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Simulations complement experimental studies

6

• Estimate values that are difficult 
to measure

• Isolate and test hypotheses about 
neural control and movement

• Simulations can use and generate 
lots of varying data for a wide 
array of studies

Image: Uchida and Delp (2020) adapted 
from Seth, Hicks, Uchida et al. (2018)
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Tools are needed to untangle the complexity of human 
movement
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neural muscular skeletal

Human movement requires coordination between the neural, 
muscular, and skeletal systems.

Image: Uchida and Delp (2020)
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Many simulation pipelines have been developed to answer a 
wide range of questions
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Image: Uchida and Delp (2020)
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Many simulation pipelines have been developed to answer a 
wide range of questions

10

Forward methods 
generate movement from 

neural commands

Image: Uchida and Delp (2020)
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Many simulation pipelines have been developed to answer a 
wide range of questions
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Forward methods 
generate movement from 

neural commands

Inverse methods 
provide insight into 
observed movement

Image: Uchida and Delp (2020)
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What simulation pipeline should I use?
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• Objective: Identify and compare commonly used simulation 
pipelines and provide examples of how each has been used

• We will discuss the following for each pipeline:

– Goal of each pipeline (inputs/outputs)

– How do I use it?

– How long does it take?

– Other considerations (key details)

– Examples from literature
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Inverse methods

13

• Estimate the torques, forces, or neural 
command needed to generate a measured 
motion

Inverse methods 
provide insight into 
observed movement
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Inverse methods

14

Experimental markers (blue) are 
tracked by the model markers (orange).

Image: Uchida and Delp (2020)

• Estimate the torques, forces, or neural 
command needed to generate a measured 
motion

• Input motion from joint angles and coordinates 
calculated from inverse kinematics

– Ex: markers or IMU
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Inverse methods

15

Experimental markers (blue) are 
tracked by the model markers (orange).

Image: Uchida and Delp (2020)

• Estimate the torques, forces, or neural 
command needed to generate a measured 
motion

• Input motion from joint angles and coordinates 
calculated from inverse kinematics

– Ex: markers or IMU

• Examples

– Inverse dynamics

– Static optimization

– Computed Muscle Control

– EMG-informed methods
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Inverse dynamics

16

Goal: Calculate joint torques from a measured motion

Inverse methods 
provide insight into 
observed movement
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Inverse dynamics
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• How do I use it?

– GUI

– Command line

– C++, Scripting (MATLAB, Python)

• How long does it take?

– Very, very fast, usually less than 
1 minute

• Other considerations

– Straightforward, only depends on 
underlying skeletal model

Goal: Calculate joint torques from a measured motion
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Inverse dynamics: Example
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Farris et al. (2015)

Methods: Used inverse dynamics to calculate joint 
torques in unimpaired (control) and hemiparetic 
stroke subjects. Joint powers were calculated from 
the joint torques and kinematics.

Why inverse dynamics?: They wanted to understand 
how decreased ankle power affected other lower-limb 
joint powers.

Question: How does joint coordination change in hemiparetic 
stroke subjects?
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Inverse dynamics: Example
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Farris et al. (2015)

Findings: Joint powers showed an overall increase in 
positive power and a shift to hip power from the 
ankle, and increased overall power needed in 
hemiparetic stroke subjects.

Question: How does joint coordination change in hemiparetic 
stroke subjects?
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Static optimization
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Goal: Estimate muscle force/activations from a measured motion

Inverse methods 
provide insight into 
observed movement
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Static optimization
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• How do I use it?

– GUI

– Command line

– Custom workflows with C++, scripting

• How long does it take?

– Very fast, seconds to minutes

• Other considerations

– Minimize activation squared at each time step

– Frame-by-frame analysis (no time dependence)

– No excitation-activation dynamics 

– Rigid tendon: tendon does not change length, 
thus only the muscle changes length

Goal: Estimate muscle force/activations from a measured motion
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Static optimization: Example
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Steele et al. (2012)

Methods: Used static optimization to solve for 
muscle forces, and then used these forces to 
estimate knee joint loads in simulations of 
walking in a crouch.

Why static optimization?: Muscle forces, which 
are not calculated in inverse dynamics, were 
needed to accurately calculate joint reaction 
forces.

Question: Does walking in a crouch lead to higher contact forces in 
the knee joint?
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Static optimization: Example
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Steele et al. (2012)

Findings: Increasing severity of crouch led to 
subsequently increased forces at the knee joint 
(tibiofemoral force). These higher forces may 
explain discomfort in patients walking in a 
crouched posture.

Question: Does walking in a crouch lead to higher contact forces in 
the knee joint?
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Computed Muscle Control (CMC)
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Goal: Estimate muscle excitations from a measured motion

Inverse methods 
provide insight into 
observed movement
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Computed Muscle Control (CMC)
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Goal: Estimate muscle excitations from a measured motion

Video credit: Chris Dembia
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Computed Muscle Control (CMC)
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• How do I use it?

– GUI

– Command line

• How long does it take?

– Fast, some minutes to < 1 hour

• Other considerations

– Excitation-activation dynamics

– Minimize activation squared at each time step

– Accounts for tendon stretch, which can be 
important if better estimates of muscle and tendon 
parameters are needed

Goal: Estimate muscle excitations from a measured motion
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Computed Muscle Control (CMC): Example
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Uchida et al. (2016)

Methods: Used CMC to design ideal torque 
actuation patterns to reduce energy consumption 
during running.

Why CMC?: Metabolics models use estimates of 
activation, muscle length, and muscle velocity. 
While static optimization can estimate activation, 
the rigid tendon assumption is not ideal for 
estimating muscle length and velocity. CMC may 
yield better muscle length and velocity estimates.

Question: Which joints are theoretically the best to assist with 
exoskeleton devices in running?
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Computed Muscle Control (CMC): Example
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Uchida et al. (2016)

Findings: CMC allowed them to quickly generate 
many simulations with varying subsets of devices. 

This study informed the controls for a hip assistive 
device that successfully reduced energy 
consumption (Lee et al., 2017).

Question: Which joints are theoretically the best to assist with 
exoskeleton devices in running?
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EMG-informed methods
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Goal: Estimate musculotendon parameters given a measured 
motion and muscle activity

Inverse methods 
provide insight into 
observed movement

Additional input:
experimental 

electromyography data
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EMG-informed methods
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• How do I use it?

– Custom model files to constrain kinematics during forward simulation

– CEINMS (Pizzolato et al. 2015) to calibrate subject-specific models and/or 
generate EMG-informed simulations

• How long does it take?

– Simulation: very fast, seconds to minutes

– CEINMS calibration: slow, a few hours

• Other considerations

– Normalizing excitation input based on a functional trial

Goal: Estimate musculotendon parameters given a measured 
motion and muscle activity
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EMG-informed methods: Example

31

Farris et al. (2014)

Methods: Used EMG-informed simulations to 
understand calf muscle mechanics, such during 
hopping with an exoskeleton.

Why EMG-informed simulations?: These methods 
give additional data (i.e., EMG) to get better 
estimates of muscle and tendon parameters.

Question: Why does an ankle device reduce force in the calf 
muscles but does not reduce energy expenditure?
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EMG-informed methods: Example
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Farris et al. (2014)

Findings: While muscle forces were lower while 
wearing an assistive device, this led to the 
muscles working at a less efficient state. Because 
it was less efficient, this led to similar energy cost 
without the ankle device.

Question: Why does an ankle device reduce force in the calf 
muscles but does not reduce energy expenditure?
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Inverse methods: Review
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Method Goal Key considerations

Inverse dynamics

Static optimization

Computed Muscle 
Control (CMC)

EMG-informed 
methods
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Inverse methods: Review

34

Method Goal Key considerations

Inverse dynamics Calculate joint torques from a 
measured motion

Straightforward, minimal 
assumptions

Static optimization

Computed Muscle 
Control (CMC)

EMG-informed 
methods
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Inverse methods: Review

35

Method Goal Key considerations

Inverse dynamics Calculate joint torques from a 
measured motion

Straightforward, minimal 
assumptions

Static optimization Estimate muscle force/activations 
from a measured motion

Fast estimation with rigid 
tendon assumption

Computed Muscle 
Control (CMC)

EMG-informed 
methods
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Inverse methods: Review

36

Method Goal Key considerations

Inverse dynamics Calculate joint torques from a 
measured motion

Straightforward, minimal 
assumptions

Static optimization Estimate muscle force/activations 
from a measured motion

Fast estimation with rigid 
tendon assumption

Computed Muscle 
Control (CMC)

Estimate muscle excitations from a 
measured motion

Excitation-activation 
dynamics, no rigid tendon

EMG-informed 
methods
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Inverse methods: Review

37

Method Goal Key considerations

Inverse dynamics Calculate joint torques from a 
measured motion

Straightforward, minimal 
assumptions

Static optimization Estimate muscle force/activations 
from a measured motion

Fast estimation with rigid 
tendon assumption

Computed Muscle 
Control (CMC)

Estimate muscle excitations from a 
measured motion

Excitation-activation 
dynamics, no rigid tendon

EMG-informed 
methods

Estimate musculotendon parameters 
given a measured motion and muscle 
activity

Normalizing muscle 
activity is necessary
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Forward methods
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• Generate simulation of movement based 
on a given neural command 

Forward methods 
generate movement from 

neural commands
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Forward methods

39

• Generate simulation of movement based 
on a given neural command 

• Calculations and optimizations are 
performed over the whole simulation

– Ex: minimizing metabolic cost

Goals that include 
minimizing metabolic cost 

were used to generate 
walking simulations.

Image: Ong et al. (2020)
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Forward methods

40

• Generate simulation of movement based 
on a given neural command 

• Calculations and optimizations are 
performed over the whole simulation

– Ex: minimizing metabolic cost

• Examples

– Forward dynamics

– Shooting methods

– Reinforcement learning

Goals that include 
minimizing metabolic cost 

were used to generate 
walking simulations.

Image: Ong et al. (2020)
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Forward dynamics
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• How do I use it?

– GUI

– Custom workflows with C++, scripting

• How long does it take?

– Fast, usually seconds to minutes

• Other considerations

– Neural command can be from experiments 
but often is not

– Can be easy to setup depending on the 
type of motion

– Difficult to use for some motions (e.g., 
walking) without a controller

Goal: Generate a motion based on specified neural command
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Forward dynamics: Example

42

Demers et al. (2017)

Methods: Used forward simulations to study how 
coordination patterns affect ankle injuries during a 
dangerous drop landing scenario.

Why forward dynamics?: Because of the injury risk of 
this experiment, forward dynamics simulation were 
needed to generate motions without data.

Question: Can muscle coordination mitigate ankle injuries during a 
drop landing maneuver?
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Forward dynamics: Example

43

Demers et al. (2017)

Findings: While muscle reflexes are too slow to 
prevent injury, muscle co-contraction prior to landing 
could be used to protect the ankle during a dangerous 
landing scenario.

Question: Can muscle coordination mitigate ankle injuries during a 
drop landing maneuver?
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• Hand-tuning controls for forward dynamics is difficult.

Automating forward dynamics: High-level

44
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• Hand-tuning controls for forward dynamics is difficult.

• Optimization methods can be used to automatically generate 
controls for motions. These depend on optimizing a quantity 
called an objective function.

Automating forward dynamics: High-level

45
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• Hand-tuning controls for forward dynamics is difficult.

• Optimization methods can be used to automatically generate 
controls for motions. These depend on optimizing a quantity 
called an objective function.

• Objective functions quantify high-level criteria that you want 
your simulation to meet. Examples include minimizing metabolic 
cost or minimizing joint contact.

Automating forward dynamics: High-level

46
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• Hand-tuning controls for forward dynamics is difficult.

• Optimization methods can be used to automatically generate 
controls for motions. These depend on optimizing a quantity 
called an objective function.

• Objective functions quantify high-level criteria that you want 
your simulation to meet. Examples include minimizing metabolic 
cost or minimizing joint contact.

• Shooting methods and reinforcement learning were 
developed to automate the process of generating controls that 
optimize an objective function.

Automating forward dynamics: High-level

47
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Shooting methods: High-level

48

These methods “shoot” a simulated trajectory forward in time. 
The results at the end of the simulation are evaluated by an 
objective function in an optimization loop.

Ong et al. (2019)
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Shooting methods: High-level
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These methods “shoot” a simulated trajectory forward in time. 
The results at the end of the simulation are evaluated by an 
objective function in an optimization loop.

Ong et al. (2019)
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Shooting methods
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• How do I use it?

– SCONE (https://scone.software/) (Geijtenbeek 2019)

– Custom workflows with C++, scripting

• How long does it take?

– Slow, hours to days

• Other considerations

– Model and controller simplifications are common

– Controllers are usually motion specific

– Can support controllers based on realistic feedback 
loops (e.g., muscle velocity, force)

Goal: Generate a motion based on high-level tasks quantified by 
an objective function

Geijtenbeek (2019)
SCONE makes it easier for 

researchers to perform 
predictive simulations with 

shooting methods.

https://scone.software/
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Shooting methods: Example
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Question: How does calf muscle weakness or contracture 
(tightness) affect walking patterns?

Ong et al. (2019)

Methods: Used shooting methods (with SCONE) to 
generate walking with an unimpaired model, and 
models with calf weakness and contracture 
(tightness).

Why shooting methods?: To study changes in 
kinematics and kinetics, inverse methods cannot be 
used. Hand tuning a controller for walking is difficult 
with forward dynamics alone.
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Shooting methods: Example

52

Question: How does calf muscle weakness or contracture 
(tightness) affect walking patterns?

Ong et al. (2019)

Findings: With calf weakness, the model walked more 
slowly and on its heels. With calf contracture 
(tightness), the model walked on its toes.

These findings help to understand mechanisms behind  
heel-walking and toe-walking gaits from previous 
studies of individuals with conditions such as cerebral 
palsy and stroke.
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Reinforcement learning (RL): High-level
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Reinforcement learning has the same goal as shooting methods but 
takes a different approach. This method creates a state-based 
controller (i.e., policy) that seeks to maximize the cumulative value 
of an objective function (i.e., reward) over the simulation.

Image: https://commons.wikimedia.org/wiki/File:Reinforcement_learning_diagram.svg
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Reinforcement learning (RL)
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• How do I use it?

– osim-rl (http://osim-rl.stanford.edu/) (Kidziński et al. 2018)

– Custom workflows (e.g., scripting with Keras/TensorFlow)

• How long does it take?

– Very slow, days to weeks

• Other considerations

– Model simplifications are common

– Computing power needed may be prohibitive

– Minimal input from user, so same workflow can be used for many motions

Goal: Generate a motion based on high-level tasks quantified by 
an objective function

http://osim-rl.stanford.edu/
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Reinforcement learning (RL): Example
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Question: Can the model learn how to walk, turn, or run as fast as 
possible without motion-specific controllers?

Kidziński et al. (2018)

Methods: Created the “osim-rl” package in Python to 
make reinforcement learning easier with musculoskeletal 
models. 

Why reinforcement learning?: Can create a state-based 
controller without motion-specific controllers. This may 
give insight into human learning and coordination.
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Reinforcement learning (RL): Example
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Question: Can the model learn how to walk, turn, or run as fast as 
possible without motion-specific controllers?

Kidziński et al. (2018)

Findings: Hundreds of computer scientists have 
participated in a yearly competition at NeurIPS. They 
have created simulations of walking and running with 
minimal biomechanics knowledge, including running as 
fast as possible.
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Many simulation pipelines have been developed to answer a 
wide range of questions

57

Forward methods 
generate movement from 

neural commands

Inverse methods 
provide insight into 
observed movement
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Direct collocation methods are being developed to quickly 
generate novel motions

58

Forward methods 
generate movement from 

neural commands

Inverse methods 
provide insight into 
observed movement

Direct collocation 
aims to generate 

movements with the 
speed of inverse 

methods
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Direct collocation: High-level
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This method concurrently optimizes the whole motion and neural 
command using intermediate steps that do not satisfy physical 
constraints. Physical constraints are satisfied in the final solution.

Video credit: Chris Dembia
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Direct collocation
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• How do I use it?

– OpenSim Moco
(https://opensim.stanford.edu/moco)

– Custom workflows with C++, scripting

• How long does it take?

– Middling, minutes to hours

• Other considerations

– Capacity to scale to more complicated models

– Difficult to implement (e.g., constraints, 
providing derivatives)

– Difficult to model feedback loops

Goal: Generate a motion based on high-level tasks quantified by 
an objective function

Dembia, Bianco, et al. (2020)
OpenSim Moco enables 

researchers to use direct 
collocation for a wide range of 

musculoskeletal models.

https://opensim.stanford.edu/moco


OpenSim Webinar

Direct collocation: Example
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Question: How does gait adapt in a wide range of clinical 
conditions?

Falisse et al. (2019)

Methods: Used direct collocation to rapidly 
predict gait adaptations to muscle weakness 
and walking with a prosthesis.

Why direct collocation?: Can generate 
predictions on kinematic changes more quickly 
than with single shooting or reinforcement 
learning.
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Direct collocation: Example
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Question: How does gait adapt in a wide range of clinical 
conditions?

Falisse et al. (2019)

Findings: Weak hip adductors (top) led to 
increased trunk sway. Changes in ankle joint 
torque with a prosthesis (bottom) were similar 
to compensations observed in experiments.
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Forward methods and direct collocation: Review
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Method Goal Speed Key considerations

Forward 
dynamics

Shooting 
methods

Reinforcement 
learning (RL)

Direct collocation
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Forward methods and direct collocation: Review
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Method Goal Speed Key considerations

Forward 
dynamics

Generate a motion based on 
specified neural command

Fast (seconds 
to minutes)

Easy to setup and can 
quickly get results

Shooting 
methods

Reinforcement 
learning (RL)

Direct collocation
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Forward methods and direct collocation: Review
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Method Goal Speed Key considerations

Forward 
dynamics

Generate a motion based on 
specified neural command

Fast (seconds 
to minutes)

Easy to setup and can 
quickly get results

Shooting 
methods

Generate a motion based on 
high-level tasks quantified 
by an objective function

Slow (hours to 
days)

Optimize a motion-
specific controller for 
more complex tasks

Reinforcement 
learning (RL)

Direct collocation
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Forward methods and direct collocation: Review
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Method Goal Speed Key considerations

Forward 
dynamics

Generate a motion based on 
specified neural command

Fast (seconds 
to minutes)

Easy to setup and can 
quickly get results

Shooting 
methods

Generate a motion based on 
high-level tasks quantified 
by an objective function

Slow (hours to 
days)

Optimize a motion-
specific controller for 
more complex tasks

Reinforcement 
learning (RL)

Generate a motion based on 
high-level tasks quantified 
by an objective function

Very slow (days 
to weeks)

Optimize a state-based 
controller with minimal 
user input

Direct collocation
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Forward methods and direct collocation: Review
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Method Goal Speed Key considerations

Forward 
dynamics

Generate a motion based on 
specified neural command

Fast (seconds 
to minutes)

Easy to setup and can 
quickly get results

Shooting 
methods

Generate a motion based on 
high-level tasks quantified 
by an objective function

Slow (hours to 
days)

Optimize a motion-
specific controller for 
more complex tasks

Reinforcement 
learning (RL)

Generate a motion based on 
high-level tasks quantified 
by an objective function

Very slow (days 
to weeks)

Optimize a state-based 
controller with minimal 
user input

Direct collocation Generate a motion based on 
high-level tasks quantified 
by an objective function

Middling
(minutes to 
hours)

Quickly generate new 
motions, but difficult to 
add feedback loops
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Steele et al. (2015)
Implemented a MATLAB 
pipeline to perform static 
optimization with muscle 

synergies.

What if my question doesn’t fit any of the pipelines?

68

We reviewed the most common pipelines, but OpenSim is 
extensible! Here are some examples of methods that have been 
developed to solve other problems.

Wesseling et al. (2019)
Combined OpenSim and 

FEBio (finite-element 
analysis) to study contact 

loads during walking.

Zhang et al. (2014)
The MAP client facilitates the 
use of imaging data to create 

subject-specific 
musculoskeletal models.
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Key takeaways
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• There are many simulation pipelines across a whole spectrum 
between inverse and forward methods.
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Key takeaways
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• There are many simulation pipelines across a whole spectrum 
between inverse and forward methods.

• Choosing the correct pipeline for your needs depends on the 
outputs for your research question.
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Key takeaways
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• There are many simulation pipelines across a whole spectrum 
between inverse and forward methods.

• Choosing the correct pipeline for your needs depends on the 
outputs for your research question.

• We only discussed a few details of each method, but this should 
help you dive into publications and documentation further.
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Key takeaways
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• There are many simulation pipelines across a whole spectrum 
between inverse and forward methods.

• Choosing the correct pipeline for your needs depends on the 
outputs for your research question.

• We only discussed a few details of each method, but this should 
help you dive into publications and documentation further.

• We are updating our documentation website with the key points 
from this talk and will send an email when it’s ready.
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How to Ask Questions

2.  Type your question in the box at 
the bottom of the Q&A Panel.

1.  Click on the Q&A button 
to open the Q&A panel.

Questions must be 
asked of “All Panelists”
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ANY QUESTIONS?
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To learn more about OpenSim, 
visit us at:

http://opensim.stanford.edu

Please fill out the survey that 
appears after this webinar 
ends!


