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The mechanical properties 
of tibiofemoral and patellofemoral 
articular cartilage in compression 
depend on anatomical regions
Heng Li1, Jinming Li1, Shengbo Yu2, Chengwei Wu1 & Wei Zhang1* 

Articular cartilage in knee joint can be anatomically divided into different regions: medial and 
lateral condyles of femur; patellar groove of femur; medial and lateral plateaus of tibia covered or 
uncovered by meniscus. The stress–strain curves of cartilage in uniaxially unconfined compression 
demonstrate strain rate dependency and exhibit distinct topographical variation among these seven 
regions. The femoral cartilage is stiffer than the tibial cartilage, and the cartilage in femoral groove is 
stiffest in the knee joint. Compared with the uncovered area, the area covered with meniscus shows 
the stiffer properties. To investigate the origin of differences in macroscopic mechanical properties, 
histological analysis of cartilage in seven regions are conducted. The differences are discussed in terms 
of the cartilage structure, composition content and distribution. Furthermore, the commonly used 
constitutive models for biological tissues, namely Fung, Ogden and Gent models, are employed to 
fit the experimental data, and Fung and Ogden models are found to be qualified in representing the 
stiffening effect of strain rate.

Cartilage is an essential part of the tibiofemoral and patellofemoral joints and provides a shock-resistant, cushion-
ing, and friction-reducing surface for the two  joints1. According to functional differences and anatomy definition, 
the cartilage of the two joints can be classified into seven regions: medial condyle of femur (FMI); lateral condyle 
of femur (FLI); patellar groove of femur (FPI); medial plateaus of tibia covered by meniscus (TMI-M); medial 
plateaus of tibia uncovered by meniscus (TMI); lateral plateaus of tibia covered by meniscus (TLI-M); lateral 
plateaus of tibia uncovered by meniscus (TLI).

To obtain a better understanding of the mechanical nature of cartilage in different regions, great efforts 
have been given. Jurvelin et al. observed the distinct variations in elastic properties of canine femoral and tibial 
cartilage (FMI, FLI, FPI, TMI and TLI) and showed the stiffest cartilage is FPI and the softest one is  TLI2. But 
in another paper, the authors reported that the softest cartilage is  TMI3. Both Thambyah et al.4 and Setton et al.5 
suggested the presence of meniscus results in a stiffer underneath cartilage in contrast to the absence of meniscus 
(TMI-M vs. TMI, TLI-M vs. TLI). Clearly, discrepancies exist, which may be ascribed to the differences in animal 
species, experimental methods and calculation  methods6,7. As such, the region-dependent mechanical behavior 
of cartilage in knee joint has not be fully established so far.

Here, the mechanical properties of tibiofemoral and patellofemoral articular cartilages are discussed in terms 
of both region dependence (namely FMI, FLI, FPI, TMI-M, TMI, TLI-M, TLI) and strain rate dependence. In 
addition, based on the histological analyses, the relationship between the macro mechanical properties, biological 
structures and physiological function of different regions of cartilage have been discussed. Based on experimen-
tal data, the mechanical constitutive models of cartilage are also proposed, which could provide reference for 
numerical simulation to predict the cartilage damage and assessing cartilage replacement materials.

Materials and methods
Specimen preparation. Beagle dogs were used as experimental animals provided by Dalian Medical Uni-
versity (age: 3 years old, weight: 8–10 kg, raised in Experimental Animal Center of Dalian Medical University). 
After euthanasia, the hind limbs with all skin and connected tissue intact were packed in double plastic bags 
and frozen at − 20 °C. Prior to sample preparation, the intact joints were thawed at room temperature for 12  h8,9. 
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After removing the surrounding muscle, the femur, tibia and patella were separated and immersed in physi-
ological saline (0.9 wt.% sodium chloride aqueous solution) to prevent dehydration. The cylindrical cartilage 
disks with the diameter of 4 mm were cut with biopsy punch and scalpel from seven regions, i.e. FMI, FLI, FPI, 
TMI-M, TMI, TLI-M, TLI, as shown in Fig. 1a, b. Figure 1c gives the photo of one cartilage specimen. All the 
procedures were approved by the Bioethics Committee of Dalian University of Technology and performed in 
accordance with relevant guidelines and regulations. The animal study was carried out in compliance with the 
ARRIVE guidelines.

Uniaxially unconfined compression test. Since the native cartilage is predominantly subjected to 
 compression10, the uniaxially unconfined compression tests were performed on MTS Universal Testing Machine 
(MTS Criterion Model 43, MTS Systems Corp, USA). Total 12 knee joints from 12 dogs were used for the 
mechanical tests. The knee joints are randomly allocated to three groups for the strain rate of 3%/min, 30%/min, 
and 300%/min (n = 4 in each strain rate). From each joint, one sample was taken from each defined region with-
out calcified cartilage and subchondral bone. The prepared cartilage samples were compressed to 0.6 strain along 
the axial direction (normal to the articular surface). The original thickness measurement and preloading were 
referred to the method of Williams et al.11. The thickness of cartilage was measured: FMI: 0.78 ± 0.13 mm, FLI: 
0.47 ± 0.11 mm, FPI: 0.49 ± 0.14 mm, TMI-M: 0.68 ± 0.14 mm, TLI-M: 0.67 ± 0.18 mm, TMI: 1.10 ± 0.19 mm, 
TLI: 1.01 ± 0.20 mm (n = 12). The 0.2 N preload was applied to make the sample tightly contact with the upper 
and lower platens to approximate the plane compression. Prior to testing, the top and bottom platforms were 
lubricated with physiological saline to reduce friction between the contact surfaces. Only one test was executed 
on each sample.

Histological analysis. The specimens from different regions were fixed in 10% buffered formalin overnight 
and then embedded in paraffin. The sections were cut into slices with the thickness of 5 µm using a microtome 
(RM2235, Leica, Germany) and deparaffinized for staining. Sections from each region were stained with Hema-
toxylin and Eosin (H&E), Safranin O-fast green, Toluidine blue and Sirius red respectively. The slices were 
observed under a microscope (IX83, Olympus, Japan) to investigate the differences in physiological structure 
and composition.

Quantitative biochemical assays. Collagen and proteoglycans (PGs) are the major components of car-
tilage matrix. PGs are produced and modified by glycosaminoglycan (GAG) chains in the secretory pathway of 
animal  cells12, thus the content of GAG was determined to reflect the content of PGs. GAG contents were deter-
mined using a dimethylmethylene blue (DMMB) assay. The cartilage tissue isolated from different regions were 
digested with papain solution (0.25 mg/mL in 0.2 mol/L sodium bicarbonate, 0.01 mol/L EDTA, and 5 mmol/L 
L-cysteine at 60 °C overnight, Solarbio, China). The digest solution was used with Blyscan GAG Assay (Biocolor, 
UK), and the absorbance was read at 656 nm. Quantification of collagen was based on the hydroxyproline con-
tent of the  samples13. Cartilage samples were hydrolyzed by 6 mol/L HCl at 100 °C for 5 h. The hydroxyproline 
content was determined by the hydroxyproline assay kit (Nanjing Jiancheng Bioengineering Institute, China), 
and the absorbance was recorded at 550 nm. These biochemical quantification tests were repeated three times.

Constitutive model fitting. Assuming articular cartilage as an isotropic incompressible material, three 
widely used isotropic hyperelastic constitutive models were tested to characterize cartilage behavior, i.e. the 
Fung, Gent and Ogden  model14. According to the study about similar biological  tissue15,16, the engineering stress 
among the compression direction σ1 can be calculated using the following equations.

1. In Fung  model17

2. In Gent  model18
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Figure 1.  The cartilage samples for unconfined compression tests. The test regions in femur (a) and tibia (b). 
(c) The photo of cartilage disk samples.
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3. In Ogden  model19

where the stretch ratio λ is calculated from the engineering strain ε using equation: λ = 1 + ε. In these equa-
tions, µ0 and b, Jm , α are constant coefficients obtained in experimental curve fitting, µ0 is the initial shear 
modulus and b, Jm , α are the stiffening parameters. The hyperelastic constitutive fitting of Fung, Gent and 
Ogden models was performed using MATLAB R2014a for the mean stress–strain curves at strain rate 3%/
min, 30%/min and 300%/min.

The accuracy of curve fitting was evaluated using nMSE (normalized mean square error), which represented 
the overall deviations between the experimental data and fitted data. The lower nMSE value signifies the better 
fitting of model. nMSE was determined as the equation:

where ŷ is the stress of fitted curves, and y is the stress of experimental data.

Statistical analysis. All the experimental data were expressed as mean ± SD. The statistical analysis was 
used one-way ANOVA analysis in SPSS (SPSS software 20.0) to determine the significant difference between 
groups.

Results
Uniaxially unconfined compression. Effect of strain rate on compressive properties. The engineering 
stress–strain curves of articular cartilage in compression at strain rate of 3%, 30% and 300%/min are shown 
in Figs.  2, 3, 4 respectively, and the corresponding insets give the mean of four repetitions with error bars 
(mean ± SD). As shown in Figs. 2, 3, 4, these curves of cartilage in all regions show typical concave nonlinear 
characteristics, indicating the viscoelastic property of cartilage. At small strain, the compressive stress increases 
gently, but with increasing strain, the level of increase in stress gradually accelerates. The compressive moduli of 
cartilage at different regions at strain rate of 3%, 30% and 300%/min are presented in Table 1. The compressive 
modulus at each strain is defined here as the tangent of the stress–strain curves. In the initial strain range (0–0.2 
strain), the compressive modulus is small and the increase amplitude is also slight. As the test continues, the 
compressive modulus substantially increases.

Figures 2, 3 and 4 also shows the stress–strain curves under different loading rates exhibit the strain rate 
dependent behavior. Upon the same loads, the deformation of cartilage decreases with the increase of strain 
rate. Taking FMI as an example, when loaded to 1 MPa, the strain reaches 0.56 at 3%/min strain rate and 0.47 at 
30%/min strain rate, while the strain only reaches 0.28 at the strain rate of 300%/min. This trend is true for all 
the regions of cartilage, the compressive modulus increases with strain rate, presenting a "stiffening" appearance.

Effect of cartilage regions on compressive properties. As shown in Figs. 2, 3, 4 and Table 1, the regional varia-
tion of mechanical properties is apparent. Firstly, the differences of compressive properties can be observed in 
the femoral and tibial cartilage. There is a relatively higher deformation in the tibial cartilage than the femoral 
cartilage at the same loading. Moreover, the same trend is observed in the compressive moduli shown in Table 1. 
In general, the femoral cartilage has a higher stiffness than the tibial cartilage. For the femoral cartilage, there is 
no considerable difference in the compressive properties between the medial and lateral femoral condyles (FMI 
and FLI). Yet, the stiffest cartilage is found in patellar groove of the femur (FPI).

For tibial cartilage, it is essential to consider the effect of  meniscus20. Hence, the tibial cartilage is divided into 
four regions depending on the absence/presence of meniscus. As seen in Table 1, the compressive modulus at 
0.1 strain is 0.81 ± 0.56 MPa for TMI-M while 0.48 ± 0.14 MPa for TMI when strain rate is 300%/min, suggesting 
the cartilages of tibial plateau covered by the meniscus (TMI-M and TLI-M) are stiffer compared with that not 
covered by the meniscus (TMI and TLI).

Biochemical analysis. The histological staining is conducted to characterize the structures and composi-
tions, and the results are given in Figs. 5 and 6. H&E staining indicates, the surface of cartilage is smooth and 
has the hierarchical structure. Histological sections stained with Safranin O-fast green could dye PGs red and 
the chondrocyte nuclei green. The rounded chondrocytes can be observed and the four-layer structure is more 
distinct, which is in agreement with H&E staining.

Toluidine blue staining is used to detect the distribution and content of PGs in cartilage matrix showing as 
blue-purple. It can be observed that the superficial layer is slightly stained, and the middle and deep layers are 
deeper staining, demonstrating the hierarchical structure of cartilage. This phenomenon is visible in all the seven 
cartilage regions. Although previous studies have shown that the content of PGs in tibial cartilage is higher than 
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in femoral  cartilage21, uneven staining and local loss of staining are observed in Fig. 6, indicating the higher 
content but inhomogeneous distribution of PGs in tibial cartilage.

Figure 2.  (a–g) Stress–strain curves of cartilage in predetermined regions at strain rate 3%/min. Inset: mean 
of four repetitions with error bar (± SD). (h) The comparison of mean stress–strain curves for seven regions at 
strain rate 3%/min.
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The collagen is examined by Sirius red staining, in which collagen fibers are stained red and the nuclei of 
chondrocytes are yellow. The collagen content varies with cartilage depth, being highest in the surface zone and 
decreasing in the middle and deep zones, which is contrary to variation of PGs content. All regions of articular 

Figure 3.  (a–g) Stress–strain curves of cartilage in predetermined regions at strain rate 30%/min. Inset: mean 
of four repetitions with error bar (± SD). (h) The comparison of mean stress–strain curves for seven regions at 
strain rate 30%/min.
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cartilage are positive for Sirius red staining. Among all regions, patellar groove of femur and femoral condyles 
which are subjected to high shear stress in physiological activities, are deeper stained and show the higher 

Figure 4.  (a–g) Stress–strain curves of cartilage in predetermined regions at strain rate 300%/min. Inset: mean 
of four repetitions with error bar (± SD). (h) The comparison of mean stress–strain curves for seven regions at 
strain rate 300%/min.
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Table 1.  Compressive modulus (MPa, mean ± SD) at strain rate 3%/min, 30%/min and 300%/min. Significant 
different between different cartilage regions: *p < 0.05, **p < 0.01, ***p < 0.001.

Strain rate Strain

Femur Tibia

FMI FLI FPI TMI-M TLI-M TMI TLI

3%/min

0.1 0.20 ± 0.07 0.14 ± 0.08 0.34 ± 0.26 0.12 ± 0.03 0.17 ± 0.13 0.14 ± 0.06 0.10 ± 0.03

0.2 0.71 ± 0.13 0.35 ± 0.01 0.73 ± 0.69 0.43 ± 0.16 0.33 ± 0.26 0.26 ± 0.05 0.40 ± 0.16

0.3 1.40 ± 0.26 0.71 ± 0.14 1.48 ± 0.93 0.93 ± 0.48 0.74 ± 0.32 0.43 ± 0.05 0.81 ± 0.36

0.4 2.57 ± 0.50 1.34 ± 0.34 2.79 ± 1.28 1.95 ± 0.90 1.91 ± 0.88 0.89 ± 0.12 1.48 ± 0.62

0.5* 4.53 ± 0.90 2.35 ± 0.56 4.98 ± 1.90 3.83 ± 1.36 4.43 ± 2.37 1.72 ± 0.38 2.56 ± 0.91

0.6 7.59 ± 1.55 3.84 ± 0.81 8.35 ± 3.13 6.91 ± 1.97 8.90 ± 5.44 3.26 ± 0.91 4.20 ± 1.19

30%/min

0.1** 0.31 ± 0.07 0.36 ± 0.13 0.32 ± 0.06 0.24 ± 0.03 0.22 ± 0.12 0.10 ± 0.09 0.10 ± 0.02

0.2** 0.94 ± 0.18 1.14 ± 0.40 1.18 ± 0.50 0.62 ± 0.08 1.30 ± 0.48 0.13 ± 0.11 0.24 ± 0.06

0.3*** 2.24 ± 0.44 2.60 ± 0.78 2.86 ± 0.86 1.48 ± 0.15 2.44 ± 0.16 0.33 ± 0.25 0.58 ± 0.16

0.4*** 5.08 ± 0.62 5.33 ± 1.34 6.65 ± 1.66 3.43 ± 0.45 4.77 ± 0.64 0.87 ± 0.56 1.62 ± 0.45

0.5*** 10.31 ± 0.62 9.92 ± 2.25 13.85 ± 4.52 7.04 ± 1.08 9.40 ± 1.61 2.51 ± 1.05 3.86 ± 1.02

0.6** 18.81 ± 1.06 16.97 ± 3.72 25.75 ± 10.21 12.92 ± 2.15 16.72 ± 4.45 5.88 ± 2.13 7.84 ± 2.06

300%/min

0.1 1.28 ± 0.61 2.11 ± 0.65 2.46 ± 0.68 0.81 ± 0.56 1.24 ± 0.17 0.48 ± 0.14 0.95 ± 0.32

0.2** 4.61 ± 1.79 5.76 ± 1.57 8.23 ± 3.89 1.96 ± 1.18 4.12 ± 1.16 1.04 ± 0.25 3.97 ± 1.97

0.3*** 12.79 ± 3.11 12.24 ± 2.59 19.85 ± 8.42 4.62 ± 1.55 10.57 ± 2.26 2.12 ± 0.33 9.79 ± 3.19

0.4*** 23.82 ± 4.33 22.89 ± 3.42 37.75 ± 11.85 10.31 ± 2.16 20.95 ± 2.74 3.79 ± 0.86 16.79 ± 4.02

0.5*** 35.68 ± 3.51 39.07 ± 4.52 62.35 ± 13.04 20.55 ± 4.50 35.61 ± 3.85 6.16 ± 1.21 23.37 ± 5.15

0.6*** 51.47 ± 2.60 62.13 ± 7.85 94.05 ± 17.46 36.87 ± 10.35 54.93 ± 10.05 9.33 ± 1.79 27.90 ± 8.01

Figure 5.  Histological analysis of specific regions in femoral cartilage using H&E, Safranin O-fast green, 
Toluidine blue and Sirius red staining. Scale bar: 100 μm.
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collagen content than the tibial plateaus preferentially subjected to compressive  load22. Furthermore, large area 
is negative stained in the middle and deep layers of TMI and TLI, implying the lower collagen content.

To further investigate the biochemical components of cartilage in different regions, the GAG and hydroxypro-
line contents in samples are examined to reflect the contents of PGs and collagen, respectively. The normalized 
results (taking FMI as the standard) are shown in Fig. 7, and the original data are presented in Table S1 (see 
Supplementary Materials). Figure 7 indicates that the content of PGs in tibial cartilage is higher than in femoral 
cartilage. For collagen, it can be seen that in the seven regions investigated, the cartilage on the FPI shows the 
highest collagen content, and TLI shows the lowest collagen content, which agrees well with the histological 
analyses.

Constitutive model fitting. The hyperelastic constitutive fittings of Fung, Gent and Ogden models are 
performed for the mean stress–strain curves at strain rate 3%/min, 30%/min and 300%/min. The fitting results 

Figure 6.  Histological analysis of specific regions in tibial cartilage using H&E, Safranin O-fast green, Toluidine 
blue and Sirius red staining. Scale bar: 100 μm.

Figure 7.  The normalized content of cartilage components in predefined regions (n = 3, p = 0.032 for collagen, 
p = 0.010 for GAG).
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are shown in Fig. S1–3 (see Supplementary Materials). At different strain rates, the fitting curves of the three 
models at different regions of articular cartilage are well fitted with the experimental data. The material param-
eters and nMSE values of the three models are listed in Table 2. It is clear that for three models, the overall devia-
tions between fitted and tested data are all lower than 0.03, indicating the good fitting. It can be seen from these 
fitting parameters that the initial shear modulus µ0 of three models increases monotonically with the strain rate 
increasing. Furthermore, the stiffening parameters b in Fung model and α in Ogden model also show a mono-
tonically increasing trend with the strain rate, while the stiffening parameter Jm in Gent model decreases first 
and then increases.

Discussion
Cartilage is a biphasic material composed of a mass of interstitial fluid and the solid matrix, it usually exhibits 
a typical viscoelastic behavior when subjected to mechanical loading. The quasi-static unconfined compression 
tests were conducted and discussed in this study. With the initial compression loading, the interstitial fluid in 
cartilage matrix flows out relatively quickly, and the compressed cartilages are prone to deform, showing the 
gentle increasing of compressive stress and modulus. With the increasing loading, the resistance of fluid flow 
increases. The fluid pressure in the matrix maintained by the PGs and collagen network increases and enhancing 
the ability to bear external loading, so the cartilage presents a stiffer  characteristic23,24.

The strain rate dependence is also ascribed to the biphasic structure of cartilage. As mentioned above, the 
deformation of cartilage is mainly due to the outflow of interstitial fluid. At high strain rates, the fluid has little 
time to dissipate and the resistance of fluid flow increases, generating a higher hydrostatic pressure to resist 
compression  loads21,25. At this point, cartilage tends to show stronger resistance to pressure.

As stated, the mechanical properties of the cartilage in tibiofemoral joint and patellofemoral joint show dis-
tinct regional variation, which may be relevant to the physiology locomotion of knee joint and the load transmit-
ting among joint surfaces. The stiffest cartilage is found in FPI, where is regarded as the frequent contacting area 
in knee joint. Under physiological loading, contact stresses for the femoral groove are larger than that for the 
femoral  condyle4. It can be understood that the higher compressive stiffness for FPI could reflect the physiological 
requirement. For tibial cartilage, compression test results indicate that TMI-M and TLI-M are stiffer than TMI 
and TLI. This can be explained by the difference in the physiological loading environment. The tibial cartilage not 
covered by meniscus directly bears loads, and the soft but thick cartilage (TMI and TLI) provides a large contact 
area during loading, improving the shock absorption ability and protecting cartilage and bone from excessive 
loads. For the tibial cartilage covered by meniscus, the loads transmit through meniscus to the cartilage and the 
meniscus can dissipate stress and absorb shock, resulting in the stiff but thin cartilage (TMI-M and TLI-M).

The properties of biological tissue appear to be conditioned to the functional requirement in physiological 
activities, and its composition and structure determine the macroscopic mechanical properties. Through histo-
logical staining and quantitative biochemical assay, the cartilage structure, composition content and distribution 

Table 2.  Material parameters for cartilage obtained by fitting the models to experimental data. *The unit of µ0 
is MPa.

Strain rate  (min−1)

Fung Gent Odgen

µ0 b nMSE µ0 Jm nMSE µ0(e−2) α nMSE

FMI

3% 0.13 2.62 0.004 0.24 1.01 0.020 3.82 12.56 0.005

30% 0.25 2.69 0.007 0.43 0.97 0.025 6.66 12.91 0.000

300% 1.01 2.87 0.010 2.17 1.05 0.026 25.01 13.24 0.016

FLI

3% 0.08 2.52 0.003 0.13 1.02 0.017 3.61 10.84 0.000

30% 0.27 2.65 0.005 0.47 0.99 0.023 9.66 11.94 0.001

300% 1.10 2.77 0.005 2.19 1.02 0.019 26.95 13.17 0.010

FPI

3% 0.15 2.64 0.004 0.26 1.01 0.019 6.66 11.21 0.001

30% 0.30 2.75 0.006 0.55 0.96 0.030 7.71 13.26 0.000

300% 1.88 2.91 0.009 4.05 1.01 0.031 37.46 14.07 0.013

TMI-M

3% 0.08 3.03 0.003 0.17 0.98 0.022 3.14 12.36 0.000

30% 0.13 3.11 0.004 0.30 0.98 0.025 4.60 12.87 0.000

300% 0.41 3.14 0.003 0.97 0.98 0.021 12.81 13.29 0.002

TLI-M

3% 0.08 3.07 0.006 0.16 0.94 0.026 3.53 12.07 0.007

30% 0.17 3.15 0.005 0.41 0.99 0.026 7.32 12.35 0.001

300% 0.70 3.20 0.011 1.87 1.01 0.024 25.94 12.91 0.006

TMI

3% 0.05 2.60 0.001 0.09 1.01 0.010 2.19 11.54 0.009

30% 0.05 2.72 0.020 0.08 0.94 0.022 2.27 11.81 0.029

300% 0.18 2.81 0.009 0.40 1.06 0.014 6.99 11.97 0.009

TLI

3% 0.08 2.65 0.004 0.14 1.02 0.020 3.62 11.08 0.001

30% 0.09 2.66 0.018 0.13 0.94 0.027 3.91 11.29 0.018

300% 0.75 2.71 0.015 1.63 1.08 0.025 31.08 11.64 0.012
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have been examined. The biological differences in different cartilage regions and the relationship with mechanical 
performances will be discussed.

When articular cartilage is compressed, collagen-proteoglycans matrix and interstitial fluid interact in a 
unique manner to resist  stress26. Collagen network provides superior tensile property and restricts the expansion 
of PGs to control the instant shape change. In addition, PGs carry the negative charges, and due to the charge 
repulsion effect, the osmotic expansion pressure is formed. When the cartilage is stressed, the flow of interstitial 
fluid causes the increase of the osmotic expansion pressure to against external  stress21,27. As discussed above, the 
tibia cartilage is rich in PGs but relatively poor in collagen network. In TMI, the separation of PGs is observed, 
and the collagen content is low and the fibers are apart from the PGs. It is difficult for the collagen network to 
provide resistance against the deformation of cartilage matrix while loaded and maintain a stable osmotic pres-
sure to resist the applied stress, which makes TMI the softest region in the cartilage of whole joint. Likewise, 
the lateral condyle of tibial cartilage has the similar properties. On the contrary, FPI has a high concentration 
of collagen, the fiber bundles are closely arranged, and no single fiber can be observed. Meanwhile, toluidine 
blue staining shows that the PGs are evenly distributed. Based on this composition and structure analyses, it is 
reasonable to postulate that the tightly aggregated collagen networks restrict the deformation of the PGs, while 
the entrapped PGs provide resistance against the movement of the collagen network by intermolecular frictional 
and steric exclusion effects. This mechanism contributes to the liquid pressurization in cartilage matrix, which 
is the main cause of the high compression stiffness in FPI.

The Fung, Gent and Ogden models are generally accepted for describing the mechanical behavior of articu-
lar  cartilage28,29, thus these models are used to fit our curves with the attempt to give the constitutive model of 
articular cartilage at quasi-static compression. As the fitting results shown in Table 2, the nonlinear behavior was 
modeled well by Fung, Gent and Ogden hyperelastic models. Considering the stiffening effect of the viscoelastic 
biological tissues incurred by strain rate, the stiffening parameters should show a monotonically increase with 
strain  rates15,30. Therefore, the Fung and Ogden models seem more qualified to represent the mechanical behavior 
of cartilage during compression. The nonlinear, region dependent, and strain rate dependent mechanical behavior 
can all be modeled well by Fung and Ogden hyperelastic models, which could provide reference for numerical 
simulation to predict the cartilage damage and assessing cartilage replacement materials.

There are some limitations in this study. (1) Due to the curved morphology of cartilage, though the preload 
is applied, it is hard to obtain the completely flat samples, which may result in the experimental errors. (2) The 
tangent modulus can reflect the elastic properties of cartilage, but it cannot represent the overall mechanical per-
formance due to the viscoelastic property of cartilage. (3) Compared with hyperelastic model, the biphasic models 
may reflect the mechanical characteristics of cartilage  thoroughly31–33. Thus, the relaxation or creep experiments 
need to be performed to determine the relative viscoelastic parameters and propose the biphasic model.

Conclusion
In this study, the mechanical and biological properties of tibiofemoral and patellofemoral articular cartilages 
are investigated using unconfined compression test and histological sections. (1) The stress–strain behavior of 
cartilage in unconfined compression shows a typical non-linear trend, and the mechanical property depends 
on the compression loading rate. The compressive modulus increases with the increase of strain and also strain 
rate. (2) The cartilage exhibits region dependence. The femoral cartilage is stiffer than the tibial cartilage, and 
the cartilage in femoral groove (FPI) is stiffest in the knee joint. This may be ascribed to the liquid pressurization 
in cartilage matrix triggered by the tightly aggregated collagen networks and the entrapped PGs resulting the 
higher stiffness. The cartilages of tibial plateau covered by the meniscus (TMI-M and TLI-M) are stiffer com-
pared with that not covered by the meniscus (TMI and TLI). The reason might be the lowest content of collagen 
and the separation of PGs in TMI and TLI hardly providing resistance against the deformation of cartilage and 
maintaining a stable osmotic pressure to resist loads. (3) The Fung’s and Ogden’s models could represent the 
stiffening effect incurred by the increase of strain rate during compression.
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