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Accurate measurement of knee-joint kinematics is critical for understanding the biomechanical
function of the knee in vivo. Measurements of the relative movements of the bones at the knee are often
used in inverse dynamics analyses to estimate the net muscle torques exerted about the joint, and as
inputs to finite-element models to accurately assess joint contact. The fine joint translations that
contribute to patterns of joint stress are impossible to measure accurately using traditional video-based
motion capture techniques. Sub-millimetre changes in joint translation can mean the difference
between contact and no contact of the cartilage tissue, leading to incorrect predictions of joint loading.
This paper describes the use of low-dose X-ray fluoroscopy, an in vivo dynamic imaging modality that
is finding increasing application in human joint motion measurement. Specifically, we describe a
framework that integrates traditional motion capture, X-ray fluoroscopy and anatomically-based finiteelement modelling for the purpose of assessing joint function during dynamic activity. We illustrate our
methodology by applying it to study patellofemoral joint function, wherein the relative movements of
the patella are predicted and the corresponding joint-contact stresses are calculated for a step-up task.
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1. Introduction
Numerous techniques are available for measuring the
kinematics of human movement, including stereophotogrammetry; electromagnetic tracking; imaging modalities,
such as magnetic resonance imaging (MRI) and computed
tomography (CT); direct invasive techniques, such as
implanted bone pins; and in vitro methods using cadaver
specimens and dry bones.
Stereophotogrammetry or marker-based movement
analysis is the most commonly used method for
quantitative assessment of joint movement. A combination of data recorded using force plates, skin-mounted
reflective markers and video cameras facilitates noninvasive 3D measurement of joint kinematics and
kinetics. The errors with skin-mounted markers are
well-known and are highlighted in figure 1, where a
marker on the femoral epicondyle that is used to locate
the flexion-extension axis of the knee shifts anteriorly by
a few centimetres as the knee extends during a weightbearing manoeuvre. Similar errors for a range of tasks
have been reported for skin-based marker systems when

compared to fluoroscopy (Stagni et al. 2005) and bonepin markers (Fuller et al. 1997). Point cluster techniques
and optimisation have been used to reduce skin
movement artefact. In this approach, the redundant
markers are weighted with respect to the placement site
and the expected deformation relative to the underlying
bony structure (Andriacchi et al. 1998). Other methods
for reducing errors due to skin movement artefact
include the double-calibration technique (Cappello et al.
2005), in which the positions of the markers in full joint
flexion and full joint extension are captured, and a linear
deformation of the body between the two poses is then
used to correct for the errors due to skin motion.
Validation studies using 3D fluoroscopy on the knee
have shown that, the double-calibration technique is
accurate to 2.8 mm in translation and 1.68 in rotation.
A general disadvantage of using redundant markers is
that, they can alter the normal walking pattern of
subjects. Apart from the errors introduced by skin
movement artefact, errors associated with inter- and
intra-trial inconsistency in placing markers relative to
internal bony landmarks are also possible.
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Figure 1. Knee marker tracking the location of the lateral epicondyle on
the femur during weight-bearing knee flexion/extension. The image in the
right panel shows how the marker shifts anteriorly relative to the femoral
epicondyle as the knee extends.

Magnetic tracking methods have also been trialed, where
measurement studies using external sensors fixed to a
body segment, recorded the changing position and
orientation of the segment in time. Problems with this
approach include skin movement artefact, sensitivity of
the system to magnetic components such as implants, and
a limited measuring volume. Nonetheless, magnetic
tracking methods have been used to measure carpal
(Ishikawa et al. 1997) and patellofemoral (Laprade and
Lee 2005) kinematics in vivo. The inherent accuracy of
magnetic systems in an ideal environment is between 0.2
and 0.9 mm in translation and 0.1– 18 in rotation (Luo et al.
1996, Milne et al. 1996).
Marker-less methods not only eliminate the need for
external markers and the problems associated with skin
motion artefact, they also reduce preparation time.
An example of this approach is a template using a
spandex suit, which is then used to fit subject motion
during locomotion (Alexander and Andriacchi 2003).
Some studies, have compared motion measurement
accuracy using marker-less and marker-based methods
and have shown good correlation between the results
obtained for the sagittal and frontal planes during gait
(Mundermann et al. 2006). Marker-less recording has
applications in surveillance, animation and virtual reality,
but the potential of the method to measure small changes
in joint displacement values is questionable.
X-ray methods, such as CT, can provide accurate
measurements of bone poses in vivo, but for dynamic
activity the radiation dose is not justifiable for a healthy
subject. Typically, CT is used to obtain detailed bone
geometry from a single static orientation and is suitable
for threshold segmentation methods (Mahfouz et al.
2005). Unfortunately, CT does not provide information
about cartilage, muscle attachment sites and other soft
tissue geometry, which is required for joint contact
problems. By comparison, MRI provides a useful means
of obtaining estimates of cartilage volume, muscle
attachment locations and bone boundaries simultaneously.
Although, MR is an expensive imaging modality, recent
advances have enabled quasi-static (Patel et al. 2003) and
dynamic (Sheehan et al. 1999, Asakawa et al. 2003)
activities to be studied in vivo. Further improvements

include, open- and weight-bearing MRI (Besier et al.
2005), which have been used to study tasks, such as
squatting. Another sequence that is becoming more
common is called Cine Phase MRI, which, by recording
velocity information, allows the position of a single
particle to be tracked throughout the images. The main
disadvantage of this method is that, it requires the subject
to perform repetitive tasks, which can lead to fatigue and
changed movement patterns (Sheehan et al. 1999). Realtime MRI has addressed some of the afore-mentioned
problems, including cyclic repetition of the task. This
imaging technique, acquires the anatomy and velocity
vectors of the muscle tissues in one dynamic motion.
The method is, therefore, quick and offers a higher
accuracy in terms of velocity measurements. Its
applicability, however, is limited to slow movements
(Asakawa et al. 2003). In general, the bone segmentation
is at best semi-automated, time-consuming and requires
much user intervention. Implants can also be a problem
and must be checked for compatibility with the MRI
strength; 1.5 or 3 T (Shellock and Crues 2004).
Radiostereometric analysis (RSA) is very similar to
marker-based motion capture analysis, where retroreflective markers are replaced by radio-opaque markers,
and the camera system is replaced by an X-ray system.
Sufficient radio-opaque markers are affixed to the bone to
define its position and orientation (Valstar 2001, Yuan et al.
2002). Conventional, static RSA has had accuracies in the
range ^ 10 –250 mm reported for bi-plane measurement
(Karrholm 1989), and 0.9 mm in translation and 0.278 in
rotation reported for single-plane measurement (Yuan
et al. 2002). High-speed, dynamic, bi-planar radiography
has been used to study, tibiofemoral kinematics in a canine
model with translational and rotational accuracies of
0.064 mm and 0.318 respectively, for walking on a
treadmill (Scott Tashman 2003). The main drawback of
RSA is that it is invasive, with radiation doses too high for
healthy subjects.
X-ray fluoroscopy offers a new approach for obtaining
accurate measurement of human joint kinematics. In this
method, a pulsed fluoroscopy sequence is coupled to a
feedback loop in the camera, which allows the current and
voltage to be adjusted, so that optimal image clarity can be
obtained with minimal radiation exposure. Fluoroscopy
has been reported to have sub-millimetre accuracy for
translation and to be within 18 for rotation for the in-plane
(image-plane) direction (Fregly et al. 2005a). Out-of plane
(perpendicular to the image-plane) measurements errors
are slightly larger, but bi-plane fluoroscopy has been shown
to improve this accuracy (Fregly et al. 2005a). The 2D
images obtained from fluoroscopy lead to 3D kinematics
through a number of different pose estimation methods,
such as feature-based (Banks and Hodge 1996, Zuffi et al.
1999, Yamazaki et al. 2005) and intensity-based methods
(Penney et al. 1998, You et al. 2001, Dennis et al. 2005).
While numerous studies have applied fluoroscopic
imaging techniques over the past decade, use of these data
to drive detailed FE models of the musculoskeletal system
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has been scarce. To date, the main use of X-ray methods
appears to be in testing TKR implants (Godest et al. 2000,
Heegaard et al. 2001, Halloran et al. 2005). FE modelling
can be a powerful analysis tool, provided the boundary
conditions and input loading are known accurately. Most
researchers have driven FE models using loads and
boundary conditions from knee simulators (Godest et al.
2002) and in vitro experiments (Heegaard et al. 1995).
A few recent studies, have used kinematic data derived
from X-ray fluoroscopy as inputs to joint models. For
example, fluoroscopic data have been used to drive an
elastic-foundation knee model to predict wear patterns
(Fregly et al. 2005b), and RSA kinematics have been used
as input to an explicit FE model of leg hopping (Beillas
et al. 2004).
In this paper, we describe a modelling framework that
integrates a low-dose dynamic X-ray modality (X-ray
fluoroscopy) with traditional gait analysis techniques and
an anatomically-based FE model of the human patellofemoral joint. Model estimates of quadriceps muscle loading
and accurate measurements of tibiofemoral kinematics
obtained from X-ray fluoroscopy are input into an
anatomically-based FE model of the human patellofemoral joint to determine patella kinematics and contact
mechanics for one subject performing a step-up task.
The model calculations are qualitatively validated against
in vitro and in vivo data reported in the literature.

2. Methods
Ethical approval for this study, was obtained from the
University of Melbourne Ethics Board and the State of
Victoria Radiation Safety Advisory Board, Melbourne,
Australia. Experiments were performed on one healthy
male subject (age ¼ 26, weight ¼ 65 kg, height ¼ 180
cm). The subject gave informed consent by reading and
signing a consent form.
Tibiofemoral kinematics can be determined by
integrating X-ray fluoroscopy with advanced 2D/3D
image registration methods. This process, which is
known as pose-estimation, is performed using either
single- or bi-plane fluoroscopy. Specifically, 2D images
are captured using an X-ray fluoroscopy system, and a
3D model of the knee joint is created using MRI. The 3D
model is then virtually projected to create a synthetic 2D
X-ray image. The synthetic 2D image is then aligned to
the actual X-ray image by minimising the distance
between segmented contour features on the images, and
the final pose of the knee joint is determined. The accuracy
obtained using single-plane fluoroscopy is suitable for all
degrees of freedom, except out-of-plane translations
(Banks and Hodge 1996, Hoff et al. 1998, Fregly et al.
2005a). A bi-plane fluoroscopy system can solve this
problem, by using the additional information obtained
from the other plane (Taiyo Asano et al. 2001, 2003, Li
et al. 2004).
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Figure 2 shows the major steps involved in the poseestimation procedure. First, MR images of the subject’s
lower limbs were acquired using a Siemens 3 T MRI
machine housed at The Royal Children’s Hospital,
Melbourne. A T2 fat-suppressed sequence was used, as
this particular MR sequence is known to aid the bone and
cartilage boundary segmentation process by highlighting
the difference between the bone and articular cartilage
interface.
Second, bone surface meshes were generated using a
commercial image processing software package (3D
Doctor, Able Software, MA) that allowed, the edges of the
bones to be detected more efficiently using internal
thresholding. This process was repeated for the articular
cartilage with some manual intervention in areas, where
the software failed to detect the boundary. For an
experienced user this took about 4 h for both the complete
femur and tibia bones including an hour of manual
intervention. Approximately, the same amount of time was
spent for cartilage segmentation with around 2 h of manual
intervention required. The manual intervention enabled
the user to remove the deleterious confusion between the
bone/cartilage boundaries and the surrounding soft tissue
structures, such as the fat layers and surrounding bursa
(lubricating fat pads), which sometimes caused problems
for the automated edge detection software. Unwanted
artefacts were removed, and the mesh smoothed before
exporting in a stereolithography (STL) format.
Third, motion and force data were recorded as the subject
performed a step-up manoeuvre (step height ¼ 15 cm; step
length ¼ 69 cm; step velocity ¼ 0.85 ms21). Six highspeed video cameras (VICON) were used to track lower limb
reflective markers, where the marker-set used was the
standard Vicon plug-in gait model, namely (heel, toe, mid
thigh, mid shank, lateral ankle malleoli, lateral knee
epicondyle, anterior superior iliac spine (ASIS) and sacrum),
also known as the “Helen Hayes” marker set.
Two AMTI (Advanced Mechanical Technology, Inc.,
MA, US) force plates were used to record the three
components of the ground-reaction force. The relative
positions of the femur and tibia were recorded using a
Phillips Pulsera Mobile C Arm fluoroscopy unit with the
following settings: 9-inch image intensifier, current
0.5 mA and voltage 60 kV. The total effective dose
delivered during the experiment was 0.003 mSv, which is
in the range of the permissible dose constraint (, 5 mSv
per year) as required by the Australian Radiation
Protection and Nuclear Safety Agency (ARPANSA
2005). With the fluoroscope sampling at a rate of 30 Hz,
the subject performed a step-up manoeuvre that lasted for
approximately 1 s.
Fourth, the 3D bone model generated from MRI was
registered to the 2D images using a software package called
KneeTrack (Banks 2005). This procedure was comprised of
a calibration step, which was needed to account for the
distortion of the image intensifier and the determination of
internal system parameters, followed by a perspective
projection of the 3D bone, that matched the bone surfaces
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Figure 2. (a) Subject undergoing MRI and (b) geometry segmented to create a 3D computer model of the lower limb. (c) X-ray fluoroscopy capturing
dynamic step-up task and (d) resulting 2D video motion. (e) The 3D model was aligned to the 2D video to deduce accurate joint kinematics using the
custom software package, KneeTrack (Banks, 2005).

to segmented features on the 2D fluoroscopic image.
The bone pose was then optimized to minimize the
Euclidean distance between the detected X-ray edge
features and the projected bone contours. The optimization problem was solved for all 30 frames captured from
the fluoroscopy system and resulted in tibiofemoral
kinematics for the step-up task.
We defined the flexion-extension axis of the knee as the
line connecting two co-axial cylinders fitted to the medial
and lateral condyles of the femur (figure 3). This flexionextension axis has been shown to represent the actual knee
flexion axis for the range 15 – 1158 of knee flexion
(Eckhoff et al. 2005). To facilitate definition of the
coordinate system for the femur, a sphere was also fitted to
the femoral head using 3D geometric modelling software
called Rhinoceris (McNeel North America, WA, US).
The tibial coordinate system was defined using the most
medial and lateral points on the tibial plateau together with
the ankle joint centre, which is defined using the midpoint
between the line connecting the outermost medial edge of
distal tibia (medial malleoli) and the outermost lateral
edge of the distal fibula (lateral malleoli).
A dry-bone femur-tibia preparation was used to assess
the accuracy of the pose-estimation procedure described
above. Reflective markers were positioned on the dry

bones, and the static positions of the markers were
detected by a video-based motion capture system (Vicon,
Oxford Metrics Inc.). The marker positions were used
to calculate the position and orientation of the tibia
relative to the femur in 3D. The image intensifier was
calibrated to account for distortion. This was performed
by, placing a 1-inch grid of radio-opaque markers (1 mm
diameter) against the image intensifier. The X-ray image
of this grid was acquired and morphed to the undistorted
grid shape using a bilinear vertex transformation (Banks
and Hodge 1996). The cadaver bones were then radiated
using a pulsed fluoroscopy sequence. Bone geometry and
the Vicon markers were then captured using CT to ensure
that the same coordinate systems were used, when
comparing the results obtained from motion capture and
fluoroscopy. Finally, the X-ray image was input to the
KneeTrack software to determine the relative positions of
the femur and tibia (figure 4).
A musculoskeletal model of the body was used to
determine leg-muscle forces during the step-up task.
The body was modelled as a 10-segment, 23 degree of
freedom articulated linkage actuated by 58 Hill-type
musculotendon actuators (Anderson and Pandy 2001a).
The pelvis was modelled as a rigid segment with six
degrees of freedom. Each hip was modelled as a ball-and-
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Figure 3. The locations of the joint centres and the position and orientation of the flexion/extension axis of the knee were found by fitting a sphere to the
femoral head and cylinders to the femoral condyles.

socket joint, each knee as a hinge joint, each anklesubtalar joint as a universal joint, and each metatarsal joint
as a hinge joint. The head, arms, and torso were
represented as a single segment that articulated with the
pelvis via a ball-and-socket joint located at approximately
the third lumbar vertebra. The inertial properties of the
segments were based on the regression equations of
McConville et al. (1980) and anthropometric measures
obtained from five healthy adult males (Anderson and
Pandy 2001a). Each muscle tendon actuator was
represented as a three-element, Hill-type muscle in series
with an elastic tendon (Zajac 1989). The paths of all the
muscles, except vasti, hamstrings, and gastrocnemius,
were identical to those represented in the model described
by Anderson and Pandy (2001a). Whereas, vasti,

hamstrings, and gastrocnemius were each represented by
a single muscle in the walking model, the separate
portions of each of these muscles were included in the
present model. Specifically, vasti was represented by the
vastus medialis, intermedius, and lateralis; hamstrings by
the semitendinosus, semimembraneosus, biceps femoris
long head, and biceps femoris short head; and gastrocnemius by its medial and lateral heads. The patellar
tendon stiffness and articular cartilage Young’s modulus
were assumed to be 300 Nmm21 and 40 MPa, respectively, and the value of Poisson’s ratio for cartilage was
taken to be 0.45. These values were adapted from a
previous FE model of the lower limb developed by Beillas
et al. (2004). Moreover, a value of 0.45, which assumes
that cartilage is nearly incompressible is a reasonable

Figure 4. (a) Diagram illustrating how a bone contour was aligned to a fluoroscopy image in this study. (b) The 3D geometry of the femur and tibia
superimposed onto a fluoroscopic image.
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assumption for cartilage, as during short-time loadings the
cartilage continuum deforms without change in volume
and behaves like an incompressible elastic solid
(Armstrong et al. 1984). For longer time loadings, where
the viscoelastic behaviour of cartilage is important than
more complex models may be employed such as the
biphasic (solid matrix and interstitial fluid) model
(Armstrong et al. 1984).
The net torques exerted about the ankle, knee, and hip
during the step-up task were found by solving an inverse
dynamics problem using custom code written in Matlabw
(The Mathworks Inc.). The joint torques were decomposed
into individual muscle forces by solving a static optimization
problem that minimized the sum of the squares of all muscle
activations in the model (Crowninshield and Brand 1981).
The optimization problem was solved subject to the bounds
imposed by the force-length and force-velocity properties of
the muscles.
The quadriceps forces calculated from the musculoskeletal model and the tibiofemoral kinematics measured
from fluoroscopy were input into a FE model of the
patellofemoral joint to determine patellar kinematics and
patellofemoral joint forces and pressures. In this model,
the patella was constrained by the actions of the patellar
tendon and the quadriceps muscles, and by articular
contact with the femur.
This surface contact is defined by numerical constraints
(interpreted as springs with a penalty stiffness) placed
between the patella and femur surfaces to ensure that, the
predicted patella position could not penetrate the femur
surface. The surface STL meshes used to described the
shapes of the distal femur, proximal tibia, and patella were
imported into a FE grid generation software called
TrueGrid (XYZ Scientific Applications, Inc., CA, USA),

and used to create a structured hexahedral mesh. A block
mesh that represented the outlines of the bones and
cartilage was created, and the surfaces were then projected
onto the STL mesh. The result was a uniform structured
hexahedral mesh with good convergence properties. One
benefit of this approach is that, the current mesh can be
stored as a template, which can be used to create models
for other subjects. Once an appropriate mesh density was
determined, the components were exported to a FE
software package (Abaqus, Inc., RI, USA) for assembly
(figure 5).
The FE problem was solved using a quasi-static solution
method with the bones modelled as rigid shells and the
cartilage as deformable volumes. The cartilage and bone
interface nodes had their translational and rotational
degrees of freedom coupled. An augmented Lagrangian
contact method was chosen with a “hard-contact”
constraint to ensure no cartilage overlap for patellofemoral
contact. The solution took 20 min to run on a PC over 30
steps and predicted patellar kinematics, cartilage contact
forces and areas, patellar tendon force and patellofemoral
pressure patterns.

3. Results
The accuracy of the pose-estimation procedure used in this
study was comparable to that reported in previous studies
(Fregly et al. 2005a) (table 1). In-plane rotations were
estimated to less than 18 and in-plane translations were
estimated to be 1– 2 mm. The accuracy with which, outof-plane translations and rotations were estimated was
also promising. The procedure was capable of producing
out-of-plane rotational accuracy of less than 28(1.888),

Figure 5. (a) Definition of femur coordinate system where Xf is the femur abduction/adduction axis directed anteriorly, Yf is the femur rotation axis
directed proximally, and Zf is the femur flexion/extension axis directed medially. (b) Definition of tibia coordinate system where Xt is the tibia
abduction/adduction axis directed anteriorly, Yt is the tibia rotation axis directed proximally, and Zt is tibia flexion/extension directed medially. (c)
Resulting finite element mesh of the knee in Abaqus with attached cartilage, patella tendon and muscle line of action.
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Table 1. Accuracy of the pose-estimation procedure used in this study. Tibiofemoral kinematics was estimated using a Vicon motion capture system
and a Philips Pulsera Fluoroscopy unit. The results obtained from the Vicon system are regarded as the “gold standard”.
Inplane

Vicon
Philips
Error

Out-of-plane

X (mm)
Ant/pos

Y (mm)
Sup/inf

Z (mm)
Med/lat

X (8)
Abduction

Y (8)
Rotation

Inplane
Z (8)
Flexion

8.89
6.89
2.00

38.53
39.56
1.03

23.96
27.77
3.81

6.12
7.99
1.88

220.57
220.33
0.24

236.39
237.37
0.98

which was in agreement with previous studies (Fregly
et al. 2005a). As expected, the out-of-plane translation
was the least accurate of all (3.81 mm), but, was still
consistent with other single-plane studies in the literature
reporting errors of up to 5.6 mm (Fregly et al. 2005a), and
can be improved even further by using a biplane system.

The tibiofemoral rotations predicted by the KneeTrack
software are reported with respect to the femur. During the
extension movement (60 – 88 of flexion, figure 6A) the
tibia adducts (figure 6B) by 48 and rotates externally
(figure 6C) by 168. The tibiofemoral translations are
reported with respect to the tibia due to the KneeTrack

Figure 6. (a) Flexion(þ)/extension(2), (b) abduction(þ )/adduction(2), (c) Internal(þ )/external(2) rotation, (d) anterior(þ)/posterior(2) translation
and (e) superior(þ )/inferior(2) translation kinematics from the KneeTrack software. Note that rotations are reported as tibia movements with respect to
the femur and translations are reported as femur movements with respect to the tibia (KneeTrack software convention).
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software convention. During extension, the femur moves
posterior then anterior over a range of 2 mm, and
superiorly (upwards) by 2.5 mm. Most fluoroscopic
studies in the literature are for total knee replacements
(TKR), hence, only a few studies have reported
fluoroscopic results for the natural knee, while other
studies have reported kinematics based upon using bonepins. Some of these studies are used here for comparative
purposes.
The range of anterior –posterior translation is very
small (, 2 mm) when compared to other studies, which
used bone pins (Lafortune et al. 1992) and X-ray
fluoroscopy (DeFrate et al. 2004, Dennis et al. 2005).
This is most likely explained by the flexion axis being
defined by fitting two co-axial cylinders to the femoral
condyles, and placing the origin of the coordinate system
on this axis. This approach has been reported to achieve a
more anatomical representation of the actual flexion axis
(Eckhoff et al. 2005) therefore, this may lead to smaller
anterior-posterior translations. The superior translation of
the femur with respect to the tibia during the extension
movement is in contrast to the trends reported in the
literature (Lafortune et al. 1992, Benoit et al. 2006) for
walking studies. This is possibly explained by the fact
that, the subject’s knee was under high compressive load
when in deep flexion at the beginning of the movement,
and as the knee extended the compressive load was
released resulting in a slight (, 2.5 mm) superior movement of the femur with respect to tibia. The range of
internal –external motion of about 168 was similar to
the results reported by Lafortune et al. (1992) and Li et al.
(2004) (, 158) for the same range of flexion movement.
Abduction/adduction values during knee flexion vary
greatly in the literature and are therefore, difficult
to compare with (Lafortune et al. 1992, Benoit et al.
2006). The predicted adduction movement of about 48
during knee extension was similar to the results reported
by Lafortune et al. (1992), but in contrast to the study by
Benoit et al. (2006).
The net knee extensor torque calculated in the model
was similar to values reported in the literature. For
example, Vaughan (1996) reported a similar knee-extensor
torque trend for the step-up task, where their study

included a similar step height, subject weight and subject
leg-length to our study (figure 7A). Our peak extensor
torque was 90 Nm compared to their value of 65 ^ 15 Nm,
the difference possibly due to our step length being nearly
three times theirs (24 – 69 cm). The resultant force
developed by the quadriceps muscles decreased as the
knee extended from 60 to 88 of flexion (figure 7B). For the
period captured by the X-ray, the peak quadriceps force
occurred at 608 of knee flexion and was around 2700 N
(figure 7B). The increase in quadriceps force corresponded with an increase in contact area between the
patella and femur cartilage (figure 8A). The contact area
ranged from 75 mm2 at full extension to 350 mm2 at 608
flexion in order to keep cartilage pressure low under a
higher quadriceps loading. Practically all of the patellofemoral contact force was due to the pull of the quadriceps
(figure 8B). The ratios of patellar tendon force to
quadriceps force (figure 8C) and patellofemoral contact
force to quadriceps force (figure 8D) are also reported and
are often used to validate a computer model. Over 608 of
knee flexion, the ligament-force/quadriceps-force ratio
typically ranges from 1 to 0.7, and the contactforce/quadriceps-force ratio is usually in the range of
0.6 –1 as highlighted by others (Huberti et al. 1984, Buff
et al. 1988, Cheng et al. 1995, Shelburne and Pandy 1997).
The model predicted curves (Figure 8C and D) vary no
more than one unit in magnitude from the literature and
these differences can be attributed to the use of different
subject geometries and muscle insertion locations.
The movements of the patella predicted by the model
were consistent with results reported previously by others
(Fernandez and Hunter 2005). The patellar coordinate
system was based on that previously published by
Fernandez and Hunter (2005), where patellar flexion was
about the femur flexion axis, patellar tilt was about a
longitudinal axis through the superior – inferior poles of
the patella, and patellar rotation was about a floating axis
directed in an anterior – posterior direction located at the
centre of the patella. In general, patellar flexion lagged
knee flexion slightly (figure 9A). During knee extension,
the patella tilted internally by 108, rotated internally by
108, and shifted medially by 4 mm during the step-up task
(figure 9B –D). Snapshots of the contact pressure patterns

Figure 7. (A) Knee extensor torque calculated for the step-up task; and (B) resultant quadriceps muscle force obtained from static optimization.
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calculated in the model are shown for 60, 40 and 158 of
knee flexion (figure 10). The contact pattern started with a
“figure eight” pattern at 608 flexion and moved distally as
the knee extended. The contact pattern was also more
prominent on the larger lateral side of the patella, which
bears most of the load. Interestingly, the lateral side of the
patella is most commonly associated with patellofemoral
osteoarthritis. The peak contact pressures calculated in the
model were in the range 5 – 10 MPa, which is consistent
with results obtained by others (Besier et al. 2005,
Fernandez and Hunter 2005).

4. Discussion
There have been numerous finite-element models of the
patellofemoral joint presented in the literature. A few
studies have also quantified relative movements of the
femur, tibia, and patella using single-plane fluoroscopy.
However, efforts to integrate these tools in a modelling
framework have been scarce, and, to the author’s
knowledge, using X-ray fluoroscopy to drive a model of
the patellofemoral joint is new. The following areas of
improvement represent future objectives to make this tool
useful in a clinical setting.
A primary objective of our model is to make it patientspecific. While the bone and cartilage geometry, ground
reaction forces, joint kinematics and net torques used to
drive the model are subject-specific, the moment arms
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were taken from a generic model, which means that the
calculations of quadriceps loading are, to some extent,
subject independent. Since, MRI is already an explicit part
of the modelling process, it is possible to record
musculoskeletal geometry (i.e. muscle moment arms) on
a subject-specific basis. These moment arm measurements, along with subject-specific anthropometry, could
be used to scale and customise the generic moment arms
that are presently calculated in the lower-limb model.
In this study, the joint kinematic measurements
derived from the Vicon system and its associated inverse
dynamics software to estimate the net extensor torque at
the knee during the step-up task were used. Although the
more accurate kinematic measurements obtained from
X-ray fluoroscopy could have been used to estimate the
knee-joint torque, it was not necessary to do so, because
quadriceps force was calculated using a model that
represented the knee as a hinge (Anderson and Pandy
2001b). The use of a hinge to represent a knee when
calculating quadriceps muscle forces should not be too
different from a model that uses 6 degrees of freedom at
the knee as the primary movement for this study is an
extension task. Further, using a whole-body model to
calculate muscle forces will always require the use of
skin-mounted markers, since all joints (e.g., ankle, knee,
hip and upper limb) cannot be captured simultaneously
using X-ray fluoroscopy. In future studies, we propose to
couple the Vicon and X-ray kinematic data into a
neuromuscular “tracking” (NMT) method (Seth and

Figure 8. Patella-femoral model prediction of (A) contact area, (B) contact force, (C) ratio of patellar tendon force to quadriceps force, and (D) ratio of
patellofemoral contact force to quadriceps force.
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Figure 9. Movement of the patella relative to the femur as calculated by the FE patellofemoral model. Patella (a) flexion(þ )/extension(2); (b)
external(þ )/internal(2) tilt; (c) external(þ )/internal(2) rotation; and (d) lateral(þ )/medial(2) translation (patellar shift).

Pandy 2006), so that forward simulations of knee-joint
motion can be performed during dynamic activity. The
NMT method has been used to track ground-reaction
forces and joint kinematics in tasks such as vertical
jumping and gait. One advantage of NMT over other
tracking methods is that it includes muscle activation
dynamics in the formulation of the optimization
problem.
While sub-millimetre translation errors have been
presented in the literature for both single and biplane
fluoroscopy, these error estimates vary greatly, and some
features of the pose-estimation process are even neglected
in the error analysis. To gain confidence in the estimated
measurement error, analyses must be performed that
propagate the error from the image segmentation stage
(for feature-based methods) all the way through to the final
stage of calculating the joint translations and rotations. For
example, there are a number of errors associated with the
image processing procedures alone. First, although MRI
can provide information on fine anatomical detail such as
cartilage volume, a significant amount of user intervention
is needed to differentiate bone from the soft tissue, which
introduces operator dependent error. Second, MRI has
known geometric distortion effects (Wang et al. 2004),
which can be highlighted by developing the same model
geometry using CT. Third, the X-ray focal spot (i.e. the
area on the X-ray tube anode that the electrons strike),
which is related to the image resolution, should be the

starting point for setting the minimum resolution that can
be detected. Further work is needed to quantify the errors
associated with these separate processes before poseestimation can be used as a clinical tool.
The accuracy of fluoroscopic methods is usually
established by performing a validation study. In this
study, we performed a static validation test using dry
cadaver bones. Perhaps the most serious limitation of the
results given in table 1 is that they may not be applicable
to dynamic motion. Previous validation studies reported
in the literature have employed various techniques to
quantify the errors associated with fluoroscopic measurements. One study measured the relative orientation and
distance between two non-anatomical (ball and cylinder)
objects (Li et al. 2004). Another study, (Komistek et al.
2003) used implants that were moved into known
orientations by a test rig, with noise added to resemble
soft tissue movement relative to the underlying bones.
Human cadavers and optical sensors have also been used
to measure knee kinematics over the full range of motion
of the joint (Komistek et al. 2003). The measurement
errors obtained in all of these studies were roughly
comparable-less than 0.5 mm for joint translations and
less than 0.5 for joint rotations. Our future work will
include a more thorough validation study that takes into
account the actual in vivo testing conditions, image
processing issues and the dynamic conditions of the task
being modelled.
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Finally, some examples of how our patellofemoral
model may be used to study specific clinical problems
include simulating the effects of patellar maltracking,
cartilage thinning, joint stiffening and joint incongruency,
all of which are known to lead to the occurrence of
patellofemoral osteoarthritis. The model may also be used
to simulate the effects of corrective surgeries, such as a
vastus lateralis release. In this procedure, a portion of the
vastus lateralis tendon is released via keyhole surgery to
reduce the pressure on the lateral side, which is believed to
be the cause of anterior knee pain and cartilage
degeneration (Aderinto and Cobb 2002). The benefits of
a FE model of the patella over rigid-body models include
the ability to model internal cartilage and bone stresses
that can lead to crack growth, and testing improved
constitutive laws for cartilage tissue. The model can also
be extended to a dynamic explicit formulation that allows
very fast movements, such as running and jumping, to be
simulated with high fidelity (provided a higher frame rate
is used when recording knee kinematics using X-ray
fluoroscopy).
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