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Quadruped Robot Controller Autonomously Generating Rhythm and Gait
—Simulation of Walking-to-Running Transition of Cat with Hindlimbs—

Hiroshi Kimura*!, Christophe Maufroy*? and Kodai Kodono*!

We have been intending to realize a quadruped robot controller autonomously generating rhythm and gait while
utilizing natural body dynamics under the gravity. For this purpose, we newly proposed a model of the rhythm gen-
erator mainly consisting of sensorimotor functions in the spinal cord, and simulated the walking-running transition
of a low spinal cat with hindlimbs according to increased belt speed on a treadmill (Forssberg et al. 1980). In this
simulation, we constructed a physical model of the hind-legged biped robot with a trunk and fixtures, and used an
independent leg controller with such rhythm generator for each leg. When we employed hip flexion/extension and
leg unloading as sensor information for the stance-to—swing phase transition of the rhythm generator, the rhythm in
the steady walking could be generated mainly based on leg unloading. In the transient state under the perturbation
of belt speed change and the steady running, different rhythms could be autonomously generated based on the com-
bination of leg unloading and hip flexion/extension. Moreover, the walking-running transition could emerge by the
change of the dynamics structure triggered by the increase of belt speed.

Key Words: Emergence of Locomotion, Constructive Understanding, Spatiotemporal Pattern, Spinal Cord, Senso-
rimotor Functions, Self-excited Oscillation
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Bgans.

MESZH G EEREMOF A F IV A ERLZEFVEHKL, EFLE
BE L OMEEHOHFEY I 2L —3 a U RERIZ L) BIBEH R % B
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. E), pace 5 trot #FH T bound ~O 4 WA B ) -

JEESEBREO A TR EZ TV 5,
KIFFEOBNEE (Fig. 1) 12BWT, A5
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HRERL S, SW-ST #HE1% 25 (touch down, TD), ST—
SW HHEIEAER (lift off, LO) TH Y, #£d TD & LO DR
FNHG 20U X B R TR LA R A ER T E 5. ) X445
L LT, SWHIIM Ty & STAHIM Ty, BLY, A7v 7
T A 7 VA Toe (= Tsw + Tst), T2—T 41 B (= Tst/Tse)
5. Arp ($ TD B0 IEMAL - WA 2 %4, TD
B LO FroWEME X 2121 AEP & PEP (Anterior &
Posterior Extreme Position) & Xid 5. BEE OMELEM &

LTORKIISY — 2 [32] # SN OIEBICMAT, TaE—
TasREET 5.

Mo aE—2 3 > ORBIIHMHTIEO# D E L TH L. WM
YD H TD PEEICRECHFE L TwAEZ &I, FIllo 1
J (18] %> 2 1 [33] B AR v MHFFECWTAE D E TOVETIIZE [34] ~
[36] THRENT WA, AWFETIE, AIBICBII2HIE— 3
VIR OB LR BB EH S, LO A XA EHREOH
HAEBICKE kBl e /1252 L 2R

T A T DOFATE R HEGEITICBWT, BEIEE EAEIC T,
ERHARAY 2R A L PEP I EITHIE L B iR+ Re 25 —7
T, Tew & AEP ZIIT—ETH LI EPBRINTVDE (X
ik [16] : Fig. 10.1-D&E). HH#i+ 2T FAHaHGRIBIE SN
TV [14]. REACTRAITE A 1 = X A ORERERIERIZ B L
T, 20L& hBEHE L IEEELOBRICTIENEEEN D
b LEz, HEHERORILFMOEREL T 5.

2.2 BB RG O

FRECTHREMIZ) X LA RT 2 0 B o 360 7 7 B s
TV AT FFE PN TITb I [16]. A T2 TICH[16]
(Fig. 11.1-A&B, 11.11-A) #Z#12LC, FH RG 0Fke
@%Aﬁ@ﬁ%%itbétuTt&é
(a) EEATIZLTH RGIFHEMIZ) A2 %2EKTE L. 12

tL,@%LJ O GEIA M OEBAKE {, HREL
TRBEBIIRAN 3 b2 5.
(b) JEM =2 — 0 Y IEBHIZREAT & IZITMERTH 5.
(c) Mfr=a—0 YIEEARIEEREATNCEEICF S AT N5,
WRELTRGCOT2—74 (MHES) e 170l
BHIFEEIEREATNAKE L T 5
(a) ICBIELC, FHiA IHA TIREADZBEESI N
%, MLy FIWETLHBLEINBTE2RTILDT

&% (3CHK[17] : Fig.33-6).

COEELZMRERLNMA,S, RCOETIVE LTHSE
HIZEIR & FH O BRE % BE R o AR T2 Sy, BIaX
DaE—2arDyIal—3TareufRy FERTHIFRE
WEIFHHCSND 2 EHIFI2L Do 72 [10] [22)~[29)].

2.3 HEEOBE EEMEAE & BB

BET 14— KN 799 XI5 2 558220 T, SWH
TR ST M TR = & 2 BFIZEWT, BN
FODERTESNZMBEUT®RRS, TD £ LOD% 1 3
Y TREICIE RG NOEE 7 1 — RNy 7 OFEHFRENWT &
Wﬂ%ﬂfwé TD % 4 3 ¥ 7T, SWHBEICBWT

7 (BAET) w5 E ARG B 2 14 L35 2 & T TD 254 L
%J CEDIRENTWS [37]. LO ¥4 X ¥ /H#lEiCld, Grillner
5 [13] 1EEHEA IO ST HIZBWTE (B BN S 5 B
IZETH2FEFTLOBELZ VI & 527K L7z, Pearson 5 [38]

TR X 5 = X8 ZHRB 72012, FEARHIRE TV b #EEHR 4
LRLy FINVETOOIE—Y 3 VERIEE {fThNTW5,

HATR Y bEREE 42 % 10 5

81—

EEFERE S AT~ OMAR 2L E D5 oG 2 #iHl+ 2 2 &
wmlL7. Flwn s, SWHT [MERMA TD 2 BHE5 5 ],
ST < [EHE & WEEMND LO 2RSS Hovid [
E%twm%ﬁﬁLO%W%TéJt&é

BRI, TOKMO TD, LO ¥ 1 3 v 7)o e+
%bffﬂafﬁ?‘ﬂ@ F 5. ETHlA7z Grillner 5OEHAA T v
kY FEBRNICBWTH I FOOS ISR EME S s
TLO ##I LAzE &2, NV b EoEoOMIHIZ ST & 1%
BRS 4 SWAHT b AL EEIE & /e (Ui [16] © Fig. 11.11-D)
Z &3, KA RG EHMAASEIEIE S IR O 2w 2R LT
b, F7z, 1ETHENLHERA T - 12 2 WHEER([15) TV b
W AP WIERFMAISE B L RE, EiEe %
L CIEEMTO RG MEHMSHEETH L EEEE R LT 5
2.4 REEREHEIEOKRE

AIFFETIE, 2.1 Hi Tl F 4 o - BEIEE FAKRKD Ty,
b Toy OFALSY — & AEE LT, HIEREEERT 5. B
EHE HW72) XL EHRFEORIFEY BIRL TWADT, 2.2 i
OFHE RG F#E (a) 2EZEMT 2081375, IRERETL
VI IRWERNER Vv, AR, B RG M b)) %
EEAET, BAEIERO RN THIEZE RG (£ SW-ST #i4)
Briroleeds. ZLC, FHMRCHENE (o) LHEHELBEGR
125 2.3 Hio ST A1 - IEHEEBIEAE = I RG 12925 L
T, ST-SW HEIEL1TH) 2L L ¥ 5.
RE—EESEE L 0 aE— 3 3 VIRIEOBRICOWT, SW-ST
o [JEEMA TD 2128# 3 % | (& PF 0758 — VIR
TIN5 7%, TD OFEAIFAIZET A IEOREERN (a—)L)
LR (K y ) Ehe L TEE B L O HHE TICHES
NBEDT, [Tey: —E] OREHIHREETH B, 72751, T/ F=
I — & DO T TRIGIZE Ty 1, REMEMEREOZDIZ
VELRTRE D AEP OfELR [24] [25] [34] #1515 DT, SW
%*T@STﬁwﬁéwﬂLf?ﬁm@nwiﬁﬁ?é +45
7 Tow DHERENA 7 51X AEP (213 IR B,

—7, ﬂ?&Nﬁﬂ%f®F@@Faw“éﬁ#Lo%ﬁL
T5] 13, BEHE LA (MR $7213 (R0
Wﬁéﬁjﬁit%aé,¥%Lo¢&b%rﬂrﬁdj%ﬂ

ERIY. Ty OZALIE PEP ICRE gB% 52 %.
Db, FIEE-ETEREE AT, SEEREL OMELE

MAArbuat—ay - Xy — 2 HBEERT 2 THER [EE
T4 = RNy 2 EEA] L X 5[30).

2.5 [H&#] & [VXLORIFE]

AR B2z WA, STAHE SWAH & V) Zo0lit %
FH, WERERICL )R EZEZ S [2 K8 (ST, SW)
BN % RCOEFNVE LTEZ D, Mtk & B ORTEERE
PLES) TG MAAE TOSATRGE L EE L T, Fig.2:[a] DX
)12 RH (right hind) 2% SW ATl LH (left hind) 2% ST

rolling frontal plane

rolling
+ (2nd hdlf) back view (1st hal-l;)
[;\ i R )
B
L Mg { LH/ Mg / RH
Left Right £ > < £
[a] [d] el

Fig.2 Rolling oscillation self-excitedly induced by the gravity
moment operating in the opposite direction depending
on the single support phases of LH [a] and RH [e]
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SN B EAEE LT ISR

[a] LH OFMEZHMCIEOEIE— A v MM &S, u— )L
By IE O AN 5.

[b] #&F, RH OFHAE L, MEMZHALZ RE © RG &
ST Y2 5.

[c] MBSEFHACoO T — V@B & Y &ML LH 225 RH IZ
BE¥ 2.

[d] LH oA O % BH L7z LH © RG 1& SW A~
Z%. LH®RG »5 SW HOER 4K % iR S 7z LH
@ PF i3, MoFR W ETAHMOEMED % AEKT 5.

[e] LH OBERA/NE V720129 I LH Offtidsd: L, u—
WAEBP T RERIEOARE L FCUIZOHROADES
F—A Y MU DHb ST SW HA B 2 FEE O R ke
B fERE LT, kb [a] LB A SRR A L
DT, Dk EBENEARETIRET 2.

DX, B VERIHEN ISHEY 52 50T, EAEHO

RG IMEMIEHRICE Y 0 — L BB XAFNT [H2FEK

BeTFa—T1 bzl VAXL0EE DS, ZL T, RG

OIFFTHEKSNLHO SW HE ST i TOSKAEE) I &

WHELATD & LO S, a— Vo kEAapErb525. &

DOHENEHIITHD & -2 1F TRE) S 728t ARSIz X

DHEREL T RLEAERT S “chain-reflex” & B3 2 LM T
X, MEEHORKEREE LTRG OV X2 H0MER &V KT
HICE VAT L2 EICh 5.

2.6 [HI&R] & [HFRDEIF]

JEIAREN T RG 2 W THEARY XA %252 EHEATE L
THEREZHV, RCG B Y MU — 21255 % WEREER [27]
LB [28] DHRIE SNT VB2, MIRHAAHZE DO RIZSAE R0 A A
HEHESNTBY, (IR T L WaMOME/ER] % [V X
L EBRFEORS] ORBGRIVILFEIHA SNz LITE Vv,

—J, &R 74— Ny 7 FEM RG] *HWAFEE, ©
TIE—Ta yHoOfRT — VEE Ly FEBIC L D AU S
B8y — VAL, &M RG O SW MDY K & %
52, WHEBHAA X0 LTEELRREZRETHTH
L. $hbb, RCEAY T =212 X 2R 2 BRI DL
AILS, FEBLEREE IS U7 K30 7 B AE B LA B & v 9
IR 7 A ER A L C& M RG © SW HTIEICHEE 5
Z, BWMLN)UVTRG BA Y M7 —=212X 5% WIEHRAY 22
R 2E X, REERA) X LER L FICAIZT 5.

2.7 BEET 3%THE

YV RAYFFLIIREVENTCEN LW ERO A3
Ry FTIE, BE 74— NNy 7 TEMOTFEZHNTY L4
BRI ER END 2 EAHERGRIIIRENT VA,

Ekeberg & Pearson 3= - % 2M I I a2l —2 a3 lB
W, RG (TD, ST, LO, SW O 4 REEEBHN) ~DEEIE
HELTHMREEHENEZHY, RGEAY NT—2 4 L TR
ERY) AL EWNAHIREDAE LS 2 & B RIIR L7 [39].

$£ 51X RG (ST, SW @ 2 IREEBRBHEM) ~OEFEIERE L
THENOARZAVT, ZRIC- 4B IaLb—TarilBnT
EFERGEAY FT—27% L TY) XLEKE (pace, walk) %
AR L7z, F72, walk BRETHAN % EOBEEINME < & &,

Ta#mDY I 2L —3 a0 TiE, BIRKEDSHE 2 ROIME SR
FRBMEET Fig. 2: (a) ORERFAE S, £ RG £ 0— Ui
o) AL wkd L T\nb.
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OB F R

AT PIRSE S LRSS 2 2R L2 [40. S 512, WE
RN 2G4 HE Ry M2y Ial—
Ta VKR EABRBL, AIBNRY) XL ERBFEOERS TRy b
THEBICWRTH S Z L 2R L7 41).

B 5 1% 2.3 HiCl~_7- 50 - BT EEIHEE [13] [37) [38] %
=OOMIRF ST DESE (chain-reflex) &fERL T, SKBIIfHR
KEITNA A% afiffiz 722 2 HE Ry M2BWT, FHEHKE
M5 2 &7 B ARAETT 2 ERE L 72 [42).

3. W & @ &

FARTH TR B S BB BTN R % B < z-y R
THGME r» = [z y]T EHE v PVERSN, Fid (x) 3N
7 MV o« O g FEEMEFRY. EAEES hat:”, bar:™, tilde:”
EENETNEHKD ) 3 FVE, sHilE, BEEZET. WES:
PITEBSNE ZEDDH 5.

3.1 HIBYIE £ 7V & [EF Half-Center jH1%E

HWHYEE TV % Fig. 3 1283, KH O F 1d RG DJfff HC
(Flexor Half-Center [16]) Z# L, fmg{Lo 7z M HC &
AwTwzwy, o x 3PRZ% RG MIBREPHVwS T
WiEWZ EERT. STH~OEE (TD) %1 3 v 7 IdHER
fo THWTHES NS, 2.3 BT~/ H R - B EBIFEEEIC
HEoWT, JEf HC 3Rl (Hip flexion) &JEME (Hip
extension) B X OHEATN (Leg load) 2N F 72 133#HIMED
EREERE LA SNS. JEH HC1Z IS BEREERIZE -
TOAPEE S [JEF HC IEWE ar] 2FH, SW H~NOEFE
(LO) #4373 W THESNS.

LHR[39] DLO & A I ¥ FHEREZEZIZLT, W illsw
T, BEEHRE L CHEMED ¢ BIEME (7Y, SHER fL &
VO RHIMEZ v, JEA HC {EME of 237210 ET 2.

ol = —max(rhy,, 0)/(D/2) + max(r,,, 0)/(D/2)
+ Ctre{Xro —min(fi, uxro)}/Xnm (1)

T, g (= (FY)e), Tige (= —Th,) EEHIIS N2 EIE M &
MR THY, /I FVakiE D LIWAR v RS
TA=FThHbH. T, LO A IV THEDIZDDEE RS
FTA=5E LT Yo EHAROBELZZEL, Ce(>0) &
FETE M & R O L EALRET 5. AUOHEE
HIA SN, B - BRI - WARIHE L5

X (D 1I2BVT, afp L% z BEHEOBRICOWTHH
§ 5 & ESEm & R E 3T 5720, max BEE AWVT
(P2 & Ty & Pogy TV, F7 =877 70ORY
ED7z, TDHBIC fL SWINL7zL & of P ImINS 2 f
DEIZ7% 57V X9 1S, min BEE /8T XA =% p ZFWTHEA
MIHOTREZEL TV 5.

LH RH

@ Flexor half-center
F— Excitatory
o&— Inhibitory

Fig.3 Schematic diagram of leg phase switching in a CPG
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SWING TRANSITIONS STANCE
RG : phase dynamics (fn>X1D) & (6> b arp/2) (4) RG : phase dynamics
initial reset: ¢ = dpgp(= 0) (2) > initial reset: ¢ = ¢agp (6)
¢:{@ if6<dar < <i>={”’ it < 2 -
0 if ¢ = dapp ap >0 (5) 0 if p =27
Trunk _ _ Trunk . .
X e . PF : trajectory generation X (e PF :trajectory generation
fore Yy 7sw(0) = 710 (8) Pot(papp) =Frp  (11)
Fow(dapp) = Fapp (9) 7st(2m) = Fppp  (12)
H D/2 ; H -D/2
T (9) T AEP biy _ 3 T PEP H
r - 1 - feee T = .7 1
~ [UAEP] 0 (10) ’ N |:'UPEP:| —Dst/Tst (13)
Tagp 0 SN0 Ny 0
D,,: step distance fo D,: step distance Tocr
Gapp = 27(1 — B) (14) & = Gapp/Tow (15) T =B/(1=B)Tsw  (16)
Fig.4 Overview of a CPG in this study (ar is defined by eq.(1).)
JE# HC GRS LT, Bl & ne& s iamd 2275 AV rate of change [mv/rad]
12, TR & BB IR S 4 5 L < ;ﬂi23 ]y ohase [rad]
mTL«tLO%Wﬂitiﬁﬁiéﬁﬁfﬁiéﬁ% NAS ; (=0~
SEL b DIESE SRV, Y Ial— /a/ﬁ%®%%f G b b b
BT £12, LO (B0 720 O HIE & WRATOMA S b v i
B REAR  EREATIC B Tl ) X 4 kb S Oy S S -

L7201 E < (4.5, 5.1, 5.2 Hi).

3.2 CPG OBIEE ) X LERZBDEE

MR, PR Ny — A g (CPG) AT 51
AN (RG) &8 — VREES (PF), B XU, BREHES
(Output Motor Stage, OMS) 2*5 7% % [16] [17].

CPG OIFE (Fig.4) 2BV, RG I SWH (HE) &
STH () L) o0z HEL, WEERELTATY
THA 7 WATORMEFTER ¢ € [0,27] 250 [40]. 7 3
FUAECH S SWAHIE Ty 72— F 410 B 252728 &,
EDoRFG X—40 /7 I FVEIZR (14)~(16) I2X hEtER
na5.

TD % 4 3 v ZHEOLEMR (1) 13, FHlS 2 WER f,
EBE xrp BT A% E LO BRICEM O ST i~y
BT 27200 ¢ ORFEXAOHRIM L LoTnb. T4b
b, WAL RE E oFmA R S (fo>xm) & &, SW
HO%E (9> dagp/2) TOH ST AN EZ 52 L 2R,
LO # 1 X v 7HEDZM4E (5) 1E, 3.1 HiTH-~<72JEfM HC

R ap ZHWTEY, BEMRIAEREETICXLYD ar 2IEIC
molel E SWHIZEIDER 5 2L &2RY. b5,

2.4 HiCak R7-HHER AT A MEICERE L 25D TH 5.

RG &, &M (4) OWIZIZ L ) ST AT EITV, ¢
32 (6) X DA dapp 12) Ly FEND. T, SR
(5) OBWILIZE Y SW HANDOYEREEITV, ¢ 1330 (2) 124D
MWME 012 £y b S (23] MAHZE ¢ 1, X (3) Fiz
FR () 12k O R \Lf%ﬂiﬁghwmi FNEN
DLE pagp & 21 \FELZZBAITIE, S8 (4) 72135
B3 (5) DAL A ifﬂiﬂiﬁﬂjgaii Cwizo, ERRfEICE
EEVRTL. Thbb, RGIGEEREEEE R 2 RS
BREEWE LRSS, ZOBOFEMIZOWTIE 5.2 BTl

HAD Ry bEREE 42 % 10 5

Fig.5 Profiles of the rate of change: v; & vy of the leg tip po-
sition in the stance phase [43]. (¢ is a phase variable of
the RG. From eq. (13), by = (Dpgp)s/@ = Dst/(27006).)

N5,

3.3 /N&—TRER EBRENEBDE S

Fig. 4 128V, PF X RG 54 Ip € {sw,st} LAitH
¢ ZZTHY, B RERE #,(0) (0 < ¢ < 2m) ZERT 5.
¢ =21 TOLHHEIPMEIE L 2 VEEN R ENT WD, HLBEAER

DFMNL SN [43] SBSSATHE Y, &2 TRITRICHIIT 5.
WA CHIE BEERLIE D o, y IEEEE, ¢ (rad)) \HT 2%

L2 ve (@), vy(¢) (Im/rad]) 2 & Z#ENF 72 HESE ((m/s)
ZEFRE> T A 2 L TRME S NS, ST AHIC BT 5 HISEMEZEL
RKERYT Fig. 5 L0, y BEBEITHHELZRT: (a). (b) 2
L0 B E IR o FEE(EIZ TD BEfZBRWT, 2L C, LO
543y ZHERDSEIAET ¢ HLIRE 21 12k K E o E
T, —EEE (Dppp)e(= —bo@) ((m/s]) THAT 5. LO ¥
12 v ZHERDP BRI L2254, SW HAoWED
O BRIFHREITHY 5N, PEP EHITICKEEITS (4.5 #i).

JHI5E B EELE O W E X ERIMEZ T, SWAHE ST #H
T (8), (1) I2E V525N 5. BEARIZLEZRAM Ip
TOHERIE Dy 13, THOFHIEE VTR TR S LS.

A (17)
@

5 HARHLE ORI E & IR, SWHTIZR (9),

L0, STHITIERX (12), (13) 1252615,
PF &, WEHERE 7(¢) 7 5B j O HEME

M 0; ZWEB)F L LT, BB (OMS) 2%

(10) 12

); Lf4
5. 5

I
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BRI C, FHI LA 0, AT O, 2 VTR
PD Hli% 47\, V2 T 270 F 2T poiids. o
=T, K, K, K Ip, BE j TOPD A 2 ThHA.

Ty = ="KL0; — 0;) ~"KL(0; - 6;)  (8)

4. HT-ETERILL-Y3>

WHE 7L & WIS Z W CHER R T - 1 2 BFEER[15] ©
YIal—varEiTn, Y RAOELE BT S ETNOER
EBT 5. HEERSHHWTHLDOT, PLy FIVONL L
HELNDING X — 5 13T NTHEETH B, WEE TV & B
D TFERINT XA —FHEZFDORREST T A A ITRENT
W5, HW/21% Y 3 2 L — % Webots 2021b 128\ T, A
AHO PD HIEEREE vy, 4 [ms] ORBEZIATY 32— 3
3T bi s, RIXI1iE ODE (Open Dynamics Engine) 5/
EFNEHCTEHE S NS, TD BRIHE & R IE 2 % 17
V RRIOPER ARG (HER) (R EL : 5.0e3 [N/m)]
LAEPEAREL - 8.0el [Ns/m] IS & 0, AL s — 1 vk
L BEILREL  1.0e3 ICL D EITR SN D, CoOEMETVET
A= BLUPD 7 A v LA ADELHEIZOWTIE, HA
ORI ZL OB M2 S 46k B T 5.

4.1 YEETI EHREMS

TR T - 4 2 WERIL, Fig.6: (a) IIRT LI, A2 W
BEESIH TR 2 AT Yy ¥V 7RV, BEREANRTET
TR BRETITDNIZ. TORLZ ML L T Fig.6 © (b) 1R
FTEI1E, B2WuRy bE 6, BIU, Py 3
NS BYEETFT VAR L7z, %2 oKy Mk e %
KA 3 BfixFoM Ao s, EGHMOAREEITE
RICEET L e u— VEENC X D iTbNhs (2.5 Hi). Fig.6:
(b) 121, &2Wa KRy b OWMEREERO 3 #EE & 3 ffi [l
BLO, WRHFEERO 3 #hGAE & 3 FHAEATVR S LT 5.
ML v F3IWIZIE, Webots 2021b @ Track / — N& X5
FHAIAR DNV b T RXTHEREE Wz, RS Ly B3
Wi, $B2BORy b EIRMSTICEIET 20T, BEO—E
A INb.

SCHK [14] [15] & B [31] £ D A T OIEIRDAHER L, 6 fil
OWHGEME o #h (AifR), y @ (BT) I/ N A—5 23
H, z@h (A L roll & pitch AL HH, yaw HiHl#x
(B4R DY VA N Ve VA= R b 1 41yl radi e A VA LAY VAT
H5bH. Atk LTHAONA-F 2R ITENZEN [ MLy F
INVE] @ TH2EORY M Oy Ial—Ya ilBVnT
HTH LD, RELOMEMEAO—HE L CHEOB & b5
MR 2 BB L. ZOMERGOZLMEIIONTY % B
T3,

4.2 YIalL-Y 3 EROBME

41 0 [s] OFIEREES S~V Mk 0.14 [m/s] DEFEHATE A
BLL, K6 [s] TV MEER VI B2 5. V, = 0.3 [m/s]
DFERE Fig. TIRTT. (a) HHHK, (b) k-, (o)
ke 74, EEHZENZENO (d) V) RALEE (Tew, Tt
Tse, B), (&) MG x FEEEAE (7). (Frie £720% —Feqt) %° AEP

fRG 2 LO # 4 3 v Z7HEIZHV LM xo (SHEBHOENZEE LT
W EWE (25[N]) ZRELTWAA, MR E 7oy + (a) &
(d), BLXU, (e) ® AEP&PEP fERIEIZIZRVEIME (1 [N]) %%
LT YIEMR LO OB ZROTWAH 20, LO BHlid RG @ LO
Z A THERG L )R B,
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84—

OB F R

translation coordinate
of the fixture

roll pitch
X

- ¢ z
body + yaw
coordinate’ Y
=== Hip Pitch
- (HP)
[ .
Knee Pitch
RH (KP)

Ankle Pitch
(AP)

7 Treadmill

(a) locomotion with hindlimbs (b) a hind-legged biped with the fixture

Fig.6 (a) A low spinal cat on a treadmill [15]; (b) a hind-legged

biped robot with fixtures on a treadmill

& PEP, BUBIRE o (f) 8k fi & (g) &M
w5 fo AR, (h) JEH HC EWE ar 2R ENTWVD,
TEIIE, AT YRR O BN & A, R () &
ETHI (G) 122V TERFIURENT W2,

ANV M EEYERICT R TORIER /Sy — Rk & CBfEL
(a) OF 6.2[s] CHIEMZBN CERETICBREL VA, &
7)) R LERICEE R T — VEE) (b) 22w T, YUEED
Tse BADLOIRIBINE L 2B [19]. Tbb, 0— Vi)
W OEB O EL | X AAOHF T, WIERETIZ) Aok u—
WEBI S EHOBBOEETELL I LERL TS, Ky
FEH) (o) TEFATTIRIFFITNE L, BEFETTIIHEO
ST AH & M L 7R E) 2 47>, WiNEEAA Cd 5 72 iR &
LTCEMDAT Y T A 7 R — LR 2 {58 HTER)
LTw3. Fig.8 1BV, EXOFMZEA (a) THIELS
<AV NEHTIRY D fi ZRERIZEIRAAN TEDE— X &~
AL S, HROBEM b) THEDIEOE— AV b
FHELEEL. 20X AN X - TR HFINZE £ — 2
VIR, EEHETTHEEY Y FADRG A E L SELEEZS
na.

RGO LO ¥4 I v 7HECTEZLZMER (g) OIS
DWTIE, ST AHWHITIZ TD BOBEEDEEL2 R ZIT TR
LY, 2ok, BT ERFEDICL Y, ETEHIRE
oy FIEEI OB OANEEIZ L VDT 5 (5.4 ).

4.3 EBSTINE->

Fig. 7 OK4 5.6 [s] Bitho LH o ST MgEE (B - walk-
ing) TO ap OELIZOWTHAKEZ HWCHMHT 5. Fig.9
DI, W o M (a), WEM (b), arp () 2R&NT
W5, £, TD EEOBEMKE (d) & LO BRI ToOEME
REE (e) PHAMOKE & & —HIIRENTWVS,

Fig.9 l2BWT, TD B (d : A) THEREHIZH S
(7)) > 0) 7-OMBEEH 7r, 1ZIET (a: A), BWEAM £, 3K
Ewv (b:A). ZofE, X (1) T, max B 7O EE
H (<0), BMEE (=0), WANEH (<0) O, ar &
fBEnD (c: A). 208, ~)V ML YHEIHBITIZEEEDS
NWCHERR Frp (3R LT (a: C), ar 2HEINT2 (c: C).
ZokaX (1) T, MAMND uxro LV RKEVIEIIZ (b:Q),
min D720 MWEMIEHIZ—E (= Cpre(l — p)XLo) BDT,
AW OZALIE ar ICHEY G2 v, 8518, (F), <0 &
ozl &, X (1) T max BEO-oBEMIE (=0) BLOD
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____________________________ Steadywalking 1 W oaeeooooooooooooo. Steadyrumming
LH _— - —_— e  —
RH = | I 1 | I | | I
(a) Gait diagram
[rad]
0.1
0
01 | | | | | | |
(b) Body roll angle (right side inclined : positive)
03 - B M{B\W\/\/‘W
02
o1 P—\x—/—\x_/&— L 0 ! ! ! ! ! j
(c) Body pitch angle (forward inclined : positive) _ _
G + Ty OTy X Ty O B(dutyratio)
o E Q 0 i ful \%
i v} & X > = & X X
10! [N + + +
03 @ L Jrox # oF it o o Ol ot o Lot o
(d) Durations [s] of SW, ST phases and SC (step cycle) & Duty ratio
r),
20 ] - -(walking)- - T RH LH ;(running)s O AEP + PEP
0 | :
20 [T 7 T | ! ! I I B j
(e) x-position of the leg tip Hip flexion (7, = (F),) and extension (7., =- (F),)
oo N
0 ,
N WA WS WS W
o » AN VWV VWY
B (f) Tangential reaction force at the leg tip
fn40 [N] - -(walking)- - _I E E S :-(I'unning):
20 | \_L /\L /\ /\L_/\ R I /\.4I N [\1
0 :___1________| l \ I ! N !
(g) Normal reaction force at the leg tip (leg load)
o,
Fl = - -(walking)- - - F U LH -(running)»
o | i 1 1
-1 1 :
5 (1 e I | I I H/ A J
54 56 58 6 62 6.4 66 6.8 7 72 74
(h) Activity of the flexor HC Biped Robot Time [s]
’"5"[1;;{] ”””””””””””””””””””””””” K ””””””””””””””””””””””””” Fixtures [lbg
o ——. 0
. ! ! I ! ! I I ! '
— displacement — force (i) Displacement & Force of the x-fixture (forward : positive)
20 e e M TR 0
40 | L C ( I I I I I j
5.4 5.6 58 6 62 6.4 6.6 6.8 7 72 7.4
(j) Displacement & Force of the y-fixture (upward : positive) Time [s]
Fig.7 Simulation of the walking-to-running transition ((a)~(h) : states of the biped robot
with hindlegs, and (i)&(j) : displacement and force of the z- & y-fixtures)
BRIE (>0) L%, ar OFRSLBEOAIED L. KIZ, Fwe  sagialplane
e g . itching aroun 7 ; Pitchi und
BB uro & FH-722 % (b:D), WEWIHIZTE (= e Robotleﬁ side view I ching aroun
Ctre(Xro—fn)) BOTHHEEMIZLY ar 138135 (c: D). i
Hl (o) I2BWT, WHREMA 5% E (b:B) Kar >0 = 4
L7 U] (C : B) s LO% 43> 7:}:Uﬁﬁ (5) ﬁfﬁiﬁ?‘—z). Moment

COEHIZ, ap MRS MRS RS 225, LO ¥
43V ZHBEIIRHEO TD 12 & % B OB E R OS2 KT
(2.5 80) IC&o TR FE . R, T2—7 114 0.54 D
DR EN, Top 1 Tow EFRERE (#910% K) D720, Fig. 7:
(e) TPEP Ok X %1k AEP & [HRE (W 10%/) TH 5.

4.4 NIV MREEFICHESETINEZ—-NDER

Fig. 7D (a)~(§) IZREN7FER (A)~(W) 23K L%
Mo, BEBETORKY v FES) L WamOZE{LEES T

TRIZE DB % BB DA THIET 5 2 LIETE RV, ¥ v R—)
DIFE»HTIDDO Y A i E 2 WEMZEICHE S Z 4T, aRy Ml
ZREHMI OB 2 S KRB E B EHRE LD ) R T LHHHLTw A,

HADT Ry bEREE 42 % 10 5

(gLH) Moment

fi
Treadmill

(a) supporting phase

Mg

/P
) C Treadmill )

(b) airborne phase

Fig.8 Moment on the trunk in the pitch plane caused by the
tangential force: f; at the leg tip in the single support
phase (a) and by the gravity: Mg in the flight phase (b)
(TC (trunk center) and FX (fixture connection))

o~V MHEE EAEHC ST M > 72 LH OMEM /Y — V%8
bS58 LO, £ LT, BEMSEE S ToMELIRT.
{1} STHMIT £ ¥ (A) 12k ¥y FaALEEMT S (B)
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_ pFixture
(F)x A Robot
- C Text >0
‘ t _
¢ >0 - le(gLH) - max( T 0)<0
@ B
Py A
" ‘\ C : (d)
ol bB '
— : ls
0 ‘ .
cb)
O
. : B,/ )—7, B
o~ ; t B4 +max(z,,,0)>0
C 7~ :
: D Treadmill
A (c e
© Walking ©

Fig.9 Changing of FHC activity (ap) in the stance phase cor-
responding to Fig. 7: (walking)

), 1 Fixture
P A C .
S
o Y B
L@
FoOA L
" o
C B
: . Lleft side view
o
- (b)
r Lo —
4 -max(7,,0)=0
4 t o
a4 1 B ~ B
AS - Treadmill
© (e)
Running

Fig.10 Changing of FHC activity (ar) in the stance phase cor-
responding to Fig. 7: (running)

LE, WEEDTH TS (C) &5 AR
My FEEhEnF.L (Fig. 8: (a: TC)) TH 5D W%y
5.
{2} ETHEHER - FHZEMLOHEI (C) 2L Y ElgdS
AEIML (D), BEFI)EIWETIHIT S (B).
{3} WiEam (BE) I2&2 ap OBIMII Y EERHELD R
LO #1432 74ER (5) L (F), Z0HD T ik
LERMLO (G) L% 5b.

{4) To FIEIEF—EDD Toe & B AT E (Q).

{5} I LO o#ER & LCBEM (H) »8h, VX4 -H
WO A D ETHFEET 5.

o AEP&PEP 0% & HifsEdh % 7~ 7.

{6} Tow HIE—ED/2® AEP 12T (3.3) TH
55, R LO 2L Y PEP EHILICEE) (D +5.
{7}y #h2BaRy M, —HBEF~BETL J) 2%, D

FM O ST M THItAEE) 24T 9 DT, HitkT AR O E)
355 (K).
o BKIEMI & kD RH - ST HHTO Y v F BB L0 #iE % /R §
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0.5 _+ Tow O Ty % Tic[s]

0.4 o ﬁ (duty ratio) * Ay*

0.3

0.2 5 E % T

0l 1
*

Tswis]  Tstls)  Tscls] Dutyratio (4
COWalking (0.14 [m/s]) E Running (0.30 [m/s])
OB out-of-phase @ Running (0.42 [m/s])

(a) Simulated biped

9 o+ oz %
¢
+
Fa=)
== D @
0.14 03 042042
T R

Tswis]  Tstls]

Tsc[s] Dutyratio 0

’l:l Walking (0.50 [m/s]) EIRunning (1.0 [m/s])

0@ out-of-phase H .
T in-phase O Running (1.5 [m/s])

Belt Speed V), [m/s]

(c) Statistical data on locomotion
indexes of simulated biped

(b) Spinal cat

Fig.11 (a)&(b) Comparison of mean values of rhythm indexes,
and (c) statistical data of a simulated biped ((b) was
estimated by the author from Fig.2 in [15].)

{8} BREMCTENE— AV MBSy FANEAT S (L)
P, AR EDS Lo Ty (M) Z & A S RS
oy F @Rzt (Fig. 8: (b : FX)) Th b I L¥5hb.

{9} STHIT f #hn (N) (2L ) ¥y FMEmciEr s (0).

{10} (M) DIREIX, FRIZMASIZIE—ETHDI LN, ST
HTOY v FEH) ARG S H SR (Fig. 8: (a : FX))
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L L7RB R dRe, BT ERERER OB X355 2 5.

{11} ST Mt&F12 fo AW L (P), ¥y FEBEHAROAD
AR (Q) & sy (R) 1241, WEFMAFSHIZ
T35 (9).

{12} Wiggasy (S) EIEMERM (T) 1I2X5 ap OBMMIX
DHER (5) AL (U), To EEHITKRECHPLT
HAfLO (V) &%&5b.

o RO (W) DR ERETE RS,

4.5 TEEET/NEZ-—>

Fig. 7 D% 7 [s] Mt LH @ ST AHFEM (B#i# : running)
TO ap OZIZOWTHEXXE HWCEHNAT 5. Fig. 10 ©
A (d) OIREET, 4.3 LM ap IFAE %S (c: A).

Z0tk, STHORVEECHAR» I TS (b: C). —,
ST AHEM TS o FEEME (a) 1%, (J) DREIRBIS 5 Hitc)s

R OFETHETE (Fig. 9: (a) & MNTHMELB X %2 ¥

B, #ER, BREMIEZTSREV @:0) 720 ap FAOE

F (c:C) THY, STHEFETHOLO &1 3 v 7HER (5)

DEALE R BB, ZIUE 2.3 BITHR~7: [BJEHI2 LO =30

H$51 1HET 5. ZLTHM (o) ORRET, BEM»Yo
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Afif (b:B) bHoTLO ¥ 1 I ¥ 7 HERD Fig.9: (c : B)

LRI TS (c: B). &L LT, R SW HYE

D70 - BITHRIZITEY SN, PEP XRIICEET 5

(a:B).

4.6 33 &N & FIEZROFHE

HoMWORy FEFHMATIAS Oy FI Vv EOaE—
Ta vT, BATREOAL FEE AL LTV b EER ) 2
-3 ML L7ce &0 XAIRIE (Tow, Tet, Tsc, B) OFHMH%E
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EIF—ETHH, ORy MIBWT, ZHEFAISELZOTE—
Yary Ny - CTHESSIPENITIERELS LW LR
B E WA, AEP #2Z—5E (Fig.7:(e)) THhDHI L% aE
O THIEEG ST A —FEPRL R L ZRLTWE, WEILE
WTCV, BAICH LT, B - EEEBREIC L 2 R LO @
72912 Top HRHBIE WK TP T 228 b, BEAIL
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HBBO—RHTbH Y, HHBROEENLIEATHTH YL
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FHWoo ST AHYIE: - [l ] & [H%k B EWERTE ] ICHWH6NnA
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Table 1, 2 DYHETNVDI/INT A =5 L PD 7 A V1L, 41

aRy b [41] #5EIC L TakE L7z, Table 3 D RG /%7 X —
ZIZBWT, B 1 fast-walk HEEHEL T 0.5 1EWEE L,
Tow BBBEZDOATy THA 7 VI EBEL 2 vy
FRRME 2.2 [Nm] 2 ZE L TRES Nz Cppre 354K B) @

Table 1 Physical parameters of a biped robot with a trunk and

- & y-fixtures

robot (L: length, W: width, H: height, D: diameter)

Trunk Mass 1 kg
Rectangular (L: 0.22, W: 0.15, H: 0.1 [m])

Thigh Mass 0.4 [kg|

Cylinder (H: 0.09, D: 0.04 [m])

Shank Mass 0.3 [kg]

Cylinder (H: 0.11, D: 0.04 [m])

Foot & Toe | Mass 0.1 [kg] & 0.01 [kg]
Cylinder (H: 0.06, D: 0.04 [m]) &

Hemisphere (D: 0.04 [m)]

fixtures (spring-damper system)
stiffness [N/m]
T 980
Y 392

damping [Ns/m]
98.0
39.2

Table 2 PD gains for j (¢ {HP, KP, AP}) and Ilp (€ {sw, st})

where HP, KP and AP respectively mean hip, knee
and ankle pitch joints (Fig. 6: (b))

K%, [N-m/rad] | "PK% [N-m/(rad/s)]
lp | HP KP AP HP KP AP
sw |90 70 30 0.5 03 0.15
st | 120 90 45 0.5 04 03
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Table 3 Parameters in a CPG (Aﬁsw is the leg tip clearance
in the swing phase.)

JYANT

Tsw 025[s] | 053 |H 022[m]| AHsy 0.05[m]
D 003[m]| Xxzo 25N]|Xrp 3[N] | xwnm  3[N]
Crre 0.4 o 4
[%BW] [%BW] A
100k B 50 “ B\
3 g
¥ 50 Ei
— —
% T 100
Stance phase [%] Stance phase [%]
(a) Simulated quadruped (pace) (b) Dog (walk)

Fig.13 Leg load temporal patterns normalized by body weight
(BW) in walking of (a) a simulated quadruped and (b) a
dog (revised from [45] by the co-author) (Double peaks
patterns consisting of A and B are shown in both.)
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Table 4 Mean values of measured AEP, PEP, and step distance
(The nominal step distance Ds¢ is 3 [cm].)

|73 0.14 [m/s] 0.3 [m/s]

by constant | constant | variable
AEP [cm] 1.1 1.0 1.0
PEP [cm)] —-1.2 0.2 —1.5
Dst  [cm] 2.3 0.8 2.5
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