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Study of Active Cord Mechanism

—Generalized Basic Equations of the Locomotive Dynamics of the ACM
and Analysis of Sinus-lifting—

Hiroya Yamada* and Shigeo Hirose*

In this paper, analysis of locomotive dynamics of the Active Cord Mechanism is described. Lateral undulation of
terrestrial snake is a unique locomotion pattern and interesting as a mechanical phenomenon, but the analysis in
prior research were not so generalized. For example, sinus-lifting, which is an important locomotion style of snakes,
have not been analyzed because the dynamics in sinus-lifting is relatively complex. So we introduce generalized
basic equations of the locomotive dynamics of the ACM using equilibrium of external forces, internal forces, and
torques acting in a snake’s body. Then we show analysis of locomotion in 2 different cases; locomotion with steady
resistant force, and locomotion with sinus-lifting. The analysis shows the feature of the phenomena and provides
condition of friction necessary for locomotion, and the effectiveness of sinus-lifting is clarified quantitatively for the
first time. The results of analysis are verified by experiments of a real snake-like robot, which was newly developed
for a measurement of bending torque during lateral undulation.

K & sinus-lifting /BE DEEHT—
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1. # B

1.1 SEITHEE DR

AL DTS HEEIEE, ED2VHlE VRS Z T S %2055
KOFWND L) IHESPICBET 5% L ERIEVWEBEETDH
L. HFHESO— N (LHE) 1 1971 F 126080 TA Y OpiTiEE
DERM BN % MG, KE (3) 4) XTRT L gk
WHERZFHEL, EBEOANLEOFEROER) %2 ER012
Waf L7z, F7o, EBEOANEOHEROHEEREO i I
22, MBS L 2WNamoRE, O3y —II12 Xk Bk
B OPI ORPE 7 E OB FERRE £ L, FELERmOE
SITERARGE L T\ 5. FEES, BB BEENY 12w #h T B 7 B &
DOEHIFEEMEE AT HAERO Ry b [ZIREIIE (Active
Cord Mechanism, ACM) | #:MEL, ZOETHIEEERZ &
THEALZNESHEEDTIFOZ L EHREL TV 5 [1]. &
HDOZ oW, I5CHEOPTHNLHL M TETEY
F-ZFOBMEFIATOND L) IThBACEIOKR Yy MIET
BIfRDENGZ % L, FOEFRIITHEPo/2EEZTHS. L

A=At 2007 4F 12 H 14 0
YO TR
*Tokyo Institute of Technology
B ORR AR TRl S v E L2z,

HABR Y b2 26 % 7 7%

ML, ZOPWHDONE DTS HEEICE T 5 HTE, Koo
W COMMIEE > T D700, AHOBRENPEFINDL =K
T AR ARy b OR#EELR E2Fih T 4 M85 L L TidE
LCwiwv, F72, ki (3) 4) RORTEgEIERE, &3
HINES IR T 2 N OFFEEZ R L Tz & v o
AREEN TV, 20 L) RIKRNEEHT 2801, R
FEBTHERT HHE T ZOMAIEH I ENT Y 2T 5
L) BT ) L TR L1 % 4%, S8 2 EHOL L &,
RPN & & AR O e KR I 53 % HUTT 2 © 3% 208 CHiEE
¥ % sinus-lifting {7 (Fig. 1) 23512682 —F T L1
FPEUFESE D, FITITANELREDPWHTITH) A FY
A2 ¥R ETIE, HEHEDTHER L 72 HE ) 23RE 2R -
TR T 5 2 L0 & o TR T M OHEEER) 2 ER S L Tw
HDOTHY, ZOLD) BB OB IRTRN ZE3E T 5 NER
HOME% ZE L2 AROBANATRCTH S, £ TR
LT, FTAREGY TSRO LN L CEOME ST
BIMEAL L, 55 2 T CHREBN (a2 N b ZE L2 =k
D—HfbE 7z ACM BB O RAENEZEAT S, 3T
&, SEA LB E I iR 7 1E 5 CHEBE DR 2 4TV,
55 4 B CTIIHER OB T C & 747> o 72 sinus-lifting 1H7E
IZOWTOIRNT 24T ). 2o DRFOEREE, 45 =ICh
WTE—FAER M 2 E2FHII LR < LSRN RO
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Fig.1 Sinus-lifting

Ry FOEATERICEVMEL, 656 ETHmEIR~5.

1.2 fERMMEDOBIER

VL[] TRAEICEAERIZLD, UTD L) 2iiEl247-
72, EFERE SN TN CRRO K BIFTIIE MV AT 5T
OMFRE Fig. 2 IRLTWA, Thid, E& 6s DY v 7 oik
HeRSNLZERICEWAE SHEE S (M) P =1,2,---)
THWF MV 2 T; #5E L2 J1C WZBWTHR T
fi B RLTwA, ZoLkE, J P R EMT )2 ko
s (Fig. 2 (b) \ /R L7z 0; % Z553 5 J50) O fu &

ZAUCTE BSOS for AT &, KADBONS.
Jeo = {(fi = fim1) + (fir1 — fi)}Sin%
~ %e (1
fus = (i1 = £ = (s = fi)}eos
BB Do 2

ds — 0 & BT, 0; 1T k(s) = 0;/6s ICLDHEE
Wz o, thosd T, = T(s), fri = ft(8)0s, fni = fn(s)ds
&) EE Y 7 i E IR R S TR 0.

_dT(s)
fe(s) = I K(s) (3)
d*T
fuls) = T (0
T s, NEOWEmANLERFEISH> TH--EE (LE)

T, /\E‘@%LZED‘%&%%?F?‘E%‘E’C%%. F72, T(s) 12t
J V2, k(s) M=, fa(s) 3P 2805 ENC$ B2 R
EH72) DT, fi(s) AR LR AN THANR S H 720
D) THAH. ZTIT, Fig. 2 lIRT &) A3 5 CHEE
JEG T DN EARTRIZIR & AR EEE‘Z?‘% NV 7 AR IZ DWW TR
(1) NEOWEMREMBE, Mo 2l O 2 b5 1E
KT A (Fig. 3 12" TH—X/ 4 F (Serpenoid) i
W) CTEMTES.
(2) "NEDHEETHHIEO HMFETRKTHY, PRTEZD
HEpE ) Hbsrizdrue s,

LN AASYAT R
K(s) = 7;—(; sin (g—;) (5)
T(s) = Too {1 - (;)”} (6)

EET A, 727210, Fig.3 RO O HIZBWTs=0&,L

JRSJ Vol. 26 No.7

Jiﬂ' Pi+y

(a) Generated Forces at joints (b) fni and fi;

Fig.2 Forces generated by torques

Fig.3 Serpenoid curve

Twa. 3 (5) FEEREST—~X/ 4 Nl TH A Z L 2R
LTBY, 13V —/ 4 FIlHD 1/4 R, o #2055

THEATHIME BT AE (CRYALESR) THDH (Fig.3). X
(6) &, 8o OP MTAHKT S MV 725 Fig.3 ® O T
KM Trno, PRTO &R0 2MELTEY, Hiliasmrig
SENTHEEVIRENS/INTA—=% g ld 1 <o <2 DOHPH
EENTWE, ok X

1
Fiop = '/0 fe(s)ds

Tmo 2 ot 3 o—1 .
_“ o (7> /2 z° tsinwdz  (7)
l ™ o

o—1 us
B @ <g) /2 27 sin zdx (9)
F, T 0

A Lo, Lk 1] ICEEME R EW S ) 2ok (7) 28I
Lw.) 2720, F@ﬂiOPWTNETé%ﬁﬁwﬁﬂ,Em
(3 OP M THAT HEMI O, Fr/F, 1 3EE®RIE-ST
O (T (BT ORFEE £, ANEDHED 72D 12Tk
T OEEEINAT B & MmO ) 2B e
BLELDT, F/F, WREVITIEFESEI BV E VRS,
Fig. 4 D X )12 Fy/F, % o \[CB L CHIBD oM %2 7§ 7
O o X 1D ETTEA72F 1ICEVIEZIPZEE LW, 2o
MEEBED S I ANER AWz EEBRTHRIEL TB Y, HlES
N721F 5 CHEETOERIE O FHETRE 2R /RL, MV
IRl <o <2TREDHAMTH D L ZNERSND TS
AGIAE B Z EDTER SN T WD, Tzl D I
HLBOEDERTOLE S, HWEEITZE 0 -1 &%
LIAMDFER SN TV D
LREOMFELIETIE, SCHR [2] 1B\ T, S Lo e
b2 EE—2 2 FOFY HEVORDP S HZE LT 2 HOJH
fifi %2 & DN OEH XS E 2N, SHIBELNA MLV
TEHEMET 2 KIS 5 &) BLEA» Sz bV 27 A nsde
FENTW5E. F72, AT E W7 70—
bITbNTEBY, k3] TIREEIOET MU L > TR =
OFH B I fEE LzAEaRy OB %Y 32— ay
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Fig.4 Relation between F}/F, and o

OREEL ¥ 3 2L — a v ECTORFTHEREIR S OMERE, SRk [4]
TRMORIEETFTIMELZY Iab—YarFElyIal—
Ta v ETomM LIEEOER]PHRE SN TS

DED L) IIACOMITHEEICEL TINE TV L DOHh D
AAmERTEZ. LaL, k1] T EEo X9 12N
PERESNTEST, F 72300 [2] EHERAMOBEN S ZRnwE
VIR COMNTTH B 720, KL CTHIBEICT S L) &—#
DAREE I ZHE R BYIZBEIR ) A3 < sinus-lifting (HiEtf E DT IE
T& Loz, $3CH3][4] & EORMERIEIC X 2BV
Salb-— va?%ﬁiﬁ%%&*#%ﬁﬁféaémw,%ﬁ
D — LM 2 VR A R 2 HIIZIZE & 2w,

2. —fxftEh7ic ACM BEHFDOERERK

ANYOMATHEEZ RS 2 — 2R 0T 24T 9 7280, TEOZERH
ERE T > T Bl R SN AN EREgIZE < Ty & E—
A2 MOFY G VEFIR LRI T 2 IS A B L g
513 2 O &2 GERTE L ATMAIEH U 72A%, FEid 2 o
BN %2 CEET uE (27 A7 4 1) I 505
TR S MSNTHE Y, 3k 5] TIEFERDAAT 1859 FD
Kirchihoff DFZEIC T TIZEBHMICHE TN Tz Ll 5 T
Wh, L LAEHIORy FEEORITICC ORXEEAT LD
FEE O DM D IR RIFFE IR TH 57280, RETZOFHAM
B 5,
ANEKRBREIE s & s+ ds OWIE T Y L 72uh e B3
vEZ, WINEZOWHIZIZNT (BRI &AM OE))
—F(s), F(s) +dF LD b7 —T(s), T(s) +dT 2%
Y, WIS £(s)ds LA ST S5ND PV 2 m(s)ds
Wb s ERET A, 22T, MEDMEIZL > THIENE
DINTDONY N VDOFZHELLEDT, T V7 o#Hh &

WORIIRATHEINS.
(F(s) + dF) — F(s) + f(s)ds
=dF 4 f(s)ds =0 (10)
(T(s) +dT) — T(s) + er(s) x F(s)ds + m(s)ds
=dT + e-(s) x F(s)ds + m(s)ds =0 (11)

72720 er(s) & s OMMITIN % 1R AFEBE O HN 7 P VT
H5.

AT BB O AT CIINE DRI T 5 DM EDEE L DT,
K (10) BLUK (11) 2D DWW -B) R TET
ENH 5.

COBEERE, Fig. 5 (a) O L) IZEH %2 RATT 5 RATHD
LBITIB L TERT S &, ¢ = (2(s),y(s), 2(s)) IXHIHHLIEE

HADTR Y MFEREE 26 B 7 5

ey(s)

er(s)

Y

0
(a) Analogy with aircraft

Fig.5 Continuous model of the ACM

(b) Dorsal reference curve

o) ds
N Fyls) +dFp

B O frmaty

sy

F,)(’AN/

ds

Ty(s)+dT

Fig.6 Forces and torque in plane model

Y A TATIROME Z 7R R (er(s),ep(s), ey(s))
ETATHE D% @%Tb,m()imﬁm@Lﬁﬁﬁ%m<$&
N7 RV (=), ep(s) IZIRATEE DK ELAM 51 % 1)
CHAZARZ MV (v 7)), e, (s) 3RATHEROEERER D
R CHANRYZ ML (T —#) LEHT D, RIS LS AL
ZAHEHZ, -Vl Yol S-#EYD (s 1ZET5)
[l fi S BE VIS B TARBE 7(s), kp(s), ky(s) TRT L,
INSDIST A —F I ZIF LT OBRATH Y 37D [6].

( dc(s)
ds =er(s)
der(s)
ds = Hy(s)ep(s) - ’ip(s)ey(s) (12)
dep(s)
T = —ky(s)er(s) +7(s)ey(s)
5 e ()en(s) = r(s)en(s)
s = Kp(s)er(s) — 7(s)ep(s
s =0 2B BHE c(0) BLUELEH (e,.(0), e,(0), e,(0) %5
2, SOICRITHEOER 2 KT 7(s), kp(s), ky(s) 52 TR

(12) 2L L, FATHRONE c(s) ELE (er(s),ep(s), ey(s))
ORI RO SN S, TAEHEWIIELZbDO %
Fig.5(b) 12”7, ZORREFTINE b OflE V% #H &
WL, EESIZZOETVE [T EIFATWS
ZOBHCHEESR LT, F(s), f(s) BEU T(s) iLkR0 &
ICEEND.

F(s) = Fr(s)er(s) + Fp(s)ep(s) + Fy(s)ey(s)
(13)

p(8) + fy(s)ey(s)
(14)

p(s) +Ty(s)ey(s)
(15)

BHINsEN (10) X (11) 12

£(s) = fr(s)er(s) + fu(s)e

T(s) = Tr(s)er(s) + Tp(s)e
TDD, WrEEEL %
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fRAL, & (12) %o TEMT L ERADPESNL.

( F(s) = Fp(s)ry(s) — Fy(s)rp(s) = fr(s)
Fy(s) = —Fr(s)ky(s) + Fy(s)7(s) — fp(s)
Fy(s) = Fr(s)rp(s) — Fp(s)7(s) — fy(s)
T7(s) = Tp(s)ry(s) — Ty(s)rp(s)

T (s) = =Tr(s)ky(s) + Ty(s)T(s) + Fy(s)

[ Ty(s) = Tr(s)kp(s) — Tp(s)7(s) — Fp(s)

(16)

2L s KT AR e R Y. I TIEAMED MV s m(s)
B CERELTHS, X (16) 135 3) BLURK (4)
b L7z 0T, —ffbd iz ACM Bl o BHE
EMES. EEIIIRBIEL (1(s), kp(s), ky(s)) PEEHITHN
e MV OBBICE L THRIEZ DT, NEDIRPZED S
Bk &, TBRROEEORO—REEEL T RN OME %
. Thbb, JEMVZIZETA2EREDEOFEMAHEY 7
O AFEE A, ZOEBRIC L AN OLHEE ) O &g
TR ICANE D RET LR EMLFRIZOVWTOELE L RT.
Fig. 6 ® X 9 %FH L OWATHEAE TIE 7(s) = kp(s) =0 T
HY, Fy(s), Tr(s), Tp(s) 3EZDLENRVOT, FHiE
o LT

Fl(s) = Fy(s)ry(s) — f(s) (17)
Fi(s) = —Fr(s)ry(s) = fo(s) (18)
T)(s) = ~Fy(s) (19

BESNL. &B 4 BIRLAEE I, LA o) ¥
DEFMY) ¥ 7 NEARET 5% BT % & FiED) 0 L5
(% (17)~(19)) AESNL I E0s, fERORER (X (3) &
X (1) 3y 2 NEERT 2 D54 L v &) BT O
THINT 2 AL TWD &) R 5 T TOREEXTH - 72
NGB,

3. BB G RETTHOE DR

KREETIE, P _LOER N 2 AT 2 — b S /- 58K
T CTIENT L, FEROMATRES [1] Lt L 25 H et g o
TR S 223 5. 7272 LABIEH0IcE L, BEHE
RBEIIZBWT RV A0 £ bl OEBEILVERET L.

3.1 BT, MVISHRBLUANICET 3IRE

SEER OB (17), X (18), X (19) O 3fTH
2O L, B Fo(s), Fp(s), fr(s), fp(s), ry(s), Ty(s)
D 6D T, 3WMOMEHG 2 SNIUTFRY O 3 1813 3R
ICEWPEsND, T, EFNLIETES O MBS Ky (s)
EINCOBSEERPO - A N TH A Z LS 2R
DT

fiy(s) = === cos <f$) (20)

ERRETA. BBIITI, Fig3DEMOP HTs=0 &
L, lORDOYICHE L=4 2H Tw5
E— A Y M Ty(s) 122V TRAF LTI

JRSJ Vol. 26 No.7

LWk B
s
0.05 0.1 015 0.2 0.257],
o=1
o=15
sinusoid
Ty(s) =2

Fig.7 Comparison of distribution of Ty (s)

Ty(s) = —Tmosin <2%5) (21)

IR THEMT A 2 LI L7z, ZHITERDBT TH W25
(6) LIZ Fig. TIIRT L) IR B, BT E2EDICTS
720 CTH5H. AMROZ U EORBEL 5.1 BlCBWVTT).
WEATHEAME TP IS A CIL R, BEHED) %0 K OHV I & ST B DS,
AL TIIEHEDO 720N T30 - ) EHEATWAS & L,
EUAZMHTE DL LET S, TBATHOEE IOV T
ECHE[1] TOEBEL RIS, NEERGROBERAIIIE, -0
Y OFEHNCHE ) BYEEE D M &, A TSI o T v D05
OB MM AR R 5 2 L2 L A5 Y B CEEE I AYE) <
ERGET B, 512, O/ Y & B CEEEEIIIEE ) O Hh
EROFmEICEE, HDHERMBELUTTHNITED L) b
D15 L L, 20O LBRMEIZHED 5520 5 EERKIJICHRB5 5
ET A, ZEHEE AT AANERORY MELTIELBAA
EPOANCIZEL T, NEPHEY 213 LA LRI S92
HETEDLEVI)FHEDPS ZOMEIFRYZEEZ TN,

3.2 —TEOHERRT TOHfE

ANEDMEBD TR TOES T —% O BERIG, (B E S Y7
DCETD) 22T bELTVWLEA, 2F0

fr(s) =-C (22)

EhB L EOWHENFEFETHILICTS. X (19 &)
Fo(s) ko, KTk (17) 255 LT Fo(s) ko, Wik
R (18) 5 fo(s) &3kD D &, BIMICARIESNS.

Fp(s) = QWZW) cos (2%3) (23)

Fr(s) = —Woéimo sin (4%5) (24)

fo(s) = ¢ sin <2%5) [2 — %2 {1 + cos (—s) }]
(25)

72728 (17) 2FEST A0, Fe(s) PEMBEHTH 27200
G E L TRIADHY 72 1S & e,

2120 Tmeo

L

X (26) O 1 EERO&HEE)), A EEi R
<hh, X (AD 1k (20, X (21) ERATLZILTHE
5M%. Fig.8(a) (b) (c) &, a=m/3 D& EDM=ZE, Jj, b
V7 ORTIRE R L TWb., Milili% s/L TIEHILLTWA 7
b, FARIRE o DTS . Fig.8(d) 12, a=7/3 D

=CL (26)
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Ty(s) K,,(?) Fy(s /
/ /” s
‘!\o 047" 0.6 { 04 36,08 1f

(a) ky(s) and Ty(s) b) Fp(s) and Fr(s

(c) fp(s) and fr(s)

Dsitribution
of fp(s

e

Body /

of snake
(d) Distribution of f,(s)

Fig.8 Distribution of curvature, force and torque

EED fo(s) OHAIRE KMz NEDEKICERTRT. fo(s)
=7 A FHOEISICE =27 2d ), ZhEALIick
BEBRER 1) AR T 5. T2, fo(s) & s = L/2 2B
BT b 2o ake LCEfT Al AW CB Y, ~NEE
HEATHIANZIT L) IZB T WD 2 D50 5.

3.2.1 BEEREBIOFMN

ANEDPMREIZ o 72 AR (T —VEA ) 1235 720 D%
1E, we B REREER T OB EERE, fo(s) ARSI 472
OWHOEER S & LT, kXTHZLNS [1].

[fr(8)] > pefo(s) (27)

—75, NEDMRGBER T NG S W20 D5 3.1 HioR
LD, pn TERAMOBERE LT, KlTtksns.

|fP(S)| S ljfnfb(s) (28)

Lo TAEDHEN ) T IED S
BEICE D LD ETH Y,

X (27) &30 (28) A%

Bohs.
Hn Io(5)
iz 29
X (22) K (25) £V |fo(s)/fr(s)] DEKIEIZ 2/a DT,

i, MV (21) O X ICERMMTE 2 sk
E DBEBAREIL NI 72 T R E SRk E R B
bn 5 2 (30)
Ht «
ik [1] T 1/4 BB o) OFEE % v TREED S F 253K
BHNAH, T (30) ERDBEBVRLTVETHELRWVWIZODSE
HTHY, 30%~50%1F Lk LW EEE o TWwWh.

HABR Y b2 26 % 7 7%

ZOEE fo(s) IHET DL ERAD

4. sinus-lifting /BFE DR

1 BTz & 5 128 (L#) 1L sinus-lifting 25K 0 %
B 7z DM % WD ATEI Ch A 2 L 4R L, 72BEE
BEOENBEETALCRORy b2 ET A28 TH S S
ERIEML TV [6]. ZNDIFE, sinus-lifting 12BI L CTld, 3
Bk (7] 2B WT, PHEZIEITER T 5% 7R TETILE
N7=AERT KRy b A sinus-lifting 2479 & MTmHR IO 2
WADINS KB &) BUEETE O RS IE SN TnwD. £
73CHk 8] CHRFILC Y > 7 TR S N2 EF VOB 3 2
L—2 3y EHWT, sinus-lifting {7 T3 OHEAE & BT
HEAEAHFE DS 0.2% LW TH L) 32— g /ﬁ:%ﬁ* h
HENTWE, ZNEDOHED D sinus-lifting ¥ 74 (A
B Cxhfdsd 5 2 L idd HREEHMEIL S, Lo, ?J(LL:
BE9 % 52w 72 AT I IX AT R £ CLIR L 72— Al S 7z 266X
L” L BT DBADPLETH A, ZZ TARETIE, sinus-lifting

WEONHEHL, ZOMEORMPEZEMIITS 22T 5.

fHH.O72912, sinus-lifting |2 & D AKESFE LA S
e L, HEERIRIEE (20) TH2 55 KIEM 2 —
JAFI#HET S, ZLT, FWTWHEGTIEHIRR) %%
9, L CW ARG CHEPICHE I 2215 L \w) S

Bhs, BERHENTT fr(s) OGH LT O L) IRET 5.
0 (0<s<&
fo) =4 & ($<s<tE9) @
0 (“24‘5) <s< g)

7L € BBRELTARSTOEEEZRTINT A= THY,
0<ES1IDEREY, £€=0 DL JLFEFOWATHEE, ¢ =1
DL X3 O SUCTHU & BN % 4T ) MRBEAY 2 sinus-lifting 17
RRTEEZD. T, fo(s) EPREIT LCH UamIEIk &
MRS ET 5.

T3, FVTWRES T fo(s) =0 DT, FVTWVDLY

preoi (A7), X (18) ki
P(s) = / ky(s)ds (32)
0
Fr(s) = acos(s) + bsine(s) (33)
F,(s) = —asin(s) + bcos(s) (34)

kb, 12720 a, bITERTH A, T 2 TEHMNZL sinus-lifting
WE CIHEE ) LI O Guh b F.(0) = F-(L/2) =0,
DS Fy(0) = —Fp(L/2) £%5DT, HFWTW5AEG
TRADHL D 2o,

RIBAIKN (£ <5 < HZ290) T, T, (s) BEO Fy(s)

DETHRIZ E -0 DEEDS Z‘ﬁ (X (23)) LM THD L
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BEET 5. 2O L SHEHXHOEEFRT Fo(s) 13EH TR
%HRWDT,
cos Y (%E) 9
Fp(s) =b—<" cos <%s)
cos (55)
L L2-¢)
(e 229 e
Ehh. ZOLSEHMRHOBRT F.(s) bl ThiFnd%

5%0DT, K (36) X0RAAHY 7D,
L(2-6)/4 I
/ Fl(s)ds = —2bsin 1) (Zg) (38)
s LE/A

38 1tk (17), KX B, A 37) AT B L XADNK

VA
wosp(k oL . (L
—bafm + T = —2bsm1/) <4€>
m(2—€)/2 )
where [ = / cos” tdt
T&/2
1 .
= S{m(1 - &) —sin(ne)}
(39)
Iz,
CL
b= (40)
e (6] + ot (59
2{ 2sin (45) + al s (%5)
PROENDL. INT F(s) PNRESNIZDT, L1 ORI

(17), X (18), X (19) &b,

/ {F,(8)ky(s) — fr(s)}ds (41)

fols) = =Fr(s)ry(s) —Fé(S) (42)

T,(s) = — /O ’ Fp(s)ds (43)

ELTHIEMICRIATE 5.

Fig.9(a) (b) (c) I a=7/3, £ =07 DL EDWZHE, rL
7, NOGHRRERL, (d) 12 fo(s) D5 ENEDOEE
WCERZT T 7%RT. O T Ty(s) & fols) BERICHR D%
E ORI EE O MefTHEME & FHL L T\ A5, sinus-lifting 15
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Fig.13 Snake-like robot for torque measurement
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Table 1 Specifications of the robot

Weight | Link length | DOF
1.05 [kg] 70 [mm)] 10

Length
780 [mm)]

Table 2 Specifications of a joint (at 12[V])

Max. torque Max. speed Reduction ratio
0.04 [N-m] 80 [rad/s] 16:3
Motor Error of measured torque
DME25BB (JAPAN SERVO) +0.005 [N-m]
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ERTTNEBEE AT ) L) AR SET G A72E 2 A, B
Ry MIATHEEZIT o 72, Fig. 161X, TRy FMH3JEH] 4(s],
L =385 [mm], o = 30[deg] D% —/ 1 Nz v Cco—
VBN — 2 E TIATHE L Twb LD bV EMED
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Fig.15 Approximation of a serpenoid curve by the robot
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Fig.16 Experimental value of torques and angles
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Fig.23 Vertical displacement from the tail to the head
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