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Recognition System for In-hand Manipulation

Using Contact Information*

Masahiro Kondo

Abstract

The purpose of this research is to develop a recognition system for object ma-
nipulation which is part of a teaching system for a multi-fingered robot hand.
Since a multi-fingered robot hand has a complex structure, it is difficult to apply
conventional simple teaching methods such as teaching playback and task pro-
gramming. Instead, teaching by observing a human hand has been proposed as
a solution. The teaching by observing is effective for multi-fingered robot hand
since its many joint data can be measured instinctively and simultaneously. How-
ever, the allow structural difference between the operator’s and the robot’s hand,
a simple teaching method that only sends teaching data to the robot hand to
realize accurate operations. Thus, a teaching method that can obtain abstract
information on manipulation and plan the motion of the robot hand based on the
acquired information is needed.

This paper proposes methods which recognize object manipulation as primi-
tives using contact information. In-hand manipulation, which can translate grasp-
ing states and change the position/orientation of the object by using only hand
movement, not arm movement, is the target task. The change in contact state
during manipulation increases in proportion to the complexity of the manipu-

lation. In addition, several conventional researches have tried to classify the

*Doctoral Dissertation, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DD0461011, March 23, 2007.
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grasp/manipulation using contact state, and obtained positive results. There-
fore, to evaluate contact state on the basis of manipulation characteristics is very
important in performing automatic recognition for complex hand manipulation.

First, this paper proposes a recognition method for manipulation using the
contact state transition on the palm surface. The contact state on the palm sur-
face is obtained using a tactile sensor sheet attached directly to the manipulated
object. The manipulation is represented by the contact state sequence. Then, the
manipulation is recognized by comparing the contact state sequences of the input
manipulation and the template prepared in advance. A recognition experiment
done by multiple subjects showed the effectiveness of this method.

Second, when object position is changed using finger motion while maintaining
contacts, the contact points change slightly, a phenomenon which is referred to
as rolling contact. a recognition method for manipulation along with the rolling
contacts using the trajectory of the contact points is proposed. Recognition is
done using the rolling direction and positions of the contact points on the object
surface. The efficacy of this method is proven by a recognition experiment done by
multiple subjects. In addition, the slight changes in the contact points became the
characteristics of the manipulation. This result shows importance of the contact
information.

Third, a method for generating templates for recognition in consideration of
familiarization and fatigue is proposed. Familiarization and fatigue during long
manipulation have an effect on manipulation strategy. Hence, a method that can
estimate time periods indicating familiarization and fatigue during object manip-
ulation by measuring changes in the variance of manipulation are proposed. The
manipulation data is divided into three time periods: learning process, familiar-
ization and fatigue. Then the template is generated for each time period and a
correlation with the input manipulation is measured. The result showed that the
template generated by the familiarization time period can reduce the magnitude

of variance in the recognition.
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Finally, a multi-fingered robot hand “NAIST-hand” is developed and the teach-
ing experiment is performed with the robot hand. The experimental result showed
that object manipulation is realized by the robot hand by transferring the prim-

itives recognized by the proposed system.

Keywords:

Multi-fingered hand, In-hand manipulation, Teaching, Recognition, Tactile sensor
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035 00000 (00 DPOOOODO)

Average recognition rates|%)]

Primitive A B C D E F
Subject 1 100 100 100 100 16.7 | 56.7
Subject I 100 71.4 100 87.5 | 23.3 | 93.3
Subject TII 100 100 100 75.0 | 429 | T7.7
Subject TV 100 100 100 100 28.0 | 85.3
Subject V 100 100 85.7 100 11.8 | 57.7
Subject VI 83.3 100 80.0 100 53.8 | 87.5
Subject VII | 80.0 | 80.0 100 80.0 | 33.3 | 90.0
Subject VIII | 80.0 | 80.0 100 71.4 | 20.0 | 81.8
Subject IX 100 100 100 100 25.0 | 63.6

All subjects 93.7 | 924 | 96.2 90.4 | 28.3 | 771
(9.50) | (11.7) | (7.70) | (12.1) | (13.2) | (14.1)
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0 3.7 00000 (HMM)

Average recognition rates|%)]

Primitive A B C D E F

Subject 1 100 100 88.9 100 83.3 66.6
Subject 1T 100 71.4 100 100 30.0 80.0
Subject TII 88.9 88.9 100 100 71.4 84.6
Subject TV 85.7 92.9 100 100 40.0 82.4
Subject 'V 100 100 100 100 5.8 92.3
Subject VI 100 80.0 100 75.0 294 67.0
Subject  VII 84.6 84.6 84.6 76.9 44.4 86.7
Subject VIIT | 91.7 91.7 90.9 100 15.0 88.9
Subject IX 100 100 90.9 63.6 22.9 72.7
All subjects 94.5 89.9 95.0 90.6 38.0 80.1
(6.76) | (9.92) | (6.16) | (14.5) | (25.4) | (9.38)
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4.1. OO0 O

gbobobobobobooobobobobooboboboboooab
gbbodbboobbuoobbuoogbbooboooboooobboobn
gbbogdboboogbboobboobboobbobooboboobboobn
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gbobobobobobooobobobobooboboooboobobobg
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gbboodbbogbbooboooboogbbogbboobboobba
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gbbodgbboobboobboobbuoobboobbuoobbuooobn
gbooobobobgobooboboboboobobobobooobobo
gbobobgobobooobobobobbobobobobooobobobd
gbobobgobobobooboboboboobuobobobooboobobobd
gbboodbobogboboobboobbuoobobooboboooobboobn
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4.2, OO0 OoOoobooobooOoo

4.2.1 00000

gobobobbooooobobbbooooobbbbouoboobobbboooon
gbobboboooooobobbooooobobobbooooobbbboood
gbooog30bbbboooobobbbooooobobbboooooobn
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000000000000 00DO00C0DOO00OO0bOO00OOnD BIGMAT
quarter(nitta0 ) D00 0000000000000 00O0OO0O0O 30 3.2000
gbooboooboobuoobuooboboooobobobeb0bOODO
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OO0oO00OoO00obOOoOobobo0ooDo0oobDobooooOo sofpsd00oonoOoOn
gobbbuogogboboasgobboboag20bbbooooobo

e DO UOOOODLODLDOUOOOODO

e DO UOOOODLDDODODOUOOOODLODDOOOODLDDDO

4.2.2 JU00O0OO0ooooon

gboboboooobobobobobooboboboboooobob
gg3b33i1dggggooooobobobbbbobbobbooooooood
O0042(b)0000000000O0O0O0O0O

gbobobooobooboboboboobobobboboboobooboon
gbooboobooboboooboobobobobbobbobboboob
0000000000000 00000000O00DO0oOoOOOs50000 (bmm)
gboobooboobooboobooboobooboobooboooo
gsoboobooobooboobobboboobobooboobon
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FASTRAK receiver
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gboboboobbobbobbobbobbobb430000

4.3. DO ooboobooobon

4.3.1 JU0Ooogogagag

0000000000000 000O00 EliettD000O0O0OO0ODOOOODOO
OO00OFul RollDRockOPinch OO ODOODODOOOOODOODOODOODOODODO
OobO0o0ObOO0bO0o0oobO0o0ooO0obobOO0bOoobOO0boOOobOoooboobobOoDo
0000044000000000000000000DO0DO00O0OOCOOODOO
000000000000 000000000DO00DO00oDoooDOooDoon
000000000000 0000DO000000O00O000D0DOoODOO000OO
OO0000O0DO0bO0obOOoDb4500000020000000DO0O0O0O0ODO0OO
0000020000000 000004dCircular grasp O Prismatic grasp 0 O O
000 Cutkosky 000000000000 0O0ODOO000OO0OOOOOOO
000000000000 000DO00200000000000000000
OO0000o0oo00obOobOoooooobobobobobobobeobobOon

000000 G : Prismatic grasp / FullRoll
000000 H : Prismatic grasp / Rock
000000 - Prismatic grasp / Pinch
000000 J - Circular grasp / FullRoll
000000 K : Circular grasp / Rock
000000 L : Circular grasp / Pinch

4.3.2 JUO0O0oon

gbobogobooobooobooobbooobboobbuoobboon
OO0000OD0OOCirculargrasp0 00000000000 ODOOODOODOO
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043 00000000 (FullRoll)
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(a) Prismatic grasp (b) Circular grasp

(c)0O0O0O0DODOODOO (Prismatic (d)000000000 (Circular
grasp) grasp)
045 00oboooo2000000

00000000 Prismatic grasp 0000 0000000000000000
000000000000000000000000000000000000
0000000000000000000Prismatic grasp0 000000000
000 4.5(c) 00 Circular grasp 0 000000000000 45d) 00000
000

000000000 20000000000000000000000000
D00000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
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Opposed relation

Reference line of oposed relation
(a) Prismatic grasp (b) Circular grasp
046 OOOORock”00DOOO0OOMO

gbbodbboobboobbuoobbuoooboooboooobboobn
goooo

4.3.3 JUO0OOoon

bbb oobouogbooboobouobooboubooo
O0000000000000000000000000000 4.6(a) 0 Prismatic
grasp0 000000000000 Rock(D 44)000000000O0O0OOODOO
O000000000D0000D000OPrismaticgraspd0 0000000000
000000000000 D0O00 Chapter 432000000000000O00
gooooooobobbbobobooodgouoooboobbobbobbbobbn
gdbooooooouooobbobobbbbooouobbobbbouooooa
googdoooo2000bb000o0ooobobo200000b0boooobn
godddooobbbbuooooooobobbbbbuoooo200000
000000000000 0Db00000 RockOOODOODDOODDOODOO
gogooooboobbbbooobobobobobbbtbuddoouooouboboo
000000000000 0D000000 RockOODODDOODODDODODDOOOO
4.6(b) 0 Circular grasp0 000000000000 RockOODOOODOOODODO
oot obuoooobogoo
0000000000 DO0000ob0ooobO0o0ooobOoOooboogd Rock
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gbodbodoobgi2bogboodboobobboboobogboobo
gbobobgobobgoboobooboboboobobobobooobobo
oog.

4.4. O OO

4.4.1 0OO0OO

ggbobobbooogobgbbobbouoooboboobbouooobon
gbobogoeouobuoobuoobioobdobdoubdibdn Prismatic grasp
O Circular grasp0 00 0000000000000 2000000000000
Oobooob0oobooboooboobooboobooboobobOgd FullRoelld
RockOPinch OO DO ODOO0OOOOOOODODOOODOO 1h000DbODOO
gboboobbobboobbuoobbuogbobooobooobooogboboo
gooo

4.4.2 OO0

00000 PrismaticgraspO0 U0 000000000000 4700000
OOD0O00000 Circulargraspd OO0 O0O0O0O0OOO0OOODOOD4800000
47()00 48(x) 000000000000 G6OOOOOOOOOOOOOOO
gboobooboobooboo3gboobooboobooboboon
O0000000oooOoo47(b)0048(b)0000000OOOOOOODOO
gboboooogboboboooobobobooboboboooboooboon
O000o00o100%0000000000000000000000008000
gboobgoobob41b00b000b00b000b00b0o0b0o0bon
obooogog
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—— Rotation X (For FULLROLL)
——— Rotation Y (For ROCK)
Traslation Y (For PINCH)

( ===-) [ww] uone[suei],

70 90
60 1 80
50 4 70
~ 40 } 4 60
|| 30 41 50
~ 20 B 1 40
W10 b 130
=
— '\
g’-lo 10
g 20 ‘/JL’\W\ '\ ."] \ n P\ /\——-J 0
§-30 - / -10
40 | 1 20
-50 1 -30
60 1 -40
1 1 1 1 1
-70 -50
0 2 4 6 8 10 12
Time [s]
() 0000000000000
primivec R W HTE 1 I |
FULL ROLL ‘

Primitive H
ROCK

Primitive /
PINCH

0 4.7 0000 (Prismatic grasp)
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Rotation angle [deg] ( ——=)
=

Primitive J

Primitive K
ROCK

Primitive L
PINCH

—— Rotation X (For FULLROLL)
——— Rotation Y (For ROCK)
===+ Traslation Y (For PINCH)

|
|

[

FULLROLL o[ O I

Right
Left
Extension

Flexion

'\ n’\nﬂwqhhﬂwwM/J _
5 10 15

Time [s]

() 0000000000000

( ===-) [wuw] uonesuely,

|
| IINEN
| 101 N
| | I  H H N N
(I) ; IIO 1I5 I
Time [s]
(by OO OO

0 4.8 0000 (Circular grasp)
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041 00000
Average recognition rates[%)]

Primitive G H 1 J K L
Subject 1 100 95.5 | 75.3 100 85.2 | 79.5
Subject I 92.3 | 89.9 | 90.0 | 86.2 | 83.4 | 86.8
Subject TII 84.1 81.5 | 81.5 | 69.7 | 92.5 | 94.1
Subject 1V 100 100 96.0 | 74.1 100 100
Subject 'V 100 85.3 | 724 | 28.2 100 38.0
Subject VI 95.1 93.6 | 90.7 100 84.1 86.2
Subject VII | 95.5 | 89.1 82.0 | 30.3 | 82.3 | 40.0
Subject VIII | 90.3 | 90.0 | 78.6 | 80.3 | 90.8 | 82.1

All subjects | 95.6 | 90.9 | 833 | 71.1 | 89.9 | 75.8
(5.64) | (5.80) | (8.20) | (28.0) | (7.24) | (23.6)

4.4.3 U0

047Mb)0048(b)0 000000000 O0OOOOOOOOOOOOOOO
O000O0o0ooO0oooO0obbO0bO0oob0ooooooOOobboUoooboOoDbooo
OO00000oO0obO0ob0oboboooooboog

00000000000 FullRoll O Right OO Left 00O OO OO Pinch O
FlextionOOOODODOOOOOOODODOOODOOOODOOOOOOOOO FullRoll
0000000000000 0000000OFRuRellO RightDOOODOOOO
0000000000 DO0DO0000D FudlRollD Left 0O0DODODODOOO
O00000D00D0O00O0000D000OD000RightO0 Left0DODOODOO
OO00b00O0o000bOO0bO0oOobO0bDO0obO00obO0bO0DOobbOUobOobDOoo
000000000000 00000000O0DoD0oDOD0oOobOooooog

04.7(a)00 4.8(a) 0000000000000 0OOOOOOOOOOOOOO
0000000000000 000000000000000 4.7(a) 0 50 7.5[s]
0 O Prismatic graspJ Rock D0 000000000 0OOOORockOOOOMO
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JddoooooyYyobooobobobbobbooXodoooooo yoooooao
gugoduobobobbbuobbooooooobobobobobbobbobooooobo
000000000000 4.7(b) 0 130 18[s] O O Circular grasp 0 Pinch 0 O O
O0obOoobooobgdbPmechOD0OOD0DOODODOODODOOOYUODOODOO
O00bOo0o0obobobb0oooobobbooboyYyUOoUououooooO FullRellOD
RockOPinchOOOOODOOODOOODOOODOODOODOODOOODOOODOO
gogooooboobbobbbobbboobbouuoouobooobobbououugua
guoooobobbbbboooooouooboobobooboboo
g410o00gdooobbooooooboooooboboobbbooon
00000000000 JO LOog% O o0000ooo0ooooooooood
dbobodboobooobo vovilogobboooboobuoooboooo
gobbbooobbouooobobboo20gobbooobbuooobbobooa
godoobooooooobobobbooooubuubuouuouoo oo
gobodbboobbooobooobooobooobbooobbooboD
gobobooooobobboooobbobooooooboon
ddgooooboobbbobboobobouoogbobobooobouoouoag
gdbooooououooooobooobbdooouooobobobboboo
guodooooobobobbuoooooda

4.5. oo

gbbogbogobooogoboooboooboogbooobboobon
gbbgbbogboboogbboobboobbooboobboobboonon
gbbodgboboogbboobbuoobboobboobobooobboobn
gboooboboobobobgoboobobobobooboboboobo
gbgobooobooboobooboobd
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Jooduubood

5.1. OO od

gboboboboboboooboboboboobobobobobooab
gbboobuogbbuogbbuoobboobooobobboobboonon
gbobbboogobobbuooouoooobboboooobbobooooobobod
gbobobobouoooobbobooooobboobod

gbobobobobobooobobobobooboboboboooab
gbooboobbobobooboobuooboboobobooboboon
gbboodgbbogbboobooobooobboobboobboobba
gobbbuoooobobbooobbooobboaobboo3gobobogn
gooogogobo3gbobobouogobobooobbooobboobbn
gboodobbobobooboobuooboboobobooboboob
gbooboobooooboo3gbbobobobbobbobbooboob
ooooboobobobobobobboobobobo bPObOObObOOOOO
gboboobobobooooobbboooobbbboooobbboaon

52, DO DbOLODbOLODbODDO

gboboboobooboboboboooboboboboboobobobon
00000000000 B39)000000000ononooooooooooo
gbbogdboboogbboobboobbobuoobbobooboboobboobn
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Contact state sequences

Normal sequence (Input sequence)

Distance
ppeRRRgg (0o ed bR RS
‘Q: 95000 =

EREFCC OO

0.9
0.8 |
0.7 4 *
0-6 | 2 . L] [ ] .

o5 | i e ~ Familiarization
04 | . * * ¢+ pees 3 .

03 [Gep SR st e ¢ . Fatigue
021
o1 |

Distance

0 ;0 1 0‘0 1 .;0
Time [s]

Ugs1 0dobbobouogod

OooobooboboboooobooobooboobPpObObDOOOODOODOO
gobgbobdobooobgobobobooboboboboooobobobo
gbobobooobobobgooo3sgbuooooboboboooobon
gbooboobooboobooog
gsigbooboobooboobbbobbobbobboboboobo
OO0oo0oooobobpOO0DbDOO0O0OO0OOOOOOOODODODODOOODO
gboboboboboboobooboboboobobobobooobobo
gboobooboboooooooobobobooboobobooooboooboon
gboobooboboooobobobouooooboboobobobooobooon
gobogboboboobobobobooboobobobobooobobobo
gboobooboobooboobuooboobooboobg
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5 3. UL UODODOOLODbDOODO

5.3.1 OJOUOOU

00000000000000000000000000000000000
0000000000000000000000000000000000000
000000003000000000000000000000000000
0000000050000010VI0000000000000000000
000000000000000000000000000000000000
00000000000024000000000
30000000DPO0OOOODODO0000O0OOOOO30000000
0000000000 INVOO0O000000000000000000000
0000000000000000000000520000
0000000000000000000000000000000000C
000000000000000000000000005300000000
000 (1)0000(Q)0000000(3)00000300000000000
00000000000000000000000000000([60)00000
0000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000FFTOO0
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000

5.3.2 JUUOUoonod
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052 00000

053 d0buoobooboobod
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000000 A: Heavy wrap — Prismatic grasp 0 0 0 00O
000000 B : Prismatic grasp - Heavy wrap O 0O 0O 0O O
000000 F: 0000000 54(c)0000000O0O0

05400000000000000000000000 A0 BOOODOOS3
gboobooboobooboobobobooboobooboboobo
Oro0d31000b00boobooboobon

000000 A0 BOODOOOOOODOOOOODOODODOOODOODOOD
OO0O00OOo000O000ooO0oobooo ABOOOO oOOOODOODODOOO
ooooboobobo FOO0OO0OO0OOOOOOOODOODOODOODODLOOO
Oooooooob FOODOOWBO0O0O0OO00O0o

5.3.3 UUUuUonooggag

055000000000000000000 BOOOOOOOOO0000OO
000000000000 5.6()(b)000576:)00000000000 ABO
000000 FOOOOO0OO0OOO0OO0OO0O0O000000000000000000
0000000000000 100000000000000000000000
5.6(c)00057(b)0000000 ABOOOOOOOD FOOOOOOOODO
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000580000000

056()0000000 ADDOOOO0O00000000003500000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000003 000000000000000000000000
000000000000000000000000000000000000
000000000000000000000

3:00000000000000000000000000000000000
0000000008 00000000000000000000000000
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gbbooobogobooobooobooooboobboobbodobba
O000000000000000005.6(c)0000000 ABOOOOOOO
gboogbobgosogboooobooboboboobobobboobobn
gbobobgobobooobobobobooboboboboobobobo
gobgbobdobbooobgboboboobobobobobobobood
056()00000000000000000&UIO000O0OODOOOOOO
gbgobooboboboobogboobobbobuobobobn29%gtdn
OO0b0o0b0b0o0bO0ooooboo0obbo0bOoooOooogDoCyberGlove
gbobobobooboobobobobobobobooobobobooobon
gbooboogbglooobbobobboobuoobuoobooboobod
gbobboboobuogogbbboogbbooobboooobbooobbon
gbbogdbobogbboobboobboobbooobboooboonon
gboboboooobobboooooobo
ogboooooobgobosbobobobobouobobbooboboobo
O0000000000000000300000000000000000 5.6(a)(b)
O005.7()000000003000000000000000000O0000
gbobbbuoooobbobooooboboboobobbobuoooobobobogo

5.3.4 300 0O0O0O0O0O0OOOOOOOO0O0O0OO

gboboboobooboboboboooboboboboboobobobon
gboobooboobobobooooobobobooboboboobobobobg
gbobobgobooboobobobuooooboboboooobobobo
gbobobooboboboooobobobobboobobooobooobob
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goboboboboobobosuobuboboboooobobobooogan
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05900000000 A0DQOO0O03000DOOODOOOUODOObDOOOD
gbobobgobobooboboboboobobobobooboobobo
golobooooboboboobobobobooooobobobooog
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(c) Task f
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® ¢ b ® e : Input sequence
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:. oo, § O : Normal sequence
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Jell UOUUOOOOMO
NAIST-Hand O OO 0O 0O 0O O
L] [

6.1. OOy

OO0O0O0OOOOCOCOOODODODODODOOOOO0O00000OOg”NAIST-Hand”
O0000ODOO0OC0OONAIST-HandOOOOO 6100000000000 2
gbobobgobooboboboobobobobobooobooobobobg
gboboboboobooboboboooobobobooooobooob
O0000 NAIST-HandOOODOOODOOODOODOODOODOODOODOO
gobboobooogoo

6.2. NAIST-HandOOOOODOO

NAIST-Hand OO ODOOOOODOOODOOOODOOOODODOOOODOO
obooboobobobobbobuobuoobuooboobooobo.

e HUDODOODOOODLOODLDOODO
e H0OOODOOOODLDOODLOODLOODLOODLOODOO
e 0O ODOOODOODOO

0610000000NAIST-HandOD 40000000000DOOOOOOO
gbobodgboboobb3gsugoboobobuoobbuoobbuaoboonn

84



O 6.1 NAIST-Hand

gbooooboobobobobbobsboobooboo30boobon
gboboboloobboobbobbobooboobobobboboob
gbooboo40bo0boobooooboobooboobbboobon
gbobobooboboobobobobbobobooobobobobobog
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6.3. OO0 ooooon

620000000000 MPOPIPODIPO300000.MPOOOODO
Ooboobooboob20000PIPOO0OD0OOOD1I0000000DIPOO
OprPIPOO0OODOODOOOOODOODOODOOOOOOODODODOLOOOOS
gbobobooobobobuooPpiPOOODIPODOODODOOOODOOO
gbogoboboobogbuogboboboboobbboobooboobosn
ooboobooo3boobooboboboboobooobooooMPOODOD PIP
O00000000000002.6WODCO0OOOODO 500000 (Harmonic
drive CSFmini) 00 000000000000 0O0O0O0O0 20030000000
0000000000000 (360pulse/rev) 000000000 OMPOOOO
goobboboooooooboboooooobobboooooobooboPpPIPOOOOOO
gboobgoboobgoob.bbobobobbobbobbobboobobo
oobooboobooboboboobo. MPOODODOOOOOOOOOODOD
Ooobooboboooobooobooboo0oobbbo0ooboboonbbDynamixel
DX-1170000 1) 0 0000000000000 0000000O0oooooO0
OO0O00boooob0obOobobobooboogRS4800ooooooooon
gbooboooboobobboobobbobbobbboboboboobon
googo

gobooooobobooooboooooobobbooobooobooooboorIpP
gbobbbouoooobboboooobbbbooogbe2000bbbOoOoon
gbobobgoboooobobobuooooboboboooobobobo
O0000000000000000000000000000. 0000 (0oo0d
PicoForce) 0000000000 O0OMPOOOOOOOOODOOOOO 150mm
EREREEN

ggbobe2000bbbObooobbbbouooobbbuoooobobon
gbogbobgobooooboboboobooboboboboobobobo
gbobobgooboobobobobooboboboooobobobboobo
gboobgooboob 1ismmdnoooooobooboobooobon
gboobooboobooboobooboobooboon
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0 62 FingrOOODOO (DOO0ODO)

6.3.1 JUOOOOOOOOO

000000000063000000000000000000MPOOO

00 6ype, 0000000 Oypr DPIPO0DDOOOOOO0O00000 000
O00000000O000PIPOO0G,,00000000000000000
000000000000000000000000000

GMPaa 1 0 0 01/711
eMpfe - -2 -1 0 02/712 (61)
Gmd 0 1 1 93/’]13

n,n, 00 n; 0000 100 300000000000000.063000
00000000000 Oypae Oaipse, and ,,, 00000 100000000
000000020000 MPOOOOOOOOG.,,0PIPOOOOOOOOO
00000000000000000000PIPOOOOCOOOO0O
0D6400000000000000000000 200000003000
600 MPOOOODOOOOO0ODOOODOOOOOOOOOOMPOOOOOOO
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OU000 fup D000 0O00OO0DOOODOOODOOODOODOOODOODOODO
O0000C000O00AQCOUODOOOOAODOOOODBOOODOOCO
O00OoMPOOOOOOOO Oypre 000000000000 O0O0OO0O DO
OO0O00OO0O0EODOOOOOFOOOOOPIPOOOOODOOOOR,OO0O0
gogd

6.3.2 PIPODIPOOOOOOOOODO

0650 PIPOOO@pp 000 DIPOO 6pp 00000000000000
000000000000 00000000000000000PIPOOOO
O00O0OOPIPOOOOOODIPOOONOOOOONODNOOOOOOON 660
PIPO00O0O0OOCOO0DIPOOOOOOOOOOOOONODNOOOOOOO
0006,,0 6pp 00000PIPO 0, 00000000000000000
00000000000000000000000000000000000
D000000pp ~ 1.030,04, Oprp ~ 0870p OO0 OPIPOOOOOO
(0 < Oprp <90[deg]) 00D OODIPOOOOODD0< Opyp < 78.1[deg] 00
00000000000000000000000
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PIP(DIP) Flexion

, ' 7

064 0J0ODODODO DOO
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065 00000

0 6.6 PIPODIPOODOOOOOOOOOOOOO
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120

140
120 /
o0 /
§‘ 100 o
& /
& 80 o
o //
-
40
20 40 60 80 100
0)0a [deg]
(a) MP and PIP angle
140 -
120 //
E: d
=
S /
80 4
60
40 60 80 100 120 140

lep[a’eg]

(b) PIP and DIP angle

0 6.7 00O

91



6.4. JODOOOOOODOOOO

NAIST-HandOOOOODODOOOOOOODODDOODO OSOODO ART-Linux O
OoOoopCOO00DOOODOOOOODOOOOOODOOODOOODO
obooogog

6.4.1 JUUOoooon

Oo0obOoobooooboOooooobboOoopCcOoOobDboOoOoOooOSOOO
gboboboobobobbobbobbobbobbooboboobo

e OO ODLOOODOOODLOOODLOODLOODLOODOO

e 00O 0ODOOODOODOODLOODLOODOODOODO

e 0O ODOOODLDOODOODOODLO

e OO PCOOODOOOOOCPUOLODOOOOODOOOODODOOO

0000000000 6.800000SO00 ART-Linux(Vine Linux 3.2 kernel-
2.4.31-0vI1.12ART)0 0000 PCOOO O NAIST-Hand OO O OO OOPCIO
000 Interface0 00000000 PCI-6205C O O interface 0 0 DADO OO O
OPCI-3341A 0000000000 DOOODODOOOODOOOODOOOODODOOd
0ooodoboooooooooooooodonoooooooooood
oo0oooonooooouoooooooooooooonooooooon
Okatech Driver JW-143-20 0000

6.42 JUOOOODODOO

0000000000000 690000NAIST-HindOODOOOOOOOO
Og300000o004an

e (alibration mode
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~N

-
PC ART-Linux Vee +12V NAIST-Hand

YY

RS-485 0

Dynamixel DX-117

D/A —»| Motor driver —|_>

Harmonic Drive

Encoder counter <—

Vee +5V

O 6.8 NAIST-Hand OO O OO0

e CyberGlove mode
e Command mode (Single or Network)

OO0D00000 CalibrationmodeD D 0D O0O0OOOOOOOOOODOOODOOO
OO00DOOO0OobooOO SimpleDNormalOFullO 300000FllIODOOOO
OO0O00ooDbOooooOoSmpleD000O0O0ODOOOOODODOOOODOOOOO
000000000 O0[deg] U0ODDODOOU0OUDODOOODOODODOODO Dynamixel
0000000000 O0[deg)0D00D0O0O0O0OOOODOONormalO Simpled O
gbooboobooMpPOODOODOODOOOODOODOODOODO
gboboboboboboboobobobooboobobobobboobo
OO0000000000RIlO Nermal OODOOD0OOOOOOOOOOOOODO
00000 0[deg] 00000000000 OOOODODODOODO CyberGlove mode
gboooboobobobooooboboboboboobobobobobooobob
O0000DO000C0DO0O000OO0O NAIST-HandOOOOODOOOOODOO
OO00ob0O00bO0bOOob0bo0obOoooboU0bO0ndCommand moded OO O
gboboboboobooboboboboooboboobobobooboob
gbobobgoboobobobobobobobobboboboobobobo
gbboobbooobboobbuooobbooobooobboooboo
gboogoboooooooboboboooobbobobuoboobobobo
gboobobgobooboboboobobobuobooobobobobobog
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Calibration mode

[ Calibration program ]

L 3
esnmmnnnnnnnnnnnnnhannnnnnnnnnnnn

e peprpapyepupapapare .
edelesmssnsnsnssmssmssmEEsEEsmEsmEsmEEmEEmEnnnn w ol
° . "o
& - o . . "oas
.’ . Dynamixel actuator Harmonic drive actuator T ; N
o " " .
k) : Control program Control program RN
,' [} u : “
i . ! ] 5 LY
v/ ‘Q . 0’ n 3
4 e, Status display 34 . ‘s
4 u .
. ..\, program X" . %
hd . o* . R

: - o* = .

3 EEEEEEEEEEEN \1 -------------------- X [} s ssssssnnnn 1 ‘.
[ ] A *

. S * r
s CyberGlove \\ . ’ Command 1
] input program Sor Le° input program :
s ™ :
[ | o ¢ < s ]
| * | ]
. CyberGlove mode Command mode .
" s s EEEEsEsEESESESEESESEESESEEEsEEES .’ e SpsEsEEEEEEEEEEEEEEEEEEEE =?®

069 oubobouoood

oooooobobooobo pCcObUO0bO0ObObOOOODbObObODOODOOOO
gboobobbobbobbobbooboon

gboboboooobobobobooboboboboboboboboob
000000000000 Control program 0 1000[Hz)| OO OO ODOO0OOOO
O00000000000000000000000000000 200[Hz OO0
OO0D00DbO0o0oooooboobobodDynamixelDODOOOOOOOOODO
O0b000b000000000OHarmonicdriveDO0OOOOOO0OPIDODOOO
gbooogog

6.43 JUUOUOOOOOOO

geloooouobbobobbooooubbbobibooooooooon
OO0O0OO0OCOOO0OD0ONAIST-HandOOO 120000000000000000
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o >

Joint angles (12DOF) ,-" Transition time

Current data

—

Execution
sequence

Top

Bottom

Data stack

U 6.10 DOooogoooo

gboobooboboobbooboobooboobobobooboobod
gbobobgobobooboboboboooobobobooboobobo
gbbodbboobbuoobbuoobbuooobboobboobbooon
UstoreU00DDODOOO0O0OOODODOOO0OOODOOODODOOOOOOODNO
gboobbogbuogbboobbodbbodobbuooobooobboo
gbobobobooboobobobobooobobobooboboboob
(move) DO00O0O0OODODOOOOOOOOOODOOUOUODUDODOUDODDOOOOO
gboobobobooboboobogboobobbobobobboboobodo

guoooood
set A gugodouobbobbbuoooooououoooobobon
00 set A [finger| [degl] [deg2] [deg3]
finger  th/fl 0o
in/f2 00
mi/f3 OO0
ri/f4 00
all EREREEN

deg 0000 (00 deg)

95



set P gboboboobuooooboboooobbboooad

00 set P [finger| [posx] [posy] [posz]
finger (set ADDDO)
pos 0000 (00 mm)

set T gooooobobobboooooa
00 set T [sec]
sec 0000 (00 sec)

load gogooobobbouooooooo
00 load [filename]

filename OO O OO

store Oo000oooooooooooo
R store
release 0000000000 ooO0oooooooooooooooog
oo release
print O00oo0O0o0ooooooo
0o print
move 000000000 (booo)oox
00 move
undo gooooooooooog*
ogd undo
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reset 000000 0[deg]*

ao reset
end/exit/quit/q Command mode 00 0 0O
00 end/exit/quit/q

*000000o0oO0oooooooo

644 JUOOODODOOOOOO

ggddgoooobbobobobbobbbtbddduuuooooooobo
O00000000000000000000000000 ART-linux(Vine Linux
2.614 kernel2.4.22-0vI2.11ART on an i686) 0 00 O O kernel(Vine Linux 2.6r4
Kernel 2.4.22-0vI2.10 on an i686) D0 000000000000 6.1100 6.120
0000000 1[msec]030[msec] 0 00000 O (a)ART-linux0O (b) O O O linux
0000000000000 b000b000PentivmO0O00O CPUODDOODOOO
OO00OooooocpPUDOOOODOODOODOOOORDTSCOOOOOSOO
000000000 kernel 0000000 10[msec] 000000000000
000000000611 ()0 0000000 1msec)] 00000000000
0 20fmsec] 000000000 D0OO30msec] 000000 0OOODOOODODOO
10[msec] 000 40[msec] OO0 000000000 0ODO0O0OOOO kernelOO OO
O0000% 0000000000000 000000000oooooood
O0ART-Linux 0000000000 1[msec)] 00 030[mesc] 00000000
01%00000000000000000000000000000 kernel O
OO00D0 ART-Lnux 0 O000000D0O0OO0O0ODO0O0ODODOODOO0ODOODOOO
O0000 kernel D0 Okernel OO 00000000000 ImsecOOOODO
goodooboobobbobbtbtbuddidouuoooooobbobooboobooo
O ART-Linux 0000000000 ODOODO
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interval[msec]

interval[msec]

actual inter'val —_—

15

05

O 1 1 1 1
0 200 400 600 800

cycle
(a)ART kernel

1000

21 T T " T
actual interval —

205 |

20 -4

195

19 1 1 1 1
0 200 400 600 800
cycle

(b)normal kernel

0 6.11 DOO0O00oobobDodd ImseecO O
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interval[msec]

interval[msec]

31 T T

305

30

actual inter'val —_—

205

29 1 1 1 1

0 200 400 600 800
cycle

(a)ART kernel
41 T T

1000

405

actual inter'val —_—

111 Liteodtbodi o Lelh s
[ 1

395

39 1 1 1 1
0 200 400 600 800

cycle

(b)normal kernel

0 6.12 DUO0ogobooodd 30msec U
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6.5. NAIST-Hand OO O OO [

6.5.1 JUUOoogooooooboon

CyberGlove mode 0 0 00 NAIST-Hand OO OO0 OO0O0OOO0OODOOOO
000 6.13000000000000000000 Immersiond O CyberGlove
090Hz 0000000000000 00O00O0O0OOOD 1000HZ D OOOO
000000000000 00000D00O0200000000000000A0
000000000000 0000D000000000ONAIST-handO 12000
0000000000000 DO00DO000OooO PIPOODOOOMPOODOO
(00OO000)0o0oOoO0O0O0OOOO0OD0O0O0DO0DOD0OD0O0DOOOODODODODOOO
OO0o0b0o0OO0o0O00ob0obOOoobooobOOo0obOobOU0obObOobOobUooDbOoo
OO000o0O0obO0bO0o0O0o0obO0obO0ooDobOOobO0bOoboooboboOooDoo

6.5.2 JUUULooedbubgbobobooboogn
0

OO NAIST-HandOOOODOOOOOOOODOOO PAIO-7CODOOOOCOO
OooooDboboPAO-7COODOODOOOODOOrODOOOODODDOOOOO
O00040kg00000O0O0OPAIODDOOOODODODOOG14000 (6400000
O00000000OPolhemusO0 0 600000000 FastrakOODOOODOO
O0O0O0OO0O0OONAIST-Hand O PAIODOOOOOODOOOODOOOOOOO
OO00O0O00000ooooooOoCOOoOo0o0goooooooDooCbooOogPAlo
geboboobobbobbOobooboboboobobooboobon
OO0O00OOoO00oOo0o0obooO00obOoOoPAIOOOD 1020400000000000O
gboobooboobobooboboobosbbobboobooboob
oboobdebOobooboobOobo03sg7ybooboobooboOon

O00000O0O000DOONAIST-HandOODODODOOOOOODOOOO
gbobooboobooboboobuoooboboobboobboobooon
gboo20b0000000b00b0b00obb0obObOobbobbOobbOobobn
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0613 DO000000000O000O0
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oM

(FOkY)
7%
(Fo @)
Makh
(MO LT )
i 24

(O LT ()

|
= bl
i (M > 72 5 B 8))

0 6.14 PAIODDOOO [64]
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O0200000000000 NAIST-HandOOOOOOODOODOOOODO
gboogbobobooboobobobooooobobooboobboboboo
gboobogobgooboobobbobobbooboboobooboob
gboobooobooobboobbooobobooobooobbooon
ge6l1s500000000000000DLO0ODLOODLOODOODLOODbO0O0

6.6. UUDOOODODOODODOODOODOO

6.6.1 JUUUOOOUOoooobobuogoooboobon

NAIST-Hand OO OOOOOODOODOODOODODOODOOODOOOOO6.160
OOONAIST-Hand OO DO OOOODODODOODODOOO Command mode O O
000000000000 00000O00O000DODO000ooOoDoooDooooon
ONAIST-Hand OO ODOOOODODOOOODOOODODOOOOOOOOOOOO
ooodoooooooooongoooooooooooonoggoooo
000000ooooooooDOoO000ooooooooonod Command mode
O000000O0000ooo00ooDoOo0Uoooo0ooooDooooDooog
000000000000 0000O000O0O000DODDO00ooOoOOoOoooOon
000000000000 0000ONAIST-HindOOOODOODODOODOODOO
000000oo0ooooooon 22em0040em 0000000 OOOOOO
ooodooooooooobooooooooboooooooogooon
O0000000000000000 100% 0000000000 ooooooo
0000000000000 000DoO0o00ooO00ooDoOoooDoOoOog
000000000000 000000oU0DO00oo0D0ooDOoDOoOooDOoDOO
ooodooooooooobooooooooonoooooooooo
0ooooboooooooooooooogd
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U615 0000000
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NAIST-Hand
controler
(Command mode
with network)

Manipulation
recognition

|
|

L -]
Input devices '
( CyberGlove & Fastrak ) |
J

Recognition result
(Primiteives)

0616 DUO0ODODO0OO0OO0DOO

6.6.2 JUUULOOOUOOUOLLObLUuooooboood

ooobooobooooobooooboooooOoobbooOooDoOoOobD AOD
OO0 FO0O0O0O0O0DOOO0ODOO0OOOO0DOOOOODOOODOOOO0ODbOODbOOO
gel10dbe20000000000000000O000O0O0ODOOOO630000

061700000 NAIST-HandOODODOOOOOODOOOOOOODOOO
00000000000 6.18(a)(b)J 00000 NAIST-HandOOOOOOOO
ooboooboobooobooooobooobboobooooobD coooo
OO0 BOOODODODD ADDOOOOO  DOOOODODOD FOOODOOOO
god

O0DO00000O0 NAIST-HadOOOUODOOODOOOOODOODODO
goboooooobbbbooooobbbooooooobobbboooooooboo
O0O00O00O0OOONAIST-HandOOOOOOOOOOOODOODOOOOOO
gbooboooobooboobooboboobooboobooboon
ooboooboobooboboooboobobobobobo0obo Foboboooo
NAIST-Hand OO OOOOODOO FOODOODOOOODOOODOO FOOOO
goooooboobobobooooboboboobooboboobooooon
gbobobgoboobobobobobobooboboboooobobo
obooboobooboon
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061 0000000000000

(a) Primitive A

set A th 350 20
set A in 40 45 0
set A mi 40 45 0
set A ri 40450
set T 0.5

store

set A th 0 -20 20
set T 0.5

store

set A in 50 -20 0
set A mi 50 -20 0
set A ri 50 -20 0
set T 0.5

store

set A th 50 0 20
set T 0.5

store

set A th 10 0 20
set A in 20 50 0
set A mi 20 50 0
set A ri 20 50 0
set T 0.5

move

(b) Primitive B

set A th 10 0 20
set A in 20 50 0
set A mi 20 50 0
set A ri 20 50 0
set T 0.5

store

set A th 50 0 20
set A in 50 -20 0
set A mi 50 -20 0
set A i 50 -20 0
set T 0.5

store

set A th 0 -20 20
set T 0.5

store

set A in 40 45 0
set A mi 40 45 0
set A ri 40 45 0
set T 0.5

store

set A th 350 20
set T 0.5

move

(¢) Primitive C'

set Ath 0020
set A in 30 10 0
set A mi 30 10 0
set Ari30100
set T 0.5

store

set A th 50 0 20
set A in 50 -20 0
set A mi 50 -20 0
set A ri 50 -20 0
set T 0.5

store

set A th 10 0 20
set A in 20 50 0
set A mi 20 50 0
set A ri 20 50 0
set T 0.5

move
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(d) Primitive D

(e) Primitive F’

set A th 10 0 20
set A in 20 50 0
set A mi 20 50 0
set A 1i 20 50 0
set T 0.5

store

set A th 50 0 20
set A in 50 -20 0
set A mi 50 -20 0
set A ri 50 -20 0
set T 0.5

store

set A th 00 20
set A in 30 10 0
set A mi 30 10 0
set Ari30100
set T 0.5

move

set A th 20 -20 20
set Ain 4000
set A mi 4000
set Arid4000
set T 0.5

store

set A th 60 -5 20
set T 0.3

store

set A in 20 40 0
set A mi 20 40 0
set A ri 20400
set T 0.5

store

set A th 40 5 20
set Ain4000
set Ami4000
set Arid4000
store

set A th 10 15 20
set Ain 8000
set Ami 8000
set Ari8000
store

set A th 65 -20 20
set A in 90 -15 0
set A mi 90 -15 0
set A ri 90 -150
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store

set A th 20 -20 20
set T 0.2

store

set A th 20 20 20
store

set A mi 90 -20 0
store

set A mi 60 -20 0
store

set A mi 40 50 0
store

set A in 90 -20 0
set A ri 90 -20 0
store

set A in 60 -20 0
set A i 60 -20 0
store

set A th 20 -20 20
set A in 40 50 0
set A ri 40 50 0
set T 0.5

store

set Ain 4000
set A mi 40 0 0
set Ari4000
set T 0.75

move




B1EE

NAIST-Hand

B’EE

NAIST-Hand

U617 DOo0oboooboobooboobooboobon

062 0000000000000

Primitive | Time[s]
A 2
B 2
C 1
D 1
F 6

063 0J0boobooobon

Time 0

Time

108

Current Next primitive
primitive | A | B|C | D | F
A X |o|x|o|Xx
B o X |X|X]|o
C X |o|x|o|Xx
D X | X|o|Xx|o
F o | X |o|x|o
Prim. Prim. Prim. Prim.
C B A D
Prim. Primitive Primitive Prim.
D
10 15 [s]
Terim. [[ Prim. [Prim.|
Fll F
Primitive Primitive Primitive
15 20 25 30 [s]



Primitive C Primitive B Primitive 4 Primitive D Primitive F’

(0000000

Primitive C Primitive B Primitive 4 Primitive D Primitive F

(b) NAIST-Hand 0 0 0 00

0618 DOU0OOOO0OOO0OLOOO0DOOO0
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6.6.3 JUOODOOOOOODODOOOOOOOObDOOOnO

gobbbbooooobbboooobbooobbOdd Prismatic grasp
OoobooOooboooGoIoooooooboooboooboooboboOon 20
gbooboobogebOobbOOobbObbO0ObLOO0ObLOO0ObLO0ObLO0On
gbbooobbuooobed4ddnesgobooobboobboobbOn
OO00000D00DO Prismatic GraspO O OO OO0 OO0OOoODODOOOO
gboooboboboboobobobobobuoboobouoooobobobo
gboobooboobuoobuoobooboobooog

O00D0OO0O00 61900000 NAIST-HandOODOOOOOOODOOOO
00000000000 6.20(a)(b)000000 NAIST-HandOOOODOOOO
gbooooboboboboobooboboobobooboboboobooboon
O0002000000000000ONAIST-HamdOOOODOOODODOOODOO
gboooobobobgooboobooboboboboooobobobboobo
gbobobgoboboobobobobooboboboboobobobg
OO0 NAIST-HandOOOOOOOOOOOOOOOOOOOOOOooOooODOO
gbobobgbooboboboboobooobooobooobobobg
O0000D0O0000DO000O0DOO0O00O0O0OD0O0O0000 NAIST-Hand O
O000000100% 00000000000000000000000000
oboobooobgd
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064 J0DOO00OO0OOOO0ODOO

(a) Primitive G
(FullRoll Left)

(b) Primitive H
(Rock Left)

set A th 25 -10 25
set A in 10 50 12
set A mi 10 40 0
set A ri 10 50 -12
set T 0.5

store

set A th 0 10 25
set A in 55 10 12
set A mi 45 10 0
set A ri 60 10 -12
set T 0.5

move

set A th 25 -10 25
set A in 10 50 12
set A mi 10 40 0
set A ri 10 50 -12
set T 0.5

store

set A th 25 -10 10
set A in 10 35 12
set A mi 10 40 0
set A ri 10 55 -12
set T 0.5

move

(b) Primitive I
(Pinch Flexion)

(FullRoll Right)

(Rock Right)

set A th 25 -10 25
set A in 10 50 12
set A mi 10 40 0
set A ri 10 50 -12
set T 0.5

store

set A th 50 -20 25
set A in 10 30 12
set A mi 10 20 0
set A ri 10 35 -12
set T 0.5

move

set A th 25 -10 25
set A in 10 50 12
set A mi 10 40 0
set A ri 10 50 -12
set T 0.5

store

set A th 25 -10 25
set A in 20 60 22
set A mi 20 40 10
set A ri 25 40 -2
set T 0.5

move

set A th 25 -10 25
set A in 10 50 12
set A mi 10 40 0
set A ri 10 50 -12
set T 0.5

store

set A th 25 -10 10
set A in 10 35 12
set A mi 10 40 0
set A ri 10 55 -12
set T 0.5

move

(Pinch Extension)

set A th 25 -10 25
set A in 10 50 12
set A mi 10 40 0
set A ri 10 50 -12
set T 0.5

move
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B1EE

NAIST-Hand

Time
1B1eE

NAIST-Hand

Time

065 0b00b00ooooboooog

Primitive Time[s]
G (FullRoll Left)
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