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ABSTRACT

Understanding the validity of using musculoskeletal models is critical, making important
to assess how model parameters affect predictions. In particular, different joint models in
the articulated linkage can affect predictions from simulations of movement, and the
identification of image-based joints is unavoidably affected by uncertainty that can
potentially decrease the benefits of increasing model complexity. The aim of this study is
to evaluate the effect of different lower-limb joint models on muscle and joint contact
forces during four motor tasks, and assess the sensitivity to the uncertainties in the
identification of anatomical four-bar-linkage joints. Three MRI-based musculoskeletal
models having different knee and ankle joint models were created and used for
simulations of walking, chair rise, stair ascent and descent. Model predictions were
compared against a baseline model including simpler and widely-adopted joints. In
addition, a probabilistic analysis was performed by perturbing four-bar-linkage joint
parameters according to their uncertainty. Our findings do not support the need for knee
and ankle models more complex than typical hinges, as the differences in joint contact
forces, although dependent on the motor task analyzed, were generally not substantial.
However, the model including more degrees of freedom showed larger differences and
more discrepancies in predicted muscle activations compared to measured muscle
activity. Further, including image-based four-bar-linkages was robust to simulate
walking, chair rise and stair ascent, but not stair descent, suggesting that joint model
complexity should be set according to the imaging dataset available and the intended

application, performing sensitivity analyses.
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INTRODUCTION

Musculoskeletal modeling and dynamic simulations of movement have a great potential
to give insights into musculoskeletal disorders (Arnold and Delp, 2004; Fregly et al.,
2012b), and there has been a growing expansion of musculoskeletal modeling
applications. In this context, subject-specific models provide more accurate results
compared to scaled-generic models (Correa et al., 2012; Lenaerts et al., 2009). Two
major challenges are related to the use of subject-specific models: model creation and
validation of model predictions. Model creation can be effort-intensive and involves
identification of several parameters affected by uncertainties (Valente et al., 2014).
Validation of muscle and joint force predictions is markedly limited (Hicks et al., 2015).
Therefore, sensitivity analyses have been performed to increase model reliability by
assessing how model parameters affect predictions (Ackland et al., 2012; Martelli et al.,

2015; Valente et al., 2014).

In particular, the assumptions that lead to specific kinematics joint models in the
articulated linkage affect predictions of muscle and joint contact forces during movement
(Dumas et al., 2012). In healthy joint conditions, while the hip can be accurately
modeled as a spherical joint, the knee and ankle exhibit a complex behavior (Leardini et
al., 2001, 1999a; Wilson et al., 2000) that have led to different modeling assumptions.
To describe the motion of the intact knee and ankle, one degree-of-freedom (DOF)
models with anatomy-based constraints (e.g., isometric ligaments, sphere-on-plane
contacts) have been developed that aim at reproducing physiological kinematics
coupling planar translations to the flexion DOF by using four-bar-linkage mechanisms

(Heller et al., 2007; Leardini et al., 1999b; O’Connor et al., 1989), or coupling all DOF to
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flexion by using spatial parallel mechanisms (Di Gregorio et al., 2007; Feikes et al.,
2003). In general, musculoskeletal models have included spherical, universal and hinge
joints with or without coupled DOF at the knee and ankle (see Dumas et al., 2012 for a
review). In particular, when musculoskeletal models have been used for muscle and
joint force calculation, most applications have adopted simplified articulated linkages
such as the widely used Gait2392 available in OpenSim (Delp et al., 2007), or other
models (Anderson and Pandy, 1999; Heller et al., 2001; Kepple et al., 1997; Modenese
et al., 2011) based on ex vivo studies. In addition, only few models have been created
from imaging data allowing capture of subject-specific anatomy to create joints with
anatomy-based constraints (Correa et al., 2011; Sandholm et al., 2011; Taddei et al.,

2012; Valente et al., 2014).

To date, it is not clear how different joint models affect muscle and joint forces
calculated during different motor tasks using musculoskeletal models created from
clinical imaging data. Particularly, the behavior of the knee and ankle joints can be
markedly variable when simulating tasks having different joint ranges of motion, which
leads to poses of the model that can affect dynamics outcomes. In addition, the
identification of image-based joints is unavoidably affected by uncertainty due to the
imaging quality available and operator variability. The introduction of more sources of
uncertainty can lead to error propagation, potentially decreasing the benefits of
introducing additional model complexity, and raises the questions of how complex
should joints be for different musculoskeletal applications and how worth is to create

more complex image-based models.
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Therefore, the aim of the present study is twofold: first, to evaluate the effect of different
knee and ankle joint models on muscle and joint contact forces during walking, chair
rise, stair ascent and descent, by using musculoskeletal models created from lower-
body MRI of a healthy subject; second, to analyze the sensitivity of muscle and joint
contact forces to the uncertainty in the identification of anatomical four-bar-linkage joints

from MRI.

To the purpose, we used a previously developed MRI-based model (Valente et al.,
2014) as baseline to create three additional models with different anatomy-based knee
and ankle joints. We compared the simulation results, obtained through a typical inverse
dynamics and static optimization approach, against the baseline model to analyze the
differences. Further, we used the uncertainty in the identification of four-bar-linkage
parameters in a model, which involved locations of soft tissue landmarks, to evaluate the

robustness of model predictions through a probabilistic approach.

MATERIALS AND METHODS

Experimental data

Lower-body MRI and motion analysis data were acquired from one healthy subject
(male; age: 31 years; height: 183 cm; weight: 70.5 kg) who performs amateur sports two
times per week, and shows normal neuromuscular control strategy (Supplementary
Materials 1). The MRI data and motion analysis protocol have been described previously
(Valente et al., 2014). In summary, four series of MR images were acquired by using a
1.5 T MR scanner (Intera, Koninklijke Philips N.V., The Netherlands). The subject

performed 10 walking, chair rising, stair ascending and descending trials. Stair
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ascending and descending were performed by using a modular staircase allowing
measurement of ground reaction forces, and during chair rising the subject kept each
foot in contact with a single force platform. In addition, two static postures (standing and
sitting) were acquired. Three-dimensional motion analysis data were acquired by using a
6TV camera stereophotogrammetric system (SMART-D BTS, Milano, ltaly), integrated
with two dynamometric platforms for measurement of ground reaction forces (Bertec
Corporation, USA) and 8-channel electromyography (EMG) recording system.
Anatomical landmark trajectories were quantified by using an 8-segment protocol (feet,
shanks, thighs, pelvis and trunk) based on the C.A.S.T. approach (Cappozzo et al.,
1995), implementing double-calibration (Cappello et al., 2005) of thigh and shank
landmarks. EMG activity of gluteus maximus, biceps femoris long head, semitendinosus,
rectus femoris, vastus medialis, gastrocnemius, soleus and tibialis anterior was acquired
at 1000 Hz sampling frequency according to SENIAM recommendations (Hermens,

2000). EMG data were high-pass filtered (10 Hz), rectified and low-pass filtered (6 Hz).

Baseline musculoskeletal model

The baseline OpenSim model used in this study has been developed from MRI and
described previously (Valente et al., 2014). In summary, the model was defined as a 7-
segment, 10-DOF articulated system, actuated by 84 musculotendon units. All
necessary anatomical landmarks were virtually palpated on the body surfaces with the
help of the superimposed MRI, to define reference frames and joint constraints. Each
hip was modeled as a 3-DOF spherical joint, each knee and ankle as a 1-DOF revolute
hinge joint. The hip joint was defined at the center of the femoral head, the knee and

ankle axes of rotation were defined as the line connecting the landmarks identified on

6



10

11

12

13

14

15

16

17

18

19

20

21

the medial and lateral epicondyles and medial and lateral tips of malleoli, respectively.
The number and paths of the musculotendon actuators were defined according to a
generic model (Delp et al., 1990). The maximum isometric force of each musculotendon
unit was estimated as the product of the muscle physiological cross-sectional area and
the maximum muscle tension, assuming muscle fiber length proportional to
musculotendon length (Correa and Pandy, 2011). The model was created by using the
freely available NMSBuilder software (Valente et al., 2014). The baseline model will be
named Spherical — Hinge — Hinge (SHH) hereinafter, indicating a spherical joint at the

hip and a revolute hinge joint at the knee and ankle.

Modified models

Three additional OpenSim models were created based on the baseline SHH model (Fig.

1), by modifying the knee and ankle joint parameters only, and described as follows:

1. Spherical - modified Hinge - Universal (SH*U): same configuration of joint
kinematics constraints of the widely-used Gait2392 generic model (Delp et al.,
2007). Specifically, the knee joint has one DOF with coupled planar translations
(Yamaguchi and Zajac, 1989), where the plane of motion is perpendicular to the
knee axis. Planar translations were expressed as functions of the knee angle,
which were obtained by scaling the generic model to the subject’s dimensions.
The ankle complex was modeled as a 2-DOF universal joint, including two hinges
at the tibiotalar and subtalar joint with non-intersecting rotational axes. The

tibiotalar joint was modeled as in the baseline SHH model, the orientation and
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location of the subtalar joint was identified on the MRI data according to Isman

and Inman, 1969.

. Spherical - modified Spherical - Universal (SS*U): same configuration of joint

kinematics constraints of a modified generic OpenSim model (Donnelly et al.,
2012). Specifically, the knee has three rotational DOF with two planar translations
coupled with the flexion DOF. Knee coupled translations and the ankle joint were

modeled as in SH*U.

. Spherical - anatomical four-bar-linkage - anatomical four-bar-linkage (SHag HasgL):

the knee and ankle were modeled as a 1-DOF joint with two coupled planar
translations (Leardini et al., 1999b; O’Connor et al., 1989) based on the subject-
specific joint anatomy (Fig. 1). Joint ligaments, identified on the MRI and
assumed isometric during motion, act as constraints to motion between the
proximal and distal body segments. Specifically, in the knee mechanism, the
origin and insertion points of the anterior cruciate (ACL) and posterior cruciate
(PCL) ligaments were projected on the plane perpendicular to the flexion axis and
passing through the mid point of the epicondyles to define a four-bar-linkage with
inextensible links whose movement was constrained on the plane. Similarly, in
the ankle mechanism, the origin and insertion points of the calcaneo-fibular
(CaFib) and tibial-calcanear (TiCal) ligaments were projected on the plane
perpendicular to the flexion axis and passing through the mid point of the malleoli
to define a four-bar-linkage with inextensible links whose movement was
constrained on the plane. Joint kinematics was obtained by implementing the

constraint equations (Feikes et al., 2003) based on anatomical landmarks
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locations and then solving the system for the coupled planar translations. Values
for the coupled planar translations at the knee and the ankle in the physiological

range of flexion are reported in Supplementary Materials 2.

Simulations of motor tasks

Using the four musculoskeletal models (baseline SHH and the three modified SH*U,
SS*U and SHag H4g.), simulations of a randomly selected cycle of walking, chair rise,
stair ascent and descent were run leveraging OpenSim. First, joint angles were
calculated through Inverse Kinematics. A global optimization problem was solved that
minimized the differences between experimentally-measured marker trajectories and the
corresponding markers placed on the models (Delp et al., 2007), formulated as weighted
least squares problem with uniform weightings. Muscle forces and activations were
calculated through Static Optimization, minimizing the sum of muscle activations
squared and neglecting the force-length-velocity relationships of muscle (Anderson and
Pandy, 2001). Finally, joint contact forces were calculated through Joint Reaction

Analysis, solving for the dynamic equilibrium at each body segment.

Sensitivity to the identification of anatomical four-bar-linkage joints

A probabilistic analysis was performed to study the sensitivity of the SH.g Has. model to
the uncertainties associated with the creation of the anatomical four-bar-linkage at the
knee and ankle joints. The positions of the eight landmarks identifying the origin and
insertion points of ACL, PCL, CaFib and TiCal were assumed as multivariate normally
distributed variables. The distribution of each variable was calculated experimentally

(Table 1; Supplementary Materials 4): four expert operators virtually palpated the
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landmarks on the bone surfaces with the help of the superimposed MRI three times, by
using NMSBuilder. Positions of bony landmarks (i.e., epicondyles and malleoli)
identifying the orientation of the planes in which rotations and coupled translations occur
were not perturbed, as previous research has demonstrated limited uncertainty
associated and non-significant effect on model predictions (Martelli et al., 2015; Valente
et al., 2014). A Latin Hypercube Sampling (LHS) strategy (McKay et al., 1979; Valente
et al., 2013) was applied to generate an efficient sampling of input variables from their
distribution. This allowed creation of OpenSim models including different knee and ankle
four-bar-linkage models corresponding to each set of sampled variable values. Using
each model, the same workflow for simulations of movement was re-run. Two-hundred
simulations per motor task ensured convergence of the output variables (Valente et al.,
2014). Static optimization simulations were considered failed (i.e., joint dynamic
equilibrium not achieved) if the use of reserve actuators on any joint DOF exceeded 5%
of the peak joint moment (van der Krogt et al., 2012) in at least one frame of the motor
task cycle. Simulations of walking, stair ascent and chair rise were all successful, while
27% of stair descent simulations failed and were not included in the subsequent

analysis.

Data Analysis

The analysis was focused on hip, knee and ankle joint contact forces, and muscle
activations corresponding to measured EMG recordings. First, all quantities were
expressed in percentage of the motor task cycle, and the forces were also normalized to

the subject body-weight (BW).
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To assess variability in model outcomes, results from the three modified models were
compared against the baseline model, as the articulated linkage (SHH) of the baseline
model is widely adopted and considered state-of-the-art in musculoskeletal dynamics
applications. Specifically, mean and maximum differences in joint contact forces over
each motor task cycle were calculated. In addition, Wilcoxon signed rank tests (p < 0.01)
were performed to evaluate significant differences among model outcomes, and
Pearson correlation coefficients (R) were calculated to quantify similarities. To
qualitatively assess validity of the models, muscle activations predicted using the

different models were compared against measured EMG.

To analyze the sensitivity to the uncertainties in identifying four-bar-linkage
mechanisms, standard deviations (mean and maximum over each motor task cycle) of
joint contact forces predicted through the perturbed SH4g H4g. models were calculated

for each simulated motor task.

RESULTS

Model variability

Overall, the differences in joint contact forces between the modified models and the
baseline model were dependent on the motor task analyzed (Fig. 2, Table 2;
Supplementary Materials 3). The SH*U and SH4g Hss. models showed relatively mild
differences. SH*U presented a peak in mean difference of 0.28 BW at the ankle during
stair descent (maximum difference of 0.73 BW), and tended to underestimate knee
loads and overestimate ankle loads (Table 2). SHg Hsg. presented a peak in mean

difference of 0.25 BW at the ankle during stair descent (maximum difference of 1.54

11
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BW), and tended to overestimate hip loads, underestimate knee loads (except for
walking) and not differ at the ankle (except for stair descent) (Table 2). The SS*U model
showed more marked differences, with a peak in mean difference of 0.59 BW at the
knee during walking (maximum difference of 2.4 BW). This model tended to
overestimate all loads. High correlation values were observed between all modified

models and baseline model (Table 2), confirming similarities in force patterns.

Predicted muscle activation patterns in all models were generally consistent with EMG
recordings, apart from few discrepancies in tibialis anterior and hamstrings (Fig. 3). The
SS*U model presented additional discrepancies in the activations of biceps femoris

during walking and gastrocnemius during stair ascent and descent.

Sensitivity analysis

During walking, chair rise and stair ascent, the uncertainties in the identification of the
SHag H4s model did not have a marked effect on joint contact forces, showing mean
standard deviations over the motor task cycles below 0.26 BW (Fig. 4, Table 3).
Conversely, during stair descent, there was a marked effect on knee and ankle forces,

showing a mean standard deviation of 0.4 BW and a maximum of 2.66 BW at the ankle.

DISCUSSION

Our goal was: first, to analyze the effect of different knee and ankle joint models on the
predictions of joint contact forces during four motor tasks by using musculoskeletal
models created from lower-body MRI; and second, to evaluate how sensitive are

predictions to the uncertainties in the identification of four-bar-linkage joint parameters
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from the data available. When routine clinical images are available, our results do not
support the need for knee and ankle models more complex than typical hinges, and
suggest that the model including anatomical knee and ankle four-bar-linkage joints
(SH4gLH4pL) is robust to simulate walking, chair rise and stair ascent, but not stair

descent.

Comparing the joint contact forces predicted by using the three modified models
(including different knee and ankle kinematics constraints) and the baseline model
(including simpler and widely-used joint constraints), we found differences that were
generally not substantial, and the predicted forces presented marked similarities in
patterns (Fig. 2, Table 2). In fact, the maximum mean differences over the motor task
cycle were 0.59 BW in overestimation and -0.21 BW in underestimation, and the high
correlation coefficients indicated a good correspondence in force changes over the
motor task cycle. However, the SS*U model presented larger differences that could
reach notable maximum values (2.4 BW at the knee during walking). Comparing
predicted muscle activity to measured EMG allowed to identify SS*U as the least
accurate model, as more discrepancies in muscle onset/offset timing were shown.
However, we were not able to discriminate which model performed best, as this indirect
validation method does not allow a direct comparison. A given modified model
compared to the baseline could overestimate, underestimate or present no significant
differences depending on the task analyzed. Particularly, adding more DOF at the knee
(SS*U) caused an overall overestimation of the loads due to an increase in quadriceps
muscle forces (Figs. 2 and 3) that had to compensate for additional joint moments.

Conversely, including more physiological constraints at the knee (SH*U and SH4g HygL)

13



10

11

12

13

14

15

16

17

18

19

20

21

22

caused underestimation of the loads when an increase in quadriceps muscle moment
arms reduced the required force to equilibrate joint moments. The inclusion of a 2-DOF
joint at the ankle (SH*U and SS*U) led to a general increase in ankle loads, while more
physiological joint constraints at the ankle (SH4g H4g.) caused no significant differences
apart from stair descent where decreased moment arms of plantarflexor muscles

required more forces from those muscles.

Analyzing the sensitivity of joint contact forces to the uncertainties in the identification of
knee and ankle four-bar-linkage mechanisms (SH4g Hsg.), we found a moderate effect
during walking, chair rise and stair ascent, showing a maximum standard deviation of
0.66 BW at the ankle during stair ascent (Fig. 4, Table 3). Conversely, we found a more
marked sensitivity of knee and ankle forces during stair descent. Notably, the late stance
phase showed a maximum standard deviation of 1.21 BW and 2.66 BW at the knee and
ankle force, respectively, in conjunction with unrealistic peak magnitude at the ankle (up
to 13 BW). In this situation, the joint contact forces were more sensitive to changes in
joint kinematics, particularly to the planar translations coupled to ankle dorsiflexion,
which decreased the moment arms of gastrocnemii and soleus. This produced a
sensitive increase in the forces exerted by those muscles, leading in turn to sensitive
increases in ankle forces that propagated to the knee. We did not analyze the
uncertainties in the identification of the other joint models (SHH, SH*U, SS*U), as this
involves identification of few bony landmarks only, and it has been previously
demonstrated not to have a significant effect on force predictions (Martelli et al., 2015;

Valente et al., 2014).
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As reported in previous literature (Dumas et al.,, 2012; Glitsch and Baumann, 1997;
Mokhtarzadeh et al., 2014), we found an overall increase in joint contact forces when
increasing the number of DOF in the model (SS*U). In this scenario, we confirmed a
decrease in soleus activity (Mokhtarzadeh et al., 2014) when using a 3-DOF knee model
and the same static optimization method, although different tasks were simulated.
However, in contrast to Dumas et al., 2012, we found an increase in vasti and
gastrocnemius activity when using a 3-DOF knee model during walking, which led to an
increase in both knee force peaks. In this case, a different subject’s kinematics recorded
and the inclusion of subject-specific anatomical detail in the model may have affected

the different result of muscle coordination strategy.

Our findings should be evaluated under the light of some limitations. First, we created
the musculoskeletal models from data of one subject only. Inter-subject variability in
bone and soft tissue anatomy might influence the effect of the implemented joint models
on force predictions. In particular, measures of passive joint laxity of the subject would
have provided additional understanding of the physiological context where our findings
hold; however, we reported the calculated translations at the knee and ankle in the four-
bar-linkage model and quantified the neuromotor control strategy of the subject. Further,
we compared the effect of a limited set of knee and ankle joint models without including
other anatomical joints (Di Gregorio et al., 2007; Feikes et al., 2003) that could have
potentially led to different results. However, we intended to analyze the most common
joint modeling choices for musculoskeletal modeling applications. In addition, we used a
limited dataset that was not optimized for specific joint modeling purposes such as the

“Grand Challenge Competition to predict in vivo knee loads” (Fregly et al., 2012a), but
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was representative of typical clinical routine activities, which allowed us to simulate real

scenarios of patient-specific modeling from clinical imaging.

The findings of our study suggest that knee and ankle model complexity in
musculoskeletal models should be set according to the dataset details available.
Particularly, MRI acquired for diagnostic purposes to obtain a general overview of bone
and soft tissues may provide accurate identification of origin and insertion of knee and
ankle ligaments used to create anatomical joints. However, there could be cases where
model robustness is not acceptable for the specific application, as stair descent
simulations demonstrated in this study. Therefore, sensitivity analyses to parameter
uncertainties are suggested before using a more complex model, and care should be
taken when evaluating calculated forces according to the intended application,
particularly in correspondence of the peaks of knee and ankle loads, where variability

could be higher.

In summary, our study revealed that when using routine clinical imaging to create
musculoskeletal models of healthy young subjects with normal neuromotor control
strategy and no relevant degree of dynamic joint laxity, there is no need to implement
knee and ankle models more complex than typical hinges, and the effect of using
kinematic models including coupled translational degrees of freedom would be minimal.
In addition, including anatomical four-bar-linkage joints is robust during most tasks
simulated, but, in general, sensitivity analyses to joint parameter uncertainties are
suggested according to the dataset available and motor task to simulate. Finally, care is

suggested when evaluating force predictions according to the intended application, as in
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many clinical applications it is impossible to discriminate which model produces the most

accurate predictions.
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Figure and Supplementary Materials Legends

Figure 1. Definition of the joint constraints in the articulated linkages of the subject-specific
musculoskeletal models used in this study: baseline SHH model (simple state-of-the-art
articulated linkage (Valente et al., 2014)) and the three modified SH*U (same articulated
linkage of the generic Gait2392 model (Delp et al., 2007)), SS*U (same articulated linkage
of a modified generic model (Donnelly et al., 2012)) and SH4g H4p, (articulated linkage with
anatomy-based four-bar-linkage at the knee and ankle) models. The anatomical four-bar-
linkage joints in the SH4p H4g. model were defined as planar mechanisms whose motion is

constrained by joint ligaments (ACL and PCL in the knee; CaFib and TiCal in the ankle).

Figure 2. Lower-limb joint contact forces in body-weight (BW), predicted by using the
baseline model (SHH) and the modified models (SH*U, SS*U, SH4g H4g) during the four

motor tasks simulated.

Figure 3. Muscle activations predicted by using the baseline model (SHH) and the
modified models (SH*U, SS*U, SHg H4p.), and experimental EMG activities during the
four motor tasks. EMG activities are normalized to the peaks of muscle activation over the

motor task cycle.

Figure 4. Lower-limb joint contact forces in body-weight (BW), predicted by using the
baseline SHH model and the set of perturbed SH4g Hss. models (+ 1 standard deviation)

during the four motor tasks simulated.

Supplementary Materials 1. Neuromuscular control strategy of the subject. Co-

contraction indexes of different antagonistic muscles during the different motor tasks.



Supplementary Materials 2. Knee and ankle planar translations coupled with the flexion
degree of freedom in the SH4g H4g. model. Mean (solid line) and standard deviation (band)
from the perturbed point locations of the antero-posterior and cranio-caudal translations

plotted against the physiological range of joint flexion.

Supplementary Materials 3. Lower-limb joint kinematics, predicted by using the baseline
model (SHH), the modified models (SH*U, SS*U, SH4g H4s.) and the set of perturbed

SHyg H4g models (= 1 standard deviation) during the four motor tasks simulated.

Supplementary Materials 4. Coordinates of the perturbed landmark points with respect to
the corresponding body reference frame. Four operators virtually palpated the landmark

points on the body surfaces with the help of the superimposed MRI three times.
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Table 1

Table 1 Values of the covariance matrix (in mm?®) of each ligament landmark position
(multivariate normally distributed variables) measured experimentally through virtual
palpation on the bone surfaces with the help of the superimposed MRI. The values are
reported with the respect to each corresponding body reference frame. The first 3 columns
(main diagonal of the covariance matrix) represent the variance along the antero-posterior
(x), cranio-caudal (y) and medio-lateral (z) directions of the body reference frames. The
last 3 columns (off-diagonal of the covariance matrix) represent the covariance between

the couple of elements.

Landmark X y z Xy ) ¢4 yz
ACL origin 1.2 4.0 0.9 -1.0 -0.9 0.4
ACL insertion 2 1.6 0.9 -1.7 -0.3 0.4
PCL origin 2.1 0.9 0.8 -1.1 1.2 -0.6
PCL insertion 1.6 0.6 0.9 0.6 -0.2 0.1
CaFib origin 2.4 6.8 2.1 -2.3 1.6 -3.4
CaFib insertion | 2.0 0.7 1.8 0.4 1.1 0.7
TiCal origin 2.3 0.9 1.1 -0.4 -0.3 -0.5
TiCal insertion 11.0 2.9 0.9 -1.5 2.3 -1.0




Table 2

Table 2 Differences in lower-limb joint contact forces between the modified models (SH*U,

SS*U, SH4g H4p) and the baseline model (SHH) during the four motor tasks simulated.

Mean and maximum differences over the motor task cycle are reported in body-weight

(BW). Significant differences over the motor task cycle (Wilcoxon signed rank tests (p <

0.01)) are highlighted in bold. Pearson correlation coefficients (R) are reported.

SH*U Ss*U SHapLHasL

Hip Knee Ankle Hip Knee Ankle Hip Knee Ankle

006 0.06 018 | 0.31 059 024 | 020 0.18 -0.05 ""‘;"‘B';v[)’“f
Walking| o> 042 051 | 085 240 131 | 066 1.05 -0.53 ""f‘;v'j)"f

100 099 1.00 | 099 099 099 | 098 095 1.00 R

001 012 015 | 023 -001 0.6 | 0.06 -0.21 -004 | ML
%ri‘:ér 016 042 035 | 088 -043 051 | 050 -072 -0.16 | MO

100 099 088 | 092 097 077 | 099 095 084 R

0.04 -012 022 | 022 022 031 | 013 -0.18 0.07 ""‘zaBr\'N?"f
Ait;a;:,t 029 071 048 | 137 121 072 | 067 -120 o077 | MO

099 099 100 | 096 098 1.00 | 0.98 098 0.99 R

002 -0.10 028 | 008 005 028 | 0.11 -019 025 | MEN"
Dgstz:nt 021 -057 073 | 055 1.07 072 | 063 -096 1.54 Mf‘é‘vﬁ’)‘ff

1.00 100 1.00 | 099 097 100 | 099 099 0.98 R




Table 3

Table 3 Mean and maximum standard deviations (SD) of lower-limb joint contact forces
predicted by the perturbed simulations to study the sensitivity to the uncertainties
associated with the creation of the anatomical four-bar linkage at the knee and ankle joints

in the SH4p H4gL model during the four motor tasks. Mean and maximum SD over the

motor task cycle are reported in body-weight (BW).

SH4LHasL
Hip | Knee | Ankle

Mean SD

0.04 0.04 0.16 (BW)
Walking Max SD

ax

0.15 0.14 0.28 (BW)
Mean SD

0.02 0.03 0.10 (BW)
Chair Rise Max SD

ax

0.11 0.06 0.27 (BW)

Mean SD
) A 2

Stair 0.06 0.10 0.26 (BW)
Ascent Max SD

0.47 0.28 0.66 (BW)
Mean SD

.04 A7 4

Stair 0.0 0 0.40 (BW)
Descent Max SD

0.19 1.21 2.66 (BW)
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