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Forward Dynamics ProcessForward Dynamics ProcessForward Dynamics Process

•• Measure kinematics and ground reactionsMeasure kinematics and ground reactions
•• Perform inverse dynamics analysis to Perform inverse dynamics analysis to 

estimate joint torquesestimate joint torques
•• Perform optimization analysis to estimate Perform optimization analysis to estimate 

muscle forcesmuscle forces
•• Define initial positions and velocities and Define initial positions and velocities and 

estimated joint torque or muscle force inputsestimated joint torque or muscle force inputs
•• Numerically integrate equations of motion to Numerically integrate equations of motion to 

predict new motionpredict new motion

Numerical IntegrationNumerical Integration



Forward Dynamics EquationsForward Dynamics EquationsForward Dynamics Equations

Numerical IntegrationNumerical Integration
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Types of IntegratorsTypes of IntegratorsTypes of Integrators

Numerical IntegrationNumerical Integration

Explicit Euler IntegratorExplicit Euler Integrator Implicit Euler IntegratorImplicit Euler Integrator
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When to Use Each TypeWhen to Use Each TypeWhen to Use Each Type

•• Try an explicit integrator first Try an explicit integrator first –– classic classic 
example is 4example is 4thth Order Order RungeRunge--KuttaKutta integratorintegrator

•• Try an implicit integrator only if the explicit Try an implicit integrator only if the explicit 
integrator is slowintegrator is slow

•• Integration speed is related to number of Integration speed is related to number of 
equations solved and the numerical equations solved and the numerical 
“stiffness” of the equations“stiffness” of the equations

Numerical IntegrationNumerical Integration



Stiff SystemsStiff SystemsStiff Systems

•• Stiff systems typically exhibit motions on Stiff systems typically exhibit motions on 
different time scales (e.g., a rigid body different time scales (e.g., a rigid body 
system possessing stiff springs)system possessing stiff springs)

•• Numerical stiffness is an issue of accuracy Numerical stiffness is an issue of accuracy 
and stabilityand stability

•• A stiff system is one that requires an A stiff system is one that requires an 
extremely small step size to meet accuracy extremely small step size to meet accuracy 
requirements and remain stablerequirements and remain stable

•• Can you think of some examples of stiff Can you think of some examples of stiff 
systems?systems?

Numerical IntegrationNumerical Integration



Stiff System ExampleStiff System ExampleStiff System Example

Explicit integratorExplicit integrator

Implicit integratorImplicit integrator

Numerical IntegrationNumerical Integration



Integration AccuracyIntegration AccuracyIntegration Accuracy

Numerical IntegrationNumerical Integration

Integration Step SizeIntegration Step Size Integrator OrderIntegrator Order

OrderOrder
1st1st

2nd2nd

3rd3rd

4th4th

5th5th



OutlineOutlineOutline

•• Numerical IntegrationNumerical Integration
•• Simulation ProblemsSimulation Problems



Problems and SolutionsProblems and SolutionsProblems and Solutions

Simulation ProblemsSimulation Problems

ProblemProblem SolutionSolution

•• Implicit integratorImplicit integrator
•• Smaller time step,Smaller time step,

higher order integrator,higher order integrator,
or or splinespline--fit controlsfit controls

•• Feedback controlFeedback control
•• Ligament torquesLigament torques

•• Slow integrationSlow integration
•• Motion driftMotion drift

•• Motion instabilityMotion instability
•• Joint hyperextensionJoint hyperextension
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Simulation Problems 1Simulation Problems 1Simulation Problems 1

•• What was the goal of the Gilchrist and Winter What was the goal of the Gilchrist and Winter 
paper?paper?

•• What problems did they encounter in trying to What problems did they encounter in trying to 
achieve it?achieve it?

•• What solutions did they attempt to resolve these What solutions did they attempt to resolve these 
problems?problems?

•• Can you think of additional modifications to get Can you think of additional modifications to get 
their forward dynamics simulation to reproduce the their forward dynamics simulation to reproduce the 
experimental motion and ground reactions better?experimental motion and ground reactions better?



Simulation Problems 2Simulation Problems 2Simulation Problems 2

•• What was the goal of the What was the goal of the PannePanne and and LamouretLamouret
paper?paper?

•• Explain the threeExplain the three--step optimization process that step optimization process that 
they proposed to implement their approach.they proposed to implement their approach.

•• Can you think of a simpler way to drive the HOG Can you think of a simpler way to drive the HOG 
torque to zero using one optimization?torque to zero using one optimization?

•• If the HOG torque implementation works so well, If the HOG torque implementation works so well, 
why couldn’t Gilchrist and Winter get their why couldn’t Gilchrist and Winter get their 
simulation to work better?simulation to work better?



For Next TimeFor Next TimeFor Next Time

•• Download and read the Fregly and Download and read the Fregly and ZajacZajac
(1996) article.(1996) article.
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