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ABSTRACT

Contemporary total knee arthroplasty (TKA) has not fully restored natural patellofemoral (P-F)
mechanics across the patient population. Previous experimental simulations have been limited in
their ability to create dynamic, unconstrained, muscle-driven P-F articulation while
simultaneously controlling tibiofemoral (T-F) contact mechanics. The purpose of this study was
to develop a novel experimental simulation and validate a corresponding finite element model
to evaluate T-F and P-F mechanics. A commercially available wear simulator was retrofitted

with custom fixturing to evaluate whole-knee TKA mechanics with varying patella heights during
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a simulated deep knee bend. A corresponding dynamic finite element model was developed to
validate kinematic and kinetic predictions against experimental measurements. Patella alta
reduced P-F reaction forces in early and mid-flexion, corresponding with an increase in T-F
forces that indicated an increase in extensor mechanism efficiency. Due to reduced wrapping of
the extensor mechanism in deeper flexion for the alta condition, peak P-F forces in flexion
increased from 101% to 135% of the applied quadriceps load for the baja and alta conditions,
respectively. Strong agreement was observed between the experiment and model predictions with
root mean square errors (RMSE) for P-F kinematics ranging from 0.8° to 3.3° and 0.7 mmto 1.4
mm. RMSE for P-F forces ranged from 7.4 N to 53.6 N. By simultaneously controlling dynamic,
physiological loading of the T-F and P-F joint, this novel experimental simulation and validated

model will be a valuable tool for investigation of future TKA designs and surgical techniques.

Behnam BI10-23-1012



ASME Journal of Biomechanical Engineering

INTRODUCTION

Total knee arthroplasty (TKA) is the most common treatment for end-stage osteoarthritis
and other degenerative diseases of the knee. Restoring patients’ natural joint kinematics is
important for patient satisfaction, joint stability, and implant survivorship [1,2]. While most
studies on TKA mechanics focus on the tibiofemoral (T-F) joint, patellofemoral (P-F) mechanics
directly influence patient satisfaction and knee stability following TKA [1-4], while patellar mal-
tracking and pain are common causes of revision [2,5,6]. In vivo P-F mechanics are influenced by
guadriceps muscle forces and lines of action, resection of the patella and implant alignment, the
articulating geometry, repair of the lateral retinaculum, and T-F kinematics [4,5,7,8].
Development and testing of new TKA components to improve patient function typically requires
experimental simulation using joint loading experienced in vivo to enable pre-clinical
measurement of dynamic knee kinematics and stability. Realistic knee mechanics requires

simultaneous loading of the T-F and P-F articulations in a physiologically relevant manner.

Early whole knee experimental simulators, like the Oxford-style knee loading rig, used a
linear actuator attached to the quadriceps tendon to counteract a vertical load applied through the
hip [9]. This style of simulator allows unconstrained movement at the knee, including the P-F
joint, but is limited in its ability to control loading in each of the knee’s degrees of freedom (DoF)
simultaneously and independently. Advancements to Oxford-style rigs include the addition of
loaded degrees of freedom at the ankle to simulate approximated ground reaction forces and
control systems to simulate dynamic activities [10,11]. In contrast, robotic-arm based systems
leverage the end-effector of a robotic arm coupled with a loadcell to apply kinematics to the knee
while measuring the resulting joint loads. Recently, robotic simulators have included cables with
weights or actuators to simulate muscle forces [12-17]. Robotic-systems have the unique ability

to independently control loading in each of the knee’s degrees of freedom but are limited in their
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capacity to apply dynamic force-controlled loading to the knee as seen in common activities of

daily living [12,18,19].

Some physical limitations of experimental simulators can be overcome using
computational models. Advancements in finite element (FE) analysis and musculoskeletal
modeling have led to improved computational tools to predict knee mechanics and are commonly
used during the pre-clinical evaluation of new TKA designs [20-22]. These models can evaluate
component designs under dynamic loading conditions that would otherwise be difficult and costly
to achieve experimentally. Godest et al. developed a finite element model replicating the
Stanmore knee simulator and verified the resulting kinematics against the experiment [23]. Guess
et al. developed a multibody dynamic model of the Kansas Knee Simulator. Their model was
verified against predictions for patellar tendon load, and ranges of motion for T-F adduction-
abduction (Ad-Ab) rotation, internal-external (I-E) rotation, and medial-lateral (M-L) translation
[24]. Baldwin et al. similarly developed a finite element model of the Kansas Knee Simulator
verified through comparisons with the 6 DoF P-F and T-F kinematics, and actuator loading
during deep knee bend and gait activities. Such models incorporate sophisticated control systems
that approximate the human neuromuscular system [25-27] and tissue representations that enable

the prediction of ligament tensioning and bony remodeling [28,29].

As these models' capabilities exceed their experimental counterparts, model validation
becomes challenging and limits applications in regulatory filings. The purpose of the current
study was to develop a novel experimental simulator to evaluate knee mechanics, capable of
simultaneous dynamic load-control of both T-F and P-F joints, and to experimentally validate a

corresponding FE model to complement the experimental measurements.

METHODS

VIVO Joint Simulator Modifications
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A commercially available, servo-hydraulic, six degree-of-freedom VIVO joint simulator
(AMTI, Watertown, MD) was retrofitted with custom fixturing and a secondary actuator to
enable whole knee joint loading (Fig. 1, left). The VIVO joint simulator was originally designed
for tribological testing of TKA, thus includes a control system that can apply simultaneous
physiologically relevant loading conditions at the knee via the tibia and femur in either load or
displacement control. The functionality of the VIVO was augmented by replacing the standard
femoral Ad-Ab arm of the simulator with a custom assembly that enables attachment of cadaveric
or synthetic femurs, with adjustability in the Ad-Ab, I-E, M-L, and anterior-posterior (A-P)
femoral anatomic axes to facilitate alignment of the specimen relative to the mechanical axes of

the simulator.

The custom fixturing enabled simulation of the quadriceps musculature via a linear ball
screw actuator (Thomson, Radford, VA) driven by a servo motor in a belt-coupled parallel
configuration and was controlled via a servo drive (Kollmorgen, Norwalk, CT). The quadriceps
actuator line of action (Q-angle) could be adjusted +15° from the femoral superior-inferior (S-1)
axis. A uniaxial load cell (Cooper Instruments & Systems, Warrenton, VA) fixed to a custom
guadriceps tendon clamp measured quadriceps force in line with the muscle actuation (Fig. 2,
left). Programming and data acquisition of the corresponding control system were implemented in
LabVIEW (National Instruments, Austin, TX). The control system leveraged a proportional-
integral-derivative (PID) control scheme to apply either constant or dynamic quadriceps loading
profiles synced to the VIVO’s integrated control system. The PID controller was tuned via the

Zigler-Nicol’s method [30] and manually adjusted to optimize the load-tracking response.

Synthetic Knee Assembly

While the fixturing can accommodate cadaveric tissue, the system performance was
initially evaluated on a synthetic knee to enable benchmarking performance and to simplify

subsequent finite element model development. A synthetic 3D-printed femur and tibia were
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implanted with a commercially available fixed-bearing cruciate-retaining TKA components and
mounted into the simulator, with the femur attached to the upper stage and the tibia attached to
the lower stage (Fig. 1, middle). The synthetic bones were designed in CAD software
(Solidworks, Dassault Systemes, Vélizy-Villacoublay, France) such that the origin of the femur
implant’s coordinate system (the intersection of vectors pointing superiorly from the most distal
point and anteriorly from the most posterior point on the femur’s articulating surface) was
coincident with the intersection of the simulator’s flexion-extension (F-E), Ad-Ab, and I-E axes
with the simulator in the neutral alignment. Likewise, the femur implant’s axes were rotationally
aligned parallel to the simulator’s axes in full extension. The synthetic tibial bone housed a slot
coinciding with the tibial tuberosity to attach a Kevlar® strap that simulated the quadriceps
tendon. The synthetic bones were 3D printed from ABS plastic (Fortus 450mc, Stratasys,

Rehovot, Israel).

The Kevlar straps were affixed to the tibial tuberosity of the tibial bone and to the distal
end of a patella fixture to represent a patellar ligament (Fig. 1, right). Straps of three different
lengths were used to represent natural variation in patella tendon length (Fig. 2, right): baja (40-
mm patella tendon), neutral (60-mm patella tendon), and alta (80-mm patella tendon),
corresponding to Blackburne-Peel ratios of 0.5, 0.8, and 1.0, respectively [8]. The proximal end
of the patellar fixture was attached to the quadriceps clamp via a second length of the same
Kevlar strap. The patella fixture was implanted with a medialized dome patella and included a
piezoelectric triaxial loadcell (Kistler, Novi, Ml, Fig. 2, middle) mounted below the patella

articulation to measure M-L, A-P, and S-1 P-F forces.

Implant kinematics were tracked with an active-marker optical tracking system
(OPTOTRAK Certus HD, Northern Digital, Waterloo, Canada) at a rate of 100Hz. Rigid arrays
were affixed to each implant fixture to measure both T-F and P-F kinematics [31]. Tibial bone

loading was measured at the base of the tibial fixturing via a six DoF loadcell incorporated in the
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AMTI VIVO, and joint moments and forces from the loadcell were transformed to a virtual
coordinate system at the knee’s center. These loading measurements were synced with loadcell
data from the quadriceps actuator and patella implant fixture. After assembly and alignment, an
optical scan of the experimental configuration was performed (SpaceSpider, Artec 3D,
Luxembourg) to enable precise measurement of the implant positions and quadriceps actuator

orientation relative to the optical tracking arrays and simulator axes.

Knee Experimental Simulations

A series of controlled loading conditions were applied to the synthetic bones to
investigate force transfer through the knee and to enable subsequent computational model
validation with a neutral patellar tendon length. During the isolated quadriceps loading profile, a
quadriceps load was applied via the quadriceps tendon following a cosine waveform ranging from
100 N to 1000 N at 15°, 30°, 45°, and 60° knee flexion. During quadriceps loading, a tibial
compressive load of 200 N was held constant, and the remaining DoF at the knee (I-E, Ad-Ab,
M-L, A-P) maintained zero force or torque in load control. The 200 N compressive load was
sufficient to maintain bi-condylar contact of the knee implants while still allowing translation of
the tibia relative to the femur in response to the quadriceps loading. Three cycles of the sinusoidal
loading profile were applied and the P-F reaction force at peak loading was averaged across

cycles.

During the simple deep knee bend (DKB), a 500 N quadriceps load was applied through
the quadriceps tendon as the knee dynamically flexed and extended following a cosine wave from
0° to 80° while a 200 N compressive load was applied to the tibia. Although smaller than the
quadriceps loads typically observed during a DKB in vivo, the 500 N quadriceps load was
sufficient to ensure articulation between the femur and patella while not overloading the triaxial
loadcell embedded below the patella. The tibial I-E rotation was constrained at 0° in displacement

control and the remaining tibiofemoral axes (A-P, M-L, and Ad-Ab) were maintained at zero
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force or torque. Five cycles were performed for each loading condition at a rate of 0.015 Hz while
T-F and P-F loads and kinematics were recorded. T-F kinematics were further analyzed by
calculating the location of the closest points on the femur implant’s medial and lateral condyles to
the plane of the tibial resection (i.e., lowest-points). Kinematics and loadings were averaged
across cycles. The simple DKB loading conditions were repeated with the patella in alta and baja

positions.

Computational Model Formulation and Validation

A dynamic FE model of the experimental setup was developed in Abaqus Explicit
(Dassault Systemes, Vélizy-Vilacoublay, FR, Fig. 1, right) based on a previously verified model
of astock AMTI VIVO simulator [32]. The simulator’s fixtures, synthetic bones, and implants were
meshed using triangular shell elements (Type: S3R) and modeled as rigid bodies. The mean edge
length for non-articulating components (bones and fixtures) was 1.5 mm while the edge length for
the articulating implant elements was 0.5 mm based on a previously published convergence study
on knee kinematics [33]. The total number of surface elements in the model were 145,480 (non-
articulating components) and 147,727 (articulating components). Contact interactions between the
femur, patella, and tibial implants were defined using a previously verified pressure-overclosure

relationship with a friction coefficient of 0.04 [20].

The straps representing the quadriceps ligament and patella tendon were modeled as
deformable quadrilateral membrane elements (Type: M3D4R) with an axial length of 6 mm and
transverse width of 3 mm (140 total elements). The membrane elements were reinforced with link-
type connector elements (Type: CONN3D2, link) along the strap axis, thus making the strapping
inextensible. The proximal and distal ends of the patella ligament strap were attached to the patella
fixture and tibial tuberosity, respectively, via hinge connector elements (Type: CONN3D2, hinge)
to allow relative rotation in the sagittal plane. Likewise, the distal end of the quadriceps tendon was
attached to the proximal aspect of the patella fixture in the same fashion and the proximal end was

8
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attached to the quadriceps actuator. The experiment’s quadriceps actuator was modeled with a
corresponding connector element (Type: CONN3D?2, translator). A final connector element was
embedded between the patella implant and the patella fixture (Type: CONN3D2, bushing) to
measure the loads experienced by the patella during contact with the femur corresponding with the

3-axis loadcell used in the experiment.

The loads applied to the knee by the VIVO simulator in the experiment were controlled via
virtual coordinate systems aligned to the implant geometry using a three-cylindric open chain
configuration described by Grood and Suntay [31]. To recreate the applied loading, a series of three
mutually orthogonal connector elements (Type: CONN3D2, cylindrical) were aligned to the same
virtual coordinate systems in the model. The first connector element was affixed to the tibia along
the tibial S-1 axis and oriented to allow S-I translation and I-E rotation of the knee. The second
connector element was affixed to the M-L axis of the femur and oriented to allow M-L translation
and F-E rotation of the knee. The third connector element connected the first two virtual axes and
was oriented along a vector mutually orthogonal to both axes, coinciding with A-P translation and
Ad-ADb rotation of the knee. Load-sensing connector elements (Type: CONN3D2, bushing) were
embedded between the distal end of tibial S-I axis and the tibial bone to measure the loading
experienced by the tibia corresponding to the 6-axis tibial load cell in the experimental set-up and
between the tibial tray and insert to measure the T-F reaction forces. Note that the tibial reaction
force and T-F contact force are different due to the forces exerted on the tibia by the patella tendon.
A virtual proportional-integral (PI) control system was incorporated into the FE model that
replicated the control algorithm of the experimental simulator. Forces and moments measured by
the tibial load-sensing bushing were inputs to the PI controller via a user subroutine (VUAMP) and
used to control load profiles for the connectors modeling the VIVO’s actuators. The control
system'’s proportional and integral gain parameters were tuned via a previously published method

[34].
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The meshed model was virtually aligned in the initial position relative to the VIVO
simulator using the optical scan of the experimental setup thereby ensuring proper alignment of the
fixtured assembly with respect to the simulator’s actuators. Anatomic coordinate systems were
defined in the model on the femur, tibia, and patella components using equivalent definitions to the
experiment, which facilitated a direct comparison of T-F and P-F kinematics throughout the
analyses. The same experimental boundary conditions were evaluated in the model, including the
isolated quadriceps loading with the neutral patella position and the simple DKBs with the patella
in baja, neutral, and alta positions. During each simulation, patella loads and knee kinematics were
compared against the experimental measurements, and the Root Mean Square errors (RMSE),
normalized Root Mean Square Error (nRMSE), mean errors (ME), and standard deviations (STD)

of the differences were calculated.

Computational Model Sensitivity Analysis

Unlike the single synthetic bone used in the experimental component of this study, there
is significant variability in quadriceps mechanism geometry across the potential patient
population that affects knee mechanics. A model sensitivity analysis was performed to quantify
the effect of variability in the quadriceps mechanism on uncertainty in the resulting kinematics
and joint loads. The five alignment parameters considered in the sensitivity were the A-P position
of the patellar tendon insertion, the patella alta-baja position (controlled by the patella tendon
length), the patella composite thickness, the quadriceps muscle sagittal plane angle (controlled by
the A-P position of the superior attachment of the quadriceps actuator), and the quadriceps
muscle frontal plane angle (Q-angle, controlled by the M-L position of the superior attachment of
the quadriceps actuator, Fig. 3). Based on published studies of extensor mechanism geometry
across the patient population, the standard deviation from the mean for these alignment

parameters were 2.5 mm, 5.0 mm, 3.0 mm, 2.5°, and 2.5°, respectively [7,35-37].

10
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Perturbations in the alignment parameters were applied to the model’s nominal alignment
with the neutral patella position using the Monte Carlo method with sampling from normal
distributions via Latin Hypercube Sampling (100-trials). The resulting T-F and P-F kinematics
and loads during the simple DKB were evaluated. The range of flexion during the simulated DKB
was extended to 120° flexion to quantify deep flexion behavior not measured experimentally.
Correlation coefficients and corresponding slopes between the five input quadriceps variables and
output knee mechanics were calculated. Output variables included P-F kinematics, P-F loading,
T-F S-1 loading, patella tendon load, quadriceps moment arm, and quadriceps elongation at 15°,
60°, and 120° knee flexion. The quadriceps moment arm was calculated by dividing the
guadriceps elongation over a 6° flexion window centered on the flexion angle of interest by the
corresponding change in flexion (in radians).

RESULTS

Isolated Quadriceps Loading

Peak experimentally measured P-F loading coincided with the maximum 1000 N applied
guadriceps muscle force (Fig. 4). The primary component of the P-F loading was along the
patella’s anterior axis, increasing from 127.2 N at 15° flexion (12.7% of the quadriceps load) to
963.5 N at 60° flexion (96.4% of the quadriceps load, Fig. 4). Smaller components of the P-F
reaction force (<111 N) were observed in the lateral and inferior directions through flexion.
Equivalent loading patterns were observed in the FE model, with average RMSEs of 9.1 N, 46.8
N, and 27.2 N across all knee flexion angles in the M-L, A-P, and S-I axis, respectively. RMSE,
NRMSE, ME, and STD of differences between the experiment and model for each degree of

freedom are reported in Table 1.

Simple Deep Knee Bend

11
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During the simplified DKB, the tibia translated posteriorly and rotated externally relative
to the femur with increasing flexion for all patella conditions (Fig. 5). Increasing the patella
tendon length (i.e., patella baja to patella alta) caused increased posterior translation of the tibia
relative to the femur during peak flexion, with peak posterior translations of 4.1 mm and -3.0 mm
for baja and alta conditions, respectively (Fig. 5). Tibial posterior translation with flexion was
accompanied by external tibial rotation that was greater for the patella alta condition (2.2°) than
the baja condition (3.4°). The tibial external rotation with flexion was the result of an anterior
translation of the medial condyle on the tibial plateau as the knee flexed, which increased from -
5.4 mm to 1.7 mm with a longer patella tendon (Fig. 6). The lateral condyle also experienced

increased anterior translation on the lateral plateau in the patella alta condition.

The FE model T-F kinematic predictions were similarly sensitive to changes in patella
tendon length, predicting the same increased posterior translation of the tibia in the patella alta
condition as observed experimentally (Figs. 5-6). Overall RMSEs for kinematic predictions
across patella conditions were less than 3.3° and 1.4 mm (Table 2). T-F V-V rotations and S-I
translations achieved the best prediction accuracies, with average RMSE of 0.4° and 0.3 mm,
respectively. The worst prediction accuracies were for T-F I-E and M-L, with average RMSE of
1.6° and 1.6 mm, respectively. RMSE, nRMSE, ME, and the STD of the model and experimental
differences for each degree of freedom can be found in Table 2. Femoral low point translation
predictions were most accurate when predicting S-1 translations and least accurate for predicting
M-L translations, for both the medial and lateral condyle. Average RMSEs for A-P translation
were 1.0 mm and 0.9 mm across all patella configurations and each condyle, respectively (Table

3).

P-F kinematics demonstrated greater patella flexion relative to the femur in the patella
baja condition (Fig. 7). Likewise, an evident discontinuity in the P-F A-P kinematics was

observed when the alta patella entered the proximal trochlear groove, which did not occur in

12
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either neutral or baja conditions as the patella was already articulating within the trochlear
groove at full extension. In all conditions, the patella translated medially relative to the femur
with increasing flexion, and P-F I-E rotation was negligible. These trends were also observed in
the FE model, resulting in accurate kinematic predictions through the flexion range (Fig. 8).
RMSEs in FE model P-F kinematics predictions across all conditions were less than 3.3° and 1.4
mm (Table 2). The best prediction accuracies were achieved for P-F V-V rotations and A-P
translations, with average RMSE of 1.2° and 0.8 mm, respectively. The worst prediction

accuracies were for P-F I-E and M-L, with average RMSE of 2.8° and 1.3 mm.

P-F loading during the simplified DKB followed similar patterns to the isolated
quadriceps loading profiles, with the P-F A-P reaction force increasing with knee flexion (Fig. 9).
Increasing the patella tendon length (patella alta) resulted in larger peak A-P forces, ranging from
470 N to 653 N for baja and alta cases, respectively. Increasing the patella tendon length also
caused the S-1 component of the P-F reaction force to change from -109 N in the inferior
direction to 176 N in the superior direction for baja and alta conditions, respectively. In the
neutral patella configuration, the S-I load oscillated between superior during flexion and inferior
during extension, likely due to friction at the P-F articulation. P-F M-L reaction forces were
consistently the smallest in magnitude and acted in the lateral direction. RMSEs in FE model P-F
force predictions averaged 21 N and ranged between 7.4 N and 53.6 N across patella heights
(Table 4). RMSE, nRMSE, ME, and the STD of the differences in model and experimental P-F

loads for each degree of freedom can be found in Table 4.

Model Sensitivity Analysis

The model’s sensitivity to the variation in the quadriceps geometry changed through
flexion (Fig. 10). Variation in the tuberosity A-P position had no significant correlations
(correlation coefficients > 0.6) with knee mechanics. Patella alta was directly correlated to P-F
superior translation through flexion and to P-F M-L translation in mid-flexion due to articulating

13
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higher in the angled trochlear groove. Likewise, patella alta caused an increase in the superior
component of the P-F reaction force that propagated through the patella tendon, causing higher T-
F S-I loading (7.6 N/mm of increased patella alta). In deep flexion, patella alta caused reduced P-
F flexion and more anterior loading through the patella. Increased patella thickness was directly
correlated with more anterior P-F translation. This caused an increase in the quadriceps moment
arm in early and mid-flexion along with increased quadriceps elongation to reach mid and deep
flexion (additional 1.5 mm of elongation per 1.0 mm of increased patella thickness). Increased
patella thickness was also strongly correlated to higher P-F superior loading which propagated
through the patella tendon into T-F compressive load. The sagittal angle of the quadriceps had
weak correlations with P-F kinematics in extension that dissipated with increasing flexion.
Likewise, increased sagittal quadriceps angle reduced P-F loading in early and mid-flexion. The
frontal plane angle of the quad was strongly correlated with P-F M-L translation and V-V rotation
in extension, prior to full engagement with the trochlear groove, and an increase in the P-F M-L
reaction force once the patella was constrained within the trochlear groove in mid and deep-

flexion.

DISCUSSION

The purpose of this study was to develop a novel whole knee loading apparatus capable
of controlling six DoF T-F loads while simultaneously loading the P-F joint through a simulated
guadriceps mechanism. To expand the capabilities of the experiment, a complementary FE model
was developed that incorporated the same mechanisms and control system as the physical rig and
was validated against the experimental measurements. The model accurately predicted changes in
T-F and P-F mechanics when altering the patella height during a simplified DKB activity. The
integrated control system of the complementary FE model will be used to develop increasingly
sophisticated boundary conditions that enable future cadaveric simulation of patient-specific and

implant-specific whole knee loading conditions.
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Effects of patella height

While the primary focus of the study was model development and validation, the
variations in patella height tested in the experiment provided insight into patellar mechanics and
extensor mechanism efficiency. Patella baja, or pseudo-patella baja, is a common complication
of TKA and has been associated with poor outcomes [38-42]. Multiple studies have demonstrated
the effects of patella height on patella kinematics, patella loading, and extensor mechanism
efficiency with conflicting results [43—46]. In a similar experimental study, Luyckx et al.
developed an oxford-style knee loading apparatus and evaluated TKA P-F contact forces with
different patella heights [44]. Unlike the current study, the quadriceps load was variable to create
a constant vertical ground reaction force at the ankle and not held at a constant value (e.g., 1000
N). Between 30° to 70° knee flexion, patella alta resulted in lower P-F contact forces compared
to patella baja, indicating an increase in the extensor mechanism efficiency. Ward et al. compared
extensor efficiency in vivo between healthy subjects with normal or alta patellae using magnetic
resonance imaging and observed that patella alta caused an increase in the effective moment arm
of the extensor mechanism from 0° to 60° knee flexion [46]. In contrast, Tischer et al. [45]
investigated TKA P-F mechanics using a musculoskeletal model and found patella alta resulted

in an increase in patella contact force that persisted through the full flexion range.

In the current study, the patella alta condition had lower P-F reaction forces between 20°
and 50° knee flexion coupled with higher T-F joint compressive loads (Fig. 11), indicating more
quadriceps force was being transmitted from the quadriceps actuator through the patella, and into
the patella tendon. Beyond approximately 60° flexion, wrapping of the quadriceps strap on the
femur’s trochlear groove was observed in the neutral and baja conditions, which offloaded the
patella articulation. As a result, the patella alta condition had the highest PF reaction forces at 80°
flexion of 135% of the applied quadriceps load, compared to 110% and 101% for the neutral and

baja conditions. Similarly, the model sensitivity analysis identified direct correlation between
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patella alta and the superior component of the P-F reaction force in mid-flexion, which
propagated into an increased T-F reaction force. Although not directly calculated, an increase
couple between the patella tendon force and T-F reaction force would increase the knee extension
moment resulting in increased extensor efficiency. These results are consistent with the findings
of Luyckx et al. [44] and Ward et al. [46] that patella alta improves extensor mechanism

efficiency through mid-flexion but also increases patella loading in deeper flexion.

Prediction accuracy

T-F and P-F FE model prediction errors in the current study were less than 3.3° and 2.1
mm for knee rotations and translations, respectively. Errors for T-F A-P translations ranged from
0.5 mm — 2.1 mm across patella heights, while T-F I-E errors ranged from 1.7° - 2.2°. These
accuracies are comparable to previous literature-reported studies with FE models of experimental
knee simulators. In our previous work, we formulated a simpler FE model of the VIVO simulator
configured for knee tribological testing [47]. When modeling the rigidly fixtured femur and
insert, RMS errors were less than 1.7 mm and 1.4° for T-F A-P translation and I-E rotation,
respectively. The accuracy in the current study was similar despite the increased modeling
complexity of the quadriceps mechanism and compliance in the larger mechanical components of
the simulator. Baldwin et al. predicted implanted P-F kinematics in cadaveric specimens loaded
with the Kansas Knee Simulator and achieved an accuracy of 1.6 mm and 2.6° for P-F
translations and rotations, respectively [32]. In a subsequent study using the same experimental
set-up, Baldwin et al. simultaneously predicted implanted T-F and P-F kinematics in cadavers
performing a DKB, achieving RMS errors of 2.1 mm and 1.3° for T-F A-P translation and I-E
rotation, respectively [48]. Unlike the current study, kinematic predictions in cadaveric tissue
require modeling the knee’s ligaments and patella retinaculum. While this adds complexity to the

model, it also enables tuning the soft tissue properties to recreate the measured knee kinematics
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more closely. Future work using cadaveric tissue to develop patient specific computational soft-

tissue models will further enhance the capabilities of the combined tool developed here.

Developing more meaningful boundary conditions

List et al. reported fluoroscopically measured in vivo T-F kinematics during a stand-to-sit
activity for the same implant system analyzed in the current study [49]. During in vivo flexion,
the medial condyle exhibited 3.2 mm of anterior translation coupled with a 1.2 mm posterior
translation of the lateral condyle, causing approximately 5° external rotation of the femoral
component relative to the tibia. The kinematics of the simplified DKB in the current study
exhibited 5 mm of anterior translation of the medial condyle for the neutral patella height.
However, the lateral condyle also translated 1 mm anterior with flexion and the medial condyle
began approximately 4 mm more posterior in extension, resulting in a net 7°-8° relative internal
rotation of the femur through the flexion range. Differences between the in vivo and in vitro

kinematics are likely due to the simplified loading conditions used in this study.

A DKB simulation was performed with no transverse plane loading applied via the tibial
actuator (e.g., no I-E torques or A-P forces) to enable model validation. The applied T-F
compressive load and quadriceps load were lower than those typically experienced during an in
vivo DKB [4]. There is a lack of comprehensive knee loading conditions in the literature,
including quadriceps loading profiles, to drive these types of simulations. Previous studies have
used telemetric implant data [50,51] or standardized profiles for wear testing (e.g., ISO 14243-2).
The resultant T-F loading reported in these studies was a combination of ground reaction forces
applied through the tibia and muscle loading. Further, the loading data derived from the highly
conforming articular geometry of the telemetric implant may not be appropriate for evaluating
moderately conforming contemporary implants. These limitations highlight the need for
additional musculoskeletal modeling and profile optimization to generate realistic knee
kinematics in future work. The combined experimental and computational platform validated in
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the current study, combined with fluoroscopically measured knee kinematics, will be ideally

suited to address this limitation.

Limitations and Future Work

In addition to the simplified boundary conditions, the current study was limited by using
a fixtured TKA and synthetic extensor mechanism with different mechanical properties to human
tendons. Although the fixtures were designed to directly mimic the bony and implant alignment
of cadaveric knees within the simulator, the lack of realistic soft tissue limits the relevance of
these findings to clinical scenarios. This simplification was deemed necessary to enable detailed
FE model verification, including measurement of P-F contact forces. Future studies using
cadaveric tissue and more sophisticated boundary conditions will likely require additional
calibration of the ligament and tendon mechanical properties to accurately predict kinematics of
native and implanted knees. Extending these experimental and computational methods into
cadaveric tissue will illustrate the effects of morphological variations between subjects (e.g.,
patella tendon attachment site, patella thickness, patella alta-baja), ligament contributions to knee

kinematics, and the influence of surgical technique.

An additional limitation of the current study was that knee flexion was limited to 80° due
to the fixturing design and limitations in the simulator’s range of motion. While this range of
motion is sufficient to simulate most activities of daily living (e.g., gait, stair descent) and
international standards for mechanical wear testing of TKA components (e.g. ASTM F3141 [52]
and 1SO 14243-1:2009 [53]), high flexion activities of daily living (e.g. chair-rise, chair-sit, and
lunge) would require repositioning of the implants to test in one test cycle. Therefore, future
studies will investigate fixturing modifications to achieve greater knee flexion to evaluate high

flexion activities such as chair-rise, chair-sit, and lunging.

18
Behnam BI10-23-1012



ASME Journal of Biomechanical Engineering

While TKA is widely considered a safe and effective treatment for knee arthritis,
shortcomings in patient satisfaction have been well documented [54,55] and merit additional
research. There is debate in the literature about the role of implant alignment (i.e. mechanical
alignment versus kinematic alignment) in restoring soft tissue tensioning to healthy levels and the
effect on patient satisfaction [56]. Further, complications of the P-F joint continue to be a
significant cause of revision [54,55]. The combined experimental and computational whole joint
simulator developed in this study provides a means to interrogate the roles of implant design and

alignment in the detailed mechanics of the T-F and P-F joints during activities of daily living.

Through the future development of T-F and quadriceps loading profiles that recreate in
vivo knee kinematics, surgeons and engineers will be able to investigate numerous challenges in
contemporary joint arthroplasty. These studies are enabled by the ability of the simulator to
simultaneously control T-F loading and P-F loading and the enhanced prediction capabilities of
the complementary FE model. Specifically, these tools can be used to evaluate how changes in
articular constraints (i.e. variable insert conformity or post-cam mechanisms) affect knee stability
during dynamic activities of daily living. The tools can be used to investigate how patellar
resection alignment and patella design affect quadriceps mechanics and T-F kinematics. The tools
can be used to evaluate the relationship between implant alignment philosophy, ligament
tensioning, and their combined effects on patellar tracking. Further, the validated complementary
FE model provides the ability to evaluate these questions in silico prior to running expensive

experiments.

Conclusions

The combined experimental and computational models developed in this study accurately
predicted T-F and P-F mechanics and represent a significant step forward in our ability to
simulate knee mechanics. This testing platform will be a valuable tool for engineers and surgeons
to evaluate future novel TKA designs and surgical techniques. The variations in patella height
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studied in this experiment demonstrated that patella baja reduces extensor mechanism efficiency
in early and mid-flexion but reduces patella femoral loading in deeper flexion through increased
wrapping of the quadriceps tendon along the anterior aspect of the femur. Future work will focus
on the development of improved loading conditions to simulate activities of daily living in

cadaveric tissue.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Figure Captions List

Model of modified VIVO joint simulator retrofitted with custom fixturing and
quadriceps actuation assembly (lef?). Axes labeled in blue highlight adjustment
capabilities of the femoral fixture relative to the femoral coordinate system; joint
simulator setup with fixtured TKA in synthetic bones (middle); finite element
model of experimental configuration (7ight). Axes labeled in red are controlled by
the joint simulator relative to the tibial coordinate system.

Assembly of the quadriceps clamp attached in-line with a linear actuator via a
tensile load cell (left); Assembly of the instrumented patella fixture with 3-DoF
piezoelectric load cell (middle); Diagram of the patella in the alta and baja
configurations (right).

Finite Element model of the experimental configuration and the five alignment
parameters that were perturbed in the sensitivity analysis

Mean patellofemoral reaction forces with 1000 N applied quadriceps force
observed experimentally and predicted by the FE model at different knee flexion
angles. Error bars indicate 1 standard deviation from the mean peak force during
3 experimental cycles.

Experiment and model tibiofemoral kinematics during a simple deep knee
bending activity. Shaded regions indicate one standard deviation from the mean.

Femoral low-point A-P translation during the simple Deep Knee Bending
activity. Experimental (solid) and computational (dashed) results are shown with
alta, neutral, and baja tendon lengths. Shaded regions highlight one standard
deviation from the mean.

Experimental (solid) and model (dashed) patellofemoral kinematics during a
simple deep knee bending activity where all degrees of freedom except for
flexion are in load control. Shaded regions highlight one standard deviation from
the mean.
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Fig. 8

Fig. 9

Fig. 10

Fig. 11

Comparison of patella implant positions between experimental (white) and model
(green) configurations at 0°, 30°, 60°, and 80° of tibiofemoral flexion with alta,
neutral, and baja patella positions

Experimental (solid) and Model (dashed) patellofemoral loads during the simple
Deep Knee Bending activity for the alta, neutral, and baja tendon lengths. Shaded
regions highlight one standard deviation from the mean.

Correlations between the FE model alignment perturbations and resulting knee
mechanics at various flexion angles during a deep knee bend. Red regions
indicate positive correlations while blue regions indicate negative correlations.
Correlations less than 0.6 are shown in white. The slope of the linear fit is inset
for variables with correlations greater than 0.6.

Model-predicted tibiofemoral loads during the simple Deep Knee Bending
activity for the alta, neutral, and baja tendon lengths
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Table 1

Table 2

Table 3

Table 4

Table Caption List

Root Mean Squared Error (RMSE), normalized Root Mean Squared Error
(nRMSE), Mean Error (ME) and Standard Deviation (STD) of the differences
between peak experimental and model P-F loads during sinusoidal loading of
the quadriceps at 15°, 30°, 45°, and 60° knee flexion.

Root Mean Squared Error (RMSE), normalized Root Mean Squared Error
(nRMSE), Mean Error (ME), and Standard Deviation (STD) of the error
between experiment and model T-F and P-F kinematics during the simple Deep
Knee Bending activity with alta, neutral, and baja tendon lengths.

Root Mean Squared Error (RMSE), normalized Root Mean Squared Error
(nRMSE), Mean Error (ME), and Standard Deviation (STD) between
experimental and model lowest point femoral condylar translations during the
simple Deep Knee Bending activity with alta, neutral, and baja tendon lengths.

Root Mean Squared Error (RMSE), normalized Root Mean Square Error
(nRMSE), Mean Error (ME), and Standard Deviation (STD) between
experimental and model patellofemoral (P-F) loads during the simple Deep
Knee Bend activity at alta, neutral, and baja tendon lengths.
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Quadricéps multi

25
tendon clamp

Load sensing
patellar implant

Figure 1: Model of modified VIVO joint simulator retrofitted with custom fixturing and
guadriceps actuation assembly (left). Axes labeled in blue highlight adjustment capabilities of the
femoral fixture relative to the femoral coordinate system; joint simulator setup with fixtured TKA
in synthetic bones (middle); finite element model of experimental configuration (right). Axes
labeled in red are controlled by the joint simulator relative to the tibial coordinate system.
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Figure 2: Assembly of the quadriceps clamp attached in-line with a linear actuator via a tensile
load cell (left); Assembly of the instrumented patella fixture with 3-DoF piezoelectric load cell
(middle); Diagram of the patella in the alta and baja configurations (right).
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Figure 3: Finite Element model of the experimental configuration and the five alignment
parameters that were perturbed in the sensitivity analysis
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Isolated Quadriceps Loading: Peak P-F Loads
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Figure 4: Mean patellofemoral reaction forces with 1000 N applied quadriceps force observed
experimentally and predicted by the FE model at different knee flexion angles. Error bars indicate
1 standard deviation from the mean peak force during 3 experimental cycles.
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Table 1: Root Mean Squared Error (RMSE), normalized Root Mean Squared Error (nRMSE),

Mean Error (ME) and Standard Deviation (STD) of the differences between peak experimental
and model P-F loads during sinusoidal loading of the quadriceps at 15°, 30°, 45°, and 60° knee

flexion.

Patellofemoral Loads (N)

Knee M-L A-P S-1
Flexion | RMSE nRMSE ME STD RMSE nRMSE ME STD RMSE nRMSE ME STD
15° 5.6 0.2 3.8 4.1 34.9 0.3 247 247 5.2 0.2 -36 38
30° 5.2 0.1 25 46 36.6 0.1 -7.3 35.9 20.5 0.2 171 113
45°| 9.8 0.1 -9.0 39 49.9 01 110 487 42.6 0.4 357 234
60° | 15.8 0.2 -15 51 65.7 01 269 600 40.6 0.6 335 229
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Deep Knee Bending: T-F Kinematics
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Figure 5: Experiment and model tibiofemoral kinematics during a simple deep knee bending
activity. Shaded regions indicate one standard deviation from the mean.
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Deep Knee Bending: Femoral Low-Point A-P Translation
Medial Condyle
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Figure 6: Femoral low-point A-P translation during the simple Deep Knee Bending activity.
Experimental (solid) and computational (dashed) results are shown with alta, neutral, and baja
tendon lengths. Shaded regions highlight one standard deviation from the mean.
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Table 2: Root Mean Squared Error (RMSE), normalized Root Mean Squared Error (nRMSE),
Mean Error (ME), and Standard Deviation (STD) of the error between experiment and model T-F
and P-F kinematics during the simple Deep Knee Bending activity with alta, neutral, and baja

tendon lengths.

Rotations (deg)

F-E V-V I-E
RMSE nRMSE ME STD RMSE nRMSE ME STD RMSE nRMSE ME STD
alta 11 00 -04 10 0.4 0.2 01 04 2.2 0.4 1.7 14
T-F  neutral 11 0.0 -04 1.0 0.4 0.3 04 0.1 1.3 0.2 02 13
baja 11 0.0 -04 1.0 0.4 0.3 04 0.2 1.3 0.2 -04 1.2
alta 2.3 01 -17 15 15 0.8 15 05 33 06 -28 17
P-F  neutral 0.9 00 -06 07 0.8 03 -06 06 1.7 02 -09 14
baja 2.0 0.0 -1.1 16 12 0.6 -0.8 0.8 3.3 0.6 -29 15
Translations (mm)
M-L A-P S-1
RMSE nRMSE ME STD RMSE nRMSE ME STD RMSE nRMSE ME STD
alta 1.7 09 16 08 0.7 01 01 07 05 05 02 02
T-F  neutral 1.6 09 13 09 0.5 01 -02 04 0.3 02 03 03
baja 1.6 10 14 038 0.8 02 -06 05 0.2 02 03 02
alta 13 0.5 1.1 07 0.8 0.1 02 08 1.2 0.0 02 11
P-F  neutral 13 05 03 13 0.8 01 -01 07 0.7 00 06 03
baja 14 03 12 07 0.7 00 00 07 13 01 07 10
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Table 3: Root Mean Squared Error (RMSE), normalized Root Mean Squared Error (nRMSE),
Mean Error (ME), and Standard Deviation (STD) between experimental and model lowest point
femoral condylar translations during the simple Deep Knee Bending activity with alta, neutral,

and baja tendon lengths.

Low Point Translation (mm)

Medial Condyle

M-L A-P S-l
RMSE nRMSE ME STD RMSE nRMSE ME STD RMSE nRMSE ME STD
alta 1.9 0.7 -1.7 09 11 0.1 01 11 0.6 0.4 -04 04
neutral 1.6 0.6 -13 10 0.8 0.2 01 08 0.5 0.8 04 0.2
baja 1.6 0.6 -12 10 1.2 0.2 08 09 0.6 0.9 05 0.2

Lateral Condyle

M-L A-P S-1
RMSE nRMSE ME STD RMSE nRMSE ME STD RMSE nRMSE ME STD
alta 1.9 0.7 -1.7 09 1.3 0.3 11 07 0.4 0.9 -04 01
neutral 0.3 0.6 -1.1 08 0.8 0.4 07 04 0.3 0.4 -0.1 03
baja 0.3 0.5 -1.0 09 0.5 0.4 03 05 0.3 0.4 00 03
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Deep Knee Bending: P-F Kinematics
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Figure 7: Experimental (solid) and model (dashed) patellofemoral kinematics during a simple
deep knee bending activity where all degrees of freedom except for flexion are in load control.

Shaded regions highlight one
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standard deviation from the mean.
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Figure 8: Comparison of patella implant positions between experimental (white) and model

(green) configurations at 0°, 30°, 60°, and 80° of tibiofemoral flexion with alta, neutral, and baja
patella positions

38
Behnam BI10-23-1012



ASME Journal of Biomechanical Engineering

Deep Knee Bending: P-F Loads
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Figure 9: Experimental (solid) and Model (dashed) patellofemoral loads during the simple Deep

Knee Bending activity for the alta,

neutral, and baja tendon lengths. Shaded regions highlight

one standard deviation from the mean.
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Table 4: Root Mean Squared Error (RMSE), normalized Root Mean Square Error (nRMSE),
Mean Error (ME), and Standard Deviation (STD) between experimental and model
patellofemoral (P-F) loads during the simple Deep Knee Bend activity at alta, neutral, and baja
tendon lengths.

Patellofemoral Loads (N)

M-L A-P S-

RMSE nRMSE ME STD RMSE nRMSE ME STD RMSE nRMSE ME STD

alta 16.8 0.3 -4.3 16.3 53.6 0.1 -27.7 459 251 0.1 -10.2 23.0
neutral 171 0.3 -85 149 14.7 0.0 -58 135 7.4 0.1 34 6.6
baja 254 0.4 -16.4 194 144 0.0 -9.7 107 14.3 0.1 54 132
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Figure 10: Correlations between the FE model alignment perturbations and resulting knee
mechanics at various flexion angles during a deep knee bend. Red regions indicate positive
correlations while blue regions indicate negative correlations. Correlations less than 0.6 are
shown in white. The slope of the linear fit is inset for variables with correlations greater than 0.6.
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Deep Knee Bending: Model Predicted
T-F Compressive Loads
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Figure 11: Model-predicted tibiofemoral loads during the simple Deep Knee Bending activity for
the alta, neutral, and baja tendon lengths
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