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Omni-directional Locomotion of Robots with Limb Mechanism

Yasushi Mae*!, Yuuya Takahashi*?, Tatsuo Arai*!,
Kenji Inoue*! and Noriho Koyachi*3

A new working robot has been designed and built on the basis of the concept “Limb Mechanism” that inte-

grates functions of legged locomotion and arm manipulation. As one of feasible structures of the limb mechanism a

six-limbed mechanism will be analyzed and evaluated in the aspects of omni-directional mobility. To evaluate the

omni-directional mobility, a stroke and a stability margin are examined in all walking directions during six-legged

and four-legged locomotion. The paper introduces two types of structures: radial and parallel arrangement of legs,

and compares their stroke and stability in all directions during six-legged locomotion. The radial arrangement model

will be proved to have the omni-directional mobility even in four-legged locomotion. Based on this evaluation the

proto-type robot is designed and built. The developed robot has radially arranged six limbs that can be used for

both locomotion and manipulation.
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Fig.1 Various tasks performed by limb mechanism
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Table 1 Working locomotion robots

4legs+2arms | 4legs+2limbs | 6limbs
size,weight X X @)
handling accuracy O X X
handling space O A A
working space A O @)
mobility A @) ©
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Table 2 Omni-directional stroke and stability margin
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radial model | parallel model
stroke ave. 0.66 0.28
sd. 0.013 0.036
stability | ave. 0.16 0.13
margin | s.d. 0.010 0.112

ARDORE EHPSVHE @& FHAT 2720 TH 5. Fig. 10 »
b, BREFRMOEIIZ, REHREILL a YRR L=2D 5122
W, ([ RIZRILMEENICH B Z L2 0A. Fig.9, 10 £ b, *F
TEREETVOERE, ETHRNIL > TA MO — 2 R LERK
DEIRKRECELT S0, MHREBETVIHIZZ-EDHEE &
LI ENDHDH. FORKR, MHEEE T VIETEET TV
N BERAENE —LRBBEEN O Z LR TE .
Fig.9, 10 Ti3, &#ETHMTOERITEL LA PO —2
ERERMERLICH, &F L FmT2IEEN0 2L LT,
ETHADBEVII L ZEERBDOIES DX 2 EHTIEERAEL
B¥bh ZITHE, ERLELLAAMI—2, RERBOT
RTOETHMIBTLFEY R EHFMA bO—r, &HNLE
ERMEMRILIZL, FRFROEEREL EHMA ba—2
EHMRERBOZERAELIFERZ LIZT S, Table 2 12, £
FHEA b —2, @HORERME TOEEREERT. Table
2 OFATEREEET VT, a=0.6 DHEEZRLTWAS, KEHE
BEFVOENEHAA MO — 2 L o HHRERBDEERE
BNV EDGNY, BEEEE TV, EROFITEEE
TNEDLEHEEIZENTWVWE I ENRHEERETESL, T, &
KEA ba—2, @FHAEERME LK LHAICL, KytE
BETVOMEY, FIAERETTLOMEL ) BKRELZ>T0AS
N A

BSIBLEE TV T, &) ADPFRUEKT, AEzdie L
T 60 ETLICREINTWAD, Hff/85 —22560 BED
LIZHELLBRBLEVIIEHEF>TWS. 60 IE5DHFT/88 —
E, Vo r L E LTEAMROBRICH D720, 30 BEHD
FAIINT =2 FIHTAH LT, EHANDBRITNNY — 0 %4
BETAHIENTEL, ZOLH) LOMNHEEFBEL, L%
VRTINS — TR FNOBEINERTE 5.

3.3 4 HSTOLARAM

BHEEE TV TIE, MPVED) 220 A THRTIBIEL %
Mo, BYOMOD) Ak E L THW: 4 BT TS
5. MR & L CEITHMOEIIT AR ba— 27 L#EfTH
MEERM 2 T2, #THNE Fig. 11 O X ) ITEHL,
REEFT L7208 E LTHY ) 20FESIE (1,4) & L7,
HATIE, EITHEA 0 BEOBEIZIE 2 a—LEEERITHI LD
ET 5. MOBETHEOBEEIZIE, 0 EHMO 7 O — LEEDH
BLEIL) LOBEEFE T ) = THBERIT). Ta—T11
120875 £ 95, U LEROEEILEITHMOBIEES & T 5.
A ba—=7i%, ) ABOTHEEEICANEE EToOE
HWHNTEDIBRAA NI =235, DEoLHLY, &
THEIZHET 5 A M0 — 7 ERERMERNHEL Fig. 12
WRT. A MU=, BRERHBLD, EBITHAN0OEDLE XD
% 1 &LT, HMETRL TS,

AATHy bRk 22 %3 %

53—

1 direction

6 6 2
&b
5 3
4

Fig.11 Definition of direction

1.60

n —&— Stroke
1.40 /
1.20 .
1.00 - Stability
! margin

0.80
0.60
0.40
0.20

0.00 T
0 10 20 30 40 50 60 70 80 90[ ]

Fig.12 Stroke and stability margin in four-legged locomotion

1.60
140
1.20

100 g gy - Sibity

margin
080

0.60

040 (1,49) | (2,5)
020 = = =

000

—— Stroke

0 10 20 30 40 50 60 70 80 %[ ]
Fig. 13 Constant stability margin

Fig. 12 &9, 30 FCcizabo—7 - LERHE L IZITT
FLWEZR-TBY, 60 EFHETIZA ba— 22584 ¥ 53
DOLERMPKEL LoTVBI YL B, 2IT, M
WCHWAS 2 ) LOKHE, T$4bh, BEIHVWA 4 ) L EHE
FTHIELILL D RERDOHSE Y B ETANL., ¥, &FmI
WMUTA M= - LERME EIZTH72012, Fig. 120 0
75 30 EETIEHLT, B LTHYSY 4 (14) % 30 &
UETIE(25) ICEET AL, Fig. 13 DFEEIEONE. 0
L&, ANO—7 - RERBVIIEZ-EERY, EFMIL
THELVWEREWEFOZ LD Gnb, T2, Abo—2I12k5
TRERBEKELT L5412, Fig. 12 O 60 EfHE % FIHT
LIENEZOND. B LTHWSY L% (3,6) OO T
60 BT (1,4) KLEHET 5L, Fig. 14 D#EREIBOLNE. ZD
&I, RERMIRESH, HIEBOEVEFTTOBE
WZRIEBHLEEZONS.

2004 4 A



334 A # & o mo ot
1.60 :
iy | A
1.20
1.00 . —M- Stability

0.80 ) margin
0.60

—&— Stroke

0.40 3,6) ()
0.20 [+ >
0.00 ‘ b '

0 10 20 30 40 50 60 70 80 90 [° ]

Ly

Fig.14 Maximized stability margin

(1) Upper View
(2) Side View
| (3) Side View
(improved)

3"

Fig. 15 Work space of a limb

4. BEFE B E

BEHCAERIIBIT 284 RIEREREIATH)I L2 ERD
L, BB CHRI-ahntrETH1EERHHO Ry FAPEFEL
W, 22T, &hHMMEEFHESE LT, Ao0) A% EHIK
WZHEICERE L BEEAR O Ry F o - fMErfro 7.

4,1 FPPFaI—4

OFRy FEBRWTERTAIIEAMET AL, EHIC L B
HALEE L\, 22C, 7r/Faz—%i2idsyar A4 —FK
E—vx B, ERICEREB LKA Y Ea— 525 EHIC
LHEIHEITS. H—FE—FIFEV2-MLEhTEBY, O
Ky MRBEOF OB L 72— RE— 5 ORI E RS
T 2 ENTEL., ZOMHKE, NEUL - BERP A TF
AENM ET 5.

Fig.15 |2, +—FRE— 4y OMAEHEIZ L LEEFEMZ R
F. F—FKE— VY IARFEHAICRE SN, &£ —FE—570H)
TEMREIL 120 ETH A, Fig. 15(2) Tld, Ehfpdfo 5L
TEGIIF L TH 275, EBROMEETIE, SITRMERERIIERAE
HET2FATAI L3P RL, FLMNRYOLHFRERE LD
2OIARK EESOEMERIB AR T2 Z L8 EeE2 5N 5.
ZZT, Fig.15(3) &R T £ I12, —K2 oY) g%
30 LI, ) LAOREEHTOBERHBEILAL, )4
DRV AREEEIZFETHLHIIT 5.

JRSJ Vol. 22 No. 3

CEIN S S < S O S O S|

NEN R

Fig.17 Top view and work space of limbs

4.2 BE

PhroEELikc, fMEL-EM#KSE oKy b ASTER-
ISK # Fig. 16 (7R3, 43 569.2 [mm], & (3 105.0 [mm)]
T, EREIEIY2kef] THAH. 787 2=%1E, lo = 60.0,
I} =634, lp = 75.6, I3 = 85.6[mm] TdH 5. Fig.17 i,
ASTERISK % b5 /L 7-3%5H X & 2 R0BE#EM 2 /R L Th
0, ZOHRLERIZH BIEAAE TRy bOKEK, HEEZ L
IREDERGT2S) L 1 ARL72 ) OBEHITH 5.

4.3 SHITER

HMEL-0 Ry M, HfEa s €a— ¥ NTEEERE TV,
HEMRTHIEZAT ). SITROBEER L, BEOTHELFIH
L 30 S O#LEALEH LET A 87 A—% & LTI
LTWwa, BT h)&zTlE, JoaEEEHT
INT — VDA EDLREIZL S TEHLTWS, FO/FKE, K2
DY LEMWE LTHC LS MBBHSTIEE 50, TORTE
ERICERIh L 7-.

5. & & o)

AWFETIZ, 6 KD L& EHFIIHEICRE LB L 3
A OFATICRE L 7202 I~ OBBIFES © L, i
L7z, VAR RENIYSFICEE L BUECE € 7V 0%, #HiiE
OMFEAFHATLI LT, EAMIOVWTE —%A -7
PREMTHERTELZ LD Ghol. ZOFHMICEDS X, ki
HFEARIO Ry PERIEL, HITF -0 EZIZLS 6
MaH B 217 - 7.

L% OREIL, 6 WAITTHS 4 WHEITNOHE L PR EBOE
B, REFEHIZBITAEITOEOOL O, EEMIC
EAREBECCEBESGI 2 EPH 5.

Apr., 2004



BMH AR O Ry b oL kg 335

2 £ X ®

[1] E. Nakano, T. Arai, et al.: “First Approach to the Develop-
ment of the Patient Care Robot,” Proc. of 11th International
Symposium on Industrial Robot, pp.87-94, 1981.

[2

S. Skaar, I. Yalda-Mooshabad, et al.: “Nonholonomic Camera-
Space Manipulation,” IEEE Trans. on Robotics and Automa-
tion, vol.8, no.4, pp.464-479, 1992.

[3] Y.F. Zheng and Q. Yin: “Coordinating Multilimbed Robot for
Generationg Large Cartesian Force,” Proc. of IEEE Conference
on Robotics and Automation, pp.1653-1658, 1990.

[4] S. Sugiyama, et al.: “Quadrupedal Locomotion Subsystem of
Prototype Advanced Robot for Nuclear Power plant Facilities,”
Proc. of Fifth International Conference on Advanced Robotics,
pp-326-333, 1991.

[5]) BN, E, #i BB G ) & A A = X L — Wi B O ES)
FRET—, HADRy FERGEE, vol.14, no.7, pp.968-976, 1996.

[6] N. Koyachi, T. Arai and H. Adachi: “Hexapod with Integrated
Mechanism of Leg and Arm.” Proc. of IEEE International Con-
ference on Robotics and Automation, pp.1952-1957, 1995.

[7] T. Arai, N. Koyachi, H. Adachi and K. Homma: “Integrated

Arm and Leg Mechanism and its Kinematics Analysis,” Proc. of

IEEE International Conference on Robotics and Automation,

pp-994-999, 1995.

N. Koyachi, T. Arai, H. Adachi and A. Murakami: “Design and

Control of Hexapod with Integrated Limb Mechanism: MEL-

MANTIS,” Proc. of IEEE/RSJ International Conference on In-

telligent Robots and Systems, pp.877-882, 1996.

[9] J. Racz, N. Koyachi, T. Arai and B. Siemiaatkowska: “MEL-

Qo

MANTIS—the Walking Manipulator,” Proc. of the 5th Inter-
national Symposium on Intelligent Robotic Systems, pp.23-29,
1997

[10] K. Oohashi and K.J. Waldron: “Stability of a Six-Legged Walk-

ing Machine with an Axis-Symmetrical Leg Configuration,”

Proc. of 10th Applied Machanisms Conference, 1987.

G, B, |A, #a  RTRkh#Ea Ry b [T T7OK] 0

ARPEERIZOWTY, 45 4 BIHIGERRBIO R Y b2 2RI LE#ER

#. pp.21-26, 1988.

[12] J.S. Byrd and K.R. Devri: “A Six-Legged Telerobot for Nuclear
Applications Development,” Int. Journal of Robotics Research,
vol.9, no.2, pp.43-52, 1990.

(13] &t&, #iF, @i, Lk, T, AN EHEERIOR Y b DEE
ERMEY, 1T BBEADR Y MERFMRES TRE, pp.349-350,
1999.

(14] @A, ¥, 80, L, DGR ETRIO R Y S ORISR 8T BT
BE?, URT A2 R A7 b 0= R T LA, 2A1-45-056,
2000.

[15] Y. Takahashi, T. Arai, Y. Mae, K. Inoue and N. Koyachi: “De-
velopment of Multi-Limb Robot with Omnidirectional Manip-
ulability and Mobility,” Proc. of IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, pp.2012-2017, 2000.

[16] Y.F. Zheng and Q. Yin: “Coordinating Multilimbed Robot
for Generating Large Cartesian Force,” Proc. IEEE Conf. on
Robotics and Automation, pp.1653-1658, 1990.

[17) WORFEE, WEAEN, i BREE (BT0) uky b—EEERD
MR L EEE L UERMOFE—, KNETH%E, vol.44, no.436,
pp.46-54, 1993.

1

Al FE (Yasushi Mae)
1971 £ 3 A 11 H4E. 1993 F AR AKF LEEHE
T-HIBBEM LR A, 1998 4[R5 Kb T4
FZERFE T AR A T i GRS T,
(L), W, RRFRFEARE LA 7R R B F.
oRy hePary, BEOKRy bORT L, E¥R
RO Ry MEOMEICHESR. FRLHYEEDS
(HAROKRy P#EFIERR)

HHBE (Tatsuo Arai)

1952 4 1 A 6 HA. 1977 FE R RFARFbE L
FAE L ARFRAE T, 1 SEHUT BT BT I ZE BT & %
T, RIAERBRKFRFEPEIERE T ekl Edz. v
Ll RHER K, T4 TR ab—Sa Y, &
ERBMOR Y MEOIEIZHEF. 1986~ 1987 4
MIT £ BW7E R, HABMWS 2, sHll B Sl
4, IEEE $0&H. (BAT Ry F#E&EFEER)

NaAEEFE (Noriho Koyachi)
1957 4E 2 H 14 HA:. 1979 4E U RS T2 o bt
THREFE. BIEMAATBUE N E AT A
PTEIGE S A T LR 7 4 — IV N Y A T AWFE 7
V=7 EEFEE. 1988~1989 4EK[E A /N1 A1
B B RRR, LR A L,
VE¥ER = KT HAS T, BR{EE TRy MEDORFFEIC
ft%. IEEE, JARA, ¥ 27 Afl#EREEOER.
(AATFKy FMFEEER)

HADHKy bERGE22 53 5

S8t (Yuuya Takahashi)

1975 4F 4 /] 30 HA:. 1999 4 AR K HRE THE
VAT L TFREZE, 2001 FRKGRFREIERE T
PR A 7 4 NBRELUS L5 T, [F4E,
(Bk) 7> v — Atk fE59E, ME¥EBHHRIO R Y
k DRFFEIHES.

H_E625] (Kenji Inoue)

1963 4 10 A 10 H4A. 1988 FEHFKFAFbE L
FRM RS LIRS T, H4E, SRR TEER
BhF. 1993 KR AKFTEERBYT. 1995 4 [F%ER
AR, 1998 4 RBROK S Kb e rfE T~ 7E B A,
2001 EFRMZERBIEIZ L 2 WV HEICES. BILE
~Y=ZtEal—%, Ry ME# L AT L, ABRDO
Ry bOFEICHES. it (T%). BARBRES, sHIBBHHY

=, WELFR%EORH. (BARDRy MERIERE)

2004 4 4 A



