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1) Design & Control of compliant robots
 Torque Controlled Robots

 Elastic Robots

2) Control of humanoid robots
 Compliant Control

 Bipedal Walking

Overview
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Folie 12

Humanoid Robots at DLR

Anthropomorphic Hand-Arm System

Legged HumanoidJoint torque 
sensing & control

Bimanual (Humanoid) Manipulation

• Compliant actuation

• Antagonistic actuation for fingers

• Variable stiffness actuation in arm

• Robustness to shocks and impacts

Space Qualified Joint Technology

ROKVISS
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• Antropomorphic design: Size, 
kinematics, force and dynamics of 
human arm and hand

• Actuation principle: Variable stiffness 
in all joints (3 types)

• 27 DoF
• 50 motors
• 108 position sensors

Antropomorphic Hand/Arm System
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Antagonistic finger actuationTendon driven fingers

4 x Floating
Spring Joint

3 x BAVS (Bi‐
directional
antagonism)

20 x Antagonistic

[Grebenstein, Albu-Schäffer et al, ICRA 2011]



Floating Spring Joint (4 DoF)
• big motor for positioning 
• small motor to change stiffness 
• one single spring

Bidirectional Antagonism with 
Variable Stiffness Actuation (3 DoF)

• 2 equivalent motors 
• asymmetric cam disc shape
• redundant joint actuation

Antagonism (20 DoF Hand): 
• 2 equivalent motors 
• in-tendon progressive spring 

mechanism

Types of actuation
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Motivation for physical compliance
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Robustness Performance



1) Modal decoupling (link side)

2) Use torque feedback to achieve
decoupling in M, K, and B

3) SISO design in decoupled coordinates

Control Challenges: Vibration Damping
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[Petit, Albu-Schäffer, ICRA 2011]
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1) Modal Decoupling (link side)

2) Use torque feedback to achieve
decoupling in M, K, and B

3) SISO design in decoupled coordinates

Control Challenges: Vibration Damping
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Compliance (              ) given as a series
interconnection of active and passive stiffness
elements

1) Use physical springs in the joints to set desired
stiffness as close as possible

2) Use active compliance to realize precise Cartesian
compliance

solve a matrix nearness problem

Control Challenges: Stiffness Design
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pa CCC 

1 KC

pdes CC min

0withmin  aapdes CCCC

[Petit, Albu-Schäffer, IROS 2011]

Utilizes variability
of the stiffness!



1) Design & Control of compliant robots
 Torque Controlled Robots

 Elastic Robots

2) Control of humanoid robots
 Compliant Control

 Bipedal Walking

Overview
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Bipedal Walking Robots at DLR

DLR-Biped
(2010-2012)

TORO, preliminary version 
(2012)

TORO (2013)
TOrque controlled 
humanoid RObot

• Joint torque sensing & control

• Small foot size: 19 x 9,5 cm

• IMU in head & trunk

• FTS in feet for position based control

• Sensorized head (stereo vision &  kinect)

• Simple prosthetic hands (iLIMB)
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Motivation for compliant control

completely stiff fully compliantcompliant control
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Balancing & Posture Control

Trunk orientation Control
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Balancing & Posture Control
Compliant COM control [Hyon & Cheng, 2006] 
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Balancing & Posture Control
Compliant COM control [Hyon & Cheng, 2006] 
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Force distribution: Similar problems!

Grasping & Balancing
> Humanoids 2014 > Christian Ott > 18.11.2014DLR.de  •  Chart 26

Force distribution: How to realize a desired force/torque on the COM via the 
available contact points. A similar problem has been solved also in robot grasping by 
constrained optimization!

[Ott & Roa, Humanoids 2011]
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Contact force control via joint torques
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Multibody robot model:
COM as a base coordinate  system structure with decoupled COM dynamics.

[Space Robotics], [Wieber 2005, Hyon et al. 2006]

Passivity based compliance control
(well suited for balancing)
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Experiments using the lower body
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Experiments using whole body
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Folie 33

Walking Stabilization
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Folie 34

Walking Stabilization
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COM 
kinematics

Capture Point Control

 xx ,

pCP 
control

[Englsberger, Ott, et. al., IROS-2011, ICRA-2012, at-2012]

ZMP
Control

Robot
Dynamics

CP 

qTrajectory
Generator d

ZMP 
projection

MPC [SYROCO 2012]
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MPC [SYROCO 2012]

COM 
kinematics

Capture Point Control

 xx ,

pCP 
control

[Englsberger, Ott, et. al., IROS 2011]

ZMP
Control

Robot
Dynamics

CP 

qTrajectory
Generator d

ZMP 
projection

Collaboration with Nicolas Perrin
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Folie 37

Extension to 3D walking

2D 3D

Capture Point (CP) „Divergent Component of Motion“ 
(DCM) [Takenaka]

ZMP 
(steers CP)

Virtual Repellent Point
(steers DCM)

COM dynamics:
(not a template model)

Fxm 

extFmg

DCM dynamics:

[Englsberger, Ott, IROS 2013]
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Extension to 3D walking

2D 3D

Capture Point (CP) „Divergent Component of Motion“ 
(DCM) [Takenaka]

ZMP 
(steers CP)

Virtual Repellent Point
(steers DCM)

COM dynamics:
(not a template model)

Fxm 

extFmg

DCM dynamics:

[Englsberger, Ott, IROS 2013]
vrpr
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CMP

eCMP

Enhanced Centroidal Moment Pivot point (eCMP)

Virtual Repellent Point (VRP)
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Folie 40

DCM Tracking Control

DCM dynamics Desired closed loop

Tracking control:

Required leg force:
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Thank you very much 

for your attention!
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