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Animals’ adaptive locomotion is realized by properly adjusting the phase relationship and the spatial
distribution of their muscle tonus among their large number of degrees of freedom. We aimed to clarify
an autonomous decentralized control mechanism underlying such locomotion by focusing on snakes that
exhibit dexterous locomotion in spite of its simple one-dimensional body structure. First, we constructed
a model that can reproduce the snake locomotion. We confirmed the validity of the model through
simulations. Furthermore, we validated the model in the real world by developing a snake-like robot.

AR TERA
(SHHHAL - M)
[ERS Y e & &t

2010 4 1, 200, 000 360, 000 1, 560, 000
2011 4E 1, 900, 000 570, 000 2, 470, 000

AR

AR

AR
Bt 3, 100, 000 930, 000 4, 030, 000

RSB« I T
B OSYFE - fLH - IS 27 2
F—U— K EESEEE, ~EEeRy

1. BRGSO 5

AL, FHREER TP RIARREICEEN T 5
BB (MEREEREE) T CHEEFMOE HIM
WCIRD#\W %2 B ORI L e x4 %
WISHIZR A A L TWD, 20X 5 REL,
HRICFEE SR AHEOMICAA T SN
DHHFEAIREFE (phasic 7piE@) 7 —) L2E
MIAOERF (tonic 7RiE@EI /N — ) DI HIN

AWM AE > TILOTHEIASND,
HADBEIEIL, 20 X5 2ENZRR IO
FEEEFF 2 BT DRI E R OBETH
Do ZAUT. HMZRET - HWT - ATENH ) O
PRREAZ PR (AHRME) ZS8ED THA
TERSE2 2 LT, RENSHT A HI 72
EREZAIE SE LT A TH D, Ll
S DHELBETIT, AW T O B A Il E o



PRI L TR, T eERER S L
THIENL L TV, ZORBIE, HEiR
HEENERBTH-00 [E (HEE) ] &
[k (BfEMEER, B2 L)) 2o57<
0y 7 MMEIRE LTRITTWA =D &
bbb,
CNETOMREIZIEBNT, BN LT REE
WIS 7RI N A K - B IR - BREERE OO Ml
42 discrepancy function (EHEERS%)
RS BREEA~O R Y7 0 — BN
WL 2THHALEY ET57 Fa—F
NhEnTEl,2]. Zo7 7a—FiIH
AR OB AR ICEE R ML E 5 25
HDTHo72M, phasic 7REE X — DA
RO EREZ Y THILTEY . tonic 7RiE
FNZ — B L TTIEBE SN TV o
7o FHWDZ ., EEOEMNBRT XS B
S 2R IR B VDT I LNEEBLT 5 2
LINTE R oT=, £ Z T, phasic 7R ERE)/ <
A — L tonic ZRIEF) K — L B HHER I E
B &5 By B2 5 e+ 5
TENAKLESNTWD,
(1] stm, dekr, HEdE, FHE, R, AR
(BEEHEAETF—7 L LI KEHREY 7
hEAR Y b OEBRWRREE], 2R T 4 7 A -
A bvr=7 AEES THE, 2A2-F22
(2009).
(2] Pepk, P2, A TN - B - BREERI O
HREE 206 U 72 B Bl 2 % — A D5
BROORRGE - ~ER o AR > b= E 7=
M), BRT 47 A« AH hu=r AGHEH
Tt 2A2-F21 (2009).

2. WED B

FEEREICE Y e BT, EWU AT VAN
BB P CGERTAOLERDD. T TR
METIE~EDEITHFEe T —2 g (IE
H 5. TOREICE, 1)~ B3 o
MR EOBRBENZ(L L THHED
TR SO & 2 FFZE MM L ST L2
MHEA TN ZENTE, TOHERIZITE
O R T YT 4 — RNy
JHINEEATND E PRI Z &, 1)
HHH e EOESEAEWICH L THROREEN
HiiThHET LT D ETHONT N
L, MBETOLND., ~EOraE— g Z
VIhEATIER), 72— 4 3#ES), side winding
72 EZRRI T — RBMFIEL, RPUIS LT
NOEEFENFITTNDZERMBNATWVD
2, AREFFEE, bEAMLnaE— 3
THHMWITEINCELL, Zonat—T g
VIZNFET % phasic 7Z23E#)/ ¥ — & tonic
TR EEN NS — R AERICHEB S 5 B
STECH R AT 5 Z LA BN ET 5.

3. WHRROITIE
LUF Ot 2 2179 5.

(1) ~voraxt—y 3 OEET
FEE D~ O RO E K OFEHE % il HL
REHETATRRTAHZET, nas—v
3 NIARERRRER A RO T, 7k
WZBEL, M- IR - BREERICA U D llflE %2 &
DEIICHBMEIZT 4 — RNy 75500
Bl A, FATRFZRICBTIL,  BREE 2 08
THEIRT 4 — KRy T & HAEEONH
(phase) IZ%F L T{ToCW=a3 (2], AWBFZET
I, ZAUSIN Z CHIEELZ IS UC BAME O B
R (tonus) WX DL 977 4 — K \w 7/
HmbEHIZL, MEDNNT R ZL-T
~EOBE®EGH e a®—3 g v E TR
T 5.

2) I a2l—va rROEBRERICLD
EFIVORKEE

BRERLLETAEANTYI 2L —T3
VEATW, BETNAVORYEERFTT S, &F
SEREMHFTYIal—TarEiTHL
C, phasic 721EH) /XX — & tonic 7 EH)/N
= PWRI-THRENRE Z ZNZENHS
PICT 5 &L bIT, WHE OHERENERERE
TTohTEOL VWvaax— g Erkicy
DEIZHEHELTWDENEREICTS. &5
W2, Yal—ya P ERRICE
T EMERAZB LT, EFLORZYMEE K
0 BAfEIZT 5.

4. HWFFERRF
~EOETHEe aE— g L EEH L LT
D B, FofEETY T, YIalb—v
3y, BXOwaR v IR & L THH
& ERBEANEES U 7o B AR Bkl Rl 2 B 5 2
L7, LLFICE DM Z R

(1) ¥HFEETV 7

HEEE b D77 V—7TI%, SefTirZeic
BWT, HEEEREZICES BT 40—
Ry Z7HIZRR L CE 2. Z OFEHE]Z~
PouaEt— g AT S D LT, EE
BRETOPRAZZER 22 LI2B VT, FIRONLFARS

Low friction

Mechanical system o =0
Body segment ms g

K1:ETILOBE



X() [au], W(t) [a.u]
X(0) [aw.], W(t) [aw]

X(t) [a.u.], Wit) [au]

1000 2000 3000 By 1000 00
time [a.u.] l‘r\ [a.u J

K2:v3Ial— /3/#% Eﬁ@%ﬁﬁ
B FRRIHBEIRLY—DRBEERT.
UWE,§UWEH%h%ﬂ%§§E,LU
MEERT. (DT1—FnwoiL, (DA
HElEO#A, (i) HERFEOAF, (V)48
il {0+ BRER HI
%% B CARRAICIAET L, #ESr7ee 25—
varERTIEEHLMNILTE . Ly
L2225, (EROFHIETFETIIEY flime &
o} 2 A b STANE EST N DRAS =¥ - AT o7 Bl
EMXTER. 2, EkTE Tldphasic
TRIEEN NS — U DAERDAIZE R ES THN
TED ., tonic/MEE) X — AL TITEE
INTWW otz lzbtEZ NS, £2T

ABFFETIE, MEROET VSR SE,
& ERRANER L7 B B 2 $2 R L
r

HARPNZE, RURT X912 mm)/&
N—ICRIZ D72 D3, %%EQEDODT]II
%@gﬁﬂ%ﬁmﬂﬁbﬁﬁghkAf@ﬁ
EOETNEEZ -, Z 2T, n[EHpLEEE
L, HEELE LD NL—F TR L ARE
ZHEEIHIC AR R RO Z L TH Y, HRE
DL IRDEAT 4 7HF A (NREE) BK
LD E VIR A, ATAHMEEE O
HARR RS+ OAAR G U TR 21k
L, ZAUZE D HERDOS DY ZEVHTZ L
MNTEDH., 2T, AlZEmMERITH DR
&GS E U TR L, BREEZIE T2
INZIRE) - ONAHZFRE T 5 & &b, #l
BERAET D &2 O—WEBI TYEFT O A4
HMETESR O HIRE 25 < T D i) B RS A A
Abt Z ONARHIE & 7 BRaRHI A A8
WG D Z & C, BREDICHEG LIRS B
NERLHEND Z ENHFFTE 5.

(2) vIial—Tarv

WE LT ET NVOZYEERAET 5729,
Vial—varEitol. EEEEHB IV
EoRmEmoREELZREL, nat— a0
A T 7. MREH 2R, 74— R
Ny 7 INTR NG AN AR I & 5 BRI A o
F 5 DBHDOGE TIEERE 280D, B
L THhmR AT —HENRKELoTL
F 5. FRUTRL, NCAHTIE L 5 EEERIE O

B2 AN E, Do X —iH
BHTraEt—r g TETNLILERDND.
ZDZ LD, RS UTALFRHIE & 75 S aRH]
WHANER L7z B BRI K0, @ISR
RIRDBNEZFEITE D LW LIRS
7.

(3)  mA >y FEHER%
M L7 T VOEMR TCOZYLMEEREET
H7-%, vy NEKBRE AT, K 3IZ
BAZE Lo O FEEA RS, oA v MI18IRHE]
T%Wéﬂfk@ BAREIZIZ 2 >DFE—F N
LI Tn5. BT o REMIE ) a2
A’i’ﬁl\bfﬁ%/ﬁ\éﬂﬁw b 20o0F—H
ZEMEER S5 Z L TS ARET S L
MWTED. ZDXHIC, BIEICHMEETEA 5k
T5 2 ET, HIEFR & AR O RS 2 A4 2
H3 2 R ARERIE L 7o TR, Z DOHIEE
FiRE b &R FOMNMEELET S Z & T
FIRIEAER TE 5. &6, BENETS L
ETFos—4%2#FRiIcEixE T ard
LADTvvarkEbd I LT, HEEREA
EHRITLHZLENTXD.

B LRy FEAWTEREI T2,
4, 5I\ZEBEEECRE I 3B\ TT - 7o FEBRAS
RamT. AR OAOEAE TiEr 2 —v
a VEENE LTS, LA Ny
T20Zx L, NCARTNE & i ERREE O N 5 &

(a)

LED =

Control |
circuit |
- Servo
Currene | ,4 moteT oy
seasor
Rotary ___-
potentiomeier  —
< - ¥ Ve
Bastery h Silicone .
\ Tmbb:‘: ni{vad)
; ™ Servo
Passive ' motor
wheel

(b)

B3 :BAFELEAERDARY FEH



\! ll
L]

|
£

~

| ]

° °
High-trktional tervain

L]
(v

v
Distance traveded (m)
(@) With only ®) With both phasic
phasc feedback and tonic feedback

X4 SEZREIZBTSAERARY oA
aE—v3Y
I LGEAE, EEmiceae—Ta U EE
TETWAI ENDbND., ZOZ s, &
Z LU HEA O TR TOZEYERfED D
iz,

(6) With both phasic

(@) With only phasic
feedback and tonic feedhack
K5 : fl@mlcHITEAEEDRyY fOROOE
—av

5. ETrpggFim L
(WFFEREH . WFIEHE R OEEENTTEH 12
RN

RS SC) (RE 2 1F)

1. Takahide Sato, Takeshi Kano, Akio Ishiguro,
On the Applicability of the Decentralized
Control Mechanism Extracted from True
Slime Mold -A Robotic Case Study with a
Serpentine  Robot-,  Bioinspiration and
Biomimetics, 6, 026006 (2011),  doi:
10.1088/1748-3182/6/2/026006, 27t

2. Takahide Sato, Takeshi Kano, Akio Ishiguro,
Decentralized control scheme for effective



1.

coordination of phasic and tonic control in a
snake-like  robot, Bioinspiration and
Biomimetics, 7, 016005 (2012),
doi:10.1088/1748-3182/7/1/016005, # #i

(=%E) G 8fF)
NOFARISE, Prpg s, ksE, AIERETR,
HHEEREL T COEITA ATRE/R~E R 1
ARy b o B R, 55 12 BIEHAE )
TP R AT A T T L= 3 R
PIaREE 2 (ST2011), 2011 4F 12 7 23 H,
AR
T. Kano, T. Sato, R. Kobayashi, and A.
Ishiguro, Efficient Undulating Locomotion
Driven by a Decentralized Control That
Fully Exploits Multi-articular Muscles, The
5" International Symposium on Adaptive
Motion in  Animals and Machines
(AMAM2011), 2011 4 10 H 12 H, ¥,
HA
T. Kano, T. Sato, R. Kobayashi, and A.

Ishiguro,  Decentralized  Control  of
Multi-articular ~ Snake-like  Robot  for
Efficient Locomotion, 2011 IEEE/RSJ

International Conference on Intelligent
Robots and Systems. (IROS 2011), 2011 4£ 9
A21RH, o7 xa, 7AUA
T. Sato, T. Kano, and A. Ishiguro, A
snake-like Robot Driven by a Decentralized
Control That Enables Both Phasic and Tonic
Control, 2011 IEEE/RSJ International
Conference on Intelligent Robots and
Systems. (IROS 2011), 201149 H27H,
VI7TUVARa, TAUR
DOANIEN SR, Ve o, kse, ARER,
ERNERHEE L FTRE & 2 2RI~ e a
ANy O BABORIRD, B AR
ORT 47 A« AT ha =7 AGEHS
(ROBOMEC2011), 2011455 H27H, [ML
T. Kano, T. Sato, R. Kobayashi, and A.
Ishiguro, Decentralized  Control  of
Scaffold-assisted Serpentine Locomation
That Exploits Body Softness, 2011 IEEE
International Conference on Robotics and
Automation (ICRA 2011), 201145 A 12
A, Lbifg, $E
DIAHEISE, ~EDraE— g b
SAEY OB EEERE DFEBUFEL  ~
ACABHIGE & 5 BRI O A BERI RS A ]
AE & 9% B ECHIER]~, B AR
2R A TP AL SRR AR R = (FR
TR, 20104E11 0 19H, i
NOARIN SR, PepgESE, /IMRsE, AIERECR,
RLFAIAE & 5 B RS A B L 72 iR
EHERER OB, —~ R ARy b
AW EBINIE—, AR S 0 R
T AT A AT ha =7 AFEHEZ (ROBOM

EC2010), 201046 H16H, fE)l|

(Z DAil)

[H] (1P
T. Sato, T. Kano, and A. Ishiguro, “A Snake-like
Robot Driven by a Decentralized Control That
Enables Both Phasic and Tonic Control”, NTF

Award for Entertainment Robots and Systems,
IROS2011 (2011. 9. 29).

6. HFFCHAR

(1) wFge iR

A0AA - MIsE (KANO TAKESHI)
ALK - EROBEMIZCAT - Bh#
W& - 80513069

(2) WFgE5T R
AL

(3) HEEFFEH
ARHEL



