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Autonomous Gait Generatoin and Adaptive of a Quadruped Robot
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In order to investigate gait generation and adaptation mechanism of animals, we propose a not
mathematical but physical model connecting body dynamics and sensor feedback. In our previous study,
we showed that CPG (leg controller) using leg loading/unloading for the leg phase transition can inte-
grate rhythmic motion control and posture control. In this study, we intend to make a model of split-belt
gait adaptation in decerebrate cats by cerebellum using a quadruped robot Kotetsu. As a result of exper-
iments, we showed that inter-leg coordination mechanisms (ACM, CCM) and self-inhibition mechanism
(SIM) play an important role in split-belt adaptation. While comparing gaits between decerebrate cats
and Kotetsu, we found that our model is still not sufficient in spite of a significant similarity. Spec. and
movies of Kotetsu can be seen at http://www.robotlocomotion.kit.ac.jp/kotetsu/index-j.html.
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PURE OSBRI IS U AR A EMESE S Z 2 i &k <Al
LENTVWED, EOLDRMAMATERINBEEEIZIEUT
BT L2020 DOVTHMIES 2> TR, B e O
fou & WIERRZ YT U 72 BRI % 3 2% treadmill O#E EFIZIGE U T
walk, trot, gallop & IR % B 3 &5 EKBHER (1] 3£ <D
HBHOWMGEE DK EZIR B ST TVD. 2D & RHEES
IZBU T, Haken i& [FERENFERICE T 538 — D H M
by xam U, WRGHZECEH LABEE T LVERL (2.

UL, BEVPEHEMIGER L TV A D= 0%, SR
oY =74 — KNy ZiECDOT, EERTOYMEEL L LT
T 2WELE TOVIZBAE H ML T TR, BIE £ TITHFSE
INTVWAYHEEF VL LT, Ekeberg 513, I3 2 DHTHDOY
FEHAH - 5 I~ O BRI L T, AN D SEIMEE L -
TVWABIRY LHMHAREE S NS [3]) LWSHIRICHEDE, *
IO ERESZEIZURRANERE T VE AW, ZEATY
¥y Dy Ialb—vaviirorz 4. ZUTHSIE, THIOR
BUAGER % W 7 SRR OFFRT ) DR HEAT vy B I DFE
CREMCE D EEREEERZLTWE I ERLUE. /2
Maufroy &, HADPNHBMIZER L TOW AL X LIZEL
T, [ZHED S A OHMER IZH A2 AnWs Z &Iizd b
BHGIR e ) X LGEBHIEERAET 5 2 LRSI 25
ZU7z [5. ZOHIEEE, CPGEFALE LTHOMMR T F 3
I A BB OCEMO R (B F) TN Y AL 88 % EKT 5.
F7z, WARIEBICEN S NN EEEZRHE LT,
TRy b O walk, pace, trot HZAREZERTEHI LN TE S,

—7, SEEIZELT, BEIZERN R 30—l AL
REASEZDZ 128D, BT R L TV OERE TSI
BHPEL B E WS INML RV TOEBENSZA L FKA L
[6][7). B 1-(a) D& > I2, 7 (Left Fore, LF) DL b D&
D~V DEE DK 2 £5 (LF:61cm/s, Other:36cm/s) & L7z
split-belt? treadmill ® _EIZ, BMA 320872225, KW
DL & BITHENEL, BITVRELTZ. ZOROBEED
¥ 1-(b) THB. ZIT, Rl LF(ZRTH) 7° fast-leg, RF(H
B 2% slow-leg TH 0, (B) & split-belt B17EE, (C) &+
R IEFRBH O SR ER L TWD, MR B1(LF O

ULBRCIIHFAMEIC Ko TREINB BT RZ -0 TH S, @, &
HFE AT Tl walk % canter, HEHAETT T trot X pace, m#EETT
1% bound ¥ gallop 2Bl 5.

2fEA DAV S DFEDGE S RAEE split-belt, HEEHIE UIRFEE tied-
belt & IFX.

HTHT) & B2(RF OB c&T) ICEEH T 5 &, Kz B1 K
DEIICHERENPRSNS. K 1-(b) © (B) Tl Bl s
ML > TWED, (C) TEHIBREDOR SRS N,
KEEAL—RXIBHTEIENTES [8. MUF, Z DM
FHE DREMEGHE] 235, £72, duty RIZEHT % &, EH)
%\ E#% (B), RF O duty laS@E R (A) & THEMUL
TWBIZENNE. ZOZ s, LF N@EE XD 8
HIZER L& &, Wl RF(slow-leg) @ duty Az HMxE 2
WiAN TS VT WBEEZ NS, DT, ZoHEEHEE I§
WM &9 5.

LH
LF Bl B2
RH —
RFL——xr— e
(A) Normal locomotion
LHF
DT i B2
e ey A RH ]
N e RF e
\ i s (B) Before adaptation
) LHF —_—
e = A ] LF
</RE | e RH ) [\
e LE SRGSTHSES . ~RH - 82
: RFl—oor—— 5
(C) After adaptation

(a) Decerebrate cat on the split-belt
(L:left, Riright, F:fore, H:hind)

(b) Gaits of adecerebrate cat
on tied-belt (A) and
on split-belt (B),(C)

Fig.1 Gait adaptation of a decerebrate cat in split-belt
walking][6].

Z DG FRIZE LT, P S IR % EE U 2o Ry
M EAWT, ZREULBHETIVOEI 21T\, BRI GHE
PELDZLERUZ9. LrL, ZOERTEIHBGEET V%
WU CT/NINTDOHEB S A 77 = X LR MR8V NV CHER S 5
—h e B N, REMZ TRESREIEHEZ20H] Lo R
WADEZEEZ5EDTIER.

INBRZ TR B IR NN SRR TR S L S - B e R & R
PrEEHRPATI TN T W2 e [8] 2% Ed 5 &, Maufroy 5
WIRZE LU 72 HHZR X, EELD split-belt 2317 T D /NN O FHAKIRE
ohaf & SR FERHIFET b % B 2 BHARE TOL O EARE & U Cl Al g
EEZOND. FZTHMHSIE, Maufroy 50EE L - HlHZE %
VT, WEE Ry % HWTARIOANL b EGHIO AV DY
1.5 5 & U 7z split-belt treadmill |- TD#H47EE % 175 72 [10].
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SWING TRANSITIONS STANCE
phase dynamics fa > Xrp (3) phase dynamics
initial reset: ¢ = dppp (1) & (@ > ¢apr/2) 4) initial reset: ¢ = dpapp (6)
. & ifp< dapp -_{ o ifp<2n
= N 2 = . 7
¢ {0 i 6= dapp ) ¢ 0 ife=2r ()
fn < xro (5)
Trunk Trunk
~ i -
front I trajectory generation front Y trajectory generation
Y rsw(0) = ro  (8) Y rst(Parp) TTD (11)
rsw(papp) = 7Tapp (9) rst(2m) = Pppp (12)
> 4 D/2 TTD,@ — D
|:":'AEP:| _ [H=A] (o) |:":°PEP:| - H (13)
Tsw VAEP 0 UPEP 7D(1 - 6)/BTsw
PAED/ 0 0
A~
_ TLO
D2
(ZASPEP =0; QASAEP = 271—(1 - B) (14) w= 2”(1 - B)/Tsw (15) 0= (1 - B)ﬁ/éj—‘sw (16)

Fig.2 Leg Controller structure.

ZDEEDS, split-belt LIZHWT, MHIAMEHR & IEREH g
A2 A OCAUTEINC#EIG T 2 2 L AN, L L, S
5 DRI, LF 213 T%2< LH ® fast-belt £ LTW=720, &
itk O DFEERSME L IF RS, £, Ry SOWELGES A+
STHY, BRENF I DOEBGEER L IR d 2 1 IXFTE R .
IS EEZ, AT, Muafroy &2 % U 72 HIfH#
WH AR N X, WHETVERBRE L. £, 20
HETFLEHANT, TEBL7ZITHNR I OEBRZEIHED T 724
TEBEIT- 2. TOERIZE > TEHSNEHA L RINA I D
KEHEL, 2 a0HFRHEEDA N ALIZEHL TEELRITS
7, AEMTHEHINTWS BN E T, TRHEXFEOERE

#£1IZRT. £/, UTOECHWS EAMEE hat: ~, tilde: ~

EhENn I 70V (B L) H, BEMEZRT. WES:
FEBINDZ DD 5.

Table 1 Indexes

7 leg index € {LF,RF,LH,RH}
j joint index € {hip, knee, ankle}
s side index € {L,R}
lp leg phase index € {sw, st}
Lx, R« left, right
«F,xH | fore, hind
sw, st swing, stance
LO, TD | lift off and touch down
cntr,ipsi | contralateral and ipsilateral
AEP, anterior extreame position,
PEP posterior extreame position

2 fEIEES
ARFFIZ BT B &y FENSTHIES 27 L 1% CPG €T )LD
MEEIEIZEDWTE D, [ (leg controller, LC)[5] A3l
DEHE D, £ ONIHEEIZR 2, BAMEHRIZA (1)~(16)
DEOTHD. & LC I 2 DO, B (swing, sw) &L
FEHAH (stance, st) 2Ff>TH Y, HHOEB X RO ARTIZ
B9 515, MIAA (leg loading) Z HHWTHESNSE. % LC

1, —EDIRIFE ATEZNM: ¢ %28 =i W2 IRE) 72 B
ffFonsg. =720, i SHFSTHS. HWHER XL Y IER
EHWTAESND DT, &y THRIIST Y XLICK S 008
525, HEO®EIE LC OBRIMEDAM: ¢ ITHEITWTHER
IND. ¥y FHENICBITDHLNE r iZb 52 UHERD SN
D ) I FIViRfLE  HE I E O E, HIZREHf - AR
WEBZEEZAWCEHRI NS, ThEno  BEEME & BifEEz v
T, BEMi b2 T3 PD Gl 2 HWCEREI NS, 7720
PKp,,'""Kp, BZNETNHFES i 1281 2BEES j TOMM
IplzBIFBPTr 1Y, DF1UTH5.

ré

j=""Kp, (05 - 05) + ""Kp, (05 - 03) (17)
ol ECX AN DER P HEI NS & EDMILAE I
Papp(AEP: anterior extreme position), SEEIZHIEMIZ & D
EB P E 72 rrp (TD: touch down) THRIN 5. [k
2, EHHEANOEBRPEEI NG & EDOWHENMEL Frrp (PEP:
posterior extreme position), FEERIZEBE DKL E MBI rio
(LO: lift off) TEEND. £72, D IFNERFERY S &7 S5
(stride), H 13HiE» S EEME cOmE2ELTVWS. 77,
HIM DM %2 B O U TGRS B 572012, RO A y
A7y M AxBHNTWS. (BHIEA=0TH3.)

2.1 BV EY b

HHES SR X 2 L &, WK ¢ XA IZ I dppp
W2, HEHHAHBEIARHZ 1 dapp CFNENY LY FIND. ZOD
%, RIFIER (2) &R (7) WRINIBAMBEITETSET, oD
gicg”é\fi%ﬂu—éﬂé QZEAEpy gf;PEP, o, / i%]b&iﬁﬁfﬂﬁﬁﬁﬁﬁ
Tow &7 3 FV7% duty e 3 22 5R (14), & (15) ZHWTEE
N5,

2.2 HIEEBSEHE

% LC TOMMERI, B0t Pick->THIEEI NS T
BRI f (&) 20 ¢ 2HWZ5M4RR (3)~(5) 1t &
DIMES NS . EIED S ZRIHFA OBR 1%, HEOHEA D
B EINE Z &, ThROLMARD xrp LD KEL D
ZXIZRORETS (R (). —F, SRR S A DE
B, WA D DHME xro 2BATVWAMIEFEEL RV (R
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(5)). B xro @/ IF VA Xro 1, BWETIVOREHEED 4
FOLEDEDLT NN WVEIZHEI NS,

KEHHAE D S A~ D ER DBIE xLo I22WT, ERRICH
WCLER walk B &2 LT 2720121, PUFOKNHI TR
% X577, BN ¢ B L CMOIIOIIE %2 ZE L 72, W%
NRBETH > 7z,
2.2.1 ACM (Ascending Coordinate Mechanism)

walk HSROZENF _ ED 72D, Maufroy 58 F R L7, [
MDA & A D _LATHE R FH#E (ACM)[5] Z Wz, Z0
thalld, FURHIAYERIN & 0 S5 SR AE 2 S A 12 &R L v &
2129550 7T, A (18) THINS.

Tacm * Xi% (lf ¢SH < (Z)Aacm) R
Xi% + Xmoa  (if ¢SH € [‘?aemQ $parp)) (18)
=5 [N] (if 9* > damp)

sF
XLo ‘=

7=7ZU,

Xmod = Tmad(¢SH) . )%ampl (19)
‘:C‘Z’D ) ) igacm = Q‘5(£AEP7 Tacm = ¢$H/(Zgacmr Tmod(¢) = ((b_
d)acm)/(d)AEP - ¢ac’m) VC%5~ if:, J:ﬁ'%f(? SF, sH ti%
nEh sk € {LF,RF}, sH € {LH, RH} D\§hh%E§RT
3. %= WAWERUIRAT 2R ETHS. 5N (LTI,
EREYT27-DIZADMHEIZLTWVWS. ACM »* walk HELE
LR INELIZ AT 5 0 — VIHNEB L E B0 2 L BE
BuzkbRrIhTws [5).

2.2.2 CCM (Contralateral Coordinate Mechanism)

(K~ FRER DR TH B walk, pace, trot 19 XT, B, £
[l Z& 37, S AT /5 [RGB B T 5 Z 2 idde .
Do, ML HHEER 2 <72, ACM XI5 5 IR
# (CCM) 2B AT 3. CCM I,

. JXro
e {5 N]

(if Ip™" = st)
20
(otherwise) (20)

TEHIND. 1B, FMRIT MO Ip'" A3 R
(stance) PEPERLTWS.
2.2.3 SIM(Self-Inhibition Mechanism)

KEFHIAE 2 S SEEREIAH A~ D B & 7 R DM Z AL IZ BB DL E
MWIZRDHEE5EX 5. TDD, IHMMHIZERE, —elH
M ER L2\ E D xpo DEZHET 208N H 5. T
ZT, xro &R (21) D& D IZHAIHH ¢ DRI#E 325 Z & Tl
~NDER KT B,

xro = g(9) - xro (21)
ZZT, 7= (¢p—darp)/ (27 —dapp) £ LT, B g,
(if 7o¢ < 1/3)

(if 1/3 < 70 < 2/3) (22)
(if 2/3 < 7o)

9(¢) = {3+ (st = 1/3)

— w O

TEHZING. ZORZHWSEZ LT, XHEORELD 1/3 1%
W BT, YEEICRICEBR L X3 < ad. AL 72
BORKEZERBL, RERTIZTRTEK g(¢) ZHVT WS,
ACM DEH 72 BT SIM R BETH 5.
2.2.4 xLo DRE

R & BRI D xpo WTIFEA Yoo DREI N, ZTDHEE 2 1TR
T LT, ESIERIC EEHD ACM (Fillos), CCM, SIM
MIEREAE NS, 272U, ACM ¥ CCM T xro = —5[N] &
Rofzl &, SIM IZfThw.

Table 2 x 0 is determined from left to right.

leg ACM CCM | SIM
Fore O O @)
Hind X O O
(XLo = Xro)
3 HEmH=ERR

3.1 ORvy h&ERETE
X 3 IR WA MRy b [Nk oM ZRT.

_ hippeh o o

(a) Kotetsu with
two marks

Fig.3 Quadruped robot.

(b) Joint configuration

ARy b OIEIET —) VR - [y FRIE - By 7B -
REYy FHESiOH 4 Bfi»r SRy, £HMGIZE—2THREXH
5. £z, BHOMER ZHUET 2720 2B L,
oRy bOMEBEEREZEFHT S0, 2BEOY—EOERY b
WZHLD ST TWB. $fTdhonRy M2 ErSEEL, v —7
DhEZT YTV — by F U E0EITEZ 2T, INED
HKEHNGLE & BARFETE 5.

pulley

FW— IE/I'
\ d:JD\/string
spring |
\ <G

> >
e >e >

Treadmill

rate gyros (pitch&roll
3 axes accel erometer

3 s forcatorque senso]
(b) Split-belt walking

Fig.4 Experimental setup.

(a) Experimental setup

BRIN A 0 & FIRRDEBRZLEIZ T B 728, INRDKETH %2
WU ZIRFET treadmill E&2#HFE 872, R FEL LT,
4DESZ, MNEO—IHIZLEZES, LEIZHEIZT VY3
VB LS, Nx ONFER : 4x10° [N/m], FHHIE) e
EEF -EREERZHWZ. ZOHK, vEIZXS0—ILEFHAD
BRI WEARES. ERSMAEL LT, £ToRL
M#E % 0.13 [m/s] IZ8E U7z tied-belt, tied-belt DIRFED 5,
LF O~V MEEDO A% 0.22 [m/s] 12885 L 7= split-belt @ 2
¥EZNTNITS. Split-belt DHE LI, BRlix® I DFEER [6] T
DEEH L IZIEFFA L TH S, Treadmill D EFIZH A S 2REL,
FONGRIZELD ([T oz~ —H 2B X 5. EEBROBE
ZMhE TELRIT—EIZX B0, BIREDNS treadmill A3
B ZIZE B —HDOBEE AT THIMU I, $H17%25G
XD, RIICSEDOEBRTHNWEZNAT A —-X 2T,
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Table 3 Parameters

Tew [sec]  0.20 I} 0.67

Xeo  IN] 120 | %rp [N] 19

D [m] 0033 | H [m] 0.22
Xampi  [N]  15.0

3.2 CCM DOEH

CCM D MEM %5 728, split-belt Tlid ACM & CCM
FHWESEE, CCM Z2HWTWARWEAETENETNEREZ/T-
727 (®5). B5-(a) IZBVWT, AT fEF < xpo &>, B
T Ipt*F 13 sw 72D T CCM HF72 5 < 72012 x5 = —5]N] &
720, LOMEURW, £/, CTIpR st &4, xib ik
ACM Ofiz 70 (D), fEF < xEE %Wir=37-H LOMB4EL S
(EF). Z0Zehs, HITOREMRIZ CCM PHEELTWSZ
EMDND.

—77, B 5-(b) BT, AT =0T p"™ =sw (B)
THBIZHhbod, CT L <ytE 7y, LOMBELT
ULZE\W (D), LF & RF MR & 72 2 BE A — B2 3
n (B), #RIFZOHEANS (F). 20H, 17[sec] H7= D TH
BRIIRET 55, HERKLEED 18]sec] HitRIZAEL, HAMN
iLnzd (Q).

BLE& b, COM 723 split-belt DHEDZEIZEBL TWBE
TN,

I N N N S S S S S .
LF I - 1— N BN N | I .
RH N S I N N B N S .-
RF___(T_______-

B
£ I T LC phases al(rad)}»
B e e e /%)
[ LF LF || Normal ground reaction force fn” & Threshold X,
o R T T
20 » | A X
Y A e L o e A A ok Ak Ak o il

RF RF " " v
40 c —fpy == _)(LD Normal ground reaction force fn & Threshold X7,
A N A /NN, o Ap P AP (AN Ak VY X0

Time (s)
(a) Split-belt walking with ACM, CCM & SIM

LH - - ] L | —_— I EEm
LF1 S | | | I | |
RH — I | . —— I _ N ___ I !
RF EEEE S N I .

E F G
—UF —RrF LC phases w(raj)}»

0 =i = = =i = i e i

A Z
D —§LF ___x'F | |Normal ground reaction force fn" & Threshold X,
40 L c n Xo

20 . /\ A
0EN, e=dT TE —3 7 == STV

v

A TP VA i = i B

40 @_l Normal ground reaction force fr & Threshold X[,
A
AN A

20 A IA e N Al Ay
o XV AIFV AT AT o TV AT KT AW ANV e

15 155 16 16.5 17 175 18 185 19 195 20
Time (s)

(b) Split-belt walking with ACM & SIM and without CCM

Fig.5 The result of experiments to see the effectiveness
of CCM. Gaits, phase ¢ and f! with x%, of LF,
RF are shown.

3.3 Split-belt &

INGRE N 72 AT IEER T, tied-belt & split-belt DD
Il 6 1239, B 6-(b) 1E, B 1-(b)-(C) DI A
T 5. KFEERRTIE, tied-belt > 5 split-belt ~DY] b iz Lk %
fToTWiR\W728, split-belt BATEZO LM A =X
LIZDOWTIRSHBOFEL T 5.

Bl (LF O#ih T T) & B2 (RF O TKT) OEX %Lt
835 &, split-belt TlX, FRIKA I & [FEFRIZ tied-belt & Lk L
T Bl OEfEINEFI N TW5. Bl ORI S Wz RE e U
T, LF(fast-leg) 2%l & O < PEP IZEET 5 Z & T, #Hih
DRAIVIDEHERL O ERL o EZ5NS. ¥ 6-(b)

A%m

Tl split-belt 125 250 57 walk HFEITIZIFZEL TWVWED,
BN & 2 @ split-belt 275 & iR 2 &, fitHzE L duty D
IZBEWT, 4225854\,

D THRIB A 2 D split-belt A% RS &, @ISET (B 1-(b)-
(B)) TIZLH & D %IZ LF 25 & 70 D walk HAEDPELNT W
50, BEIGEIFERL walk FEICR->TWD. ZhFEFEEH SN
RE U7 ACM & ARk RGBS NI & 0 AT
e LTHONTWAWRENEZ R LT WS,

LHI . S S
LF s [ ] I
RH i | S s | e | e
RFEEEEEEE I S $ S
12 125 13 135 14
time [g]
(a) Tied-belt walking (T=0.49, $=0.75)
LH e— I I I —
LF — I I _—
RH i s e S
RFEEEEN I S & ——
12 125 13 135 14

(b) Split-belt walking (T=0.43, B=0.70)

Fig.6 Compare (a)normal locomotion(tied-belt) and

(b)perturbed locomotion(split-belt).

4 #E

AR TIE, BN AR 3D split-belt 17k B %2 B kMR &
VH—T 4 — RNy I EREODIT B, EEODPEEL M
TR 7= 22 IR R 2 B L CVUi e R b O split-belt
BRI ERRZIT, D ACM 2%, CCM, SIM OFER)
MEEER L 72, BRI 3O split-belt 172 LR B &, HESHED
SRR (B1) OZMBIZ B W THELUSAHER T E 722%, duty
R IR AHZ I B W THE AR S vz, RIS I D/NMML R
%T@E%W%%%tEEW@%%@%M@%?»&@%&@%
EThBD.
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