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Abstract: This study validated muscle activation estimations generated by OpenSim during the gait
of elderly fallers. Ten healthy elderly participants walked on an instrumented treadmill, monitored
by motion capture, force platforms, and 12 surface EMG sensors. Static optimization was used to
calculate muscle activations, evaluated through cosine similarity, comparing them with EMG signals
from 12 muscles of the right leg. Findings revealed varied similarity levels across muscles and
gait phases. During stance phase, tibialis anterior (TIBA), peroneus longus (PERL), soleus (SOL),
gastrocnemius lateralis (GASL), semitendinosus (SEMI), tensor fasciae latae (TFL), and rectus femoris
(RECF) demonstrated poor similarity (cosim < 0.6), while gluteus medius (GMED), biceps femoris
long head (BFLH), and vastus lateralis (VL) exhibited moderate similarity (0.6 < cosim < 0.8), and
gluteus maximus (GMAX) and vastus medialis (VASM) displayed high similarity (cosim > 0.8).
During the swing phase, only SOL demonstrated inadequate similarity, while GASL, GMAX, GMED,
BFLH, SEMI, TFL, RECF, and VASL exhibited moderate similarity, and TIBA, PERL, and VASM
showed high similarity. Comparing the different 10% intervals of the gait cycle generally produced
more favorable similarity results. For most of the muscles and intervals, good agreement was found.
Moderate agreement was estimated in the cases of TIBA (0-10%), PERL (60-70%), GASL (60-70%),
TFL (10-20%), RECF (0-10%, 80-100%), and GMED (50-60%). Bad agreement was found in the cases
of SOL (60-70%), GASL (0-10%), and TFL (0-10%). In conclusion, the study’s validation outcomes
were acceptable in most cases, underlining the potential for user-friendly musculoskeletal modeling
routines to study muscle output during elderly gait.
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1. Introduction

After the age of 65, the frequency of falls and the severity of the resulting injuries in-
creases in community-dwelling adults [1,2]. Typical related injuries vary between bruising,
lacerations, and fractures to the upper and lower extremities, while some may even prove
to be fatal [1,3-5]. Furthermore, long hospitalizations result in financial over-burdening of
national health systems [6-8], with costs rising to €474.4 million in countries in the EU like
Holland [9]. Their psychological impact is also worth noting since the fear of falling may im-
pede the individual during everyday living and make him /her feel nonautonomous [1,10].

Studying the mechanics of falls and devising strategies for prevention is of utmost
importance. This involves identifying factors that elevate the risk of falling and imple-
menting effective interventions, such as exercise programs aimed at improving balance.
Postural balance depends on various systems such as vestibular, visual, proprioceptive,
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and exteroceptive systems [11]. Falls often result from a person’s loss of stability, typically
occurring when the body’s center of mass goes beyond the limits of its support base [12].
Utilizing motion capture analysis systems can aid in determining crucial biomechanical
measurements, which can be employed to systematically investigate the underlying causes
of balance and other gait deficits [5,13,14]. These systems capture kinematic data, which,
when combined with ground reaction forces from force plates, allows for the calculation of
joint angles and moments during various human movements using inverse kinematics and
inverse dynamics algorithms.

Nevertheless, these methods are limited in their ability to estimate the muscular forces
exerted by the body to execute the observed motions. This information is vital for gaining
deeper insights into the functioning of the human body. To tackle this challenge, muscu-
loskeletal modeling emerges as the sole non-invasive approach to acquire such valuable
insights. OpenSim, an open-source software, serves as a valuable tool for musculoskeletal
modeling and dynamic simulations of movement. It facilitates the estimation of muscle
and joint forces, along with muscle activation patterns, thereby bridging the gap in our
understanding [15]. The static optimization algorithm of OpenSim can be used to esti-
mate muscle activations and forces based on kinetic and kinematic data from 3D motion
analysis systems [16]. Since in vivo data of muscle forces do not exist, it is necessary to
validate such outputs against indirect signals of muscle function, such as electromyography
(EMG). Several studies have validated OpenSim estimations of muscle activation in young
individuals [16-20], yielding diverse outcomes. While some studies have demonstrated
strong similarity between recorded and calculated muscle activations [16,17,20], others
have shown less favorable results [18,19]. However, it is important to exercise caution when
extending these conclusions to the elderly population. This is because the way elderly
individuals walk differs significantly, marked by shorter stride lengths, longer periods of
double-support stance, reduced push-off power, and increased gait variability compared to
younger individuals [21], among other distinctive characteristics.

To our knowledge there are only a few studies that checked the validity of the estimated
muscle activations of OpenSim or other musculoskeletal modeling software during elderly
gait. In the study of [22], significant correlations were found between the recorded muscle
activity patterns and those calculated using the Anybody software for the vastus lateralis,
gastrocnemius medialis, and tibialis anterior muscles in elderly individuals while pedaling.
Low-to-moderate agreement between OpenSim results and EMG data during different gait
subphases was reported by Karimi et al. [23] for only four elderly lower limb muscles. Two
studies reported good agreement between simulated and experimental data for several
lower limb elderly muscles for gait [24,25] or single step in reactive balance tests [26];
however, no explicit quantitative measures for each muscle are reported to draw safe
conclusions on the validity of their outcomes. From the above, there is a substantial
knowledge gap on the validity of calculated muscle forces in a variety of lower limb
muscles during elderly gait.

Hence, this study aims to report on the validity of the estimated muscle activations
from OpenSim during elderly gait in a variety of muscles along and in different parts of the
gait cycle. We expect varying results amongst the muscles, as derived from the literature.
The results will enhance usage of MSK modeling to address specific research questions
regarding elderly locomotion.

2. Materials and Methods
2.1. Participants

A cohort of ten healthy senior citizens, consisting of one male and nine females, took
part in a treadmill walking session. Their average age was 71.7 years (8 years), with
a mean weight of 69.1 kg (£7.78 kg) and an average height of 1.55 m (40.06 m). These
participants were selected between December 2022 and February 2023, provided their
informed consent, and the study was approved by the Research Ethics Committee of
Democritus University of Thrace, Greece. To be eligible for participation, individuals had
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to be 65 years or older, capable of walking without assistance, and free from any medical
conditions affecting mobility, such as lower limb pain.

2.2. Gait Analysis

The gait analysis laboratory was equipped with a 10-camera motion capture system
(Vicon Motion Systems), operating at a sampling rate of 100 Hz, a split-belt instrumented
treadmill (Bertec , Columbus, OH, USA) with a sampling rate of 2000 Hz, and 12 wireless
EMG sensors (Ultium Noraxon, Scottsdale, AZ, USA) with a sampling rate of 2000 Hz. The
system was used to record and digitize synchronous 3D marker trajectories, surface EMG,
and ground reaction forces data during gait on the instrumented treadmill. Fifty-seven
retroreflective markers were affixed to specific anatomical locations on the participants’
bodies, based on full body protocol according to CGM2.4 guidelines [27].

The surface EMG sensors were accurately positioned on each participant, adhering to
the guidelines established by SENIAM [28]. These sensors were firmly attached to specific
muscles, including the lateral gastrocnemius (GASL), soleus (SOL), tibialis anterior (TIBA),
peroneus longus (PERL), vastus lateralis (VASL), vastus medialis (VASM), rectus femoris
(RECF), gluteus medius (GMED), gluteus maximus (GMAX), long head of biceps femoris
(BFLH), semitendinosus (SEMI), and tensor fasciae latae (TFL) of the right leg. Subsequently,
the recorded EMG data underwent a series of processing steps. This included applying
a bandpass filter within the frequency range of 30-300 Hz, followed by rectification of
the signals. To further refine the data, a low-pass filter at 6 Hz was applied. Lastly, the
gait cycle data for each individual were normalized relative to their respective local peak
EMG values.

The participants were first asked to walk at their normal pace on the ground to
determine their natural walking speed. Then, each participant was granted a period of three
minutes to familiarize themselves with walking on the split-belt treadmill, maintaining
their natural speed without supporting themselves and walking as they normally would
in their everyday life. The recording session extended for approximately one minute, and
the last ten consecutive gait cycles were selected for further analysis to ensure appropriate
levels of familiarization with the procedure.

2.3. Musculoskeletal Modeling

A generic full body musculoskeletal model [29] was scaled to each participant based
on a static trial and individual mass. Joint angles for the right side were calculated using
the inverse kinematics tool of OpenSim (version 4.3). Then, OpenSim static optimization
(SO) analysis was performed to determine the muscle activations of the right limb by
minimizing the sum of squared muscle activations for each frame.

2.4. Statistics

The agreement between the muscle activation estimations obtained from OpenSim
and the recorded EMG data was evaluated using cosine similarity (cosim). This assessment
was conducted during both the stance and swing phase of the gait cycle and at every 10% of
the gait cycle via in-lab python scripts. Data from EMG and MSK modeling were selected
based on specific gait cycle (heel strike to ipsilateral heel strike) events, that is the stance
phase defined as the time frame between the heel strike and toe off and the swing time
as the time frame between the toe off and subsequent heel strike. The cosine similarity
method assesses similarity based solely on the angle between two vectors/curves, ignoring
their magnitude.

For clarity of interpretation, the researchers classified cosim values as follows: values
exceeding 0.8 were considered indicative of good agreement, values falling between 0.6 and
0.8 were regarded as moderate agreement, and values below 0.6 were considered indicative
of poor agreement. The cosim values between the estimated and recorded data for the
12 muscles were computed for each trial on an individual subject basis. Subsequently, the
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mean cosim value for each muscle was computed across all trials for each subject. These
individual muscle mean cosim values were then averaged across subjects.

3. Results

The average cosine similarity (cosim) values for each muscle throughout stance, swing,
and every 10% interval of the gait cycle are reported in Tables 1 and 2.

For enhanced clarity in interpreting the outcomes and facilitating inter-muscle compar-
isons, these results have been visually represented using multiple radar charts (Figure 1a—d).
These radar charts offer a comprehensive perspective on the degree of agreement between
the projected and observed muscle activations for each individual muscle.

Moreover, ensemble curves illustrating experimental and modeled muscle activations,
along with their corresponding standard deviations, have been included as supplementary
material (Figure S1). These curves are presented after normalizing EMG values by peak
soleus (SO) activation, providing further insight into the agreement between experimental
and modeled muscle activation profiles.
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Figure 1. (a) Radar chart of mean cosine similarity values between recorded EMG data and estimated
muscle activations (divided into swing and stance phase) of all subjects for the right leg. (b) Radar
chart of mean cosine similarity values between recorded EMG data and estimated activations for
every 10% of the gait cycle of all subjects for the right leg muscles SOL (soleus), GASL (lateral
gastrocnemius), TIBA (tibialis anterior), PERL (peroneus longus). (c) Radar chart of mean cosine
similarity values between recorded EMG data and estimated activations for every 10% of the gait
cycle of all subjects for the right leg muscles RECF (rectus femoris), VASL (vastus lateralis), TFL
(tensor fasciae latae), VASM (vastus medialis). (d) Radar chart of mean cosine similarity values
between recorded EMG data and estimated activations for every 10% of the gait cycle of all subjects
for the right leg muscles GMAX (gluteus maximus), GMED (gluteus medius), SEMI (semitendinosus),
BFLH (long head of biceps femoris).
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Table 1. Mean (standard deviation) cosine similarity values for each muscle across 10 gait cycles of
all subjects in stance and swing phases.

Muscle Stance Phase Swing Phase
Tibialis Anterior 0.51 (0.12) 0.87 (0.06)
Peroneus Longus 0.44 (0.15) 0.92 (0.02)
Soleus 0.57 (0.12) 0.51 (0.14)
Gastrocnemius Lateralis 0.41 (0.21) 0.69 (0.09)
Gluteus Maximus 0.82(0.1) 0.77 (0.13)
Gluteus Medius 0.69 (0.1) 0.65 (0.13)
Biceps Femoris Long Head 0.60 (0.13) 0.69 (0.09)
Semitendinosus 0.58 (0.12) 0.68 (0.09)
Tensor Fasciae Latae 0.58 (0.12) 0.74 (0.1)
Rectus Femoris 0.46 (0.14) 0.61 (0.12)
Vastus Lateralis 0.64 (0.1) 0.68 (0.09)
Vastus Medialis 0.85 (0.07) 0.85 (0.08)

In the stance phase, substantial agreement was observed between the estimated and
experimental muscle activations for GMAX and VASM. The agreement was of a moderate
nature for GMED, BFLH, and VASL, and poor for TIBA, PERL, SOL, GASL, SEMI, TFL,
and RECF (Figure 1a). During the swing phase, there was notable agreement between the
estimated and experimental muscle activations for TIBA, PERL, and VASM. Moderately
consistent agreement was evident for GASL, GMAX, GMED, BFLH, SEMI, TFL, RECF, and
VASL, with SOL being the only muscle showing poor agreement (Figure 1a).

Table 2. Mean (and standard deviation) cosine similarity of 12 muscles of the right leg between
recorded EMG data and OpenSim static optimization estimated activations for 10 gait cycles averaged
for all subjects for every 10% of gait cycle.

Percentage Tibialis Peroneus Soleus Gastrocnemius  Tensor Fasciae Rectus Femoris
Anterior Longus Lateralis Latae
0-10% 0.65 (0.1) 0.86 (0.08) 0.9 (0.03) 0.5(0.08) 0.42(0.1) 0.63 (0.15)
10-20% 0.92 (0.06) 0.93 (0.04) 0.89 (0.07) 0.93 (0.04) 0.79 (0.11) 0.85(0.13)
20-30% 0.96 (0.05) 0.94 (0.1) 0.96 (0.04) 0.91 (0.11) 0.93 (0.04) 0.83 (0.14)
30-40% 0.96 (0.04) 0.97 (0.01) 0.98 (0.02) 0.93 (0.09) 0.89 (0.11) 0.95 (0.04
40-50% 0.95 (0.05) 0.92 (0.03) 0.93 (0.05) 0.93 (0.05) 0.89 (0.09) 0.9 (0.14)
50-60% 0.87 (0.09) 0.86 (0.07) 0.91 (0.06) 0.84 (0.09) 0.82 (0.09) 0.91 (0.08)
60-70% 0.83 (0.13) 0.76 (0.16) 0.56 (0.15) 0.78 (0.12) 0.83 (0.15) 0.95 (0.03)
70-80% 0.97 (0.03) 0.99 (0.01) 0.96 (0.03) 0.91 (0.1) 0.89 (0.06) 0.91 (0.09)
80-90% 0.87(0.11) 0.98 (0.02) 0.96 (0.04) 0.93 (0.07) 0.9 (0.05) 0.66 (0.14)
90-100% 0.96 (0.03) 0.98 (0.01) 0.98 (0.01) 0.93 (0.06) 0.83 (0.09) 0.65 (0.11)
Percentage Vastus Lateralis ~ Vastus Medialis I\S[; lu.teus Gluteus Medius Biceps Femoris Semitendinosus
aximus Long Head

0-10% 0.85 (0.03) 0.93 (0.03) 0.86 (0.07) 0.9 (0.04) 0.87 (0.04) 0.87 (0.05)
10-20% 0.89 (0.05) 0.95 (0.03) 0.95 (0.04) 0.91 (0.06) 0.89 (0.07) 0.93 (0.05)
20-30% 0.91 (0.07) 0.93 (0.08) 0.96 (0.03) 0.96 (0.06) 0.93 (0.06) 0.93 (0.07)
30-40% 0.9 (0.12) 0.94 (0.03) 0.97 (0.03) 0.96 (0.08) 0.94 (0.06) 0.95 (0.02)
40-50% 0.93(0.05) 0.98 (0.01) 0.95 (0.07) 0.94 (0.06) 0.96 (0.05) 0.96 (0.04)
50-60% 0.91 (0.1) 0.98 (0.02) 0.94 (0.08) 0.77 (0.26) 0.95 (0.05) 0.96 (0.02)
60-70% 0.95 (0.04) 0.97 (0.03) 0.96 (0.04) 0.88 (0.1) 0.93 (0.09) 0.92 (0.06)
70-80% 0.9 (0.12) 0.97 (0.03) 0.95 (0.05) 0.89 (0.09 0.96 (0.04) 0.92 (0.08)
80-90% 0.84 (0.15) 0.95 (0.05) 0.95 (0.04) 0.88 (0.08) 0.93 (0.04) 0.9 (0.09)
90-100% 0.97 (0.03) 0.98 (0.02) 0.9 (0.09) 0.86 (0.07) 0.88 (0.04) 0.9 (0.02)

In relation to the 10% partition, for most of the muscles and intervals, good agreement
was found. Moderate agreement was estimated in the cases of TIBA (0-10%), PERL
(60-70%), GASL (60-70%), TFL (10-20%), RECF (0-10%, 80-100%), and GMED (50-60%).
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Bad agreement was found in the cases of SOL (60-70%), GASL (0-10%), and TFL (0-10%)
(Table 2, Figure 1b-d).

4. Discussion

The current study has explored the validity of muscle force estimations during different
sub-phases of elderly gait. Acceptable levels of agreement between experimental and
calculated muscle activations for most muscles suggest that the combination of the least
personalized MSK model with static optimization could be used to model elderly gait and
implemented in clinical practice. Nevertheless, similarity values for single muscles varied
depending on the different partitioning of the gait cycle.

Our findings for stance and swing phase demonstrated a mixed agreement with the
existing literature. In the study by Karimi et al. [23], comparable low-to-moderate correla-
tions were found for gastrocnemius medialis, TIBA, and BFLH of the elderly in the stance
phase. In this study, agreement was evaluated using Pearson correlation on peak values,
while computed muscle control was employed to estimate muscle forces. However, the
agreement noted for vastus medialis (VASM) contradicts the strong concordance identified
in our investigation.

Modeling elderly gait was also part of the study by Schloemer et al. [24], who reported
good correlations (root-mean-squared error less than 0.18) using SO for BFLH, SEMI, RECF,
TIBA, and VL, while identifying bad correlations for SOL, across the entire gait cycle. This
contradicts our findings during the stance phase, but it corresponds to results during the
swing phase.

Similar to our study, Roelker et al. [16] employed SO for muscle force estimation and
cosine similarity (cosim) as the similarity measure, evaluating eight lower limb muscles
in young individuals throughout the complete gait cycle. They reported unfavorable
correlations for RECF, SOL, and TIBA. Conversely, the good agreement observed for
GMAX and the moderate agreement found for BFLH, VASL, and GMED noted in our study
do not align with the adverse findings of Roelker et al. [16].

It is evident that making direct comparisons between studies necessitates careful
consideration of numerous methodological disparities, including distinct musculoskeletal
(MSK) models and muscle force estimation algorithms, variations in motion and EMG
recording parameters, and dissimilar similarity measures. As a result, conclusive validation
of the estimated individual muscle activation profile cannot be definitively established.

Across the spectrum of muscles, the degree of similarity displayed notable variations
between the stance and swing phases, with a tendency to favor the latter. For instance,
suboptimal outcomes during the swing phase were exclusively observed for the soleus
(SOL), whereas the majority of muscles fell within this category during the stance phase.
Conversely, the majority of muscles demonstrated only moderate agreement during the
swing phase. One possible rationale for this divergence may lie in the greater dynamic
complexities inherent in the stance phase compared to the swing phase, leading to genuine
muscle activations differing from the modeled ones, largely due to inherent assumptions
and simplifications present in the musculoskeletal (MSK) model and algorithms. Addi-
tionally, the phenomenon of earlier activation observed in EMG during the loading phase,
as opposed to SO, could further elucidate the reduced levels of agreement during the
stance phase.

The difference in offsets between EMG and SO seems to alleviate its contribution to
similarity measures when segmenting the gait cycle into ten intervals. As indicated in
Table 2, most muscles exhibit substantial agreement when the stance phase is subdivided
into six intervals, in contrast to the suboptimal agreement observed when considering
the stance phase as a whole. This phenomenon primarily stems from the formulation
of the cosine similarity equation, which yields values closer to one when the curves are
partitioned into smaller segments with comparable orientation.

Nevertheless, TIBA with RECF showed moderate similarity, whereas GASL and TFL
showed bad similarity during the first 0-10%, indicating that modeling those muscles’
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function during early stance phase remains a challenge. One possible explanation for these
results could be the shock generated during the weight acceptance phase of gait on an
instrumented treadmill. When the limb makes contact with the treadmill belt, the resulting
impact may lead to center of pressure (COP) calculations errors that can cause non-stable
joint moments calculations, which could contribute to the observed discrepancies [30].
Hence, forming judgments about the accuracy of OpenSim estimations based solely on
findings derived from dividing the gait cycle into the stance and swing phases could be
misleading due to the conflicting outcomes.

Comparisons between EMG and estimated muscle activations but also between stud-
ies cannot be taken lightly. The contours of EMG envelopes are particularly susceptible to
motion artifacts, the quality of equipment employed, and filtering preferences. This same
sensitivity extends to joint angles and ground reaction forces, which serve as inputs for mus-
cle force estimation. Consequently, when contrasting studies and subsequently assessing
the accuracy of muscle force computations, it is crucial to acknowledge these limitations.

The existing literature has underscored that the validity of OpenSim-estimated muscle
activations and forces is influenced by the methodology used for activation and force esti-
mation [18,19], the chosen simulation model [16], and the specific muscles under scrutiny.
Furthermore, distinct methods of segmenting the gait cycle for comparing muscle activa-
tions with EMG yield divergent similarity outcomes. Our findings elucidate that OpenSim
exhibits varying performance levels in estimating muscle activations across different mus-
cles and phases of the gait cycle. Nonetheless, OpenSim remains an invaluable tool that
warrants validation for elderly subjects across a range of movements and motion cap-
ture settings.

5. Conclusions

In conclusion, the validity of the static optimization combined with the Rajagopal
model, used to model healthy elderly gait, is sensitive to the selection of muscles and gait
phases. In this study, the comparison of EMG data with estimated activations primarily
focused on discrepancies in activation timing. This resulted in moderate to good similarities,
depending on how the gait cycles were segmented. While further research is undoubtedly
required, the existing findings suggest that OpenSim holds promise in effectively estimating
muscle activations in elderly individuals during gait on an instrumented treadmill.

6. Limitations

In the interpretation of the study outcomes, it is essential to consider the limitations
inherent in the research design. Firstly, the relatively small sample size employed in
this study may impact the generalizability of the findings. However, the authors believe
that, during walking, the validity of MSK modeling calculations depends mainly on the
method and model used, rather than the characteristics of the participants. As previously
shown, variations in anthropometric characteristics can impact force magnitudes but not
their profile. Still, future research should employ more optimization algorithms and MSK
models to model healthy elderly gait and also test their validity in different movements.
The accuracy of EMG acquisition methods is crucial, yet potential limitations arise due to
motion artifacts from equipment and the risk of crosstalk in specific muscles, potentially
affecting the reliability of the obtained data. Another notable limitation lies in the muscu-
loskeletal modeling approach, which did not incorporate subject-specific properties related
to bone geometry and muscle force generation. Instead, the study relied on generic proper-
ties of the model, which might not fully capture the intricacies of individual anatomical
variations. Additionally, the muscle force calculation algorithm utilized in the analysis
has inherent limitations, which should be acknowledged when interpreting the results.
Lastly, it is noteworthy that the study focused solely on the right leg, potentially limiting
the comprehensive understanding of bilateral differences. These limitations highlight the
need for cautious interpretation and suggest avenues for future research to address these
constraints and enhance the robustness of the study’s conclusions. Future research should
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embrace a diverse array of models and optimization techniques to simulate the gait of
elderly subjects, while simultaneously introducing streamlined and efficient approaches
for estimating muscle activations and forces.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biomechanics3040044/s1, Figure S1. Experimental and modeled
muscle activations with their corresponding standard deviations. The black solid line represents
the mean recorded EMG of each subject’s muscle and the shaded area around the solid black line
represents the standard deviation of the EMG values during the 10 gait cycles. The dotted line
represents the mean estimated activation values of every subject’s muscle and the shaded area around
dotted line represents the standard deviation of the estimated activation values for the 10 gait cycles.
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