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ABSTRACT

OJJEMIYZ Accurate estimation of musculoskeletal forces is essential for

Article Info: understanding joint biomechanics, improving rehabilitation strategies, and optimizing

implant design. Joint reaction forces can be estimated using biomechanical
Received: 12 May 2026 measurements combined with musculoskeletal modeling approaches. This study
Accepted: 30 July 2026 aimed to compare the accuracy of knee joint contact force estimation between the
Available Online: 14 August 2026 Gait2392 and Rajagopal musculoskeletal models implemented in OpenSim.

Data from six participants (five males and one female; age: 68 + 5 years;
body mass: 88 + 12 kg; height: 173 + 4 cm) were analyzed. Biomechanical data
collected during walking and squatting tasks were used in this study. After scaling
both musculoskeletal models, joint reaction force analyses were performed in
OpenSim. Relative errors between predicted knee contact forces and in vivo implant-
measured forces were calculated. Statistical Parametric Mapping (SPM) paired t-tests
were used to compare modeling errors between the two models at a significance level
of 0.05.

SPM analysis revealed significantly greater estimation errors in the
Rajagopal model during the stance phase of walking and across a substantial portion

Keywords: of the squat cycle, particularly in the vertical force component. The RMSE values for

. the Gait2392 model were 0.835 during walking and 1.536 during squatting, whereas
Musculoskeletal modeling, the Rajagopal model demonstrated RMSE values of 1.486 and 3.371, respectively.
Knee joint contact force, The coefficient of determination (R?) values for the Gait2392 model were 0.665
Walking, Squatting, during walking and 0.767 during squatting, while the Rajagopal model showed R?
OpenSim values of 0.639 and 0.750, respectively.

The findings indicate that the Gait2392 model provides more accurate
estimations of knee joint contact forces during walking and squatting tasks compared
with the Rajagopal model. Therefore, the Gait2392 model may be more suitable for
estimating knee joint contact forces in similar low-velocity functional activities.
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1. Introduction

Musculoskeletal modeling has become one of the most important tools for biomechanical analysis of
human movement in recent years, enabling non-invasive estimation of muscle forces, joint reaction forces,
and mechanical loads applied to musculoskeletal structures (1). These models have been widely used in
gait analysis, orthopedic prosthesis design, rehabilitation planning, and prevention of musculoskeletal
injuries (2). Despite continuous development of musculoskeletal models, the validity and accuracy of joint
force estimation remain among the most important challenges in movement simulation studies, as modeling
outcomes depend on factors such as model structure, muscle and joint definitions, optimization methods,
and biomechanical assumptions (1, 3). Therefore, validating and comparing the performance of different
musculoskeletal models is essential for selecting appropriate models in biomechanical analyses and clinical
applications.

Joint contact forces, particularly at the knee joint, are considered important biomechanical indicators in the
study of musculoskeletal injuries, joint loading analysis, and prosthesis design. The earliest studies on
direct measurement of internal joint forces date back to the 1960s, when Rydell successfully measured hip
joint contact force for the first time using implanted sensors (4). Subsequently, the development of
musculoskeletal models enabled non-invasive estimation of joint forces. Nevertheless, several studies have
reported discrepancies between forces predicted by musculoskeletal models and actual values measured
using instrumented implants (5-7). Hernandez et al. (2020), in a study comparing direct measurements of
isometric shoulder forces with musculoskeletal modeling results, also demonstrated significant differences
between model-based estimations and direct measurements (8). In recent years, validation of
musculoskeletal models using in vivo data has received considerable attention, as insufficient validation
may lead to inaccurate estimations and misleading biomechanical interpretations (7). In this context, the
Knee-CAMS project, developed through collaboration between ETH Zurich and Universitatsmedizin
Berlin, represents one of the most comprehensive datasets available for knee joint contact force
measurements (9). This dataset includes simultaneous recordings of kinematic data, kinetic data, and actual
knee joint forces obtained using instrumented implants, and has been widely used as a reliable reference
for evaluating the accuracy of musculoskeletal models (9). Despite the importance of this dataset, only a
limited number of studies have directly compared the accuracy of different OpenSim models using real
intra-articular measurements.

Among the various models available in OpenSim, the Gait2392 and Rajagopal models are among the most
commonly used for functional movement and gait analysis (10, 11). The Gait2392 model has been
extensively used in biomechanical gait studies (10). In contrast, the Rajagopal model was developed as an
improved version of previous OpenSim models with the aim of enhancing the accuracy of functional
movement simulations (11). Differences in muscle definitions, joint representations, and biomechanical
parameters between these two models may influence joint force estimations. It has also been reported that
structural differences among musculoskeletal models can lead to variations in computational time and
simulation accuracy (11, 12). Recent studies have shown that the accuracy of musculoskeletal models is
not consistent across different movement tasks. For example, Catelli et al. (2019) reported that the
Rajagopal model may demonstrate lower accuracy in estimating certain biomechanical parameters during
movements involving large ranges of motion, such as squatting (13). Similarly, Imani Nejad et al. (2020)
showed that the error in estimating knee joint contact forces is greater during squatting than during walking,
and that model accuracy decreases during the stance phase of gait (1). In addition, improvements in knee
structure representation and joint modeling may enhance the accuracy of biomechanical predictions (14).
On the other hand, muscle force distribution, joint kinematic definitions, and the structural characteristics
of musculoskeletal models are among the factors influencing knee joint contact force estimation (10, 15—
17). Differences in the representation of structures such as the patellar mechanism and knee joint within
different OpenSim models may also result in discrepancies in simulation outcomes (10, 11). In addition to
studies on walking and squatting, recent research has expanded the application of musculoskeletal models
to other functional activities. For example, Sun et al. (2026), in a study on stair-climbing patterns, reported
that a single-step climbing strategy may reduce joint loading in individuals with knee injuries and could
serve as a safer rehabilitation option (18). In another study, Imani Nejad et al. (2023) reported considerable
differences among various musculoskeletal models in the kinetic analysis of squat movement (19). Despite
these advances, only a limited number of studies have evaluated the accuracy of OpenSim models using in
vivo data obtained from instrumented implants (1).
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Despite the development of multiple musculoskeletal models within the OpenSim environment, there is
still no clear consensus regarding the relative accuracy of commonly used models in estimating knee joint
contact forces during functional activities (1, 17). Furthermore, differences in muscle definitions, joint
kinematics, and model structures may lead to substantial variations in simulation results (10, 11). Given
the limited number of studies comparing the performance of OpenSim models using real sensor-based
implant data (1, 9), the aim of the present study was to compare the accuracy of knee joint reaction force
estimation between the Gait2392 and Rajagopal musculoskeletal models during walking and squatting
tasks. The findings of this study may contribute to more informed selection of musculoskeletal models in
biomechanical research, rehabilitation protocol design, and knee joint loading analysis.

2. Methods

2.1. Participants

The present study was a descriptive-comparative investigation in which the accuracy of knee joint reaction
force modeling was examined using two OpenSim musculoskeletal models, namely Gait2392 and
Rajagopal. In this study, the error between joint forces predicted by the musculoskeletal models and the in
vivo measured forces was compared. Participants were selected from the CAMS-Knee dataset and included
five males and one female (9). The participants had a mean age of 68 + 5 years, a mean body weight of 88
+ 12 kg, and a mean height of 173 = 4 cm. Four participants had sensor-instrumented implants in the left
knee, while two participants had implants in the right knee. The age range of participants was 41 to 78
years, body weight ranged from 66.5 to 101.5 kg, and height ranged from 165 to 175 cm.

2.2. Data Collection

The CAMS-Knee dataset is a comprehensive and synchronized biomechanical database of six patients with
instrumented knee implants that provides direct in vivo measurements of three-dimensional internal knee
joint forces and moments, together with three-dimensional movement kinematics obtained using mobile
fluoroscopy. In addition to these invasive measurements, the dataset includes standard laboratory data such
as full-body kinematics recorded using a Vicon motion capture system, ground reaction forces measured
by force plates, and lower-limb muscle activity recorded using surface electromyography. All data were
collected during a variety of daily functional activities, including level walking, incline walking, stair
ascent and descent, squatting, and sit-to-stand tasks.

In the present study, two tasks, namely walking and squatting, were selected from this dataset. Among the
recorded trials for each activity, five valid trials were selected. The initial number of recorded trials for
each participant ranged from five to ten. Each trial consisted of one complete walking or squat cycle
extracted from the full movement data. During walking, each trial included one complete gait cycle. For
the squat task, participants started from a standing position with their feet shoulder-width apart, flexed their
knees to the maximum possible range, and then returned to the initial position (9). To enable comparisons
across participants, all extracted forces were normalized to body weight and expressed as a percentage of
the movement cycle. Advanced biomechanical equipment was used in the CAMS-Knee project for
collecting movement and joint force data (9). Kinematic data were recorded using a Vicon motion analysis
system (OMG, UK) at a sampling frequency of 100 Hz. Ground reaction forces were measured using six
Kistler force plates at a sampling frequency of 2000 Hz, which were directly mounted on a concrete
foundation. All kinematic and kinetic data were recorded simultaneously. To measure intra-articular forces,
sensor-instrumented implants were used (Fig. 1), which were capable of measuring knee joint forces and
moments in three components: vertical, anterior-posterior, and medial-lateral (9). In addition, knee joint
motion was recorded using a video fluoroscopy system equipped with a mobile C-arm. This system had a
field of view of 30.5 cm, an imaging rate of 25 Hz, an exposure time of 8 milliseconds, and a resolution of
1000 x 1000 pixels. All measurement sessions were also recorded using a Panasonic NV-GS400 digital
camera and a GV-D1000 video recorder (9).
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Fig. 1. Sensor-instrumented implant

2.3. Modeling and Data Processing

Musculoskeletal modeling was performed using OpenSim version 3.3, and statistical analyses were
performed using MATLAB version 2017b. First, the anthropometric data of the participants were scaled
to both the Gait2392 and Rajagopal musculoskeletal models. Subsequently, inverse kinematics, static
optimization, and joint reaction analyses were performed for both models. During the inverse kinematics
step, joint angles were calculated using marker trajectory data. Next, muscle forces required to generate
joint moments were estimated using the static optimization method. Finally, knee joint reaction forces were
extracted through joint reaction analysis. To evaluate model accuracy, the forces predicted by the
musculoskeletal models were compared with the actual forces measured by the sensor-instrumented
implants. The modeling error percentage was calculated using the following equation (1):

(KCFpredicted - KCFmeasured) %

KCFerror (%) = KCF ]
measure

100

where:

KCF_predicted represents the contact force predicted by the model.

KCF_measured represents the force measured by the intra-articular sensor.
In all modeling steps, the RMS error reported by OpenSim was below 0.02, indicating acceptable modeling
accuracy.

2.4. Statistical Analysis

To compare modeling errors between the two musculoskeletal models, a paired-sample time-series t-test
based on Statistical Parametric Mapping (SPM) was used. Statistical analyses were performed in
MATLAB at a significance level of 0.05. In addition to SPM analysis, root mean square error (RMSE) and
the coefficient of determination (R2) between predicted and measured forces were calculated for all
participants to evaluate model accuracy. These indices were used as quantitative measures of agreement
between musculoskeletal model predictions and real in vivo measurements.

3. Results

The results of knee joint reaction force modeling using the two musculoskeletal models, Gait2392 and
Rajagopal, were compared with in vivo data obtained from sensor-instrumented implants.

3.1. Knee Joint Reaction Force During Walking

Fig. 2 illustrates the changes in knee joint reaction force throughout the gait cycle for the two
musculoskeletal models and the in vivo data.

The results showed that the knee joint reaction force pattern predicted by the Gait2392 model was more
similar to the measured data obtained from intra-articular sensors. In contrast, the Rajagopal model showed
greater deviation from the measured data during certain portions of the gait cycle, particularly during the
stance phase. To statistically compare the modeling errors of the two models throughout the gait cycle, a
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paired t-test based on Statistical Parametric Mapping (SPM) was performed. The results of this analysis
are presented in Fig. 3.

The SPM analysis revealed that during approximately the first 5% of the gait cycle, there was a significant
difference between the errors of the two models (p = 0.015). This region corresponded to initial heel contact
and the early stance phase, during which the Gait2392 model demonstrated lower error than the Rajagopal
model in estimating knee joint reaction force. No significant differences were observed between the two
models during the remaining phases of the gait cycle. Furthermore, the RMSE and coefficient of
determination (R?) values indicated that the Gait2392 model showed better agreement with the measured
in vivo data. The RMSE values for the Gait2392 and Rajagopal models were 0.835 and 1.486, respectively,
whereas the R? values were 0.665 and 0.639, respectively.

3.2. Knee Joint Reaction Force During Squatting
The results of knee joint reaction force modeling during the squat task are presented in Fig. 4.
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Fig. 2. Knee joint reaction force results during walking

500

2392
Raja

400 | p=0.015

300 |

200 |

Error (%)

100

710() n " i " L " L n " "
0 10 20 30 40 50 60 70 80 90 100
Gait cycle (%)

Fig. 3. Paired t-test results comparing the error of the Gait2392 and Rajagopal models in the resultant force during
walking
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The results indicated that during squatting, the Gait2392 model also produced a pattern that was closer to
the measured intra-articular force data. The discrepancy between the Rajagopal model and the measured
data was greater, particularly at the end of the flexion phase and the beginning of the extension phase. To
examine differences in modeling error between the two models throughout the squat cycle, a paired t-test
based on Statistical Parametric Mapping (SPM) was performed, and the results are presented in Fig. 5. The
SPM analysis showed that during a substantial portion of the squat cycle, particularly from the middle of
the eccentric phase to the beginning of the concentric phase, there was a significant difference between the
errors of the two models. In these regions, the Rajagopal model exhibited greater error than the Gait2392
model in estimating knee joint reaction force. The RMSE and coefficient of determination (R?) values also
supported the better performance of the Gait2392 model. The RMSE values for the Gait2392 and Rajagopal
models were 1.536 and 3.371, respectively, while the R2 values were 0.767 and 0.750, respectively.
Overall, the SPM results and statistical indices demonstrated that the Gait2392 model provided greater
accuracy in estimating knee joint reaction forces during both walking and squatting tasks. Additionally,
the modeling error of both models was greater during squatting than during walking, indicating the
increased complexity of modeling movements involving larger ranges of motion.
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Fig. 4. Knee joint reaction force results during squatting
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Fig. 5. Paired t-test results comparing the error of the Gait2392 and Rajagopal models in the resultant force during
squatting
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4. Discussion

The aim of the present study was to compare the accuracy of knee joint reaction force estimation between
the Gait2392 and Rajagopal musculoskeletal models during walking and squatting tasks. The results
showed that the Gait2392 model demonstrated better agreement with the actual in vivo data and lower
estimation error than the Rajagopal model in both activities, particularly during the stance phase of walking
and throughout a substantial portion of the squat cycle. Additionally, the estimation error of both models
was greater during squatting than during walking, indicating the increased complexity of modeling
movements involving larger ranges of motion. These findings suggest that selecting an appropriate
musculoskeletal model can substantially influence the accuracy of biomechanical analyses and knee joint
loading estimations.

The findings of the present study are consistent with previous research (1, 7, 20). Imani Nejad et al. (2020)
reported that the accuracy of musculoskeletal models decreases during the stance phase of gait and that
estimation error is greater during squatting compared with walking (1). Similarly, Schellenberg et al.
(2018) showed that movements involving large knee flexion angles and complex muscle activation patterns
are associated with increased error in joint force estimation (7). Knarr and Higginson (2015) also reported
that OpenSim musculoskeletal models tend to underestimate actual knee joint forces compared with data
obtained from intra-articular sensors (20), which is consistent with the findings of the present study. In the
current study, greater discrepancies between the measured data and predicted forces were observed
particularly during the stance phase of walking and certain portions of the squat movement—regions in
which rapid changes in ground reaction forces and muscle activation patterns occur, making accurate
reconstruction more challenging for musculoskeletal models. One possible explanation for the difference
in performance between the two models in the present study may be related to differences in model
structure, muscle definitions, and knee joint mechanics (10, 11, 17). Although the Rajagopal model was
developed with the goal of improving simulation accuracy using updated muscle parameters (11), the
results of the present study showed that this model does not necessarily provide more accurate performance
than the Gait2392 model during activities with relatively low speed and moderate ranges of motion.
Differences in muscle moment arm definitions, patellar force transmission mechanisms, and muscle force
distribution may all influence knee joint contact force estimation (10, 13, 15, 17). Catelli et al. (2019) also
reported that the Rajagopal model may underestimate the moment arms of certain muscles during
movements involving large ranges of motion (13). On the other hand, although the absence of the patella
in the Gait2392 model represents an anatomical limitation, it may contribute to greater computational
stability and reduced estimation error in certain functional activities. This finding suggests that greater
model complexity does not necessarily translate into higher accuracy across all movement tasks, and model
validation should therefore be performed in a task-specific manner.

In addition to model structure, the methods used to estimate muscle forces may also affect prediction
accuracy. In the present study, static optimization was used, which is one of the most commonly applied
approaches in the OpenSim platform; however, this method has limitations in accurately reconstructing
real muscle activation patterns and co-contraction behaviors (1, 20). It has also been reported that
improvements in knee structural modeling, particularly regarding ligaments and patellar mechanics, can
enhance the accuracy of biomechanical predictions (14). Therefore, the use of more advanced models or
EMG-driven models in future studies may help reduce the discrepancy between predicted forces and actual
measurements.

Despite the valuable findings of the present study, several limitations should be acknowledged. The humber
of participants was limited, and all individuals had knee prostheses; therefore, generalization of the findings
to healthy populations should be made with caution. In addition, only walking and squatting tasks were
examined in this study, while other functional activities were not evaluated. Future studies are
recommended to include a wider variety of functional tasks, larger sample sizes, and more advanced
modeling approaches to enable more comprehensive validation of musculoskeletal models. Nevertheless,
by utilizing data obtained from sensor-instrumented implants, the present study provides deeper insight
into the performance of two widely used OpenSim models and may contribute to more informed selection
of musculoskeletal models in biomechanical analyses and rehabilitation applications.
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5. Conclusion

The findings of the present study showed that the Gait2392 model provides greater accuracy in estimating
knee joint reaction forces during walking and squatting compared with the Rajagopal model. This study
was one of the few investigations to directly compare the performance of two widely used OpenSim models
using in vivo data obtained from sensor-instrumented implants, thereby addressing part of the existing gap
in musculoskeletal model validation. The findings indicate that selecting an appropriate musculoskeletal
model can significantly influence the accuracy of biomechanical analyses and the interpretation of knee
joint loading. Based on these results, the Gait2392 model may be a more suitable option for analyzing
activities with relatively low speed and moderate ranges of motion, such as walking and squatting. Future
studies are recommended to employ more advanced modeling approaches and evaluate a wider range of
functional activities to enable more comprehensive validation of musculoskeletal models.
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