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ABSTRACT o -

All multi-legged locomotion machines that do not need any dynamic balance control can be classified
into several levels functionally. The authors define (i) two dimensional walking, (ii) to maintain
the body horizontal on rough terrain, (iii) to keep the absolute height of main body constant as the
minimum walking functions of multi-legged locomotion machines.

By the way, how many active degrees of freedom are necessary and sufficient to realize the above
functions?. Although the consideration of degrees of freeedom seems to be fundamental in developing
multi-legged locomotion machines, this problem has not yet been studied thoroughly.

From this point of view, the active degrees of freedom are examined in this paper using a four-
legged machine which offers the minimum number of legs capable of keeping static stability. Resultantly
it is shown that “six” is the necessary and sufficient number of active degrees of freedom to realize
the above functions.
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Fig. 1

Degrees of
freedom of a
mechanism

(b) Fy=6(N-1)-zy;
=-6(J-N+1)+ZF;

AT, BHES X CHTEBROBEC T
BHL, STERBROEMIREREROEBELRI L
T, ZOBRYERTILEI>TARERERLDONT
ELELTUS.

2. BHITHMOBHE

21 HACEHELHROBEE

B B2 A3 5 Fifk : kinematic link) & fia @&
T A = a%HE (kinematic pair) &3,
SHED HHRE (degrees of freedom of a kinematic
pair) ¥, FIAEM A 2 HWEIRhTWRVLE 6
&7y, FIEARICHEIR TV B & &i120 Lin5.
—RRCKHBD B RE S ERER e oM ERR(D
NS AYAC -

fHu=6 (1)

7t¥s, Tablel wENHTANBOHIHELH BB ¥ =
ER

wic Fig.1 O X5 e NEOE» LRI 5% EHR
EREELL. i Figl (a) DL NEOHEH L
SHEIRTWARWETS &, EED LECRESCE
EIRREFER»LARD L, o N—-1EOHILET
6(N—1) HoMEHED BlE (degrees of freedom of
a mechanism) #HT5Z kic/eb. Xbic Fig 1(b)
DESw, HEITEWT u BOWREZTS ET5
L, ZHHEEREL LTOEBBOBHE Fr kB &
LT (2) TEEh3Y.

J
FK:6<N_1>'—{<§”‘L 2>

HAErAy MEREE 2525

Table 1 Examples of kinematic pair

Item | Schematic| Number of |Number of

Pai diagram freedom constraints
Sphem’ca] P 3 3
pair
Cylindrical / 5 4
pair
Turning =<

pair I)/( 1 5
Prismatic " ] 5
pair .

7R (2) BHAOHME fi #fH-TK (3) ©
IOREFTELTES.

Fr=—6(]~N+1)+ ﬁl £ (3)

K (3) DEIHEDOH » 20, HHHERCERE
THEL - TOEEERL, ~=2Eav—20DI5KH
A —TRFELEE, B1IERAEERD, EBHOR
BE LB ABEORTII—FT 54, BRHEELH
BELAHTERO X o, HEEAFTH LT
DO — RIS 5 BE, BHEOHREINBESR
BEORFIL W Aiel /s, K(2),(3)ix A Morecki®
OYRFEDOHBELRDBFICH VR EABMC—F
LTw3. b0 amErEBHOHHE, WEEY
(mobility) HAWIECHBEYERIhL S 155,

22 BBREONE

FBOBRER, EBRT 79 2= — 2AFIH LT
LEEBIEHE (active degrees of freedom) &, 7 2
F == ZOWL LTI WEZE B HE (passive deg-
rees of freedom) /T3 LA C& %, Fig.2 X
SR BT RO RS % R Licb 0 Th 5. Fig
2 (a) OX5HOEHNE D BHHE (fi, fo f2) D3EE
PEBEC - Tw5 &, THRAATCREEZEEOR
CRBRDST B ENTES. —F, REeLMEE O
BOHBERSHERESLD, —&c Fig2 (a) ©
I3 3@TEFhhOREEOHHEENEES h 5. B

(b)
Fig.2 Typical leg mechanism and types of
degrees of freedom
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P ILEEIED b 5 S 2 1 TOREN T 5
2, BEOIAEEMFT1 7 ThHh-Th Fig2 (b) ©
X 51z, Table 1 OEFH{E (spherical pair) 2/ LT
REMEEE T, EEMMC S s 1 7 S HeE
TEmERELD - EpaiEL s, D Eomitd &
T aN—ge A L5 ARER ST % & Table
20X ELDBIENTES.

EZAHT, n HRESTEREV-TBEDOr R ED
IO BEHEXELTWADES 5. FOBEKELER
X hTwina, —Bic e REEREORINYE
LTw5b E#Ez bhs. EIHEHECRIISITERRS
Ezuhhd, WA TLARETHD, 2
SHBRILERC TR TG T 2R E LR v 8
5. Thicx LTHTEHEO AR S W TELT 5%
WOBRHER, SEHEROTNTOHLLEBERDT S
DI, WS DDOMITRAT 2 — ZDBBBTHENEND
ZEERRTHOT, HITROEE ORKZTHET 5
Bl hBs.

2.3 BEROBTHBWO BB E S

Table 3 i3 = 1 ¥ CIPFFERAF S W icE I TIERD
EHERECRIIC O WTER LD THS. AL,
* EID DB T E BT Ly T & 7\, Table
3 ERWTELESEEENS VO, Fig2 oo X
SRENMEED B BRDTESL 217 T, 2RT
3k BEBYERE (PEEED ML T\v 5. BABIE
MO RFE BT Hh 5 HiRNBEERS, FTORER
DETTES 7 v~ FRBHERS, T2 008EH
BHECHERCEEERSD Z E2EBTE 0L
BB TEROBEHERERZ LD TEL E2bhb
LRI 3 OOREHEBEYHETS FEHTERROBE
WO g Fy ZHEREO BEE b & 1LTR (4)
DI RETZENTES.

Fyg=6+4+3k (£=0,1,-%k=3) (4

(4 BAEITRINTWB IS5 ER (3) ®{E-
THHTHZENTED. T, R (4) B4R
HIFE (ki=0) wwic~>Th, RED 3WHHEOBHEET S
XU 3MhEL Y OEIEETNTRETH S Z EERLT
B HARBER A 1Y (2RIHHEOREO HHE
i3, ko L THEO LEREDOSR) kg, RKXwE
ﬁ%kTﬁmm% THRO FEHCE » T B S
BT, B LT IR0 FTEED BEROESS
P

KECTLY, 0 X5 RBREYE
BCHTHRBC LDELREROEREL
DHHL &S BES DESEIE HER
HEWSEBEIESY LIEAZ LTS

WL, HfTEv5ar
EIEL, i
EZETHLED
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Table 2 Classification of degrees of freedom

active degrees

degrees of freedom of fr-eedpm
of a kinematic pair ) passive degrees

degrees of of freedom

freedom degrees of freedom

of a mechanism

Table 3 Active degrees of freedom of legged
locomotion machines

4~leggs Tokyo Institute 12
of Technology [7]
Mechanical Engineering 8*
Laboratory [8]

6-leggs Chio State University [5) 18
Moscow State University [6] 18
Carnegie-Mellon 18
University [9]
odetics, Inc. [14] 18
paris University [11] 12%*
Roma University [12] 12%

8-leggs Komatsu Ltd. [13] 19

3. BTHBOBENIE

BITRBOBEY v~ (1)~(5) ETO 5B
LI BT, PSRN & U TR B
TREFEEREOBEELBIRT 5.

VAL EEE ST REY R LS bE
HEHBENTES.

VAR (2) IR E W TR EY
BEOMBIRETES.

VL (3) r I\ T, BIRER RS L’
LEBOMBERCERETE, »oflk (FEH AP
BHTH LN TES.

VAL (4) 0 R (3)DBEERE L, HOREOIE
WEIE CELLET BB 5 LN TES.

VAA(5)  WIEIEEN TR R R ERTSH &
MCED.

o, TITHRETIREME UUIHEDO LD
BITERO RS 7o MM B B3 (O BLFEHD
&5,

Fl, BIRELZRET D, STEBRIUTO 2
DO NEEEE IR Lk hudie S a9,

(i) MHEORN IR LEDBZ &

(ii) MM HBRETHERINDSAT BITH
BEATY TS AL, BLOBRERMAVEETS

R LA bR

&
v (3) BBEWT, AEERKFCBFTIH 1O
By, RUECESME (i) WwBIE L THITRRO He

e — 20 (FESEBRANELY DERY T
LEEHEEEALL, COENDEREATR T COEEY
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pzzzzzza © Main body

(a) Type A

- 1# # iz £ ] lL ’i
ﬁnwvﬁTﬂLﬁﬂﬁpﬁ
(b) Type B

Fig.3 Two methods to keep body height

constant
HEFTFFIBRICRE LED 14 202 517 % B
) % +HHRETHIDTHE. Y OBRE H
HOMHREAL, SAE R X OUCEEED S X B =Rk F
—REDRELE & o TR A B S RO KFERBIE
BEiBRELELZLRS.

—Hrn (4) REWT, AEOHRMEIRTED
KRBT sc ki, A=F1rF—WEA»LE
RINDBWEETH B, =54 F —EEEHOH - B8
B BT MR TIE, BB=4A0 F— 13Kk LTS
- Th, HEALIZESLOHENNAEIOERTE
FIND, =3 F-EEEEOM - T i W BED
BT 7 F == AVERED, RORBHERKCEY
T, AEDENBEI CRTELRT—EREOZ EHHE
L. ZOBRE, FEORNEIE—EERFETHO
2B DOFENRSS. 1o0KER Fig.3(a) 0k
SIAFAVRT 7 Fax—2 10k b, &tk (Fig.3 T
t% main body) OHEHE S ¥ —EREOHE (21 FA)
T, 35 120K EE Fig.3 (b) O X5 ARITH
V= YIZEEIRTNT, KEOHMEIXE Lo\
X5 AT B B B R AL D Lict, Ah TR
BXesHE (x4 7B) ThB. 21 FADHE, K
HOEREY my 274 FVE{LE 4Z (ORELTS)
ETBE, KEEV s —vRBFELTCBT 7F 2 —
FRALEWC F=meg I 5 I B EHLTO B, 4Z
DIEAR X VMR LTHER Lich EhihT5.
AZ NEDBE, TI7F ==K LD megdZ inh=
FAF-REEEIND. 4Z BEADBE, TIFx—
SIS L D =3 N F—REEERDD, $HOT 75
2T = X T~ o EAE L CRET S - LBk
ThbH. 21 7BDEE, AEOKEBE K LCESN
LB =R F - HERIT RT3 o EATRE L
B0 RPFETIE, =F b F-—EERDIHEVEE
BRTAA 7BOFEREHERE LT3, ¥ Fig. 41311

BArFfy M 25825

(b)-Walking in level 4

Fig.4 The difference between level 3 and
level 4

A (30, (4) DHTBEBOEEER LD THS.

—F, v (4) ETOEELEr-L (5) ©
HHFTIE, R (4) CRINDEEOCAHEYHE
2T, fFHED CRoBzk L TRDEREF A~D
EHEAT) PEESTCEEOEEO BEHFLASE
BHRIE, BELBTIUEYL L VEDHM, AWETIK
Zh B DB RRECBIRT A e L E L B, LicH
> C, SITERCRERERIASHEE & LT rvn
(4) ZEFETHZ LiwTs.

4. BOEHBHMECHTIEE

AL (1),(2) OBTFIEI A Vv I E R AL
®BHBZERID, ThLh 1EBEEE, 28E8HHEH
EWTERIRLTVE L, »oFhbrBIOEHER
ETHD I LB RHEHRTES. .

WiZ, v~ (4) OBTERHRE LcRDEEIE |
EETAOBRECIBEND, HTEBBE 22051
TEHET 5.

(1) HOBELHNEERROT A%, HOREHH
HEC X VERTB 24 7 (THHTHRD

(il) HITOELBNREREY, OREHEBER
XOERTD 21 7 (STHTHER

I ELBTHEI RS, B v -icdEhr =71l
7oh DT, HEOBRTEMO L L FTINTI DR A S
BT5. SESARIISTEIELT TS T T
BEL, TOEFARREINICHETAF—viwLT
HOREEETHE LVEE, BORBEIRS 9
DEEBEEEYENT S 24 7T, FOMILELDTL
et L AT, BELBBRENFACEELYERN
CREZh, LrdZRSBPAKARS Z XM
DT, TEXDETH-TH LEHEHBETTSTHS
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(Fig.6,7 © 4 BHTET A BR). LIEOEE L YA
i, BEBEZEOTEVGIREEND S BT
Miz#EBE L, ToEPEHEHREC > VWTRETH L
e a8

4.1 DEECOWTOKRE

— B REIP I B B ERIRHEE L AT kB
LN TED D, BNRESTHIERTEHED
DRPTHDS 4 REEEL, Fig.5itmdhsd ko7c4
RETHERRS JOEERY £2530LT5. 2 I
L, (i=1,2,-4) 3 i LAfE L OB ADME~ 2 ¢
rMTHY, Fy (=124 3Hi OREDKE7 T
NTHD. FAEOBLYBERECBECEY L
Bi Pe L, P OfE<2 vk G P bk
FTOBE~Ns ARBETS. SLEsay (C
CTIRESAT) DOEBHACIITRBEs b i A s
U %9,z HABE~NZ b Ak 1, 7,F 5. 1L
AR LM/ BAEATERSI VS, ThiX
BRI EhEYRH TS L CABENSEE TRV T,
4 BB £ ZXERO 3BRMHHEO L ED AR ED
FEEL, 4ARVHE-3EIIHED & EHio A R
F54DET5.

I, VL (4) OEER (a) AEOEEOM
BAOMERD, (b) REDHKERR, (c) FEDH
XEIEED 3OO TELSD &, FEEEILE
FOLO>RRESNZ M EAVTRT LN TESD.

(a) ~7 bAGHANFEHEOEEOMBECRES
&

(b) @i—LD-k=0  i=1,2 (5)
s A-Bu~sr A B opmrET.
(¢ Zmsx=Max(L,—Fp- (6>

Fig. 5 Vector nortation of each position of a
four-legged machine
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Zmnzggn5fr-ﬁo.% 7

Z I RO REBCHIET S,
(i) Zmax<Mmax 72 Zmin>Amin

CRR:55=9) (8>

(i1)  Zmax=Mmax EE Znin=hmin
KEDEHIRE2 5.

T Bmax Pmin XAEHTE S 5 AGLIREEDERK
BIRBIVRIEETHS.

—F, EEOMBEH LRy B K fiFT5
LBz ki, BFEELAE, B2 LA RET
EWAdr s LCEBEOHARE C EanTED LD
ZlriEhin b, Ebik, KEOHRNEIETES
K —E T E B L5 & ki, 7 b HREE
HMENCESEEL VWD D, 2ED VL
(4) DHEFEEHET B dE PR b ~<7 b G,
wH pMERC ¥ B RENS D, ks b GaH
ORI (9),10), AD DX EFERTHZENT
5.

d .
E(Li-k)—o

_é:(xG, Ya» zG) ( 9 )
7i==(cos &, cos 3, cos 1) ao
H=(0,0,1) an

Ik, a, B, v ThZThHTENRFCEE S L
g EE LSy bR EORTAEL, KX (12 B
BT5.

cos? e+ cos? f+cos? p=1 12

T~ b GIHER EOERD EThB 0D,
WHENREZ BRAUERX A3) DX HIZ 2¢ 1T Teye P
BEfr &7 5.

2e=2¢(%¢, Ya) (13)
Lo T, R (9)~13) X vERBIMILR T £ —
FOPUL “5” EicB.

K, ThbD<F 4 — 2 L HEE B LRGS0 T
E2hE, te Yo BTHELA L THTERATRT
et s o LedinThboT, RiE2 POREEH
ENRETHLE EXRLT VS, Fio, hHTEHE
BRI  AlE% 2 BT 2 EATED 1008
BHBENDNETHLZ EERLTS. D220
BT 2 — & (a,B,r DEFE D 22) 1%, HITHHEF
A LTERSATR LY SUEY, FECH L TEoRS
RED T LERIET B e, RIE 2 DO E HES
DETHSZEXRLTWS. Lk ZHEB B HERT
RCIETH DB, BUEOEZBI L1 (4) O
BEEE (BHRERBC OV TLEITEI TRV
BERT LD, BRES OOEBERENSNETH
BT EREBMTIE T
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Ly
7

o leg on the ground
x: leg in the air
Fig. 6 The suggested four-legged model with

six degrees of freedom and a walking
procedure

4.2 +HELCOCTO®RE
Fig.6 (a), Fig. T DX 54 BHTeF0 % #E2
B, ZDEFLIE ETHBIC AZA FaJREls 4RO R
(4EEBHBE &, WHEBHE ¥ EETHIA51F
e IAME (LEEBEMBED, BIUCELBER © ik
Bb b (1ESHEE OFF 6 >0OMBHBEL, B
s L OBK & ko BB\, BiRcE
TASHEBERXETLEFLTHS. LR LREEH
HEoOBoOMEL LT, Fig2(a) o x4 7oHES
FHEIRTWELD LTS, HITHIER Fig6 (b) ©
X S IIHEO R TR I 5 ZARORBELE A
N, REXHOREYEHHZ LTHb, s &b
DFFCAFA FERBHZERIVERTS. Ik, %
iR 2 EE O BHE & EBEREE & o ik
Tabled D X5/ (BES, B
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Fig. 7 General view of the suggested four-
legged model

[

L |

b ‘

T7777V77777777477777.
2 '

s i

Fig.8 The slip between foot and ground in the
suggested four-legged model '
This is caused by the independent operation
<of each leg on the ground. >

S LTWBZ ik b, BEOHREIEDA
HEORMI D 247 ih 4 Lisd ((I5F2E8R).
FORRTARED FTFie 1 OB B lESRIE L
BECIREDO A S 1 FEBEHIEORD LT D 2 o0
DHBESHEL, BLBEC 1 D0 B BREX %
BT 50, EEMCRBIETIBEOBREREEL
fov. BECEET RO BRELAR, FEOLTH
EELICIHEORD SOoDBABREIC L v ERI A
HZRELOTHDHH, “OHEHERRELBELE OB
B — 7OBERES IO RELMEEORET, T8
W EWSRBIC X bkinbhicboThB. LivLix

HEEEOHFFT OV Fig. 6%
R). Table 4 X hEILNL LS,
AE (REE © ETERCIEE
kb IADREEPIEThiL
oo, i HIESTHEO R %
ST BB L, REERET S L
ESMEE ULTTR5 o L2k
THELTHD (Fig.8 2R).
D X5 eHTREF (1 XD RILME
BIARD 2037 2 oD REBE hEE MK
GLHIED 3 & B 1 K

HErfy MEQZK 2425

Table 4 The relation between active degrees of freedom and

degrees of freedom of a mechanism

item of degrees of freedom of a mechanism
up-and-down | up~and-down | sliding shift of
lifted movement of | movement of | movement of | the center
leg's number™ main body lifted leg main body of gravity
1 ®0 o ) ® ®
2 O0® @ ® ®
3 O®® ® ® ®
4 ©OJ0R6, O] ® ®
all legs are O® X X ®
on the ground

(O: active degrees of freedom
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Fig. 9

Two dimensio-
nal  expression !
of the suggested
model

ALY BT B BRSO BB E L LTik&bh
T, WEMESEETHbhTW S0 Tk, §
b bBEHEO RSB GhE TRBRD A, Fik
RPAEHEC - 7c s &, BRELTEREATOLE
BurAtiew LCEETS. RoBBC X b Z OBES
BITEE & R ER TRV ow, BOEmEL
5 BADFICADILNKEFTTHS. .

bEDEZEZ L b, 04 BETEFLITETHEAE
DKL, 3 X O BIREE RIS B\ TRE O MR
BERO—ERFSREOERTREEIE-rD LAl LT
B, LihioT, Z0EFARV-r (4) OBEY
WRLTWENE S hEFARD I, ZOTFUrEn
HETHEEOMNBCEETELLEShEFHE LW
CEriny, EERLIOBEICL D, BHRELR
W a0 pEENE () RERTESLDT, 22T
TEEOMBE~DEEAEMIC OWTDOLRANS.
EEOMBECIETE, L 5 e R51i, Fig. 9
CRWCE Py WMEREDOR (0,9 CEHETEINED
EMERTHE IV, e b A Py AMEED S EE

TENES P @OWTHHELZEBLENLTHS.

coc Fig. 10 (2) oXsrizt» i AL 258 L,
DE I A0 P2FEEEIE LY &L, kicE Ly, &
H L' OF¥bbic 40 B EEIeE LY T35,
ZD2EDBEIC L - TE Pi(x, y) i x FRne dx,
y Frne dy BEL, & P/(e+dx, y+4dy) wBET
5. X5 Figl0 (b) o X3keE Ly #& Ly 0%
bhic 40 BaEEEsE LY L, Z0%E L ¥4
L ©Fdbic 40 BOERIwE L L3758, #
B Pz, y) 3 P (xt2da,y) CBEHTS. 2ED
Fig. 10(b) O—HEOBHIFIA Py % x Fiic 24z 72
T TIfEEELD Z EATESD.

wic Fig10(c) ® Xk 51, Fig10(a) ofmEnd
B L BE L OF¥bhr 49 ZPTEEIEL) &
L, #08a L 24 LY oFbbic 40 23EEX
B L EFAE, BRA Pu(xy) ik PY(x,y+24y)
cBET5. 2% b Figl0 (¢) O—EHDOBIEL, &

JRS] Vol2 No.2

# I
/, 4 ’
b P L
28 Zr\\“\~~‘ L:fy
Ly Pubkdx L,
(a) A basic procedure for movement
of point P1
’ ’ ’
b h b
=)y
L] Lq P] P] LZ L2

20X

(b) A procedure for x-directional
movement of point P1

” ¥4 V

L P b
—F7

L; S Lé 2Ay
-

L P Lo

(c) A procedure for y-directional
movement of point P]

Fig. 10 A walking procedure to reach any
position in the x-y plane

P, & y HEK 24y OB TEfFEEL D Z ENT
X2, Lt Too2o0BfedEaehiE, & Py
BEEMCEEOMBRIZETES. & P &2 Th
ALz EN VLS. BELD, ZOoEFLZVN
(A)DBERHRLTWAZ ENTFHIRA. LbE
TR D ERVCCEBEHEORM “57 11, BEED
BEMLLELRE 4 LEOEE—FTB L, BiEkd D
O 1B B EL, 420 STHETERE LTBELD
ToREBERETES.

PlEo#E#Ziz X b, Fig6 (a), Fig?7 TRIh% 4
REFeFLIZU- (4) OBTERAL, »oRks
EHEHER B e A THDE T ENRPELIT .

kAT T OBE, EEOMENT TR 3 ELH
T Az L VEBEOFAREANIES Z ELFHEYT
BhHo ERMAELTEL.

5. & ¥ U

WU BEERDWCTONERT, EORTERE
B 0BT L O B BEER, SR BhECE
TAHEERTH L TEEBFEC VB Z L2 R L.

ko, EREERINRE LESEETRRCERSh
LEEROBEEL ET, DTOBE (i)~Gi) LEH
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L7,

(i) MEEXRFETICENTES.

(i) FEBESWCTEREOMBIFETES.
(i) BB CTAKLICRRRFL, »oRE
DA TELR—EBETH LA TED.

ZHODBEERERT L by, (i), (i) DA
26 5 DORHEHENNE» O+ RETE RETH
D, (DDETEDTHLBE, 6 00MHEBRENNE
POTSIEEBERETH D Z ERHELMTIE -
B, AR ETTACh i VERRPEL
R AT BT 27T & A 7 & SE O AL FIHE S X O
HONHREEE AMBOBERCH LTLHbEHOEY
#ELET.
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