




























MIT LEG Lab

Target systems:  Spring Flamingo

7-link planar biped with 6 rotary actuated joints
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MIT LEG Lab

Target systems:  M2
Three dimensional biped:  M2

3 dof at the hip, 1 dof at the knee, 2 dof at the ankle

About 50 lbs
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MIT LEG Lab

Three Orthogonal Planes
Frontal Plane

Transverse Plane

Sagittal Plane































Proposed Control Architecture
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MIT LEG Lab

Virtual components for the planar biped  

Virtual components 
(linear) attached at the 
hip 

two translational and one 
rotational*

Generate virtual forces

Convert to torque

F b x xx x d: ( )=

F k z z b z zz z d z d: ( ) ( )= +

M k bd d: ( ) ( )= +

*Note:  Full implementation is
possible only during double support phase
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CMAC Schematic diagram
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CMAC
Rectangular receptive fields (Albus 1975): 2D 
input (x1,x2), two layers of the receptive fields
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MIT LEG Lab

Sagittal Plane: Massless Leg Model

Simple inverted pendulum model
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MIT LEG Lab

Sagittal plane:  Massless leg model

Linear inverted pendulum (constant height)
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MIT LEG Lab

Justification of reinforcement learning 
for foot placement:  Sagittal plane

Like Acrobot (Murray and Hauser, 
1991)

Nonlinear

Biped is more complex than Acrobat
The foot is not hinged on the ground
Kinematics constraints 

Control approach
Jacobian linearization 

– Applicable only around equilibrium 
points (not suitable for trajectory 
tracking)

– Not controllable when 

Feedback linearization
– Not Input/state linearizable
– Input/output linearizable if one can 

find a output function that result in 
stable internal dynamics  (very hard)
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MIT LEG Lab

State machine (walking)

Left-to-right 
transition

Left support

Right 
support

Right-to-left 
transition

swing time 
completed

swing time 
completed

right foot 
touches down

left foot 
touches down







MIT LEG Lab

Why present step length is important?

Just after swing leg touches down

d d

1stepl 2stepl



State variables 
(detected after swing 
foot landed): 
– Hip velocity (Horizontal), 

– Hip distance from stance 
ankle,  

– Present step length, 

Reinforcement learning to learn key parameter of swing 
leg strategy  (cont.)
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Sagittal plane motion:  Local control mechanism

Using local control to speed up learning and 
to regulate the velocity locally, eg.

)( dapap xxB=

x
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Sagittal plane motion: RL based 
approaches

Implementation 2D_2:  To fix swing leg behavior and foot placement 
location, and learn the swing time.

Advantage:  We can specify the foot placement location.

d2

Target 
foot placement

Target 
foot placement

Two different postures corresponding to two 
different swing times

d1
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MIT LEG Lab

Sagittal Plane Implementation 3

Based on an immediate (Myopic) reward 

dreward xxKr = '
where      is the forward speed of the hip when 
the biped’s center of mass is over the stance 
ankle

x

x
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MIT LEG Lab

Reinforcement learning for frontal plane

State variables for frontal plane motion

Stance legSwing leg

+

+

+y

•Subscript + indicates value 
detected momentarily after the 
touch down of the previous 
swing leg 

z, yaw

y, pitch

x, rolly





MIT LEG Lab

Frontal plane analysis
A simple model of the frontal plane motion

0=y

Just before swing 
leg touch down

Beginning of right 
support

Beginning of left
support

Turning point 

Foot contact

left
leg

right
leg

)( 2
sTy

0<y 0>y 0>y
0=st

2
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