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Abstract
Joint tissue mechanics (e.g., stress and strain)

are believed to have a major involvement in the on-
set and progression of musculoskeletal disorders,
e.g., knee osteoarthritis (KOA). Accordingly, con-
siderable efforts have been made to develop mus-
culoskeletal finite element (MS-FE) models to es-
timate highly-detailed tissue mechanics that pre-
dict cartilage degeneration. However, creating such
models is time-consuming and requires advanced
expertise. This limits these complex, yet promis-
ing MS-FE models to research applications with few
participants and making the models impractical for
clinical assessments. Also, these previously devel-
oped MS-FE models are not assessed for any ac-
tivities other than the gait. This study introduces
and validates a semi-automated rapid state-of-the-
art MS-FE modeling and simulation toolbox incor-
porating an electromyography (EMG) assisted MS
model and a muscle-force driven FE model of the
knee with fibril-reinforced poro(visco)elastic carti-
lages and menisci. To showcase the usability of the
pipeline, we estimated joint- and tissue-level knee
mechanics in 15 KOA individuals performing dif-
ferent daily activities. The pipeline was validated
by comparing the estimated muscle activations and
joint mechanics to existing experimental data. Also,
to examine the importance of EMG-assisted MS
analyses, results were compared against outputs
from the same FE models but driven by static-
optimization-based MS models. The EMG-assisted
MS-FE pipeline bore a closer resemblance to exper-
iments, compared to the static-optimization-based
MS-FE pipeline. More importantly, the developed
pipeline showed great potentials as a rapid MS-
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FE analysis toolbox to investigate multiscale knee
mechanics during different activities of individuals
with KOA.

Keywords: Knee osteoarthritis, daily activities,
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1. Introduction
Knee injuries, after back disorders, are the sec-

ond most frequent musculoskeletal (MS) disorder [1].
There is compelling evidence that altered knee joint
motion and loading, and the subsequent mechani-
cal responses (i.e., stress and strain) within the knee
load-bearing tissues, are key factors in the onset
and progression of knee osteoarthritis (KOA) [2–9].
Hence, a thorough knowledge of the tissue mechani-
cal responses to knee joint loading is essential to as-
sess KOA and possibly restore knee functionality. In
this regard, knee joint contact forces (JCF), contact
area, and contact pressure have been experimentally
measured in several activities [4, 10–16]. These ex-
periments have revealed fundamental information on
the knee joint mechanics, but they are either limited
to specific subjects (e.g., those with instrumented im-
plants) or require highly invasive procedures. More
importantly, experimental approaches cannot mea-
sure crucial parameters governing tissue adaptation
and degeneration, such as stress, strain, or fluid flow
of the tissue.

Alternatively, multiscale MS and finite element
(FE) models have become a tool of choice to in-
vestigate detailed joint loading and tissue-level me-
chanical responses [6, 17–23]. However, none of
the developed multiscale MS-FE models have been
used for analyzing joint mechanics in functional ac-
tivities other than gait. Furthermore, to the best
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of our knowledge, there are no studies incorporat-
ing subject-specific muscle recruitment (activation)
strategies in the estimation of tissue-level mechanical
responses, although muscle recruitment has a signifi-
cant effect on the joint loading, especially in the pres-
ence of MS disorders [24–28]. Moreover, those studies
reporting detailed joint mechanical responses (either
joint-level or tissue-level) have investigated healthy
subjects [17,28–30], utilized simplified joint models in
terms of limited degrees of freedom (DoFs) [30–32],
excluded subject-specific joint geometries [28, 30–32],
omitted crucial joint tissues (e.g., menisci) [28,30,31],
and/or utilized simple soft tissue material models
[28]. Patient-specific joint geometries [33], inclusion
of menisci [34–36] and a multi DoFs joint model [20],
and the use of an appropriate soft-tissue material
model can substantially alter the estimated tissue me-
chanics [37–41].

A fibril-reinforced composite material model is
essential to be able to simultaneously estimate me-
chanical responses of both the fibrillar (collagen) and
nonfibrillar (proteoglycans) matrices (e.g., in cartilage
and meniscus) [37,42,43]. Moreover, poroviscoelastic-
ity is needed to replicate fluid-flow-dependent and
-independent mechanisms of biphasic tissues [44],
with within-tissue fluid pressurization carrying up to
90% of a dynamic load [40, 45]. These characteristics
of the knee soft tissue emphasize the use of a fibril-
reinforced poroviscoelastic (FRPVE) material model,
which can potentially provide the FE analysis with
a more detailed estimation of tissue-level mechanical
responses, especially if adaptation and degradation
of cartilage and its fibrillar and nonfibrillar matrices
are of interest [6, 43, 46, 47].

Summarizing, FE models utilizing subject-
specific joint geometries and complex FRPVE mate-
rial models have shown great potential for estimat-
ing highly-detailed tissue mechanics and predicting
cartilage damage and degeneration [6, 39, 43, 46–48].
However, creating the above-mentioned FRPVE FE
models is a cumbersome manual task requiring sev-
eral weeks of high-level expertise [48]. This process
entails image segmentation, meshing, material model
incorporation, estimation and application of loading
and boundary conditions, and getting a converged
solution. This lengthy procedure limits these com-
plex, yet promising, FE models to research purposes
with only a few participants, and therefore their ap-
plication is impractical and infeasible for large co-
horts or clinical assessments. Some efforts have been
made to be able to rapidly create FRPVE FE mod-
els of the knee, but they are strictly limited to the
tibiofemoral joint during walking without subject-
specific loading and boundary conditions [49].

Therefore, here we develop a rapid state-of-the-
art MS-FE modeling and simulation pipeline poten-
tially feasible for research and clinical applications
to investigate joint- and tissue-level knee mechan-
ics in different functional activities. To this end,

we adapted an atlas-based FE modeling toolbox [49]
along with an EMG-assisted muscle-force driven FR-
PVE FE analysis workflow [17]. To showcase the us-
ability of the pipeline, we estimated joint- and tissue-
level knee mechanics in a sample of individuals with
KOA while performing different daily activities. The
pipeline was validated by comparing the estimated
muscle activations, JCFs, and tissue mechanical re-
sponses to existing experimental data. To explore
the influence of EMG-assisted MS analyses, differ-
ent joint-level and tissue-level results estimated by
the developed workflow were compared with the re-
sults estimated by a similar workflow but with the FE
models driven by static-optimization (SO) based MS
models.

2. Method
2.1. Data collection and pre-processing

Fifteen subjects (6 males and 9 females, 62.4±7.8
years old, and with body mass index 29.3±6.8) meet-
ing the study admission criteria participated in this
study (workflow in Figs. 1 and 2). Subjects’ charac-
teristics are provided in the supplementary material,
Table S1. The inclusion criterion was previously di-
agnosed KOA according to the KOA clinical defini-
tion (i.e., the existence of both pain and an evident
radiographic joint tissue deterioration [50]) in either
of the medial or lateral femur, tibia, or patella. The
exclusion criteria were the existence of any record of
lower limb surgeries or diagnosed disorders such as
ligament or tendon rupture or presence of pain in
any body parts except for the knee. Analyses were
undertaken on the most affected leg of each sub-
ject (in terms of OA severity), comprising of a total
of 15 knees, one knee from each subject. All the
procedures were approved by the Human Research
Ethics committee of the Northern Savo Hospital Dis-
trict (permission number 750/2018), and written in-
formed consent was obtained from each subject.

We analyzed seven different daily activities.
These consisted of: (1) chair stand-to-sit, (2) chair
sit-to-stand, (3) walking at a naturally selected speed
(1.34± 0.14 m/s), (4) walking at a standardized speed
(1.20 ± 0.05 m/s), (5) picking up a pen from the
ground, (6) stair ascent, and (7) stair descent. The
motion data collection (Fig. 1) consisted of syn-
chronous measurement of 3D marker trajectories (100
Hz, Vicon, UK), ground reaction forces (two force
plates, 1000 Hz, OR6-7MA, AMTI, USA), and EMGs
(1000 Hz, ME6000, Bittium Biosignals Ltd, Finland).
EMGs from 8 muscles of the test leg, comprising the
vastus medialis and lateralis, rectus femoris, medial
and lateral gastrocnemius, biceps femoris, semitendi-
nosus and gluteus medius, were recorded according
to the SENIAM guidelines [51]. Additionally, mag-
netic resonance images (MRIs) were taken from each
subject’s test knee (Fig. 1) using a 0.18 T scanner
(3D CE sequence, with 0.89 mm slice thickness and
0.625 in-plane resolution, Esaote E-Scan XQ, Esaote,

2

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 29, 2021. ; https://doi.org/10.1101/2021.03.27.436509doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.27.436509
http://creativecommons.org/licenses/by-nc-nd/4.0/


Pre
prin

t
Genoa, Italy). The 3D CE sequence of the utilized
MRI scanner was earlier shown to be adequate to seg-
ment knee joint cartialge with a similar volume and
thickness, compared to a 3T scanner (Philips, Best,
Netherlands) [6].

Marker trajectories and GRFs were filtered us-
ing a fourth-order zero-lag Butterworth low-pass fil-
ter with cut-off frequencies of 6 Hz and 30 Hz, re-
spectively. Employing MOtoNMS [52], EMG en-
velopes (Figs. S1 to S7) were generated from the
recorded EMG signals by band-pass filtering(30-300
Hz), full-wave rectifying, low-pass filtering (6 Hz),
and then normalizing to the peak similarly-processed
EMG data recorded from maximum isometric volun-
tary exertion trials or daily activities trials the sub-
ject undertook [53]. The maximum isometric volun-
tary exertion trials were conducted for hip abduction,
hip flexion, knee flexion/extension, and ankle plan-
tar flexion.

2.2. The MS analyses pipeline

2.2.1. The MS model and inputs to the MS analyses

The MS analyses consisted of the static-
optimization (SO) and EMG-assisted neural solutions
using an MS model with a 1 DoF knee joint opti-
mized for modeling activities with deep knee and
hip flexions [54]. The abduction/adduction and in-
ternal/external degrees of freedom were added to
the tibiofemoral joint mechanism, but locked dur-
ing analyses, to calculate knee abduction/adduction
and internal/external moments and muscle mo-
ment arms. Similarly, flexion/extension, abduc-
tion/adduction, and internal/external DoFs were
added, but also locked, to the patellofemoral joint
to be able to calculate muscle moment arms around
the patella. Utilizing OpenSim (v 4.1) [55], the body
segments and length-dependent muscle properties of
the MS model were first scaled for each subject, using
the body mass and the static trial of the subject. Dur-
ing the scaling process, the tibiofemoral abduction-
adduction DoF was opened. Then, the locations of
the virtual markers around the knee were adjusted
according to the MRIs, allowing the adduction angle
to be adjusted subject-specifically. After scaling, the
knee adduction DoF was locked. Finally, the maxi-
mum isometric muscle forces were scaled by the ra-
tio of the subject’s mass to the mass of the un-scaled
model.

Within OpenSim, the scaled models (i.e., 15
MS models in total) were used to calculate inverse
kinematics (inverse kinematics toolbox), knee exter-
nal moments (inverse dynamics toolbox), JCFs (for
both tibiofemoral and patellofemoral joint within the
joint reaction analyses toolbox), and muscle moment
arms and muscle-tendon lengths (muscle analysis
toolbox). The muscle moment arms were extracted
for flexion/extension, abduction/adduction, and in-
ternal/external DoFs of both the tibiofemoral and
patellofemoral joints. The variables were fed into

the SO-based and EMG-assisted MS analyses, and
then into the FE models of the study, correspondingly
(Fig.1 and sections 2.2.2 and 2.3.2).

2.2.2. The static-optimization and EMG-assisted MS
analyses

Both the SO-based and EMG-assisted MS analy-
ses were used to drive the FE models to investigate
possible alterations in the joint-level and tissue-level
mechanics from the different neural solutions. The
OpenSim static optimization (SO) toolbox was used
for the SO-based estimation of muscle activation pat-
terns and forces. In this, muscle forces were esti-
mated to track the joint moments while minimizing
the sum of squared muscle activations. Muscle con-
traction dynamics was included, but the muscle ac-
tivation dynamics was not considered within the SO
analyses of OpenSim [55].

The EMG-assisted estimation of muscle acti-
vation patterns and forces was performed using
the Calibrated EMG-Informed Neuromusculoskele-
tal Modelling Toolbox (CEINMS) [17, 22]. Inputs to
CEINMS consisted of 1) muscle properties, 2) en-
veloped EMGs, 3) joint external moments of the leg
of interest (OpenSim inverse dynamics), and 4) mus-
cles’ moment arms and muscle-tendon lengths. Mus-
cle properties of all the 43 muscles of the leg of inter-
est were imported to CEINMS, including maximum
isometric force, tendon slack length, optimal fiber
length, and pennation angle of the muscles, which
were obtained from the scaled MS models of the
study, separately for each subject.

Within CEINMS, first a multi-DoFs calibration
[17,22,56] was performed to optimize the neuromus-
cular parameters of all the 40 muscles of the leg of
interest, separately for each subject. Five DoFs were
included, consisted of the hip (3 DoFs), knee (1 DoF),
and ankle (1 DoF). The neuromuscular parameters
were the maximum isometric force, tendon slack-
length, optimal fiber-length, EMG-to-activation re-
cursive filter-coefficients, and nonlinear shape-factor
[53, 57]. One trial of each daily task was included
in the calibration. Following calibration, the hybrid
mode of the CEINMS toolbox, with elastic tendons
and including muscle activation and contraction dy-
namics, was employed to perform the EMG-assisted
MS analyses (Fig. 1). In this, a simulated annealing
algorithm was used to minimize the following cost
function:

fcost = α ∑ E2
M + β ∑ a2

exc + γ ∑ E2
EMG,exc (1)

where EM is the error between joint moment esti-
mated by the inverse dynamics and the joint moment
generated by the estimated muscle forces at each DoF,
aexc is the estimated excitation of each of the 40 mus-
cles, and EEMG,exc is the error between the EMG en-
velopes and the corresponding estimated muscle ex-
citations. The weight factors α and β were set to one,
while the γ was obtained (relative to α and β) through
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optimization to ensure equally minimized joint mo-
ment and muscle excitation errors [58].

The muscle forces from both neural solution ap-
proaches were fed into the OpenSim’s joint reac-
tion analysis toolbox to calculate the JCFs for all the
activities. Subsequently, both SO-based and EMG-
assisted estimated JCF, joint moments, muscle forces,
and muscle moment arms were used to drive the FE
model (Figs. 1 and section 2.3.2).

2.3. FE analyses pipeline

2.3.1. The atlas-based FE modeling toolbox

To develop a workflow for the rapid generation
and simulation of the MS-FE model, we used a novel
atlas-based FE modeling approach [49] along with
a muscle-force driven FE analysis workflow [17]. It
was earlier shown that tissue mechanics estimated
by using the one template approach, i.e., compared
to choosing between several templates, could better
predict KOA progression and classify subjects into
correct KOA grade groups consistent with experi-
ments [49].

Hence, we used the geometries of the FE model
from our previous study [17, 23] as the template.
Knee cartilages, menisci, and ligament insertion
points were manually segmented (MIMICS, version
21, Materialise, Belgium) and the 3D geometries were
meshed precisely in HyperMesh (version 2019, Al-
tair, US). All the meshed geometries were then im-
ported into the Abaqus software (version 6.20, Das-
sault Systèmes, US) to create a complete FE model of
the template subject. All the parts were assembled,
and ligament bundles and menisci horn attachments
were defined according to the insertion points ob-
tained from the template MRIs. The reference points
(Fig. 1), node sets, and element sets required for
applying boundaries and loads, contacts, and ma-
terial models, as well as those sets for reading the
results, were defined for each part. Next, material
models were assigned, and contacts and couplings
were defined. Femoral, tibial, and patellar cartilage
were modeled utilizing the FRPVE material model
[59–61, 61–66], and menisci were modeled as a fibril-
reinforced poroelastic material [67]. Knee ligaments,
including anterior and posterior cruciate ligaments,
medial and lateral collateral ligaments, lateral and
medial patellofemoral ligament, patellar tendon, and
menisci horn attachments, were modeled as spring
bundles [68–71].

Finally, the whole FE model of the template was
exported as an Abaqus input file (.inp extension).
The generated template was then scaled in a patient-
specific manner according to the morphological di-
mensions of each subject [49] (Fig. 2). The mor-
phometry used for scaling the template were mea-
sured from MRIs and consisted of mediolateral, an-
teroposterior, and transverse dimensions, or alterna-
tively, thicknesses (to scale menisci) and joint spaces

(to scale femoral, tibial, and patellar cartilage thick-
nesses) [49] (Fig. 2). These nodal coordinates were
used to scale the template file (except for kinematic
and kinetic inputs) while the rest of the Abaqus in-
put file (i.e., element definitions, node and element
sets, etc.) was identical for all the subjects (Fig. 2).
This process enabled the rapid and user-friendly FE
model generation and extraction of results. The de-
tails of the measurements and scaling of the template
are explained in the supplementary material.

2.3.2. Loading, boundary conditions, and finite ele-
ment analyses

The outputs of the MS models used as inputs
to the FE models consisted of [17, 23]: 1) knee
flexion angle, 2) abduction/adduction and inter-
nal/external moments around the tibiofemoral joint
(inverse dynamics), 3) abduction/adduction and in-
ternal/external moments generated by the muscles
around the tibiofemoral joint, 4) flexion/extension,
abduction/adduction, and internal/external mo-
ments generated by the quadriceps muscles around
the patellofemoral joint, 5) tibiofemoral JCFs, and 6)
patellofemoral JCFs (Fig. 1).

Tibiofemoral and patellofemoral JCFs (includ-
ing the muscle forces) were applied to the femoral
and patellar reference points (i.e., tibiofemoral and
patellofemoral joints’ center of rotation), respectively
(Fig. 1). Then the extracted muscle moment arms
(explained in section 2.2.1) were used to calculate the
moments generated by each muscle around the FE
model reference points (i.e., around the joints’ center
of rotation). The moments generated by each muscle
were calculated by multiplying the muscle force by
its moment arms separately for flexion-extension, ab-
duction/adduction, and internal/external DoFs and
for each time point of the trial. The calculated mo-
ments were then applied to the corresponding DoF
of the reference point along with the knee external
moments calculated from inverse dynamics (Fig. 1
and section 2.2.1).

The bottom of the tibia was fixed in all the
FE models. All the nodes located on the femoral-
cartilage to the subchondral-bone interface were
coupled to the femoral reference point. Simi-
larly, all the nodes located on the patellar-cartilage
and subchondral-bone interface were coupled to the
patellar reference point (Fig. 1). The knee flexion an-
gle, knee joint moments (i.e., abduction/adduction
and internal/external moments), and tibiofemoral
JCFs were applied to the femoral reference point,
and the patellar JCF and the moment generated by
the quadriceps muscles (i.e., flexion/extension, ab-
duction/adduction and internal/external moments)
were applied to the patellar reference point (Fig. 1).
The femur had 5 active DoFs, and the patella had
6 active DoFs in the FE models. More explanations
about the loading and boundary conditions and in-
puts to the FE models are provided in the supple-
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mentary material (section 1.3.3, section 1.4, and Figs.
S8 to S14) for both the EMG-assisted and SO-based
MS-FE pipelines.

The aforementioned inputs to the FE models
were automatically written to a file (one file per trial)
and attached to the appropriate Abaqus input file
(section 2.3.1) at the run time (detailed steps are ex-
plained in supplementary materials, section 1.4) . Fi-
nally, the whole cycle of each trial/task was analyzed
using Abaqus/Standard soils consolidation solver
on an Intel(R) Xeon(R) CPU E5-2690 v3 (2.60GHz),
single-core analysis.

2.4. Post-processing of the results and statistical
analyses

The contact area, center of pressure (CoP), and
average and maximum tissue mechanical responses,
including maximum principal stress, collagen fibril
strain, fluid pressure, and deviatoric and maximum
shear strain were investigated within the femoral,
tibial, and patellar cartilages and menisci. To cal-
culate the average of tissue mechanical responses,
for instance within the tibial surface, first all the
nodes/elements of the tibial cartilage in contact with
either femoral cartilage or menisci were selected sep-
arately at each time point of the cycles. Then the

sum of nodal/elemental values of the parameter of
interest was calculated and divided by the number
of nodes/elements in the contact area for that time
increment. The CoP on the tibial cartilage along an
arbitrary axis (e.g., x) was calculated as follows:

CoPx =
∑N

i=1 xi × Pi

∑N
i=1 Pi

(2)

where xi is the coordinate of the center of the ith el-
ement in (arbitrary) x axis, Pi is the average contact
pressure within the ith element of the surface, and
N is the total number of elements on the surface of
interest.

The estimated results by the SO-based MS-FE
models and the EMG-assisted MS-FE models were
compared point-by-point (as a function of time) using
statistical parametric mapping (SPM) paired t-tests
[72], with p<0.05 and Bonferroni correction. Also,
root mean square error (RMSE) and coefficient of de-
termination (R2) between experimental and predicted
muscle excitations were calculated for each MS mod-
eling approach and separately for each subject’s trial
(including all the time points).
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Fig. 3: The coefficient of determination (R2) between the enveloped EMGs and estimated muscle activations by the EMG-
assisted MS model (in red) and SO-based MS model (in yellow). Stars indicated significant differences (p<0.05) using
paired sample t-test, and error bars show 95% confidence intervals.

3. Results
Using the developed pipeline, loading the MRIs

(in MATLAB) and then measuring the morphological
dimensions of each subject took only several minutes,
from which the FRPVE FE model of each subject was
created in several seconds. Executing the MS-FE anal-
ysis and delivering the results, on average, took 20
hours per one second for each activity (on a typical
CPU and single-core analysis).

3.1. Muscle activations, joint kinematics, and
joint kinetics

The estimated EMG-assisted muscle activations
had fewer deviations from EMG envelopes compared
to SO-based estimated muscle activations (Figs. S1 to
S7). In 55% of all the activities, R2 and RMSE (experi-
mental vs. predicted muscle activations) were signif-
icantly (p<0.05) different between the EMG-assisted
and SO-based MS models. In 84% of these cases, the
EMG-assisted MS model had significantly (p<0.05)
higher R2 compared to the SO-based MS model (Figs.
3 and S15).

The knee flexion angle, and abduc-
tion/adduction and internal/external rotation
moments, from the EMG-assisted and SO-based
MS models were not significantly different (p<0.05)
(Figs. S8 to S14). Nonetheless, the tibiofemoral JCFs,
including their peaks, in gait and stair negotiation
estimated by the EMG-assisted MS model were
significantly (p<0.05) higher than those of SO-based
MS models for more than 70% of the cycles (Figs.
S8 to S14). Further, the normalized JCF peaks
of daily activities estimated by the EMG-assisted
MS-FE pipeline bore a closer resemblance to the

in vivo measured JCFs [15] compared to those of
the SO-based MS-FE pipeline and those estimated
by a SO-based 12 DoFs knee MS model reported
previously [28] (Fig. 4). The EMG-assisted MS model
estimated higher JCFs on the medial tibia than the
lateral tibia (Fig. 5-A and B) during all the activities,
although, the SO-based neural solution estimated
higher JCF on the lateral tibia than medial tibia
during stand-to-sit, sit-to-stand, and pick up (Fig.
5-C and D).
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Fig. 4: The peak JCF estimated by the SO-based and EMG-
assisted MS models of the study compared to in vivo JCF
[15] and those from the 12 DoFs knee MS model [28]. Note
that the JCFs are normalized against the average stair de-
scent JCF of each dataset, correspondingly.
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the tibiofemoral JCFs estimated by the EMG-assisted MS-
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(D) of the tibiofemoral JCFs estimated by the SO-based MS-
FE models. Plots report the 15 subject average profile for
each activity. Deviations from the average (e.g., standard
deviations) are not shown to improve the readability.

3.2. Contact pressure, contact area, and tissue me-
chanical responses

In general, more subject-specific variations were
observed in the CoP at the maximum JCF among the
subjects during the gait and pick up, compared to
other daily activities (Fig. 6). Nonetheless, the CoP at
the maximum JCF was consistent with those reported
in previous in situ experiments and simulation-based
studies reported for the gait and stair negotiation [14,
17, 73, 74].

The medial and lateral tibial contact area during
walking was significantly (p<0.05) different only for
∼30% of the cycle between the EMG-assisted and the
SO-based MS-FE models. In stair ascent, the contact
area estimated by the EMG-assisted MS-FE model
was significantly different (p<0.05) than that of the
SO-based MS-FE model for ∼20% and ∼80% on the
medial and lateral tibia, respectively. Nonetheless,
there were fewer discrepancies between the contact
area estimated by the EMG-assisted MS-FE model
and those from in situ experiments [14] during walk-
ing and stair ascent (Fig. 7), compared to the SO-
based MS-FE model.

The magnitudes and the mediolateral distribu-
tion of the estimated mechanical responses of car-
tilage during the gait were comparable with those
reported in previous studies [17, 23, 29, 74, 75] (Figs.
8, S16 to S18). Within the lateral tibial cartilage, the
average tissue mechanical responses were highest in
stand-to-sit, sit-to-stand, and pick up and were low-
est during walking in both the EMG-assisted and SO-
based neural solutions (Figs. 8, S16, and S17, B and
D). However, the maximum of the tissue mechani-

cal responses was not substantially different between
the activities within the medial tibial cartilage (Figs.
8, S16, and S17, A and C).

Fig. 6: The tibial center of pressure (CoP) at the maximum
JCF for 15 subjects of the study during the daily activities
estimated by the EMG-assisted (on the left) and SO-based
(on the right) MS-FE pipelines. Markers are representative
of each subject of the study.

4. Discussion
4.1. Summary

In this study, a novel MS-FE modeling pipeline
was established with a focus on feasibility for a rapid
and user-friendly clinical assessment tool. Herein, a
state-of-the-art EMG-assisted muscle-force driven FE
model with FRP(V)E cartilages and menisci [17,23,49]
was utilized. The EMG-assisted MS model enables
the inclusion of subject-specific muscle activation pat-
terns that may alter in subjects with MS disorders
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Fig. 7: Contact area estimated by the EMG-assisted and
SO-based MS-FE models of the study compared to experi-
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and for lateral tibial cartilage during the gait (D) and stair
ascent (H) using statistical parametric mapping.

[24–27, 76, 77]. In addition, the FE model utilized
a highly-detailed FRPVE soft tissue material model
that has shown potentials if tissue-level mechanical
responses, such as collagen fibril and nonfibrillar
matrix strain, related to mechanically-induced car-
tilage adaptation and regeneration, are of interest
[6, 37–41, 43, 46–48]. To assess and validate the devel-
oped pipeline, we investigated the knee joint load-
ing and tissue mechanical responses during different
daily activities of the individuals with KOA. Besides,
the results of the EMG-assisted MS-FE models were
compared to those of the SO-based models to investi-
gate potential alterations in the analyzed parameters
due to different MS analysis approaches.

4.2. The atlas-based MS-FE modeling toolbox

For the first time, we introduced and validated
a semi-automated and rapid MS-FE analysis toolbox
capable of modeling the whole knee joint, incorporat-
ing subject-specific muscle activation patterns, joint
kinematics and kinetics, and multiscale tissue me-
chanics. The presented pipeline took less than a day
to create the models, perform analyses of a general
task, and then deliver the results. Except for scaling
the MS and FE models, the rest of the pipeline, in-
cluding running MS analyses in both OpenSim and
CEINMS, writing inputs to the FE models, execut-
ing the FE models, and then extracting the results,
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Fig. 8: Average of the maximum principal stress estimated
by the EMG-assisted MS-FE models on the medial tibia (A)
and lateral tibia (B), and the SO-based MS-FE model on the
medial tibia (C) and lateral tibia (D), reporting the 15 sub-
ject average profile for each activity. Deviations from the
average (e.g., standard deviations) are not shown to im-
prove the readability.

does not require user interactions. Of course, possi-
ble convergence difficulties in the FE model and inter-
pretation and verification of the results of each step
still require supervision and expertise, although this
could be automated in the future. A similar workflow
without the atlas-based modeling toolbox requires a
high level of unique skills with several months of
training to perform segmentation and meshing, in-
corporate the FRPVE materials model, interconnect
the models, and get models to converge. Even for
an expert-user, those are laborious tasks taking sev-
eral weeks/months to perform manually [78]. Uti-
lizing image processing and machine learning tech-
niques [79], our further studies aim to reduce the
simulation time even towards real-time EMG-assisted
MS-FE analyses (e.g., as done for the Achilles ten-
don, [80]) and to make the whole pipeline automatic
(i.e., scaling and morphing of the MS and FE models’
geometries) [81].

4.3. SO-based compared to EMG-assisted MS-FE
analyses

In our previous study [17], the EMG-assisted
MS-FE modeling workflow bore a closer resemblance
to the experiments, compared to the SO-based MS-
FE model. As a further evaluation, we compared
the results obtained from the SO-based and EMG-
assisted MS-FE analyses using the dataset of the cur-
rent study. The enveloped EMGs showed a wide
variation between subjects (Figs. S1 to S7) that may
account for individual variations in muscle recruit-
ment strategies [24–27,77]. These variations were also
seen in the muscle activations estimated by the EMG-
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assisted MS model but to a lesser degree in those es-
timated by the SO-based MS model (Figs. S1 to S7).
Consequently, more variations were observed in es-
timated JCFs and tissue mechanical responses using
the EMG-assisted MS-FE model compared to the SO-
based model (Figs. 4, and S8 to S14).

Higher knee adduction moment during stand-to-
sit, sit-to-stand, and pick up compared to other activ-
ities (Figs. S8 to S14) accounts for the lowest medial-
to-total JCF ratio at the peak of the total JCF in these
three activities compared to other daily activities (Fig.
5-B and D), both the EMG-assisted and SO-based MS
models). More importantly, the SO-based MS model
estimated higher JCF peaks on the lateral tibia than
the medial tibia during stand-to-sit, sit-to-stand, and
pick up, as opposed to the EMG-assisted MS model.
This may be due to significantly (p<0.05) higher acti-
vation of the biceps femoris in the SO-based MS mod-
els in contrast with those of the EMG-assisted models
and the measured EMGs (Figs. 3, S1, S2, and S5).

Previous studies [24–27, 76, 77] reported higher
(up to double) muscle activations and co-contractions
in subjects with KOA compared to healthy individu-
als. Hence, assisting the MS analyses with EMGs and
considering higher correlations between the EMG en-
velopes and the muscle activations estimated by the
EMG-assisted MS models than those of the SO-based
models (Figs. 3 and S1 to S7) explain higher JCFs es-
timated by the EMG-assisted MS models of the study,
compared to those estimated by the SO-based MS
models (Figs. 5 and S8 to S14). Interestingly, the
maximum JCF of the daily activities estimated by the
EMG-assisted MS model were more consistent with
those from experiments compared to the SO-based
estimated JCFs with either 1 DoF or 12 DoFs knee
models (Fig. 4). In line with our results, it has been
shown [82] that the ability of SO-based MS model
with a 1 DoF knee to predict the knee JCFs in differ-
ent subjects and activities (other than gait) is limited,
compared to EMGs and in vivo JCFs.

To summarize, the above-mentioned variations
and differences, consistent with previous studies
[24–27, 76, 77, 82, 83], may emphasize the necessity of
assisting the MS model with subject-specific muscle
activation patterns, especially in individuals with MS
disorders and pain.

4.4. Limitations

We did not group participants according to KOA
grade, pain score, etc. Moreover, this study can be
seen as the initial assessment of the developed MS-
FE analysis pipeline. However, our results showed
that the developed workflow has the potential to an-
alyze multi-level joint mechanical responses of sub-
jects with different, e.g., KOA grade due to the inclu-
sion of subject-specific kinematics, kinetics, muscle
activation patterns, and joint geometries. Yet, compli-
mentary evaluations with larger cohorts and more ac-
tivities are needed to further evaluate the developed

pipeline.
The muscle-tendon parameters of the utilized

MS models were not subject-specific. Nonetheless,
the calibration module of the CEINMS using the sub-
ject’s EMG envelopes is shown to attenuate the ef-
fect of the muscle-tendon uncertainties on the, e.g.,
estimated JCFs [83]. Also, material parameters of
the knee soft tissues, including those of cartilages,
may vary at different sites [84, 85] that can alter the
magnitude of the local tissue mechanical responses
[86, 87]. However, no practical methods are avail-
able to fully extract subject-specific mechanical prop-
erties of knee soft tissues, and hence, the soft tissue
material parameters utilized in this study (Table S2)
were adopted from the literature. Nonetheless, the
FE model of the study has shown the potentials to
incorporate subject- and site-specific material param-
eters [88–90].

The use of one template (compared to, e.g.,
choosing among several templates) is suggested be-
fore [49]; however, our future studies aim to en-
hance the atlas-based FE modeling method employ-
ing multi-template approaches and nonlinear scal-
ing methods such as statistical shape modeling. The
atlas-based FE modeling approach has been favor-
ably evaluated and validated against the follow-up
data (i.e., KOA progression) [49], although it may be
seen as a limitation of this approach, especially in the
subjects with evident cartilage lesions. Nevertheless,
the joint-space narrowing and the cartilage thickness
were reflected in the morphological measurements of
each subject. Though, estimation of the local tissue
mechanical responses around the cartilage lesion, in
general, may be addressed as a limitation of the atlas-
based modeling approach. Currently, the inclusion
of subject-specific cartilage lesions requires lengthy
manual mesh editing.

4.5. Applications and further developments

This study showcases the usability of the devel-
oped pipeline for various tasks and patients in differ-
ent levels of KOA, as well as the potential for imple-
menting the pipeline as a feasible and rapid MS-FE
analysis toolbox not only for research purposes with
large cohorts, but also for clinical applications.

The stress and strain within the fibrillar (colla-
gen) and nonfibrillar (proteoglycans) matrices of the
cartilage and menisci are reported as indicators gov-
erning the cartilage adaptation and degradation re-
sponse [43, 46, 47]. Hence, our workflow employing
the FRPVE material model may promisingly be used
in the subject-specific modification of different activi-
ties and the design of rehabilitation protocols, to slow
the onset or progression of the KOA according to the
estimated subject-specific joint mechanics. Also, our
further study aims to investigate the knee joint me-
chanics of KOA individuals in different daily activi-
ties and rehabilitation exercises in more detail and ex-
plores the correlation between the subject’s regional
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pain intensity and localized joint mechanics.

This study showcases the usability of the devel-
oped pipeline for various tasks and patients in dif-
ferent levels of KOA, as well as the potential for im-
plementing the pipeline as a feasible and rapid MS-
FE analysis toolbox not only for research purposes
with large cohorts, but also for clinical applications.
A few models have been developed to predict car-
tilage degeneration and KOA progression based on
the mechanobiological response of the joint’s soft tis-
sue [6, 9, 46, 47, 91]. For instance, collagen fibril strain
(related to, e.g., collagen damage) and fluid flow or
maximum shear strain (related to, e.g., cell death
and fixed charged density loss of the proteoglycans
within the cartilage) are reported as measures for the
prediction of cartilage adaptation and degradation
response, consistent with experiments [6,9,46,47,91].
Nonetheless, none of these studies [6,9,46,47,91] have
been incorporated into a multiscale MS-FE model
considering subject-specific joint loading. Integrating
the EMG-assisted MS-FE pipeline of our study with
cartilage remodeling algorithms [6, 9, 46, 47, 91], as a
part of our further research, may bring more accu-
racy when subject-specific mechanically-induced soft
tissue adaptation and degeneration is of interest. As
a result, the developed workflow can potentially be
used in the subject-specific modification of different
activities and the design of rehabilitation protocols to
slow the onset or progression of the KOA according
to the estimated subject’s joint mechanics.

4.6. Conclusion

For the first time, a semi-automated rapid MS-
FE analysis pipeline was developed and validated
against experimental data. The muscle activation pat-
terns and knee joint mechanics in different size scales
were estimated and reported by EMG-assisted and
SO-based MS-FE modeling of common daily activi-
ties in individuals with KOA. This offers a compre-
hensive source of locomotion information. In gen-
eral, the EMG-assisted MS-FE pipeline bore a closer
resemblance to experiments, compared to the SO-
based MS-FE pipeline. Hence, our results empha-
size the importance of assisting the MS-FE analy-
sis with subjects’ muscle activation patterns, espe-
cially when simulating different physical activities
of KOA subjects. More importantly, the developed
pipeline showed great potentials as a rapid MS-FE
analysis toolbox to investigate multiscale knee me-
chanics during different activities of individuals with
KOA. Nonetheless, our future research aims to in-
vestigate the feasibility of the pipeline to personalize
daily activity routines and rehabilitation protocols of
KOA individuals, e.g., to slow the KOA progress by
optimal loading of knee load-bearing tissue.
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