Journal of

ms Biolo
ste
g
Sy

Computer Science & Systems Biology

y

rnal of Comp
ou

cience
&
er S
ut

J

ISSN: 0974-7230

Research
Article
Research
Article

Walker et al., J Comput Sci Syst Biol 2013, 6:6
DOI: 10.4172/jcsb.1000126

Open
OpenAccess
Access

Stress in the Patella Following Autologous Chondrocyte Implantation - A
Finite Element Study
Walker RW1, Cheah K2, Ingle P1 and Mootanah R1*
Medical Engineering Research Group, Department of Engineering and the Built Environment, Faculty of Science and Technology, Anglia Ruskin University, Chelmsford,
Essex, CM1 1SQ, UK
2
Orthopaedic Department, Ramsay Springfield Hospital, Chelmsford, Essex, CM1 7GU, UK
1

Abstract
Bovine patella cartilage shows signs of damage and cell death when subjected to a compressive cyclic load of 6
MPa, which results in a shear stress of 5.6 MPa. The aim of this research was to investigate the effect of activities of
daily living (descending stairs, bicycling and deep flexion) on the contact stresses in the patellofemoral compartment
following an articular chondrocyte implantation. A finite element (FE) model of the patellar femoral joint was created
and dynamic non-linear analyses were carried out for this purpose. A shear stress of 5.6 MPa was used as the
threshold that cartilage can tolerate without resulting in damage. The FE model was verified numerically.
Our results show that, for a 70 kg individual at 50% recovery, (i) contact stress in the patella is 11% higher than
that in the femur; (ii) shear stress in the host cartilage reaches 4.75 MPa at 50° of flexion; (iii) shear stress in the
patella host cartilage is twice that in a healthy cartilage during deep flexion approaching 70°; (iv) maximum shear
stress value was 2.75 MPa during cycling at 60% load; (v) stress shielding still occurs through the host cartilage even
when the implanted cartilage reaches 97.5% the Young’s modulus of a healthy cartilage. Based on these results,
(i) using an exercise bicycle is recommended for rehabilitation; (ii) deep knee flexion should be avoided; (iii) obese
people with a BMI of over 42 kg/m2 should not undertake vigorous weight-bearing exercises involving deep knee
flexion.

Keywords: Autologous chondrocyte implantation; Patellofemoral
joint; Finite element method; Knee cartilage; Shear stress; Contact
stress
Introduction
Autologous Chondrocyte Implantation (ACI) is a procedure that
was developed in 1987 by Brittberg and colleagues in Gothenburg
(Sweden) to repair damaged cartilage. It involves harvesting
chondrocytes from healthy tissue, growing the cells in tissue culture,
and implanting the expanded cells into the chondral defect. Trials are in
progress at the Royal National Orthopaedic Hospital in Stanmore (UK)
and its co-ordinating hospitals, as well as Agnes Hunt Orthopaedic
Hospital in Oswestry (UK). However, NICE approval is still awaited
for ACI to be an approved NHS treatment.
Clinical outcomes of ACI have been showing mixed results over
the years. ACI results show a significant improvement in the quality of
life [1-3]. Studies by Richardson [4] showed that, 12 months following
surgery, the implanted femoral cartilage had regenerated into a
reasonable approximation of the natural cartilage. Bartlett et al. [1] and
Peterson et al. [5] claim it will take the implant more than 12 months
before mechanical properties approach that of the original cartilage.
Noyes and Barber-Westin reviewed 11 studies, involving 613 knees
that underwent ACI in the patella and reported that 8% - 60% of the
patients failed to achieve a benefit after the operation [6]. The success
rates of implants on the patella are not as high [1] as the femur.
Excessive stress acting on the implant, as well as very low stress,
could inhibit the formation of the dense network of type II collagen
fibres, which are essential for healthy cartilage. This could lead to
inferior mechanical properties of and damage to the host cartilage
[7]. It is therefore critical that the contact stress in the implant is high
enough to encourage the formation of the dense network of type II
collagen fibres, but not too high to cause damage to the chondrocyte
cells that form those fibres. This could be influenced by the location
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of defects and thickness of the cartilage. Clement and co-investigators
[8] reported that bovine patella cartilage showed signs of damage and
cell death when subjected to a compressive cyclic load of 6 MPa. This
corresponds to a shear stress of 5.6 MPa at 4 mm below from the surface
of the cartilage (thickness of the human patellar cartilage).
In classical engineering situations, the normal cause of failure
is the maximum shear stress, which occurs at a distance below the
surface. This distance increases as the contact force increases [9]. In
the human body, where cartilage contact occurs, the stress patterns are
much more complex than in most engineering applications due to the
irregular geometry of the contact surfaces and the non-homogeneous
nature of the materials in the contact zone. The consequence of these
factors is that the stresses at the interfaces between the different layers
of materials can become magnified and direct analytical solutions of
the contact stress cannot be expected to give accurate answers. Finite
Element (FE) method is a well-accepted tool to predict stresses in
reconstructed joints. The maximum shear stress for a joint under
normal physiological conditions is likely to occur at the calcified layer
between the cartilage and the bone. ACI failures have been reported
in this region of the patella [5]. The aim of this research was therefore
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to identify a causal link between activities of daily living (ADL) and
excessive shear stress in the region of the implanted cartilage that is
likely to result in implant failure.

Methods
A three dimensional (3D) FE model of the patellofemoral knee
joint was created to predict shear stress produced following common
ADLs.

Geometry

together with the surrounding soft tissue, allows patella movement
in only one direction, into and away from the femur. Common nodes
were used between cartilage and bone to represent perfect bonding.
Automatic single surface contact elements were used between the
patellar and femoral cartilages to allow relative motion and prevent
penetration between the two surfaces.
Figure 2 shows the patellofemoral load flexion curves of the stance
phase which were used in the non-linear FE model to simulate the
patients undertaking the following three typical activities of daily living:

A computer aided design (CAD) model of the patellofemoral
compartment of the knee joint was constructed in I-Deas (I-Deas,
11.1, SDRC) based on published dimensions [10] (Figure 1). Other
dimensions were taken from the life size knee model produced by
Adam and Rouilly Ltd (model ME38) [11]. The implant was modelled
as a single large defect on the face of the patella. The post debridement
size of the defect was 35 mm wide by 15 mm high, which is considered
to be a large defect that can be treated by ACI. The shape of the defect
modelled is shown in bold black lines in Figure 7. The 3D CAD model
was initially used to develop non-linear dynamic FE models of a healthy
knee in LS-Dyna 970.

Descending stairs with a 200 mm high step (the largest
recommended by British Standards) [17]

Material properties

Step descent was selected as it is an activity that must be undertaken
by most patients during recovery. Deep flexion and cycling an exercise
bicycle were modelled as they are used in physiotherapy during the
recovery period. This data assumed an anatomically correct knee joint.
Malaligned joints were not considered in this study.

The 3D model was partitioned in I-Deas to allow the various
material properties to be allocated to the bone and healthy cartilage.
LS-Dyna material formula 6 for visco-elastic material [12] was used to
simulate the load/relaxation curves published by Korhonen et al. [13].
The model was then adapted to simulate a patellofemoral joint that
has undergone a 35 mm wide and 15 mm high ACI by changing the
material properties of the elements in the region of the ACI.
G(t)=G∞ + (G0 - G∞)e 				

[12]

E
					
K=
3(1 − 2ν )

[13]

-βt

E
					
3(1 − 2ν )
Where:
K=

Patient going into deep knee flexion [18]
Patient using an exercise bicycle, generating 157 W at 80 rpm [19].
Loads corresponding to values in Figure 2 were applied normal
to the outer surface of the patella for each activity at different angles
of flexion. Information about time for each activity [20] was input in
LS-Dyna to simulate the dynamic loading conditions. Patellofemoral
forces during the swing phase of a step were not included as this would
not produce significant compressive stresses in the cartilage.

Medial Side

Lateral Side

[14]

E=Young’s modulus
G=Shear modulus
K=Bulk modulus
ν=Poisson’s ratio
β=Decay constant, calculated to be -0.027 from the gradient of
Korhonen’s et al. [13] variation of shear modulus with time graph.
t=Time (s)
The material properties, computed from the above information,
were allocated to cartilage at different levels of recovery are given
in Table 1. In the absence of any scientific data on the properties of
human cartilage as it regenerates [5,15], we assumed that regeneration
followed the logistics curve for most biological recovery processes [16].

Boundary conditions
The outer surfaces of the patella and femur were retained in 5
degrees of freedom and only allowed to move in flexion. This is because
the patella tendon and the quadriceps muscle restrain the patella in the
vertical direction during standing. The medial and lateral retinacula
prevent patella rotation about the vertical axis. The patella ridge,
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Patella

Figure 1: A three-dimensional finite element model of the patellofemoral joint
at 45° flexion.

Recovery

K (MPa)

G0 (MPa) G∞ (MPa) E (MPa)

25% of recovery following stage 2

137.8

8.44

3.04

25

50% of recovery following stage 2

444

27.2

9.80

80

75% of recovery following stage 2

723

44.3

15.9

130

Healthy cartilage

861

52.7

19.0

155

Table 1: Visco-elastic material constants used for cartilage, computed from the
logistics curve for most biological recovery processes [5]. K is the bulk modulus G0
is the initial shear modulus, G∞ is the shear modulus after a load has been applied
for an infinite time, E is the Young’s modulus.
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The results from LS-Dyna using 4 mm mesh were:

5000

Patient descending stairs

Contact pressure: 5.0 MPa- 5.5 MPa

4500

Contact area: 290 mm2

Patellofemoral force (N)

4000

The results from LS-Dyna using 2 mm mesh were:

3500
Descend step

3000

Contact pressure: 5.5 MPa

Deep flexion

2500

Cycling an exercise
bicycle

2000
1500
1000
500
0
0

50

100

150

200

Flexion (degrees)

Figure 2: Patellofemoral force based on 70kg healthy person during deep
flexion [1] , step descent [2] and cycling [3]. The time taken to carry out the
above activities was obtained from the work of Taylor and Walker [4].

Element size
The FE model of the patellofemoral compartment of the knee joint
was meshed (in I-Deas, SDRC), using nominally 4 mm and 2 mm low
order brick elements, throughout the model. Mesh sizes of 2 mm and 4
mm were initially allocated to give a good aspect ratio in the cartilage.
Only a 3% difference in shear stress values was observed between the
results from 2 mm and 4 mm elements. The number of elements for
the 2 mm and 4 mm meshes were 11520 and 1640, respectively, of
which 6620 and 840 were for the cartilage of 2 mm and 4 mm elements,
respectively. For this reason, the analysis was carried out using 4 mm
brick elements.

Verification of the FE model
The FE model was verified numerically and by comparing our
results with experimental data from literature. To verify results of
our FE model with published experimental values, we applied loading
conditions used by Clements et al. [8] in their ex vivo study on six
cadaveric knees and compared results [8]. When applying a load of
1300N at a flexion angle of 30°, Clements et al. reported contact areas
of 305 ± 95 mm2 and 294 ± 101 mm2, when using pressure sensitive
film and MRI scans, respectively, and contact pressure of 5.5 ± 2.1 MPa
when using pressure sensitive film. These findings agree with those of
our FE results.
Our FE results were verified numerically, using Hertzian contact
mechanics [9], based on the following parameters:

Contact area: 305 mm2
Results of our FE model agreed closely with numerical model
derived from Hertzian’s contact mechanics and published ex-vivo
investigations. The FE model was then used to predict contact stresses
in a patellofemoral compartment following an ACI.

Stress analysis
Contact and shear stress values were investigated in the different
regions of the patellar cartilage. A threshold shear stress value of 5.6
MPa was assigned to our FE model to represent the point at which
failure in the human patella cartilage can be expected. This is based on
the work of Clements et al. [8], which showed that that the cartilage
could be damaged by repeated stress levels well below those expected to
cause failure. Although these tests were carried out on bovine cartilage
and extrapolating the results to human cartilage may be considered
questionable, they are the only guide we have for failure that can be
considered akin to metal fatigue. Shear stress is discussed in the rest
of this paper as it contributes most to damage in classical contact
mechanics [9].

Results
Results of shear stresses in the healthy and reconstructed
patellofemoral compartments are shown in Figure 3. Contact stress
in the patella is higher than in the femur by approximately 11% for
a person of mass 70 kg. The peak stress in the patella occurs after the
peak stress in the femur and after the maximum load when descending
stairs. For comparison purposes various patients’ weights were also
analysed and the extrapolated results predicted a critical value of shear
stress of 5.6MPa occurring when a person has a BMI of 42 (131kg).
Patient
mass (kg)

Patella maximum
Femur maximum
Flexion
BMI
averaged shear Flexion averaged shear
(degrees)
(kg/m2)
stress (MPa)
stress (MPa)

50

16

1.76

67.5

1.56

67.5

70

23

2.05

67.5

1.86

67.5

90

29

2.36

63

2.20

72

110

36

3.71

76.5

2.76

81

Table 2: Maximum shear stress in a healthy knee, cartilage modelled as viscoelastic material for a 200 mm step descent.

Radius of the femoral condyle: 22 mm

Recovery

Width of the patella: 45 mm

Shortly after the operation

20

Load applied: 1300N

25% recovery in cartilage

50

50% recovery in cartilage

50

Young’s modulus of cartilage: 155MPa,

75% recovery in cartilage

50

Poisson’s ratio of cartilage 0.47

Table 3: Recommended exercise bicycle pedal reaction force, based on patient
results during cycling at 180 rpm.

Coefficient of friction: 0.01.
The results produced were:
Contact Area=301.5 mm2
Maximum pressure=5.49 MPa
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Pedal force (N)

Figure 3 shows the shear stress in the host cartilage and the implant
in the simulated ACI patient descending stairs and contrasts these with
the stresses found in a healthy knee. The shear stress was determined
at various stages of recovery; however, 50% recovery is presented here
as it is at this point when the implant mechanical properties show a
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5

Patient descending stairs

4.5

Maximum shear stress (MPa)

4
3.5
3

Healthy patella cartiage
Patella implant

2.5

Patella host cartilage
Healthy femur cartilage

2
1.5
1
0.5
0
0

20

40

60

80

100

Flexion (degrees)

Figure 3: Element maximum shear stress in the patella host and implant
cartilage at 50% recovery, 4 mm mesh while descending a 200 mm step.

Figure 5: Element maximum shear stress in the patella host cartilage and
implant cartilage at 50% recovery applying a force of 60 N during cycling.
Y-axis on the right shows Force in N.

significant improvement. Shear stress reaches a peak of 2.5 MPa in
the patella cartilage implant at 80° of flexion and 4.75 MPa in the host
cartilage at 50° of flexion. The remaining pressure curves for the ACI
at 50% recovery are lower than pressure values for healthy cartilage,
which are to be expected when the Young’s modulus of the cartilage
has not yet developed to its full value.

8 show FE analyses plots of contact pressure contours in the healthy
and reconstructed patella cartilage at 54° of flexion. The difference in
the contour patterns between the two diagrams show that, even when
the implanted cartilage is 97.5% of the Young’s modulus of healthy
cartilage, there is a critical difference in the stress at the host/implant
interface.

Figure 4 shows the shear stress in the patella host cartilage and
the implant at 50% recovery in the cartilage properties and going into
deep flexion. The solution failed at 75° flexion due to ‘negative volume
elements’; however it does indicate that the stress is approximately
twice the stress expected in a healthy knee.

2.5

Shear stress (MPa)

2
Implant 90th percentile
sheart stress
1.5

implant maximum shear
stress
Parent cartilage 90th
percentile

1

Parent cartilage maximum
shear stress
0.5

y
He
al
th

97
.5
0%

95
%

75
%

50
%

25
%

0%

0

% recovery

Figure 6: Convergence of the stresses in the cartilage as recovery progresses,
30° flexion, 1300N load.

Discussion
Figure 4: Element maximum shear stress in the patella host cartilage and the
implant at 50% recovery going into deep flexion. Y-axis on the right shows
Force in N.

Figure 5 shows that the shear stresses in the patella host cartilage
and the implant do not exceed 2.75 MPa while cycling an exercise
bicycle. The maximum pedal force recommended from our modelling
is 100 N when recovery is expected to be complete.
Figure 6 shows that, even when the implant has a Young’s modulus
of 97.5% of the host cartilage, there is still a difference in the stress
distribution between the host cartilage and the implant. Figure 7 and
J Comput Sci Syst Biol
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Several finite element models of the patellar femoral compartment
of the knee joint have been created to investigate the link between
patellar femoral stress and knee pain [21], relationships between
shape and function [22], implant design and outcome [23-27], and the
influence of femoral internal and external rotation on patellar femoral
cartilages [28]. To our knowledge, no study has investigated the effect
of knee joint contact stresses following an ACI. Our FE model were
verified numerically, using Hertzian contact mechanics and results
of ex-vivo studies from literature [8] and was used to predict patellar
femoral joint stress during stair descent, deep flexion and cycling
following an ACI.
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This study shows that stress in the patella is higher than that in
the femur. This could be due to fact that patellar cartilage is thicker
femoral cartilage. All the above factors add to the difficulty in making
unequivocal recommendations based on the analysis of the contact
stress. The study does, however, explain why the reported failures at
the interface of the cartilage and the bone of the patella and also the
implant and the host cartilage occur [5].
ACI implant
surrounded by
host cartilage

Figure 7: FEA plot of pressure contours (Pa) in the patella cartilage of patient
A at 97.5% recovery of implant properties, 54° flexion and contact force of
2150N.

Peak shear stress of 4.5 MPa and 4.75 MPa in the host patella
cartilage at 50° flexion during deep flexion (Figure 3) and stair descent
(Figure 4), respectively, suggests that deep flexion beyond 50° cannot
be recommended as the shear stress could damage the implant and the
surrounding host cartilage. Although these stresses are lower than the
critical value of 5.6 MPa [8], a more arduous activity or higher patient
weight could result in damage to the host cartilage and implant. Shear
stress at the interface of the implant and the host cartilage is above
that expected at larger degrees of flexion because pressure increases
exponentially with flexion, as shown in Figure 7 and 8.
The lower peak shear stress of 2.75 MPa in the patella host cartilage
at 70° flexion during cycling at an applied force of 60N demonstrates the
benefit of this form of exercise for a patient recovering from ACI. The
added advantage is that patellofemoral stress is not affected by cycling
and physiotherapists can set the pedal force. However, the patient
must be discouraged from using the exercise bicycle to maintain a high
level of fitness during recovery as exercise that is too vigorous may still
damage the knee.
Our results show that, during the recovery period, activities that
result in high patellofemoral forces must be strongly discouraged.
However, some stress in the implant is necessary to ensure the
formation of the dense collagen fibres essential for healthy cartilage. It
is therefore imperative that a good balance of exercise regime is set and
adhered to by the patient, otherwise the implant could fail.
Whilst results of this study contributes to useful information that
can help with making informed decision regarding rehabilitation plans
for patients following an ACI, the following limitations need to be
considered:

Figure 8: Pressure contours (Pa) in healthy patella cartilage, 54° flexion and
a contact force of 2150N.

Our results show that contact stress in the patellar femoral joint
increases exponentially with patient weight. FE stress results for a
person with a healthy knee and a body mass index greater than 42
kg/m2 indicate that permanent damage to the cartilage can occur if
repeated exercise is carried out, especially where the patient’s body
mass is an inherent part of the exercise. This agrees with the results
from large scale studies on the correlation between body mass index
and osteoarthritis [27,29,30]. Ideally, clinically obese people should
exercise where the body mass has little impact on the knee joint, for
example, by using an exercise bicycle.
The results for ACI with a Young’s Modulus of 97.5% of that of
healthy cartilage show that stress shielding still occurs through the
healthy cartilage (Figures 6-8). The decrease in stress in the implant
could restrict its normal growth pattern, which reacts positively to an
applied stress [31]. The significance of this is that regeneration of the
implanted collagen fibre will be inhibited by the lack of stress and the
surrounding normal cartilage may be damaged by excessive stress. Our
study implies that, even at 97.5% recovery, damage to the host cartilage
surrounding the implant may still result, especiallyfor activities that
demand high flexion and high patellofemoral force.
J Comput Sci Syst Biol
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The FE patellofemoral model used simulated an anatomically
correct, well-aligned joint. Hence, these results do not reflect those
produced from a malaligned knee joint, which is often associated with
osteoarthritis [21,32-35]. Further study on stress in the patellofemoral
compartment of a malaligned knee with ACI is warranted.
A threshold shear stress value of 5.6 MPa was used to represent the
maximum stress that human cartilage can withstand without failure.
This value is based on published data of ex vivo investigations carried
out on bovine specimens, the closest data available for fatigue failure of
cartilage [8]. Hertzian contact mechanics was used to validate our FE
model, although this theory is recommended for small deformations.
The authors carried out non-linear dynamic FE analysis on the knee
joint to ensure that a complete picture of the stress cycle is determined.
This shows the maximum stress does not always coincide with the
maximum force, due to complex material properties and changing
geometry.
This study demonstrates a practical method to model defects in
the body or recovery from an operation by modifying the material
properties of the relevant elements accordingly. However, there is
a dichotomy in the recommendations. The patient needs to exercise
to regenerate the collagen fibres with the correct alignment in the
implant; however, too much exercise could damage the surrounding
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untreated cartilage. In addition, stress shielding of the implant by the
surrounding host cartilage could prevent the collagens forming in a
physiological manner.
To conclude, this study shows a systematic and detailed analysis
of ACI that closely reflects activities of daily living and brings further
understanding to some likely failure mechanisms. Our findings that
patellofemoral knee joint stress can reach critical levels in deep flexion
implies that such movement should not be recommended, especially
shortly after implantation when the implant still has inferior material
properties. Obese people with a BMI of over 42 should not undertake
vigorous exercises that involve a high degree of knee flexion with the
body mass acting on the knee, for example step aerobics. Excessive loads
acting on the patellofemoral joint could cause irrevocable damage to
the cartilage. Results of this study could be used during rehabilitation
to help reduce the ACI failure rate.
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