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Why predictive simulations?

Predict the human response to

• wearing an assistive device

• gait after a muscle-tendon surgery

Aim: Synthesize human inclined walking without experimental data 
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actuator
excitations

force reflex

stretch reflex
Feedback Control

PD control

Strategy: Optimal control framework that 
predicts both motion and muscle recruitment

𝑢𝑚

Musculoskeletal Model

Skeleton: 7 segments, 9 degrees-of-freedom

Actuation: 8 Hill type muscles on each leg

Contact: 2 contact points on each foot
Hunt Crossley + Coulomb Friction

Sensors: Body position, body velocity, 
muscle length, muscle force, 
muscle metabolic energy
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𝑢𝑚 = 𝑮 ∙ 𝐹𝑚

𝑢𝑚 = 𝑮 𝑙𝑚 −𝑯

Fiber 
length

Muscle
force

 𝑠 = 𝑓(𝑠, 𝑢)

𝑢𝑚 = 𝑲𝒑 𝜃 − 𝜽𝒕𝒈𝒕
+𝑲𝒅
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16 Hill-type 
muscle-tendons 

actuate the model
Geyer and Herr (2010)
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Objective Function to Minimize

REWARD TERMS (per stride)

No falling

Target speed of 1.45 m/s

Reduce passive joint torques

EFFORT TERMS (per stride)

Physiological cost of 
transport for muscles
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Optimization
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Simulation

MASTER NODE

96 SLAVE NODES

CMA Optimizer
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Control 
Parameters

Initial 
Conditions

Covariance Matrix Adaptation 

- Derivative free

- Stochastic sampling

- Escape local minima

Model Controllers Objective

+ +

53
control
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Normal Walking Simulation (1.45 m/s)

0.5X

Normal Walking Simulation Mechanics (1.45 m/s)

Dorn et al., (2012)
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Dorn et al., (2012)

Inclined Walking Simulations (1.45 m/s)

0.5X
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Inclined Walking Simulations (1.45 m/s)

0.5X

Inclined Walking Simulations (1.45 m/s)

0.5X
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