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研究成果の概要（和文）：本研究では容量型かつホール効果計測に基づく触覚センサーを開発し、ロボットハン
ドに実装した。主要な新規性としては、小型でソフトな形状の３力軸センサー（X.Y.X軸）を可能した点であ
る。加えて、容量型６軸力トルクセンサーが実装されている。また必要最低限のワイヤですべてのセンサーが統
合できる。さらに、巧みなハンド操作を目指す研究も実施した。

研究成果の概要（英文）：We developed tactile sensors based on capacitive and Hall effect sensing, 
and implemented them in robot hands. The main novelty is that the skin sensors enable 3-axis force 
sensing (x,y,z force) in a small and soft form factor. Moreover, capacitive 6-axis force-torque 
sensors were implemented. All sensors require a minimum number of wires for ease of integration. 
Furthermore, we performed research on in-hand manipulation.

研究分野： Robotics
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１．研究開始当初の背景 
 
Measuring the contact forces is crucial to 
ensure a safe and robust interaction of a 
robot with unknown environments. In 
humanoid robots the available space for 
sensors is limited. Not only the space for 
the transducer, but also the space for the 
readout circuit and the wires needs to be 
taken into account. 
 
２．研究の目的 
 
The goal of this project is to develop a 
tactile robot hand for safe and dexterous 
human-robot interaction. Existing sensors 
are too big, need many wires, or cannot 
measure the force vector. We will develop 
novel 6-axis force/torque (F/T) sensors for 
fingertips as well as distributed 3-axis 
force sensors. The sensors will be 
integrated into a robotic hand. Common 
problems such as size, wiring, hysteresis 
and temperature sensitivity will be 
minimized. The hand will be used for 
in-hand manipulation and for precise 
impedance control. Finally, a tactile robot 
hand will be demonstrated as a proof of 
concept. 
 
３．研究の方法 
 
We develop a novel 6-axis F/T sensor as well 
as distributed 3-axis force skin sensors, test 
their characteristics, implement them on a 
robot hand, and use them for various tasks.  

 
４．研究成果 
 
Year 1: 
 
We have implemented and tested the 3-axis 
capacitive force sensor for skin. The main 
novelty is the tilted capacitive 
transducers with copper beryllium that 
enables measuring the tangential forces 
acting on the sensor surface. Experiments 
clearly show that the sensor can sense the 
3D force vector with a certain level of 
accuracy. Even after the molding, the 
sensor has a relatively high SNR. In our 
experiments, the hysteresis was limited 
within 4% of the maximum force after the 
molding when covered with a 7mm-thick 
layer of Ecoflex Supersoft 30 silicone 
rubber. The temperature compensation pad 
can limit the effect of temperature 
changes on the sensor measurements. 
 
Furthermore, we have implemented a tactile 

sensor uses Hall-effect sensors. This 
sensor requires less space and the 
production is easier than for the 
capacitive sensor. We implemented a 
tactile sensor system that can be 
installed on robotic hands, in particular, 
the commercially available Allegro Hand 
from Simlab. Each sensor module contains 
16 tri-axial Hall effect force sensors and 
eight tri-axial accelerometers. The 
modules are 26mm long and 27mm wide and fit 
on each of the 11 servo motors that 
constitute the finger phalanges of the 
Allegro Hand. The 3-axis Hall effect 
sensors are close to each other (4.7 from 
the center of one sensor to the next), but 
experiments proved that the crosstalk is 
limited, and the position and shape of the 
contact can be extracted.  
 
Year 2: 
 
We have implemented the 6-axis F/T sensor 
based on capacitive sensing. The sensor 
employs a unique arrangement of the 12 
single axis transducers to allow it to 
measure the 6-axis force-torque while 
being small in size, light weight and 
providing digital output (I2C). 
 
Moreover, we further developed and 
evaluated the soft skin sensor based on 
Hall-Effect sensing. The sensor can now 
also be used on a curved surface like a 
fingertip. The sensor is low-cost, easy to 
manufacture, and can measure normal and 
shear forces. The SNR value of 54dB for 
0.4N load was achieved, which is 
relatively high for a soft skin sensor. 
Several sensor modules were integrated in 
a robot hand.  
 
We also performed work to optimize the 
fingertip shape and material and performed 
in-hand manipulation with the robot hand. 
 
Year 3: 
 
We further developed the sensor and tested 
it successfully. 
 
We implemented a small-sized 6-axis 
force-torque sensor, using a novel 
arrangement of 12 unit of the transducers 
based on the capacitive force transducer 
we have previously developed. It provides 
digital output via I2C bus to reduce the 
susceptibility to noise and the number of 
wires. Basic sensor characteristics such 
as its sensitivity, signal-to-noise ratio, 



linearity, and hysteresis have been 
verified. More importantly, we have 
verified that our sensor can detect and 
measure the 6-axis force-torque.   
 
５．主な発表論文等 
（研究代表者、研究分担者及び連携研究者に
は下線） 
 
〔雑誌論文〕（計 4 件） 
 
① Tomo, T.P., Schmitz, A., Wong, W.K., 

Kristanto, H., Somlor, S., Hwang, J., 
Jamone, L., Sugano, S. (2018) Covering 
a Robot Fingertip With uSkin: A Soft 
Electronic Skin With Distributed 
3-Axis Force Sensitive Elements for 
Robot Hands. IEEE Robotics and 
Automation Letters (RA-L), 3(1), pp. 
124-131,doi:10.1109/LRA.2017.273496
5. Presented also at IEEE/RSJ 
International Conference on Intelligent 
Robots and Systems (IROS 2017),査読
あり 
 

② Tomo, T.P., Somlor, S., Schmitz, A., 
Jamone, L., Huang, W., Kristanto, H. 
and Sugano, S. (2016) Design and 
Characterization of a Three-Axis Hall 
Effect-Based Soft Skin Sensor. Sensors 
(IF 2016: 2.677), 16(4), #491, 
doi:10.3390/s16040491,査読あり 

 
③ Somlor, S., Hartanto, R.S., Schmitz, A. 

and Sugano, S. (2015) A Novel Tri-axial 
Capacitive-Type Skin Sensor. 
Advanced Robotics, 29(21), pp. 
1375-1391,doi:10.1080/01691864.2015.
1092394,査読あり 

 
④ Somlor, S., Schmitz, A., Hartanto, R.S. 

and Sugano S. (2015) First Results of 
Tilted Capacitive Sensors to Detect 
Shear Force. Procedia Computer 
Science (SCOPUS Indexed - SNIP IF 
0.716), 76, pp. 101-106, 
doi:10.1016/j.procs.2015.12.289. Best 
paper award at 2015 IEEE 
International Symposium on Robotics 
and Intelligent Sensors (IEEE-IRIS 
2015), Langkawi, Malaysia,査読あり 

 
〔学会発表〕（計 14 件） 
 
① Somlor, S., Schmitz, A., Jinsun, H., 

Tomo, T.P., and Sugano, S. (2017) 
Development of a Capacitive-type 
6-axis Force-Torque Sensor. IEEE 
Sensors Conference 2017, doi: 
10.1109/ICSENS.2017.8234153 

 
② Tomo, T.P., Wong, W.K., Schmitz, A., 

Kristanto, H., Somlor, S., Hwang, J. 
and Sugano, S. (2016) SNR Modeling and 
Material Dependency Test of a Low-cost 
and Simple to Fabricate 3D Force Sensor 
for Soft Robotics, IEEE/SICE 
International Symposium on System 
Integration (SII, 2016), Sapporo, 
Japan, doi: 10.1109/SII.2016.7844036 

 
③ Tomo, T.P., Wong, W.K., Schmitz, A., 

Kristanto, H., Sarazin, A., Jamone, L., 
Somlor, S., Sugano, S. (2016) A Modular, 
Distributed, Soft, 3-Axis Sensor 
System for Robot Hands, IEEE-RAS 
International Conference on Humanoid 
Robots (Humanoids 2016), Cancun, 
Mexico, doi: 
10.1109/HUMANOIDS.2016.7803315 

 
④ Or, K., Morikuni, S., Ogasa, S., 

Funabashi, S., Schmitz, A., Sugano, S. 
(2016) A Study of Artificial Fingertip 
Designs and Their Influences on 
Performing Stable Prehension for 
Multi-Fingered Robot Hands, IEEE-RAS 
International Conference on Humanoid 
Robots (Humanoids 2016), Cancun, 
Mexico, doi: 
10.1109/HUMANOIDS.2016.7803361
  

 
⑤ Or, K., Tomura, M., Schmitz, A., 

Funabashi, S., Sugano, S. (2016) 
Position-Force Combination Control 
with Passive Flexibility for Versatile 
In-Hand Manipulation Based on Posture 
Interpolation, IEEE/RSJ International 
Conference on Intelligent Robots and 
Systems (IROS 2016), Daejeon, Korea, 
doi: 10.1109/IROS.2016.7759395  

 
⑥ Or, K., Schmitz, A., Funabashi, S., 

Tomura, M., Sugano, S. (2016) 
Development of Robotic Fingertip 
Morphology for Enhanced Manipulation 
Stability. IEEE International 
Conference on Advanced Intelligent 
Mechatronics (AIM 2016), Banff, Canada, 
doi: 10.1109/AIM.2016.7576738 

 
⑦ 黄 偉傑, 黄 振善, Harris Kristanto, 

Tito Pradhono Tomo, Sophon Somlor, 
Alexander Schmitz, 菅野 重樹, (2016) 
ロボットハンド用マルチモーダ, 柔軟性
を有する分散型 3 軸触覚センサの開発, 
第１７回ＳＩＣＥシステムインテグレー
ション部門講演会 (SI 2016), Sapporo, 
Japan 



 
⑧ Funabashi, S., Tomura, M., Or, K., 

Schmitz, A., Sugano, S. (2016) 能動柔
軟性と受動柔軟性による様々な物体の適
応的な操りを目指したロボットハンドシ
ステムの構築, RSJ 2016 

 
⑨ Funabashi, S., Tomura, M., Or, K., 

Schmitz, A., Sugano, S. (2016) 
Achievement of In-hand Manipulation by 
Interpolation Control with Soft Skin, 
Robomech 2016 

 
⑩ Funabashi, S., Sato, T., Schmitz, A., 

Sugano, S. (2015) Feature Extraction 
by Deep Learning for Improved In-Hand 
Manipulation. 6th International 
Conference on Advanced Mechatronics 
(ICAM2015), Tokyo, Japan 

 
⑪ Or, K., Tomura, M., Schmitz, A., 

Funabashi, S. and Sugano, S. (2015) 
Interpolation Control Posture Design 
for In-Hand Manipulation. IEEE/SICE 
International Symposium on System 
Integration (SII 2015), Nagoya, Japan, 
doi: 10.1109/SII.2015.7404976 

 
⑫ Tomo, T.P, Somlor, S., Jamone, L., 

Schmitz, A., Hashimoto, S. and Sugano, 
S. (2015) Development of a Hall-Effect 
Based Skin Sensor. IEEE SENSORS 
Conference 2015 (52% acceptance rate), 
Busan, Korea, doi: 
10.1109/ICSENS.2015.7370435 

 
⑬ Funabashi, S., Schmitz, A., Sato, T., 

Somlor, S., Sugano, S. (2015) Robust 
In-Hand Manipulation of Variously 
Sized and Shaped Objects. IEEE/RSJ 
International Conference on 
Intelligent Robots and Systems (IROS 
2015), Hamburg, Germany, doi: 
10.1109/IROS.2015.7353383 

 
⑭ Somlor, S., Aguirre Dominguez, G., 

Schmitz, A., Kamezaki, M. and Sugano, 
S. (2015) A Haptic Interface with 
Adjustable Stiffness Using MR Fluid, 
IEEE/ASME International Conference on 
Advanced Intelligent Mechatronics 
(AIM 2015), Busan, Korea, doi: 
10.1109/AIM.2015.7222692 

 
〔図書〕（計  件） 
 
〔産業財産権〕 
 
○出願状況（計  件） 
 

名称： 
発明者： 
権利者： 
種類： 
番号： 
出願年月日： 
国内外の別：  
 
○取得状況（計  件） 
 
名称： 
発明者： 
権利者： 
種類： 
番号： 
取得年月日： 
国内外の別：  
 
〔その他〕 
ホームページ等 
 
６．研究組織 
(1)研究代表者 
 シュミッツ・アレクサンダー（Alexander 

Schmitz） 
早稲田大学・理工学術院・准教授（任期付） 

 研究者番号：30729455 
 
(2)研究分担者 
       （   ） 

 
 研究者番号：  
 
(3)連携研究者 

（   ） 
 

 研究者番号：  
 
(4)研究協力者 

（   ） 
 
 
 


