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Outline
● Human safety and injury - biomechanical criteria

● Impacts and their modeling

● Physical human robot collaboration - power and force limiting (PFL)

● Collision detection, isolation, identification, …, reaction

● Combining speed and separation monitoring and power and force limiting
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Slide from: Theo Jacobs, Fraunhofer IPA, Safety standards and risk 
assessment for robots, 2016

Villani, V., Pini, F., Leali, F., & Secchi, C. (2018). Survey on 
human–robot collaboration in industrial settings: Safety, intuitive 
interfaces and applications. Mechatronics, 55, 248-266.
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Contact scenarios

4

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer handbook of robotics (pp. 1835-1874). Springer, Cham.

http://handbookofrobotics.org/view-
chapter/69/videodetails/608 

S. Haddadin, A. Albu-Schäffer, M. Strohmayr, M. 
Frommberger, G. Hirzinger: Injury evaluation of 
human-robot impacts, Proc. IEEE Int. Conf. Robot. 
Autom. (ICRA), Pasadena (2008), pp. 2203 – 2204; 
doi: 10.1109/ROBOT.2008.4543534.

http://handbookofrobotics.org/view-chapter/69/videodetails/608
http://handbookofrobotics.org/view-chapter/69/videodetails/608
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf  

500 ms as per 
ISO/TS 15066

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf
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ISO/TS 15066:2016
Robots and robotic devices — 

Collaborative robots
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf  

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf  

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf  

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf
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Impacts and their modeling
Transient contact model according to 
ISO/TS 15066.

Fully inelastic collision.

● Kinetic energy is not 
conserved, and will change 
forms into sound, heat, 
radiation, or some other 
form. 

● Good news or bad news?
● Assumption here: Energy 

fully deposited in affected 
body region. 

● Worst case assumption. 

Contact area A = 1 cm2.
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Impactor shapes

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer Handbook of 
Robotics (pp. 1835-1874). Springer, Cham.

11

Haddadin, S., Haddadin, S., Khoury, A., Rokahr, T., Parusel, S., Burgkart, R., ... & Albu-Schäffer, A. (2012). On making robots understand safety: 
Embedding injury knowledge into control. The International Journal of Robotics Research, 31(13), 1578-1602.
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Impactor evaluation

12

Haddadin, S., Haddadin, S., Khoury, A., Rokahr, T., Parusel, S., Burgkart, R., ... & Albu-Schäffer, A. (2012). On making robots understand safety: Embedding injury knowledge into control. The International Journal of Robotics Research, 31(13), 1578-1602.
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Haddadin, S., & Croft, E. (2016). Physical 
human–robot interaction. In Springer 

Handbook of Robotics (pp. 1835-1874). 
Springer, Cham.
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf  

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf
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Factors affecting safety in the PFL regime
● Robot velocity 

○ constraints: cycle time of the application 

● Robot mass
○ physical mass and its distribution

○ effective mass

● Impactors
○ shape - blunt or sharp

○ stiffness

● Collision reaction
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Safe design
● Lightweight

○ high-strength metals, or 
composite materials for the 
robot links

● Tendon-based robots
○ Remote direct drives - 

actuators in robot base.
○ Low reduction ratios -> 

back-driveability. 

● Elastic actuation
○ Series Elastic Actuation (SEA)
○ Variable Stiffness Actuation 

(VSA)
○ Variable Impedance 

Actuations (VIA) - stiffness & 
damping

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer handbook of robotics 
(pp. 1835-1874). Springer, Cham.

m = 38 kg

m = 13.5  kg

m = 24 kg

SEA

SEA
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Robot dynamics - joint space
To model impact forces, robot dynamics has to be considered. 

Equation of motion:

Robot equation of motion: 

is the symmetric and positive definite joint space inertia matrix. 

● Function of the robot configuration. 

9.1.2 in Corke

https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-
matrix/

17

https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix/
https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix/


Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2022

Mass matrix examples

18

8.1.3 “Understanding the mass matrix” in Lynch, K. M., & Park, F. C. (2017). Modern robotics. 
Cambridge University Press. 

https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix 

L1 = L2 = m1 = m2 = 1

https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix
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Robot dynamics - operational space
For assessing impacts, we need also operational space (end effector, or, more precisely, contact point) 
dynamics.

Mass matrix as effective mass at the end effector: 

Robot kinetic energy must be the same regardless of coordinates (joint space or Cartesian space). 

Kinetic energy for point masses (             )   generalized:

19

Originally developed in: Khatib, O. (1995). Inertial properties in robotic manipulation: An object-level framework. The International Journal of Robotics Research, 14(1), 19-36.

8.1.3 “Understanding the mass 
matrix” in Lynch, K. M., & Park, F. C. 
(2017). Modern robotics. Cambridge 
University Press. 
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Mass at the end effector

20

8.1.3 “Understanding the mass matrix” in Lynch, K. M., & Park, F. C. (2017). Modern robotics. 
Cambridge University Press. 

https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix 

L1 = L2 = m1 = m2 = 1

https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix
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Effective mass in a certain impact direction
● Disregarding angular components at 

collision point.
○ Note: previous slide showing only 

● Imposing a certain collision direction u.

21

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer Handbook of Robotics (pp. 1835-1874). Springer, Cham.

 John Nassour, TU Chemnitz: 

https://www.tu-chemnitz.de/informatik/KI/edu/robotik/ws2017/Dyn.pdf 

https://www.tu-chemnitz.de/informatik/KI/edu/robotik/ws2017/Dyn.pdf
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Mass matrix examples - KUKA LBR iiwa
Run ef_mass.m demo.

22
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Mass matrix examples - UR10e
Run ef_mass.m demo: ef_mass('robot','ur')

23
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Effective mass for pHRI
Can be considered in: 

1. robot design

a. Lee, S. D., Kim, B. S., & Song, J. B. (2013). Human–robot collision model with 

effective mass and manipulability for design of a spatial manipulator. 

Advanced Robotics, 27(3), 189-198.

2. application design - where in the workspace and in which direction collisions 

can occur

24



Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2022 25

3D Collision Force Map - case study

Svarny, P., Rozlivek, J., Rustler, L., & Hoffmann, M. (2021, May). 
3D Collision-Force-Map for Safe Human-Robot Collaboration. In 
2021 IEEE International Conference on Robotics and Automation 
(ICRA) (pp. 3829-3835). IEEE.
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ISO/TS 15066 predictions

Svarny, P., Rozlivek, J., Rustler, L., & Hoffmann, M. (2021, May). 3D 
Collision-Force-Map for Safe Human-Robot Collaboration. In 2021 IEEE International 
Conference on Robotics and Automation (ICRA) (pp. 3829-3835). IEEE.

Position in workspace and collision 
direction not considered.
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3D Collision Force Map - case study

Svarny, P., Rozlivek, J., Rustler, L., & Hoffmann, M. (2021, May). 3D 
Collision-Force-Map for Safe Human-Robot Collaboration. In 2021 
IEEE International Conference on Robotics and Automation (ICRA) 
(pp. 3829-3835). IEEE.

http://www.youtube.com/watch?v=4eHsbe4EuHU&t=40
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3D CFM case study - measurements

UR10e KUKA lbr iiwa

Svarny, P., Rozlivek, J., Rustler, L., & Hoffmann, M. (2021, May). 3D Collision-Force-Map for Safe Human-Robot Collaboration. In 2021 IEEE International Conference on Robotics and Automation (ICRA) (pp. 3829-3835). IEEE.

collision direction down
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3D CFM - predicting impact force

Svarny, P., Rozlivek, J., Rustler, L., & Hoffmann, M. (2021, 
May). 3D Collision-Force-Map for Safe Human-Robot 
Collaboration. In 2021 IEEE International Conference on 
Robotics and Automation (ICRA) (pp. 3829-3835). IEEE.

end effector velocity 0.30 m/s (direction down)

2D CFM - A. Schlotzhauer, L. Kaiser, J. Wachter, M. Brandstötter, and M. Hofbaur, “On the trustability of the safety measures of 
collaborative robots: 2D Collision-force-map of a sensitive manipulator for safe
HRC,” in 2019 IEEE 15th International Conference on Automation Science and Engineering (CASE). IEEE, 2019, pp. 
1676–1683.
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3D CFM case study - need for in situ measurement

Svarny, P., Rozlivek, J., Rustler, L., & Hoffmann, M. (2021, May). 3D Collision-Force-Map for Safe Human-Robot 
Collaboration. In 2021 IEEE International Conference on Robotics and Automation (ICRA) (pp. 3829-3835). IEEE.

ISO/TS 15066:2016
Robots and robotic devices — Collaborative robots

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In 
Springer handbook of robotics (pp. 1835-1874). Springer, Cham.
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See also:

Kirschner, R. J., Mansfeld, N., Peña, G. G., Abdolshah, S., & Haddadin, S. (2021, March). Notion on the Correct Use of the Robot Effective Mass in the 
Safety Context and Comments on ISO/TS 15066. In 2021 IEEE International Conference on Intelligence and Safety for Robotics (ISR) (pp. 6-9). IEEE.

31
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Missing piece - effective mass and empirical model

● Collect data from robot collisions with 

the measuring device.

● Analyze them to find a simplified relation 

between robot speed and collision force 

(e.g., polynomial fitting).

● Analyze the influence of effective mass 

on the collision force.

Analysis of the maximum permissible velocities in PFL regime.

student project / 
paid internship

https://docs.google.com/file/d/1HFQH4jNma4hwl0P2aoKb3DENGVTkXk4f/preview
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Factors affecting safety in the PFL regime
● Robot velocity 

○ constraints: cycle time of the application 

● Robot effective mass
○ How can you reduce it?

■ lightweight design

■ position in workspace

● Impactors
○ shape

○ stiffness

● Collision reaction
○ safety stop categories

○ interaction control
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Airskin case study 

34

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., 
Zillich, M. and Hoffmann, M. (2022), 'Effect of active 
and passive protective soft skins on collision forces in 
human–robot collaboration', Robotics and 
Computer-Integrated Manufacturing 78, 102363.

http://www.youtube.com/watch?v=yqEjnK9_hCg&t=10
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Airskin case study - setup

35

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., Zillich, M. and Hoffmann, M. (2022), 'Effect of 
active and passive protective soft skins on collision forces in human–robot collaboration', Robotics 
and Computer-Integrated Manufacturing 78, 102363.



Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2022

Airskin case study - positions and impact directions

36

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., Zillich, M. and Hoffmann, M. (2022), 'Effect of active and passive protective soft skins on collision forces in human–robot collaboration', Robotics and 
Computer-Integrated Manufacturing 78, 102363.
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf  

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_SafetyDependability.pdf
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Airskin case study - collision forces

38

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, O., 
Zillich, M., & Hoffmann, M. (2022). Effect of Active and 
Passive Protective Soft Skins on Collision Forces in 
Human-robot Collaboration. Robotics and 
Computer-Integrated Manufacturing. [to appear]
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Airskin case study - force evolution after impact

39

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, O., Zillich, M., & Hoffmann, M. (2022). Effect of Active and Passive Protective Soft 
Skins on Collision Forces in Human-robot Collaboration. Robotics and Computer-Integrated Manufacturing. [to appear]

quasi-static contact, 
0.3 m/s, place 2

KUKA iiwa, UR10e

K
U

K
A

 C
yb

er
te

ch

theory quasi-static 

transient

ISO/TS 15066:2016
Robots and robotic 

devices — 
Collaborative robots

Haddadin, S., & Croft, E. 
(2016). Physical 

human–robot 
interaction. In Springer 
handbook of robotics 

(pp. 1835-1874). 
Springer, Cham.
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Airskin case study - KUKA iiwa - stop types

40

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., Zillich, M. and Hoffmann, M. (2022), 'Effect of active and passive protective soft skins on collision forces in human–robot 
collaboration', Robotics and Computer-Integrated Manufacturing 78, 102363.
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Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., Zillich, M. and Hoffmann, M. (2022), 'Effect of 
active and passive protective soft skins on collision forces in human–robot collaboration', Robotics 
and Computer-Integrated Manufacturing 78, 102363.
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Airskin case study - pad stiffness

42

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, O., Zillich, M., & Hoffmann, M. (2022). Effect of Active and Passive Protective Soft Skins on Collision Forces in Human-robot 
Collaboration. Robotics and Computer-Integrated Manufacturing. [to appear]
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Airskin case study - soft cover model

43

ISO/TS 15066 Soft cover model

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., Zillich, M. and Hoffmann, M. (2022), 'Effect of active and passive protective soft skins on collision forces in human–robot collaboration', Robotics and 
Computer-Integrated Manufacturing 78, 102363.
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Airskin case study - soft cover model results

44

UR10e

KUKA iiwa

Svarny, P., Rozlivek, J., Rustler, L., Sramek, M., Deli, Ö., Zillich, M. and Hoffmann, M. (2022), 'Effect of active and passive protective soft skins on 
collision forces in human–robot collaboration', Robotics and Computer-Integrated Manufacturing 78, 102363.
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Factors affecting safety in the PFL regime
● Robot velocity 

○ constraints: cycle time of the application 

● Robot effective mass
○ How can you reduce it?

■ lightweight design

■ position in workspace and impact directions

● Impactors
○ shape

○ stiffness

● Collision reaction
○ safety stop categories

○ interaction control
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Factors affecting safety in the PFL regime
● Robot velocity 

○ constraints: cycle time of the application 

● Robot effective mass
○ How can you reduce it?

■ lightweight design

■ position in workspace and impact directions

● Impactors
○ shape

○ stiffness

● Collision reaction
○ safety stop categories
○ interaction control
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Robot 

47

Alessandro de Luca, From Human-Robot Interaction to Collaborative Control: 
A Human Centered Perspective, IROS 2021, https://youtu.be/L_Ql9P2-ybY 

Robot collisions - detection, …, reaction

https://youtu.be/L_Ql9P2-ybY
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Robot collisions - detection, …, reaction

● Guess the meaning of individual blocks.

48

Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.
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Monitoring signals

● measured currents in electrical 
drives

○ looking for transients possibly 
caused by a collision

○ comparing expected 
(model-based) with actual

● motor torques
○ comparing expected 

(model-based) with actual

● sensitive skins

49

Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.

Typical assumption: there is at most a single link involved in a collision.
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Slide from Alessandro de Luca: Physical HRI. 
http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf 

Collision detection
● All monitoring signals 

or their combination 

can be used…

● Relatively 

straightforward (at 

least compared to the 

following steps in the 

pipeline).

Further reading: Experimental study on UR10e: Mamedov, 
S., & Mikhel, S. (2020). Practical aspects of model-based 

collision detection. Frontiers in Robotics and AI, 162. 
https://www.frontiersin.org/articles/10.3389/frobt.2020.57157

4/full 

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf
https://www.frontiersin.org/articles/10.3389/frobt.2020.571574/full
https://www.frontiersin.org/articles/10.3389/frobt.2020.571574/full
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Collision isolation
● Sensitive skin makes it easy.

● Otherwise, it is tricky.

51
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Collision isolation and identification - relevant quantities
Robot dynamics when collision occurs:

Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.
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Collision identification

53

Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.
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UR10 motor current 
sensors only

UR10e motor 
current sensors +  
wrist F/T sensor

Collision detection, isolation, identification - enablers

Lu, S., Chung, J. H., & Velinsky, S. A. (2005, April). 
Human-robot collision detection and identification based on 
wrist and base force/torque sensors. In Proceedings of the 

2005 IEEE international Conference on Robotics and 
Automation (pp. 3796-3801). IEEE.
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https://www.wevolver.com/wevolver.staff/kuka.lbr.iiwa 

KUKA LBR iiwa
joint torque sensors 

in every axis

Collision detection, isolation, identification - enablers (2)

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_
CoexistenceCollaboration.pdf 

https://www.wevolver.com/wevolver.staff/kuka.lbr.iiwa
http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CoexistenceCollaboration.pdf
http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CoexistenceCollaboration.pdf
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Direct estimation of 𝛕ext

56

Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). 
Robot collisions: A survey on detection, isolation, and 
identification. IEEE Transactions on Robotics, 33(6), 
1292-1312.
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Other ways of estimating  𝛕ext

57

For details and equations see: Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, 
isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.

A. Estimation of the power Pext associated with the external joint torque via energy 

observer.

B. [Direct estimation of 𝛕
ext

.]

C. Monitoring 𝛕
ext

 via inverse dynamics.

D. Estimation of 𝛕
ext

 via joint velocity observer.

E. Estimation of 𝛕
ext

 via momentum observer.
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Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.



Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2022 59

Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.
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Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE Transactions on Robotics, 33(6), 1292-1312.
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Robot reaction to collision

● Stop
○ Pros:

■ simple, few requirements (collision detection is enough)

○ Cons:

■ may possibly lead to inconvenient situations, where the robot is unnaturally constraining 

or blocking the human

● Torque control with gravity compensation
○ robot moves along a desired trajectory with a position reference-based controller (e.g., position 

or impedance control).

○ after detection, the control mode is switched to a compliance-based controller that ignores the 

previous task trajectory. A particularly useful variant is to switch to torque control mode with 

gravity compensation. Note that this strategy does not explicitly take into account any 

information about 𝛕
ext

 .

61

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer Handbook of Robotics (pp. 1835-1874). Springer, Cham.



Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2022

Gravity compensation

62

https://youtu.be/1Or0kym2uic 

https://youtu.be/1Or0kym2uic
http://www.youtube.com/watch?v=1Or0kym2uic
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Reaction to collision - videos 1 

63

Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf 

stop (strategy 0) gravity compensation (strategy 2)

https://docs.google.com/file/d/1EK9riV-n6EQScm-7CDNTyTJFVqsxDvtV/preview
http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf
https://docs.google.com/file/d/1vl0GjDL3hln2bPT0bVp4q79oubSK8hjI/preview
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Robot reaction to collision

● Stop

● Torque control with gravity compensation

● Torque reflex
○ needs 𝛕

ext

● Admittance reflex 
○ needs 𝛕

ext

● Move away
○ needs 𝑭

ext
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Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer Handbook of Robotics (pp. 1835-1874). Springer, Cham.
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Reaction to collision - videos 2
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf 

admittance mode (strategy 4) reflex torque (strategy 3)

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf
https://docs.google.com/file/d/1ec9bWj_Aco8ASdk73d4y4ghCHvTaIhOx/preview
https://docs.google.com/file/d/1oVDEof5e7YJSoz4_gtmd3wm9FsMRh8Oy/preview
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Slide from Alessandro de Luca: Physical HRI. http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf 

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CollisionDetectionReaction.pdf
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Combining power and force limiting (PFL) with speed 
and separation monitoring (SSM)
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Lucci, N., Lacevic, B., Zanchettin, A. M., & Rocco, P. (2020). Combining speed and 
separation monitoring with power and force limiting for safe collaborative robotics 
applications. IEEE Robotics and Automation Letters, 5(4), 6121-6128.
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SSM & PFL 

68

Svarny, P., Tesar, M., Behrens, J. K., & Hoffmann, M. (2019, November). Safe physical HRI: Toward a unified 
treatment of speed and separation monitoring together with power and force limiting. In 2019 IEEE/RSJ 
International Conference on Intelligent Robots and Systems (IROS) (pp. 7580-7587). IEEE.

Recall separation distance from ISO/TS 15066:
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SSM & PFL 

69

Svarny, P., Tesar, M., Behrens, J. K., & Hoffmann, M. (2019, November). Safe physical HRI: Toward a unified treatment of speed and separation monitoring together 
with power and force limiting. In 2019 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS) (pp. 7580-7587). IEEE.

http://www.youtube.com/watch?v=-TC4WsdJJAM&t=138
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Our PFL SSM Stop zone
228 s 256 s 257 s 267 s

Reference (full speed): 154 s
Svarny, P., Tesar, M., Behrens, J. K., & Hoffmann, M. (2019, November). Safe physical HRI: Toward a unified treatment of speed and separation monitoring together 
with power and force limiting. In 2019 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS) (pp. 7580-7587). IEEE.

Why is the SSM & PFL fastest?

1. Higher speed - needs to break to reduced speed only.

2. Task continues in reduced speed even when operator is around.

70
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Collaborative robot regimes 

71

Vicentini, F. (2021). Collaborative robotics: a 
survey. Journal of Mechanical Design, 143(4).
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Vicentini, F. (2021). Collaborative robotics: a 
survey. Journal of Mechanical Design, 143(4).
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Next
● Social HRI

73
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Resources and further reading
● Books / book sections

○ Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In Springer Handbook of Robotics (pp. 1835-1874). 
Springer, Cham.

○ 8.1.3 “Understanding the mass matrix” in Lynch, K. M., & Park, F. C. (2017). Modern robotics. Cambridge University Press. 
● Online resources

○ https://sites.google.com/site/matejhof/research/cobots-and-hri 
○ video lectures by Kevin Lynch (covering Lynch, K. M., & Park, F. C. (2017). Modern robotics.) 

■ https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix 
■ https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-6-dynamics-in-the-task-space/ 

○ Federico Vicentini - presentations
■ Safety of collaborative robotics. Overview and critical issues. 2019. 

https://www.etui.org/sites/default/files/ez_import/2019_ETUI_vicentini_collaborative%20robotics.pdf 
○ Alessandro de Luca

■ Physical HRI - Lecture slides by Alessandro de Luca: http://www.diag.uniroma1.it/deluca/pHRI.php.
■ Youtube playlist: https://www.youtube.com/playlist?list=PLvAUmIzqq6oaRtwX9l9sjDhcNMXNCGSN0 
■ Talks on youtube. E.g., https://youtu.be/L_Ql9P2-ybY 

● Articles
○ Khatib, O. (1995). Inertial properties in robotic manipulation: An object-level framework. The International Journal of Robotics 

Research, 14(1), 19-36.
○ Haddadin, S., De Luca, A., & Albu-Schäffer, A. (2017). Robot collisions: A survey on detection, isolation, and identification. IEEE 

Transactions on Robotics, 33(6), 1292-1312.
○ Kirschner, R. J., Mansfeld, N., Peña, G. G., Abdolshah, S., & Haddadin, S. (2021, March). Notion on the Correct Use of the Robot Effective Mass 

in the Safety Context and Comments on ISO/TS 15066. In 2021 IEEE International Conference on Intelligence and Safety for Robotics (ISR) (pp. 
6-9). IEEE.
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https://sites.google.com/site/matejhof/research/cobots-and-hri
https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-1-3-understanding-the-mass-matrix
https://modernrobotics.northwestern.edu/nu-gm-book-resource/8-6-dynamics-in-the-task-space/
https://www.etui.org/sites/default/files/ez_import/2019_ETUI_vicentini_collaborative%20robotics.pdf
http://www.diag.uniroma1.it/deluca/pHRI.php
https://www.youtube.com/playlist?list=PLvAUmIzqq6oaRtwX9l9sjDhcNMXNCGSN0
https://youtu.be/L_Ql9P2-ybY
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Safety Tree

Haddadin, S., & Croft, E. (2016). Physical human–robot interaction. In 
Springer handbook of robotics (pp. 1835-1874). Springer, Cham.
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Back to SSM & PFL together I
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Svarny, P., Tesar, M., Behrens, J. K., & Hoffmann, M. (2019, November). Safe physical HRI: Toward a unified 
treatment of speed and separation monitoring together with power and force limiting. In 2019 IEEE/RSJ 
International Conference on Intelligent Robots and Systems (IROS) (pp. 7580-7587). IEEE.
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Back to SSM & PFL together II - theory

77

Lucci, N., Lacevic, B., Zanchettin, A. M., & Rocco, P. (2020). Combining speed and separation monitoring with 
power and force limiting for safe collaborative robotics applications. IEEE Robotics and Automation Letters, 5(4), 
6121-6128.

Robot link parameterization w.r.t. point
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Back to SSM & PFL together II - setup

78

Lucci, N., Lacevic, B., Zanchettin, A. M., & Rocco, P. (2020). Combining speed and separation monitoring with 
power and force limiting for safe collaborative robotics applications. IEEE Robotics and Automation Letters, 5(4), 
6121-6128.
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Back to SSM & PFL together II - results

79

Lucci, N., Lacevic, B., Zanchettin, A. M., & Rocco, P. (2020). Combining speed and separation 
monitoring with power and force limiting for safe collaborative robotics applications. IEEE Robotics 
and Automation Letters, 5(4), 6121-6128.

Specific measure of task 
independent 
velocity/distance ratio

EE velocity
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Back to SSM & PFL together II - results
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Lucci, N., Lacevic, B., Zanchettin, A. M., & Rocco, P. (2020). Combining speed and separation 
monitoring with power and force limiting for safe collaborative robotics applications. IEEE Robotics 
and Automation Letters, 5(4), 6121-6128.

Specific measure of task independent 
velocity/distance ratio

EE velocity


