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Pronk and Trot Gait of a Quadruped Running Robot
Utilizing a Linear Spring at each Lower Limb
O Shinichiro MORIKAWA | and Hiroshi KIMURA (Kyoto Institute of Technology)

Abstract : In gaits of quadruped animals, walk-trot transition is interesting because it coincides with walking-
running transition. For trot gait running, we developed the quadruped robot ”Kurama” with linear springs for
jumping. Currently, we achieved pronk gait running. In this paper, we show control methods and experimental

results of it, and mention walk and trot gaits in the future.
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— Rz, F APV EONEEEYIAS OBENEE I
J& U T walk 225 trot, gallop N&#HRE2BRIELZ &
PHIGNT WS, FTH, walk 225 trot ~DOHRER I
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WIND walk-trot fER £ 447 L L TD trot HAEADE
BThh, ETFNDEBIMED trot HENDEBEBEIZIE
o TWVWARL.

P Ry b O ETHEIE Raibert & 3 OWIENES
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R walk BEANDREREEZBRS. 0B, pronk H5 % ER
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U 7B E, pronk Z3&D trot 3&F & LB L THMlA DL
EMEPENFETH Y, ETHIENZS T S Kurama Ok
OHMFIZH L TWANRS5THS.
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Table 1 Abbreviations.

AEP PEP anterior, posterior extreme position
CPG central pattern generator
LF,RF left and right fore legs
LH,RH left and right hind legs

HR, HP, KP  hip roll, hip pitch, knee pitch joints

SL shank linear passive joints

LO,TD lift off and touch down
st, sw stance and swing
ipsi, cntr ipsilateral and contralateral legs

2. METORY b Kurama
2.1

I-(a) ICAEBRTHWSUEET T A Y b Kurama
DI, X 1-(b) (2% DKL ERDEHE AT .
Kurama O&IEET —)L (HR) - Yy F (HP) - By
F (KP) ® =2 O aeE) IR B fi & N 4 2 £ 2 R #iE
BRAET (SL) SRk T b, EEI N2 DN R EHIE 1.03
N/mm(1.05 kgf/cm) TH O, ZOEAF) =TT a—
ZIZEhPEET NG, T DM, BEEIIE 1O 2>
Y, AR 2 o AERER VY - 3EONEE L VY %
BRL TS,
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Table 2 Indexes and notations. The suffix 7 is omit-

ted when we consider a single leg. In this paper, “x

“ o

is used as a wildcard character.

Leg index (superscript)
i € {LF, RF, LH, RH}

J Joint index (subscript)
j € {HR, HP, KP, SL}

D Leg phase index (subscript) € {sw, st}

X, %, * Represent respectively the nominal value,
the measured value and the reference
value of a single variable

fi Normal direction leg load measured
by force sensors.

L Joint angle vector: [0, O% T

Opr,0p Body roll and pitch angle

Viwd Forward velocity

T Stance phase period

rt Position vectors of the foot in
the referential fixed to the trunk and
centered at the hip joint: [r} ri]”

D Step distance

H Height of the hip joint from the ground

LW Distance between hip joints of ipsi legs
and cntr legs, respectively

I Joint torque vector: [['%p I p]T

KL K&  Diagonal matrixes for PD control gains

F}, . Thrusting force at the leg contact point

given by joint torque.

Fig. 1

(a) Overview of Kurama. (b) Definition of

body posture angle coordinate.

Kurama O# I3 FOLE/ERL v s s, #
RUZHEMA PCIZ& D Ims Z 2 CHlfZIT\, EBRT —
R EERAL 7 IR PC ECEBUEEFS Y 7 b MATLAB
RO ENG. BoMs L ONNE PC & O@EE I
Kurama 2SN/ —T V2 H L TITFbNE D, 7 —
TNVERRTHIOTRBREI VDY, 7T—TNVBERICE
A BRGBIINZ .

72, Kurama Ok s & O FEREEIZFEH S5 D
52D web X — ¥ (http://www.robotlocomotion.
kit.ac.jp/kurama/index-j.html) 5B TE 5.

22 %S

Kurama @O ¥ v FHANHTHIEIE CPG € 7V ORI
SHoOE, EMES (X 2) BEMOES % F B, K
M 2 DOAREE, WA (swing, sw) & LRI (stance,
st) AL, ZTDOBEBILHEAMNE (leg load) : f,, & HHaIZfT
b, FMEK20EVTHS. £z, FIRETIE step
distance: D R E KO A S BB E TOBEE: H &
% LIS O HEBE A RE S, HP B & KP B
OHEEME - AEENFIR I NS, HR BEHio HiEME -
AFEEIEEE I N TS, ZOHEME - AEEICHLT
UM (HR, HP, KP) X PD HfIZh5, %7, 2
BRI SL XM OGO AZIT>TE D, HlfliEiT->T
WA, 2 IOt —n R LRI NT NS,

SWING f(leg load)
>
Trunk n” X
X€—Oe
fore —-
_ - ——
(5.1y) :
I, I
rAE%\\ (leg load)
T fa<XLo =J. v
D : step distance ‘rLO D : step distance leep

Fig. 2 Overview of Leg Controller. xrp is the
threshold for touch down (TD) and X0 is the thresh-
old for lift off (LO).
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3. F&E
3.1 pronk EfTHIEHOME

Kurama (2 81} % EE74 pronk EfFHIHFIEIEATD
K1) &R (2)THS.

. . L _
Fappylkl = H + sgn(i)itan(egp[k - 1)) (1)
Il = Kp(©' - ©)+ Ky(0' - ©)+ ITF),

. 0
i ] - (f:; + f> (2)
Kone | —5——

i
Fthr*

3

& (1) 13#EM (TD) RDOMIEALE y I EH LY v F
IR EARIBTH 5. 22T, Opplk— 1] 1% Kurama
A [k — 1] W EI12 TD UERHZFHIL 2Rk Y v FfTh
D, sgn(i) \ZM i DB (% 3) THB. Fappylk] 128 i
ASRD [k] [EH 12 LO § 5 W12 3H5 & N 2 B e 25
yBEETHS. N (1) &y F MmN IRAERZEEAHIE O BIRIX
3.2.1 TR 3.

A (2) 1FL R B — VT NIRAR RS 21T 5. 2
2T, ERAUE 1HEE 2HIPD fillERT. E3H
FEEH S F 2V ae Ty JICk B V2 izh
BT 5. ERHEAIE, B0 &S entr OBIER (F &
fertry, BEY, FA Y Ky 12& 0 TATHESI NS,
X (2) & — VHAIRARZESGIH ORI 3.2.2 THEANS.

X 50z, A (2) BTG X B R, 7 0BE
BRIV Ky WEOPEE NS, & (2) L BkE S
ORI 3.3 THER S,

Table 3 Reference of sgn(i).

i fore leg | hind leg
sgn(%) - +

3.2 HRAZESHIE

MARZES GO HiE, kY Y 74 (0pp) B L Ol
O —J)Lfff (OgRr) ZIKFIZRDI L THS.

321 EvFHERRGZZGEIEEEM (TD) ORH
—f%iZ, bound HE L IEEL D trot HEX pronk H&

TR Y FHINEENITN S WD, i TDO TD ©

RAIVIDAVIZEYIEKRYE Yy FHEHNEHPHEKT 5.

% Z T, pronk HEIZHE T E MM & R O W 512
BV THME IR » FENES) % 132 72 Ol %
5.

W TIE, DO TD OX A 2 v 7 ORAD Iz
(1) WS, FHX Nk Y 7 (Opplk — 1)) 2H
W, BISERIE S 7, p k] Oy BRI 5. Zhuzk
D, BREERECHAR Y Y FHEPESINH 2854 TH TD KO
BATEL S 140 A 45457 T D IR R AVINE < 22 5 728D, TD D X
AIVIDAVENSLKTEHIENTE, R, Ky
FHEPES 2 IH T2 Z e TE 5.

LRI, 7= H(2) %% & 512 PD il
fFoh, TNHMKY v F 0K TR HEST 5.

3.2.2 O—JVERREZSGIE

PeEE M O itk o — )V ETNESE)E, FEIZ LO RO ERR (8
E) A EAMMTERD ZHBECHKETS. 22
TRk (2) ZAWT, LRSI BT 2R HP Biie KP
BT NV o &2FABI L, LO KD A A IFHE ) D 7% &2 N
5. R (2) OFATIX, 187 OIEKRST ) EHAZHES I
DHIE D AT < S entr OIERS WS Z & T,
LEAMEHE O —bEZ K> TW5., 71V Ky 13IRT
BARZPEE S HEDOI2DDNT A =R TH 5.

3.3 BkEES < HIHE

B 5 X HIB D H P K43 A BT & e £ © & 2 Bk
BMIEREIEDLILTHD. BEETOLFHIFINX (2) 12
BUIDTA Y Ky ZHABMLUTITS. Tz kb, #h
BLONRXIEZ DTV 2L, PSS 26T
5. OB, EROMAfEE Rz RESEL L
T, Lilou—)VENIIERZSEGIEZEIFS Z ek, R
IR RTYE, TR B, NRDJEMRIC N RIZ T RV
¥ehH525.

TD KR D52 iR DT HEE DK FIZ & 5 T3V FH
KDMFAET B 728, —fRIZX VY% VT BBk S
SRS ELHI * 2HE X< EHT S Z LB T
W, L2L, BEOMEITEI U THEHATH S0,
HHOMIZH U TEADD Y S VEER S B FEET 5 3.
Lo T, 2 Ky, OFEICH LU THRET 2R X 1X
FIEF—EThH Y, RTEEEERT B ES & EE
TE5 Ky ZWRELT-.
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3.4 BHEREDBIRECHEE

FEAT CIE Bk & X F I CTRIERE (forward veloc-
ity) AR S 2 L BTEENDD, BE TR TO
RIEEE % 5Hl T 2 FED RV, 22T, LRI O/
HEOHZEZHL, X (3) THEMEZREL, X (4) THE
BRI D ETHER L 2 HEE S 5.

D

Vfwd = 7 (3)
st
1 RH Di
v = - —_ 4
e 41’:XL:F T W

X (3) I2BWT, Kurama O HEERTEERE: U5pq % step
distance: D IZ X W #ET 3. 22T, Kurama OZHH
AR Ty 1IN A-HEROBEERAIZHEIFE L, pronk Z&T
EHTHE R IR IFIE—EDMHETH B, A (4) 2BV
T, EBRROUTERE Uy & S ORTERE DI LD
HrEd 5.

4. #HER
4.1 pronk EITER

B 312 Ky (=2) & D (= 0) Z[E#E L 72K pronk
TEBRGERZRT. 3-(a) &b, EEABERIZIELTD
I A8 VEVE R R VR & 72 pronk 22 T O BKEE (K EER)
DBHRELTWBZ N bND. £z, BHEITERL THE
LTHED, B 3(b) - (c) 75 SBEIC 3 1) B e R
X LHTEEE OHEEM (X (4) BIFIF—ETHD I LhD
nb.

4.2 HBHE

B 3-(a) (2B \WTHIEFEM - 224 T TD ORI
NIEFfTbh, FEE, X 3-(d) KBV THAkT —LA13iE
120 rad TAEZMFFLTH Y, 10— L AIRARZE S HIE
NEMTHEEEZD. —HTHEKY Y FMA1%, KR
B2 S 0.2 rad(f 11.5 &) FEEOEHERAEFKEL TS
D, v FEHNREZAGHEIA T2 THD. ZZD0
Tik 5.1 TGS 5.

4.3 BREER < I

4T Bk S FERROAER 2R, ERTIEX (2) oF
AV K 2 X RIHEAD MEUZ & D 2 X E7-. SEIED

SRR & BRI B W TS v 2 s K B HED FLUE &
BEBREES AL TWS. X 4-(c) T, LRI
#ey FUF S afiiE fLF LizigFfoskEE LTy,
RN X DERMER CZREIRTY) IR iz 2V ¥ 25
ATWS. T/, NAOMER (RHEIRY) 28\ T
fi <20 NOZFMATFTI Fi= 0N & UT/HNLXOMIEZL;
T,

44 FEHERERE

B 5 1T HE R ERERDOFE R 2 RS, X 5-(b) TIXHEERG
BERLsH 6 2s ITBWTHEEREZM 0.3 m/s £TH
mEeze s, #EMIMNO01 m/s ETHEMLE. L
nL, HEMETH S 0.3 m/s IZIFmhTwiawn. -, K
5-(c) TIXHTM & B CHTE R DHEEMAKRE < o
TWd. ZHUIDWTIX 5.2 THETT 5.

5. BREESE
5.1 EvFEZRBADEERE

Mt ey F e E A ORK E UTId &K TD 235
<, il TD 2B W Z & 03ZgEIFond. kb, EHMA
M - AR T TD OREBAL+2TH 5. Kurama
OL AR I N F-EREROEGRIKET 57720, &
B TD U2 & B ANROMO e LO 235
5. ZORER, BRSO F FHEHICER TS, &
72U, X (1) 2fibkWigald, siglico TD ox 1
SVITDRERAXVIZED, KRERIREOIKY v F iR
BHrRETSH. Lzd-oT, R (1) Iy FHMAE
REGIEITERTH D, D, LDORMEEE L pronk £
FICEREE RIF S 0\0. WIHIZ LT c o ik
Yy FAREIIAARETH v, ZFRMIAICEEmZE %222 <
FHIENE T Z B EE N 3 B 2 £ D Kurama 128 W
TIASTlER V.

52 HIEREDHTE

B 5-(c) D&M Z & DFTHERE TIX, BIHAHH 0.2 m/s
ETHMULTWDDIZNL, BEIE M 0Om/siceEE-
TW5. M OHEERTERE D E N IZBIERHTH %
B, ZAUT & Y 5-(b) 12 B\ TR O G &
iz REZEMEENTWS. BB ORIEEEZ I X 5
FERHCCEHMT 2 %2 80T, BEEE O & ik
SHORERFETH 5.
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Fig. 3 Result of the pronk running experiment with fixed parameters (Kip,r=2, f)z0.00lm). The value of
gain Kyp, is determined considering the several experimental results. (a) Gait pattern. Solid line means stance
phase and blank means swing phase. Vertical light blue line means the flight phase. (b) Body altitude from the

ground. (c) Forward velocity calculated by @fwq¢ = D/Tst. (d) Opp and Opr: Posture angle in the pitch plane
and the roll plane.
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Fig. 4 Result of the flight altitude experiment with varying Kyn,, which starts from 2, is changed to 0.5 on
the 3rd stance phase and is changed to 3 on the 8th stance phase. ( ) Gait pattern. (b) Body altitude from
the ground. (c) Thrust force FYF calculated by using F? = (JT)~'T%,, which includes torque by PD control in
eq.(2). Horizontal black thick lines represent stance phases.
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Fig. 5 Result of the running velocity experiment with varying desired forward velocity: ¥fwq, where D is

increased linearly from 0.001 m to 0.02 m between 1 s and 2 s and is fixed afterwards. (a) Gait pattern.

(b)Forward velocity. (c) Forward velocity of each leg. The desired velocity and the measured velocity are

calculated by eq.(3) and eq.(4), respectively.

5.3 trot ETRBEADERE

trot £171d, pronk EfTHIMIFIEZ N & 4 5 0 AMIEIZ
WHTEZ L TCEEWRETHL LEZTWVWS. £z, trot
SR T pronk #8 & 0 AT — )V IENEB O HIEIA X D
HETHL IR FHIND 2, BERKFHALTWARN
HR B % W Tl /A il 3 2470, ke — v
WEZ D e e RET 5.

6. &

il

AFETIENEET TRy b Kurama @ pronk 17 il
FIRIZDOVWTHR AR, ERRIZBWTIX, ARy 7 E
B CHIEHESATIEH 208, kD —)VENES 2 &0 T
BRI B U TIRER R TLER pronk BT 2 FEBLL 72,
E7o, LFFHIEOHE 2 RET D74 VORI &b B
EHIVEIHTETH D I L 2 MR L. LArL, AiERE
OHERE L FIEIZ DO W TR WL DD DHERE - 7. 5%
B EIC BT 2 REE R L, ZD#K trot 7B LT
walk HITOEHZ HiET.

ff$% A Kurama O/NT X —%

Kurama OYHNR T RA =R L EEBNRNTXA—X 2K 412
R
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Table 4 Physical and experimental parameters of

Kurama.

limb length 85 mm (upper), 120.5 mm (lower)

mass 6.5kg
LW 0.25 m, 0.16 m
XLO» XTD 5N, 75N
i 0.16 m
Te 0.0667 s
N
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