L. The effects of preconditioning strain on
measured tissue properties. J Biomech. 2009;42(9):1360–2.

38. Yoo L, Kim H, Gupta V, Demer J. Quasilinear viscoelastic behavior of bovine
extraocular muscle tissue. Invest Ophthalmol Vis Sci. 2009;50(8):3721–8.

39. Park S, Ateshian GA. Dynamic response of immature bovine articular
cartilage in tension and compression, and nonlinear viscoelastic modeling
of the tensile response. J Biomech Eng. 2006;128(4):623–30.

40. Li LP, Herzog W. Strain-rate dependence of cartilage stiffness in unconfined
compression: the role of fibril reinforcement versus tissue volume change in
fluid pressurization. J Biomech. 2004;37(3):375–82.

41. Park S, Hung CT, Ateshian GA. Mechanical response of bovine articular
cartilage under dynamic unconfined compression loading at physiological
stress levels. Osteoarthr Cartil. 2004;12:65–73.

42. Kaplan JT, Neu CP, Drissi H, Emery NC, Pierce DM. Cyclic loading of human
articular cartilage: the transition from compaction to fatigue. J Mech Behav
Biomed Mater. 2017;65:734–42.

43. Li LP, Korhonen RK, Iivarinen J, Jurvelin JS, Herzog W. Fluid pressure driven
fibril reinforcement in creep and relaxation tests of articular cartilage. Med
Eng Phys. 2008;30(2):182–9.

44. Gu KB, Li LP. A human knee joint model considering fluid pressure and fiber
orientation in cartilages and menisci. Med Eng Phys. 2011;33(4):497–503.

45. Race A, Broom ND, Robertson P. Effect of loading rate and hydration on the
mechanical properties of the disc. Spine. 2000;25(6):662–9.

46. Párraga Quiroga JM, Wilson W, Ito K, van Donkelaar CC. Relative contribution of
articular cartilage’s constitutive components to load support depending on
strain rate. Biomech Model Mechanobiol. 2017;16(1):151–8.

47. Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and stress
relaxation of articular cartilage in compression: theory and experiments. J
Biomech Eng. 1980;102(1):73–84.

48. Oloyede A, Broom N. Stress-sharing between the fluid and solid components
of articular cartilage under varying rates of compression. Connect Tissue Res.
1993;30(2):127–41.

49. Fithian DC, Kelly MA, Mow VC. Material properties and structure-function
relationships in the menisci. Clin Orthop Relat Res. 1990;252:19–31.

50. McDermott ID, Masouros SD, Amis AA. Biomechanics of the menisci of the
knee. Curr Orthop. 2008;22(3):193–201.

51. Andrews S, Shrive N, Ronsky J. The shocking truth about meniscus. J
Biomech. 2011;44:2737–40.

52. Walker PS, Erkman MJ. The role of the menisci in force transmission across
the knee. Clin Orthop Relat Res. 1975;109:184–92.

53. Shrive NG, O'Connor JJ, Goodfellow JW. Load-bearing in the knee joint. Clin
Orthop Relat Res. 1978;131:279–87.

54. Kazemi M, Li LP, Savard P, Buschmann MD. Creep behavior of the intact and
meniscectomy knee joints. J Mech Behav Biomed Mater. 2011;4(7):1351–8.

55. Kazemi M, Li LP, Buschmann MD, Savard P. Partial meniscectomy changes
fluid pressurization in articular cartilage in human knees. J Biomech Eng.
2012;134(2):021001.

56. Li LP, Buschmann MD, Shirazi-Adl A. The asymmetry of transient response in
compression versus release for cartilage in unconfined compression. ASME.
J Biomech Eng. 2001;123(5):519–22.

57. Li LP, Gu KB. Reconsideration of the use of elastic models to predict the
instantaneous load response of the knee joint. Proc Inst Mech Eng H J Eng
Med. 2011;225(9):888–96.

•  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

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Rodriguez and Li BMC Musculoskeletal Disorders  (2017) 18:447 Page 10 of 10

http://dx.doi.org/10.1155/2012 /764621

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	References

