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ABSTRACT

This systematic review evaluated musculoskeletal simulation
approaches for estimating anterior cruciate ligament (ACL) loading during
dynamic lower-limb tasks associated with injury risk, focusing on modeling
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outcomes during landing, cutting, or change-of-direction tasks. Methodological
quality was assessed using the Downs and Black checklist. The protocol was
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among muscle forces, external loads, multiplanar kinematics, and
neuromuscular control. Knee valgus angle, knee abduction moment, and
anterior tibial translation alone may be insufficient to characterize ACL loading.
Evaluation methods varied, including comparisons with cadaveric data,
experimental measurements, published findings, and sensitivity analyses; these
methods do not provide equivalent evidence of validation.
Musculoskeletal simulation provides a noninvasive approach to
investigating ACL loading, but methodological heterogeneity and limited
validation constrain the comparability of findings. Standardized methods,
evaluation of subject-specific models, and independent experimental validation
are needed to improve model reliability and applicability.
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Introduction

The anterior cruciate ligament (ACL) is a major passive stabilizer of the knee, playing a critical role
in restraining anterior tibial translation and contributing to rotational stability (1). Excessive ACL
loading during dynamic lower-limb tasks, particularly landing, cutting, and change-of-direction
maneuvers, has been implicated in non-contact ACL injury mechanisms (6). Understanding the
mechanical factors contributing to ACL loading is therefore essential for elucidating injury
mechanisms and informing injury prevention strategies (7, 9). However, direct measurement of ACL
forces and tissue-level mechanical responses during dynamic movements in vivo remains
challenging and is not routinely feasible (9, 11). Consequently, musculoskeletal simulation has
emerged as a noninvasive approach for estimating internal joint and ligament loading using
experimentally measured kinematic and external force data (13, 15-17).

Various computational approaches have been developed to characterize neuromuscular
contributions and ligament mechanics, including conventional musculoskeletal models, EMG-
informed approaches, subject-specific models, and integrated musculoskeletal-finite element
frameworks (14, 17). These approaches differ in model structure, input data, assumptions
underlying muscle force estimation, ACL representation, and procedures for model evaluation and
validation (13, 17). Furthermore, ACL-related outcomes vary across studies. While some models
explicitly estimate ACL force or strain, others report surrogate measures, such as anterior tibial
shear force or anterior knee joint force, which do not necessarily represent ACL loading directly.
Therefore, meaningful comparisons across studies require careful consideration of the outcomes
reported and the methodological evidence supporting each modeling approach (13). Given previous
evidence that variations in modeling parameters can influence predicted knee ligament mechanics
(13), we hypothesized that studies estimating ACL loading through musculoskeletal simulation
would exhibit substantial heterogeneity in model structures, reported outcomes, and evaluation and
validation procedures.

This systematic review aimed to identify, describe, and critically appraise musculoskeletal
simulation approaches used to quantitatively estimate ACL loading during dynamic lower-limb tasks
associated with an increased risk of ACL injury. Specifically, the review examined the modeling
approaches employed, ACL representation, input data, model evaluation and validation procedures,
and biomechanical factors associated with ACL loading,.

Methods

A systematic literature search was conducted in MEDLINE/PubMed, Scopus, Web of Science,
SPORTDiscus, and Google Scholar to identify English-language studies published between 2010 and
2026 that used computational musculoskeletal simulation to quantitatively estimate anterior
cruciate ligament (ACL) loading during dynamic lower-limb tasks.

Studies were eligible if they involved human participants and employed musculoskeletal modeling
to estimate ACL force, strain, strain rate, or clearly defined surrogate measures of ACL loading.
Eligible approaches included conventional musculoskeletal modeling, EMG-informed or EMG-driven
modeling, and integrated musculoskeletal-finite element frameworks. Studies examining dynamic
tasks associated with ACL injury risk, including landing, jump-landing, cutting, and change-of-
direction maneuvers, were considered. Studies without explicitly quantified ACL-related outcomes
and those relying exclusively on finite element modeling without a musculoskeletal simulation
component were excluded. Following screening, 12 studies met the inclusion criteria. Data were
extracted on study characteristics, movement tasks, modeling software or computational
frameworks, ACL-related outcomes, experimental and computational inputs, model evaluation and
validation procedures, and principal findings.
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Given the heterogeneity of modeling approaches and reported outcomes, direct estimates of ACL
loading were distinguished from surrogate measures. Model-estimated ACL force, strain, and strain
rate were classified as tissue-level outcomes, whereas anterior tibial shear force and anterior knee
joint force were considered surrogate measures rather than direct estimates of ACL force.
Methodological quality was assessed using the Downs and Black checklist (23), focusing on reporting
quality and aspects of internal validity relevant to the included studies. Model evaluation and
validation procedures were classified according to the evidence reported in each study. Comparisons
with experimental measurements, previously published findings, or measured muscle activation
patterns were distinguished from cadaveric validation and sensitivity analyses rather than being
collectively interpreted as direct validation of ACL loading predictions. The review protocol was
registered in PROSPERO (CRD420261486837).

Results

Twelve studies met the inclusion criteria, encompassing dynamic tasks such as single-leg landing,
drop landing, jump-landing, cutting, alpine skiing maneuvers, and change-of-direction tasks.
OpenSim was the most frequently used modeling platform, with studies employing conventional
musculoskeletal models, EMG-informed approaches, and integrated musculoskeletal-finite element
frameworks (25-30, 32). Reported ACL-related outcomes varied across studies and included ACL
force, strain, strain rate, and surrogate measures such as anterior tibial shear force and anterior knee
joint force (28, 30, 32, 35, 38). Importantly, these surrogate measures reflect mechanical factors
associated with ACL loading and should not be interpreted as direct estimates of ACL force or tissue-
level strain (28).

Across studies, ACL loading estimates were associated with interactions among muscle forces,
external loads, multiplanar joint kinematics, and neuromuscular control (26-28, 30, 34). Variations
in hamstring strength, soleus force, hip abductor function, muscle activation, and external knee
moments were associated with changes in predicted ACL loading, although the direction and
magnitude of these associations depended on the movement task and overall movement strategy
(26,27, 34). Modifications in landing strategy could alter muscle forces and knee mechanics without
necessarily producing significant changes in predicted ACL force (25). More sophisticated modeling
approaches provided additional insights into neuromuscular contributions and tissue-level
mechanical responses (28, 32). EMG-informed models incorporated experimentally measured
muscle activation data, whereas integrated musculoskeletal-finite element frameworks enabled the
estimation of ACL force and strain (28, 38). Predictive simulations further suggested that task-
related factors, including landing height, hip rotation, trunk control, and change-of-direction angle,
may influence ACL-related mechanical outcomes (30, 33).

Model evaluation and validation procedures varied substantially across studies. Reported
approaches included comparisons with cadaveric experimental data, assessments of simulated
kinematics, kinetics, or muscle activation against experimental measurements, comparisons with
previously published findings, and sensitivity analyses. These procedures provide different types
and levels of supporting evidence and should not be regarded as equivalent forms of direct validation
of ACL loading predictions (32, 33). A summary of the included studies is presented in Table 1.
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Table 1. Characteristics of studies, modeling methods, input data, evaluation methods, and findings related to ACL loading

Study Movement Modeling ACL outcome Input data Model evaluation/validation Main ACL-related finding
task framework
. . Posterior soleus force on the tibia
Mokhtarzadeh etal. Slngle'-leg OpenSim ACL force Kinematics, GRF Comparlson .ofmo'del outputs contributed to reducing anterior ACL
(2013) (26) landing with previous literature .
loading
Weinhandl et al. Side-step Musculoskeletal . . (.Zomparlsf)n Wlth. Reduced hamstring strength was
. ACL force Kinematics, GRF experimental kinematic and . . .
(2014) (34) cutting model o associated with increased ACL loading.
kinetic data
Quadriceps-hamstring co-contraction
Navacchia et al. Drop vertical ~ OpenSim, EMG- Anterior tibial Motion analysis, . .Corr.lparlson with . was associated with reduced ant.erlor
. - shear force optimization-based modeling tibial shear force, whereas quadriceps-
(2019) (28) jump informed GRF, EMG . ; .
(surrogate) and experimental EMG gastrocnemius co-contraction
increased it
. Neuromusculoskel . . Validation of the ACL model  ACL loading was primarily associated
Nasseri et al. ) Kinematics, - . . . . .
Drop landing  etal model + 3D ACL force using cadaveric experimental ~ with sagittal-plane loading and muscle
(2020) (32) muscle forces
ACL model data forces.
- Jump landing ~ Musculoskeletal Kinematics, . . . ... Optimization of neuromuscular control
Heinrich et al. . . . . Comparison of simulation with . -
in alpine model + optimal ACL force dynamics, muscle , substantially reduced the predicted
(2021) (31) . L experimental data
skiing control activation peak ACL force.
Comparison of simulated
Kim et al. (2021) Single-leg . Motion data, GRF, m'uscle activation with Hip-abductor fatigue a'ltered
. OpenSim ACL force experimental EMG and use of a movement strategy without
(27) landing EMG ) . . :
validated musculoskeletal significantly increasing ACL force
model
Asymmetrical . . . . R L . . L
Ueno etal. (2021) . OpenSim + finite ~ ACL forceand Kinematics, GRF, FE model validation using in Pivot-shift mechanics increased ACL
drop vertical . . . )
(38) jump element model strain EMG vitro experimental data force and strain.
Muscle
Daliet et al. (2021) Dynamic . activation, e . External moments and muscle
(29) simulation OpenSim ACL force external Sensitivity analysis activation jointly influenced ACL force.
moments
Drop land}ng, . . Comparison of model kinetic Landing strategy .alterfed musc.le f.o.rces
Chen etal. (2022) drop vertical . Motion analysis, . . and knee mechanics without significant
. OpenSim ACL force outputs with experimental : :
(25) jump, forward force plate, EMG data differences in ACL force among
vertical jump conditions.
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Movement Modeling . N . N
Study ACL outcome Input data Model evaluation/validation Main ACL-related finding
task framework
R Turning Musculoskeletal Experimental Comparison of simulated and AC.L forc.e N \{vere estimated c.iurn.lg
Heinrich et al. . . . . . turning, with important contributions
maneuvers in model + data- ACL force kinematics, skier  experimental movement and .
(2023) (35) . s . - from frontal-plane mechanics and
alpine skiing driven knee model track, EMG muscle activation patterns .
external knee abduction moments.
Moustridi et al. Single-leg OpenSim + SCONE Anterior knee . Pre(lilctllve Comparison with previous Landing .helght, hip rotation, and' t'runk
. force simulation inputs . control influenced ACL-related injury
(2023) (33) landing + Moco . literature .
(surrogate) and constraints risk factors.
. Comparison with . .
Huthofer et al. Ch.ange'-of- OpenSlm N ACL strain and 3D motion physiologically plausible Smaller change-of—dlrectllon angles.
(2026) (30) direction multibody knee strain rate capture. GRF ranees reported in brevious produced greater ACL strain and strain
sprints model + COMAK pture, J p p rate.

studies
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Discussion

The findings of this systematic review suggest that computational estimates of anterior cruciate
ligament (ACL) loading reflect complex interactions among multiple biomechanical and
neuromuscular factors. Across the included studies, predicted ACL forces and tissue-level responses
were associated with muscle forces, external loads, multiplanar joint kinematics, and neuromuscular
control (32, 36). These findings indicate that ACL loading cannot be adequately characterized by a
single external biomechanical variable (32). The contribution of individual muscle groups varied
according to the movement task and overall neuromuscular strategy. Changes in hamstring capacity,
soleus force, and hip abductor function were associated with different loading responses across
tasks (26, 27, 34). Accordingly, the influence of individual muscles on ACL loading should be
interpreted within the broader context of muscle force distribution and movement mechanics rather
than as an isolated mechanism (29). The findings also highlight the importance of distinguishing
model-estimated ACL outcomes from surrogate measures. Estimates of ACL force, strain, and strain
rate provide information about tissue-level mechanical responses, whereas anterior tibial shear
force and anterior knee joint force represent indirect mechanical indicators that should not be
interpreted as equivalent to ACL force (28, 30, 38). This distinction is particularly relevant when
comparing studies that employ different computational representations of the knee and ACL.

Substantial methodological heterogeneity was also evident across the included studies. Differences
in model architecture, subject representation, muscle force estimation, experimental inputs, ACL
representation, and evaluation procedures complicate direct comparisons (26, 30, 32, 34, 38).
Although EMG-informed and integrated musculoskeletal-finite element frameworks may provide
additional insights into neuromuscular activation and tissue-level mechanics (28, 38), current
evidence does not establish their consistent superiority over conventional approaches. Direct
comparisons using identical participants, movement tasks, input data, and outcome measures are
needed to determine whether specific modeling frameworks yield more accurate or reliable ACL
loading estimates. Model validation remains particularly challenging because direct in vivo
measurements of ACL force are rarely feasible. Consequently, computational predictions are often
evaluated indirectly using experimental measurements, cadaveric data, or previously published
findings. The included studies employed different evaluation procedures, ranging from cadaveric
validation to comparisons of simulated kinematics, kinetics, and muscle activation patterns with
experimental measurements (26, 30, 32, 34, 38). However, these approaches provide different levels
of evidence and should not be considered interchangeable forms of direct validation of ACL loading
predictions.

Subject-specific modeling represents a potentially valuable direction for future research. Individual
differences in anatomical geometry, muscle capacity, tissue properties, and movement strategies
may affect predicted ACL loading. Incorporating subject-specific information could therefore
enhance the physiological relevance of model predictions. Nevertheless, available evidence remains
insufficient to establish whether subject-specific models consistently improve the accuracy of ACL
loading estimates. Future investigations should directly compare generic and subject-specific
models under standardized conditions, using independent experimental reference measures
whenever feasible. Overall, musculoskeletal simulation provides a useful framework for
investigating potential ACL loading mechanisms, but the current evidence does not support
identifying any single modeling approach as universally superior. Greater methodological
transparency, standardized reporting, and independent validation are essential for improving
confidence in computational estimates of ACL loading.

Conclusion

This systematic review of 12 studies highlights the potential of musculoskeletal simulation to
investigate anterior cruciate ligament (ACL) loading during dynamic lower-limb tasks associated
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with injury risk. The findings suggest that predicted ACL loading reflects complex interactions
among muscle forces, external loads, multiplanar joint kinematics, and neuromuscular control.
However, model-estimated ACL force, strain, and strain rate should be distinguished from surrogate
loading measures, as these outcomes are not interchangeable. Substantial heterogeneity in modeling
approaches, input data, ACL representation, and validation procedures limits the comparability and
generalizability of current findings. Moreover, the scarcity of direct in vivo ACL measurements
remains a major challenge for model validation. Future research should emphasize subject-specific
modeling, standardized methodologies and reporting, and rigorous validation against independent
experimental reference measures to improve the reliability of ACL loading estimates and support
their application in injury prevention research and, following adequate validation, clinical practice.
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