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Abstract

To better understand and predict osteoarthritis, researchers are developing so-called coupledmodelling
workflows. Coupled workflows convert data from gait analysis studies to subject-specific tissuemechan-
ical response estimations through the use of musculoskeletal and finite element models. The tissue
mechanical response inside the joint is thought to play an integral role in the onset and progression
of osteoarthritis. To study this, the design of coupled workflow was proposed. This design contained
subject-specific gait data which was processed by a musculoskeletal model with a single degree of
freedom knee joint. Musculoskeletal output was transferred through an adjusted generic finite element
model of the knee to calculate maximum principal stress and shear strain values in the tibial cartilage
of the knee. Proper marker placement is crucial for making an accurate assessment of the patient’s
function in gait analysis studies. It has been claimed that marker misplacement is the main cause of
measurement variability in gait analysis studies. It however remains unclear how potential marker mis-
placement propagates to the coupled modelling workflow results. To investigate this, in addition to the
design of a coupled workflow, a sensitivity analysis was performed. With this sensitivity analysis we
tried to answer the following question: How does marker placement of knee joint markers in gait anal-
ysis influence the tissue mechanical response calculated by a coupled workflow? For the sensitivity
analysis, knee joint marker placements were virtually perturbed along anterior-posterior, proximal-distal
and medial-lateral direction, to mimic marker misplacement. Corresponding knee biomechanics were
estimated from the perturbed input data in the coupled workflow. Peak maximum principal stress val-
ues varied by up to 0.60MPa and peak shear strain varied by up to 0.08% as a result of perturbed knee
marker placement. For cumulative stress levels, broader relative ranges were found. Moreover, the
results showed that marker placement along the anterior-posterior direction had the greatest influence
on corresponding tissue mechanical response estimations. In future studies a standard error of mea-
surement margin is proposed in the assessment of coupled modelling worfklow results. In conclusion,
the proposed workfow was relatively easy to build and provided similar tissue mechanical response
result to those as reported by more complex models which were more computationally intensive. This
implies that in the future, coupled modelling processes may very well be incorporated into the clinical
decision-making process for musculoskeletal disorders like osteoarthritis.

ii



Contents

Preface i

Abstract ii

Nomenclature v

1 Introduction 1

2 Research question 3

3 Methods 4
3.1 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.2 Musculoskeletal model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2.1 OpenSim tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3 Finite element model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.3.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3.2 Contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3.3 Boundary & loading conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3.4 Steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.4 The workflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4.1 The workflow: OpenSim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4.2 The workflow: FEBio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4.3 Computer specifications and computational time . . . . . . . . . . . . . . . . . . 16

3.5 Post-processing of models’ outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.5.1 Tissue mechanical response analysis . . . . . . . . . . . . . . . . . . . . . . . . 17
3.5.2 Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Results 18
4.1 Influence of marker placement on MSM output . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 Comparison of MSM output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.2 L.Knee marker placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.3 L.KneeMed marker placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.1.4 L.KneeFib marker placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2 Influence of marker placements on FEM knee kinematics . . . . . . . . . . . . . . . . . 24
4.2.1 Comparison of FEM knee kinematics . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2.2 L.Knee marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.3 L.KneeMed marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2.4 L.KneeFib marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.3 Influence of marker placements on tissue mechanical response . . . . . . . . . . . . . . 28
4.3.1 Comparison of stress/strain magnitude . . . . . . . . . . . . . . . . . . . . . . . 28
4.3.2 Comparison of stress/strain accumulation . . . . . . . . . . . . . . . . . . . . . . 29
4.3.3 L.Knee marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.3.4 L.KneeMed marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.3.5 L.KneeFib marker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.4 Influence of marker placements on regions of high tissue mechanical response . . . . . 34

5 Discussion 36
5.1 Results interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.1.1 How does knee marker location influence musculoskeletal modelling results in a
coupled workflow? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.1.2 How does knee marker placement influence the finite element FEM knee kine-
matics in a coupled workflow? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

iii



Contents iv

5.1.3 How does knee marker placement influence the magnitude of the tissue mechan-
ical response in the articular cartilage of the knee joint? . . . . . . . . . . . . . . 39

5.1.4 How does knee marker placement influence the location of the tissue mechanical
response in the articular cartilage of the knee joint? . . . . . . . . . . . . . . . . 40

5.2 Limitations and recommendations for future research . . . . . . . . . . . . . . . . . . . . 41
5.2.1 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.2 Musculoskeletal modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.3 Finite element modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.4 The workflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.3 How does this study move the field forward? . . . . . . . . . . . . . . . . . . . . . . . . 43

6 Conclusion 44

References 45

A BMM Lab Protocol 51

B OpenSim Tools 53

C Ligament insertion location 55

D FEM supplementary material 58

E Workflow supplementary material 60

F Results supplementary material 62



Nomenclature

Abbreviations

Abbreviation Definition

OA Osteoarthritis
MSM Musculoskeletal model
FEM Finite element model
PF Patellofemoral
TF Tibiofemoral
PG Proteoglycan
BMM BioMechaMotion
DoF Degree of freedom
IK Inverse kinematics
SO Static optimization
JRA Joint reaction analysis
OK OpenKnee
FE Finite element
MCL Medial collateral ligament
LCL Lateral collateral ligament

v



1
Introduction

The number of people suffering from musculoskeletal disorders is increasing. From birth to old age,
musculoskeletal disorders are relevant across all ages. Musculoskeletal disorders range from acute,
transient diseases such as fractures, sprains, and strains, which cause pain and functional restrictions
to chronic conditions like persistent lower back pain and osteoarthritis (OA) [1]. OA is a degenerative
joint disease, in which cartilage degenerates as a result of wear and tear in the joint. It is the most
prevalent musculoskeletal condition with over 100 million people worldwide suffering from the disease
[2]. Age, sex, genetics, but also mechanical loading of a joint, have major roles in the onset and pro-
gression of musculoskeletal disorders like OA. Being weight-bearing joints, the knee, ankle and hip
joint endure significant mechanical loading over the course of a person’s life. Studies suggest that the
progression of OA is associated with hyperphysiologic magnitudes of loading, and/or by the alteration
of the normal loading pattern in the joint. Consequently, OA often develops in the knee, ankle or hip as
a result of trauma, obesity, or overuse [3, 4]. Research on OA is especially important in the knee joint,
as instability is a commonplace symptom in knee OA, with 72% of patients with knee OA reporting knee
instability. Patients describe the instability as a sensation of buckling or giving away, causing them to
lose confidence in their body which negatively influences a patient’s quality of life [5, 6, 7, 8, 9]. Accu-
rate knowledge of the mechanical loading of cartilage inside the knee during gait is required to properly
understand the onset and progression of OA and develop therapeutic or preventative treatments [10].
Recent developments in instrumented knee implants have enabled the direct measurement of knee
loads during daily activities [11, 12]. However, it is still not possible to non-invasively measure the tis-
sue mechanical response of an intact knee during gait [13]. For that reason biocomputational models
are used to estimate joint mechanics [13].

Biocomputational models use mathematics, physics, and computer science to enable researchers to
simulate human biomechanics with the use of a computer. Musculoskeletal models (MSMs) allow for
the modelling of human biomechanics. In a clinical setting, MSMs are part of gait analysis studies to
asses the functioning of patients with motor disorders [14]. In practice, experimental motion is cap-
tured by applying reflective markers to the anatomical landmarks of a patient. During gait analysis
the patient is asked to walk across an instrumented walkway equipped with force plates. During the
analysis, reflective marker motion is captured with strategically placed cameras and external forces are
measured using force plates. Afterwards, MSMs are used to estimate joint kinematics, kinetics, muscle
forces, and joint contact forces. MSMs are able to estimate these outputs using user defined objective
functions. This enables researchers to come up with modelling results which closely approximate a
subject’s biomechanics during gait [13, 15, 16, 17].

A biocomputational modelling method incorporated to analyse tissue biomechanics at cartilage level is
finite element modelling. A finite element model (FEM) of the knee may include bony and soft tissue
components of the patellofemoral (PF) and tibiofemoral (TF) aspects of the knee joint. These can be
modelled with components with complex material properties to represent bone, ligaments, knee mus-
cles, cartilage, and menisci. FEMs enable researchers to simulate the interaction of the components of
the knee during daily activity and determine the tissue mechanical response estimates like stress and
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strain. The interaction between the different knee components all contribute to the tissue mechanical
response [18]. In FEM, gait analysis and MSM results can be applied as input in the form of boundary
and loading conditions, to simulation knee motion during gait. These results include joint kinematics,
muscle force, ligament forces, and joint contact forces. Research has shown that these factors play an
essential role in the pathogenosis of OA [19, 20, 21, 22, 23]. Therefore, for full understanding of OA,
information from both modelling techniques is required.

Here coupled workflows come into play. In coupled workflows joint kinematics and joint contact forces
are estimated from gait analysis data usingMSMs. This information is used to construct subject-specific
boundary and loading conditions for a FEM. The FEM in turn calculates the corresponding subject-
specific tissue mechanical response. The main objective of coupled workflows is to aid the clinical
decision-making process. Coupled workflows are created to help clinicians predict the possible devel-
opment of musculoskeletal disorders like OA.

Research suggests that altered joint biomechanics after injury and excessive stresses and strains expe-
rienced by articular cartilage are the main contributors to the development of OA [24, 25, 26]. Studies
have linked high tensile stresses to collagen matrix degeneration of collagen fibrils, while high shear
strains of the cartilage nonfibrillar matrix were linked to proteoglycan (PG) loss [27, 28, 29, 30]. In
assessing the potential development of OA, a coupled workflow can be used to simulate the subject’s
knee biomechanics. Thus, the data arising from gait analysis needs to be reliable, and correctly sim-
ulate a person’s motion during gait. The measurement system, skin movement artefacts, and marker
placement have proven to be the main causes for variability in results in gait analysis studies [31, 32, 33,
34]. Of those factors marker placement has been identified as one of the largest sources of variability
in gait analysis studies. Of all marker placements, knee marker placement is especially important as
these markers are connecting the thigh and the shank segment in MSMs [35, 36]. Due to this charac-
teristic knee markers have the potential to influence joint kinematics, kinetics, muscle forces and joint
contact forces of the hip, ankle and most importantly the knee joint. [37, 14, 38].

Coupled workflows are still an emerging modelling technique. Thorough research on the mechanisms
influencing coupled workflows is required for the method to be incorporated in the clinical decision
making process. Until now research has mostly covered the material models and geometries adopted
in the FEMs used for coupled workflows . These studies suggested that FEMs with simple material
models and geometries are well able to estimate the proper tissue mechanical response and identify
areas susceptible to the development of musculoskeletal disorders like OA [17, 39, 40]. To understand
the influence that misplacement of knee markers has on the validity and reproducibility of the coupled
workflow results, it is important to conduct a sensitivity analysis, as the uncertainty in marker placement
can directly impact the classification of a subject’s potential movement disorder. Sensitivity analyses
have been performed on the impact of knee marker misplacement on MSM modelling outputs [14, 37,
41]. However, these results have not yet been integrated in research on coupled workflows. Such an
analysis can offer important information on the impact of marker placement on the corresponding tis-
sue mechanical response calculated by a coupled workflow. This information provides valuable insight
into the possible error in model outcome due to marker misplacement and the confidence in general
coupled workflow results. This has profound impact on the standardization of coupled workflows and
the potential clinical decision making process.



2
Research question

To investigate the sensitivity of the coupled workflow to possible knee marker misplacements during
gait analysis studies, a research question has been formulated:

How does marker placement of knee joint markers in gait analysis influence the tissue mechanical
response calculated by a coupled workflow?

In order to organize this research study and, more significantly, to clarify the influence marker place-
ment has on the elements that make up the coupled workflow, the research topic is separated into
several sub-questions.

1. How does knee marker placement influence musculoskeletal modelling results in a coupled work-
flow?

2. How does kneemarker placement influence the finite element model knee kinematics in a coupled
workflow?

3. How does knee marker placement influence the magnitude of the tissue mechanical response in
the articular cartilage of the knee joint?

4. How does knee marker placement influence the location of the tissue mechanical response in the
articular cartilage of the knee joint?

3



3
Methods

To understand the influence of knee marker placement on the tissue mechanical response calculated
in the cartilage of the knee joint, a sensitivity analysis was performed. A sensitivity analysis can give
valuable insight into the possible error propagation in tissue mechanical response estimates which
result from incorrect marker placement. This has important implications on reproducibility and the
standardization of coupled modelling procedures. To answer the research question, the Monte-Carlo
simulation method was used. The Monte-Carlo method offers a strategy for measuring the impact of
a wide range of values of a particular independent variable on a specified dependent variable, without
being familiar with the underlying mechanisms. It is important to note that the Monte-Carlo method can
be used to measure the effects of changing multiple independent variables. Using a Latin Hypercube
sampling method knee marker placements were altered. Altered marker locations will consequently
changeMSMoutput and influence the tissuemechanical response calculated by the FEMof the coupled
modelling workflow. [42]. The sensitivity analysis will focus on the stance phase of gait as this period in
the gait cycle induces the greatest loads on the cartilage of the knee and is therefore thought to be the
main contributor in the progression of OA [43]. The following section will describe the components of
the methods chronologically, as they were used during workflow setup and analysis. In the figure below,
a general overview of the coupled modelling workflow developed for the simulations can be found.

Figure 3.1: An overview of the coupled modelling workflow developed to investigate the influence of marker placement on
tissue mechanical response in the knee joint, for a more detailed visualisation of the marker displacements see appendix E.
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3.1. Data acquisition 5

3.1. Data acquisition
Motion data was gathered from a single healthy subject (male, age: 27, height: 180cm, body mass:
80.5 kg), in the BioMechaMotion (BMM) laboratory at the faculty of Mechanical, Maritime and Materi-
als Engineering (3mE) at the Delft University of Technology. Informed consent was obtained from the
subject prior to the experiment. The subject was equipped with 40 reflective markers (�:12mm), on
the anatomical landmarks of the foot, tibia, knee, femur, pelvis and torso on both the left and the right
side (see Appendix A table A.2 and figure A.1).

BMM laboratory protocol was followed to ensure compatibility of the results. The protocol consisted
of a static pose trial and a dynamic walking trial of 10 and 25 seconds respectively. During the static
pose trial the subject was asked to stand in the anatomical position and step to the right with both legs
onto an instrumented walkway. The static pose trial served as calibration of the marker model for all
body segments, to facilitate marker tracking during the subsequent dynamic walking trial [44]. Dur-
ing the dynamic walking trial the subject was asked to walk across a seven meter long instrumented
walkway which was equipped with four force plates to measure the ground reaction forces during gait.
The force plates were positioned so that the forces of both the left and right leg could be measured
for two consecutive steps. The subject’s starting position was five meters in front of the force plates.
The subject was asked to walk up and down the runway at a self-selected pace for 25 seconds with
normal foot positioning. If each foot did not touch one force plate the trial was repeated until a dynamic
walking trial was measured in which each foot of the right and left leg landed on a subsequent force
plate during walking.

During the experiment, motion data was recorderd using twelve Oqus 700 motion capture cameras
at 100 Hz (Qualisys, Gothenburg, Sweden). Ground reaction forces were recorded at 1000 Hz using
four Kistler type 9260AA force plates (Kistler, Winterthur, Switzerland) See figure 3.2 for visualisation
of experimental setup. Both marker motion and force plate data were filtered using a Butterworth low-
pass filter at 6Hz and 25Hz respectively. Retrospectively ground reaction force data was additionally
edited in MATLAB (MATLAB and Statistics Toolbox Release 2020b, The MathWorks, Inc., Natick, Mas-
sachusetts, United States) by excluding forces which had an axial force component lower than 20
Newtons, to account for possible noise and measurement inaccuracies in the force plates [45]. The ori-
entation of the motion data marker files were transformed using Mokka (Mokka, Biomechanical ToolKit
(BTK), Arnaud Barré, 2011-2013) to meet the coordinate system of the musculoskeletal modelling soft-
ware [46]. A total of three dynamic walking trials were performed of which one trial with the least
interference and noise was used as input for the musculoskeletal modelling software.
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Figure 3.2: An overview of the experimental setup in the BioMechaMotion Laboratory at the TU Delft.

3.2. Musculoskeletal model
OpenSim 4.3 was used as a musculoskeletal modelling software (NCSRR, National Center for Simu-
lation in Rehabilitation Research, Stanford, CA, USA). OpenSim allows for modelling, simulating, con-
trolling, and analyzing the neuromusculoskeletal system [47]. For biomechanics analysis in OpenSim
the Gait2392 model was used (developed by Darryl Thelen (University of Wisconsin-Madison) and
Ajay Seth, Frank C. Anderson, and Scott L. Delp (Stanford University)) [48] .The Gait2392 model is
a three-dimensional, 23-degree-of freedom (DoF) model of the human musculoskeletal system. The
model features 92 musculotendon actuators to represent 76 muscles in the lower extremities and the
torso. The model’s virtual markerset was adjusted to match the markers as used in the BMM laboratory
protocol. A figure of this model can be found below (figure 3.3).

Gait2392 knee joint
As the knee joint is the joint of interest for this study it is critical to have a distinct understanding of the
representation of the knee joint in the MSM model. In the knee joint, the determination of the quadri-
ceps muscles’ moment arm provides a challenge because of the knee’s three-bone, multi-ligamented
structure. In previous research a simplified model of the knee was created to calculate the extensor
moment arm of the knee in a computationally efficient manner [49]. In this model the patellar levering
mechanism, as well as the kinematics of the TF and the PF in the sagittal plane, are all taken into ac-
count by the single DoF. The transformations between the femoral, tibial, and patellar reference frames
are all given as functions of the knee angle [50]. The developers of the Gait2392 model implemented
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Figure 3.3: Gait2392 is a 23 DoF model of the human musculoskeletal system. The model features 92 musculotendon
actuators to represent 76 muscles in the lower extremities and the torso. The model’s marker set was adjusted to match the
markers as used in the BMM lab protocol. The coloured axis show the global coordinate system the red axis (x) correspond to
anterior-posterior direction, green to proximal-distal/axial (y) and blue to medial-lateral directions (z). Note: not all markers

from the gait analysis (see appendix A) are represented in this figure as not all were used in the OpenSim analysis.

this knee model and simplified it further by removing the patella from the model, to avoid kinematic
constraints. To account for the patella the insertions of the quadriceps on the tibia are modeled as
moving points in the tibial frame [48].

3.2.1. OpenSim tools
In order for OpenSim to calculate knee kinematics, muscle forces and joint contact forces as a series
of analysis had to be performed. In the following section these are introduced.

Scaling
In order to generate the proper anthropometrics based on the subject’s characteristics, scaling was
performed. In scaling the experimental marker data were compared to virtual markers on the unscaled
Gait2392 model. From the 40 markers affixed during the gait analysis experiment 32 markers were
used during the OpenSim analysis. The dimensions of each segment in the model were scaled so
that the distance between the virtual markers matched the distance between the experimental markers.
Details on the scale factors can be found in appendix B (Table B.1 and B.2). Looking at the scale
factors used, it can be observed that for the Z-dimensions of both the torso and the pelvis segment an
alternative scale factor was chosen which corresponded with the scale factor used for the left femur
(FemurL). This was done as this scale factor resulted in a musculoskeletal model which visually best
represented the subject’s dimensions.

After scaling, the model’s virtual marker positions were moved to match the experimental marker
positions in the static pose trial. The virtual marker locations corresponding to the static pose were
computed by averaging the marker positions from the motion capture data in between 4.8 and 5 sec-
onds of the static trial, as this time range showed exemplary marker data. Relative marker weights
were used to determine how strongly the static pose algorithm should match the experimental marker
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Figure 3.4: Gait2392 left knee joint, including the three knee markers (L.Knee, L.KneeMed and L.KneeFib). The coloured axis
show the global coordinate system the red axis (x) correspond to anterior-posterior direction, green to proximal-distal/axial (y)

and blue to medial-lateral directions (z).

positions. Weights used varied from 0.1 to 25 with the anatomical markers of the anterior superior iliac
spine, shoulder, and knee getting the highest weights and the cluster markers on the femur and tibia
getting the lowest weight (see appendix B, table B.3). Once the static pose was computed all model
markers were moved to the averaged ”static pose” positions of the experimental markers.

Inverse kinematics
After scaling, inverse kinematics (IK) was performed with all joints unlocked. The scaled Gait2392
model was used as input together with the marker data from the dynamic trial and a IK setup file. For
the IK trial the time range was set in between 5.84 and 6.62 seconds, as this time frame showed the
subject during stance phase with the most reliable marker data and ground force registration (ground
force will be considered later on). In the IK setup file the relative weights of each marker are registered.
The IK tool goes through each time frame of motion and computes the associated joint angles which
positions the model in a pose that best matches the experimental markers from the dynamic walking
trial. The IK tool does this by solving a weighted least squares problem (see appendix B.1). The weight
associated with each marker specifies how strongly that marker’s error term should be minimised. For
the purpose of our analysis the anatomical landmarks of the pelvis and knee were given the highest
weights, while the ankle and shoulder markers were given lower weights (see appendix B.4). The
output file of the IK tool was a motion file (.mot) containing the generalised coordinate trajectories (joint
angles) over time.

Static optimization
The static optimization (SO) tool was used to estimate muscle activation level and the muscle forces
at each time instant. The SO tool uses the known motion of the model to solve the equations of motion
for the unknown forces. Here muscle forces are estimated by minimizing the sum of squared muscle
activations (see appendix B.2). The SO tool used the following files as input: the scaled Gait2392
model, the motion file calculated by the IK tool which was filtered using a standard 5 Hz filter, a residual
and reserve actuators file, external load data as measured by the force plates, and a SO setup file.
The residual and reserve actuators file is attached to correct for dynamic inconsistencies between the
estimated joint accelerations and the external forces in the free joints of the model. In the residual and
reserve actuators file every DoF can be corrected with one actuator. The external loads file consists of
the components of force and torque as measured by the force plates. During heel-strike the calcaneus
bone makes initial contact with the force plates. Therefore, the registered forces and torques were
applied to the calcaneus bone in the Gait2392 model. Torque data as measured by force plate 4 on
contact with the right leg was not incorporated in the external loads file as this measurement showed
to be corrupted. The SO setup file also described the exponent for the activation-based cost function
to be minimised, which was set to 2. The SO output file consisted of both muscle forces and activation
estimations.
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Joint reaction analysis
Afterwards, a joint reaction analysis (JRA) was performed. JRA is a tool to calculate resultant forces
and moments at the joints. Specifically, it calculates the joint contact forces and moments transferred
between the femur and the tibia as a result of all loads acting on the model. These forces and moments
correspond to the internal loads carried by the joint structure. The reaction loads calculated by the JRA
tool show the contributions of any structures which have not been represented in the MSM, but would
result in the desired joint kinematics. Structures can include cartilage contact and left out ligaments.
The reaction loads act at the joint centers of both the tibia and the femur. The input files for the JRA
are identical to those of the SO tool. Additionally, a list of the joint names of interest, a list of the body
on which the reactions occur, a list of frames in which the corresponding reaction is expressed and the
muscle forces file as calculated by the SO tool has to be provided. In the list of joints all joints were
checked. For both the list of bodies and frames the ”child” representation was chosen. This implies
that the 3D vectors of the contact forces in the knee were set to apply on the tibia and expressed
in the tibia frame (which corresponds to the global frame) [51]. The JRA output consists of forces in
the anterior-posterior (x), proximal-distal/axial (y) and medial-lateral (z) directions (see figure 3.4 for
reference directions).
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3.3. Finite element model
For finite element (FE) simulations the FEmodelling tool FEBio was used (FEBio, JeffWeiss andGerard
Ateshian, Colaboration between the Universities of Utah and Colombia, United States)[52]. FEBio is a
software tool for nonlinear finite element analysis in biomechanics and biophysics. To simulate the hu-
man knee, the Open Knee (OK) model was used. The OK model is a free access virtual biomechanics
representation of the TF knee joint [53]. The OK model is based on the MRI of the right leg of a female
donor (age: 70, height: 168cm, body mass: 77.1kg) without a medical history of knee injury. The OK
model works with a different axis system than the MSM. The next chapters will therefore primarily use
the anatomical direction names to prevent confusion. According to movement science terminology the
OK model represents a 6 DoF knee joint. These 6 DoF refer to the rotation and translations along the
three perpendicular planes of the FEM. The OK model models the knee joint by connecting the femur
and the tibia using three rigid joint connectors, each representing a different femur bone movement
on the tibia. Rigid joint connectors connect two rigid bodies by producing non-linear constraints be-
tween them and allowing motion only along the joint’s DoFs. These constraints can be conceptualized
as linear/torsional springs with a specified stiffness (penalty factors in the rigid connectors determines
this stiffness) that prevents relative translations/rotations of the femur along DoFs that must remain
constrained [54]. Due to the rigid joint connectors the femur could rotate around the x-axis (flexion–
extension), y-axis (abduction–adduction movement) and z-axis (external-internal). Moreover the rigid
joint connectors also allowed for translation of the femur across the x-axis (lateral), y-axis (anterior),
and z-axis (axial). Lastly, the tibia was fully constrained. The additional movement freedom of the
OK model in comparison to the Gait2392 knee joint (only allows for flexion-extension estimations) al-
lowed for more intricate estimations of the biomechanics of the knee during gait, and consequently for
more detailed tissue mechanical response estimations. For the OK model to be able to simulate gait
as during the dynamic walking trial adjustments had to be made to the original OK model. These are
described in the following section.

Figure 3.5: Altered OK model and its components, for additional view on model see Appendix D.1.

3.3.1. Geometry
MCL and LCL ligaments
A recent study showed that knee joint models with ligaments modeled as springs produce comparable
results to models with more complex ligament representations [55]. Therefore, the 3D representation
of the medial collateral ligament (MCL) and lateral collateral ligament (LCL) were replaced with spring
elements [56]. This was done to reduce the chance for convergence issues and decrease the compu-
tational burden imposed by using the MCL and LCL representations from the original OK model. Both
the MCL and LCL were modelled as linear springs with a tensile stiffness of k = 100 N/mm [57] and
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a pre-strain of 4% [58, 17]. FEBio is not able to account for pre-strain using linear springs, hence a
non-linear spring representation had to be implemented. Non-linear spring characteristics in FEBio are
described using a force vs. displacement curve. Therefore, to implement the appropriate stiffness and
pre-strain both MCL and LCL dimensions were measured from the original OK model. The correspond-
ing force vs. displacement curve was generated using a custom script in MATLAB.

According to previous studies, ligament forces are an essential part of total joint force [17]. In changing
to a spring representation for the MCL and LCL, the insertion locations of the springs have converged
to a single node on the medial and lateral side of the tibia and femur. This increases the possible risk
of incorrect MCL and LCL insertion location, which could influence knee behaviour during gait simula-
tion. Therefore, to determine the optimal insertion locations of both the MCL and LCL, an additional
experiment was set up. This experiment included a passive knee flexion simulation in which the OK
model was put under a 100N compressive axial load while being flexed to 45◦. In the experiment pas-
sive knee flexion was simulated using four evenly spaced ligament insertion orientations on both the
medial and lateral side of the knee joint. Insertion locations were picked according to the boundaries
set by the 3D ligament representation (see appendix C.1 for visualisation of ligament insertion). This
resulted in 4x4=16 models, these models represented 16 distinct ligament orientations with varying
MCL and LCL insertion locations. The models were run individually to determine the optimal orienta-
tion. Knee kinematics of the FEM were tracked for the different ligament insertion locations, results
were compared using a custom script in MATLAB. For the optimal solution an orientation was chosen
which represented a mid-range of all possible knee kinematics given the 16 ligament orientations.

The optimal ligament orientation was the orientation which most closely resembled the mean of
the kinematics for all tested ligaments orientations (see appendix C figures C.2, C.3, C.4, C.5 for DoF
plots).

Meniscal horn attachment
In the original OK model meniscal horn attachments are defined using linear springs attaching each
node on the meniscal horn faces to the appropriate node on the tibia. In the original model FEBio
had difficulty finding a converging solution when a compressive force load was applied to the menisci,
due to excessive sliding of the menisci in between the femoral and tibial cartilage. To solve this issue
the linear springs were replaced with a fixed displacement boundary condition applied to the meniscal
horns, connecting the meniscal horns to the tibia. The fixed displacement boundary condition was set
at the location where the meniscal roots would typically attach [59, 60, 61].

Figure 3.6: Fixed meniscal horns, marked area represents location of fixed boundary condition application.

3.3.2. Contact
The original OKmodel has a frictionless contact between the tibial cartilage and themenisci, however, in
the physiological knee there should be some friction between the tibial cartilage and the menisci. In the
psychological knee peripheral attachments are present to connect the menisci to the tibia and restrain
meniscal motion [62, 63]. To restrain meniscal motion during simulation a sliding-elastic interface was
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incorporated in the altered model. A friction coefficient of 0.5 was allocated for the contact between the
menisci and tibial cartilage. The friction coefficient was choosen based on trial and error, as simulations
which incorporated this coefficient showed results in the same order of magnitudes as results from
literature.

3.3.3. Boundary & loading conditions
In the altered OK model, boundary and loading conditions were applied to simulate knee biomechanics
during the stance phase of gait. Boundary and loading conditions included:

• The flexion-extension angle as calculated by the IK tool in OpenSim (see figure 3.9a).
• The knee joint contact forces in the proximal-distal/axial, anterior-posterior and medial-lateral
direction, calculated by the JRA tool in OpenSim (see figure 3.9).

The tissue mechanical response and remaining knee kinematics (5 DoF) of the OK model were esti-
mated due to the interactions of the components of the OK model as a result of the application of the
boundary and loading conditions from the MSM. During the beginning of the stance phase the flexion
angle and knee joint contact forces showed considerable noise. The knee was extended during the
high noise time interval, which resulted in a high relative movement of the moving point, which stood in
for the link between the quadriceps muscle and the patella. The brief fluctuation in knee flexion angle
and joint contact forces was observed as a result of this high relative movement. To smoothen the data
and improve FEM simulations both the flexion angle and the knee joint contact forces were smoothed
in their respective direction using a Gaussian-weighted moving average filter in MATLAB. This filter
made it possible to remove the noisy data portions without affecting the remaining data. See figure 3.7
for the filter effect

(a) Fraction of unfiltered knee contact forces (b) Fraction of unfiltered knee contact forces

Figure 3.7: Unfiltered and filtered knee contact force curves

In the MSM the joint contact forces act at the joint centers (mobilizer frames) of both the femur
and the tibia. This location corresponds with the point of boundary and loading condition application
in the OK model, which was also located in the joint centers of both the femur and tibia. In the OK
model for both the femur and tibia, rigid body reference points coincide with the origin of the model
coordinate system. All loading and boundary conditions for the bones, tibiofemoral joint loading, and
kinematics were defined at these points in model’s coordinate system [48, 53]. The boundary and load-
ing conditions were applied as time dependent load curves to their respective components. The flexion
angle was applied to the Femur-lmgLnk rigid cylindrical joint, as this rigid connector is responsible for
medial-lateral translation and flexion-extension across the OK model (for a more extensive explanation
on the joint coordinate system see appendix D.2). The knee joint contact forces were applied as time
dependent rigid forces to the femur in their corresponding direction, thus the anterior-posterior force
was applied along the y-axis, the axial force along the z-axis, and the medial-lateral force along the
x-axis (see figure 3.8). The OK model has been developed based on a right knee joint. For the pur-
pose of our simulations we are interested in the left knee. To resolve this, the force direction along
the medial-lateral axis was inverted. In models of the knee the patella and tendons mainly controls the
anterior–posterior translation. As a result force and moment driven models that lack the patella may
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Figure 3.8: Points of application of flexion-extension rotation and knee contact forces

overestimate the femoral translations in the anterior-posterior direction [58]. As the OK model does not
include the PF joint, the anterior-posterior joint contact force was scaled by 50%. This factor was de-
termined by running multiple simulations with varying scaling factors for anterior-posterior joint contact
force. Scaling the anterior-posterior joint contact force to 50% resulted in knee kinematics which best
represented anterior-posterior knee translations from literature.

In applying these boundary and loading conditions, the simulation was divided into two steps. First,
A displacement step from t=0 to t=0.5 seconds which moved the femur distally 0.6mm along the axis
(axially) of the knee, to ensure proper contact between the femur, menisci and tibia. Good contact be-
tween between these parts resulted in improved load distribution estimations and minimised possible
convergence problems during FEM simulations [64]. In the second step from t=0.5 to t=1.77 the load
curves were linearly ramped up from t=0.5 until t=1 at which the FEMwas in starting position to simulate
the stance phase. This meant both the flexion-extension angle and the knee contact forces were at
their respective values corresponding to the start of the stance phase (see figure 3.9a and figure 3.9b
at t=1) Afterwards, the stance phase simulation was realised from t=1 to t=1.77 seconds.

(a) input curve representing the flexion angle during stance phase of gait.
[0,0.5] refers to displacement step. [0.5, 1] = linear flexion and force

ramp up. [1, 1.77] = stance phase simulation.

(b) load curves representing the joint contact forces during stance phase
of gait. [0,0.5] refers to displacement step. [0.5, 1] = linear flexion and

force ramp up. [1, 1.77] = stance phase simulation.

Figure 3.9: Boundary & loading conditions used as input for the OK model
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3.3.4. Steps
The simulation was divided into two steps as discussed in the previous section. Both the time settings
and nonlinear solver had to be altered to account for the simulation of gait (see appendix D.1 and D.2
for details on step settings). Both steps were simulated as static and utilised the full Newton Method
(by setting max updates to 0).

As Step 2 simulated more complex conditions a safety condition was built in. When a time step
fails, FEBio will try the step again with a smaller time step size. As a result the maximum and minimum
step sizes for step 2 were set lower than in step 1. An additional safety margin was set by increasing
the number of maximum retries to 200. The maximum retries parameter determines how many times a
time step may be retried before FEBio terminates. These step setting improvements warrant successful
simulation of the stance phase of the dynamic walking trial during the sensitivity analysis.
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3.4. The workflow
For the sensitivity analysis, a Monte Carlo simulation was performed. To analyse the sensitivity of the
FEBio model to marker misplacements, the knee marker data from both the static pose and dynamic
walking trial had to be displaced over the knee joint. Consequently the altered marker data had to
be imported into OpenSim and processed through scaling, IK, SO, and JRA. The results of these
analyses were to be used as input for the OKmodel. Lastly FEBio simulation results had to be extracted
for post-processing. To automate this process, a workflow was set up. The workflow consists of a
series of scripts which enabled for automated marker displacement, OpenSim and FEBio analysis,
and post-processing of results. The workflow was created in MATLAB using the OpenSim’s application
programming interface (API) and the GIBBon toolbox (GIBBON, Kevin M Moerman, United States),
which allowed for interaction between MATLAB and FEBio [65].

Figure 3.10: Schematic of the semi-automated coupled workflow: Containing a series of Matlab scripts designed to apply
marker displacement and consequently scale a model, perform IK, SO, JRA, adjust the boundary and loading condition load

curves, create a batch run file and post-processing of the results from the FEBio simulations.

3.4.1. The workflow: OpenSim

Figure 3.11: Knee marker
placement

In themarker displacement script, 20marker displacements were applied to
the three knee markers defining the knee joint. This was done to the static
pose and dynamic trial marker data (.trc) for the L.KneeMarker, LKneeMed-
Marker and the L.KneeFibMarker. The displacements for the Monte Carlo
simulation were generated using a Latin hypercube samplingmethod. Latin
hypercube sampling is a near-random sampling method which takes into
account previously taken samples in order to reduce sample size required
to achieve an evenly spread distribution of marker placements [66]. To
account for marker misplacement the broadest possible range of marker
displacements found in literature was chosen. The original marker position
from the BMM laboratory experiment was taken as the anatomical land-
mark, which corresponded to the anatomical landmark at the knee joint.
Subsequently marker displacements were placed around this anatomical
landmark.

• Displacements were applied across the anterior-posterior (red) and
proximal-distal (green) direction. Along these axes a circle with a
radius of 30mm was plotted in which the Latin Hypercube sampling
method would pick samples [14, 67]. For a visualisation of the sam-
pling see figure 3.11 and appendix E.2a.

• Additionally samples were taken across the medial-lateral (blue) axis
in a range of 10mm. This corresponds to samples being placed 5mm
medially and 5mm laterally from the anatomical landmark. Medial-
lateral marker displacements were applied to simulate misplacement
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in the medial-lateral plane [68]. For a visualisation of the marker
placements across the medial-lateral plane, see figure 3.11 and ap-
pendix E.2.

Subsequently, the batch scaling script would scale the Gait2392 model 20 times according to the
20 static pose trials with altered knee marker placement, resulting in 20 scaled Gait2392 models. Af-
terwards, the 20 scaled models would go through the batch inverse kinematics script, using the cor-
responding 20 displaced dynamic trial marker files (identical displacements were applied to the static
pose and dynamic walking trial) resulting in 20 motion files containing the joint angles during stance
phase. Lastly, the results from the scaling and inverse kinematics would be used to calculate the batch
static optimization and joint reaction analysis. The OpenSim segment of the coupled workflow would
result in 20 scaled models, 20 motion files, and 20 knee contact forces files all corresponding to a
specific marker displacement, to be used as input for the load curve adjustment script.

3.4.2. The workflow: FEBio
Considering each marker position, the OK model was run with loads & boundary conditions based on
the updated load curves. In this step 20 FEBio files were created all with identical settings except for the
load curves, which consisted of the corresponding flexion angle and knee contact forces. A batch run
file was created which would sequentially call for the simulation of the 20 FEBio models, The batch file
was created in order to speed up the simulation process. Calling on the FEBio models automatically will
reduce the off time due to manual labor by the programmer. Simultaneously, a log file would be created
containing the kinematics, stresses and strains, estimated by the FEM. Lastly, the workflow consists of
a script enabling for the automated input of FEBio log files in MATLAB, to be used for post-processing.

3.4.3. Computer specifications and computational time

Table 3.1: Estimated computational time for each workflow process for displacements of a single marker

Process Marker
displacement

Batch
scaling

Batch inverse
kinematics

Batch
SO +JRA

Adjust
loading curves

Create
batch run

Run
Batch file

Import results
from FEBio Handling time Total

Time 3.5 min 1.5 min 2.5 min 60 min 50 min 0.5 min 1200 min 2 min 10 min 1328 min
(22.2) hours

Marker diplacements and batch OpenSim analysis of the workflow were performed using a HP
Zbook laptop (8-core processor, 64 GB RAM, NVIDIA QUADRO RTX5000, Gen 3 x4 NVMe SSD TLC).
Batch FEBio analysis was performed using a remote desktop connected to the CBL1 computer located
at the faculty of Mechanical, Maritime and Material Engineering at the TU Delft (16-core processor,
32GB RAM,GeForce2080 RTX, Samsung NVMe 1 TB SSD hard drive) which allowed for parallellised
finite element calculations, cutting down on computational time due to the multiple core processor.
Due to the parallellised finite element calculations, the run time of a single FEM could be reduced
to approximately 60 minutes. In table 3.1 an overview can be found of the workflow processes and
the corresponding time required to complete each process. Note: This section and table cover the
simulation of a single knee marker being adjusted. In total all three knee markers (L.Knee, L.KneeMed
and L.KneeFib) of the left leg were processed by the workflow.
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3.5. Post-processing of models' outcomes
3.5.1. Tissue mechanical response analysis
As the aim of coupled workflows is to aid the clinical decision making process, it is important that
the workflow can discern changes in key factors responsible for the onset and progression of mus-
culoskeletal disorders like OA. Considerable research has been done on the factors influencing the
cartilage degeneration in OA:

• Research suggests that maximum principal stress (tensile) above a threshold of 7MPa is assumed
to trigger collagen network degeneration in cartilage [29, 69, 70].

• Furthermore, experiments and computer simulations linked tissue strains above 30% to chondro-
cyte apoptosis and subsequent Proteoglycan (PG) loss. In these findings shear strains above
32% were assumed to lead to PG loss [71, 72, 73].

Therefore, for the purpose of this study peak values of both maximum principal stress (tensile) and
shear strain were analysed. Moreover, regions of high stress and strain were tracked to identify lo-
cations prone to possible collagen network damage and/or PG loss. Elements were labelled as high
stress or high strain when their respective maximum principal stress or shear strain values exceeded
the threshold values stated above. Peak stresses and strains were evaluated for the elements of the
the medial and lateral side of the tibial cartilage for all three knee markers.

Besides excessive joint loading which results in high peak maximum principal stress and shear strain
values also stress accumulation can cause OA to develop in a joint. Cumulative excessive stress leads
to OA results from post-traumatic joint incongruity, joint dysplasia and instability. However stress ac-
cumulation can also cause OA in patients without known joint abnormalities [74]. To account for this
accumulation in the post-processing of the models’ outcomes. The total number of elements exceed-
ing the predetermined stress and strain thresholds throughout the stance phase were registered for the
various marker placements in output variables that were generated. The medial and lateral sides of
the tibial cartilage were distinguished here as well.

3.5.2. Statistics
Pearson’s correlation coefficient was used to quantify the strength of a relationship between marker
placement and workflow output in question. It is important to note here that a distinction was made
between marker placement along the three different directions (Corresponding to the OpenSim global
coordinate system):

• Anterior(+)-posterior(-)
• Proximal(+)-distal(-)/Axial
• Medial(+)-lateral(-)

x, y and z coordinates of markers were determined. The signs behind the directions describe the posi-
tive and negative direction. Subsequently correlations were calculated between the marker placement
directions and coupled workflow outputs. The correlation coefficients were calculated in MATLAB as
a number between -1 and 1. One being the strongest positive correlation and -1 being the strongest
possible negative correlation [75]. If there is a positive correlation, then markers are placed further
along the positive direction, increasing the corresponding workflow output. For a negative correlation,
it means that if markers are placed further along the positive axis, the corresponding workflow output
decreases.
The Pearson’s correlation coefficient was complemented by the corresponding p-value. P-values eval-
uate how well your data rejects the null hypothesis, which states that there is no relationship between
marker placement and the workflow output in question. The p-value was used as a measure of confi-
dence in the found relationship. Successfully rejecting the null hypothesis implies that the results are
statistically significant. The p-value quantifies the probability the observed effect would have occured
by chance. The threshold for considering a statistically significant relationship was set at p = 0.05. In
case p<0.05 the null hypothesis was rejected and the assumption that there is a significant relationship
between the marker placement and the corresponding workflow output was accepted.



4
Results

The research question and its sub-questions were used to guide the presentation of the results. First,
results were presented addressing how marker placement affects the MSM output regarding knee
kinematics and knee joint contact forces as determined by the coupled workflow’s MSM. (4.1). Second,
the influences of knee marker placement on the coupled workflow’s FEM’s knee joint kinematics were
shown (4.2). The influence of marker placement on the peak magnitude of stresses and strains esti-
mated in the articular cartilage of the knee joint as a result of varied marker placements was presented
afterwards (4.3). Lastly, in addition to presenting the magnitude, the location of high stress and strain
regions due to varying marker placements were also displayed 4.4.
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4.1. Influence of marker placement on MSM output
First, the influence of knee marker placement on MSM output was analysed. The flexion angle of the
knee joint as well as the contact forces acting on the knee joint in the axial (proximal-distal), anterior-
posterior, and medial-lateral directions were of importance here. These MSM outputs formed the input
for the FEM in the coupled workflow. The range of MSM outputs as a result of different knee marker
placements were provided in the next section, broken down per knee marker. First, magnitudes of the
respective MSM outputs were compared. This was followed by a visualisation of flexion angle and knee
contact forces curves over time for the displaced knee markers. Afterwards, correlation coefficients and
p-values were calculated to quantify the relationship between the different marker placements and the
magnitudes of the MSM output.

4.1.1. Comparison of MSM output
Figure 4.1 shows the variability in the maximum values as estimated by the MSM for the knee mark-
ers. MSM outputs included flexion angle, axial force, anterior-posterior force, and medial-lateral force.
Figure 4.1 shows the MSM results found for the 20 different marker placements of each knee marker.
Specific points from the flexion and force curves were picked for the comparison of the MSM outputs.
For flexion-extension, maximum knee flexion angle was assessed. The peak compressive force was
chosen for the axial force. Themaximum value of the peak in anterior force was selected for the anterior-
posterior joint contact force in the knee. Lastly, the largest value of the medial peak in force output was
picked for the medial force comparison. Figure 4.1 describes the distribution of maximum MSM out-
puts and data skewness through displaying the data quartiles (or percentiles) and median. Figure 4.1a
demonstrates that by varying knee marker placement maximum knee flexion angles were estimated
in between 22.018◦and 16.434◦. The L.Knee marker was responsible for the greatest range of maxi-
mum knee flexion angles, whereas a different placement site for the L.KneeMed marker produced the
narrowest range of maximum knee flexion estimations. The L.KneeFib marker typically showed the
lowest maximum knee flexion angles during the stance phase of gait. Peak axial compressive forces
were found ranging from 2057.570N to 3419.000N (figure 4.1b). The L.Knee marker was responsible
for the largest variety in peak axial compressive force. The L.Knee marker also showed the largest
range of possible peak axial compressive forces due to varying marker placements. Generally, the
L.KneeMed marker showed the lowest peak axial compressive forces, while the L.KneeFib showed
the smallest range in possible output. Peak anterior forces for the various knee indicators ranged from
167.957N to 320.989N. Due to different marker placements, the L.KneeFib marker often displayed the
lowest peak anterior forces, whereas the L.KneeMed marker displayed the maximum peak anterior
forces. Lastly, both the L.Knee and L.KneeMed marker showed maximum peak medial forces around
86N. The L.KneeFib generally showed the lowest peak medial forces.
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(a) Bar plot showing the range, Q1, median and Q3 of maximum flexion
angles produced by varying marker placement of the knee markers.

(b) Bar plot showing the range, Q1, median and Q3 of maximum
compressive axial force as a result of varied marker placements of the

knee markers.

(c) Bar plot showing the range, Q1, median and Q3 of maximum anterior
force as a result of varied marker placement of the knee markers.

(d) Bar plot showing the range, Q1, median and Q3 of maximum medial
force as a result of varied marker placement of the knee markers

Figure 4.1: Bar plot of peak MSM ouputs for the different markers given the altered marker placement.
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4.1.2. L.Knee marker placement
For L.Knee marker the range of load curves due to altered marker placements are presented in the
figure below (figure 4.2). The flexion (figure 4.2a) and force curves (figure 4.2b) revealed compara-
ble profiles for the various L.Knee marker locations. The profiles, however, appear to have varying
maximum and minimum magnitudes.

(a) Load curves each representing an angle input during stance phase of
gait as calculated through different L.Knee marker placements. A

positive angle corresponds to knee flexion.

(b) Load curves representing 20 joint contact forces inputs during stance
phase of gait as calculated through different L.Knee marker placements.
From top to bottom these are the anterior-posterior knee contact force,
the medial-lateral knee contact force and lastly the axial contact force.

Figure 4.2: MSM ouput as a result of altered L.Knee marker placement. MSM output will be used as input in the form of
boundary & loading conditions for the FEM.

Table 4.1 shows the correlation coefficients and the corresponding confidence values for the re-
lationships between marker placement directions and MSM output for the three knee markers. For
comparison the same points which defined the ranges of MSM outputs in the previous section were
chosen for the correlation calculations of the different marker placements. Marker placements were
split up into three marker placement directions which together define the location of the marker (Ant-
post, Prox-dist and Med-lat).

To illustrate how these correlation coefficients were estimated an example will be provided for the
relationship between marker placement and knee flexion angles. Figure 4.3 shows the relationship
between marker placements along the different directions and the maximum flexion angle. Correla-
tion coefficients and p-values were calculated for every relationship. The p-values were used here to
determine the probability an effect would have occured by chance. For the following correlations only re-
lationships with a p-value lower than 0.05 (significant) were considered. These correlation coefficients
showed a strong positive relationship between anterior-posterior marker placement andmaximum knee
flexion angle. The strong positive correlation was illustrated with the orange line in the left figure. For
the other remaining marker placement directions no significant relationship could be determined, hence
the low confidence and correlation coefficient closer to 0 (These relationships can also be seen in ta-
ble 4.1). The same method of defining relationships between marker placement direction and coupled
workflow results was also applied for the rest of the relationships and throughout the whole study.
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Figure 4.3: Example: Relationships marker placement with respect to direction and MSM output for the L.Knee marker.

A strong positive significant correlation was found for L.Knee marker placement in the anterior direc-
tion and the maximum flexion angle (r=0.953, p=0.000). This relationship implies that when the L.Knee
marker is placed anterior to the anatomical landmark this results in an increase in maximum flexion an-
gle. Figure 4.2 shows that for the simulated L.Knee marker displacements a higher maximum flexion
angle also corresponds with higher maximum extension during the stance phase of gait. The relation-
ship between anterior-posterior marker placement was negative for axial compressive force (r=-0.987,
p=0.000, see table 4.1), while a positive relationship was found between anterior-posterior marker
placement and anterior-posterior(r=0.995, p=0.000) and medial-lateral force (r=0.955, p=0.000). This
relationship implies that L.Knee markers placed anteriorly to the anatomical landmark resulted in an
perceived decrease in axial compressive force and an increase in peak anterior force and peak medial
force.

Knee flexion angle Axial compressive force Anterior-posterior force Medial-lateral force
L.Knee r p r p r p r p
Ant-post 0.953 0.000 -0.987 0.000 0.955 0.000 0.955 0.000
Prox-dist 0.377 0.101 0.002 0.995 0.373 0.106 0.357 0.122
Med-lat -0.116 0.627 -0.047 0.843 -0.116 0.626 -0.206 0.384
L.KneeMed r p r p r p r p
Ant-post 0.992 0.000 -0.995 0.000 0.953 0.000 0.937 0.000
Prox-dist 0.191 0.420 0.022 0.926 0.369 0.109 0.419 0.066
Med-lat -0.050 0.835 0.074 0.757 -0.045 0.849 -0.098 0.682
L.KneeFib r p r p r p r p
Ant-post 0.956 0.000 -0.972 0.000 0.948 0.000 0.908 0.000
Prox-dist 0.368 0.111 0.060 0.802 0.383 0.096 0.431 0.058
Med-lat -0.095 0.692 0.066 0.781 -0.083 0.729 -0.137 0.565

Table 4.1: Pearson’s correlation coefficient and the corresponding p-values for the relationship between marker placement and
corresponding MSM output. Values in bold highlight the significant relationships (p-value<0.05).

4.1.3. L.KneeMed marker placement
For the L.KneeMedmarkers the range of load curves due to altered marker placements were presented
in the figure below (figure 4.4). Here, the flexion angles and knee contact forces showed similar patterns
with varying magnitudes of flexion and force for the load curves. For the L.KneeMed marker a strong
positive significant relationship was found for anterior-posterior marker placement and maximum knee
flexion angle (r=0.992, p=0.000). Additionally, the same applied to anterior-posterior marker place-
ment and anterior-posterior force (r=0.953, p=0.000), and for anterior-posterior marker placement and
medial-lateral force (r=0.937, p=0.000). As for the L.Knee marker, axial compressive force showed a
strong negative relationship with anterior-posterior marker placement (r=-0.995, p=0.000).
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(a) load curve representing 20 flexion angle inputs during stance phase
of gait as calculated through different L.KneeMed marker placements. A

positive angle corresponds to knee flexion.

(b) Load curves representing 20 joint contact forces inputs during stance
phase of gait as calculated through different L.KneeMed marker

placements. From top to bottom these are the anterior-posterior knee
contact force, the medial-lateral knee contact force and lastly the axial

contact force.

Figure 4.4: MSM ouput as a result of altered L.KneeMed marker placement. MSM output will be used as input in the form of
boundary & loading conditions for the OK model.

4.1.4. L.KneeFib marker placement
For L.KneeFib marker the range of load curves due to altered marker placemens are presented in
the figure below (figure 4.5). The flexion angle curve as a result of varying L.KneeFib marker place-
ments showed minor hyper extension around t≈1.5 (figure 4.5). Besides the slight hyper extension,
similar load curves were found for the different flexion angles and knee contact forces, however all
with varying magnitudes. In quantifying the relationship between L.KneeFib marker placement and
MSM output, once again a strong negative significant relationship was found for anterior-posterior
marker placement and knee flexion angle (r=-0.982, p=0.000). A positive relationship was found for
anterior-posterior marker placement and the knee joint contact forces (axial compressive force, r=0.972,
p=0.000, anterior-posterior force r=0.948, p=0.000 andmedial-lateral force r=0.908, p=0.000, see table
4.1).

(a) load curve representing 20 flexion angle inputs during stance phase
of gait as calculated through different L.KneeFib marker placements. A

positive angle corresponds to knee flexion.

(b) Load curves representing 20 joint contact forces inputs during stance
phase of gait as calculated through different L.KneeFib marker

placements. From top to bottom these are the anterior-posterior knee
contact force, the medial-lateral knee contact force and lastly the axial

contact force.

Figure 4.5: MSM ouput as a result of altered L.KneeFib marker placement. MSM output will be used as input in the form of
boundary & loading conditions for the OK model.
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4.2. Influence of marker placements on FEM knee kinematics
The results of incorporating the MSM outputs from the previous section as boundary and loading con-
ditions are displayed in the following section. In order to quantify the relationship between marker
placements and the corresponding FEM knee kinematics, knee kinematics results included both fig-
ures of the FEM knee translations and rotations. FEM knee translations and rotations resulted from
simulations with different knee marker placements. Additional figures showed the knee kinematics
along all 6 DoF during the stance phase of gait. A table containing correlation coefficients and con-
fidence results was also included. For structure sake, only the relationships that had p-values lower
than 0.05 were mentioned in the following sections.

4.2.1. Comparison of FEM knee kinematics
Figure 4.6 shows the variability in the maximum knee kinematic values as estimated by the FEM for
the various knee markers. Knee kinematics include knee anterior-posterior, proximal-distal, medial-
lateral translation, flexion-extension angle, abduction-adduction angle, and internal-external rotation
angle. The ranges in figure 4.6 correspond to the outcomes of the 20 different marker placements of
the three knee markers. Specific points from the kinematics predictions curves were picked for the com-
parison of the FEM predictions. For anterior-posterior translation, maximum anterior translation was
used. Proximal-distal translation used maximum distal translation for comparison. Maximum lateral
translation was used for the comparison of marker placement along the medial-lateral direction. For
the rotational DoFs maximum flexion was chosen to compare the various flexion angles. Maximum ad-
duction angle was picked to analyse abduction-adduction rotations and maximum internal angle was
chosen for the comparison of internal-external rotations. Figure 4.6 describes the distribution of the
maximum knee kinematics values and data skewness through displaying the data quartiles (or per-
centiles) and median.

(a) Range of maximum anterior translation as a
result of varying marker placement for the three

knee markers.

(b) Range of maximum distal translation as a
result of varying marker placement for the three

knee markers.

(c) Range of maximum lateral translation as a
result of varying marker placement for the three

knee markers.

(d) Range of maximum flexion angle as a result
of varying marker placement for the three knee

markers.

(e) Range of maximum adduction angle as a
result of varying marker placement for the three

knee markers.

(f) Range of maximum external angle as a
result of varying marker placement for the three

knee markers.

Figure 4.6: Comparison of maximum knee kinematic values of the FEM knee.

Figure 5.2a shows that maximum anterior translations varied between 6.45mm and 4.22mm for
varying marker placements. In this instance, the maximal anterior translation was often highest for the
L.KneeMed marker and lowest for the L.KneeFib marker. The different knee markers’ maximum distal
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translations, which ranged from 1.31mm to 2.03mm, closely matched one another (figure 5.2b). The
L.Knee and L.KneeFib marker’s maximal lateral translation had similar magnitudes. The maximum
lateral translations for these markers were between 0.42mm and 0.48mm. The L.KneeMed marker’s
lateral translation revealed to have the highest potential values (ranging from 0.5mm to 0.59mm, see
figure 5.2c). Due to different marker placements, maximum flexion angles ranged from 15.050◦to
22.002◦. The L.Knee marker displayed the widest variety of potential outcomes in this instance (figure
5.2d). The range of maximum abduction angles was 0.534◦to 1.115◦. The L.Knee and L.KneeMed
markers’ various marker placements led to the highest rise in abduction angle magnitude. Finally, the
maximum internal rotation angle varied between 0.015◦and -0.283◦. The positioning of the L.Knee
and L.KneeMed markers was responsible for the lower maximum internal rotation angles, whereas the
displacement of the L.KneeFib marker produced the highest internal rotation angles.

4.2.2. L.Knee marker
In FEM simulations from the L.Knee marker displacement, 5/20 simulations failed before reaching the
time step which corresponded to the second peak of axial compressive force of the stance phase (t
≈1.55s) (see 4.1). For the L.Kneemarker, the range of FEM knee translational and rotational kinematics
are presented in the figures below (simulations which prematurely failed included).

(a) (b) (c)

(d) (e) (f)

Figure 4.7: Knee joint rotations as a result of altered L.KneeMarker placements

The patterns of the knee kinematics as a result of altered L.Knee marker placements were relatively
similar to one another, with varying magnitudes. Only the lateral knee translation showed inconsisten-
cies for some simulations in between t=1.5 and t=1.7. As explained in the Methods section, the left knee
of the subject was the knee of interest. The FEM knee however represents the right knee. In order to ac-
count for this the sign convention of the medial-lateral force application has been switched. As a result
of this discrepancy, lateral translations are considered positive when analyzing the FEM knee kine-
matics. For L.Knee marker displacements a positive correlation was found between anterior-posterior
marker placement and anterior translation(r=0.950, p=0.000), proximal translation(r=0.999, p=0.000),
and lateral translation (r=0.845, p=0.000). These relationships imply that when the L.Knee marker is
placed anteriorly to the anatomical landmark, the FEM of the coupled workflow showed greater peak
anterior translations during the stance phase of gait. For the rotational kinematics a positive correlation
was found for anterior-posterior translation and the maximum flexion angle(r=0.951, p=0.000). The cor-
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relation coefficient for abduction-adduction (r=-0.987, p=0.000) and internal-external rotation (r=-0.531,
p=0.016) showed to have a negative relationship with anterior-posterior marker placement.

4.2.3. L.KneeMed marker
For varying simulations with L.KneeMed marker placements, 6/20 FEM simulations failed before reach-
ing the time step which corresponded to the second peak of axial compressive force of the stance phase
(t ≈1.55s). The following figures show the range of FEM knee translational and rotational kinematics
for the L.KneeMed markers (simulations which prematurely failed included).

(a) (b) (c)

(d) (e) (f)

Figure 4.8: Knee joint rotations as a result of altered L.KneeMed marker placements

Again, positive relationships were found for anterior-posterior marker placement and peak anterior
(r=0.972, 0.000), proximal (r=0.956, 0.000), and lateral (r=0.760, 0.000) translations. Maximum flex-
ion angle positively correlated with anterior-posterior marker placement (r=0.949, 0.000). Abduction-
adduction (r=-0.907, 0.000) and internal-external (r=-0.962, 0.000) rotations both negatively correlated
with anterior marker placement.

4.2.4. L.KneeFib marker
6/20 simulations failed before reaching the time step which corresponded to the second peak of axial
compressive force of the stance phase (t ≈1.55s). The following figures show the range of FEM knee
translational and rotational kinematics for the L.KneeFib marker (simulations which prematurely failed
included). Results for the different knee kinematics showed similar patterns except for some of the
results of the lateral-medial translations. These showed high relative noise when simulating the latter
part of the stance phase (figure 4.9c). For L.KneeFib marker displacements a positive relationship was
found for anterior-posterior marker placement and peak anterior translation (r=0.954, 0.000). The same
applied for the relationship between anterior-posterior marker placement and peak proximal translation
(r=0.978, 0.000). Contrary to the other knee marker results, a negative relationship was found for
anterior-posterior marker placement and lateral-medial translation (r=-0.479, 0.038).
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(a) (b) (c)

(d) (e) (f)

Figure 4.9: Knee joint rotations as a result of altered L.KneeFibMarker placements

Anterior-poster Proximal-distal Lateral-medial
L.Knee r p r p r p
Ant-post 0.950 0.000 0.999 0.000 0.845 0.000
Prox-dist 0.387 0.092 0.083 0.829 0.129 0.588
Med-lat -0.124 0.601 -0.052 0.728 0.010 0.965
L.KneeMed r p r p r p
Ant-post 0.972 0.000 0.956 0.000 0.760 0.000
Prox-dist 0.245 0.297 -0.186 0.431 -0.126 0.596
Med-lat 0.005 0.982 0.015 0.951 0.412 0.071
L.KneeFib r p r p r p
Ant-post 0.954 0.000 0.978 0.000 -0.479 0.038
Prox-dist 0.387 0.102 -0.113 0.645 -0.343 0.150
Med-lat -0.073 0.768 -0.103 0.674 0.458 0.048

Table 4.2: Correlation coefficient and corresponding p-value for marker placement and FEM translational knee kinematics

Flexion-extension Abduction-adduction Internal-external
L.Knee r p r p r p
Ant-post 0.951 0.000 -0.987 0.000 -0.531 0.016
Prox-dist 0.383 0.096 -0.219 0.354 -0.359 0.120
Med-lat -0.119 0.617 0.176 0.458 0.604 0.005
L.KneeMed r p r p r p
Ant-post 0.949 0.000 -0.907 0.000 -0.962 0.000
Prox-dist 0.123 0.605 0.247 0.294 -0.138 0.561
Med-lat 0.119 0.617 -0.121 0.611 -0.044 0.854
L.KneeFib r p r p r p
Ant-post 0.962 0.000 -0.986 0.000 -0.670 0.002
Prox-dist 0.362 0.128 0.071 0.772 0.310 0.196
Med-lat -0.068 0.782 0.110 0.655 0.171 0.484

Table 4.3: Correlation coefficient and corresponding p-value for marker placement and FEM rotational knee kinematics
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4.3. Influence of marker placements on tissue mechanical response
The following section shows how marker placements influenced the magnitude and range of the peak
maximum principal stress and peak shear strain inside the cartilage of the knee during the stance
phase of gait. Firstly, an overview was provided comparing the magnitudes and ranges of the peak
maximum principal stresses and shear strains. Afterwards, an overview was provided comparing the
total number of elements exceeding the predetermined threshold throughout the stance phase per knee
marker simulation. This is followed up by a visualisation of the peak maximum principal stresses and
peak shear strains over time for the varying marker placements. Lastly, the correlation results are
presented in order to quantify any potential relationship between the position of the marker placement
and the magnitude of the estimated tissue mechanical response. An example of the visualisation from
the both the maximum principal stress and shear strain is provided in figure 4.10

Figure 4.10: Visualisation of the maximum principal stress (left) and maximum shear strain (right) at arbitrary time t=1.545.
Legends have been adjusted for better conformity with report.

4.3.1. Comparison of stress/strain magnitude
For the comparison of tissue mechanical response, peak magnitude and range of maximum principal
stresses and shear strains were measured during gait. This was done for the 20 simulations of ev-
ery perturbed knee marker. Peak maximum principal stress and peak shear strain values in figure
4.11 corresponded to the greatest stress/strain value during a single stance phase simulation. Figure
4.11 describes the distribution of the maximum principal stress, shear strain and corresponding data
skewness through displaying the data quartiles (or percentiles) and median.

For the medial tibial cartilage, peak maximum principal stress values ranged from 5.299 to 6.148
MPa. The peak maximum principal stress measured for varying L.KneeMed marker placements was
the highest (6.148MPa), whereas the peak maximum principal stress measured for the L.Knee marker
was the lowest (5.299 MPa). While the L.KneeFib exhibited the smallest range of potential peak stress
values, the L.Knee marker showed the greatest range of peak maximum principal stress values (see
figure 4.11a). Peak maximum principal stress values on the lateral side of the tibial cartilage were
generally higher than on the medial side and varied between 7.047MPa and 5.951MPa. L.KneeFib
marker displacements showed peak maximum principal stress around 7MPa while the highest peak
maximum principal stress value for the L.KneeMed marker was registered at 6.378 MPa (see figure
4.11b). Peak shear strain estimations for the medial tibial cartilage ranged from 0.525 to 0.436. On the
lateral side lower cartilage shear strains were estimated. Peak shear strain estimations on the lateral
side of the tibial cartilage ranged from 0.240 to 0.299 (see figures 4.16c and 4.16d).
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(a) Range of peak maximum principal stress values in the medial tibial
cartilage for the analysis with varying L.Knee, L.Kneemed and

L.KneeFib marker placements.

(b) Range of peak maximum principal stress values in the lateral tibial
cartilage for the analysis with varying L.Knee, L.Kneemed and

L.KneeFib marker placements.

(c) Range of peak shear strain values in the medial tibial cartilage for the
analysis with varying L.Knee, L.Kneemed and L.KneeFib marker

placement.

(d) Range of peak shear strain values in the lateral tibial cartilage for the
analysis with varying L.Knee, L.Kneemed and L.KneeFib marker

placements.

Figure 4.11: Demonstrates the range and size of peak maximum principal stress and peak shear strain in the medial and
lateral cartilage of the knee for the three knee markers.

4.3.2. Comparison of stress/strain accumulation
Cartilage degeneration is thought to be the result of prolonged exposure to high stress and strains.
Therefore, it is also of importance to take into account cumulative stresses and strains. To quantify
the influence of marker placement on stress/strain accumulation during the stance phase of gait, the
number of elements which exceeded the stress and strain threshold were recorded. This was done for
all 20 altered knee marker placemements of the L.Knee, L.KneeMed, and L.KneeFib markers. Thresh-
old values for these variables where 5MPa and 0.32% respectively. The number of elements which
exceeded the specified thresholds in every simulation were compared to one another and presented in
figure 4.12. Figure 4.12 describes the distribution of the elements surpassing the threshold and data
skewness through displaying the data quartiles (or percentiles) andmedian. The largest number of total
elements reported over the stress threshold during the stance phase was 1127 elements. This value
was obtained by moving the location of the L. KneeFib marker in the medial cartilage (figure 4.12a).
The maximum number of elements with stress values exceeding the threshold during the stance phase
of gait, 2087, was caused by the fluctuation in L. KneeFib marker placement. The L.KneeMed marker
alteration caused the medial and lateral tibial cartilage to experience the least amount of stress values
above the predetermined thresholds. Variations in L.KneeFib marker placements caused the greatest
shear strain accumulation (figure 4.12c). Shear strains in the lateral tibial cartilage did not exceed the
threshold, therefore lateral tibial cartilage shear strain results were omitted.
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(a) (b)

(c)

Figure 4.12: Number of elements exceeding the degeneration threshold (maximum principal stress > 5MPa shear strain >
0.32) in the medial and lateral tibial cartilage throughout the stance phase of gait, for the different marker placements of the

L.Knee, L.KneeMed, and L.KneeFib markers. As shear strain in the lateral tibial cartilage did not exceed the specified
threshold, this figure is omitted.

4.3.3. L.Knee marker
Visualisations of the peak maximum principal stresses and maximum shear strains throughout the
stance phase of gait for varying locations of the L.Knee marker are found in figure 4.13. A two peaked
stress and strain curve was found for all tissue mechanical response figures. The medial and lateral car-
tilage’s peak maximum principal stress response and the tibial cartilage’s peak shear strain all exceded
their respective degeneration thresholds across higher portions of their peaked curves. The lateral tibial
cartilage’s maximum shear strain values, however, did not exceed the predetermined threshold.

Correlations between marker placement and peak maximum principal stresses were computed to
quantify the relationship between the two variables (table 4.4). For L.Kneemarker displacements a neg-
ative correlation was found between anterior-posterior marker placement and peak maximal principal
stress in the medial (r=-0.947, p=0.000) and lateral (r=-0.959, p=0.000) cartilage. No other significant
relationship was found for L.Knee marker placement and peak maximum principal stresses in either
the medial or lateral cartilage of the knee. The relationship between peak shear strain and marker
displacement of the L.Knee saw a positive relationship between anterior-posterior marker placement
and peak shear strain in the medial cartilage (r=0.914, p=0.000). A negative correlation was found
for the relationship between anterior-posterior marker placement and peak shear stain in the lateral
cartilage of the knee (r=-0.972, p=0.000). These relationships imply that in case a marker is placed
anteriorly to the anatomical landmark, perceived peak shear strains in the medial cartilage increase
while they decrease in the lateral cartilage. Proximal-distal marker placement also correlated positively
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(a) (b)

(c) (d)

Figure 4.13: Peak maximum principal stress and shear strain in the medial tibial cartilage due to altered marker placement of
the L.Knee marker. Vertical lines represent respective stress and strain threshold, responsible for cartilage degeneration.

with both peak shear strain in the medial (r=0.521, p=0.047) and lateral (r=0.543, p=0.037) cartilage
(table 4.5). Moreover, negative correlation coefficients were encountered for the relationship between
anterior-poster marker placement and the cumulative number of elements above the stress threshold in
the medial (r=-0.942, p=0.000) and lateral (r=-0.943, p=0.000) cartilage (table 4.6). Lastly, a negative
correlation coefficient was calculated for the relationship between anterior-posterior marker placement
and the number of elements surpassing the strain threshold throughout the stance phase in the medial
cartilage (r=-0.746, p=0.001). No element strain values exceeded the strain threshold on the lateral
side of the cartilage, therefore correlation coefficients could not be constructed (figure 4.7).

4.3.4. L.KneeMed marker
When examining the tissuemechanical responses of the analysis for different L.KneeMedmarker place-
ments, a similar two peaked curve pattern was found (figure 4.14). The 7 vertical lines on the curves’
right side represent simulations that failed before the analysis was fully completed (t=1.77). Their re-
sults were nonetheless taken into account in the analysis because their simulations went beyond the
time step which corresponded to the second peak in the tissue mechanical response curves.

No significant correlations were found for marker placement directions of the L.KneeMed marker
along the three different directions and the peak maximum principal stress during simulation of the
stance phase. A positive correlation coefficient was calculated for the relationship between anterior-
posterior marker placement and peak shear strain in the medial cartilage (r=0.822, p=0.000). For
the same marker direction in the lateral cartilage a negative correlation coefficient was calculated (r=-
0.988, p=0.000). Moreover, anteriorly placed L.KneeMed markers saw both an increase in the number
of elements above the stress threshold (r=0.891, p=0.000) and the number of elements above the
strain threshold (r=0.739, p=0.000) in the medial cartilage.
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(a) (b)

(c) (d)

Figure 4.14: Peak maximum principal stress and shear strain in the medial tibial cartilage due to altered marker placement of
the L.KneeMed marker. Vertical lines represent respective stress and strain threshold, responsible for cartilage degeneration.

4.3.5. L.KneeFib marker
Lastly, when inspecting the tissue mechanical response due to different L.KneeFib marker placements,
the same two peaked curve was found for the peak maximum principal stress and maximum shear
strain values of the medial and lateral tibial cartilage. For different L.KneeFib marker locations, 5/20
simulations did not reach full completion (t=1.77), but were still included (figure 4.15).

For the varied L.KneeFib marker placements a positive correlation was found for anterior-posterior
marker placement and estimated peak maximum principal stress in the medial (r=0.750, p=0.005)
and lateral cartilage (r=0.613, p=0.026). The same positive relationship was calculated for anterior-
posterior marker placement and peak shear strains in the medial (r=0.595, p=0.032) and lateral car-
tilage (r=0.902, p=0.000). For the relationships between the individual marker placement directions
and the number of elements above the stress and strain threshold throughout the stance phase, no
significant relationships were found.

Peak maximum principal stress L.Knee L.KneeMed L.KneeFib
Cartilage Medial Lateral Medial Lateral Medial Lateral
Marker placement direction r p r p r p r p r p r p
Ant-post -0.947 0.000 -0.959 0.000 -0.228 0.364 0.384 0.105 0.750 0.005 0.613 0.026
Prox-dist -0.310 0.281 -0.213 0.446 0.051 0.899 0.040 0.870 0.066 0.838 0.470 0.105
Med-lat 0.463 0.095 0.488 0.065 0.032 0.840 -0.271 0.888 0.009 0.978 0.232 0.445

Table 4.4: Illustrates the relationship between marker placement direction and the peak maximum principal stress of the medial
and lateral cartilage. r values are presented to quantify the possible relationship between marker placement direction and
change in corresponding peak maximum principal stress. The probability that the observed effect would have happened by

chance is expressed using the p-value (significance level).
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(a) (b)

(c) (d)

Figure 4.15: Peak maximum principal stress and shear strain in the medial tibial cartilage due to altered marker placement of
the L.KneeFib marker. Vertical lines represent respective stress and strain threshold, responsible for cartilage degeneration.

Peak shear strain L.Knee L.KneeMed L.KneeFib
Cartilage Medial Lateral Medial Lateral Medial Lateral
Marker placement direction r p r p r p r p r p r p
Ant-post 0.914 0.000 -0.972 0.000 0.822 0.000 -0.988 0.000 0.595 0.032 0.902 0.000
Prox-dist 0.521 0.047 0.543 0.037 0.346 0.147 -0.023 0.324 0.056 0.857 -0.002 0.096
Med-lat -0.439 0.102 -0.219 0.433 -0.060 0.807 0.292 0.925 -0.335 0.263 0.482 0.995

Table 4.5: Illustrates the relationship between marker placement direction and the peaks shear strain of the medial and lateral
cartilage. r values are presented to quantify the possible relationship between marker placement direction and change in

corresponding peak shear strain. The probability that the observed effect would have happened by chance is expressed using
the p-value (significance level).

Number of elements above stress threshold (5MPa) L.Knee L.KneeMed L.KneeFib
Cartilage Medial Lateral Medial Lateral Medial Lateral
Marker placement direction r p r p r p r p r p r p
Ant-post -0.942 0.000 -0.943 0.000 0.891 0.000 -0.271 0.261 0.186 0.563 -0.004 0.989
Prox-dist -0.310 0.319 -0.274 0.323 0.335 0.175 0.069 0.778 -0.416 0.179 -0.222 0.466
Med-lat 0.504 0.066 0.465 0.080 -0.117 0.644 0.228 0.348 0.085 0.793 0.255 0.400

Table 4.6: Illustrates the relationship between marker placement direction and the average number of elements with a
maximum principal stress value higher than the threshold stress (5 MPa). To quantify the potential correlation between marker
placement direction and change in corresponding number of elements above the threshold stress value, r values are reported.
The probability that the observed effect would have happened by chance is expressed using the p-value (significance level).

Number of elements above strain threshold (0.32%) L.Knee L.KneeMed L.KneeFib
Cartilage Medial Lateral Medial Lateral Medial Lateral
Marker placement direction r p r p r p r p r p r p
Ant-post -0.746 0.001 0 - 0.739 0.000 0 - 0.443 0.129 0 -
Prox-dist -0.190 0.498 0 - 0.443 0.058 0 - 0.034 0.912 0 -
Med-lat 0.625 0.013 0 - -0.265 0.272 0 - -0.004 0.990 0 -

Table 4.7: Illustrates the relationship between marker placement direction and the average number of elements with shear
strains higher than the threshold strain (0.32%) . To quantify the potential correlation between marker placement direction and
change in corresponding number of elements above the threshold strain value, r values are reported.The probability that the

observed effect would have happened by chance is expressed using the p-value (significance level).
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4.4. Influence of marker placements on regions of high tissue me-
chanical response

The location of high stress and strain regions determines where cartilage degeneration takes place.
Average locations of high stress and strain regions throughout the stance phase have been determined
for the varying marker placements of the knee markers. Figure 4.16 represents the visualisation of the
average high stress and strain regions inside both the medial and the lateral tibial cartilage. Results
show that average high stress regions are located closely together varying only a few millimeters from
one another.

(a) . (b) .

(c) . (d) .

Figure 4.16: Average location of high stress/strain regions in the medial and lateral tibial cartilage.

To quantify the influence of knee marker placements on the corresponding location of high stress
and strain regions, correlation coefficients were calculated. The results of this analysis can be found
in the Appendix F, table F.1 and table F.2.

Anterior-posterior marker placement positively correlated with a change in location of the high stress
region in the anterior direction for all knee markers. This relationship implies that a knee marker placed
anteriorly to the anatomical landmark will result in a high stress region appearing more anteriorly in
both the medial and lateral cartilage (see tab F.1 for correlation coefficients and p-values). Addition-
ally, a negative correlation was calculated for the relationship between medial-lateral marker placement
and anterior-posterior translation of the high stress region in both the medial and lateral tibial cartilage.
Moreover, for the lateral cartilage a positive relationship was found for proximal-distal L.KneeFib marker
placement and anterior-posterior translation of the high stress regions. Anterior-posterior marker place-
ment positively correlated with a change in location of the high stress region in the proximal direction of
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the medial cartilage for all knee markers. Additionally, anterior-posterior marker placement correlated
negatively with proximal-distal translation of the high stress regions for L.Knee marker placements. For
the L.KneeFib marker, proximal marker placement correlated negatively with proximal-distal translation
of the high stress regions inside the lateral cartilage. A negative correlation was found for lateral medial
translation of high stress regions and anterior-posterior marker placement of the knee markers in the
medial and lateral cartilage. Additionally, a negative relationship was found between proximal-distal
marker placement and lateral-medial translation of high stress regions for the L.KneeFib marker.

Formean locations ofmaximum shear strains a positive relationship was calculated for anterior-posterior
marker placement and anterior-posterior translation of high strain regions for all kneemarkers in the me-
dial cartilage. A negative relationship was found for anterior-posterior marker placement and proximal-
distal translation of the high shear strain region for the L.Knee and L.KneeFibmarker. For the L.KneeMed
marker a positive relationship was calculated between anterior-posterior marker placement and proximal-
distal translation of high shear regions. Additionally medial marker placement saw a positive correlation
with proximal-distal translation of the high strain region. A positive relationship was seen for anterior-
posterior marker placement and lateral-medial translation of the high shear region for the L.KneeMed
marker. For the L.Knee and L.KneeFib marker a negative relationship was found between anterior-
posterior marker placement and the lateral-medial translation of the high shear region. Medial transla-
tion of the L.Knee marker also resulted in lateral translation of the high strain region. Since the strain
values in the components of the lateral tibial cartilage did not reach the threshold value, no relationship
between marker placement position and the location of high strain regions could be detected for the
lateral cartilage.
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Discussion

Coupled workflows couple MSMs and FEMs together to calculate subject-specific tissue mechanical
responses from gait analysis data. Coupled workflows may prove to be an effective technique for pre-
dicting the onset and progression of musculoskeletal disorders like OA. Coupled workflows that include
the knee joint in particular could be useful because OA frequently develops in this joint, leading to dis-
comfort, instability, and a general decline in quality of life. In gait analysis studies, marker placement
forms one of the major sources of variability. Variability in marker placement thus forms one of the
major sources of uncertainty in coupled workflow results. This uncertainty can directly impact the clas-
sification of patients musculoskeletal disorder based on severity (or existence) of the disorder. How
this variability in gait analysis propagates in the musculoskeletal modelling and consequently the tissue
mechanical response estimations of the FEM in a coupled workflow is currently unknown.

5.1. Results interpretation
To determine the influence of different knee marker placements on the tissue mechanical response
computed in a coupled workflow, a sensitivity analysis was conducted. The sensitivity analysis was
performed to answer the following research question:

How does marker placement of knee joint markers in gait analysis influence the tissue mechanical
response calculated by a coupled workflow?

A number of sub-questions were created to assist in answering this question. The coupled workflow
and the tissue mechanical response data were divided and examined separately in order to assess the
influence of marker placements. The section that follows will provide the answers to the sub-questions.

5.1.1. How does knee marker location influence musculoskeletal modelling re-
sults in a coupled workflow?

Results on the influence of marker placement on musculoskeletal modelling results showed similar re-
lationships between marker placement direction and corresponding musculoskeletal modelling results
for all knee markers. According to this relationship, when knee markers were placed anteriorly to the
anatomical landmark, MSM output saw an increase in maximum flexion angle during the stance phase
of gait. A decrease in maximum axial compressive force and an increase in maximum anterior force
and maximum medial force was also registered for these simulations. MSM output however was rel-
atively unaffected for proximal-distal and medial lateral marker placement. The relationship between
marker placement and knee flexion angle was similar to relationships found in literature [14, 37, 41].
The results indicate that anteriorly placed markers most certainly contribute to an overall increase in
flexion angle during the stance phase of gait. This can be explained by the fact that changes in the
anterior-posterior positions of knee markers cause misalignment of the primary and secondary axis of
the femur and shank segments of the MSM. These alterations create a rotational offset in the flexion
angle, while also resulting in cross-talk between segment axes [76, 77]. The negative relationship
between anterior marker placement and the increase in maximum knee flexion during gait can also

36
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explain the perceived increase in peak reaction force estimated for the knee joint. Figure 5.1 illustrates
what muscles are responsible for contact forces in the knee during gait. The gastrocnemius muscle is
responsible for a large deal of reaction force estimation [78]. The gastrocnemius muscle functions to
plantar flex the foot at the ankle and flex the lower extremities at the knee [79]. When sprinting and
walking straight, both roles are crucial for supporting the knee joint. The decrease in knee flexion due
to posteriorly placed markers leads to an increase in gastrocnemius activation and subsequent force
production, in order to successfully push off the foot during gait. As a result of this force production, the
knee is compressed causing the increase in overall joint reaction forces. The variability is so prevalent
in the second peak in axial compressive force, as in this phase of gait the gastrocnemius muscle is the
dominant muscle in determining the size of the knee contact/reaction forces.

Figure 5.1: Contribution to knee contact/reaction forces during walking [78]

5.1.2. How does knee marker placement influence the finite element FEM knee
kinematics in a coupled workflow?

(a) Anterior translation (b) Proximal translation (c) Lateral translation

(d) Flexion angle (e) Abduction angle (f) Internal angle

Figure 5.2: FEM kinematics of the knee joint in comparison with experimental measurements [80] and other coupled workflow
results [17]. Curves show the mean translations and rotations for the displaced knee markers.

For simulations of different marker placements, the FEM knee’s overall kinematics varied. Both
translational and rotational kinematics were in the same order of magnitude as the kinematics found
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in computational biomechanics studies [17, 81] and fluoroscopy data [80, 82] from literature (For a
visualisation, figure 5.2). Nonetheless, the variations between the estimated kinematics, fluoroscopy
results and coupled workflows from literature could be due to differences in applied boundary and
loading conditions, knee orientations, gait style, FEM components or FEM material parameters.

Distal translation decreased with a decrease in axial compressive force for anterior marker place-
ment. The peak anterior knee joint contact forces rose as a result of anterior marker placement in
the knee, and translations also increased in the anterior direction. Though contradictory, the findings
of lateral-medial translation, brought on by anteriorly positioned knee markers, demonstrated a nega-
tive correlation between the L. KneeFib marker. In turn, it showed a positive correlation between the
anterior marker placement and lateral femur translation for the L. Knee and L. KneeMed markers. Ac-
cording to the literature, increased flexion angles are associated with an increase in lateral translation
[83, 84, 85], which is consistent with the findings of the L.Knee and L.KneeMed marker variations. For
now, the simulations of the L.KneeFib marker displacements generally generated rather high axial com-
pressive forces (between 3150N and 3350N) and lower flexion angles (between 15.1 and 17.6), which
appears to be the cause for the negative correlation between lateral-medial translation and anterior
marker placement in comparison to simulations of the other markers. To provide additional context
only individual peak values from the medial-lateral translation profile were compared to the directions
of marker placement for the correlation coefficients. This increases the risk of including undesirable
side effects because it’s possible to choose the incorrect point for establishing correlations. Therefore,
it’s crucial to avoid being overly focused on the statistics results. For all knee marker perturbations,
medial-lateral force and medial-lateral translation appear to be in the same order of magnitude and
have similar patterns to values found in the literature.

For the rotational kinematics of the knee joint, no inconsistencies were found for relationships be-
tween marker placement direction and rotational kinematics. An anteriorly placed marker resulted in
an increase in flexion angle as was the case for the MSM results. As the flexion-extension angle was
the only angle directly applied as a boundary condition to the FEM, abduction-adduction and external-
internal rotation were estimated as a result of component interactions of the FEM model. As abduction-
adduction and external-internal rotation angles are difficult to capture from gait analysis data, having
them originate from the tissue interactions is an advantage. This does however come with the cost of an
increase in computational time, due to the added number of interactions. In FEBio free and prescribed
rotations can not be combined for a single rigid body. To solve this inconvenience the femur and tibia
were connected using three rigid cylindrical joints (as explained in Chapter 3). This way, only flexion-
extension rotations could be applied while having abduction-adduction and external-internal rotation
derive from interaction of the components of the knee joint. These constraints produce reaction forces
and moments that are enforced with penalty parameters. The penalty parameters can be conceptu-
alised as stiffnesses of linear/torsional springs that prevent relative translations/rotations of the rigid
bodies (femur and tibia) along DoFs that must remain constrained for that joint. In the FEM, penalty
parameters were automatically adjusted to an appropriate value [86, 54]. Due to penalty parameter
adjustments, the flexion rotations in the FEM deviated slightly from the input flexion angles calculated
in the MSM. The FEM model estimated median values of the maximum flexion angle of the L.Knee
and L.Kneefib marker displacements were approximately 8% lower for the FEM estimations than for
the MSM.

Not all simulations involving various marker placements were able to run their full course with suc-
cess. FEM simulations can fail for a variety of reasons. The majority of the simulations that ended
prematurely had higher axial compressive force values (≈3100N). As a result, the FEM might have not
been able to handle the imposed forces. A reason for this could be that the mesh quality deteriorates
under too much compression. Using a refined mesh in this case would solve the problem. Another
solution would be to strengthen the FEM component’s material parameters, although doing so reduces
the FEM’s accuracy to the physiological knee. Another reason for the failed simulations could be that
FEBio was not able to find a converging solution for the given time settings. In general in FEBio static
FEM simulation results are independent of time step. However, in this case time dependency was built
into the model by including load curves for flexion and knee contact force application. As a result the
FEM software can have difficulty finding a solution. This can happen when the solution is too far from
the initial model configuration. To test this, a series of failed and successfully completed marker place-
ments was re-run using a smaller time step setting. This method improved simulations for some of the
failed marker placements, while inducing errors for other previously successfully running simulations.
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Table 5.1: Average standard error of the estimate describing the error associated with predicting knee kinematics from skin
marker derived kinematic from the study by Benoit et al. [35] and the maximum differences in knee kinematics results due to

variation of knee marker placement.

Translations (mm) Average standard error L.Knee L.KneeMed L.KneeFib
Anterior-posterior 5.9 1.3 1.2 0.9
Proximal-distal 6.8 0.4 0.5 0.3
Lateral-medial 2.7 0.1 0.1 0.1
Rotations (◦)
Flexion-extension 2.5 3.6 4.7 2.6
Abduction-adduction 3.6 0.3 0.4 0.2
Internal-external 2.9 0.2 0.1 0.2

This was presumably the case because in some cases a simulation with a smaller time step caused
load curves to be imposed on the FEM which cause instability. Building in an automatic re-run option
that restarts simulations with a smaller time step in case a simulation fails prematurely is one way to
address this issue in future coupled workflows. However, this significantly lengthens the workflow’s run
time, hence it was omitted from this study. Additionally, the aim was to develop a workflow to investi-
gate the influence of marker placements on the tissue mechanical response calculated, rather than to
develop a workflow that could perform 100% of the simulations successfully.

Whether the findings on the relationship between marker movement and corresponding knee kine-
matics estimations can be fully explained by altered marker placement is another issue. A study per-
formed by Benoit et al. tried to quantify the error caused by skin movement artifacts when reporting
the kinematics of the knee joint. This was done by comparing kinematics from gait analysis from sub-
ject’s equipped with skin mounted markers versus subject’s where markers were directly attached to
the anatomical landmarks using bone pins [35]. Results showed considerable differences between the
measurement techniques. Skin movement may even be large enough to conceal the actual movements
of the knee joint, thus making reporting of knee joint kinematics using skin markers potentially uncertain.
For this study this might also be the case as ranges in kinematics results due to different knee marker
placements in all cases (except for flexion-extension angle) showed to be within the estimated standard
error due to skin marker movement as estimated by Benoit et al. (see table 5.1). In analysing coupled
workflow results it remains unclear whether perceived behaviour was caused by marker placement or
skin movement artefacts.

5.1.3. How does knee marker placement influence the magnitude of the tissue
mechanical response in the articular cartilage of the knee joint?

Peaks in maximum principal stress and shear strains coincided with the two peaked curve of axial
compressive force. This load curve represents the largest force during the stance phase. As the
elements of the cartilage experience the highest stresses and strains for simulations with high axial
compressive force, it is assumed that the axial compressive force is predominantly responsible for the
high stresses/strains of the cartilage elements.

When comparing the correlations between marker placement, peak maximum principal stress, and
peak shear strain values, dissimilar relations were found for the different markers. For example, for
perturbations of L.Knee markers, anterior placement of the L.Knee marker resulted in a decrease in
peak maximum principal stress for the medial and lateral cartilage. In contrast for the L.KneeFib marker
an increase in peak maximum principal stress is perceived in the lateral cartilage for anterior marker
placement of the knee. This discrepancy in results could be caused by the fact that for calculating cor-
relation coefficients, marker placements along different directions were compared to peak (maximum)
points throughout the maximum principal stress and shear strain curves. Therefore, errors in peak
value estimations due to noise in the tissue mechanical response curves of the FEM could have had
great impact on the calculation of correlation coefficients. A coefficient estimation containing more sim-
ulation results should improve correlation estimations. Another option would be to decrease the time
step of the FEM simulations in order to generate smoother stress and strain profiles. This however
comes with an increase in computational time. An alternative solution for future research would be to
interpolate the noisy tissue mechanical responses to generate smooth stress and strain profiles.

To accommodate for the limits of looking only at peak values of stress and strain, a measure that
counted the number of elements that surpassed the stress or strain threshold during the stance phase
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of gait for the marker perturbations was added. Here, once again, correlation results showed different
results for the relationships between marker placement direction and cumulative stress and strain for
the different knee markers. Although correlation values showed to be contradicting (having different
sign conventions for the same marker displacement direction for different markers), the simulations
of altered L.KneeFib markers generally showed the highest number of elements above the maximum
principal stress threshold in the medial and lateral cartilage. The L.KneeFib marker was followed by
the L.Knee marker and generally the L.KneeMed marker showed the smallest number of elements
exceeding the stress threshold in the medial and lateral cartilage. This corresponds with the theory
that an increase in axial compressive force causes an increase in perceived maximum principal stress.
For the number of elements exceeding the shear strain threshold, different behaviour was found in
which the L.Knee marker perturbations showed the lowest number of elements exceeding the shear
strain threshold. More research is necessary to demonstrate whether this is an exception or whether
there is an underlying mechanism dictating shear strain throughout the tibial cartilage.

Tissue mechanical response values varied considerably throughout literature. In a study by Bolcos
et al. maximum principal stress values in the tibial cartilage were found varying inbetween 0 and 4 MPa
during the stance phase of gait [17]. In another study of Bolcos, maximum principal stress values varied
between 0 and 15 MPa for the stance phase of gait. In the same study, maximum shear strain values
varied up to 20% using the same workflow for different patients [39]. A study performed by Esrafilian
et al. found maximum principal stress values range from 0 to 4MPa for the stance phase of gait [81].
Looking at the tissue mechanical response values in this study it can be concluded that the maximum
principal stress and shear strain values showed a pattern and magnitude similar to the results found in
the literature [17, 81, 39].

Numerous factors can contribute to the heterogeneity in tissue mechanical response that was ob-
served in comparison to values found in literature. These can be categorised roughly into three groups:
boundary & loading conditions, model components, and material models. A study performed by Bol-
cos et al. [17] which compared kinetic and kinetic-kinematic driven knee joint finite element models,
showed variations in FEM knee kinematics and maximum principal stress using different input loading
and boundary conditions. The same study also did research on the tissue mechanical response cal-
culated by models including and excluding the PF joint. While all results showed similar patterns and
orders of magnitude, differences of up to 50% could still be found for output parameters like maximum
principal stress due to differences in boundary & loading conditions and model components. One of
the reasons for the difference in results could be the material models used in the FEM. The adjusted
OK model used for this coupled workflow used a Neo-Hookean hyperelastic and Fung orthotropic rep-
resentation for the cartilage and the menisci in the model. Models in literature often incorporate more
complex poroviscoelastic or fibril-reinforced poroviscoelastic material properties [17, 81], which are
able to simulate the time dependent behaviour of cartilage [87]. Research comparing different mate-
rial models for cartilage show that the Neo-Hookean model overpredicts stress at high strain values
and underpredicts stress at low strain values [87]. However, when the results were evaluated over
the entire range of strains, average contact stress, contact area, and qualitative contact, patterns were
indistinguishable between the relatively simple Neo-Hookean and more complex cartilage representa-
tions [87]. This study therefore concluded that a simple Neo-Hookean model is sufficient to provide
predictions that were in reasonable agreement with experimental measurements.

5.1.4. How does knee marker placement influence the location of the tissue me-
chanical response in the articular cartilage of the knee joint?

Not only hyperphysiologic magnitudes of loading but also stress and shear strain accumulation in al-
tered regions of cartilage add to the degeneration of OA [74]. In the last analysis, mean locations of
high stresses and strains were compared to marker placement directions of the knee markers. The
association between marker placement direction and the location of high stress regions revealed com-
parable relationships for the various knee markers. Generally, anteriorly placed markers resulted in
a high stress region being placed more anteriorly, proximal, and medial to the original location for the
medial cartilage. While the high stress regions shifted anteriorly, distal, and medially in the lateral
cartilage.

For the location of high shear strain regions dissimilar relationships were found for the shift in high
strain location and marker placement direction for the different knee markers. A possible reason for
this dissimilarity could be the role of outliers of high stress/strain elements throughout the analysis.
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Outliers could contain elements with sub-optimal shape which therefore experience high stress and
strain values which are not present in the physiological knee. To mitigate this problem in future studies
an extra condition could be set to analyse the location of high stress/strain regions. This condition
could impose an additional requirement that the area of high stress and strain regions should exceed
a specific size before being taken into account.

There were no records of studies looking into how marker placement affected the location of high
stress and strain regions for coupled workflows. In this study, a measure for the mean location of high
stress/strain regions throughout the stance phase was derived. FEM studies in literature on tissue
mechanical response results in the knee looked at the stress or strain profile at a given time point.
Choosing an alternative method made it difficult to compare results to stresses and strains from estab-
lished literature. However, comparing the mean locations of high stress/strain regions is an advantage
over other methods because cartilage degeneration results from not only excessive stress and strain
but also from the accumulation of stress and strain [74].

5.2. Limitations and recommendations for future research
The following section contains limitations and recommendations for future research. These are handled
in accordance with the section of the coupled workflow to which they belong.

5.2.1. Data acquisition
Only a single run from one subject was used to gather gait data, which may not represent kinematics
and kinetics of different subjects [56]. Especially as the subject, had ACL reconstruction surgery on
his right leg. This however will mostly influence the size of the tissue mechanical response estima-
tions and not so much influence the differences in model behaviour due to knee marker misplacement.
Nevertheless, it would be beneficial to include a variety of subjects in future research. Additionally, a
postdoctoral researcher and master student with no prior clinical experience in gait analysis studies
planted markers in a university lab environment. The lack of clinical experience suggests that there
could be some sort of inaccuracy in determining the location of the anatomical landmark. This could
have negatively affected the joint coordinate system definition in the Gait2392 model. However, knee
marker locations were virtually displaced while other knee marker locations did not vary in assessing
the effect of knee marker placement. Therefore, we concluded that this inherent error has low impact
on the results of this study. In addition, there were only 20 marker displacements per knee marker
(3x20=60 in total). While 20 marker placements within the predetermined area should explain the rela-
tionship between marker placement and subsequent tissue mechanical response, using only a limited
number of markers increases the chances of biased results. Increasing the sample size could be a
valid solution to mitigate the effect of failed simulations, reduce possible errors in simulations, and in-
crease confidence in statistics results. Furthermore, the subject of the construction and the analysis of
the coupled modelling workflow did not have an instrumented prosthesis, therefore direct validation of
simulation results was not possible.

5.2.2. Musculoskeletal modelling
Moreover, the MSM model included only a single DoF. Some sources claim that only one rotational
DoF for the knee works well to assess overall walking parameters, but is less well suited for a detailed
study of the knee [88, 89]. The accuracy of muscle force and joint contact force estimations which were
crucial in coupled workflow behavior can be improved by expanding the MSM’s DoF.

It would be beneficial to compare different MSM outputs from several MSM models with different
knee joint DoFs in later studies. The OpenSim JAMmodel would be a good starting point. In this model,
the knee joint is represented as a 12 DoF (6 DoF PF and 6 DoF TF) joint [90]. This enables for direct
application of all rotational and translational DoFs as boundary & loading conditions in the FEM of a
coupled workflow.

5.2.3. Finite element modelling
The OK model is a generic knee model based on a 70 year old (77.2 kg) female donor. The knee
joint’s geometry therefore does not correspond to the geometry of the subject’s knee joint. For the
estimation of subject-specific tissue mechanical responses in future studies, it is important to not only
include subject-specific gait data but also a FEM knee which is based on the subject’s knee geometry
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[91].
The adjusted version of the OK generation 1 model which was utilised in this study did not include

the PF joint. The primary purpose of the PF joint is to increase the extensor mechanism’s lever arm,
hence boosting the quadriceps’ efficiency. Additionally, force and moment driven models overestimate
femoral translations in the anterior-posterior direction when the PF joint is not included. For this reason,
in order to generate a functional FEM andmatch experimental translation values, the estimated anterior-
posterior force had to be scaled to 50%. Manually scalingmuscle forces, however, carries the possibility
of unintentional bias on the part of the researcher. To lessen the possibility that this will affect upcoming
modelling outcomes, a FEM which takes the PF joint into account would be well worth looking into. The
PF joint is included in the generation 2 OK model, although simulations using this model have shown to
be substantially more time consuming, making it less suitable for fast analyses of knee biomechanics.

For quick examination of knee biomechanics in the OKmodel, material models have been kept quite
simple as described earlier in this chapter. However, the time-dependent material behavior of cartilage
cannot be simulated by the material models currently employed. Follow-up studies should examine
whether this simplification would impact coupled workflow estimations. Comparing the modelling out-
comes of research that makes use of material models that more accurately reflect the physiological
cartilage of the knee can accomplish this.

Since the MCL and LCL components kept on failing during simulation, the original OK model’s 3D
representation of the ligaments was changed to linear springs for the MCL and LCL. For the spring stiff-
ness literature was consulted. However, in literature, ligament stiffness values are frequently derived
from cadaveric research. Moreover, literature shows a wide variety of potential stiffness levels which
do not necessarily comply with the ligament characteristics [17, 59, 64, 57, 92]. The force generated by
the springs also originated from a single node on the femur and tibia when the MCL and LCL are repre-
sented as springs. For this reason, an analysis was conducted to determine how the insertion location
affected the kinematics of the knee. This analysis showed that knee’s external rotation is exceptionally
sensitive to insertion location. This finding may be of great importance in follow-up research. Literature
showed that external rotation is not so much responsible for the magnitude of the tissue mechanical
response but rather for the location of the application [17]. Therefore, it is a crucial factor in research
on OA and other degenerative joint diseases. To ensure that the ligaments are accurately modeled,
additional research on ligament representation and insertion position is needed. An alternative solu-
tion would be to directly apply external-internal rotations from a MSM, like the OpenSim JAM model as
described earlier.

Lastly, in the knee, menisci and tibial cartilage are joined by peripheral attachments. In some studies,
springs have been inserted between the menisci and the tibial cartilage to mimic these attachments
[93]. However in most studies, the peripheral attachments were completely ignored and the contact was
modeled as a smooth surface. This contact definition is only effective in simple load scenarios that do
not involve femur anterior-posterior and medial-lateral translations. Therefore, in order to simulate the
peripheral attachment, a friction coefficient of 0.5 was assigned for the contact between the menisci and
tibial cartilage. This friction coefficient was picked so that FEM knee kinematics would approximate the
values found in literature. It would be advisable to do an additional sensitivity analysis of the influence
of the friction coefficient on knee biomechanics results for the model in future investigations.

5.2.4. The workflow
In the design of the workflow, the focus was on marker displacement. Skin movement artefacts were
not considered among the different positions of the knee markers. Studies on skin movement artefacts
reported that these could vary in between 10–30mm on the shank and thigh [68], and up to 40mm
dependent upon the specific body segment [94, 95]. This range coincides with the range taken for the
marker displacement of the workflow. As a result, when analysing the influence of marker placement,
it remained unclear whether the perceived coupled workflow behaviour could be attributed to marker
placement or skin movement artefacts. This question can be answered by redoing the experiment using
gait data obtained in a fluoroscopic imaging system [82]. This way, the actual anatomical landmarks
can be tracked throughout gait. By using this setup it is possible to discern between errors induced
by altered marker placement and skin movement artefacts. Lastly, this study did not investigate the
interaction effect of simultaneously altering multiple knee marker placements. Future studies should
examine the impact of altering several knee markers at once.
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5.3. How does this study move the field forward?
The influence of knee marker movement was demonstrated by the coupled workflow modelling results.
It has been demonstrated that marker movement, particularly along the anterior-posterior direction, has
a significant influence on the tissue mechanical response values computed using a coupled workflow.
The study’s findings have enabled for a better understanding and interpretation of the potential range
of stresses and strains that could exist for specific input values in coupled workflows. For knee marker
movement between 0-30mm this study reported that peak maximum stress readings could fluctuate by
up to 0.60 MPa and peak shear strain by up to 0.08 %. Wider relative ranges were reported for cumu-
lative stress levels. Overall, the workflow seems to be quite robust to changes in marker placement as
changes in FEM knee behaviour due to altered knee marker placement did not exceed the standard
error induced by skin movement artefacts (see table 5.1). This, however, also raised the issue that in
a clinical setting it would be unclear whether the changes in tissue mechanical response were caused
by altered marker placement or skin movement artefacts. This study suggests that when interpreting
results from a coupled workflow using skin marker data to describe knee joint motion, a kinematics and
tissue mechanical response standard error should be incorporated in the interpretation of the results.
Furthermore, factors like ligament representation and insertion location have proven to be crucial fac-
tors in determining the knee biomechanics. This shows the importance of correct joint representation
for correct simulation of stresses and strains in the cartilage of the knee joint. All things considered,
the proposed coupled modelling workflow was able to compute tissue mechanical response values for
changed marker placements quickly and with limited knee marker data. Simple musculoskeletal and
finite element models were employed for the workflow, enabling simple use and intuitive comprehen-
sion of the phenomena. The coupled workflow’s ability to produce tissue mechanical response values
in the same order of magnitude as workflows employing much more complicated and computationally
intensive models is what makes it so valuable.
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Conclusion

To conclude, coupled modelling workflows have proven to be an emerging modelling technique for
research on musculoskeletal disorders like OA. In OA, tissue mechanical response parameters like
maximum principal stress and shear strain are thought to play an integral role in cartilage degeneration.
To estimate the tissue mechanical response values, coupled workflows come into play. Coupled work-
flows couple MSM to FEM to estimate tissue mechanical responses from gait analysis data. Variability
in marker placement forms one of the major sources of error in gait analysis studies. It, however, is
still unknown how the possible error from incorrect marker placement affects coupled workflow results.
To study this, the design of a coupled workflow has been realised. Additionally, a sensitivity analysis
was performed investigating the influence of marker placement on the tissue mechanical response
calculated by the coupled workflow. The coupled workflow has shown to be especially sensitive to
anterior-posterior marker movement. This highlights the importance of proper marker placement in
gait analysis studies. The workflow has proven to be relatively robust as changes in coupled work-
flow results due to altered marker placement fell within the expected margin of error caused by skin
movement artefacts. This study therefore suggests to incorporate some standard error margin when
interpreting coupled workflow results. Such a margin could inform researchers on the possible ranges
of stress and strain inside the articular cartilage of the knee and the subsequent onset and progression
of OA. Improving FEM design to accommodate for the subject-specific loading imposed by the gait
data revealed the sensitivity of the model outcomes to FEM model components and material proper-
ties. This confirms that calibration of these parameters is critical and using literature values may not
be appropriate. In future research, a coupled modelling workflow that includes subject-specific knee
geometry and a larger subject set measured with a fluoroscopic imaging system could pave the way for
coupled modelling workflows to be used to help clinical decision-making for musculoskeletal disorders
like OA.
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A
BMM Lab Protocol

Table A.1: BMM laboratory marker placement on anatomical landmarks of both legs

Segment Abbreviation Anatomical landmark
Foot Ankle Ankle

AnkleMed Medial ankle
MT1 Metatarsal 1
MT5 Metatarsal 5
Heel Heel

Tibia SH1 Tibial cluster 1
SH2 Tibial cluster 2
SH3 Tibial cluster 3

Knee Knee Knee
KneeFib Fibular side of the Knee
KneeMed Medial side of the Knee

Femur TH1 Femoral cluster 1
TH2 Femoral cluster 2
TH3 Femoral cluster 3

Pelvis ASIS Anterior superior iliac Spine (left and right side)
PSIS Posterior superior iliac Spine (left and right side)
ICR Iliac crest (left and right side)

Torso CLAV Clavicle (proximal on sternum, mid between clavicle)
STRN Sternum (distal)
Shoulder Shoulder (left and right side)
T1 T1 vertebrae
L5 L5 Vertebrae

Table A.2: .
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Figure A.1: BMM Lab Marker placement A total of 40 markers were placed on the body to capture the gait kinematics of the
subject. Markers were placed on the anatomical landmarks of both sides of the foot (ankle, medial ankle, metatarsal 1,

metatarsal 5 and the heel), the tibia (tibal cluster 1, 2 and 3), the knee (knee, fibular side of the knee and medial side of the
knee), the femur (femoral cluster 1, 2 and 3), the pelvis (anterior superior iliac spine, posterior superior iliac spine and iliac

crest) and the torso (clavicle, sternum, shoulders, T1 and T5).



B
OpenSim Tools

Table B.1: Scale Tool: Scale Factors

Body Name Measurement(s) Used Applied Scale Factor(s)
femur_r Pelvis X PelvisX FemurL 0.984084 0.984084 1.034059
tibia_r FemurR 1.030686
talus_r TibiaR 1.063045
calcn_r CalcnRX 0.994451
toes_r CalcnRX CalcnRX CalcnRZ 0.994451 0.994451 0.927405
femur_l FemurL 1.034059
tibia_l TibiaL 1.0585051
talus_l TalusL 0.972097
caln_l CalcnLX 0.993386
toes_l CalcnLX CalcnLX CalcLZ 0.993386 0.993386 0.972097
torso TorsoX TorsoY FemurL 0.937578 0.958776 1.034059

Table B.2: Scale Tool: Measurement Set

Measurements Marker Pairs
PelvisX L.ASIS R.PSIS R.ASIS L.PSIS
FemurL L.ASIS L.Knee L.PSIS L.KneeMed L.ASIS L.KneeMed
FemurR R.ASIS R.Knee R.PSIS R.KneeMed R.ASIS R.KneeMed
TibiaR R.Knee R.Ankle R.KneeMed R.AnkleMed R.AnkleMed R.ASIS R.Ankle R.PSIS
TalusR R.Ankle R.AnkleMed
CalcnRX R.Heel R.MT1 R.Heel R.MT5
CalcnRZ R.AnkleMed R.Ankle
TibiaL L.Knee L.Ankle L.KneeMed L.AnkleMed L.AnkleMed L.ASIS L.Ankle L.PSIS
TalusL R.Ankle R.AnkleMed
CalcnLX L.Heel L.MT1 L.Heel L.MT5
CalcnLZ L.AnkleMed L.Ankle
TorsoX R.Shoulder R.ASIS L.Shoulder L.ASIS CLAV T1 L.Shoulder CLAV R.Shoulder CLAV L.Shoulder T1 R.Shoulder T1
TorsoY L.Shoulder R.ASIS R.Shoulder L.ASIS
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Table B.3: Scale Tool: Static Pose Weights

Marker Name Weight Marker Name Weight Marker Name Weight
R.Shoulder 20 R.AnkleMed 2 L.AnkleMed 2
L.Shoulder 20 R.MT1 7.5 L.MT1 7.5
R.ASIS 25 R.MT5 1 L.Heel 1
L.ASIS 25 L.SH1 0.1 L.MT5 1
R.PSIS 5 L.TH2 0.1 CLAV 1
L.PSIS 10 R.Heel 1 L.TH3 0.1
R.Knee 10 L.Knee 20 R.TH3 0.1
R.KneeMed 10 L.KneeMed 10 R.TH2 0.1
R.SH3 0.1 L.Ankle 3 R.TH1 0.1
R.Ankle 3 R.KneeFib 10 L.KneeFib 10

T1 2 L.TH1 0.1

Table B.4: Inverse Kinetmatics Tool: Weights

Marker Name Weight Marker Name Weight Marker Name Weight
R.Shoulder 3 R.AnkleMed 1 L.AnkleMed 5
L.Shoulder 3 R.MT1 1 L.MT1 5
R.ASIS 10 R.MT5 1 L.Heel 1
L.ASIS 10 L.SH1 0.1 L.MT5 5
R.PSIS 5 L.TH2 0.1 CLAV 0.1
L.PSIS 5 R.Heel 1 L.TH3 0.1
R.Knee 5 L.Knee 5 R.TH3 0.1
R.KneeMed 5 L.KneeMed 5 R.TH2 0.1
R.SH3 0.1 L.Ankle 5 R.TH1 0.1
R.Ankle 1 R.KneeFib 5 L.KneeFib 5

T1 0 L.TH1 0.1

Figure B.1: The weighted least squares poblem solved by the IK tool: q is the vector for joint angles which are solved.
Xiexp is the experimental position of marker i. Xi(q) is the position of the corresponding model marker, which is dependant on
the joint angle. qexpj represents the experimental value for coordinate j. marker weights (wi) and coordinate weight ωj are

specified in the static pose weight weight file (see table B.3). The above described problem is sulved using a general quadratic
programming solver. It has a convergence criterion of 0.0001 and a limit of 1000 iterations [96].

J =

n∑
m=1

(am)p (B.1)

Figure B.2: Objective function static optimization: n is equal to the number of muscles in the model. am is the activation
level of muscle m at a discrete time step. p is a user defined constant which has been set to 2 [97].
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Ligament insertion location

(a) OK model medial side with original MCL representation (b) OK model medial side with adjusted MCL representation

(c) OK model lateral side with original MCL representation (d) OK model lateral side with adjusted MCL representation

Figure C.1: OK model ligaments insertion location orientations used in the passive knee flexion experiment
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Figure C.2: Anterior-posterior translation of knee joint for different ligament orientation locations. Including visualisation of 4x
standard deviation of picked ligament representation (M2L2).

Figure C.3: Medial-lateral translation of knee joint for different ligament orientation locations. Including visualisation of 4x
standard deviation of picked ligament representation (M2L2).
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Figure C.4: External-internal rotation of knee joint for different ligament orientation locations. Including visualisation of 4x
standard deviation of picked ligament representation (M2L2).

Figure C.5: Abduction-adduction rotation of knee joint for different ligament orientation locations. Including visualisation of 4x
standard deviation of picked ligament representation (M2L2).
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(a) Anterior view (b) Medial view

(c) Posterior view (d) Lateral view

Figure D.1: Altered OK model
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Figure D.2: Grood and Suntay joint coordinate system: coordinate system as used in the OK model. Lateral-medial
translation and flexion-extension occurs along the femoral fixed axis, positioned through both femoral epicondyles and as a

result perpendicular to the sagittal plane, In FEBio the movement accros these DoFs is made possible through the use of Rigid
connectors. The rigid cylindrical joint (Femur-lmgLnk1) joint responsible for flexion-extension and lateral-medial translation is
positioned along the x-axis. Proximal-distal translation and internal-external rotation occurs along the axis fixed to the tibial
shaft, In FEBio movment along this corresponds to the z-axis and is enabled through the movement alon the lmgLnk2-Tibia

rigid cylindrical joint. Anterior-posterior translation and valgus-varus rotation occurs along the floating axis, this axis defined by
the cross product of the femoral and tibial axis and as a result is perpendicular to both body fixed axes. In FEBio this

movmenent is enabled through the lmgLnk1-lmgLnk2 rigid connector which corresponds to movement along the y-axis. The
joint origins of all rigid cylindrical joints correspons to the centers of both the rigid femur and tibia at 0,0,0. [98, 53]

Table D.1: Overview of time settings FEBio simulation

Step 1 4
Analysis type static static
Time steps 10 254
Step size 0.05 0.005
Max step size 0.05 0.01
Min step size 0.001 0.0001
Auto time stepper X X
Max retries 10 200
Optimal iterations 8 50
Cutback default default

Table D.2: Overview of Nonlinear solver FEBio simulation

Step 1 4
Displacement tolerance 0.01 0.01
Energy tolerance 0.1 0.1
Residual tolerance 0 0
Line search tolerance 0.9 0.9
Minimum residual 1e-20 1e-20
Quasi-Newton Method BFGS BFGS
Spectral radius -2 -2
Max reformations 10 100
Max updates 0 0
Reform on diverge X X
Reform each timestep X X
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Workflow supplementary material

Figure E.1: Overview of knee marker displacements used as input in the workflow. For this specific analysis 20 marker
displacements were utilized per knee marker (L.Knee, L.KneeMed, L.KneeFib).
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(a) Latin hypercube sampling distribution of marker locations along the distal-proximal, anterior-posterior plane.

(b) Latin hypercube sampling distribution of marker locations along the medial-lateral, distal-proximal plane.

Figure E.2: Latin hypercube sampling distribution of marker locations
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Correlation: Mean location high stress region Anterior-Posterior
Marker placement direction L.Knee L.KneeMed L.KneeFib
Medial tibial cartilage r p r p r p
Ant-post 0.923 0.000 0.914 0.000 0.598 0.040
Prox-dist 0.249 0.391 0.072 0.776 -0.070 0.829
Med-lat -0.573 0.032 -0.295 0.818 -0.076 0.815
Lateral tibial cartilage
Ant-post 0.957 0.000 0.947 0.000 0.732 0.004
Prox-dist 0.473 0.075 0.178 0.467 0.665 0.004
Med-lat -0.650 0.009 -0.296 0.218 -0.012 0.968

Proximal-distal
Medial tibial cartilage r p r p r p
Ant-post 0.726 0.002 0.058 0.818 0.264 0.408
Prox-dist 0.255 0.378 -0.190 0.451 0.521 0.083
Med-lat -0.407 0.149 -0.355 0.148 0.278 0.382
Lateral tibial cartilage
Ant-post -0.801 0.000 -0.186 0.446 -0.416 0.158
Prox-dist 0.440 0.884 -0.142 0.561 -0.680 0.011
Med-lat -0.041 0.100 0.123 0.615 0.014 0.963

Lateral-medial
Medial tibial cartilage r p r p r p
Ant-post -0.821 0.000 -0.648 0.004 -0.570 0.053
Prox-dist -0.456 0.101 -0.167 0.509 -0.322 0.307
Med-lat 0.492 0.074 -0.076 0.763 -0.252 0.429
Lateral tibial cartilage
Ant-post -0.912 0.000 -0.827 0.000 -0.734 0.004
Prox-dist -0.317 0.249 -0.290 0.228 -0.669 0.012
Med-lat 0.513 0.051 0.299 0.213 0.054 0.861

Table F.1: Correlation coefficients (r) and corresponding p-values for relationship between marker placement direction and
mean location of high stress values which maximum principal stress values exceeding the stress threshold (5 MPa).
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Correlation: Mean location high strain region Anterior-Posterior
Marker placement direction L.Knee L.KneeMed L.KneeFib
Medial tibial cartilage r p r p r p
Ant-post 0.905 0.000 0.889 0.000 0.735 0.004
Prox-dist -0.580 0.044 0.166 0.497 0.330 0.270
Med-lat 0.526 0.023 -0.247 0.308 -0.225 0.460
Lateral tibial cartilage
Ant-post 0 - 0 - 0 -
Prox-dist 0 - 0 - 0 -
Med-lat 0 - 0 - 0 -

Proximal-distal
Medial tibial cartilage r p r p r p
Ant-post -0.546 0.035 0.166 0.006 -0.574 0.040
Prox-dist -0.337 0.219 -0.336 0.910 -0.111 0.165
Med-lat 0.621 0.013 0.607 0.159 -0.409 0.718
Lateral tibial cartilage
Ant-post 0 - 0 - 0 -
Prox-dist 0 - 0 - 0 -
Med-lat 0 - 0 - 0 -

Lateral-medial
Medial tibial cartilage r p r p r p
Ant-post -0.633 0.011 0.465 0.045 -0.598 0.031
Prox-dist -0.340 0.215 -0.058 0.815 -0.395 0.182
Med-lat 0.632 0.012 -0.338 0.157 -0.125 0.684
Lateral tibial cartilage
Ant-post 0 - 0 - 0 -
Prox-dist 0 - 0 - 0 -
Med-lat 0 - 0 - 0 -

Table F.2: Correlation coefficients (r) and corresponding p-values for relationship between marker placement direction and
mean location of high strain values which maximum principal stress values exceeding the shear strain threshold (0.32%).
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