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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/iZF4

ph4zMEA 

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

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

• inertial sensors (IMU)
• microphones… 

Humanoids have much more than that …



7
© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024



8
© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

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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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

Start at ~1:00
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Christensen, H. I., & Hager, G. D. 

(2016). Sensing and estimation. 

In Springer Handbook of Robotics (pp. 

91-112). Springer, Cham.



11
© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

Sense of touch in robots

tactile sensors for fingertips 

large area tactile arrays
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Tactile sensors for fingertips

Dahiya, R. S., Metta, G., Valle, M., & Sandini, G. (2010). Tactile sensing—from humans to humanoids. IEEE 

Transactions on Robotics, 26(1), 1-20.
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Tactile sensors – transduction principle

Tang, R., Lu, F., Liu, L., Yan, Y., Du, Q., Zhang, B., ... & Fu, H. (2021). Flexible pressure sensors 

with microstructures. Nano Select, 2(10), 1874-1901.

“electrical”

optical

magnetic

https://contactile.com/novel-optical-sensing-technology/ 

Jamone, L., Natale, L., Metta, G., & Sandini, G. (2015). 

Highly sensitive soft tactile sensors for an 

anthropomorphic robotic hand. IEEE Sensors 

Journal, 15(8), 4226-4233.

https://contactile.com/novel-optical-sensing-technology/
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Magnetic tactile sensors

Jamone, L., Natale, L., Metta, G., & Sandini, G. (2015). 

Highly sensitive soft tactile sensors for an 

anthropomorphic robotic hand. IEEE Sensors 

Journal, 15(8), 4226-4233.

https://www.xelarobotics.com/tactile-sensors 

https://reskin.dev/

https://youtu.be/SxT_G-Im_CA?feature=shared 

https://www.xelarobotics.com/tactile-sensors
https://reskin.dev/
https://youtu.be/SxT_G-Im_CA?feature=shared
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Optical tactile sensors

https://contactile.com/novel-optical-sensing-technology/ 

☺ trending now
☺ high spatial 

resolution 
 postprocessing

 machine 
learning 
needed for 
interpretation

 latency

Lambeta, M., Chou, P. W., Tian, S., Yang, B., Maloon, B., Most, V. R., ... & Calandra, R. (2020). Digit: A novel design for a low-cost compact high-resolution 

tactile sensor with application to in-hand manipulation. IEEE Robotics and Automation Letters, 5(3), 3838-3845.

https://contactile.com/novel-optical-sensing-technology/
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Robots with whole-body 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



17
© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

Large-scale robot skin in our lab

iCub humanoid ~ 
4000 taxels

Nao humanoid 
retrofitted with “iCub 

skin” – 970 taxels

UR 10 
manipulator with 

Airskin
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Tactile sensors for large areas

Dahiya, R. S., Metta, G., Valle, M., & Sandini, G. (2010). Tactile sensing—from humans to humanoids. IEEE 

Transactions on Robotics, 26(1), 1-20.
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Capacitive robot skin
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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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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.

Capacitive sensors
- popular solution
☺ high sensitivity
☺ relatively low power consumption
☺ simple device architecture and 

readout electronics
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Human Touch Recognition and Classification

Goal: To use robot skin feedback:
– to capture complex contact events between the robot 

and the environment including objects and humans

– discriminate voluntary contacts from unplanned ones 

Processing pipeline
a) Contact with the robot

b) 3D mapping of measurements

c) Tactile image generation (3D to 2D) 

and classification 

d) Hand tactile image segmentation 

e) Back-projection to 3D

A. Albini, G. Cannata, “Pressure Distribution Classification and Segmentation of Human Hands in Contact with the Robot Body, The International Journal of 

Robotics Research (2020)

Slide – courtesy Giorgio Cannata, Uni. Genova
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Results

Key results:
– Processing pipeline 

– Hand vs. non-hand contact classification

– Hand contact segmentation

– Robustness analysis

– Portability analysis

Hand 

tactile images

Non-Hand

tactile images

CNN

Hand

Non-Hand

CNN

CLASSIFICATION
SEMANTIC

SEGMENTATIONINPUT DATA

A. Albini, G. Cannata, “Pressure Distribution Classification and Segmentation of Human Hands in Contact with the Robot Body, The International Journal of 

Robotics Research (2020)

Slide – courtesy Giorgio Cannata, Uni. Genova
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Low wiring encumbrance

Multiplexing

High sensitivity

Immunity to EM

Animation source: https://fisens.com/fbg-sensors/

Slide – courtesy Calogero M. Oddo, SSSA Pisa

https://fisens.com/fbg-sensors/
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Slide – courtesy Calogero M. Oddo, SSSA Pisa
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Massari, L., Fransvea, G., D'Abbraccio, J., Filosa, M., Terruso, G., Aliperta, A., ... & Oddo, C. M. (2022). Functional mimicry of Ruffini receptors
with Fiber Bragg Gratings and Deep Neural Networks enables a bio-inspired large-area tactile sensitive skin.
Nature Machine Intelligence 2022

Slide – courtesy Calogero M. Oddo, SSSA Pisa



28
© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

Slide – courtesy Calogero M. Oddo, SSSA Pisa
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Multimodal robot skin

Cheng, G., Dean-Leon, E., Bergner, F., Olvera, J. R. G., Leboutet, Q., & Mittendorfer, P. (2019). A comprehensive realization of 

robot skin: Sensors, sensing, control, and applications. Proceedings of the IEEE, 107(10), 2034-2051.

Gordon Cheng, 
Technical University of Munich



30
© Matej Hoffmann, Humanoid robots, FEE CTU in Prague, 2024

Multimodal robot skin

Cheng, G., Dean-Leon, E., Bergner, F., Olvera, J. R. G., Leboutet, Q., & Mittendorfer, P. (2019). A comprehensive realization of 

robot skin: Sensors, sensing, control, and applications. Proceedings of the IEEE, 107(10), 2034-2051.
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Multimodal robot skin

• How would you use the skin?

• How would you calibrate it (spatial skin 
calibration)?

Cheng, G., Dean-Leon, E., Bergner, F., Olvera, J. R. G., Leboutet, Q., & Mittendorfer, P. (2019). A comprehensive realization of 

robot skin: Sensors, sensing, control, and applications. Proceedings of the IEEE, 107(10), 2034-2051.
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Multimodal robot skin

Cheng, G., Dean-Leon, E., Bergner, F., Olvera, J. R. G., Leboutet, Q., & Mittendorfer, P. (2019). A comprehensive realization of 

robot skin: Sensors, sensing, control, and applications. Proceedings of the IEEE, 107(10), 2034-2051.
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Multimodal robot skin

https://youtu.be/uhYENEC53ho?si=7wAHpc0u7_8DZufy 

https://youtu.be/uhYENEC53ho?si=7wAHpc0u7_8DZufy
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Collaborative robots with protective skin
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35

Spatial calibration of whole-body artificial skin 
on humanoid robots
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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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37

CAD-based calibration
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38

3D reconstruction
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Results - CAD and 3D reconstruction
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40

Self-touch

“skin on skin” “artificial finger”
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41

Results - perturbations
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(Top – left) skin-on-skin, (top – right) finger, (bottom) combination.

42

Results - 2D input
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Large-area sensitive skins - challenges

• resilience
• manufacturing
• mechanics
• sensorics
• electronics
• energetics
• information 

processing
• transport

Dahiya, R., Yogeswaran, N., Liu, F., Manjakkal, L., 

Burdet, E., Hayward, V., & Jörntell, H. (2019). 

Large-area soft e-skin: The challenges beyond 

sensor designs. Proceedings of the IEEE, 107(10), 

2016-2033.

~ 4000 tactile receptors
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What is similar or different? Discussion. 
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Human receptors for touch

Ref : Koeppen & 
Stanton : Berne & 
Levy Physiology, 

6th Edition

Aristotle (400 B.C.) wondered
whether touch was one sense or
many…
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Dahiya, R. S., Metta, G., Valle, M., & Sandini, G. (2010). Tactile sensing—from humans to humanoids. IEEE 

Transactions on Robotics, 26(1), 1-20.
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Human tactile sensing and “e-skin” timeline

Dahiya, R. S., Metta, G., Valle, M., & Sandini, G. (2010). Tactile sensing—from humans to humanoids. IEEE 

Transactions on Robotics, 26(1), 1-20.
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Human vs. robot sense of touch - discussion

• Mechanical state of the skin, which is a deformable solid, 
requires an infinite number of coordinates to be described (~ 
3-D continuous medium).

• Yet, touch sensors generate scalar outputs ~ tremendous 
dimensionality reduction.

• “Tactile image” – is limited. 

• Touch requires the availability of sensors with different

• properties. 
• → embedding sensors in elastic material at different depths

• Power consumption is a critical issue. 
• 1000 iCub tactile sensors ~ 8 W. 4000 tactile sensors ~ 32 W. 

• Human skin ~ 45 000 mechanoreceptors distributed in the skin + thermoreceptors + 
C-fiber system.

• -> Event-based and neuromorphic processing of touch

Discussion on this slide after:

Dahiya, R., Yogeswaran, N., Liu, F., Manjakkal, L., Burdet, E., Hayward, V., & Jörntell, H. (2019). Large-area soft e-skin: The 

challenges beyond sensor designs. Proceedings of the IEEE, 107(10), 2016-2033.
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Liu, F., Deswal, S., Christou, A., Sandamirskaya, Y., Kaboli, M., & Dahiya, R. (2022). Neuro-inspired electronic skin for 

robots. Science robotics, 7(67), eabl7344.
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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

• Dahiya, R. S., Metta, G., Valle, M., & Sandini, G. (2010). 
Tactile sensing—from humans to humanoids. IEEE 
Transactions on Robotics, 26(1), 1-20.

• Cheng, G., Dean-Leon, E., Bergner, F., Olvera, J. R. G., 
Leboutet, Q., & Mittendorfer, P. (2019). A comprehensive 
realization of robot skin: Sensors, sensing, control, and 
applications. Proceedings of the IEEE, 107(10), 2034-2051.

https://github.com/Introduction-to-Autonomous-Robots/Introduction-to-Autonomous-Robots
https://github.com/Introduction-to-Autonomous-Robots/Introduction-to-Autonomous-Robots
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