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SUMMARY 

Muscle-actuated simulations allow one to study how the 

elements of the neuromusculoskeletal system work together to 

generate movement. The value of simulation is recognized and 

many individual investigators have created elegant simulations 

of movement.  However, advances in simulation technology 

have seen limited use in biomechanics due to the lack of 

standard computer methods to represent the musculoskeketal 

system and simulate musculoskeletal dynamics.  We have 

recently introduced a freely available simulation platform, 

called OpenSim, to accelerate the development and sharing of 

simulation technology in biomechanics and to integrate 

dynamic simulations into the field of movement science.  This 

presentation will provide an overview of the OpenSim 

graphical application, its underlying architecture, describe the 

application programming interface, and give examples of 

biomechanics research facilitated by OpenSim.  Finally, we 

will discuss the challenges of bringing advanced simulation 

technology into movement science. 

 

INTRODUCTION 

Musculoskeletal modeling and simulation has tremendous 

potential to improve patient care and reduce treatment costs by 

elucidating cause and effect relationships in individuals with 

neurological and musculoskeletal impairments and by 

predicting effective surgical and rehabilitation treatments. 

Experiments alone cannot identify the sources of abnormal 

movement and designs of treatments remain limited because 

important variables, such as muscle forces, are generally not 

measurable. Muscle-actuated dynamic simulations are 

becoming a viable approach for determining how the elements 

of the musculoskeletal system interact to produce movement. 

To apply this emerging technology, to identify which elements 

impact an individual’s movement disorder (e.g., bone 

deformities, abnormal muscle excitations, or muscle 

weakness) and to evaluate potential treatments, we need three-

dimensional, muscle-actuated simulations that accurately 

reproduce the gait dynamics of individual patients. We have 

developed OpenSim [1] to enable investigators to accurately 

simulate the gait dynamics of individual patients.  In addition, 

software, models, manuals, tutorials, and example simulations 

are freely available at https://simtk.org/home/opensim.  

 

METHODS 
OpenSim provides a graphical user interface and an 

application programming interface (API) for loading, 

manipulating, simulating, and analyzing neuromusculoskeletal 

models. The graphical interface is specialized for visualizing 

3D models, experimental marker and ground-reaction force 

data, and simulation results such as skeletal motion and 

muscle activation patterns (Figure 1). Built-in tools enable 

users to perform a variety of simulations and analyses 

including: inverse kinematics, inverse dynamics, static 

optimization, forward dynamics simulation, and computed 

muscle control with no programming required. A graphical 

plotter enables the creation of plots of muscle moment-arms, 

joint kinematics, muscle forces and virtually any quantity 

computed from a simulation or an analysis, while a snap-shot 

and movie maker permits users to showcase scientific results 

as images and animations. The API provides programmatic 

access to the underlying computational infrastructure and 

algorithms employed by the graphical interface. This enables 

users with programming skills to combine existing 

functionality in new ways and extend the libraries of existing 

components of a model and add analyses by writing their own 

programs and OpenSim plug-ins. Plug-ins are accessible 

through the graphical interface and are a convenient way of 

sharing technical innovations with others. 

 

Figure 1:  Screenshot from OpenSim. Models of different 

musculoskeletal structures, including the lower extremity, 

upper extremity, and neck, can be loaded, viewed and 

analyzed.  

 

RESULTS AND DISCUSSION 
Simulations will advance movement science by facilitating 

interactions between modelers and experimentalists. Modelers 

need experimentalists to acquire parameters used in 

simulations and to test the accuracy of results derived from 



simulations. Experimentalists need modelers to provide a 

framework for interpreting experimental observations and help 

gain perspective on the wealth of data collected from 

experiments. With access to software for developing and 

analyzing muscle-driven simulations, biomechanics 

researchers are now in a position to establish quantitative, 

cause-effect relationships between the neuromuscular 

excitation patterns, muscle forces, reaction forces, and 

motions of the body that are observed in the laboratory. 

Coupled with high quality experimental measurements, 

simulations will help elucidate how elements of the 

neuromusculoskeletal system interact to produce movement 

and, we hope, improve the outcomes of treatments for persons 

with movement disorders. 

One major challenge is to demonstrate that the use of 

simulations can improve treatment outcomes for individuals 

with movement disorders. The potential to use subject-specific 

simulations to better understand the causes of movement 

deviations and to assess treatment options is exciting, and we 

will present case studies at the conference. Future studies, in 

which simulations of many subjects are conducted, are needed 

to determine if general principles for treatment planning can 

be elucidated from the insights gained from analyzing 

simulations. Studies that retrospectively compare predictions 

from subject-specific simulations to the subjects’ actual 

outcomes are also needed to evaluate whether existing 

musculoskeletal models are sufficiently accurate, and to 

establish the conditions under which the results of simulations 

are applicable. The simulation environment we have created 

makes such large-scale studies possible, though more 

development is needed to streamline the process of creating 

and validating simulations of individuals with impairments.  

The ability to rapidly create coordinated muscle-driven 

simulations provides new research opportunities. Many 

previous simulation studies include results from a single 

simulation. With OpenSim it is possible to generate and 

analyze 3D simulations of many subjects, and to establish 

norms describing the muscle functions for subjects with a 

range of sizes, strengths, and movement patterns. It is also 

practical to perform sensitivity studies to determine whether 

the conclusions drawn from a simulation are sensitive to 

variations in model parameters. This is especially valuable 

when a direct comparison with experimental data (e.g., muscle 

forces) is not feasible. It is also possible to investigate how 

impairments, such as abnormal muscle excitations, contribute 

to abnormal movements in individual subjects, and to explore 

the functional consequences of treatments. 

The accuracy of a simulation depends on the fidelity of the 

underlying mathematical model of the neuromusculoskeletal 

system. Many assumptions are made in the development of 

musculoskeletal models, and some of these assumptions are 

based on limited experimental evidence. To improve the 

accuracy of musculoskeletal models, more in vivo 

measurements of musculoskeletal geometry and joint 

kinematics are needed to understand how variations due to 

size, age, deformity, or surgery influence the predictions of a 

model, and to determine the conditions under which 

simulations based on a generic model are applicable to 

individual subjects. Experiments that characterize the effects 

of pathology and surgery on muscle force generation are 

needed to test assumptions made in musculoskeletal models 

and to assess their impact on movement. Advances in the 

neurosciences are needed to allow development of simulations 

that incorporate representations of sensory-motor control. 

Given that simulations include assumptions and 

approximations, it is critically important that each simulation 

be tested to establish its limitations. As more investigators use 

simulations of musculoskeletal dynamics, it is essential that 

scientists individually test the accuracy of their simulations in 

the context of their specific scientific study. 

OpenSim provides new opportunities for collaboration and 

peer review. The code that comprises OpenSim is being tested, 

analyzed, and improved through a multi-institutional 

collaboration. Users are encouraged to modify the code to suit 

their applications and to share their contributions with others. 

As a result, simulation-based studies can now be reproduced 

and tested outside the laboratory where the simulation is first 

developed. Such rigorous tests are essential if biomechanical 

simulation is to become more of a science and less of an art. 

The development of a digital human (a computational 

model of the human neuromusculoskeletal system with 

complexity comparable to a human) is a grand challenge. If a 

general and comprehensive model were available, then users 

could choose how to simplify the model to address a particular 

scientific question. The Physiome Project [2] outlines this 

challenge and some of the important benefits of its success. 

Future work in this area is likely to involve musculoskeletal 

models that represent different temporal and spatial scales. 

The development of software to unite such multiscale models 

poses additional challenges. 

Muscle-driven simulations generate a wealth of data. Using 

simulations to elucidate the principles that govern muscle 

coordination and to achieve improved clinical outcomes 

therefore requires tools that can help reveal insights from these 

data. Developing and disseminating analysis and visualization 

tools that provide new insights poses an important challenge 

for advancing biomechanical simulation. Our goal is to 

provide OpenSim as a platform upon which the biomechanics 

community can build tools that help uncover the principles 

that govern human movement and design better treatments for 

individuals with physical disabilities. 
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