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Abstract
 In order to incorporate the knee capsule in biomechanical knee models, data 
is needed of its mechanical properties. In this study we quantified the mechanical 
properties of the posterior human knee capsule through tensile testing. 

 Fifteen specimens, dissected from five right knee donors (3 male, 2 female; aged 
79.2±7.9 years) were used to perform tensile tests. From each capsule, 3 specimens with 
a 5 mm width were cut, resulting in a medial, central and lateral specimen. The cross-
sectional area (CSA) was measured from alginate mould slices (±2.50 mm thickness). 
The mould was also used to reconstruct the 3D geometry of each specimen. Semi-
static tensile testing was performed under displacement control at 1 mm increments. 
Each displacement increment was held for 10 seconds before proceeding to the next 
increment until a final displacement of 25 mm was reached. The stress-strain curve was 
calculated to quantify the material properties. 

 The specimens displayed classical mechanical soft tissue behavior. The Young’s 
modulus of the capsule was randomly distributed over the (medial-central-lateral) 
locations. The Young’s moduli at the global and at the local (rupture) region were 
8.58±10.77 MPa and 4.58±4.33 MPa, respectively. In addition, the average global yield 
strength was 1.75±1.89 MPa and the average yield strength in the ruptured region 
was 1.16±0.71 MPa. A strong correlation (ρ=0.900) was found between global Young’s 
modulus and yield strength. Tissue relaxation during the 10 second pauses between 
loading increments caused a considerable force drop.

 The results of the current study suggest that the posterior capsule of the knee 
does not have a systematic (medial-central-lateral) distribution of material properties. 
Furthermore, the location of failure was not associated with the smallest CSA or 
the highest strain. The alginate molding technique in combination with the stress 
strain curves allows for development of a 3D model of the specimen, which can be 
implemented in finite element analyses. 

 If these results are transferred to a whole posterior capsule it can be estimated 
that the forces produced in the capsule are beyond 0.5 times body weight when a hyper 
extension of 10 degrees is occurring. This amount is substantial because forces during 
normal walking are in the order of 2 BW. Hence, the posterior capsule has important 
implications for the biomechanics of the knee joint and should be included in models 
which assess stability and contact forces in the knee, particularly when the knee is in 
extension. 

Keywords:

Cross sectional area, material properties, posterior knee capsule, three-dimensional 
knee model, tensile test. 
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1. Introduction
 Currently, there is considerable interest to develop accurate subject-specific 
biomechanical models of the knee.  By making these models subject-specific, the large 
inter-subject variability can be eliminated (Gardiner and Weiss, 2003; Papaioannou et 
al., 2008). Such models previously have been used to analyze the effects of various 
types of surgical interventions [Cohen et al., 2003; Shelburne et al., 2003; Halloran 
et al., 2005; Peña et al., 2006; Peña et al., 2006; Perillo-Marcone and Taylor, 2007]. 
Most of the models are based on finite element analysis, which has proven to be an 
excellent instrument for providing insight into the influence of mechanical properties of 
biological tissues on the joint performance [Limbert et al., 2004]. However, the reliability 
of these models strongly depends on an appropriate geometrical reconstruction, and 
an accurate mechanical description and implementation of the behavior of the various 
tissues.

 Most of the existing models currently do not include a representation of the knee 
capsule. However, the joint capsule of the knee provides for a considerable stability by 
limiting joint movement (Ralphs and Benjamin, 1994). Specifically the human posterior 
knee capsule, which has a variable thickness and a complex structure (Wymenga et al., 
2006), has important mechanical implications for the human knee, particularly in the 
range of full knee extension (Moeizadeh and Engin, 1983). 

 In order to incorporate the posterior capsule in 3D knee models, data is needed 
on its mechanical properties. To our knowledge, there is no data available on the 
mechanical properties of the posterior knee capsule. Some authors assume that the 
material properties of the posterior knee capsule are the same as the skin material 
properties (Soni et al., 2006) and it has been modeled as four fibers of nonlinear elastic 
line element (Shin et al., 2007). As with most biological soft tissues, the viscoelastic 
behavior of the posterior capsule is also important to consider during the tests as 
shown by previous studies about patellar tendons (Johnson et al., 1994) and ligaments 
(Kwan et al., 1993; Bonifasi-Lista et al., 2005).

 The purpose of this study was to quantify the mechanical properties of the human 
posterior knee capsule through semi-static tensile tests. We performed tensile tests 
on specimens of the posterior capsule that had a variable cross sectional area. By 
performing these tests, the stress-strain curves from three different locations within 
the human posterior knee capsule were quantified.

2. Material and Methods
 To develop the 3D geometrical model and to evaluate the mechanical properties 
of the posterior knee capsule, this study utilized five right knees (knee A through E) 
from five cadavers, which had an average age of 79 years (3 males, 2 females; mean age 
79.20±7.92 years, range: 69-89 years). The capsules were dissected from the knees by 
an orthopedic surgeon to obtain a large flap of the posterior knee capsule. The capsules 
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were then placed on a flat surface, photographed with a millimeter scale to know the 
approximate size of the capsules, hydrated with saline spray and wrapped in a plastic 
bag after which they were stored in the freezer. 

2.1. Molding procedure
 From each capsule in frozen condition, three specimens with a 5 mm width were 
cut by a special blade, resulting in a medial, central and lateral specimen (Figure 1). The 
specimens were then defrosted and placed in the refrigerator. Due to the irregular shape 
of the knee capsule specimens, we performed a molding procedure to determine the 3D 
geometry of each specimen, using an alginate powder (Goodship  and and Birch, 2005). 

Figure 1. Three specimens of the posterior knee capsule (medial-central-lateral), 
which were cut at a 5mm width in frozen condition.

Figure 2. (a) A PMMA (Polymethyl methacrylate) molding frame which was equipped with three metal rods 
with a 1 mm diameter. The distance between the rods was 10 mm horizontally and 9 mm vertically. 
(b) A 2-D picture of the alginate, consisting of three small holes originating from the three metal 
rods, and one bigger hole created by the knee caspsule surface; 

  (c) A 3D reconstruction of knee capsule specimen.

 The defrosted specimen was placed in a in-house developed mould (Figure 2a), 
after which the alginate paste was added to fill the mould and completely embed the 
specimen. After hardening of the alginate, a slit was carefully cut along the mould, and 
the specimen was gently removed and put back in the refrigerator. 
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Figure 3. (a) Knee capsule specimen at the initial position in the clamping system. Dot markers were applied 
on the specimen and the edges of both grips, which were equipped with a millimeter scale.  

  (b) Clamping system design with a special slot to hold the specimen properly. 
  (c) Nodes describing the locations for the global and local strain response.

 The alginate structure was then cut transversally into slices with a 2.5 mm 
thickness. All slices were digitized and used to calculate the cross-sectional area (CSA) 
and to conduct a 3D geometrical reconstruction of the capsule specimen. The CSA of 
the specimen in the initial condition was measured by using ImageJ 1.45s software 
(NIH, USA; Wayne Rasband; http://imagej.nih.gov/ij). By using this software, the CSA of 
the specimen from every individual alginate mould slice (Figure 2b) was captured semi-
automatically. From these images, the biggest and the smallest local average CSA could 
be determined. The average CSA from the calculations was later used to calculate the 
‘average’ stress value. Finally, a 3D image reconstruction (see Figure 2c) was conducted 
using Mimics®14.0 (Materialise, Leuven, Belgium).

2.2. Tensile test procedure
 To measure the mechanical properties of the capsule, tensile tests were performed. 
The tensile tests were carried out using an MTS testing machine (MTS 458-13, MTS 
Systems Corp., Minneapolis, Minnesota USA). A row of marker dots was manually 
applied to the specimens to enable local strain calculations (Figure 3a). Subsequently, 
each specimen was gripped in the machine using an in-house built clamping system. 
The clamping system was developed with a special slot to hold the specimen securely 
while minimizing squeezing of the specimen (Figure 3b). Small markers and a millimeter 
scale were also marked on the clamps to measure the global deformation. 

 After aligning the specimen, the initial length of the specimen was measured 
and the machine was activated in displacement control with 1 mm increments. Each 
displacement increment was held for 10 seconds before proceeding to the next 
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increment, to measure the viscoelastic response of the tissue, until a final displacement 
of 25 mm was reached. The correlation between viscoelasticity and maximum stress 
level was calculated using the Pearson product-moment correlation coefficient.

 During the testing, the specimen was continuously hydrated with saline spray. A load 
cell with a maximal range of 125 N was placed below the lower clamp to measure the 
reaction force at a sampling rate of 30 Hz. A digital camera recorded the capsule deformation, 
including all markers and the millimeter scale for each displacement increment. A picture 
was taken directly after a displacement increment was applied to the specimen.

 Besides quantifying the global deformation, we were also interested to quantify the 
local deformation of the specimen. So, for six specimens (knees D and E), we recorded 
the tensile test using a video camera with a sampling rate of 30 frames per second. The 
local deformation of each specimen was quantified by evaluating the displacement of the 
marker dots on the specimen. 

 Two types of stress-strain curves were derived: the global and local stress-strain 
relationships. For the global strain values, the elongation value of the specimen, relative 
to the initial position, was calculated by using the displacement setup of the grips in 
the MTS machine (i.e. between node A and node B; Fig 3c). The global stress value was 
calculated by dividing the recorded force by the average global CSA. For the local strain 
values, the deformation of a pair of neighboring marker dots was calculated during 
every loading increment. The local stress level was calculated as the force divided by 
the corresponding local CSA (Figure 3c).  

 Using the global and local stress-strain curves, we evaluated the Young’s modulus 
and yield strength values for all specimens. The Young’s modulus was calculated based 
on the stresses occurring after the 10-seconds waiting period, after the application of 
each displacement increment. Connected, these points formed a curve with an initial 
non-linear portion (toe region), and a linear portion, representing the elastic tissue 
response. The slope of the linear portion of the curve was then taken as the Young’s 
modulus. The yield strength was given by the maximum stress level that was achieved 
during testing. The global and local stiffness and the yield strength were calculated 
using the CSA, the initial length and the reaction force. The correlation between Young’s 
modulus and yield strength was calculated for all specimens using Spearman’s Rho non 
parametric correlation.

3. Results 
3.1. Alginate molding
 For all specimens, we successfully reconstructed the 3D geometry (Figure 2c) and 
calculated the average CSA measurement both globally and at every slice-location of 
the specimen using the alginate molding. Although in frozen condition the width was 
identical for all specimens, the variation in capsule thickness resulted in considerable 
variations of the CSA’s. The global CSA of all specimens ranged from 6.77 mm2 to 
33.84 mm2 with an average CSA being 20.81 ± 6.80 mm2 (Table 1). 
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 Failure of the tissue did not necessarily occur at the location of the smallest cross-
sectional area. Only in two of the 15 cases, the rupture area of the specimens occurred 
at the location with the smallest CSA (Table 1). 
Table 1.  Global and local cross sectional area (CSA) of all the posterior knee capsule specimens. Two of 

the specimens ruptured at the location with the smallest CSA (shaded cells).

3.2. Tensile test
 The force curves of the specimens that were measured during the tensile tests 
displayed a classical soft tissue response (Figure 4). The tissue displayed force relaxation 
during the 10 second pauses between the displacement increments. During these 
periods, the maximum force drop was 50.67 N (51.58% of the maximal force) with an 
average force drop of 16.87±15.22 N, which equaled a stress drop of 60.95% (±28.16%) 
when using the average global CSA. The maximum force drop occured in the central 
specimen of knee capsule A. 

Figure 4. Example of a force-time curve of a specimen, which was recorded during the tensile test. A 10-second 
pause was allowed between the displacement increments, until the maximal displacement of  25 
mm was reached.
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Knee capsule D - Central 

Force [N]

Posterior Capsule Specimen
Average Global CSA 

(mm2)
 SD (mm2)

Local nodes CSA (mm2)
Maximum Minimum Rupture

Knee A                
80 yrs. male

Central 23.35 10.93 35.75 9.77 33.15
Lateral 15.22 4.41 18.12 10.52 17.69
Medial 20.12 8.86 28.84 10.91 28.84

Knee B                   
84 yrs. female

Central 23.70 6.80 34.39 22.95 32.77
Lateral 14.70 8.73 25.17 4.66 8.27
Medial 6.77 1.39 8.33 4.93 8.24

Knee C                 
69 yrs. male

Central 27.73 7.85 35.94 17.65 22.52
Lateral 20.53 2.62 24.26 18.50 18.59
Medial 22.57 8.32 28.20 6.74 28.20

Knee D                 
89 yrs. female

Central 20.90 11.87 40.18 9.19 9.19
Lateral 19.48 4.52 25.81 16.80 16.80
Medial 11.78 5.49 16.33 4.24 9.30

Knee E                 
74 yrs. male

Central 28.31 7.78 38.81 19.75 28.75
Lateral 33.84 3.90 35.92 30.82 32.57
Medial 23.09 5.91 31.09 16.63 22.47
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Figure 5. The curve of the maximum stress relative to the relaxation stress in the lateral, medial and central 
regions.
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Figure 6. An example of a global and local strain cureve (knee capsule D-central 
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been identical. 
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 Figure 5 shows the graphs of the maximum stress relative to the stress relaxation 
of the knee capsule in all areas (medial, central, and lateral). In general, the stress 
relaxation correlated well with the maximum stress (p<0.01; R2=0.817). The higher the 
maximum stress, the larger the stress relaxation. Analyses of the local deformations 
revealed a highly inhomogeneous deformation behavior of the tissue. The local strain 
of the tissue differed from the global strain (Figure 6). The average maximum global 
strain at failure was 0.35±0.10. For the six specimens in which the local deformations 
were analyzed, the maximum local strain was 0.85±0.80. The maximum local strain 
did not necessarily occur at the smallest CSA. Three of six specimens ruptured at the 
location with the highest local strain, while three other specimens ruptured at the 
location with the second highest local strain.
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 The stress-strain curve of the rupture area displayed the same pattern as the 
global stress-strain curve (Figure 7). Hence, most deformation occurred in one region 
of the specimen, whereas relatively small deformations occurred in the other regions. 
The none-ruptured areas of the capsule, which were stiffer than the rupture region, 
tended to go back to the initial position after gross failure of the specimen.
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Figure 6. Example of a global and local strain curve (knee capsule D-central specimen) until peak force.  
A rupture occurred between nodes A and E . The straight line indicates the case when global and 
local strains would have been identical.

Figure 7. (a) Global stress-strain curve; 
  (b) Local stress-strain curves. Curve AE was the rupture area for this particular specimen.
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 The stress-strain curve of the rupture area displayed the same pattern as the 
global stress-strain curve (Figure 7). Hence, most deformation occurred in one region of 
the specimen, whereas relatively small deformations occurred in the other regions. The 
none-ruptured areas of the capsule, which were stiffer than the rupture region, tended 
to go back to the initial position after gross failure of the specimen.  
 

  
( a ) ( b )

Figure 7. (a) Global stress-strain curve ; (b) Local stress-strain curves. Curve AE was the 
rupture area for this specimen. 

 
 The moduli of elasticity of the knee capsules were randomly distributed over the 
medial-central- lateral locations (Table 2).  The average global Young’s modulus was 
8.58±10.77 MPa and the average  yield strength was 1.75±1.89 MPa. A signi�icant linear 
correlation (p<0.01) between Young’s modulus and strength was found (ρ=0.900). 
 The average local Young’s modulus and yield strength values of the rupture region 
were 4.58±4.33 MPa and 1.16±0.71 MPa, respectively. The local Young’s modulus in the 
knee capsule generally was larger than the global Young’s modulus, while the local yield 
strength had similar values. The average global stiffness was 5.45 ± 5.04 N/mm. 
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 The moduli of elasticity of the knee capsules were randomly distributed over the 
medial-central- lateral locations (Table 2).  The average global Young’s modulus was 
8.58 ± 10.77 MPa and the average  yield strength was 1.75 ± 1.89 MPa. A significant 
linear correlation (p<0.01) between Young’s modulus and strength was found (ρ=0.900).

 The average local Young’s modulus and yield strength values of the rupture region 
were 4.58 ± 4.33 MPa and 1.16 ± 0.71 MPa, respectively. The local Young’s modulus in 
the knee capsule generally was larger than the global Young’s modulus, while the local 
yield strength had similar values. The average global stiffness was 5.45 ± 5.04 N/mm.

4. Discussion
 In this study, a molding procedure and tensile tests were performed to quantify 
the geometrical and mechanical properties of the human posterior knee capsule. 
Through the two proposed procedures, the geometrical and mechanical properties 
of the capsules could be determined, which can be used for implementation in a 
biomechanical model of the knee.

 The results of the current study suggest that the posterior capsule of the human 
knee is a highly inhomogeneous material. The locations of failure within the specimens 
were also random and not associated with the smallest cross-sectional area or highest 
local strain. The global average stiffness reported here (5.45 ± 5.04 N/mm for 5 mm 
wide specimens) is in the same order as has been assumed in an earlier simulation study 
by Shin et al. who assumed a stiffness ranging from 20.8 to 54.6 N/mm (assuming four 
springs to represent the whole capsule). The total stiffness of the capsule as simulated 
by Shin et al. (2007) was 149 N/mm. In our study the average width of the capsule was 
86 mm, meaning that the average capsule consists of about 17 specimens of 5 mm 
width. The average stiffness of one specimen was 5.45 N/mm, which means that the 
total capsule stiffness would be 93 N/mm.  

Table 2.  The Young’s modulus, the yield strength, the initial length, the average CSA and the stiffness 
values of the global specimens, as well as the Young’s modulus and the yield strength of the local 
specimens (including the rupture locations of knee D and knee E specimens)

Posterior Capsule Specimen Global Local (rupture area) Global
Donors Locations Total width [mm]  E (MPa) σ (MPa)  E (MPa) σ (MPa) Initial Length [mm] CSA [mm2] Stiffness [N/mm]

Knee A
80 yrs, male

Central
85

14.83 4.26

not attained

24 23.35 14.43
Lateral 23.02 4.56 23 15.22 15.24
Medial 2.71 0.37 34 20.12 1.60

Knee B
84 yrs, female

Central
80

6.77 1.18 24 23.70 6.68
Lateral 1.68 0.25 29 14.70 0.85
Medial 41.41 6.65 21 6.77 13.35

Knee C
69 yrs, male

Central
90

3.42 0.77 30 27.73 3.16
Lateral 5.92 1.48 27 20.53 4.50
Medial 8.28 1.23 24 22.57 7.78

Knee D
89 yrs, female

Central (AE)
85

4.06 0.74 7.66 1.68 30 20.90 2.83
Lateral (AE) 2.23 0.85 2.91 0.98 33 19.48 1.31
Medial (IJ) 6.23 1.47 2.31 1.86 36 11.78 2.04

Knee E
74 yrs, male

Central (FH)
90

5.23 1.78 11.90 1.75 30 28.31 4.93
Lateral(IB) 1.78 0.53 2.27 0.55 30 33.84 2.00

Medial (FG) 1.09 0.15 0.40 0.15 26 23.09 0.97
Average 86 8.58 1.75 4.58 1.16 5.45

SD 4.18 10.77 1.89 4.33 0.71 5.04
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 Anatomical descriptions of the posterior knee capsule are generally rather 
superficial, and little is known about the fiber orientations and regional variations in 
mechanical response. To investigate whether or not the tensile stiffness and strength of 
the posterior capsule are distributed in a heterogeneous fashion, we decided to analyze 
three specific regions: the medial, central and lateral region. In our results, we were 
unable to make a distinction in the mechanical response of the different regions. This 
could be due to the fact that there the fibers are actually distributed in a homogeneous 
fashion, but it is also possible that the tissue was not loaded in the optimal manner. 
Histological analyses, focusing on fiber orientation and local fiber density could shed 
more light on the local anatomical variations.

 Using the stiffness of the posterior knee capsule, we can make an estimation of 
the force production in the knee capsule, and its effect on the tibio-femoral cartilage. 
We can furthermore assess whether the knee capsule is indeed an important tissue 
to include in biomechanical models. Figure 8 shows an example of a knee in 10° of 
hyperextension. The capsule would need to stretch 5 mm in order to allow for 10° of 
hyperextension. As the posterior capsule stiffness is approximately 93 N/mm, the force 
produced by the capsule would be about 465 N, which is more than half a body weight 
(BW). The capsule forces need to be balanced by the cartilage, which means that more 
than half a BW of force is added to the cartilage load in case of hyperextension. This is 
a considerable amount of force given the fact that forces during normal walking are in 
the order of 2 times BW (Fregly et al., 2012). 

Figure 8. Neutral and 10 degree hyperextension position of the femural bone with posterior knee 
capsule stretch, which gives an extra compressive force on the cartilage contact surfaces.
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 Proof of this extra force generated in the knee during hyperextension can be  
assessed in cadaver experiments in which a knee is instrumented with pressure 
sensitive films at the cartilage contact surfaces, after which the knee is positioned in 
hyperextension. The recordings should comply with our stiffness measurements, and can 
be used to further validate computational models that incorporate the posterior capsule.

 Obviously this study had a number of limitations. One of the major drawbacks 
of the current study is that only uniaxial tests were performed on isolated specimens, 
while the posterior capsule is a complex anatomical structure, with non-homogeneous 
material constituents, and a varying fiber orientation and distribution. We furthermore 
only focused on the linear part of the stress-strain curve to get an estimate of the 
tissue stiffness. Obviously the material behavior is non-linear. Due to the stretching 
of the collagen fibers, the stress-strain curve for soft tissues shows an exponential 
region when the fibers are being aligned (the toe region (Hirokawa & Tsuruno, 2000)), 
followed by a linear region in which they are elongated. Furthermore, the mechanical 
behavior of soft tissues is known to be sensitive to the strain rate (Pioletti et al., 1999; 
Hu et al., 2010). In this study we used the force and stretch values at the end of the 10 
seconds displacement increments, so we used a very low strain rate. This means that 
we are probably on the low side of the actual stiffness response as occuring in vivo. 

 Another drawback of our study was the relatively high age of the donors used 
for the specimen preparation (79.2±7.9 years). However, a previous study has shown 
that ageing does not seem to have an effect on the structural mechanical response of 
a similar soft tissue (the patella tendon tissue), although some differences were found 
between male and female subjects (Carroll et al., 2008). On the other hand, another 
animal study suggests that the stiffness and strength of soft tissues (in this case the 
ACL) increase with age, although after reaching a skeletal maturity the mechanical 
properties decreased again (Woo et al., 1990). In any case, one should be aware that 
the capsule properties may be considerably different in young patients. The strength of 
the specimens was probably affected by the grips, illustrated by the fact that only 4 of 
the 15 specimens ruptured in the mid-region, while the other 11 specimens ruptured 
closer to the grips. 

 The current results present data about the mechanical properties of the posterior 
knee capsule. Using this data a first step can be made to integrate the function of the 
posterior knee capsule into 3D knee models. By incorporating the posterior capsule, 
more realistic biomechanical models can be generated, particularly when the knee is 
in (hyper)extension. 

 

5. Conclusion
 The results of this study highlight the function of the posterior knee capsule during 
knee extension, which contributes to the biomechanics of the knee joint stability and 
contact forces. The posterior knee capsule should be included in models to fully analyze 
its implications on knee functioning, particularly when the knee is in (hyper)extension.
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