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Fig.2.7 Engel et al. [29]
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Table 2.1 Classification of slip sensors

detecting type detecting method

encoder: rotation of roller

displacement of slip -
image: center of pressure

surface roughness: asperity of surface

vibration of slip

stick/slip: vibration
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Fig.2.10 Son et al. [47]
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Fig.2.16 Saito et al. [72]
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Fig.2.17 Tsujiuchi et al. [75]
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Table 3.1 Discrimination rates of each object
cork | paper | vinyl | wood a | wood b

12 PVDF films | 1.00 | 0.92 | 0.96 0.76 0.96
12 strain gauges | 0.92 | 0.92 | 1.00 1.00 1.00
all receptors 1.00 | 0.92 | 1.00 0.96 0.96
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Table 3.2 Rank order of transition of evaluation values Js in PVDF films
receptor number

objects
) large transition of Js <= —> small transition of Js

paper |10 | 12 | 4 | 3* | 8 |50 | 7 |1t | 11| 2 |6 |9
vinyl | 3* 7 |1t 100 | 2 9 |4 | 12 [8 |11 |5 |6t
wood a | 10* | 3* | &* 12 | 4 9 (11| 7 [1F |6f |57 | 2
wood b | 8 | 3* | 10* 4 |1t |51 [ 12] 9 2 16 | 7 |11
vinyl | 11 7 9 | & 10" | 2 | 4 |3 |6 [5 |12 1
paper | wood a | 8* 11 | 5f 4 | 6f 7 03 |10° |1f | 9 [ 12] 2
wood b | 2 | 3* 116t | 8 10" |5F | 4 1T ]9 127
wood a | 8 |10 | 12 | 7 9 11 | 2| 4 |3 |5 |1t |6

4

2

cork

inyl
VIV Twoodb | 8 | 9 | 7 1 2 | 12 [10° | 11 1r 6 |3 |5

| wooda |woodb | 11 | 8 [ 3 |10* | 4 | 12 |6f | 2 [1f |50 | 7 ] 9]
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0O PVDFOODOOOODOOO0OO0ODOOO0OOODOOO0OOOOODOOOODOOOOOOOOO
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00000000000000000000000000000000 PYDFOOOO
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Table 3.3 Rank order of transition of evaluation values .Js in strain gauges
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39

. receptor number
objects " -
large transition of Js <= —> small transition of Js
paper | 7 [8 | 2 [4* [10T | 3T [9* | 12 | 11 | 6 1 |5
cork vinyl |4 | 7 | 6 | 12| 9 1 | 2| 11 | 50 | & |10t | 3f
wooda | 12 | 7 | 9* | & |10f | 4¢ |3F | 11 1 | 5 6 | 2
wood b | 7 | 12 |8 |9* | 4* | 11 10t | 5f 1 |3 |6
vinyl [4* | 6 |12 |8 | 5f |3t | 7 | 9 1 2 |10t |11
paper | wood a | 2 | 9* 1 (11| 8 12 7 | 3t 4% | 10t 6 |5
wood b | 4* | 9* |5 | 6 | 2 1 |11 {100 | 7 | 8 12 | 3f
il wooda | 7 |8 |9 |4 | 107 | 6 | 1 | 5f 2 |3t |12 |11
Y [Wwoodb |8 | 6 |11 1 |5 |9 [3 |4 |10 | 12 ] 7 |2
| wood a|woodb |4 |9 | 7 [11| 2 [10f |5t | 6 [ 3t | 1 |8 [12]

Table 3.4 Comparing the selected receptors with discrimination rates

cork | paper | vinyl | wood a | wood b
large transition of Js | 0.96 | 1.00 | 0.96 1.00 1.00
small transition of Js | 0.56 | 0.64 | 0.68 0.56 0.32
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Fig.4.2 A proposed neural network
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Table 4.1 The output of the vision sensor

relative motion (slipping) | no relative motion | no move

(] —1 1 0
moving down moving up no move

Vg -1 1 0

000 f(x)D00000O0O0ODOOO

1, x>1
f@) =1 @ el <1 (4:2)
-1, z< -1
Uiob0dw,; 000000000
Awij = ar tjUi — ﬂwij (43)
ro=(lwgl+6)/ (3 lwil + ) (4.4)
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r

Fig.4.3 Developed anthropomorphic fingertips are mounted at end of a robot hand
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Fig.4.4 Experimental equipment consists of a robot hand, a robot arm, and a vision
sensor
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Fig.4.5 The robot hand moves upward at learning phase.
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Fig.4.6 The robot hand moves downward at learning phase.
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Fig.4.9 Connection weight between the vision sensor and the tactile sensor



4.3. OO 23

4.3.3 OU0O0O0O0OOOOOOLOOOOOOoOO

gbbogooobuoobdobbooboobboobooobuoobboobooon
gbbodgubodoobuoobbuoobboobooboboobbuoobbooboon
gbbogboooboboboobobboobooboboobbuoobbooboo
goggbooboodd bbb obbbbuouoooobbbobbbooooogn
gobbobooogbbbodo

gobbobobooooobbobbuooooobbbuooooob bbb wobbbbog
000000000 0,0 Fig.4.10000000000000000O0O0O 45sj0000O
gobobobooooobooboboooooobobbooooobobboooooobobod »n O
—1l1b0bboggbbbuogbbbooobbuoooobboooobbboooobb
U0 o0 -1000000000000000000000000b v 1oagagn
gboobododobbuodbooboboobbuoobbuoobbuoobbboboobbonoon
obdbdoboobobooboboobobobodywwoboobobooo PVDE
oboobobooobooobbooobbooobbooboboooopVbFODODOO
000000000000 Fig.4.11 0 Fig.4.100 0.7~ 1.1sj0000000O0OOO
0000000000000 000000 ou0 0.78sjD0000OOODOODODODODOO
000000000 094[s] 000000000000 0O0 Fig.4.1200000000
v UOUO0O0000000000 bbb bbuoguobbobbooodn
odddboe0bibDbOo0dd»,0ddoobobbbobbbbbbbogooonbn
gobobooogobbbeUbbbuooubbbbtbouoooobbbboooon
gbbodbooobooobuoobbuoobboobobuooooboooobooann
000 45 00000000000 00000000O0O0O0O0O0O0O0ODO0O0O0O0 00O
gbbodgbogbobuoobobbooobboobboobuobbuoobbodoboo
gbbodbooguobboobbogboobobuoobboooobooboboonbb
gobboooobbboooboobobooon

gbobboboooobobobobobooooboboobobobooobobob
gbbodbobbodboboobboooobogboobboobbobooboo
gbbobuogbobuodbbooboobbuoobobboogbbuoobbooboo
gbogoboobooobboobbooboobbooobuoobooobooboo
gbbodogboboobobuoobobuoobbuoobobuoobbuoobboobobb
gbbodbbobogdgbobooobooobooboboobobobobuaobogboo
gbbodoboobuogbbuogbbogbooobobooboooboooobooanon
gobbboooobbbuoooobbod



o4 040 [DOOOOOODOODOODOODbOn

_1:no relative
© >  motion
O
<8
25
wn
S c
o 9
s 0
© > 0: nothing
o o
= < moves
C -—
o <
5 5
S92
O
E O
22
T © -1: relative
6 [ .
- ® motion

S 1:no relative
T X motion
© o
£z
o O
E [
(]
[
o =
) .
2 B 0: nothing
€ 9 moves
(0]
2 o
s 2
& 8
€ o
o O
=}
© £ -1:relative
e motion
© \
0 1 2 3 4 5 6
time [s]

Fig.4.10 Comparing v; with 0; when the robot hand moves upward at after learning



25

ERN

4.3.

0: nothing
moves

-1: relative
motion

1A 1JOSUSS UOISIA 8y} Ul 108lqo 8y} pue
puey By} USSM]ISC JUSWBAOW BANE[S.

(o)) ()

£8 25

£ > © =

S 9O o 2

nm rm

) —
1

10 Ylomlau 8y Aq pajoaiep 10alqo ay) pue
puey 8yl UsaM]Iag JUBWBAOLW BAIle[al

1.1

0.9 0.94 1

0.7 0.76 0.8

0.6

time [s]

Fig.4.11 Comparing v; with o; from 0.6s to 1.1s



56 040 [DOOOOOODOODOODOODbOn

1: upward

©
C
©
< o
o -~
s p—
5 8
S o
S 2 0: no move
® 5
B—27)
© =
2
> E
o c
&

-1: downward

1: upward [

T o /
S °©
< x }
O O
£ 2 /
B 2 /
C () .
o £ 0: no move
® o
> 2
c O
S 2
o o
e ©

-1: downward

0 1 2 3 4 5 6

time [s]

Fig.4.12 Comparing v with o, when the robot hand moves upward at after learning



4.3. OO 57

4.3.4 0O0O0OOOOO1

gbodooobobon Fig.41300U00oooboboboobobobooboo
gbbodgbbogbbobuooboobooobooboboobbuoobobbody
gbbogbooboooboobbuoobbuoobbuoobboobbobbbabo
gobbobooooboboooobobooon

Oo000oooooooo fooooooOO0o00o0ogog0noooooooobooboobooDoD

Af = n(d—o1) (4.5)

O0b0dJd00b000Op000DO0O0O00ODOO0OO0ODO0ODOOOOOOODODbOODOODO
goobboobboooooooobbobbod bbb obbbbbbouoooon
gobobooooobbboooobobbooooobooo
gbboggbobbobobodbboobboobboobbbboobboobbd
gbboogobogbobuogbbogbobooobbuobooooooobbuoobbooo
00000 45)00000000000000000O0dOOODOOOOOOOODOO
gbobbbuoddooooobbbbuoooubbbbooogbobbbooadn
ooobOobobooooobobodd=1000000000000D0ODODOODOOD
godgbboobodboooboboooboobbodobbooboooboonbobda
oboobog
gbouogbbodbogbboobbbooboobbodoboobobobuooboo
gboboboooobbboooboboogobbbuooobon

Af = n(d—mwv) (4.6)

gobogboobobogobooobobbuoobboobobooobboobobooba
goobobbbbobobbobobobbbboboououuuduooooooooooobn
Fig.4.1400000000D0O0O0OO0ODODDOOODO0O0O0O0O0wDODODODODODOOFig.4.14
()0 0000000000000 000000O0OO0 Fig.414(b)0D0O0O0ODODOOO
gbobobooboboboboobobobobuoobobobobobiod 1.35s00
gogobbob 1gobboboduooooobbbobboooooobbooboboooad
gboboobuogbbodbog lesygupbodbogobobogbobbobod
gbooboobogboboobooobuoobbooboobbobbooboboobbo
gobbobuoooobbbuoooobbbooogbon



040 [DOOOOOODOODOODOODbOn

desired value ;O #1 robot hand #1 grasping an object
touching condition neural network output of the tactile sensors

Fig.4.13 A block diagram for robot hand controller

1: no relative
T >  motion
O -
<2
S c
o S
s 0
-— S . .
g 3 0: nothing
2 £ moves |
I

o < i
£ 5 ‘

_Q I
E © |
2 e |
p— . I
S T -1: relative w
o £ ) ‘
- ®© motion !

(a) controlled by the neural network

r

_ 1:norelative :

2 > motion |

£ 5 ‘

£ 5 |

c l

8 S |

s @ !

& 2 0:nothing 3
= 5 moves ‘
o < |
2 9 |
£ O |
2 £ :
S 2 -lirelative l
- motion ‘ w

0 0.5 1 1.351.51.65 2
time [s]

(b) controlled by the vision sensor

Fig.4.14 Comparing of amount of slip in vision sensor



4.3. OO 29

b m e

controlled by the vision sensor

slippage [pixel]

—_ 1 1
O NWPAPrUIONODOO—_MNDWHAO

controlled by the neural network

Res===
-

0 2 4 6 8 10 12
time [s]

Fig.4.15 Slippage observed in the vision sensor

4.3.5 0O0OOOOOO 2

gbogbobuogoogboooboooboobbuoobbuoobbooobaabn
gbbuogbobuogbobouogobooobooobooobbuoobbuobobooboa
gbogoboboboboobobobobooboooobobobobboboobo
000000000000 00000ooooo0oU0UnO 45)0000000O0DODOO
gbbooobuogboooboobobobboobbboobuoboobobuooboo
goboboooogoon

O0000 sOoo0oooobobobobobobob0obOobn Fig.4.1500
gbbogbobogboogboooboooobooobooobooboobbooono
gbbogboguoobboobbooobooobobbooboobobooboboo
gbbodbbooobooobobbuodobboobobbooobodobboobobo
gbgbbogbbodbobobodbbooobooobooobooboobobbooao
gobbbooggbbbuogoobbbooobbbiud ImsDogoobboood
gbogobboobboobbooobooobbot 33ms 0o oooboOO
gbobbuoobbbuodb 1ooobboooobbooobbbuooobbbood
gbgoogbboogbboouobbuobbuooboobbobooobboobb
googbogboobogbooboobobobobbooboobobbobobon



60 040 [DOOOOOODOODOODOODbOn

4.4 0O

gbodgboogbooobuooboboobobbuoobboobboobobobn
gooboboboboboooobobbobbbboobodoouoooooooooooboboooon
googobudgbbogbogoogbogoogboooooonobuooooooo
boboboboboboboobuooooboboboboboboboooogbo
gbogbuodgbbodgboobbodbbbuooboobbodobooobuoobbod
goobodbobooobobbooobogbobuoobbooboooboobobboon
googoboobooobboobboobbooobooboobobobboobbooooba
gboudboboobbogobboobobuooboobbodoboobboobuooboon
gboogbobodbobouooboobbogbooboobooobuoobbooboon
goodbooobodboobboudboobobooboobboobooboon
gbobogbuogoboodgbboobboobboodoboodgooobobuooboa
gboogbobuodgbobboobbogbobuobooobboobbuoobbooboo
gboogudgbbogbboobboobboobobooboooooobbuoobba
Doooobobobobobobobobooboboooobobobobobobg
gbobooodgooboobod



61

s OO

gbbgobboooboobboobuoobbobooboobbooboonood
gbooboboboboboooobobobobobobobooobooboobo
gbbooobugboboobuooboobbboobboobuoboobbuooboo
gbboguooboboogobooobooboobobobboobbooooboann
gobbboooobobooooboboooobbooooobobboooobboboo
gi1bo og2000000000000000000000DO0O0O0OLOODDOODO
gbbodboboooobbuoobbodgboooboobboobbuoobboobon
gbbodbogobuooboooboobbuoooooobbogboooboonoba
gobbbuooobbboooobbbuooobbon
g3bggbbuodbbuoobbobuobbuoobbuoobbuogouobbobobdg
gogbobbobbogogoobbbbodooooobbo200bbbbboooooobood
oobooooobobobooboooooobooboo pvDFOODOOO 120000000
gbbodbbooobuoouobboobooobbboobbooboobooboo
gbbogbodgbodgbooobobobobuoobbodboooboobbuoobbo
gbobogoboouogo200bboobboobbooobooobooooooo
gobbbuoooobbbuoooobbbooooboo
gbbogdboooboooboobobuoobbbboobooboasboobbod
gbbodboogboobobuoobbuooboboobobuoobbuoobbooboo
gbobooboo20boboboobbobooboooboboboboobobo
gbbbobuogbobuogsboobboobbuoobbuoouobobuoobobooobo
gbbodgoobbodgbooobbooobooobooboobobbobooboo
gboboggbbuogbobodbboobbooobbobbooobbooooboobo
gbbodbbodgbooobuoobobuoobbuoboooboboobbagosood
gbbodbogoboobooboboobboobbooboooboobooboanb
gobbbooogbbbuoooobboboooooon
g4000000000000000O0O0ODOO0O00OOODOODOOOOobOO0ObO0ObODn
gbooobuogboboobuoobbuoobbooboboobbooboobbooboo



62 gs0d 0o

gboodgboobuoobbuoobboobbuoobbuoooobobobooboboann
gob200bdobboodbbogbobooobboooobooobobooboobn
gbogbobuodbbodgbobuodgbubbuoobobboobbodobbooboon
gboogbobuogbobobogboobuoobboobbooboooooboooobooon
goudgbbogbuogogobodbooobuoobbooobuogbbobuoobood
gboobbodbbodboobobuoobbouooobobodgboobboobbd
gboudgboobobodboooobuogboobbogboobboobuooboon
goboggodgboboboooobooboobooobboobboobboo 2000
gbbobobobobooooobobobobooooboobobobbobobo
gbbuogbbuoobdobbuodobbodobbodboooboboooobboobn
gbbodgbbooboooobobboobboobooboboobbuoobboooon
gooboboogoobooogoo

gbooboooboboobooboobo o3boobobobbobbooboob
gbbogbogbobuoobboobuoobbouoobobuoobobooboobabbo
ggodogoooobboboobbbobododdodoooooooooooooo
gbobgoboobooobobi1booooboboboobobobobbooobo
gbbuodgbobobuodobbuoobbooooooboobbuoobbooboboobo
gbogboboooboogboooooboooboobboobboobboobboadd
gobobbogboogoboobboobbobuoobboboooboobobuoobbo
gbgbbuogboobuoooboooboobobboobobuooboobooobo
gbbogbuobogbbobooboobbuoobbogboooboobobDbo
gogobobooooobooogo

4000000000000 0DOO0DOOOO0O0DOOOODOODbLODOOOObOD
gbobouogbuogbbdugb200bbodgboobobbodgbbodobboobbd
gboboboooobooobobbobooboouooobogoboooboboogbn
gbobobboboooobobobobbooobobobobobooooobob
gbbobooobobudgbboboobuoobbuobodoboobobuoobboobobo
gbbodgbboogboobobuoobboobooobooooobooboboonbobda
gobogoboobobuogbbogbbuoobobboobuoouoboobbooobo
gogobbbobobobbbbbbbbobootuduoooooooooooooooo
gbdbbodobbodbbodgbboobooooobobuooboboobboann
gbbodbbogboogoboooboooboooobbooboooboobbogbo
ggbbobooodaboo



63

1 [

gobbudgb ggboboboo oogbbooobbbuoobbooooobobod
gboobgoboobooboiod
gobbbuooogbbobuoooobbboooobbbooooobbbuoooon
ggbobuoooobbbo oobbooo bbboooo boooobb oooo
gbbodgobogbboobboobbooboooobboobooobooonoon
gbobod oodgbboboo boodobbooobboodobbooobbooobao
gbobboooboboooobbooobboobb obbuooob obbbooboog
gobbuoggbooobbboooboo bbuobb obbuooobbooooboo
gogbbbouooodgbobbbooooobbboboooobbbooooobbboooon
gbbodbobooobooobuoobbuoobboobbooboobboooobon
gbbodgbbogoboobobodgbooobobodgbbooboooboonobda
gbooobgoobooboobo
gbbodboboogbdooobbobuoobbuooboobboobooboboobo
goboooago

00 170 10 O 7)77@ A A&






[]

1]

65

HRERE

Antonio Bicci and Vijay Kumar. Robotic grasping and contact: A review. In Pro-
ceedings of the 2000 IEEE International Conference on Robotics and Automation,
pp. 348-353, 2000.

0000.0000000000000000.0000/00/00000, Vol. 46,
No. 1, pp. 28-34, 2002.

O000. 0000000000000, 000000000, Vol. 2, No. 5, pp.
54-60, 1984.

0000,0000,0000.000000000000000000000.00
0000000 (CO), Vol. 63, No. 607, pp. 881-888, 1997.

M. H. Lee and H. R. Nicholls. Tactile sensing for mechatronics — a state of the art
survey. Mechatronics, Vol. 9, pp. 1-31, 1999.

gob,bogdg,bbob,goob,buodgdg. ggobbobuooogoobogo
O00DOO0O000. ODOD0oobooboOobDOo 2000000000000, p- 1G24,
2002.

0000,00000,0000.0000000000000000000000
0000. 000000000, Vol. 16, No. 1, pp. 80-86, 1998.

Makoto Shimojo, Masatoshi Ishikawa, and Kikuo Kanayama. A flexible high res-
olution tactile imager with video signal output. In Proceedings of the 1991 IEEFE
International Conference on Robotics and Automation, pp. 384-391, 1991.

god,obobb. 2000000000000 0O0O0ODOD-00000000go
obooobobuoob- boobooboooobbooboboesooooo, pp.
2A1-N-107, 2005.



66

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

gooo

Oliver Kerpa, Karsten Weiss, and Heinz Worn. Development of a flexible tactile
sensor system for a humanoid robot. In Proceedings of the 2003 IEEE International

Conference on Robots and Systems, pp. 1-6, 2003.

oo0o0,0000,000,000,000,0000,0000,000,0000,
0000. 0000000000000000000000000. 0000000
0000000000°0500000, pp. 1IP1-N-105, 2005.

Ryosuke Tajima, Satoshi Kagami, Masayuki Inaba, and Hirochika Inoue. Develop-
ment of soft and distributed tactile sensors and the application to a humanoid robot.
Advanced Robotics, Vol. 16, No. 4, pp. 381-397, 2002.

000,0000.00000000000000000. 00000000000
0000000500000, pp. 2P1-N-104, 2005.

R. S. Fearing. Tactile sensing mechanisms. The International Journal of Robotics

Research, Vol. 9, No. 3, pp. 3-23, 1990.

David Johnston, Ping Zhang, John Hollerback, and Stephen Jacobsen. A full tactile
sensing suite for dexterous robot hands and use in contact force control. In Proceed-
ings of the 1996 IEEE International Conference on Robotics and Automation, pp.
3222-3227, 1996.

Jr. Richard M. Voyles, Gary Fedder, and Pradeep K. Khosla. Design of a modular
tactile sensor and actuator based on an electrorheological gel. In Proceedings of the
1996 IEEE International Conference on Robotics and Automation, pp. 13—17, 1996.

Mitsuhiro Hakozaki and Hiroyuki Shinoda. Digital tactile sensing elements com-
municating through conductive skin layers. In Proceedings of the 2002 IEEE/RSJ
International Conference on Intelligent Robotics and Automation, pp. 3813-3817,
2002.

Martin Nilsson. Tactile sensors and other distributed sensors with minimal wiring
complexity. IEEE/ASME Transactions on Mechatronics, Vol. 5, No. 3, pp. 253-257,
9 2000.

Nobuyuki Futai, Kiyoshi Matsumoto, and Isao Shimoyama. Simulation, fabrication

and evaluation of microinductor-based artificial tactile mechanoreceptor embedded



gooo 67

[20]

[21]

[22]

[25]

2]

in PDMS. In Proceedings of the 16th IEEE International Electro Mechanical Systems
Conference, pp. 206-209, 2003.

Mitsuhiro Hakozaki, Hideki Oasa, and Hiroyuki Shinoda. Telemetric robot skin. In
Proceedings of the 1999 IEEE International Conference on Robotics and Automation,
pp. 957-961, 1999.

Hiroyuki Shinoda and Hideki Oasa. Wireless tactile sensing element using stress-
sensitive resonator. IEEE/ASME Transactions on Mechatronics, Vol. 5, No. 3, pp.
258-265, 2000.

0000,0000,0000,0000,0000,0000.000000000
00000000000 (0 10 :0000000). 0200000000000
0O0oooo, p. 1J15, 2004.

goog,obodg,bboo,bog,obog,bbof0. bgobggboon
gogbobbobobobouogooo-bbuoooooob. bboooobobobobbodao
gogroodbgon, pp. 1P2-N-106, 2005.

Hiroshi Maekawa, Kazuo Tanie, Kiyoshi Komoriya, Makoto Kaneko, Chiyoharu
Horiguchi, and Takao Sugawara. Development of a finger-shaped tactile sensor and
its evaluation by active touch. In Proceedings of the 1992 IEEFE International Con-
ference on Robotics and Automation, pp. 1327-1334, 1992.

gbo,bbgd,gdb,gbog,bgooga,boob.0obboobuoabbdo
Oobooooooobboo.oobooooboogn, Vol. 30, No. 5, pp. 499-508,
1994.

Dimitris Hristu, Nicola Ferrier, and Roger W. Brockett. The performance of a
deformable-membrane tactile sensor: basic results on geometrically-defined tasks. In
Proceedings of the 2000 IEEE International Conference on Robotics and Automation,
pp. 508-513, 2000.

0000,000,Kevin Vlack, 0000,0000,08. 00000000000
0000000000000.00000000000000000°0500000,
pp. 1P1-N-104, 2005.



68

28]

[29]

[30]

[31]

[32]

[34]

[35]

[36]

gooo

R. Lazzarini, R. Magni, and P. Dario. A tactile array sensor layered in an artificial
skin. In Proceedings of 1995 IEEE/RSJ Internaltional Conference on Intelligent
Robots and Systems, Vol. 3, pp. 114-119, 1995.

Jonathan Engel, Jack Chen, and Xuefeng Wang. Technology development of inte-
grated multi-modal and flexible tactile skin for robotics applications. In Proceedings
of the 2003 IEEFE International Conference on Robots and Systems, pp. 23592364,
2003.

Brad L. Hutchings, Allen R. Grahn, and Russell J. Petersen. Multiple-layer cross-field
ultrasonic tactile sensor. In Proceedings of the 1994 IEEE International Conference

on Robotics and Automation, pp. 2522-2528, 1994.

Hiroyuki Shinoda and Shigeru Ando. A tactile sensor with 5-d deformation sensing
element. In Proceedings of the 1996 IEEE International Conference on Robotics and
Automation, pp. 7-12, 1996.

Hiroyuki Shinoda, Kenichi Matsumoto, and Shigeru Ando. Acoustic resonant tensor
cell for tactile sensing. In Proceedings of the 1997 IEEE International Conference on
Robotics and Automation, pp. 3087-3092, 1997.

J. Dargahi, M. Parameswaran, and S. Payandeh. A micromachined piezoelectric
tactile sensor for use in endoscopic graspers. In Proceedings of 1998 IEEE/RSJ
Internaltional Conference on Intelligent Robots and Systems, pp. 1503-1508, 1998.

0000,000.000000000000000000.01900000000
000000000, pp. 1051-1052, 2001.

Ping Li and Yumei Wen. An arbitrarily distributed tactile-sensor array based on
a piezoelectric resonator. The International Journal of Robotics Research, Vol. 18,
No. 2, pp. 152-158, 1999.

Kouchi Yamada, Kenji Goto, Yoshiki Nakajima, Nobuyoshi Koshida, and Hiroyuki
Shinoda. Wire-free tactile sensing element based on optical connection. In Proceedings

of the 19th Sensor Symposium, pp. 433-436, 2002.



gooo 69

[37]

[42]

[43]

[44]

[45]

[46]

Takahiro Inoue and Shinichi Hirai. Modeling of soft fingertip for object manipulation
using tactile sensing. In Proceedings of the 2003 IEEFE International Conference on
Robots and Systems, pp. 2654-2659, 2003.

gbogo,0bgo.gbbooboobobobobbooboobob. 022000
gbooobgoboobgbo, p. 2J16, 2004.

ggob,bbuod. bbboogogbobbboood. bbooodgbbbodao
Ooooo’oo0oOOnO, pp. 1A1-69-09, 2000.

ooooo,00bbo,b0boo0.ooobbo0obobooobbooboboOoOoDbog. SICE
gbooobobbobbooboobooboobg, pp. 327-328, 2002.

Makoto Kaneko and Ryuta Horie. Tactile sensor with automatic gain control. In
Proceedings of 2003 IEEE/RSJ Internaltional Conference on Intelligent Robots and
Systems, pp. 25-30, 2003.

0000,0000,0000,0000.00000400000000.0000
0000000000000°400000, pp. 1P1-H-10, 2004.

goobo,bbobo,bbodd. ggbobobbobodooooobobobobboogo
OObD.000oooobooooooboobooorosobonog, pp. 1P2-N-103, 2005.

Kouji Murakami and Tsutomu Hasegawa. Novel fingertip equipped with soft skin
and hard nail for dexterous multi-fingered robotic manipulation. In Proceedings of
the 2003 IEEFE International Conference on Robotics and Automation, pp. 708713,
2003.

0000,0000.0000000000000000000000000000
000. 000000000, Vol. 22, No. 5, pp. 616-624, 2004.

goog.bodbbodboooboo2zbooboboobboobbooboo
OO00.000000000, Vol. 11, No. 7, pp. 959-965, 1993.

Jae S. Son, Eduardo A. Monteverde, and Robert D. Howe. A tactile sensor for local-
izing transient events in manipulation. In Proceedings of the 1994 IEEFE International

Conference on Robotics and Automation, pp. 471-476, 1994.



70

[48]

[49]

[50]

[51]

[52]

[54]

gooo

0000,0000,0000.00000000000000000000000
000000000.00000000000, Vol. 36, pp. 473480, 2000.

Isao Fujimoto, Yoji Yamada, Takashi Maeno, Tetsuya Morizono, and Yoji Umetani.
Development of artificial finger skin to detect incipient slip for realization of static
friction sensation. In Proceedings of the IEEE Conference on Multisensor Fusion and

Integration for Intelligent Systems, pp. 15-20, 2003.

Jan Jockusch, Jorg Walter, and Helge Ritter. A tactile sensor system for a three-
fingered robot manipulator. In Proceedings of the 1997 IEEE International Confer-
ence on Robotics and Automation, pp. 3080-3086, 1997.

D. J. O’brien and D. M. Lane. Force and slip sensing for a dextrous underwater
gripper. In Proceedings of the 1998 IEEE International Conference on Robotics and
Automation, pp. 1057-1062, 1998.

Yoji Yamada, Hiroyuki Morita, and Yoji Umetani. Vibrotactile sensor generating
impulsive signals for distinguishing only slipping states. In Proceedings of 1999
IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 844-850,
1999.

0000,0000,0000.0000000/000000/000000000
O000000000000.00000000000CO0, Vol. 70, No. 690, pp.
560-566, 2004.

Gaetano Canepa, Matteo Campanella, and Danilo De Rossi. Slip detection by a
tactile neural network. In Proceedings of 1994 IEEE/RSJ Internaltional Conference
on Intelligent Robots and Systems, Vol. 1, pp. 224-231, 1994.

Gaetano Canepa, Rocco Petrigliano, Matteo Campanella, and Danilo De Rossi. De-
tection of incipient object slippage by skin-like sensing and neural network processing.
IEEFE Transactions on System, Man, Cybernetics—Part B: Cybernetics, Vol. 28, No. 3,
pp. 348-356, 1998.

Robert D. Howe and Mark R. Cutkosky. Dynamic tactile sensing: Perception of
fine surface features with stress rate sensing. IEEE Transactions on Robotics and
Automation, Vol. 9, No. 2, pp. 140-151, 1993.



gooo 71

[57] Takashi Maeno, Shinichi Hiromitsu, and Takashi Kawai. Control of grasping force

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

by detecting stick/slip distribution at the curved surface of an elastic finger. In
Proceedings of the 2000 IEEE International Conference on Robotics and Automation,
pp. 3896-3901, 2000.

0000,0000,0000.00000000000000000000000
00000000000000000000000000000000000. 00
000000000CO0, Vol. 70, No. 689, pp. 83-88, 2004.

Daisuke Yamada, Takashi Maeno, and Yoji Yamada. Artificial finger skin having
ridges and distributed tactile sensors used for grasp force control. Journal of Robotics
and Mechatronics, Vol. 14, No. 2, pp. 140-146, 2002.

Akihito Sano, Hideo Fujimoto, Kosuke Nishi, and Hideki Miyanishi. Multi-fingered
hand system for telepresence based on tactile information. In Proceedings of the 200

IEEE International Conference on Robotics and Automation, pp. 1676-1681, 2004.

0000,000,0000,0000.00000000000000000000
00000. 00000000000, Vol. 40, No. 2, pp. 164-171, 2004.

M. A. Saliba and C. M. Seguna. A biologically inspired sensor for the prevention of
object slip during robotic grasping and manipulation. In Proceedings of the Interna-

tional Conference on Intelligent Manipulation and Grasping, pp. 46-51, 2004.

Yoji Yamada and Mark R. Cutkosky. Tactile sensor with 3-axis force and vibration
sensing functions and its application to detect rotational slip. In Proceedings of the
199/ IEEE International Conference on Robotics and Automation, Vol. 4, pp. 3550—
3557, 1994.

0000,000 ROODDOOOOD.3000000000000000000000
000000000000000.000000000, Vol. 13, No. 4, pp. 539-544,
1995.

0000,0000,000.000000000000000000000000
000000. 000000000, Vol. 19, No. 7, pp. 913-919, 2001.



72

[66]

[69]

[71]

[72]

73]

gooo

Marc R. Tremblay and Mark R. Cutkosky. Estimating friction using incipient slip
sensing during a manipulation task. In Proceedings of the 1993 IEEFE International
Conference on Robotics and Automation, Vol. 1, pp. 429434, 1993.

000,0000,0000.0000000000000000000000000
0.00000000000, Vol. 27, No. 1, pp. 1-4, 1991.

Hiroyuki Shinoda, Masahiro Uehara, and Shigeru Ando. A tactile sensor using three-
dimensional structure. In Proceedings of the 1993 IEEE International Conference on

Robotics a nd Automation, pp. 435441, 1993.

E. G. M. Holweg, H. Hoeve, W. Jongkind, L. Marconi, C. Melchiorri, and
C. Bonivento. Slip detection by tactile sensors: Algorithms and experimental re-
sults. In Proceedings of the 1996 IEEE International Conference on Robotics and
Automation, pp. 3234-3239, 1996.

0000,0000,0000,0000,0000,0000.000000000
00000000000000000000000. 000000000, Vol. 20,
No. 8, pp. 868-875, 2002.

ooogo,00ob,oobo. bbo0obooboobobuooboooboon
OOb0.0000b00b00b00b00oboobore2oboong, pp. 2P2-102, 2002.

0000,0000,0000.000000000000000000.00000
O000000000000300000, pp. 1P1-3F-B5, 2003.

Lionel Birglen and Clément M. Gosselin. Fuzzy enhanced control of an underac-
tuated finger using tactile and position sensors. In Proceedings of the 2005 IEEE
International Conference on Robotics and Automation, pp. 2331-2336, 2005.

Claudio Melchiorri. Slip detection and control using tactile and force sensors.

IEEE/ASME Transactions on Mechatronics, Vol. 5, No. 3, pp. 235-243, 2000.

Nobutaka Tsujiuchi, Takayuki Koizumi, Akihito Ito, Hiroko Oshima, Yoshiro No-
jiri, Yotaro Tsuchiya, and Shiro Kurogi. Slip detection with distributed-type tactile
sensor. In Proceedings of 2004 IEEE/RSJ International Conference on Intelligent
Robots and Systems, pp. 331-336, 2004.



gooo 73

[76]

78]

[79]

[80]

[82]

[83]

Atsutoshi Ikeda, Yuichi Kurita, Jun Ueda, Yoshio Matsumoto, and Tsukasa Oga-
sawara. Grip force control for an elastic finger using vision-based incipient slip feed-
back. In Proceedings of 2004 IEEE/RSJ Internaltional Conference on Intelligent
Robots and Systems, pp. 810-815, 2004.

P. Daio, M. Rucci, C. Guadagnini, and C. Laschi. An investigation on a robot
system for disassembly automation. In Proceedings of the 1994 IEEE International
Conference on Robots and Systems, pp. 3515-3521, 1994.

D. Taddeucci, C. Laschi, R. Lazzarini, R. Magni, P. Dario, and A. Starita. An ap-
proach to integrated tactile perception. In Proceedings of the 1997 IEEE International
Conference on Robotics and Automation, pp. 3100-3105, 1997.

gobo,0bbood,bodb,gub.ooobboobbooobbooobn
ooobOo. bobobobobobooooooboos0oobon, pp. 1P2-N-101,
2005.

gbog,ugbo,bog.gobugboobbobobboobuooboonn
gobooooo.booobooboobooobooboboov40obooo, pp. 1P1-H-7,
2004.

00000,000,0000.000000000000000000000000
00000000000.00000000000000000°0500000, pp.
9P1-N-103, 2005.

gobD,bob0. oogobobouogoooobboobouoooog. oboo
OoOoooobooooooborosbonbood, pp. 2P1-N-102, 2005.

Yuka Mukaibo, Hirokazu Shirado, Masashi Konyo, and Takashi Maeno. Development
of a texture sensor emulating the tissue structure and perceptual mechanism of human
fingers. In Proceedings of the 2005 IEEE International Conference on Robotics and
Automation, pp. 2576-2581, 2005.

Katsuhiko Nakamura and Hiroyuki Shinoda. A tactile sensor instantaneously eval-
uating friction coefficients. In Proceedings of TRANSDUCERS 01, pp. 1430-1433,
2001.



74

[85]

[36]

[89]

[90]

[91]

[92]

gooo

Takashi Maeno, Tomoyuki Kawamura, and Sen chieh Cheng. Friction estimation
by pressing an elastic finger-shaped sensor against a surface. IEEE Transactions on
Robotics and Automation, Vol. 20, No. 2, pp. 222-228, 2004.

Yukiko Hoshino, Masayuki Inaba, and Hirochika Inoue. Model and processing of
whole-body tactile sensor suit for humanoid-robot contact interaction. In Proceedings
of the 1998 IEEFE International Conference on Robotics and Automation, pp. 2281—
2286, 1998.

goog,gdoo,bgd.gbbogboboobuoobbobbooboobooog
OOoO000O00bObOO0.021000000D0000DOoOoooOog, p.1A23,2003.

Hiroyasu Iwata and Shigeki Sugano. A system design for tactile recognition of human-
robot contact state. In Proceedings of the 2003 IEEFE International Conference on
Robots and Systems, pp. 7-12, 2003.

goodg,bogd,bgd.buogobooobbuooooboogb.ogboo
gooobooobooboro4a0boon, pp. 1P1-H-32, 2004.

0D000,0000,000,000,0000. 000000000000000
00000000000.00000000000000000’0500000, pp.
2P1-N-102, 2005.

gobob,00bb.bugobboboooobbbuooobbbuoooobbog
gb.dboobooboobooboob’esgbgn, pp. 2P1-N-107, 2005.

00000,0000,0000,000. 000000000000, pp. 114-123.
0000, 1998.

T. Matsuoka, T. Hasegawa, and K. Honda. A dexterous manipulation system with
error detection and recovery by a multi-fingered robotic hand. In Proceedings of the
1999 IEEE/RSJ International Conference on Intelligent Robots and Systems, Vol. 1,
pp- 418-423, 1999.

Yasuyoshi Yokokohji, Moriyuki Sakamoto, and Tsuneo Yoshikawa. Vision-aided ob-
ject manipulation by a multifingered hand with soft fingertips. In Proceedings of the
1999 IEEE International Conference on Robotics and Automation, pp. 3201-3208,
1999.



gooo 75

[95] Tetsuyou Watanabe, Kensuke Harada, Zhongwei Jiang, and Tsuneo Yoshikawa. Ob-

ject manipulation under hybrid active/passive closure. In Proceedings of the 2005

IEEFE Internal Conference on Robotics and Automation, pp. 1025-1032, 2005.

[96) DOOO.00000.000,0000,0000000,00 000000D0ODOO
googo, pp. 1178-1185. 0 O O O, 1994.






7

0 OA 0OO00000ooooood

Al 0OOOO

O000000O000O0OoO00ooOooo (8, ee000o0oo0ooooooooooon
0000000 Fig.A 1000000 (Epidermis)J0 0 (Dermis)00 00O (Subcutis)
gobbbodooosuugobobuooobobobuoooobbuoooobbn
ggoobobbbtbdodooooooooobboobuodooooobbobbbooouoa
O (dermal papillae) 00 0000000000000 (Meissner corpuscle)d 00000
O (Merkel cel) D 000000 (Ruffini ending)0 00000 (Pacini corpuscle) 00 O 4
godoobobbobobobbodddodooooobouduoooooobboboobooo
O0000000000000000 (mechanoreceptor) 0000000

A2 [0O0OO0OOOOOO

00004000000 000000000000DODOO0O0 Fig.A.20000 4
goobooooboooobouooooooouoooobuoooonoogo
0000000000000 000000000000 (rapidly adapting : RA 000
O fast adapting : FA) D0 00000000000 0O0O00O (slowly adapting : SA) O
goddobooobobtooddoodooooooobbbuoooo
Jolgddodooooooodoooo nNooooooooooooooboooooao
00000000000 DO000DO0000 Table Al DO00OO0O0DODOOOODOOO
ogoooo



78 O0OA DOOO0OOOOOOOODO

Meissner corpuscle

Merkel cell
\ de/rmal papillae
N
Tmm O epidermis
v
'}
1~3mm ,
— dermis

v / Ruffini ending
. . subcutis
Pacini corpuscle

Fig.A.1 A cross sectional view of the human skin

darea

narrow wide
3 RAT RAT
@ Irapid
(o))
SEY SAIl
glslow| "\ | _/ |
® —HHHH— | —HHHH

Fig.A.2 Characteristic of each receptor

Table A.1 Correspondence between the characteristic of the response and the mechanore-

ceptor

RA T | Meissner corpuscle || RA II | Pacini corpuscle
SA T Merkel cell SA II | Ruffini ending




A3, ODOOOOOOODOOOD 79

A3 ODU0O0OO0OOoOoOoOooon

400000000000000000000000000000I00000000
0000000000000 2~4mmO0000000000000000000000
0000000000000000000000000I00000000000000
0000000000000I000000000000 7~10mm 000000000
0000000000000 100000000000000000000000000
000000000000000000000000000000000000

000000000000000ORAIOO SAIOOOOOOOOO00O0ON400 /em?0
700 /em?00000000RAIIOD SAIOOOO000 300 /em?0100 /em?0 0
000000000000000000000000000000000 1000000
000000000000000000000000000000RAIOOSAIIOO
00000000250 /em?0100 /em?20000000000

0000040000000000000000000000000000000000
RAIDOOOORAINIDOOOOOOOOOOOOOO0D0000000O000O00ORATI
00000100 Hz00000000000040Hz200000000000000RA
100000 100~300 0 DO OOOOOOO0OO0000000000000000 1um
00000000000000000SAIOOONONOOOOO0O00000000000
00000000000000000000SAIIOOOOOOOOOOOO0O00000
00000000000000000






81

0 OB 2000000000000

B.1 00000O0OOOOOOODO [92]

0o0fddooooooooooooooooooooooooooooooonoooad
gobboobpoooubooub2bb00bobooubboobboobnboobooboo
0000000 Fisher’s linear discriminant methodO O O O O00O0OOO0OO0OOOOODOO 2
doo0ooooooooooo 200000000000 1o0oooooboooooa
dddddodoodobooooooooooooooobooooooooooa
gogd
000 0000000000000 0scatter matrix™ S; O
S, = > (x—m)(x—m,) (B.1)

T€Xi
000000000 O0m 0000 ;000000000 0000000000DO00DO00
S; 00000 ;0000000000 x000000m;000000000D0000O
000000200000000000000000000000 00 within-class scatter
matrix(D Sy OO0 000 00O O O between-class scatter matrix( Sz O

Sw = S§:085

= ._21:2 wZ(af: —m;)(x — my)' (B.2)

i=1,2
O00o0oo0o00oo0 »mUO0OoOOoOoooOOo00oooOoo0oooooo0 400000000 10

0000000000 (@, 1)D00 ADDDOOOO0O0D000D 0 ADODDOODOOO
gbooobobbobbooboboboyboon

y = A'zm (B.4)
gbobobuoogobbboooobbbod mg O



82 0U4dB 2000000000000

000000000000000000000 Sy0ODOO0O0000 §;000000
0000000 (B4) 0O (Bs)OOoOoOO

Sy = A'SyA (B.6)
Sp = A'SpA (B.7)

00000000 AO (¢, 1)00000O0OO SyO0Sz00000DDO0OonoOl
000000000000000000000 ;0620000

Sw = ni6i + nyos (B.8)
& ning , .

SB = (m1 - Th2)2 (Bg)

n

bbbt n=nl+n20000

gboobogbbuogoboodgbbuabbuoobboobobooobboobboo
00010000000000000000000D000000000 Sy0O00000
000000 S;000000000000000 ADOODOOOOODOOODOOO
O00000ooooooooD Js(A)oooOo

Js(A) = 2B (B.10)
Sw
AtSBA
— 2B8 B.11

00000ooooo Js(A)Dooooo ADOoOooooo

Sw = A'SyA=1 (B.12)
gooooooood

Sp = A'SpA (B.13)

00000000000 00000I0d000000000000002000000
D0000d=100000I000000000AD00000000000

0A0O000000DO0000SEO0Sy 0000000000

SpA =A\SywA (B.15)



B2 000000 83
oooooooobooSyboooooonog

(SywSp—A)A = 0 (B.16)
DDDDDDSW&MDDDDDDMDDDD

max{Js(A)} = X\ (B.17)

00000000 Js000000 ADODODOO ,D000000000000000
0oo
000 (B.15) 000

ASwA = SpA
nn
= 1n 2 (ml — mz)(ml — mg)tA (B18)

D000 (m,-my)!A00000000000O00OOOOO0
A < Sy} (my — my) (B.19)

Oo0o000oOo00oo00ooOoOooooooo0o0obDoOob0 Aobooooo

B.2 000000

gboobotobbodbbuooobboobbooobbobooobbooobod
godboboobogoobbodbboobbooobooobooboboobboo
gboobobuoogobbobuoooobobbuoooobbbuooobibw oo

1. 0obobooboobooboboboobob

wy = —mlgw (B.20)

2. 00goobboooobboboooobn

~2 ~ ~2 ~
oosmy + oym
wy = — 21 (B.21)
(o +O—2

gobbobooogboobogo
O9My + 01y

_ 22T Oup B.22
o 51+ &4 (B.22)



84

. 0b0buooobooooogbon

D (B.23)

0000200000 w,w; 00000000000 A;00000000000 =0
gbobbbooodbqydbbboooobbbuooobbboooobon

Wy <Y —=> & € w; (B24)

Wy > Y =— T €W (B25)



85

Joobobood

Ooon

1.00,00,00. 00000000000000000. 000000000,
23(4):482-487, 2005,

2. K. Hosoda, Y. Tada, and M. Asada. Anthropomorphic Robotic Soft Fingertip with

Randomly Distributed Receptors. Robotics and Autonomous Systems, accepted.

3. Y. Tada and K. Hosoda. Acquisition of Multi-Modal Expression of Slip through
Pick-Up Experiences. Advanced Robotics, submitted.

Jood

1. K. Hosoda, Y. Tada, and M. Asada. Internal Representation of Slip for a Soft
Finger with Vision and Tactile Sensors. In Proceedings of the 2002 IEEE/RSJ
International Conference on Intelligent Robots and Systems, pp. 111-115. 2002.

2. Y. Tada, K. Hosoda, and M. Asada. Sensing the Texture of Surfaces by Anthro-
pomorphic Soft Fingertips with Multi-Modal Sensors. In Proceedings of the 2003
IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 31-35.
2003.

3. Y. Tada, K. Hosoda, and M. Asada. Sensing Ability of Anthropomorphic Fingertip
with Multi-Modal Sensors. In Proceedings of the 8th Conference on Intelligent
Autonomous Systems, pp. 1005-1012, 2004.

4. Y. Tada, K. Hosoda, and M. Asada. Learn to Grasp Utilizing Anthropomorphic
Fingertips together with a Vision Sensor. In Proceedings of the 2005 IEEE/RSJ
International Conference on Intelligent Robots and Systems, pp. 486-491. 2005.



86

oo

1. 00,00,00. 00000000000 DOODOODOODODOO0ODbOD. O 20
ooooooboobobobooooooog, 1G26, 2002.

2.00,00,00.00000000000000000000000000. OO0
00000000 0000 00000, pp. 75-76, 2002.

3. 00,00,00,00. 0000000000bObO. boooobbobood
goooo’o3gon, 1P1-3F-B6, 2003.

4. 00,00,00. ObboobOooboOoobboobooboob. Oo2000
goooboobobbobooon, 1J17, 2004.

5. 0O,00,00. dobbbbobuoooooobbobbboooogog. b 1od
gbooboobobbobO, pp. 263-268, 2005.

6. 00O,00,00,00. 000000000 bo0boobobooboog. bogo
O000ooboboboo’os0bO, 1P2-N-104, 2005.



