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Discrete Element Analysis
for Characterizing the
Patellofemoral Pressure
Distribution: Model Evaluation
The current study was performed to evaluate the accuracy of computational assessment
of the influence of the orientation of the patellar tendon on the patellofemoral pressure
distribution. Computational models were created to represent eight knees previously
tested at 40 deg, 60 deg, and 80 deg of flexion to evaluate the influence of hamstrings
loading on the patellofemoral pressure distribution. Hamstrings loading increased the
lateral and posterior orientation of the patellar tendon, with the change for each test
determined from experimentally measured variations in tibiofemoral alignment. The
patellar tendon and the cartilage on the femur and patella were represented with springs.
After loading the quadriceps, the total potential energy was minimized to determine the
force within the patellar tendon. The forces applied by the quadriceps and patellar ten-
don produced patellar translation and rotation. The deformation of each cartilage spring
was determined from overlap of the cartilage surfaces on the femur and patella and
related to force using linear elastic theory. The patella was iteratively adjusted until the
extension moment, tilt moment, compression, and lateral force acting on the patella were
in equilibrium. For the maximum pressure applied to lateral cartilage and the ratio of
the lateral compression to the total compression, paired t-tests were performed at each
flexion angle to determine if the output varied significantly (p< 0.05) between the two
loading conditions. For both the computational and experimental data, loading the ham-
strings significantly increased the lateral force ratio and the maximum lateral pressure at
multiple flexion angles. For the computational data, loading the hamstrings increased the
average lateral force ratio and maximum lateral pressure by approximately 0.04 and
0.3 MPa, respectively, compared to experimental increases of 0.06 and 0.4 MPa, respec-
tively. The computational modeling technique accurately characterized variations in
the patellofemoral pressure distribution caused by altering the orientation of the patellar
tendon. [DOI: 10.1115/1.4024287]
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Introduction

Patellofemoral pain is commonly attributed to overloading of
the lateral patellofemoral cartilage. The forces applied to the pa-
tella by the quadriceps muscles and the patellar tendons have a lat-
eral orientation. Anatomical conditions, such as a lateralized tibial
tuberosity [1] or a weak vastus medialis obliquus [2], can elevate
the lateral force and moment acting on patella, increasing the
pressure applied to lateral cartilage. Overloading cartilage can
lead to degradation, and eventually arthrosis [3]. Pain can develop
due to overloading the subchondral bone, activating subchondral
nociceptive fibers [4].

Both finite element analysis [5–9] and discrete element analysis
(DEA) [10–14] modeling techniques are commonly used to evalu-
ate how factors related to anatomy, muscle loading, and surgical
realignment influence the patellofemoral pressure distribution.
DEA models treat the patellofemoral cartilage as a layer of com-
pressive springs separating rigid bones, with the soft tissue
restraints treated as tensile springs. The simplified representation
of soft tissues reduces the time required for model development
and analysis, making DEA techniques valuable for studies apply-
ing parametric variations to multiple knees, and potentially a tool

for preoperative planning. The simplified representation of soft
tissues also emphasizes the need for evaluation of the accuracy of
the DEA models.

Pressure measurements from DEA have been compared to
in vitro experimental measurements previously [14,15]. For these
studies, forces applied by the quadriceps muscles were varied to
determine the influence on parameters such as the maximum pres-
sure and proportion of the contact force applied to the lateral facet
of the patella. The orientation of the patellar tendon, which influ-
ences the patellofemoral pressure distribution [16–18], has not
been addressed in previous accuracy assessments. Because the
patellar tendon is represented with springs instead of forces
directly applied to the patella, an additional assessment focused
on the orientation of the patellar tendon is needed. The previous
models also combined the cartilage on the femur and patella into a
single layer of springs within the contact area, which ignored the
shape of the cartilage surfaces and limited the ability to accurately
represent the contact pressure distribution. A modeling technique
has been developed to improve characterization of the patellofe-
moral pressure distribution through DEA. The current accuracy
assessment focuses on the influence of the orientation of the patel-
lar tendon on the pressure distribution.

Methods

Computational models were created to represent eight cadav-
eric knees that were previously tested in vitro. The in vitro study
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addressed the influence of hamstrings loading on the patellofe-
moral pressure distribution [19]. Hamstrings loading increased
tibial external rotation and posterior translation [20], shifting the
tibial tuberosity laterally and posteriorly. The knees were tested in
isometric knee extension at 40 deg, 60 deg, and 80 deg of flexion,
with the femur fixed horizontally. An elevated lateral force acting
on the patella was simulated by osteotomizing the tibial tuberosity
and shifting the tuberosity laterally by approximately 5 mm. Load-
ing cables run over pulleys applied forces through the vastus
medialis obliquus (27 N), the vastus lateralis (127 N), and the
combination of the vastus intermedius/vastus medialis longus/rec-
tus femoris (432 N), representing a quadriceps force distribution
with a weak vastus medialis obliquus characteristic of patients
with patellofemoral pain [21]. The hamstrings forces were applied
through the semimembranosus (100 N) and the biceps femoris
(100 N) tendons in a direction parallel to the long axis of the fe-
mur. The only change to patellar loading due to loading the ham-
strings was the altered orientation of the patellar tendon.

The patellofemoral pressure distribution and patellofemoral and
tibiofemoral kinematics were measured for each test. The pressure
distribution was measured using thin (0.1 mm thick) film sensors
(I-Scan 5051, Tekscan, Boston, MA) inserted into the joint after
opening the lateral retinacular structures [19]. Each sensor was
sandwiched between two sheets of neoprene rubber for calibration
on a material testing machine. The position of the patellar ridge
was palpated on the sensor for each experimental test. Knee kine-
matics were quantified using a pulsed dc magnetic tracking system
(trakSTAR, Ascension Technology, Burlington, VT). Sensors
were fixed to the femur, patella, and tibia. A separate sensor was
used to digitize landmarks, creating anatomical reference axes
that were tracked based on the motion of the sensors fixed to the
bones. The most medial and lateral points on the femoral epicon-
dyles and two points along the long axis of the femur were digi-
tized, along with the most medial, lateral, and distal points on the
patella, and the most medial and lateral points on the tibial epicon-
dyles and a central point at the distal cut of the tibia. Tibiofemoral
[20] and patellofemoral [19] translations and rotations were quan-
tified based on the floating axis convention [22].

Each knee was MRI scanned (MAGNETOM Symphony 1.5 T,
Siemens) prior to testing to provide images for reconstruction of a
computational model. The scan was performed with an extremity
coil (CP Extremity Coil, Siemens) in the sagittal plane using a
three-dimensional T2-weighted scan with fat saturation (repetition
time¼ 38 ms, echo time¼ 5 ms, flip angle¼ 25 deg, field of
view¼ 16 cm, slice thickness¼ 1.0 mm). Triangulated surface
meshes representing the femur, tibia, and patella and the cartilage
on the femur and patella were reconstructed from the images. Car-
tilage thickness was determined by projecting normals from the
articular surface to intersection points at the bone-cartilage inter-
face. Using measurements from the tested knees and anatomical
landmarks on the patella, three points along a line of attachment
for each muscle group were identified on the reconstructed patella.
The attachment points of the patellar tendon on the distal patella
and the tibial tuberosity were designated similarly.

Each reconstructed knee was positioned within a graphical rep-
resentation of the experimental test frame (Fig. 1). Tibiofemoral
alignment was recreated for each experimental test. The anatomi-
cal landmarks used to create reference axes for each knee were
identified on the computational models, allowing the orientation
of the tibia with respect to the femur to be reproduced from the
experimentally determined tibiofemoral translations and rotations
[22]. The tibiofemoral orientation determined the position of the
tibial tuberosity. Prior to application of the quadriceps forces, the
patella was aligned with a mating surface within the trochlear
groove [14]. The patella was flexed based on the experimentally
determined flexion, and translated along the trochlear groove until
a tangent to the point of contact on the patellar ridge was aligned
with a parallel surface in the groove [14]. The point of contact
was halfway along the length of the articular surface at 60 deg. At
40 deg and 80 deg, the point of contact was shifted by one-eighth

of the length of the articular surface distally and proximally,
respectively, to incorporate proximal translation of the contact
area on the patella with knee flexion [14]. The patella was further
translated in the medial-lateral direction and tilted for alignment
to the trochlear groove. The origin of each quadriceps loading
cable was replicated in the computational coordinate system to
apply forces from the attachment points to the origin, and wrap-
ping points for each muscle were computationally identified on
the surface of the distal femur [14].

The bones were considered to be rigid, while the cartilage and
the patellar tendon were represented with compressive and tensile
springs, respectively. The cartilage on the patella and along the
trochlear groove was represented by a layer of approximately
10,000 springs on each surface, with an elastic modulus of 4 MPa
and a Poisson’s ratio of 0.45 [15,23]. The patellar tendon was rep-
resented by five springs with a total stiffness of 2000 N/mm
[5,14], with the distal attachment at the tibial tuberosity fixed in
space. Linear elastic theory for a homogeneous and isotropic ma-
terial was used to relate the deformation of a spring representing
cartilage to the applied force according to the equation,

f ¼ EAð1� �Þd
ð1þ �Þð1� 2�Þh (1)

where E is the elastic modulus, A is the area covered by the
spring, � is the Poisson’s ratio, h is the combined thickness of the
cartilage on the femur and patella, and d is the compression of the
spring.

The response to quadriceps loading was determined in a two-
step process, with the first step quantifying the force within the
patellar tendon and the second step quantifying the force within
each spring representing cartilage (Fig. 1(A)). A previous version
of DEA was run to determine the forces in the springs represent-
ing the patellar tendon [14,15]. The method produces equilibrium
while minimizing the total potential energy within the system of
springs, with the assumption of minimal displacement of the rigid
bodies [24]. The resultant force and moment applied by the

Fig. 1 (A) Initially, the forces representing the vastus lateralis
(VL), the combination of the vastus intermedius/vastus medialis
longus/rectus femoris (VI), and vastus medialis obliquus (VMO)
are applied to the patella. The reaction forces in the springs rep-
resenting the patellar tendon are calculated. (B) The resultant
force and moment from the quadriceps and patellar tendon are
applied to the patella. (C) The patella (transparent) translates
and rotates in response to the applied force and moment pro-
ducing overlap between the cartilage on the patella and femur
(dark). The reaction force and moment acting on the patella
from the cartilage is quantified from the overlap of the cartilage
surfaces.
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quadriceps and the patellar tendon were then applied to the patella
in the position determined by the initial alignment (Fig. 1(B)).
The patella translated and rotated in the direction of the applied
forces and moments, producing overlap between the articular
surfaces of the cartilage on the femur and patella (Fig. 1(C)).
Within the area of overlap, the force vector for each spring on the
patella was in the direction of the line to the nearest point on the
femoral cartilage, with the length of the line determining the de-
formation [25,26]. The cross product of the vector from the center
of the patella to the spring and the force vector determined the
moment each spring applied to the patella. The reaction force and
moment applied by the cartilage were compared to the force and
moment applied by the quadriceps and patellar tendon. Patellar
flexion/extension, medial/lateral tilt, medial/lateral translation,
and anterior/posterior translation were iteratively adjusted until
the corresponding forces and moments were balanced. The rota-
tion moment about an anterior axis and superior force were
assumed to be primarily balanced by shear forces in the area of
contact, which are not included in the analysis. The pressure dis-
tribution was determined by dividing the force within each spring
by the area covered by the spring. Unlike the previous version of
DEA, the second step of the analysis incorporated the shape of the
cartilage surfaces into the pressure distribution. The analysis also
allowed characterization of the final translational and rotational
alignment of the patella with respect to the femur based on the
digitized landmarks using the floating axis convention [19].

Multiple output parameters were used to characterize the patel-
lofemoral pressure distribution and compare the results to the ex-
perimental measurements. The position of the patellar ridge was
identified on the model to separate the medial and lateral facets of
the patella. The maximum pressure applied to each facet was
quantified, along with the total area of contact. The ratio of the
contact force applied to the lateral facet to the combined contact
force for both facets was also quantified. The lateral distance from
the center of force on the patella to the patellar ridge was quanti-
fied, with the center of force determined by summing the product
of the force and the position for each spring of the model or sens-
ing element of the pressure sensor and dividing by the total force.
A two level repeated measures ANOVA was performed at each
flexion angle to compare the computational to experimental data
and determine if the output varied between the two loading condi-
tions. When the influence of the loading condition was significant
(p< 0.05), follow-up paired t-tests focused on the loading condi-
tion were individually performed for the experimental and compu-
tational data. Variations in patellar flexion, lateral tilt and lateral
shift between the loading conditions were also quantified for the
computational and experimental data, with paired t-tests performed
to determine if the changes were significant at each flexion angle.

Results

For both the computational and experimental data, pressure
tended to be concentrated on the lateral facet of the patella, with
the lateral concentration larger for the loading condition including
the hamstrings (Fig. 2). The average lateral force ratio varied
from 0.67 to 0.82 over all flexion angles and loading conditions
(Fig. 3). The lateral force ratio was significantly (p< 0.01) larger
with the hamstrings loaded than unloaded for all conditions except
for the computational data at 40 deg. For the computational data,
loading the hamstrings increased the average lateral force ratio by
0.03–0.04 at the individual flexion angles, compared to 0.05–0.07
for the experimental data. The computational lateral force ratio
was not significantly different from the experimental data at any
flexion angle (Table 1). The lateral distance from the patellar
ridge to the center of force was significantly larger (p< 0.004)
with the hamstrings loaded than unloaded for all conditions except
for the computational data at 40 deg (Fig. 4). For the computa-
tional data, loading the hamstrings increased the average lateral
position of the center of force by 0.6–0.9 mm at the individual
flexion angles, compared to 1.1–1.3 mm for the experimental data.

The computational center of force was not significantly different
from the experimental data at any flexion angle (Table 1).

The variations in the pressure values with the loading condition
were similar for the computational and experimental data,
although the pressure magnitudes tended to be larger and the con-
tact area smaller for the computational data. The maximum lateral
pressure was significantly (p< 0.05) larger with the hamstrings
loaded than unloaded for all conditions except for the experimen-
tal data at 80 deg (Fig. 5). For the computational data, loading the
hamstrings increased the average maximum lateral pressure by
0.2–0.3 MPa at the individual flexion angles, compared to
0.3–0.5 MPa for the experimental data. The computational maxi-
mum lateral pressure was significantly larger than the experimen-
tal data at 40 deg and 60 deg (Table 1). The maximum medial
pressure (Fig. 6) tended to be smaller with the hamstrings loaded
for both the computational and experimental data, but no signifi-
cant differences were identified (p> 0.2) at any flexion angle. The

Fig. 2 Contact pressure patterns from the DEA model and the
in vitro experimental measurements superimposed over the pa-
tella for two knees at 60 deg of flexion. Pressure shifts laterally
when loading the hamstrings increases the lateral and posterior
orientation of the patellar tendon.

Fig. 3 The average (6standard deviation) lateral force ratio
from the DEA models (no border) and the in vitro experimental
data (border). Significant increases at a flexion angle due to
increasing the lateral and posterior orientation of the patellar
tendon by loading the hamstrings are marked with an asterisk
(*).

Table 1 p-values for comparisons between computational and
experimental data

40 deg 60 deg 80 deg

Lateral force ratio 0.8 0.6 0.5
Center of force 0.5 0.4 0.2
Maximum lateral pressure 0.002 0.01 0.2
Maximum medial pressure 0.002 0.053 0.1
Contact area 0.001 0.001 0.007
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computational maximum medial pressure was significantly larger
than the experimental data at 40 deg (Table 1). Hamstrings load-
ing did not have a significant influence on contact area (Fig. 7) for
the computational or experimental data (p> 0.17), but the compu-
tational contact area was significantly smaller than the experimen-
tal contact area at all flexion angles (Table 1).

For the computational and experimental data, patellar flexion,
lateral shift, and lateral tilt tended to be larger for the loading con-
dition including the hamstrings. Loading the hamstrings increased
the average patellar flexion by 1.0 deg–2.6 deg for the two meth-
ods, with the change significant (p< 0.01) for every comparison
(Table 2). Loading the hamstrings increased the average the lat-
eral tilt by 0.1 deg–0.5 deg for the two methods. The changes
were significant for the computational data (p< 0.01) but not
for the experimental data (p¼ 0.05 at 40 deg, p> 0.1 at 60 deg,
80 deg). Loading the hamstrings increased the average lateral shift
by 0.2 deg–0.5 deg for the two methods, with the change signifi-
cant at 60 deg and 80 deg for both the computational and experi-
mental data (p< 0.04).

Discussion

The strength of the computational model is the ability to evalu-
ate variations in the distribution of pressure and pressure magni-

tude due to altered loading conditions. The trends in the lateral
force ratio, the position of the center of force, and the maximum
lateral pressure measured in vitro were largely reproduced with
the computational models. Previous studies have shown that DEA
models can accurately characterize variations in the distribution
of patellofemoral force and pressure due to variations in quadri-
ceps loading [14,15]. The orientation of the patellar tendon is a

Fig. 4 The average (6standard deviation) lateral distance from
the center of force to the patellar ridge from the DEA models
(no border) and the in vitro experimental data (border). Signifi-
cant increases at a flexion angle due to increasing the lateral
and posterior orientation of the patellar tendon by loading the
hamstrings are marked with an asterisk (*).

Fig. 5 The average (6standard deviation) maximum lateral
pressure from the DEA models (no border) and the in vitro ex-
perimental data (border). Significant increases at a flexion
angle due to increasing the lateral and posterior orientation of
the patellar tendon by loading the hamstrings are marked with
an asterisk (*).

Fig. 6 The average (6standard deviation) maximum medial
pressure from the DEA models (no border) and the in vitro
experimental data (border). No significant differences were
identified due to loading the hamstrings.

Fig. 7 The average (6standard deviation) contact area from
the DEA models (no border) and the in vitro experimental data
(border). No significant differences were identified due to load-
ing the hamstrings.

Table 2 Kinematics variations (6standard deviations) due to
hamstrings loading

40 deg 60 deg 80 deg

Comp. Expt. Comp. Expt. Comp. Expt.

Flexion
(deg)

2.3 6 1.1 1.0 6 0.8 2.6 6 0.8 1.5 6 0.5 1.4 6 0.9 1.4 6 0.3

Lateral
tilt (deg)

0.5 6 0.3 0.4 6 0.5 0.5 6 0.4 0.4 6 0.7 0.3 6 0.2 0.1 6 0.2

Lateral
shift (mm)

0.5 6 0.6 0.5 6 1.2 0.5 6 0.3 0.2 6 0.2 0.2 6 0.1 0.2 6 0.2

Note: Comp.¼ computational data; Expt.¼ experimental data. Bold val-
ues indicate significant (p< 0.05) difference due to hamstrings loading.
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primary component of clinical evaluation of patellofemoral disor-
ders [1], since the pressure applied to cartilage increases with the
lateral orientation [17,18]. Medialization of the patellar tendon
attachment at the tibial tuberosity is also a common approach for
surgical patellar realignment. The current implementation of DEA
uses a two-step process to address variations in the orientation of
the patellar tendon, with the initial step determining the force
within the patellar tendon that is used as input for the second step.
Validation studies have been performed for other models used to
characterize the patellofemoral pressure distribution, but these
studies used experimental measures of patellofemoral kinematics
and contact area or comparison to other computational models for
validation [5,7,23,27–30] instead of the experimental pressure
measurements used for the current model. The experimental
trends for patellofemoral kinematics were also largely reproduced
computationally, indicating that the DEA model can evaluate var-
iations in patellofemoral kinematics due to altered loading
conditions.

The current study focused on the relationship between ham-
strings loading and the patellofemoral pressure distribution due to
the direct influence on the orientation of the patellar tendon. For
the in vitro study, experimental errors in the tibiofemoral and
patellofemoral kinematics and the patellofemoral pressure distri-
bution were minimized by adding hamstrings loading to knees al-
ready loaded through the quadriceps, with no other changes made
to the experimental setup [19]. Hamstrings loads primarily
increased the external rotation and posterior translation of the
tibia, moving the patellar tendon attachment on the tibia laterally
and posteriorly. In the computational model, the only change
applied between the two loading conditions was the altered orien-
tation of the patellar tendon.

The computationally determined maximum pressure tended to
be larger than the experimental measurements, primarily at low
flexion angles. The elevated maximum pressure is likely related to
the lower computational contact area, particularly at low flexion
angles when the distal patella engages the proximal trochlear
groove [21]. Underrepresentation of the contact area leads to addi-
tional compression to balance the forces and moments applied to
the patella. The elastic modulus of cartilage could have been
decreased to increase the contact area and decrease the maximum
pressure. Although the modulus of 4 MPa was at the low end of
the range from 4 to 12 MPa commonly used to represent patellofe-
moral cartilage [7,9,10,29], reducing the modulus due to the
cadaveric specimens obtained from elderly donors [19] may have
been justified. Future studies will focus on representing knees
from younger patients with patellofemoral disorders, using a mod-
ulus similar to the one used for the current study. Other computa-
tional approximations can influence the accuracy of the output,
such as representation of cartilage and the patellar tendon with lin-
ear springs and estimation of muscle attachment points. Experi-
mental error could also contribute to differences in pressure
values between the computational and experimental data. Contrib-
utors to experimental error include the sensor influencing contact
mechanics [31], wrapping the sensor around the patella [32], sen-
sitivity of the sensor to shear loads [17], and representing the car-
tilage surrounding the sensor with neoprene rubber during
calibration [32].

The current model represents further progress in the develop-
ment of a computational model of the patellofemoral joint. The
DEA technique allows rapid creation of a model from surfaces
created from imaging data and easy manipulation of loading con-
ditions and properties of soft tissues. The patellofemoral pressure
distribution is quantified quickly, so studies can include several
knees tested at multiple flexion angles. The modeling technique
allows ASME, parametric variations in loading conditions and
cartilage conditions that require a great deal more time and
expense to evaluate in vitro, and models can be developed from
patients to represent the patellofemoral pathology that contributes
to overloading lateral cartilage. Based on the current results, DEA
can characterize how varying the orientation of the patellar tendon

influences specific parameters related to the patellofemoral force
and pressure distributions.
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