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Outline
● Human safety

● Safety of machines and robots - legislation and standards

● Types of physical human robot collaboration
○ Safety-rated monitored stop

○ Hand-guiding

○ Speed and separation monitoring

○ Power and force limiting

● Speed and separation monitoring
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When is a robot safe? 

3

https://docs.google.com/file/d/114DuqEyPsw9Yvtp4zQQyVfH7_aUGZHVP/preview
https://docs.google.com/file/d/1WzzEOM-thGPeTmR1zk1-7heaKupbW7RT/preview
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When is a robot safe? Legislation and standards

4



© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

Robot safety - European legislation

5

Slide from: Theo Jacobs, Fraunhofer 
IPA, Safety standards and risk 
assessment for robots, 2016
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Robot safety - Czech legislation 

Legislativa pro výrobce strojů

● Zákon č. 22/1997 Sb. ve znění zákona č. 91/2016 
Sb. o technických požadavcích na výrobky

● Nařízení vlády č. 170/1997 Sb., č. 176/2008 Sb. 
(směrnice 2006/42/ES) ve znění nařízení vlády č. 
229/2012 Sb. kterým se stanoví technické 
požadavky na strojní zařízení

● Nařízení vlády č. 117/2016 Sb. – EMC (zákon 
č.90/2016 Sb. – upřesňuje posuzování shody)

● Nařízení vlády č. 118/2016 Sb. – nízké napětí
● Nařízení vlády č. 116/2016 Sb. – výbušné 

prostředí

6

Legislativa pro provozovatele

● Nařízení vlády č.378/2001 Sb. kterým se 
stanoví bližší požadavky na bezpečný 
provoz a používání strojů, technických 
zařízení, přístrojů a nářadí

● Zákon č.262/2006 Sb., zákoník práce
● Nařízení vlády č.361/2007 Sb., podmínky 

ochrany zdraví při práci ve znění Nařízení 
vlády č.32/2016 Sb.

● Zákon č.309/2006 Sb., další požadavky 
bezpečnosti a ochrany zdraví při práci ve 
znění zákona č.189/2008 Sb.
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“Harmonized” safety standards

7

Pacaiova, H. (2018). Machinery safety requirements as an effective 
tools for operational safety management. IntechOpen.

SICK, Selecting Safety Standards for Machine Safeguarding 
Requirements
https://cdn.sick.com/media/content/h94/h35/9692994994206.pdf 

https://cdn.sick.com/media/content/h94/h35/9692994994206.pdf
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ISO 12100 Risk 
assessment and risk 

reduction

A
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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ISO 12100 Risk 
assessment and risk 

reduction

A

B1
overall safety aspects

B2
relevant safety devices

ISO 13849-1 
Safety-related parts of 

control systems

https://www.keyence.eu/
ss/products/safetyknowl
edge/performance/level/ 

https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
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Slide from: Theo Jacobs, Fraunhofer IPA, Safety standards and risk assessment for robots, 2016 Daniel Braun, KUKA, iiwa safety system introduction, 2016
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Slide from: Theo Jacobs, Fraunhofer IPA, Safety standards and risk assessment for robots, 2016
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Slide from Daniel 
Braun, KUKA, iiwa 
safety system 
introduction, 2016
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Case study: Airskin

18

Dual channel OSSD safety device
AIRSKIN is a PLe / Cat. 3 safety device 
which is easily connected via its 6 wires 
to any safe I/O of any robot controller.

https://www.ke
yence.eu/ss/pr
oducts/safetyk
nowledge/perf
ormance/level/ 

http://www.youtube.com/watch?v=-sHcQcFd7-A
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
https://www.keyence.eu/ss/products/safetyknowledge/performance/level/
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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ISO 12100 Risk 
assessment and risk 

reduction

ISO 10218-1 Robots and robotic 
devices - Part 1: Robots

● requirements and guidelines for 
inherent safe design, 
protective measures and 
information for use of industrial 
robots 

● describes basic hazards 
associated with robots and 
provides requirements to 
eliminate, or adequately reduce, 
the risks associated with these 
hazards

● specifies safety requirements 
for the integration of industrial 
robots and industrial robot 
systems as defined in ISO 
10218-1, and industrial robot 
cell(s). The integration includes 
the following:

○ the design, 
manufacturing, 
installation, operation, 
maintenance and 
decommissioning of the 
industrial robot system or 
cell;

○ …

ISO 10218-1 Robots and robotic 
devices - Part 2: Robot systems and 

integration

B1
overall safety aspects

B2
relevant safety devices

ISO 13849-1 
Safety-related parts of 

control systems“Safety-related parts of 
control systems must 
be designed to meet the 
requirements of PL “d” 
with structure category 
3 as described in ISO 
13849-1:2006”

A

C
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ISO 12100 Risk 
assessment and risk 

reduction

ISO 10218-1 Robots and robotic 
devices - Part 1: Robots

ISO 10218-1 Robots and robotic 
devices - Part 2: Robot systems and 

integration

B1
overall safety aspects

B2
relevant safety devices

ISO 13849-1 
Safety-related parts of 

control systems

(Industrial) robot is an incomplete 
machine! I.e. can never get a 
stamp as being safe in any context. 

A

C
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Robot safety-rated features

● Safe velocity monitoring

● Safe workspaces and protected spaces

● Safe collision detection

● Safe force monitoring 

● Safe detection of incorrect loads

● Safe motion direction monitoring

● …

22
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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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ISO 12100 Risk 
assessment and risk 

reduction

ISO 10218-1 Robots and robotic 
devices - Part 1: Robots

ISO 10218-1 Robots and robotic 
devices - Part 2: Robot systems and 

integration

B1
overall safety aspects

B2
relevant safety devices

ISO 13849-1 
Safety-related parts of 

control systems

ISO/TS 15066:2016
Robots and robotic devices — 

Collaborative robots

specifies safety 
requirements for 

collaborative industrial robot 
systems and the work 

environment, and 
supplements the 

requirements and guidance 
on collaborative industrial 

robot operation given in ISO 
10218‑1 and ISO 10218‑2.

A

C
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Collaborative workspace

25

collaborative workspace - 
space within the operating 
space where the robot system 
(including the workpiece) and 
a human can perform tasks 
concurrently during production 
operation
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Speed and separation monitoring

26

Villani et al. (2018)

Svarny, P.; Tesar, M.; Behrens, J. K. & Hoffmann, M. (2019), Safe physical HRI: Toward a unified treatment of speed and separation monitoring together with 
power and force limiting, in 'Intelligent Robots and Systems (IROS), 2019 IEEE/RSJ International Conference on', IEEE, pp. 7574-7581.

http://www.youtube.com/watch?v=-TC4WsdJJAM&t=8
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Physical HRI - Lecture slides by Alessandro de Luca 
http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_Introduction.pdf 

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_Introduction.pdf
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ISO 12100 Risk 
assessment and risk 

reduction

ISO 10218-1 Robots and robotic 
devices - Part 1: Robots

ISO 10218-1 Robots and robotic 
devices - Part 2: Robot systems and 

integration

B1
overall safety aspects

B2
relevant safety devices

ISO 13849-1 
Safety-related parts of 

control systems

ISO/TS 15066:2016
Robots and robotic devices — 

Collaborative robots

A

C

ISO 13855:2010
Safety of machinery — 

Positioning of safeguards with 
respect to the approach 

speeds of parts of the human 
body
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Slide from: Theo Jacobs, 
Fraunhofer IPA, Safety standards 
and risk assessment for robots, 
2016
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Measuring and designing collaborative workspace coverage 
by diverse sensors

30

Rozlivek, J.; Svarny, P. & Hoffmann, M. (2023), Perirobot space representation for HRI: measuring and designing collaborative workspace 
coverage by diverse sensors, in 'Intelligent Robots and Systems (IROS), IEEE/RSJ International Conference on', pp. 5958-5965. 
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Measuring and designing collaborative workspace coverage 
by diverse sensors

31

Rozlivek, J.; Svarny, P. & Hoffmann, M. (2023), Perirobot space representation for HRI: measuring and designing collaborative workspace 
coverage by diverse sensors, in 'Intelligent Robots and Systems (IROS), IEEE/RSJ International Conference on', pp. 5958-5965. 
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Measuring and designing collaborative workspace coverage 
by diverse sensors

32

Rozlivek, J.; Svarny, P. & Hoffmann, M. (2023), Perirobot space representation for HRI: measuring and designing collaborative workspace 
coverage by diverse sensors, in 'Intelligent Robots and Systems (IROS), IEEE/RSJ International Conference on', pp. 5958-5965. 



© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

Speed and separation monitoring

33

Villani et al. 
(2018)

ISO/TS 15066
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Slide from F. Vicentini: Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 

Tr - reaction time of the robot 
system 

● including time 
required for detection 
of operator position, 
processing of this 
signal, activation of a 
robot stop

● excluding the time it 
takes the robot to 
come to a stop

Ts - stopping time of the robot
● from the activation of 

the stop command 
until the robot has 
halted;

● Ts is not a constant 
but a function of robot 
configuration, 
planned motion, 
speed, end effector, 
and load

Sh - contribution to Sp due to 
operator’s change in location

Protective separation distance (Sp)

Sr - contribution to Sp due to robot 
system’s reaction time

Ss - contribution to Sp while the 
robot is stopping; vs robot speed in 
the course of stopping
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Case study

35

Svarny, P.; Tesar, M.; Behrens, J. K. & Hoffmann, M. (2019), Safe physical HRI: 
Toward a unified treatment of speed and separation monitoring together with 
power and force limiting, in 'Intelligent Robots and Systems (IROS), 2019 
IEEE/RSJ International Conference on', IEEE, pp. 7574-7581.

robot base, not robot 
links considered => full 
robot reach needs to be 
added: 
Sp = 1.17 + 0.8 = 1.97m 
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Svarny, P.; Tesar, M.; Behrens, J. K. & Hoffmann, M. (2019), Safe physical HRI: Toward a 
unified treatment of speed and separation monitoring together with power and force 
limiting, in 'Intelligent Robots and Systems (IROS), 2019 IEEE/RSJ International Conference 
on', IEEE, pp. 7574-7581.

Human keypoint detection

Docekal, J.; Rozlivek, J.; Matas, J. & Hoffmann, M. (2022), Human keypoint detection for close proximity human-robot 
interaction, in 'IEEE-RAS International Conference on Humanoid Robots (Humanoids 2022)', pp. 450-457.
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Shop floor design 1 - traditional 

37

Slide from F. Vicentini: Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 
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Shop floor design 2 - safety-rated monitored stop
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Slide from F. Vicentini: Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 
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Shop floor design 3a 

39

Slide from F. Vicentini: Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 
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Case study

40

Svarny, P.; Tesar, M.; Behrens, J. K. & Hoffmann, M. (2019), Safe physical HRI: 
Toward a unified treatment of speed and separation monitoring together with 
power and force limiting, in 'Intelligent Robots and Systems (IROS), 2019 
IEEE/RSJ International Conference on', IEEE, pp. 7574-7581.

robot base, not robot 
links considered => full 
robot reach needs to be 
added: 
Sp = 1.17 + 0.8 = 1.97m 
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Shop floor design 3b - PFL collaborative mode 

41

Slide from F. Vicentini: Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 
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Shop floor design 3c - SSM collaborative mode 
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Slide from F. Vicentini: Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 
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Case study

43

Svarny, P.; Tesar, M.; Behrens, J. K. & Hoffmann, M. (2019), Safe physical HRI: Toward a unified 
treatment of speed and separation monitoring together with power and force limiting, in 'Intelligent 
Robots and Systems (IROS), 2019 IEEE/RSJ International Conference on', IEEE, pp. 7574-7581.
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Close proximity human keypoint detection

44

Docekal, J.; Rozlivek, J.; Matas, J. & Hoffmann, M. (2022), Human keypoint detection for close proximity human-robot interaction, in 'IEEE-RAS 
International Conference on Humanoid Robots (Humanoids 2022)', pp. 450-457.
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Close proximity human keypoint detection

45

Docekal, J.; Rozlivek, J.; Matas, J. & Hoffmann, M. (2022), Human keypoint detection for close proximity human-robot interaction, in 'IEEE-RAS 
International Conference on Humanoid Robots (Humanoids 2022)', pp. 450-457.
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Close proximity human keypoint detection

46

Docekal, J.; Rozlivek, J.; Matas, J. & Hoffmann, M. (2022), Human keypoint detection for close proximity human-robot interaction, in 'IEEE-RAS 
International Conference on Humanoid Robots (Humanoids 2022)', pp. 450-457.
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Close proximity human keypoint detection

47

Docekal, J.; Rozlivek, J.; Matas, J. & Hoffmann, M. (2022), Human keypoint detection for close proximity human-robot interaction, in 'IEEE-RAS 
International Conference on Humanoid Robots (Humanoids 2022)', pp. 450-457.

http://www.youtube.com/watch?v=aSD7mgz4_sE
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Svarny, P.; Tesar, M.; Behrens, J. K. & Hoffmann, M. (2019), Safe physical HRI: 
Toward a unified treatment of speed and separation monitoring together with 
power and force limiting, in 'Intelligent Robots and Systems (IROS), 2019 
IEEE/RSJ International Conference on', IEEE, pp. 7574-7581.

Could we do the risk assessment and deploy this 
application?

● Intel Realsense performance level (PL)?
● OpenPose performance level?
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Problems with deployment of AI / deep learning
● Good solutions working 99.9% of the time are not good enough here. 

○

49

Vision-AI-based proximity detection system for industrial applications, 

https://covrfilestorage.blob.core.windows.net/documents/casestories/Case%20st

ory%20Tekniker.pdf 

Intelligent 3D safety sensor for cobot applications, 

https://covrfilestorage.blob.core.windows.net/documents/casestorie

s/CobotSense%20-%20COVR%20Case%20Story%20(Public).pdf 

https://www.safearoundrobots.com/toolkit/casestories

https://covrfilestorage.blob.core.windows.net/documents/casestories/Case%20story%20Tekniker.pdf
https://covrfilestorage.blob.core.windows.net/documents/casestories/Case%20story%20Tekniker.pdf
https://covrfilestorage.blob.core.windows.net/documents/casestories/CobotSense%20-%20COVR%20Case%20Story%20(Public).pdf
https://covrfilestorage.blob.core.windows.net/documents/casestories/CobotSense%20-%20COVR%20Case%20Story%20(Public).pdf
https://www.safearoundrobots.com/toolkit/casestories
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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.

Examples of cobots

KUKA LBR iiwa 7R800 UR10e + Airskin

in our lab
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Safe design and SSM
What role does safe design 
play in SSM?

● Not so big - robot stops 
before contact! 

● Breaking distance may 
depend on robot mass…

● No need for cobot then?
● Robot behavior 

(Cartesian trajectory, 
joint trajectory, 
velocities, breaking time 
and distance…) needs to 
be safety-rated.

51
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Slide from: Theo Jacobs, Fraunhofer IPA, 
Safety standards and risk assessment for 
robots, 2016
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Next
● Modeling of impacts.
● What does impact force depend on?

○ Velocity of colliding bodies.
○ Contact type - quasi-static / transient.
○ Contact area and material properties 

(stiffness/damping).
○ Robot effective mass.
○ Robot reaction. 

● Power and force limiting mode of 
collaboration.

● Interaction control
○ Collision detection, isolation, reaction…
○ Impedance / admittance control, force 

control…

54
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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.
● Online resources

○ Theo Jacobs, Safety standards and risk assessment for robots, 
https://www.ipa.fraunhofer.de/en/expertise/robot-and-assistive-systems/service-robot-technologies/safe-human-robot-interaction.html 

○ project COVR: https://www.safearoundrobots.com/
○ 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 

■ Safety of collaborative robotics. Speed and separation monitoring @ IROS 2018. 
○ Alessandro de Luca

■ Physical HRI - Lecture slides by Alessandro de Luca: http://www.diag.uniroma1.it/deluca/pHRI.php.
● Speed and separation monitoring: #4 pHRI_CoexistenceCollaboration.pdf (84 slides, April 8, 2022) - 

http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CoexistenceCollaboration.pdf 
■ Youtube playlist: https://www.youtube.com/playlist?list=PLvAUmIzqq6oaRtwX9l9sjDhcNMXNCGSN0 
■ Talks on youtube. E.g., https://youtu.be/L_Ql9P2-ybY 

● Articles
○ Vicentini, F. (2021). Collaborative robotics: a survey. Journal of Mechanical Design, 143(4).
○ 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.
● Other resources

○ Filip Pelikán, SICK, Bezpečný stroj, 2018

55

https://www.ipa.fraunhofer.de/en/expertise/robot-and-assistive-systems/service-robot-technologies/safe-human-robot-interaction.html
https://www.safearoundrobots.com/
https://www.etui.org/sites/default/files/ez_import/2019_ETUI_vicentini_collaborative%20robotics.pdf
http://www.diag.uniroma1.it/deluca/pHRI.php
http://www.diag.uniroma1.it/deluca/pHRI_elective/pHRI_CoexistenceCollaboration.pdf
https://www.youtube.com/playlist?list=PLvAUmIzqq6oaRtwX9l9sjDhcNMXNCGSN0
https://youtu.be/L_Ql9P2-ybY

