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Manipulation for Multiple Objects

Kensuke Harada*, Shinya Nakano*, Makoto Kaneko* and Toshio Tsuji*

This paper discusses the manipulation for multiple objects under rolling contacts. For manipulating multiple ob-

jects, there are two key issues which do not appear in the manipulation of a single object, (1) each object motion is

restricted by other objects, and (2) the contact force between objects is not controlled independently. As for (1), we

consider the motion degrees of freedom of the grasped objects, and propose a necessary condition for manipulation.

As for (2), we propose three indices for internal force. Finally, we show some numerical examples and an experimental

results to confirm the validity of the proposed idea.
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Fig.1 Two kinds of enveloping grasp
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Fig.2 Model of the system

o0 y000000000bOobOOoOoOoOoOoOooooD <20
godo/l/o0b0ooobobbooooooooooooon
000 [18][20]0

Adp; Adp,
Apg. A

Do [ PBi :| — Do PpBi 020
Adp; Adp

Dpij = (I3 — (Rz:"'poy;x)] € R

Drij = [Is — (Rr; 'pe,;x)] € R

Dou = [Is — (Rgi"'poo,x)] € R**°
0000130 3x3000000(Rs:" ' pey;x)0
(Rp;"pei;x)0(RB:"'pooyx) 000000000000
00000000000A¢,0A¢,; 0000 Spi0%k; O
Y, 0000000000000 00000010002000

ooo j=1,---,n0t=1,---,1000000000000
000000000000000

DcApep = DeApg 030

oooad

Apcr = [Apgm e APan]T € R
Apor; = Drj [APR‘ Ad)gj]T € R’
App = [App: Adpy - APp,, A¢p,,]" € R
DC _ [1371 O]T c R(3n+3r)><3n
Dgp = [DgB Dg]T c R(3n+3r)><6m
U00ODcp € R 000000000000 j(j =
1,---,n) 00000000 (5,¢) 000 Dy 0ODOOOO 0

0000000000000 00O0ODo € R**"0Qo0o0
oooooooo tit=1,---,7) 000000004 <10

20000 30



238 0ommm 0Ommm

000 (4) 000 Dow 0 (4,1) 000 —Do,, 000000
0000000 0000000000000 Apgr 0000
0000000000000000000000000000
000000300000000 D0 ppy 0000 Blpgy,0
Moo P'peo, 0000000000000000 Kerr
O[70o000000000000000000000000
00000000000000000 (1800000000

000000000000000000000000000
000000000000000000000000000000
0000000000000000000000000000
003000000000000000000300000000
000000000000 0[-De Dg] € RE+3mx(Bnt6m)
00000000000000300 Apgr =00Aps =00
0000000000000

3n + 6m > rank[-D¢ D3]

O0ooooooooooog 3n+6m—rank[-De Dp| O
jdoddoododDecO000DOODDOODODODOODOOO
000003n+6m—rank|[-D¢ D] = 6m —rankDo 00
do0d00ddbOoOoOooooooobooobobooooooo
goooooooooooa

000 1mooooo
ooooooooooooooooo

Iy = 3n+ 6m — rank[—D¢ Dp]

= 6m —rankDo 040

oooooooooooooo

oooo0o04000 20000000C0O0000O0O0G00OO
O3nODc,O0000O00C00CO0ODO0IOOOOODOOOO
O0oO0oo0oooo0oooooDo 00O0OO0OOOOOO
Iy=6m-3r0000003000000000O00O0COO
0000000 0O Hunt 23]000000000000D0O
obooooooboboooooboooooooooooobooboboOoo
OU0oOooOoo0OoooUoU 3Jouooooooo 24
ooboooooooboooboooboooooooboOoobooboooo
obooooooooooooboooooooooooboooo
ooooocooooooooboo

gbooooooooooboooooooooobooboooooon
00000000000 000000000 A¢=FEcApep+
EBApBERIMDDDDDDDDDDDDDDD EcOER
ooo3ooooog

_DC DB ApCF _ 0 050
Ec Esp Apy A¢
—-D¢c Dsp
goooo goo0o0ooooooobooan
Ec- Egp

o0o0oooooobeO0O0OO0O0OOOODOOOODODOODO
OO000OEcO00O0OC0OOODOOO0OOOOOOODOOOOO
O00000O0O0ACOECOEp 00O0DODOODOOOOOOO

JRSJ Vol. 18 No. 2

0Omoom 0O oom ™

Ec=000000ACO A¢=EpAp, 0000 Apy 00
00000ACOOO0DDDOOOOOOODOOOOOOD
00000000000000000000000000000
0000000000000000000000000000
0000000000 ¢00000000000000000
0D0000500000000000000000000000
00000000000000000000000000 500
Ap.r0Ap, 00000000000000000000

+
Apg Ec FEs A
é{‘j}Ac 060
B
0000« 0 «x00000000000060000000
—D¢ Dg
goooooooood goooooooo
Ec Eg

0000 DcApep = DpApg0A( = EcApop+ EplApg
oooooooooooo

[ (]

000000000 O0Im(x) 0 «00000000OOOOO
00 Ap.p0Ap, 00000D000D0O00O0O0O0DOOOOOO
0000 [-De Dp]0O0O0000O0OODOOOOOOGOO
0000000000000 0ooooooooOooA¢OooOn
gobooooooooooboOooboooOoooOoooboooboobo
ooo

D¢
Ec

Dp
Ep

000 1M000000
A¢COD0O0D000000000O0ApzO0Ap,, O ACODOO
0oO0o0000O00O0OO0O0Ooo

0000
00000 Apg0Ap., 000002000 ACOOD0 A¢,O
A¢,000000000000000000

EClApCF =+ EBlApB = Acl
EC?APCF =+ EB2APB = ACz

0000000 AGOAG 0O00D0DD0O0O00 ApgpD
ApBDDDDDDDDDDDDDDDDDDDDDDDD
|:—Dc DB :|D|:—DC DB
Eci1 Ep: Ecy Ep»
0000000000000 A¢,ODA 000000 ApspO
ApBDDDDDDD

:|EIEIEII]EIDDEI[IEI

+
Fol i P
Appg Ec: Em A¢,
[-De D5 ][ 0
Eco Ep2 A,

oo

Mar., 2000



gooooooo 239

00o0oooooooo0ooooOoooooooo ¢o
o0ooo¢0ooooooooooooooooooooo
oooo0oo Apop 0000ACOOODOOOOOOODO
ooooooobocoooooebcbOOOOCObOOOOOO
gooo

000 10000000004
gbooobobooboooooooo

Ker(C) =10 070

O00D00000OKer(x) 0 x000O0O0OoOO

sizeC = 3n x (6m —rankDo) 000000000 rankC =
6m —rankDo 0000000000 COOO0O0OO0O0000O
0006m —rankDo <3n0000n 0000000000
0000000000000000000000000000
000000000000000 (2000000000000
0000000000000000000000000000
0000000000000000

3. OoOOOOO

gobooooooooooboOooboooOooobooOooOoOoo
gooboboooooooboboobooooooboboobooboOooo
gbobooooooboooooboooobobooooooobo
ooboooooooooooobooooOoboooooboboooo
g3booooooooooooooobooooooon

fs=D5fc 0 80
=Dipfep+Dofo 090
ogooo
fB:[fgl ngl fgm ngm]TERGm
fCB:[fgll "'fgmn]TGRgn

fo=Ifton "'fgoa,]TeRBT

00dO0fg ne (i=1,---,m)00 i 000000000
0000000000f¢,; (i=1,---,m, j=1,---,n) O
0, ;000000000 +¢000000000000000
foo: (t=1,---,r)000000000000000000 4
00000 !00000000004<!0000 110000
0+00000000000000
0000000000000000000000000000
Dgp e RG3)X6m OOQppOoO0O0000O0D0O0oNOno
000000 fo O rankDE =3n+3-r 000000000
0000000000000000000000000000
000000000000000000 3n+3r—rankDE O

0000000000000 0000000 A€ R™X" 00000
0 sizeA=mxn 000000

oo0ooooo0o0 180 20

oooOoooooobooo 0o DepODoOOOO0OOOO
goooooooooOooooOoOoOOOoboOoOooooo

000 200000004

gboooooobooooooooboooobobooboooo
gooooo

I; = 3n + 3r — rankD% 0100
ch:3n—rankDgB 0110
I1o = 3r — rank D3 0120

ocoboon,0o0000b0O00I cO00C0OCCOOODOOGOOOO
oobooolroc0O0O0O0O0O0OOCOOOOOOOOOOOODO
gooo

rankDp < rankDe¢p +rankDo OO0 0000 DOOOO
Ir > Iic+1;oc00000000000000O0DODOOO
gooooooo eOODODOOODOODOOOOD roOO
godddo [;oooooa
Irc>0000000000000000DOO0DOOOOO
godooooooooboooobobooooooooooooboa
gooodoooobooooboooooouooooboooood
ddodoboboobooob 20000000000 0O0O0OO
Oooo000Iro>00000000000000000DO00O
ddooooooboooooboOooobooboooooooo
d00ooooooOoobooobooooooooooboooao
gdddooodoooooooboooooobooooooboo
jdoddo00DO0ooOooooooooIro>0000000O
goodoooooooobooooooboobooooooooo
goooooooobooboooboooooooooobobooa
doooooooooooo Iro=0000000
0000000000000 0000 kgOkepOko OO
00000000 oOooo9noooon f.Of-z0f,00
goooooooboooooooooo

fo=D5E)" fz+ Npks 0130
fep = (DEB)-‘—.%B"‘NCBICCB 0 140
fo=(D5)" f5+ Noko 0 150

DDDD}B = fB_DngDfB = fB_DgB.fCB u
O00000ONp NegONo 00000 DENp = 00
DIsNcsp = 00DINo = 000000000000 [22)0
kp € Ri'Okep € R'COko € RO 000D ODOOOO
0ooooooooog

4. 0DOOOODO

gooooooooOooooooooooobooobobOoOon
oooooooooooooooo I 0000000000
0D00000000000000000¢eR™ 0DOOD
gobooooooboobooooooooboOoooil10b000o
gobooooooooooooboOoooooobobooOoogon

20000 30



240 0 mmomom

0Omomm

Fig.3 Several grasp configurations of multiple objects
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Table 1 Calculation of kinematic relations
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(a) Motion of the objects
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