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  Robot mobility, on the importance of the design 
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Why robot mobility ?

- Ground locomotion tasks
- Dynamic and unstructured environment
- Physical interactions + compliance

A good design is fundamental for 
robot mobility 

Humanoid robots?
A roboticist ideal but complex



  

  What is a good design?

3 

Dynamic 
capability

Complexity

Robot design must be
task-oriented

Atrias

Digit Kangaroo

ARL Monopod II

Atlas

Artemis BRUCE

BirdBot

HyperLeg

Disney Biped

HURL

ORHROTalos

Tello

WL16



  

  On the importance of mechatronic design
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Electromechanical components

Task-based
requirements

Task

Performances

Constraints

Control
objectives

Controller

Perception

Constraints

O
p

ti
m

iz
a
ti

o
n

Actuation

Integration

Modeling

Structural 
design

Sensors & 
electronics



  

  Structural design

5 

Parallel legs
Delta, HEXA, Stewart-Gough

- Limited workspace
- Low effective inertia
- High force capability
- High stiffness
- Large footprint

Hybrid legs
Bar linkage, differential mechanism

- Large workspace 
- Low effective inertia
- High force capability
- Improved stiffness
- Small footprint 

Serial legs
Revolute/prismatic joints

- Large workspace
- High effective inertia
- Reduced force capability
- Structural flexibility
- Small footprint



  

  Dynamic modeling
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- Robot Dynamics libraries

  Robot dynamics through Recursive Newton-Euler Algorithm (Pinocchio)
  Symbolic model of tree structures (Modélisation Dynamique d’Arborescences)

- Robot description: URDF, SDF

M (q) q̈+b(q , q̇)+g (q)+GT
λ=τ

(q1 , q̇1 , q̈1)
(q2 , q̇2 , q̈2)

λ

τ?
- Closed-loop modeling ?



  

Description of closed loop structure

SDF files
Any number of 

parent joint by link 

URDF files
One parent joint by 

link

SDF files led to 
parsing issue => 
Inertia of the link 
distribued to the joint

URDF files used :
Robust and reliable 
result for open-loop, 
contact constraint 
generated after

  Closed-loop modeling
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Contact constraint 
between c  and c₁ ₂

With an open loop robot with a contact 
constraint , define by :
-q its configuration vector
-q_mot and q_free the configuration vector 
of the motor and free joint
-Jc the contact Jacobian ( Jc=JC  -JC )₁ ₂
-Jc=[Jcmot,Jcfree]

We obtain :

 

This led to Jcl, the closed loop jacobian, 
here in A : 

  Closed-loop modeling

Closed loop jacobian
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  Actuation
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High torque, high power to mass ratio, compactness, smooth motion/torque... 

Electro-hydraulic 
actuators (IEHA)

Elastic actuators 
(SEA, VSJ)

Hydraulic unitsElectric motors
(DC brushless)

Transmission system – Mechanical transparency, ratio, flexibility/stiffness

Direct drive 
(Minitaur)

Geared transmission (Cheetah)
harmonic, planetary, cycloïdal

Pulley-Belt
(Solo)

Cable-driven 
system

Ball-screw 
(Orhro)



  

  An iterative optimization process
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designer
choice

Actuation

Optimization

Modeling

Task & 
constraints

Dimensional 
design

Optimization

Modeling

Task & 
constraints

Optimization

Modeling

Task & 
constraints

Kinematic 
structure

designer
choice

designer
choice



  
11 Force/motion capability through convex polytopes?

  Common optimization criteria

Footprint

Joint stiffness

Structural stiffness

K a=k J
−T J−1

K

Workspace

Velocity ellipsoid

Kinematic Manipulability

Kinematic Isotropy/Dexterity 

ηc=
σmin(J J

T
)

σmax(J J
T
)

ωc=√det (J JT )
qT q=vT (J JT )−1 v=1

Force ellipsoid

Force Manipulability

Force Isotropy/Dexterity

τ
T
τ=FT

(J JT )F=1

ωf=√det (J +T J+
)

ηf=
σmin(J

+T J+
)

σmax (J
+T J +

)

ωc

ω f

aT a=FT
(ΛΛ

T
)
−1F=1

Effective Inertia

Dynamic ellipsoid

Dynamic Manipulability

Dynamic Isotropy/Dexterity

ηd=
σmin (ΛΛ

T
)

σmax(ΛΛ
T
)

ωd=√det (ΛΛ
T
)

Λ=J+TM J+



  

Formulation

Kinematics criteria

Z Reduction Ratio :

Rotation Manipulability :

Translation Manipulability :

Inertial criteria

Foot inertia :

Foot inertia projeted on the z-axis :

Impact mitigation factor :

  Leg design criteria
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Application

Translation Manipulability Foot inertia projeted on the z-axis

  Leg design criteria
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  Optimization problem

Problem formulation

objective functions, weight/penalty,constraints 

Pareto front of optimal solutions Interval-analysis set of feasible solutions

Aiming at a set of optimal solutions 

minimize
x

∑
i

αi f i(x) subject to
g j(x)≤0  for  j=1...m

hk (x )=0  for  k=1... p



  

  Locomotion tasks: performances and constraints 
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Required performances (task trajectories and force) 
Task constraints (workspace, minimal force-motion capability)

Task variability ?

Poulaines of walking Climbing stairs performances

λmax

amax



  

  Building upon simulation, a codesign approach
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Hardware 
dimensioning

Kinematics and 
dynamics modeling

Structural 
design

𝑭= Λ 𝑿̈+𝝁+ 𝒑+𝑭 𝒄

Task & 
constraints

Needed 
performances

Control strategy

Control 
requirements

Structure & 
Actuation 

optimization

Motion-
force 

planning

Simulated 
behavior

𝑋

𝐹 𝑐

Simulated 
task

Predicted controlled
behavior

Mechatronic 
design


