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Sensors in a robot manipulator - position

• Encoders

Correll, N., Hayes, B., Heckman, C., Roncone, A. (2022). 

Position Sensors
• 45 Absolute Position Sensors in the joints (analog or digital hall 
effect sensor) (12 bits/turn)

• 20 optical encoders for DC motors (10 to 12 bits/turn)
• 11 Reflective Encoder on the ROTOR shaft of the BLDC 
Motors (about 12 bits/turn) 

Marco Maggiali, iCub system architecture 2021

Parmiggiani, A., Maggiali, M., Natale, L., Nori, F., Schmitz, A., Tsagarakis, N., ... & Metta, G. (2012). 
The design of the iCub humanoid robot. International journal of humanoid robotics, 9(04), 1250027.

• What is it enough for?
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Sensors in a manipulator – force / torque

• motor current – motor load
• with complex modeling, joint torques 

and possibly ext. wrenches can be 
coarsely estimated

• force/torque sensor at the flange
• joint torque sensors
• force/torque sensor located 

proximally

Parmiggiani, A., Randazzo, M., Natale, L., Metta, G., & Sandini, G. (2009, December). Joint torque sensing for the upper-
body of the iCub humanoid robot. In 2009 9th IEEE-RAS International Conference on Humanoid Robots (pp. 15-20). IEEE.

shoulder roll with 
semiconductor strain 
gauge Discussion
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Example – contact detection

Rustler, L., Lundell, J., Behrens, J. K., Kyrki, V., & Hoffmann, M. (2022). 'Active 
Visuo-Haptic Object Shape Completion'. IEEE Robotics and Automation Letters 7
(2), 5254-5261. 

From 1:10 in 
https://youtu.be/
iZF4ph4zMEA

https://youtu.be/iZF4ph4zMEA
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• 53+ joint encoders
• 4 F/T sensors
• 2 cameras
• tactile sensors

• cca 4000 pressure-
sensitive tactile
elements (taxels) on the
whole body

• inertial sensors
• microphones…

Humanoids have much more than that …
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Why do we need all that? 

• To make the robot look more like a human?
• No. Much less is needed for that.

Keepon by Hideki Kozima
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Robots with electronic skin
• It seems quite clear why cameras or 

microphones are useful…
• Why skin?

• Whole-body contact sensing and regulation
• For HRI:

• Safety
– Contact detection and localization
– Skin on whole body => safety of whole body

• Social interaction
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Humanoids with artificial skin
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The capacitive robot skin



12Natale, L., Bartolozzi, C., Nori, F., Sandini, G., & Metta, G. (2019). iCub. In Goswami, A., 
& Vadakkepat, P. (Eds.): Humanoid robotics: A reference. Springer. pp. 291-323.
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Maiolino, P.; Maggiali, M.; Cannata, G.; 
Metta, G. & Natale, L. (2013), 'A flexible 
and robust large scale capacitive tactile 
system for robots', Sensors Journal, 
IEEE 13(10), 3910--3917.

Natale, L., Bartolozzi, C., Nori, F., Sandini, G., & Metta, G. 
(2019). iCub. In Goswami, A., & Vadakkepat, P. (Eds.): 
Humanoid robotics: A reference. Springer. pp. 291-323.
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Collaborative robots with protective skin
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Electronic skin - project 1

https://youtu.be/n_S7pwMTWsI

https://fel.cvut.cz/cz/education/semestralni-
projekty?supervisor=hoffmmat

https://youtu.be/n_S7pwMTWsI
https://fel.cvut.cz/cz/education/semestralni-projekty?supervisor=hoffmmat
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Electronic skin - project 2
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Inertial measurement unit

• What is it?
• 3-axis accelerometer, 3x gyroscope, 

magnetometer (~ compass)
• what use is it for a humanoid robot?
• where would you place it? 

IMU XSENSE Mti-300-AHRS
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Christensen, H. I., & Hager, G. D. 
(2016). Sensing and estimation. 
In Springer Handbook of Robotics (pp. 
91-112). Springer, Cham.
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Redundant and inaccurate sensory information

• Engineer’s dream: 1 quantity to be 
measured ~ 1 sensor with perfect accuracy

• Biological reality: large number of 
inaccurate signals with nonlinear 
relationships to the measured quantity

• Example: proprioception
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Muscle and skeletal mechanoreceptors

Kandel, E. R. et al. (2021). Principles of 
neural science, 6th edition. New York: 
McGraw-hill.
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From muscle length to joint angle
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How is proprioception encoded in the brain (SI)?

Kim, S. S., Gomez-Ramirez, M., Thakur, P. H., & Hsiao, S. S. (2015). 
Multimodal Interactions between Proprioceptive and Cutaneous Signals 
in Primary Somatosensory Cortex. Neuron, 86(2), 555-566.
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Kim, S. S., Gomez-Ramirez, M., 
Thakur, P. H., & Hsiao, S. S. 
(2015). Multimodal Interactions 
between Proprioceptive and 
Cutaneous Signals in Primary 
Somatosensory Cortex. Neuron, 
86(2), 555-566.

The proprioceptive representations seems largely learned after birth.
• Proprioceptive areas (3a, 1, 2) are not responsive in New World 

and Old World monkey neonates (Krubitzer et al. 2004).
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Redundancy is key to learning 
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Automatic self-contained robot calibration -
motivation

Traditional calibration procedures: 
external measuring apparatus ->
impractical when frequent changes 
(robot, site where deployed)
Current robots:
● cheaper and more elastic 

materials
● set of affordable but 

increasingly accurate 
sensors  (e.g. RGB-D cameras, 
tactile, force, or inertial 
sensors, etc.)
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Motivation

Traditional calibration approaches:
- open-loop (external metrology) 
- closed-loop (in contact with the environment)

Require external apparatus

automatic self-contained robot calibration

+ camera reprojection errors
+ constraints arising from robot self-contact
+ simultaneous calibration of multiple
kinematic chains.

automatic self-
contained robot 

calibration

https://www.sciencedirect.com/topics/engineering/kinematic-chain
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Multisensorial self-contained robot calibration

Roncone, A.; Hoffmann, M.; Pattacini, U. & Metta, G. 
(2014), Automatic kinematic chain calibration using 
artificial skin: self-touch in the iCub humanoid robot, in 
'Proc. IEEE Int. Conf. Robotics and Automation (ICRA)'.

Stepanova, K.; Pajdla, T. & Hoffmann, M. (2019), 
'Robot self-calibration using multiple kinematic 
chains – a simulation study on the iCub humanoid 
robot', IEEE Robotics and Automation Letters 4(2), 
1900-1907.

Rustler, L.; Potocna, B.; Polic, M.; Stepanova, K. & 
Hoffmann, M. (2021), Spatial calibration of whole-body 
artificial skin on a humanoid robot: comparing self-
contact, 3D reconstruction, and CAD-based calibration, 
in 'Humanoid Robots (Humanoids), IEEE-RAS 
International Conference on'. 

Stepanova, K.; Rozlivek, J.; Puciow, F.; 
Krsek, P.; Pajdla, T. & Hoffmann, M. 
(2022), 'Automatic self-contained 

calibration of an industrial dual-arm 
robot with cameras using self-contact, 

planar constraints, and self-
observation', Robotics and Computer-

Integrated Manufacturing. 

https://github.com/ctu-
vras/multirobot-
calibration

Rozlivek, J.; Rustler, L.; Stepanova, K. & 
Hoffmann, M. (2021), Multisensorial robot 
calibration framework and toolbox, in 
'Humanoid Robots (Humanoids), IEEE-RAS 
International Conference on'. 

https://github.com/ctu-vras/multirobot-calibration
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Self-contact to calibrate kinematics

• Using skin spatial calibration to fine-tune robot kinematics

Roncone, A.; Hoffmann, M.; Pattacini, U. & Metta, G. (2014), Automatic 
kinematic chain calibration using artificial skin: self-touch in the iCub humanoid 
robot, in 'Proc. IEEE Int. Conf. Robotics and Automation (ICRA)'.
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Making the robot touch its own body

Two fixed-base kinematic chains, with
• origins O1 and O2 (shoulders of iCub)
• end-effectors EE1 and EE2 (palms of the robot)
• blue cross – point to be touched
• PoC – final, unknown, point of contact in

operational space

Problems:
• Limited nr. DOF for the

task
• Finding PoC
• Undesired self-collisions

at other points
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Reformulation of the kinematic chain

-> single floating-base serial chain with origin
O in the point to be touched

• half of the kinematic chain needs to be
“reversed” – traversed upside down

Advantages:
• Final PoC defined

implicitly (base is
floating)

• More DOF available
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Self-calibration 
optimization problem formulation

Optimizing the parameter vector:
ϕi = ai , di , αi, oi with i ∈ [1, n], 
• where a, d, α, and o are the Denavit-

Hartenberg parameters 
• in our case i=12, i.e. 12 DoF (5 on the 

«touched» and 7 on «touching» arm)
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Optimization problem formulation (2)
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Optimization problem formulation (3)

• Minimizing total position error, where
• θ m are joint angles of m-th sample as read from

joint encoders
• pe is the estimated position as a function of joint

angles and current param. values
• ps of the end-effector as measured from the skin
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Self-contact to calibrate skin
• Using kinematics for skin spatial calibration
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Rustler, L.; Potocna, B.; Polic, M.; Stepanova, K. & Hoffmann, M. (2021), Spatial calibration of whole-body artificial skin on a 
humanoid robot: comparing self-contact, 3D reconstruction, and CAD-based calibration, in 'Humanoid Robots (Humanoids), IEEE-
RAS International Conference on', pp. 445-452. 
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Self-observation to calibrate kinematics

Vicente, P., Jamone, L., & Bernardino, A. (2016). Online body schema adaptation based on 
internal mental simulation and multisensory feedback. Frontiers in Robotics and AI, 3, 7.
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• Multiple kinematic chain closures
• Self-touch
• Self-observation (vision)

Multi-chain calibration

Stepanova, K.; Pajdla, T. & Hoffmann, M. (2019), 'Robot self-calibration using multiple kinematic 
chains – a simulation study on the iCub humanoid robot', IEEE Robotics and Automation 
Letters 4(2), 1900-1907.
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Multi-chain optimization function
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“Industrial humanoid”

1) Geometric kinematic calibration using self-contained 
approaches X calibration based on an external laser tracker

2) How the individual methods can be combined into a single 
cost function

3) Simultaneous (all parameters at once) X sequential calibration
4) New dataset for robot kinematic calibration

2 industrial manipulators, a common base, 
force/torque sensors at wrists, 2 cameras, 
special end effectors with fiducial markers

Setup

self-contact, planar constraints, self-
observation, laser tracker

Calibration methods

● custom end effector
● joint offsets of the complete 

kinematic chain of one arm
● full Denavit-Hartenberg (DH) 

representation of the platform

Calibrated 
parameters

Stepanova, K.; Rozlivek, J.; Puciow, F.; Krsek, P.; Pajdla, T. & Hoffmann, M. (2022), 'Automatic self-contained calibration of an 
industrial dual-arm robot with cameras using self-contact, planar constraints, and self-observation', Robotics and Computer-
Integrated Manufacturing 73, 102250. [DOI][Elsevier - OPEN ACCESS pdf][youtube-video]

https://www.sciencedirect.com/topics/engineering/end-effector
https://www.sciencedirect.com/topics/computer-science/fiducial-marker
https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.rcim.2021.102250&sa=D&sntz=1&usg=AOvVaw2-498Tx_gVYLdLSiZ_9ZIE
https://www.google.com/url?q=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0736584521001307&sa=D&sntz=1&usg=AOvVaw0Xe9wruZp4JDq_2sBN_sKQ
https://youtu.be/LMwINqA1t9w
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• Multiple kinematic chain closures
• Self-touch
• Self-observation (vision)

• Contact with a planar constraint

Multi-chain calibration

Stepanova, K.; Rozlivek, J.; Puciow, F.; Krsek, P.; Pajdla, T. & Hoffmann, M. (2022), 'Automatic self-contained calibration of an 
industrial dual-arm robot with cameras using self-contact, planar constraints, and self-observation', Robotics and Computer-
Integrated Manufacturing 73, 102250. [DOI][Elsevier - OPEN ACCESS pdf][youtube-video]

https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.rcim.2021.102250&sa=D&sntz=1&usg=AOvVaw2-498Tx_gVYLdLSiZ_9ZIE
https://www.google.com/url?q=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0736584521001307&sa=D&sntz=1&usg=AOvVaw0Xe9wruZp4JDq_2sBN_sKQ
https://youtu.be/LMwINqA1t9w
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Stepanova, K.; Rozlivek, J.; Puciow, F.; Krsek, P.; Pajdla, 
T. & Hoffmann, M. (2022), 'Automatic self-contained 
calibration of an industrial dual-arm robot with cameras 
using self-contact, planar constraints, and self-
observation', Robotics and Computer-Integrated 
Manufacturing 73, 102250. [DOI][Elsevier - OPEN 
ACCESS pdf][youtube-video]

https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.rcim.2021.102250&sa=D&sntz=1&usg=AOvVaw2-498Tx_gVYLdLSiZ_9ZIE
https://www.google.com/url?q=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0736584521001307&sa=D&sntz=1&usg=AOvVaw0Xe9wruZp4JDq_2sBN_sKQ
https://youtu.be/LMwINqA1t9w
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Multisensorial robot calibration toolbox

Rozlivek, J.; Rustler, L.; Stepanova, K. & Hoffmann, M. 
(2021), Multisensorial robot calibration framework and 
toolbox, in 'Humanoid Robots (Humanoids), IEEE-RAS 
International Conference on'. 

https://github.com/ctu-vras/multirobot-calibration

https://github.com/ctu-vras/multirobot-calibration
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Resources

• Ch. 7 Sensors in Correll, N., Hayes, B., Heckman, C., 
Roncone, A. (2022). Introduction to Autonomous Robots: 
Mechanisms, Sensors, Actuators, and Algorithms, MIT Press 
(forthcoming). [FREELY 
AVAILABLE]. https://github.com/Introduction-to-Autonomous-
Robots/Introduction-to-Autonomous-Robots

• Hoffmann, M. (2022), Biologically inspired robot body models 
and self-calibration, in Marcelo Ang; Oussama Khatib & Bruno 
Siciliano, ed., 'Encyclopedia of Robotics', Springer. [DOI]

https://github.com/Introduction-to-Autonomous-Robots/Introduction-to-Autonomous-Robots
https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1007%2F978-3-642-41610-1_201-1&sa=D&sntz=1&usg=AOvVaw0h8qu8TLmjlvmLLPV91x1D
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