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ABSTRACT

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) Fk=6(N—1)—Zui
=-6(J-N+1)+2f;

NI T, HEES X OB TERO BRI oW T
BL, HTEROEMHTNEREROBELEN Lk
T, COBER RIS A BE TS AREC VT
EELTWS.

2. FHIAHEBMOEHRE

21 HEOEHELHEOHRBE

@ BRI T 5 Mk « kinematic link) & %
BT LR - &5 B (kinematic pair) &\ 5.
SHED B HEE (degrees of freedom of a kinematic
pair) i, FIZESE”A £<HRIR T2 & 6
Ligh, HREPEPCHEIR TN L0 &5,
—e XA B BE f & EE e E OBIciEFEieR(1)
DAY R

f+u=6 (1)

sk, Tablel wRENHBOHMELH R &+ =
ER

wic Fig.1 o L5 NEDE» LB Eh 4 HH
EREELS. e Figl (a) 0k 3 NEDOHiIN 4
SHERIKTGWRWET5 8, FEO 1 EOREH®
EINTEERNOHS L, o N—1{EDEHIIaET
6(N—1) {HEoERKED BhE (degrees of freedom of
a mechanism) &35 Z Licinb. X5z Fig 1(b)
DLowE, WE T v EOAREZTS LT3
&, BEHBEARL LTOEBO BHEE Fr il @/ &
LT (2) TEIh5.

J .

Table 1 Examples of kinematic pair

Item | Schematic{ Number of |Number of
Paiv diagram freedom constraints
Spherica] PN 3 3
pair
Cy!indrica] = 2 4
pair
Turning = ] 5
pair
Prismatic rEEfgiﬁ 1 5
pair

¥R (2) BHEOHME fi #E-TR (3) O
IPeETLbTED.

Pr=—6(/-N+1+3 f; (3

= (3) DELED Y » =0dL, % HEERCERE
THEPFN - TOEEERL, v=Ca. v —20D L3I
A= TBRERELRCEE, E1EAETERD, BEOH
HE &GE D B BRECEINI~FKT52, BHEELH
e LIBITEMO X 5w, i s ARt LTn Lo
PBORL — FHEET 55, BEOIHETYBER
EOBRL b Alelinsd. K(2),(3)k A Morecki?
DMREEDBHEY KD BB o E AERe—8
LTWa. 7oRBiRo B HEGETO BilE, wEED
(mobility) BAIHEZ GHEYIEENS 2355,

22 BHHEONEE

SBOEMEL, TORT Z7F 2= 2 LT
BHEEEIE HE (active degrees of freedom) &, 7 #
F o= — ZOFE LT WS B B E (passive deg-
rees of freedom) WHAETAZ LT 5. Fig.2 it
WA T AT HE R D RS O % R Lcd © Th %. Fig
2(a) DLSHOERME D BARE (f1, foo f3) 28
HEHAECE > T3 &, AHEANTREEETED S
CNBRDTHENTES, —F, BELHMEEDOX
BOHREXSEHERESL Y, —ik Fig2 (a) O
I 38T ) OEED [ EENMEES h 50, B

(b)
Fig.2 Typical leg mechanism and types of
degrees of freedom
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BN EEIE D B B S & 1 T REN e RIET B
N, BEEObATEEMEA 7 TH-TS Fig2 (b) @
I 51w, Table1 0Fx{E (spherical pair) % 4 LT
Bz BEE T, RN S x 1 7 LRl RE
TEHBEY LS LR eB. Dlbodmit b &
xR R LT 5 HEEY ST 5 & Table
2DIORFEDDLTENTES. '

LI AT, n BHESTERE o0 n R ED
ISR EAEYELTWADIEAS . FOHMERTER
R TWiRwna, —c n iREEE) B B R TIR R
LT3 EELBID. BEERHEORTILSTHERS
L2 bhiuE, UhRBMHERCTRTETHH, o
SEBIR e BRI 8\ CHIEE A BT T 58 &7 v &
. shick LCBITEED LT ST T 58
HOEBET, SHHERDOTNTOHLUERDT S
DI, W DO ART A - FRUBETHENEND
ZEEFRTLOT, HAMOBE ORRKE T IG5
Brebithigs., _

2.3 REQHITHMO GhE Lk

Table 3 i3 2 h ¥ TIRPHERAME S W io R InB TR

BEOEREORMC VW TEE LD THD. KIZL
* F1D OV T BT R L EE ST Lo TE 7\, Table

3 ERWTRLEBHBENS VO, Fig2 oo X
5 RENEBD M MBRODTESL 21 7T, ZBT
3k BB EE (FIRER BT\ 5. ELABIHE
WO T BT B s BIRBEER-S, ETOTEMN
MG TED 7 v — SRBEERS, T 2 DOREE
BHECHRCEEXERS - E2EETIIE, Z0X5
HBTEROEBHEHE R ELDTEH T L b5,
£ R 3 oD0EHEREYHET Sk ESTERO LS
BREOEME Fr 2EHEO BEY & & LT (4)
DXIRETZENTES.
Fr=6+3k (=01, k=3 (4

% (4) BHELTRIATVWE LR (3) Bifo
TEEPT 2 2 EATES, e, R (4) WECERL
B (=0) wiz-Th, RED 3HEFAOLEETES
IO 3FhEDD OEEEFAFRETH S Z LR/ L T
5. HAREE=Ky 11D (ERIHEOBEOEHE
1, REO ETHAD 1 HHEDAR) ¥HRE, RECE
FRB T AR b P B TR D BB E » T W ERE R
BT, R LT ShiSy Do RERES NERDEA S
i

KRBT, COXORBEREEEL, HTEVvwiir
BTHTRRCLEREROBELYERL, HCHE
DOBFLE VO BESDESEREY S Z ¥ TRLES
S BB ESY LSS et b,
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Table 2 Classification of degrees of freedom

active degrees

degrees of freedom of freedom
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]

&-leggs Ohlo State University [5} 18
Moscow State University [6] 18
Carnegie-Mellon 18
university [9]

Odetics. Inc. [18] 18

paris University [11] 12%

Roma University [12] 12%
8—~leggs Komatsu Ltd. [13] 13

3. HITHMOBREATE

BITMOBEEY L~ (1)~(5) FTO 5 BT
SR LT LT, TEBSITEINE L LB TR B
FTREREEDOEREL SR 5.

Ve (1) PRI S W CEHNEEYRE LA LE
RN TE S,

Vb (2)  FPER O CHIRER R L bt
BONBIEIETES.

VL (8) f RIS S\ 0, BRIRER R Lt
LEEOMBCEETE, ok (REE 2XKFe
FFT o TED. . ‘

v (4): U (3)DBERERE L, oREDOH
HEE A TEL T —BRERTH L8 TESD.

VL (5) : AIEEIERN TERORE Y EIRT L &
NTED. :

o¥, TITCHRBEETHRERE UCRERED 2D,
SBATERIRA S TE AT A8 7x MM 7 B3RS (O TFRHD 1
L35,

o, BNEREYRET L0, STEREMTO 2
DO PBBELEEEHE LTl 5o,

(i) MHHEoORBIAKRHUESBZ &

(i) MBI RBRETHEEEZNE LA (BT
Bafl L ms) R, BELOBREREANFETS
x ‘

LUk (3) BT, AEYRFRBRFTLIELO
BEE, SNBSS (i) wBIE U TR TR BR
FEe— o VIO GERESABA~EL, DBERE I TRE |
BEEL, OENLEELATE TOERMY,
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ywzzzzzza . Main body
|72 21 EZ /I!
/7

(a) Type A

| E2LHTZA) IV i

dezz] .
L

(b) Type B
Fig.3 Two methods to keep body height
constant .
BT RTBRCE LicfED 1 %1 22 8 13 % T
) " THTERTLDTHD. FyoREE H
BOMEIEL, $hE S X ORTERIDONBRC L5 = F
— RO E L &\ o o0 b b RO K ERERIE
HEicgElELZ bR S,

—H UL (4) ERWT, KEDHEREILTES
BEO—EefETs 0 813, =k ¥ —NEANbE
REINBEETHD. =F 0 F —[EEEB O - 78
B STBRTIL, HRB =41 ¥ —13AGO L TEHRH
2 Th, HEMRLTESLOMINEIOELTEE
HENDH, =51 F—HEBEBOE - TVt WEHER
BT 7 Fax—2EHWHERED, BOWIHHEENTE -
T, AEOHNEECRTELRLT—Brfoz LE
LV ZoEE, AEOENE S —EBETS0
C2BYDFERSS. 100 Fig.3(a) ok
BIRAZA FRT 75 axo—22 L0, Kk (Fig8 ©
v main body) DX X B —FILE2HE (54 FA)
T, 35 12D EIE Fig.8 (b) © X 5 AR MBIE T
Ve —VIREEIHTONT, KEOHENEILE LT
I3 CEEAC 5 5 RRRERD Uik, KRR KER
Bxeskk (54 7B) ThD. 24 TADEE, K
hOBERYE my 274 VE(E 4Z (WORIEET3)
EFDE, ALY e — VEREELTNDT I F am—
FILE T F=mg 5BV EALTVS 0, 47
DIEET X DI LTEER Lich Sk 15,
A7 BIEDEE, T2 F a=— 21 XD megdZ e %=
FAF-PNEEIND. dZ BEADHE, 77 F a2z —
FIINH I D =R F -2 EINEY, SADT 75
o == 2T —RIT SR EIE UCTHET 5 & LR
Thb. 547 BOYE, AEOKERECK LTED
WX B =R F BRI FRERRERT S & LAV
B0, AR T, =FLF—HEIDnEns &
BRTx A FBOFELRIHRE LTS, ¥oFig. 41z

BEArAy MFEEFE 2%2F

(b) Walking in Tlevel 4

Fig.4 The difference between level 3 and
level 4

~S (8),(4) OB EOIERELYRLICLDTHS.

—J7, vur (4) FCoBELEh VL (5) @
FITTE, KX (4) TEINLIEEO AEEYAEDCHE
2T, AIfTHES Rkolfics LTROEEFI~D
EEST) PEESTEAGOTEOBEEFY AeE
LHRIE, BERSIHER S VEDD, KBPIETE
T DDA IR T A B LB 2B, LA
2T, BTEBMCREEERIABEE & LT rn
(40 BEHTHZ LT 5.

4. RIGEFEHECHTIEER

vl (1),(2) OFTEA A -V v &R e
BHZ LD, FnFh LEHEBE, 2fEHHED
EOTERIRTWES L, »oThbRDOETIEE
EThsZ LIRGEMTES.

ww, vk (4) OBTRIHRE Lok EEER
EEFLOBRE S EAN D, BTENE 250 2 4
TELETS.

(1) HTEELBNEERFOWMT Y, HOEHE
BEC X DEHETS 24 7 (1 RSHFER

(i) BOEBELIHNREREY, FOMREBEER
I OEHETD 47 (SEBTER

TEBTERIER, B i vk 7kl
7oh DT, EDOHBTERDO L S0z &1 S 12
B3 5. SERTEIIBTEEE G i fTE T
BEL, TOETFTVRHBEINRLHT A5 — R LT
BHLTELEEERELLVEE, BEORBIIZE5D
DREEHHEELEMTS %4 7T, FOHLEhn T
R0, L2 AT, BOBENIE I R EE TN
CEESh, LabTREABNICANS & LT
DT, Tz BBETH-TH 1EBHBEETTHTHS

2
&
2
B

oo oo

1984 £ 4 /



146 4T K FH

(Fig. 6,7 © 4 BHT =T ER). DLOEEL VAW

ZeCiY, HEEEEETEST VI EAND SEISTHE

BEE L, FOoEPEHEHEC > WTUERTSZ &
5.

4.1 DEHECDOWTOBE

— R BB AT e B iR YRR EEEL AL b
CEMIMETE B o, HNEESTNERCE ZRD
ORETHS 4ARTHEL, Fig.bloRmdhs X4

RHBTERE X OEE %%%za%o&#a ol (ol
L, G=1,2,-4) 12 i CT%&(D ik OB b
NTHD, Fi, (i=1,2,-4) 3 @/@750"4%}\‘/ b
ATHL. FhAROBLYHER LCEBCEE L
ﬁ%fhkb,ﬂ;DﬁE<7r»%§,R;#%K%
ETOBENs bARHETE, SbeHHESAT (2
ZTIREAR OFBEHACILCRBMNT b i &
L, @, y,2 FABK~N7 vk 1,1,k &35, BEL
AR ELVTHBC e 2B A ITERI VD, Thik
EHEHEY R T2 L TABHERE TR0 T,
ARYHMAO & 2 IEFTO 3 BETMMEO L XD AR ED
¥¥EZ, ARSIHEME-3RIMMED & EFici i B
¥F5LDETH.

ZIT, VL (4) OBEEER (a) BEOEEDOL
BADRIERD, (b) REOKTFRRE (c) REDH
SEIGEEO 3 OOBEEEC T TELD &, LB
TO X ERiEm~N 7 v ERACTETIENATES.
(a) <7 b GAHEHEOLEOMBICRES
. :

(b) (Ly—LpD-k=0 i=1,2 (5)

ccw ABw~<riva A B onErEd.

(e) Znax=Max(L,—Tp -k (6

Fig.5 Vector nortation of each position of a
four-legged machine
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Zmln-M1n (L —F)-k (7>

t=1~4
o IO RE BT .
(1) Zmax<hmax D Zmin>h'min

d 7 L pram
S Leb=0 (i {EE) (8)

(1)  Zmax=hmax E7HE Zmin=hmin
FHEOFGIHELD.

T ZW Mmaxs Bmin BFARITE 5 ARG L EEOEK
BIBLICRNEESTHS.

—7, EEOHMCH L TREE BRI RT3
EE ki, BRFREZIE B2 b ARET
BRARC LTEBDOFmER S ERTEDL LW
ZlmEniebin. ¥b, AADHENEIETED
EO—@ic BB TED L5 2 &, <27 s HREE
HEPNTERCEE VWO Eeind. DEH VL
(4) DEFRERT 5 iz dbicl b7t G,
nﬂﬁﬁak&i5M§#@a.t%&awvémﬁ
ORI (9), A0, (A DX SWERTHZ EAT
x5,

G=(eg Yas ) (9
7i=(cos e, cos 3, cos 1) 10
H=(0,0,%) an

o, a B, v WERThBTERAGCEEI R
T AEE SR AR bR TAEL, X (12) BE
BB,

cos?a+cos?ff+cos?yr=1 (12)

X7 b GIRHET EOEED B TH BN D,
WESE 2 bduE R A8 DX BT 26 1 %e ye D
BES L 7B,

2g=2¢(%g Ye) (13)
LT, & (9)~13) X pEEBICHII/n T 4 —
ZOHIT “5” Link. ]
m_,_na@AsXHa&%@aéF&ﬁﬁdw<

ELDE, ve ye WBTEELN LTHTEMIAZRT

BB 5 & S eWIinT 50T, RE2-ODREEER
ERRETHD ZEERLTWAE, ¥%, LS FTHE
BRI ARG E 2 Fie @i I &N TESL 10K
BEHBHENLETHELZERRLTWS. XBHIK22D
BT 2= (a,B,r DEE D 22) 1k, HEIE
2N UCEREAER Y& LmED, RECH LTEDLES
FEX D ECRIET D00, RIE2 DO EHEN
MDETHDZERTLTWS. L £EEEEBELT
NTHTTHLD, MEDEEZLHLVL (4) O
HBOETE (BIEEHREBTOWTIREEZ R TV
FEET A DT, RES 2ORHEHENLETS
BT EDHA B AT T
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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 +HHICOGTORE
Fig.6 (a), Fig. 7T DX 5/ 4 BT EF & E2
B, ZOEFLL ETHAK A74 VA4 RKOR
CABEEHEMRE) &, BBl E 2 BET5 254 F
WG (LEEBE M, BICELBEHA © EiE
FhY (1EBHBE DFr6 >OREEGE L, B
& R X ORI & IR D B8RS i 0, EliE B
TAHAZBHEEYETHEFTATHD. L LEREH
HEDMORBE LT, Fig2(a) d x4 FoxHan
FEEENTVELDETS. FHTEEL Figs (b) @
L DI D R TR S M B ZATH O IERic B L% A
i, WX HO R ZERHEC LCab, L &b b
DFECAFA FIXED LI VERTS. &S, 4
fCsr % B O GHE & BEAME & O ik
Tabled D L 51/cd (BHEE,
HHBED TSI OWTIL Fig. 6%
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Fig.7 General view of the suggested four-
legged model

JETN

L. I

bl

s / i
2 8

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. >

SUEHED) LTWwB o licky, B EHETETE
HEOCRMI b 27 lieh 4 kind (HE258R).
FOHFTITALED T 1 00BHD B ESRIE L,
BENCHMED A 74 FEEHHEORD ETD 2 o0k
DEBAESHIG L, ELBEC 1 20O 8 HES S
ST 50, REMCESZETABEO B REREEL
v BEENCBET S EHO BhHERAS, AEoLTEH
EEL IO ED 3 oD RERYE M X D EH SR
HRELDTHLMN, TOHHEEITAMKLHEE OO
ALV — 7 OFER L ORE EHE & ORET, Tipn
T EWIREIL X hEitbhicbDThs. Lzl

Table 4 The relation between active degrees of freedom and
degrees of freedom of a mechanism

*EEO Table 4 XOBLhIe XD iz, item of degrees of freedom of a mechanism

Ak (RAEHD © L TFENC I HE up-and-down | up-and-down | sliding Shift of
b5 sRDREMAS ek | IS | mimens of |yt of | mavenent o | e Panies
mBIR. IRE T DS % . 50 @ © | © ®
BICHEI L, REREDSC L - 6@ 5 5 B
R L THN5% z EEEWR 5 @ @ @ @ @ ®
‘?'527”5?2%7@ (Fig. 8 £fR). = . OO0 @ ® ®
D 5 ?Cfﬁﬁ@&ﬁfﬂfj ( L Zfi@/@‘biiﬁf all legs are @@@@ X X @
BIRD 3 2 o0 H B EEL fEk on the ground

QIMAED 3 RO RITEHC 1 &

BARwmARy VEREE 24257

(O: active degrees of .freedom
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P (xsy)
o-———t~-—~--0
e
L,o—+—1——o0L,
Fig. 9 |
Two dimensio- :
nal expression "

of the suggested
model

MAOEB BT ERIIBROBRE L LTikkinhbh
Th, BEMCREECELbRTHShd TRy,
Todo HIEHIFE O BN S T EBERD E i, i
TRSEEEC ook ¥, ERELTEREATOE
Byl LCEhT 5. eoBbic X b Z OThES
BATEE L AR TR R, BROFHEEE W
AEEOHIC ALV ThD.
ukﬁﬁﬁm;o,:®4ﬂﬁﬁ%%»m%ﬁéiﬁ
DACHREEEHE, % X O T EIFRPIC I\ TR RS
S O— BRI FRTELIMHr Db hiz e
e, Liche T, ZOEFLrir-u (4) Oy
BRLTWANE S hEELEE, o7 L AEl
RECHEBOUBICEETE S 1 ES pERRIE I W
Clinnd, BiEkb VOB L), BORELR
5 oo B (i) 1ERTELNT, 22T
B MEADEERREC DWW TDO LTS,
FEEOABECRERED L 5 e 5k, Fig. 9
CECTE P MEEON (vy) CEFETELRESD
PEBETIIE V. i b A Py AMEE D BIcEE

TERER P @OV ThR LTI ERZENLTHD.

CoC Fig10 (a) o X5 it Ud e & Ly 28 L,
DEH Y A0 EEEER L &L, kih L %
S LY Dgbhie 40 BFEESEE L 215,
COIBOBEIC L » TE Pi(x,y) 1% x Fmai dz,
y Fraw dy BEL, B P/(e+4dx, y+dy) wBET
%. Xpic Fig10 (b) o ko i Ly 25 Ly 0%
o 40 FirEEEE LY EL, Z0%E LY 28

L' o¥bhic 40 20EEIEE L L9758, &

B Pulw,y) 135 Py(x+2da;y) wBEIT 5. 0D
Fig. 10(b) O—EOBFLE Py % = Hac 24x 2
B TEIfE L E LD ENTES.

e Fig10 (¢) ok 51c, Fig10(a) O
EL AL oFbhie 40 PR3 s L) &
L, FoEE L 28 L" 0¥ hic 40 ZFHEE
Ly e Thk, fERE P, ) W P(x, y+24y)
CRETA. 2% b Figlo (¢) o—HDHEDR, &

JRSJ Vol2 No.2

/ 14 I'4
b P Ly
[ZGAZ\‘\\J | Ay
A
b Pkix Ly
(a) A basic procedure for movement
of point P]
7 ’ Vs
b b
v - Vi
L1 L’]’ P] P] L2 L2
N 2AX%

{(b) A procedure for x-directional
movement of point P]

” Vi 7

1 P Lo
57

Ly Lo L7 | 2ay
—

L P L,

(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 FEK 24y BT EfEEE LD 2 LT
3. LiMNoToo 2 208FXHaeii, &SP
BERACEEOMBIINETCES. A Py monTy
SCAUCEMZE. DELD, TOEF v~
(AODEEEBRELTWS 2 EPFERS R LrtE
Exd D ERVGICEDEHECKRA “57 1k, BEED
BENLELRIC4A1IHOEE—FKTAHL, BESD D
O 1EEBE BEE, 4R8O STBITHRE UTHEND
TAREHERETHD.

HMEn#EgEz Xy, Figé (a), Fig7 trEIhs 4
BETEFLIIVN (4) OFTRRIL, »oRd
EEEEER B e T L ThHL I LA LMAE -

ke T O, EROMBELT TR ESM

WIs s L L VEROT AL TS T LS IRV T
Brz refmiLtsl.

5 & 3 U

R UDIEBECOCTONELT, LORTRED
H R ORI S B B, SR Bk
TAEEYTH L TEEMEEC VBB ERRLE

RiT, BREVIHRE LS RETERCERSh
HEEEOBEEL & T, UTOREE (1)~3D ©EH
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L. .
(i) BHWREERFETIZELHTES.

(i) PEMCRUEROUEICHETE 5.

(i) REBC BN TREZKPLREL, oRE
DENE S 2 TELRT—ERFERTI LN TES.
D OBEEYEE T 5 iy, (i), (i) oA
20 5 OO E HEN BB O A EEBERETH
D, (IDETEDTELD L, 6 2ORDEHHRENNE
OO REEHERETHD Z LA LTR 5 .
BB, APREBETTHCh v ERTHEL W
FEC BRI G2 & A 7 23RO BILFHRESR X OB
HOPNERE, ANBOERCH LTLhbEROEY
ELET

2 £ X B
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Fig.11 A four-legged machine with three
active degrees of freedom for each leg
(All legs are on the ground.)

EHTERROBE, BL0nE2ROEMREL LT,
(i) &Ry, (1D 3EMHMED 2/ D Lo,

(i) ZRIMHEOBE

Fig1l v, ~»—71, 2, 8, 4 L\ ffir—7
PEET B, fleidr — 741 —-71, 2, 3RER
LTRTCENTEL D, FECHILELY — 7 DE
X3ORTTHED. —T, FREICORHHHEELS
DOOZEHME (BREMEEORE) 2B LTWLH729, |

Fig. 12 A four-legged machine with three
active degrees of freedom for each leg
(Three legs are on the ground.)
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Fig. 13 Planar mechanisms of the suggested four-legged
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