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Motion Analysis of Spinal Cat Model Using Quadruped Robot
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Walking on the split-belt treadmill is one of the experiment to investigate the gait adaptation. In
these days, to make a model that describes the adaptive mechanisms connecting body dynamics and
sensor feedback, some researchers have used a leg robot. In our previous studies, we proposed a spinal
cat model that is based on a leg controller and Frigon’s spinal cord model using a quadruped robot
“Kotetsu” and showed that spinal cat model is not enough to adapt on the split-belt treadmill. In this
study, to analyze the motion of spinal cat model, we focus on a translation of contralateral leg loading.
As the results of experiments, we show that Kotetsu moves back and forward slightly on the split-belt
treadmill, so the spinal cat model cannot adapt on the split-belt treadmill. Spec. and movies of Kotetsu
can be seen at http://www.robotlocomotion.kit.ac.jp/kotetsu/index-j.html.
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1 #¥E

E N OB SATRIC B & 2 72, AR E LIS CE
5B, ZOFEIGA N AL EPSPIZTEDDOFEHEELT,
Bl 2 LR % treadmill |- THT & & 2 F28k [1][2][3] A3
5N5. BIESIFEES 222 AW ER (M 1-(a) »o, —{
BRI ANEL 2 5 2 72 & SN & 28GR AR E L B &
WOEBRTZA LERELTWVWS [1]. ZOEBRICEWT,
HERR I NIRRT LA (Left Fore, LF) D)L b fE
DAMD A~V kDY 2 £5 (LF:6lcm/s, Other:36cm/s) & L7
split-belt treadmill £ T, {72k L T\ < D BITHRE 24
X, EAMWETORERE % A L— X475 Rl 2 HER 5
ZeT, BOMVLETS. £, NMIEEE N THICHEE L 28
EATIZBWTEHSTEMEL TE 2O LS RS EL RN
w5, INMIEEIANEIGCHKREHIC S U TWa Z EAVRIRE
nTws 2.

EAETIE, 20 & 5 7% split-belt treadmill T D G@EFE % &
MR VY —T 0 — RNy 7 2§ECD, EHFTOYHEBIR
EUTHET 2GRN E T VEIRIBET 2728, ¥Ial—va
YEsIZa Ry b EEWEYILE TV & B FEER [5][6] HTH
nNTWa. Fujiki 51, ZHIBRy McEMR S CITNMEEET
MEU 7=l fEEs 2 Ml AR A, & b O split-belt T D@t EfE &
B REZ DAY MZK D EBLTWS 5. £/, EESIE,
Frigon & 2% U 7z, [split-belt H1FI2HWT, WEF AR S T
JED JEHH - ARG & > T - B OES) =2 — o % Bl -
Wil X & 2 BHOMREIKE TIV] [3] & 5 I Maufroy & D32
F U7z, TR S A~ OJHAHER (T A2 WS Z &Iz &
DRI e ) X LB 2 AT 2 2 L Ik B Tl (7]
ORRZRIZ, WHTRY MEHAWEZERERIET VRS ICH
KA IETFIVERELRZ. ZOEAEDETIVE W split-belt
EBITFEEREIT, BUESR TIE TV TIIEBROMRE S 3 L IEIEH
Bkiz, HITRMEIT D & split-belt L THAVLET 2HEANH
SNt—J, HHEF 3E TV TIRNMEE 2 HE X RN 2
DEER Y FRkZ, 720 U THBEDLE L WERR 2R
L7z [6].

ZOHFEMMAIETIMICEL, 78 split-belt ETHABLE L

LARRGTIE, BIRINARZE & SO duty FUZ &> TRINDHT88—
Y ERBR LI,

RFETIREN R IO TR RICBRR I B L OHEH R 2ITEHT 5.
BUR TS - BAT7REE (SLR), /INW - H1735FEEF (CLR), "l - #1735
45 (MLR) 25 L2065 & 0 B OHIK & O YIkr U 7z BRiK % 21
UK+ 3 (thalamic cat) & IFEN, ARIIZRHIEHASTAAEETH 5 [1].
—75, W& D LALORRE (i, N7 L) & DB & I U 7 BRik
F 2EHBER 3 (spinal cat) EIFIEND [4].

BWDDEELT B 0121, o HHE W38 217
SMENRH B, I 2 THEAMIX treadmill EEFHfFT5aRY b
DEAFIVARKRTEVYHERO—DOTH Y, AR ZEMFEFT
BILTEDESBRBRKNBI > TWENAEELETBHI LHARE
5. UL, HAmBECIIMBMHEZED & S ftto X1
IVAEREFAIND ZENTET, £AUETRY MZBWT
W ER T — XD 4 IRTT & 1R B 12D e 72 5. T2 T
MDA D% % & > - IR ARERBRICEH T2 L
T, T—RDOWTEPES U, HDRIFINFEE % B L T 24T
5T EMAREE B, ATETIE, T ONHIRTH A RER ISR I
HU, split-belt ETOHEREA TETIVOEFHETZEL TED
EOBBRDEI o TWE»2ERT S, &b, ABCTHHIN
TWb EMfEXE, THNEXFOREKRER 1IZRT. /2, AT
DETHWS EAFELS hat: ~, tilde: 5 bar: W ZZFhFh/ I 5
Vg (% B ED) H, BEME, FEE2ERT. WES: 138K
INBZEeHHB.

Table 1 Indexes.

i leg index € {LF,RF,LH,RH}
s side index € {L,R}
Ip leg phase index € {sw, st}
Lx, R+ | left, right
«F,xH | fore, hind
sw, st swing, stance
LO,TD | lift off and touch down
entr contralateral
AEP, anterior extreame position,
PEP posterior extreame position

2 FAHESR

ARG B B pitch MABITHIE S X7 413 CPG (central
pattern generator) €T IVOMERKIE [7) 12D WTE D, BHIEIHE
#= (leg controller, LC) & MDHEE 2 A5 (K 2). % LC &
— 7 DHRNE & W27 @' % FF o 7o M B HRE) T I BhE AT
505, LC OWIEKER (X 2) T, % LC Ik 2 DO, i
A (swing, sw) & ZHHHM (stance, st) 2> TH D, LR
FH, BT Z N2 0% BREHUEDN S 2 S5 W& BIHTIE PD il
WMEND. papp &/ IFIVE duty bERETE2EHTH D,
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(a) Decerebrate cat on the split-belt.
(L:left, R:right, F:fore, H:hind)

(b) Experimental setup.

Fig.1 A decerebrate cat[l]:(a) and
robot[6]:(b) in split-belt walking.

a quadruped

leg load
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n D
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Fig.2 Leg controller[7].

dpep = 0(=27) TH 5. % LC TOMMEBIZ, MEDH LY
YU & o TR N B EEMA RN £ (ER) L HRE) 10
Rl ¢* 2 HWTIToN S, WG & LRI A D BB &M,
Bl xrp (B80 %AW DOEM (Touch Down, TD) HE
MR (D) &, RUEHE AT 254K (2) ORMETHS.

fi>%rp (1)
¢' > dapp/2 (2)

—F, ZFEEFED S B~ OB SR, BME XL, 2 A
W E SRR (3) THB.

fh < Xro (3)
7B, HHIERS ORI B LTIk [7][8] 22U,

3 B /EERRIETIV
Split-belt ETOHEH A I E X OHIE R I OBAIE A 71 =X
LEFARD 2D, MO Ry b %W AR ERE TV LT
FTRIBIN TS [6]. AEHiTIE, ZOSBHEEETILVTHS
BFF IETNROCICBRINA IETIVIZDOWTIHRIZIRR S,

3.1 HRIAETL

A THWEEH R 3TV 2, TRy b “Kotetsu”
Rz, G U COMEOBE 2E 231, TN
D E DA U HHERRME2 6T HETIV] 295 [6].
72, BHNOEHE 2 LT, Frigon 5SAZEREU-EHL LT
DIFHER E TV [3] ZEMEE Uiz, HIGIEER IS 1 5 LR
2 O JEHIFH A DA ER D5 (3) [THWSRIE xLo DETE
&3 5. REiTIE, #WIT Frigon OEMER €T VIZDWTHR
N7z, BHHX IETIVOFMEBRRS.

Frigon OIfHER €T (X 3) & E (extensor half-center,
EHC) & F (flexor half-center, FHC) »57% 5% CPG % %#iZ

[
extensor !
half center !

! flexor

! half center |
; !
i Q motoneurons !
[

Hip flexion CccM a Hip flexion
I— Excitatory

stance swing swing  stance Inhibitory

Fig.3 Frigon’s spinal cord model[3]. Leg loading and

hip extension/flexion feed back to spinal cord,
and switch swing/stance phases through the half-
centers. (This figure is modified by the author.)

LAEET IV ER->TED, HHERIICHEAR (loading) ,
B OMEER (hip extension) & X OHEEAFI O EAEH (hip
flexion) 725 ONZ, 4D FHC R FHE (CCM: contralateral
coordination mechanism) ZAHAAATZED LR>TNS [3]. Z
DETFIVEAWSZ LT, S L OSZRHHANDER 2 5 &
IZ split-belt ETOMEA H1 = XL %2FIT B Z & DHERERATIZ
AR 7R 5.

HHfix IETIVTIE, Frigon OHHEEBRET VR EX, W
HlE R T OWEMER MR (3) ITHWONDEME yLo DIEEN
fibha. HE xLo DEEIUTOXRTITbNE. T T cntr
WEANMHERL, 22 Ei=LF D& &, cntr = RF T
H5.

Xto = R10 - (rac = 7)/(D/2) = Xpo - @/(darr/2),  (4)
(JSW

b (if 0< 6™ < darp /2)
= papp — ¢ (if papr/2< 9T < dapp) (5)
0 (otherwise)

=720, Rpo &/ IFUREIETH Y, DIx/ I FNSE (step
distance) TH 5. £7z, IS x FEEE (HISeAE) % r, TRL, %
DFHEZE 7y, MERIHIE N TONMEE e = 0m] &3 5 (Fig.2).
O 13X (5) TEHEIN, MDA o™ IZX > TIREE N D,
PR THRARBERIZBWT, Xro =8 [N], D =0.03 [m], #ith%
(duty ) B=07, THhbb, pagp = 27r(17/6A’) = 27-0.3[rad]
ThH5.

7B, BEEBER (1) 2B\ T, 05 —EHHHE- O 5
TR, AASE IR CCM (ICHYT 5. £/, EBOMAR L
i % LR U COlE A ~ DO B % Y8 $ % fUC Frigon O HIFHE
BEFIVEHYT 5.

3.2 #HEXIETIL

BIEi TR 72 B R T € TN A2HEMEL U7z, [Frigon 5035 E
L 7= 7586 % 2 OIIHER € Tz, INMIEBIO—FE T 5 HEEF
BITAHY T A/NMHARTE E TV 2 A S DEEZETIV] 2HUER
XTAETNE TS, AHEITIE, AIDINEOEIERLZ ST
EFEFIZDOWTIHAR 25, FRA IETNVOFMERR S,

HEED CPG OIEENZET 2 M4 o i THEE#omE ] $
TNz 3 B ] &\ o - BRI R O 2R de ik O H
&, EREHERA D & UMM IZE S, TR - TR
MERBLTIVF UV IMIZEEINE EEXSNTWS., 7
V3 THIMEIE Z OERERHER AT &2 /NN E A S O 1 s 28
LU, BNO =2 —n ViGgh 2T @& 2635 4. —4,
HEIRD S DFEAEEBNE EMEREE T L& v iz X
Nz &, VI 7% v TR O > F T AR S RES R
LT BEMIE L WS EADEZ S, ZOEMIFEIZ & > Tl
HEEIMTHONTVDEEEZSNT VWS 9. Thbb, MEEHR
DEAEEIZ L > TEHS A —ZDELE - WEIMfThNTWS
tEZHND.
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Fig.4 Quadruped robot “Kotetsu” walking on the split-
belt treadmill.

2T, BHEAIETLORN (4) LT, /MNMEFHGEEE
T & LT step distance O HEEZBIET 2HHE R (6), X (7)
DES A, EEEIZHWS.

X0 = %10 (rec—72) /(D'[n]/2) = R10-®/(darr/2),  (6)

Difn] = D+ (1—7)D'[n—1] (if |D*'=Di[n—1]|>¢ep)
"= Di[n—1] (otherwise)
(7)

X (6) FD @ DEH IR (5) LFALTHB. Din—1] 12l i H
n EEICEE S 70D n — 1 [ H O & 2RI T O step
distance D HEEE T, D*[n] iZIXD n [8]H OHEHHLE & ZRHHEI T
[V IE % GRS 5 & ZITHW SN S step distance D HEHE & 72
%, %72, D' ldn—1[EHOZRES TEHIL 7 step distance
THY, ZOHMEE HEMEOMN2AEDBUE ep % # 2 72K
EAfThN5. BIEOFEIZHEAHI L, D OFHARET L7z
AT S,

BB, TIZEEDAY - FERETLEMTHS. EHH~D
EREGR 3) D xio itk (6) (X (5), (7)) 2&88) AL
uRy b HEKXTETIV] LIRS,

4 Split-belt Eik

LEITHR AR EH R IE TN EAWTHITER (6] 2175, &
U ®IZ tied-belt treadmill £ THAFX &, D% split-belt 12
YoEZL. ~b MEEIL tied-belt FFIZIE TN T 13.2 [em/s],
split-belt BHiZ (%X LF O~V b D& 21.6 [cm/s] ICEHET 5. 7
B, split-belt REDRTHNZ S 1T 2L D)V MEHEIZH 1-(a) 12
AU A 2 DEREFAKTHS. B 1-(b) D & 512 Kotetsu
DIKFH N LA % FR U 72 RE T treadmill k% 27 X8 7=,
W SGiEEL UT, Kotetsu DRI FAIOE & %2 HIRT 272012
Kotetsu D —¥iiZ L B2, CRICEIZT VY aryiihhrsd &
5, N3 (ONREH 4 x 10° [N/m], FHIE) e E%3-588
2 ¥ % A7z, EERFIZ/NER D KER AL EE A A A T
Lo TEHIL TS [8]. Zad, ARFEERTIERA ¢ = 11.5[s] {1
T tied-belt 2* 5 split-belt (ZY) D Fb->TW5B. F7z, HI7HER
D Kotetsu DT %X 4 IZRT.

BATEBROMER L 0, HHir TE T IV tied-belt ETIXLE
U7z walk BB L7z — 7, split-belt ETIEABILE LR
W6l ok, HHMOMER (5) (TEHT 5L, tied-belt
R & split-belt R CHH S TR ET WS, ARG TIRIERE L
TETFIMIZEWT, split-belt ETHENARLE & 725 HKFIZE
U, SAEMAMERERICIER L ABER 2175,

5 HAmBRIER

5.1 SEMBEMARERER
Treadmill FTOHH L IETNVOXEE 2 EITT 2720, 132
TRz & S IR & B O HUHE I & E RS W 5., fi,

3split-belt DM BT LR THHE TH Y, D BRESE(T D7
b.

leg loading [N]

time [s]

Fig.5 The results of fore leg loading on the tied/split-belt
treadmill. The left side is a tied-belt duration and
the right side is a split-belt duration.
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Fig.6 The results of contralateral translations of leg load-
ing on the tied/split-belt treadmill. The velocity of
LF belt is changed in gray area (estimated). Green:

F Chi H
fore f;,.,, Orange: hind f; .

CEHT L. 2 TNAIMREM A ES R, U O
A & EHER D, $abb

fhn = fRF = fHF (8)
[ = M — e (9)

CREHETS. ThoDRUITEH DWW TR AR Z SR L 7~
FEAR 6 TH D, B L, TEHT B, tied-belt FTOH
17 & split-belt L TOHITTIE, SUIMHAR SR BRI E/LT
L2 e bhBb. WIT, BRI T o xR £ B o B AR
ERANDD, WARBS FREE2 5. Bl f5,, iz
i W2 MAMERTHAR 7 THE. M 5bhbE0,
tied-belt I (4 7-(a)) TS 7 2NEIENR UH0E % 58 2 Bt
LD, HEMEBNY Iy YA 20D &S IIFIER CBEE
WMo TWBZ LAy nd. —7, split-belt £ (B 7-(b)) T
T 7D tied-belt X IZEA BB LD, 1T 2 DO E EK
LTWBZeWRnhrd, Z0L5, WEBHERFHEHAWSZ
&T, BAORENE MR TE 5.

5.2 Fourier f&#f

Treadmill ECOHERES IE€ T IVORET 2 TS 5720, XMl
M B AT ER SR % Fourier AT IZ & 0 IREIEUK 1250 1) THE
5. MM ARTERIE R % Fourier f#ffr U 7-#EH 21X 8 T
HbD. BE, AFETIIEHE: IET LD treadmill ETOEK
RENVEMAT 24T S 728, BATEIEN 0.5[s] (2Hz) FBETHZ Z
EEE 2, KIEEEGEE (~3Hz) IZOAEHL, SHREIEGHE
BOZERIZBEUTESBOMEL 35, Tied-belt IZHWT, #l

MBS FEICB W, WAROBIRFIES, 2RVWTEZD L,
walk ZFIEMNHEWE L 75—, trot HEITARD TH D DERIZ,
pace HHITARID LA D OEMFITEVWIE L 5.

No. 20-2 Proceedings of the 2020 JSME Conference on Robotics and Mechatronics, Kanazawa, Japan, May 27-29, 2020
1A1-E03(3)



far IN]

-40 30 =20 -10 0 10 20 30 40 -40 -30 -20 -10 o0 10 20 30 40
fin NI Fin NI
(a) tied-belt (#=6-10[s] ) (b) split-belt (1= 14-18 [s] )

Fig.7 The transition planes of leg loading made from f£,,
and fH, of Fig.6.
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Fig.8 Fourier analysis of the transitions of contralateral
leg loading.

J - RIIR 3T AL T A IRFEIC DAY — I D3 T
W3, ZiE, dEE (tied-belt 1) DH&TIZHWTHHAIRKITD
JHEFTESPHETORMIIEhE TN TSI L 2EkL T
W5, —7H, split-belt i2HBWT, HITEHICHY T 2 IREBD
Eh, TOB X H0 ORI (KFDORM) ([ZH7zmE—2o70
EUTWD. Zhid, split-belt EDOHIFIZEWTHITD 2 FH
DEXT, @HEOSTHIZIFRELRWRIIAELTWEZ L%
FEHRLUTWS., ZOIRENZE LT, split-belt HFiZ Hi I & AT D
RKEIDIRHFK L Ao TWDE (HM5) 2, AAFEHHIZLS
Kotetsu D/KEHENAE R R S NZEEM (TD) FEEERD S,
DTIZRRBFELENPEI > TWBEEZSND.

Tied-belt 225 split-belt IZHIVEZ 2 Z L2k D, LF O~V
MEEIZ ERTS. UL, BXIETLTE, /MO R
JEZAHY 3 % HAMN 7% step distance DFHFELFThb NN\ -8,
Kotetsu &~V M HEIZEWVERRT 2. —7, SEEZMHC X D
KINTWDE2D, X9-ADXSICEHLIEELICBET 5.
T 5 LU OERBIF TN ES 2D 28T, KI9-BDLS
WA K O RTAICEMT 5. 2D Z LT step distance 28 &
DREL BB LEFEWRLTWA. Step distance DFHEEIZ L D
split-belt IZ#J5 2 Z LV EETHD I L 2T A DL, step
distance W REL B I &2 kD, 9-C ® & 51z Kotetsu &
AIGICBEIT 5. UL LESR 2ET IV TR step distance
HOFEEHITbN N2, BUR 9-A DREBIZES. 20—
HEORNAHEVIBINE Z 212k D, SHRH &R ERIGRIC S
TRAMONYCHY T 2 IRBBOEIEENZLEZSNS.

ZDO &I, NUFHARERERICIEET 5 Z 2T, HEN
BELTWENE D 2P TE, X512 Fourier f#fr 2389 2
ETHITUMIED &S RIBFBREL TV ENEERTLIL
NHEEL 45, b, EBOFHF 1B WT Bl UZBRH»H
HELTWENE I DOBETIEISHBOFETH 5.

Fig.9 Motion of the spinal cat model on the split-belt
treadmill considering the contralateral leg loading.

6 &

BEHEOVEBZRU-THXIET NV EHWT treadmill L2475
Bia{To7z& &, tied-belt TIXZLE L7z walk HEDVERT 25—
7, split-belt TIFAHEWLE LR, RET, ZEURWVWE
K % it 3 2 7= O xR I A R G W IZE H LU, split-belt k
TR OM, 247 2 BRI CRAE L T\ A IREASSH I &
FMIERERIZEENTWEZ Y, ZOREOFKEE L CRiE S
WHELDPBEH L TWAZ L 2RRA LK., 72, ZThoDHRZ2E
12, HEAX IET VT treadmill | T step distance 3@ 8] 7
fEZEND Z R TERWZD, WHERY b Kotetsu 23§15
FIZIREIL C L E W, $ERE UTHBBRLE LR 5, &K

Sk, BERSX AT TN THAMHEFRTER BRSO L 5128
I3 5h, £/ treadmill ETOX IRy bOFEFNZEL T,
KU G BRI A B, &4 30 A% KLU 72808 72
EFIVOMERZ S T, BLUOZOETIVE &2 & OEERE
HORKAETS Z L 23T T 5,
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