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Abstract — Introduction: Complications arising from the patellofemoral joint (PFJ) represent the third most common
cause for revision in total knee arthroplasty (TKA). Previous in vitro biomechanical studies have altered the native
attachments of muscles controlling the PFJ. The purpose of this study was to design an in vitro biomechanical setup
that would allow testing of both native and arthroplasty knee joints, specifically the PFJ, without disturbing the native
attachments of the quadriceps and hamstrings muscles. Methods: After finalising a prototype, a pelvis-to-toe human
cadaver specimen was tested. The simVITRO platform was used to simulate movement and control force trajectories.
A motion capture system was used to capture the motion of the bones and to measure knee flexion angle and
patellar movement with respect to the femur. The forces applied in the PFJ were measured using a custom patella sen-
sor. Results: Displacement of the reflective cluster attached to the femur was measured during compression loading at
different flexion angles, passive flexion and stairs descent trajectory. The femur showed less than 1 mm and 3 mm
displacement with respect to the femur clamp in passive flexion and stairs descent. The most translation of
8.37 mm (<2% average femur length) was observed at 90° flexion which occurred at 483 N simulated compression
force. Conclusion: This novel design provides a methodology for studying the biomechanics of the PFJ in vitro that
preserves the soft tissues influencing the behaviour of the joint. This setup provides a biomechanics model that can be

utilised to better understand and study the PFJ in vitro.

Introduction

Complications arising from the patellofemoral joint (PFJ)
represent the third most common cause for revision in total
knee arthroplasties (TKAs) in some joint registries. Altered
contact pressures and kinematics have been proposed as the
aetiology of PFJ dysfunction that leads to symptoms [1-4].
However, the precise effect of surgeon controllable variables
that may alter its behaviour remain poorly understood.

Research on the forces applied to the PFJ in-vitro has been
limited, primarily due to challenges pertaining the size and
complexity of the joint. The simVITRO® Universal
Musculoskeletal Simulator (Jupiter 3000, Cleveland Clinic,
Cleveland, OH) provides a novel solution, offering the
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capability of accurately and repetitively simulating a range of
motion and loading conditions via precise control of a robotic
platform. This setup enables the simulation of the kinetics of
the knee joint through a transformation of force and torque data
measured by a 6 degree of freedom (DOF) load cell mounted
between the specimen and fixed pedestal. The kinematics of
the knee and the PFJ are simulated through a data fusion from
a robotic arm, and a motion capture system.

The patella kinematics and patellofemoral contact pressures
have been studied [5—-7]. Previous in vitro biomechanical stud-
ies have transected the femur mid-thigh and the tibia mid shin
to isolate the knee joint. This disturbs the native attachments of
muscles controlling the behaviour of the PFJ, namely the
quadriceps muscles and iliotibial band. Whilst investigations
have sought to overcome this design problem by a series of
pulleys or synthetic materials being attached to act as force
actuators, the modelling remains based on many assumptions
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and disturbs the soft tissue attachments that influence the
behaviour of the PFJ.

The purpose of this study was to design an in vitro biome-
chanical setup that would allow testing of both native and
arthroplasty knee joints, specifically the PFJ, without disturbing
the native attachments of the quadriceps and hamstrings muscu-
lature as well as the iliotibial band.

Methods

During the design phase, saw-bones were mounted to the
testing rig for pilot testing. A testing apparatus was designed
to allow for the preservation of the pelvis as well as the foot
to satisfy the requirements of a surgical robot that would be
used to performed TKA and the biomechanical testing platform.
After the final design was complete, a pelvis-to-toe human
cadaver specimen was acquired to test and validate the testing
apparatus. Ethics approvals were obtained to conduct this study.
All research was carried out according to the guidelines for
Cadaver Dissection in Education and Research of Clinical
Medicine and received ethics approval from the North Sydney
Local Health District (NSLHD) ethics committee — approval
2019/ETHO08332, general amendment 5 version 1, ID 67876.

Patellofemoral joint kinetics

The forces applied in the PFJ were measured using a
custom patella sensor comprising three uniaxial ultra-thin force
sensors (100 um). Each unit was calibrated using a material
testing machine Instron 8874 (Instron, Norwood, MA) resulting
in a reliable measure of force of up to 600 N. To interface with
the trochlear, the sensor was fitted with custom made patellar
domes designed to replicate the shape and thickness of com-
mercially available patellar implants. The sensor was connected
to a NI Usb-6001 data acquisition board (National Instruments,
Austin, TX) and data was streamed and recorded in simVITRO
software at 250 Hz.

Patellofemoral joint kinematics

A motion capture system (OptiTrack, NaturalPoint Inc.,
Corvallis, OR) comprised of four wide angle cameras Prime
13 W was used to capture the motion of the bones and to
measure knee flexion angle and patellar movement with respect
to the femur. These measures were evaluated through the esti-
mation of displacement and rotation of three metallic arrays
attached to the Femur, the Tibia, and the Patella bones. These
were fixed to the bone by way of 4.0 mm diameter self-tapping
metallic pins on the tibia and femur, and 1.5 mm diameter
cortical screws on the patella (Figures 1-3). Anatomical land-
marks were used to define joint coordinate systems according
to Grood and Suntay [8]. The motion capture data were
captured at 120 Hz and synchronized with data from the sim-
VITRO platform.

Movement control

The simVITRO platform was used to simulate movement
and control force trajectories. The simVITRO testing platform

Figure 1. Prototype testing with saw-bone setup. Experimental
setup comprising a clamping system fitted to a femur-tibia bone
model and a robotic testing machine. The Femur clamp is mounted
on a loadcell and securely holds the femur bone in place. The robotic
arm holds the Tibia clamp which securely attaches to the tibia bone.

=
Reflective marke Robot

(simVITRO)

Figure 2. Cadaveric testing setup. A cadaveric limb (pelvis to toe)
securely held by the clamping system which attaches to the pedestal
and the robotic arm via two loadcells. Three reflective clusters
mounted on the femur, the tibia, and the patellar bone.

is a combination of software and hardware designed to perform
custom and pre-defined motion trajectories using force control,
position control, or a hybrid control. It also collects and pro-
cesses data from a motion capture system to provide tracking
data in the testing joint coordinate system. Trajectories
were designed to simulate three motion scenarios. (1) Knee
compression at different flexion angles, herein 0°, 30°, 60°,
90°, and 120°, where the compression force target was set to
600 N and the motion halted when torque was approaching
the loadcell safety torque limits defined in simVITRO. (2) Pas-
sive flexion was designed such that the knee joint flexes from
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Figure 3. Patella kinematic measurement. A magnetic patella array
fitted to a baseplate which is mounted on the patellar bone by way of
x2 screws transfixing it to the bone.

5° to 100°, holds at maximum flexion for 7 s, then extends back
to 5° at a motion rate of 2.2°/s while maintaining 20 N knee
compression force and zero force and torque for the reminder
degrees of freedom. (3) Stairs descent motion and load profiles
were adapted from the Orthoload database, which is the result
of studies examining in vivo knee joint kinetics and kinematics
using instrumented implants [9, 10]. Forces and torques were
scaled to 25% of reported values in Orthoload database to meet
robotic system requirements and prevent damaging specimens.
Both trajectories were then performed 5 times for each testing
condition.

Clamping apparatus

The testing jig is made of three elements: (1) the femoral
clamp is made of a base that forms 30° with transverse plane,
allowing for deep knee bend (max 120°) without the tibia,
the foot, or the robot colliding with the mounting pedestal
(Figure 1). It also comprises a minimum of three rings that
can be positioned along the mounting plate. The rings are made
of two halves secured with two bolts. Each half ring incorpo-
rates a series of M8 holes allowing for the insertion of securing
bolts that form contact with the femur bone. (2) The tibia clamp
is made of base, and a cylinder split in half which allows the
clamping of the tibia without the need to remove the foot nor
the fibula. The cylinder has a series of threaded M8 holes
through which securing bolts are placed to ensure a rigid
fixation of the tibia. The robotic testing arm attaches to the tibia
to simulate movement and force trajectories. The fibula was
preserved and the ring placed in a manner such that it was
not included within the clamp. (3) The patella tracker is made
of a plate that mounts on the patella with two small screws
and an L shaped plate holding four reflective markers that
attaches to the plate using two sets of magnets. The CAD files
of the clamping system as well as a bill of material are made
available in an online repository.

Specimen preparation and mounting

The testing setup was designed to control and test cadaveric
specimens from hemi-pelvis to toe. The specimen was received
as a whole pelvis with both lower limbs attached. After thawing

for 48 h, the cadaveric specimen was first separated into two
halves by transecting the pelvis through the mid sagittal plane
of the sacrum and symphysis pubis to separate each leg. Next,
all skin and sub-cutaneous tissue was dissected and removed.
No muscles or tendons arising from the pelvis and attaching
to the knee were disturbed. For attachment to the tibial holding
clamp, all muscle arising from tibia and fibula were transected
and removed at a point 17 cm below the knee joint.

To isolate movement at the knee joint, movement at the hip
joint was eliminated by way of 2 6.5 mm self-tapping bolts
placed in an antegrade fashion through the pelvis into the
femoral head whilst it is held in the extended position.

To mount the specimen to the rig, an assistant held the limb
in the middle of the rings and a 4.5 mm diameter long drill bit
was used to create three pilot holes for placement of the
transfemoral rods that connected the femur to jig. The 6 mm
diameter threaded transfemoral rods had locking nuts placed
to prevent movement of the specimen against the apparatus
and increase the stiffness of the testing apparatus. Care was
taken to ensure that the rods were placed posterior to the lateral
intermuscular septum to prevent any tethering effect to the ili-
otibial band or quadriceps muscle bellies. To ensure stability
of the specimen, additional 8 mm diameter threaded bolts were
placed through the rig onto the femoral shaft. These were
placed posterior to the lateral intermuscular septum (Figure 2).
The patella plate that mounts the patella tracking array was then
fixed to the patella by way of two 10 mm long screws
(Figure 3). Prior to mounting to the load cell, the specimen
was weighed, and the centre of mass (COM) was calculated
to apply the required offsets to allow for an accurate simulation
of force trajectories and movements by the robotic testing arm
in the joint coordinate system.

The specimen with the cadaveric limb (pelvis-to-toe) was
then attached to the robotic load cell via a plate holding the ring
apparatus (Figures 1 and 2). This was then attached by way of
two large bolts that fixed the plate rigidly to the load cell.
Finally, the femur, patella and tibia were registered by way of
a series of digitised anatomical landmarks to create a joint coor-
dinate system following Grood and Suntay [8].

Results

We tested and validated the testing apparatus on a pelvis-
toe fresh-frozen cadaver specimen of which the femur measured
445 mm in length (greater trochanter to lateral epicondyle).

Displacement of the reflective cluster attached to the femur
was measured during compression loading at different flexion
angles, passive flexion and stairs descent trajectory adapted
from the Orthoload database [4].

The femur showed less than 1 mm and 3 mm displacement
with respect to the femur clamp in passive flexion and stairs
descent, respectively (Table 1). Under load, the most transla-
tion of 837 mm (<2% average femur length) was observed
at 90° flexion which occurred at 483 N simulated compression
force through simVITRO (Figure 4).

Using a calibrated motion capture system, we evaluated the
repeatability of the patella tracker removal/placement. We
recorded the 6 DOF data of the tracker from 20 cycles of
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Table 1. Displacement of the femur marker set with respect to world
frame during passive flexion and stairs descent.

Passive flexion Stairs descent

Knee compression range [N] —21.29 to 79.07 14.20 to 273.91
Maximum Displacement [mm] 0.94 2.73
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Figure 4. Displacement of the Femur marker set with respect to
world frame during knee compression at different knee flexion
angles (0, 30, 60, 90, 120) performed on one cadaver specimen. Each
line corresponds to one loading cycle.

removal and placement of the tracker on the magnetic plate.
Results showed variation less than 0.21 mm in X, Y, and Z,
and less than 0.14° in Roll and Pitch, and less than 1.37° in
Yaw.

Discussion

Biomechanical testing of the PFJ in vitro is challenging due
to the complex geometry of the joint and the nature of the soft
tissue attachments. This study described a novel testing setup
that provides a method by which the muscle attachments
influencing the PFJ arising from the pelvis are left preserved.
Minimal translation between the specimen and the clamping
apparatus was observed while loading the knee to 600 N. This
is a conservative threshold that does not reflect the capabilities
of the designed testing apparatus in terms of strength.

The PFJ has a complex soft tissue envelope being made up
of static and dynamic stabilisers. The dynamic stabilisers are
made up if the quadricep muscle bellies that arise from the
femur and pelvis and attach directly to the patella but also inter-
digitate with the static stabilisers of the PFJ [11, 12]. The static
soft tissue stabilisers are the patellar tendon, joint capsule, and
ligamentous structures. Medially these include the medial
patellofemoral ligament (MPFL), the medial meniscopatellar
ligament [13, 14] and the medial retinaculum which interdigi-
tate with the medial collateral ligament and the medial patellar
tendon [14]. Laterally, the static soft tissue stabilisers of the PFJ
are the patellofemoral ligament, joint capsule, iliotibial band
(ITB), and lateral retinaculum. The lateral retinaculum contains
a superficial (arciform fibres) and a deep layer (ilio-patella
band) that extends from the iliotibial band ITB to the patella
[12], a quadriceps expansion and a deep layer that interdigitates
with the vastus lateralis, patellofemoral ligament, and patellotib-

ial ligament [15]. The behaviour of the soft tissues throughout
flexion changes significantly as demonstrated in Figure 5 where
it can be seen the soft tissue structures are generally lax in
extension but become progressively tensioned throughout
flexion. This demonstrates the importance of preserving the
native attachments of the soft tissues that influence the beha-
viour of the PFJ, which largely arise from the pelvis.

Previous cadaveric biomechanical studies examining the
PFJ have opted for models that disturb the native attachments
of the quadriceps and hamstring muscles [6, 7, 9, 16-25]. This
typically involves removing some of the soft tissue attachments
of the patella and sectioning the femur proximal to the knee
joint. Whilst this overcomes the complexities of studying a
large specimen with several joints, it may alter the behaviour
of soft tissue structures directly controlling the PFJ. To over-
come this design flaw, a number of studies have attached a
pulley system to various muscles with the aim of simulating
native muscle vectors. However, such designs may create
unnatural behaviour of the of the PFJ and are plagued with
issues such as determining the exact vector, the amount of force
and reliable attachment of pulley systems to cadaveric tissue.
The current model circumvents all such design problems and
allows the soft tissue envelope that influences the PFJ to be left
untouched, improving the validity of the results.

Patella kinematics in vitro have also previously been stud-
ied [10, 26-34]. Despite extensive investigation, data regarding
the behaviour of the PFJ in vitro has varied widely. Whilst the
reason for such heterogeneity in the literature remains unsolved,
it may reflect both the complexity of the joint, but also the vary-
ing methodologies that have been utilised in order to overcome
the complexities of the PFJ.

This testing setup has limitations. Firstly, to eliminate
movement at the hip joint, transarticular bolts were placed with
the pelvis in the extended position. This creates an abnormal
position of the pelvis for simulated movements such as sit-to-
stand where the pelvis would normally go from a flexed to
extended position. Nonetheless, biomechanics testing requires
the joint being examined to be isolated such that contributions
from others joints are eliminated. Furthermore, the force
trajectories used in the stairs descent testing condition were
scaled down (25%) from physiological values reported in the
Orthoload database. This decision was made to preserve the
integrity of the specimen and the loadcells.

Studying the PTFJ in TKA remains difficult. Whilst recent
advancements in robotic surgery surrounding the PFJ [35, 36]
are promising and will no advance knowledge, reliable testing
models that allow comparative biomechanical analyses of
implant design, positioning and surgical technique are critical
to advancing our understanding on this topic. This design we
believe will serve as a basis from which many questions can
be answered regarding the effect of such variable on the PTFJ
in TKA.

Conclusion

This novel design provides a methodology for studying the
biomechanics of the PFJ in vitro that preserves the soft tissues
influencing the behaviour of the joint. The design is capable of
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Changes in patellofemoral joint soft tissue strain during flexion - lateral side of the knee

15° flexion

50° flexion

A. Quadricops tendon
B. luotibisd band

C. luopatellar fibres
D. Lateralretinaculum

100° flexion

Figure 5. Lateral sided soft tissue strain change during flexion. The soft tissues of the knee undergoing significant changes in tension during
flexion as depicted on the lateral side in this image — highlighting the importance of a testing model that preserves their attachments.

withstanding more than 600 N knee compression and allowed
for the achievement of deep knee bend. This setup provides a
biomechanics model that can be utilised to better understand
and study the PFJ in vitro.
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