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Unimate (Unimation) 
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• First industrial robot in first robot company (Unimation) 
• Developed by George Devol and Joseph Engelberger in the 1950s using his 

original patent filed in 1954 and granted in 1961 



Humanoids 
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AIST, Japan 

DLR, Germany DARPA, USA 



Paradigm Shift: New Generation of Robots 
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Enabler Technologies for Interaction: Lightweight Robots 
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Barrett‘s WAM Arm 

DLR‘s Lightweight Robots 



The Mechatronic Joint Design 
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Flexible joints 
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𝜑 
𝑞 𝜃 

Joint model: 

Strain gauge based 
torque sensor 



Key Enabler: Joint Torque Sensor 
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Safe HRI 

Active vibration damping Movement accuracy Joint torque sensor 

Compliance control 

Collision detection 

Collision reaction 

Self-collision avoidance 

Robust task execution 



Possibilities 
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Performance Limitations of Rigid Robots 
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The Optimal Robot 
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Dynamic 

Sensitive 

Safe 



Newest Robot Generation 
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Elastic Robot Design 
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Torque Sensor implemented with 
two position sensors! 



DLR Hand-Arm System 
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Problem Statement 

www.DLR.de  •  Chart 17 Sami Haddadin • 21 October, 2013 

In principle one should be able to move with the link considerably 
faster than maximum motor velocity!! 



Exploiting Joint Elasticity 
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Key capabilities 
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• Elastic Joints: 
• Robustness 
• Performance 

 
• Performance: 

• Maximize System Energy 
• Minimize Link Velocity 
• Time-Optimal Tracking 
• etc. 

 
 

Optimal Control(OC)  Problems  

Pontryagin's Minimum Principle 

Description with Physical Quantities 



Optimal Control 
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• First-Order Differential Equations: 
 
 

• Inequality and End Constraints: 
                                                   
               and 

 
• Cost Functional: 

 
 
 
 

Problem: Find the piecesewise continuous Control: 
 
 
 

  Terminal Cost Running Cost 



Pontryagin's Minimum Principle (Unconstr. System) 
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• Hamiltonian: 
  

 
• System Dynamics: 

 
 
 

• Costates Dynamics: 
 
 
 

• Minimum Principle:      
 



Considered Problems 
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Fully Exploiting System Dynamics 

Focus: Problems with no Running Costs 



Variety of Problems 
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1DoF Case 
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Simple 1DoF case 
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𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝟏:  𝒖𝟏 = �̇�,𝒖𝟐 = 𝒌(𝒕) 
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𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝟐 (𝒉𝒉𝒉𝒉 𝒔𝑬𝒔𝒉𝒔𝒉 𝑬𝒔𝑬𝒔𝒉𝒆):  𝒖𝟏 = �̇�,𝝋 ≤ 𝝋𝑬𝑬𝑬 
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• Eigenfrequency excitation  multiple bang-bang cylces 

Phase plot: Motor and link velocity: 



𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝟐 (𝑬𝒍𝒍 𝒔𝑬𝒔𝒉𝒔𝒉 𝑬𝒔𝑬𝒔𝒉𝒆):  𝒖𝟏 = �̇�,𝝋 ≤ 𝝋𝑬𝑬𝑬 
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• Singular arc: max. deflection used for link acceleration 

Phase plot: Motor and link velocity: 



Full arm 
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Full arm 
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Experimental Data 
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Inherent Problem & Approach 
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Optimal control problems with full dynamics not analytically solvable 
 
Robots are sought for dynamic environments and interaction, therefore, online is 

necessary! 
 
 
 
Idea: 
1. Learn optimal motions 
2. Generalize with dynamical systems and a cost based neighborhood metric 
 
Remark: 
Decoupling property: Learn joint torques and ignore motor dynamics 



Optimal Learning and Generalisation Framework 
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Prototypical OC Problems 
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Learning 

www.DLR.de  •  Chart 35 Sami Haddadin • 21 October, 2013 



Example cost manifold 
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Generalization 
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Generalization 
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Example: Point-2-Point Motion 
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Intrinsic Elasticity 
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Thanks! 
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Collision detection & reflex reaction 
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Flexible Robots 
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Flexible Robots 
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Collision Detection and Estimation 
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Flexible Joint Dynamics: 



Observer Design 
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Idea: Observe generalized momentum 

Reformulated dynamics: 

Residual model: 

Observer design: 



Decoupled Estimation of External Torques 
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