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Proposal of Gait Adaptation Model in Human Split-Belt

Treadmill Walking Using a 2D Biped robot

Yuji Otoda

Abstract

Recently, there have been several trials that use robotics as a tool for
neuroscience, especially in locomotion studies. In the case of bipedal
locomotion, human walking has been investigated extensively over several
decades.

A number of studies have measured kinematics, dynamics, and oxygen
uptake while a person walks on a treadmill. In particular, during walking on
a split-belt treadmill, in which the left and right belts have different speeds,
remarkable differences in kinematics are observed between normal subjects
and subjects with cerebellar disease.

In order to understand mechanisms behind such phenomena, it is useful to
construct the control model of human walking, simulate it using a
musculoskeletal model and compare the simulation results with the results
of human experiments. But since it is difficult to simulate friction, collision
with ground, effects of elastic materials and so on, we would like to carry out
experiments using a real machine (robot) rather than computer simulations.

In order to construct a gait adaptation model of such human split-belt
treadmill walking, we proposed a simple control model and developed a new
2D biped robot walk on a split-belt treadmill. We combined the conventional
limit-cycle based control consisting of joint PD-control, cyclic motion
trajectory planning, and a stepping reflex with a newly proposed adjustment
of P-gain at the hip joint of the stance leg.

The data obtained in experiments on robot (normal subject model and

cerebellum disease subject model) have highly similar ratios and patterns to



data obtained in experiments on normal subjects and subjects with
cerebellar disease carried out by Bastian et al. We also showed that the
P-gain at the hip joint of the stance leg was the control parameter of
adaptation for symmetric gaits in split-belt walking and that P-gain
adjustment corresponded to muscle stiffness adjustment by the cerebellum.

Consequently, we successfully proposed a gait adaptation model for human
Split-belt treadmill walking and confirmed the validity of our hypotheses
and the proposed model using the biped robot.
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Z DRBDOHNTHFATICH T SH5ERN O TO N TS, Tjspeert & 1ZAHlIE T IV % 1
IKLBRAFEL e 9 ¥ a o oA MaRy b & Tk 6 ZE R W T 2 KEL Tnhb
[Ijspeert:2007, Tjspeert:2008]. Maufroy & 1% T DHHFE TV & ikt fnizy I a b —
¥ a v &2i1-> TS [Maufroy:2008]. —MHEATOHG, WAHFEICH2 Y AOHITICOWTES
RN SN TE e, TLESIFADEANIRER A & h, PHUEF A T2 & & it
L TWAB[ITIE:2006]. AD b Ly RINBTICB) AiHdEE, @715, BRI &A%
% WIS TS [Reisman:2005, Morton:2006, Giese:2007]. i o finffIBh k1 EHE e
ZENHIH T X O ANELIS T 2 M DFMT A3 T 1 T 5 [Rogers: 2003, Spek:1999).
IhHDIFHIUNE Y T =¥ g U AFADICHD DI Thbh T b, FRC, Ko
)V b DML ASE 2 B split-beltZRfE COHAT/NZ — L DWILE TS &, (lEH &/
HE TR 8 & — K E MBI 5 [Morton:2006).

ADHFATIERC BT, FERNTED LD Rl TDI TS 0E, MBI S
OFHEICHI S 52/, ZOBEOEICH D AN AL ZIRIT 5 7-9121%, i
RETNENNEY I a2 b= a V2TV ZOHE 2 AOBITREGRR & RS 2 & 3K
PRITH L. L LHIH & QRO - Mg osvEa ey Ial— 9o 2 edd
NHETHY, POZNEDFAF I 7 RAFHTICBWOIFRICEETH S, €2 Tl
FbkE IO CTEHARR 2 R 1R - BT 5 2 L ICEF D b L LA Tz, FEHORMBENEY
split-beltZFfF T O SIS E T IV ORI EZ 1T > TS MOIFEZ NV — FI3BUR A CIEA
W BRNDT, KT 0RAARTH 5. —BIHEITICBI L T3, Bastian & [Bastian:2008]
ASSLIPE 7 )V % v s Tsplit-belt treadmill FOEF N EFEKRL & 5 LA TS, WUHEAT
(% ) Dsplit-belt A T OWIEE TNV OIS EH L UL, HIJES < Grillner & 72 £12 & VX
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ZATON TN 528, KRR O UM S HIE:1999] 235 T 6 b, 61, *
ADHTFEMPSEF SN L VR L ZBEEET V2 a Ry MOREL, STHEIC%E
KEL T3, 72, ZoifseidaRy b ofitkzEEL T 284 2 ZRE L Tz
WV, ZAUSHTUTARIFZECLE, 20T RN O R8I % 48 L 7z _IHIFATEI0E 7L & 12
KT 5.

AHFFE TR LR L itk o e 02t AT Ry b T8EEEI ZBHFEL, Ao
HAEEE TV (Figure 2.8BI) 2K L, ZOETINED X T L0 MEET 5.
F 7o/ NIRIEEE OB TREFET VBB T 5 2 e, RIS U NE Y R8T

MIERENDIEH AT T E 5.

1.2 HEROZHSFTOR Y REIEHFEZE

SOAEANA H90FANHHNC 2T T Ry MIEKAICHIFE S 172 [Miura: 1984, =5 1P4:1985,
i B7:1989, MEH:1996]). I0FEARHHIC A Y F DASIMOR Y =—DQRIOKR LD 2 —< )
A RaRy MSFEFRE SN[ 17:1996, Hirai: 1998, #EH:2004, Pul#:2007), —HA Ry hAs—
feicmensg ko1, BOMNMIETETEE > TE . BifEZh 61k hs£L<
DRy N TlE, ZMP(Zero Moment Point) Z#Ffie L CARL ZHUHICIERE S ¥ 5
G F A ZMPREI) 2 v Tns, BiEZhsouaRy ME, M« 2ESRERNA & hbk
Y LV EHALL TE iz, BT VI B S 15 &, BHITOHAT - 1T, BERHFE, R
5N BHEE T OARBHIAAT 2 SIFRBTE TS LAFFIS, KEAITR SN LM IR
NOTENE, BRECHIHITF AR CoMEIC L VIFFICNEETH 5. [AFFICE AT v 7ICB
WCRHRHELZT 7 F 2T —F DR TIFEL THBY, ERS N5 IHE)O T 3 )L TN
Fneidnizzn, i, HHNEHTHLZ L VHRTHS.

ML T, KMo E 12 HRIFINL, TSRV 77 Faxz—FD o
Ne/NELT B2 ETZRNVFNRD RWETE2 KRBT SHHTERD 5. 2 ofilil Tk

WEDERSNG BT [FF 2T NVF A FI T ZALRHLISIT) LHENh TS, %
DKM Z2NL, 77 F 2T —F ZFIR ORI E T % 81417 T & 5 [Collins:2001].
BT ¥ A4 F I 7 2B EMCE 2 2Ry M, MRS 24T 2 KBl
T5HZLICHLTna5.

Ry MR TEIT O 20 ol Tk e LT, OMMHRNC R NME L R niiii x4
KL Z OWIEZIBIE S/ 5 Tike, ofilffl, #E, REiZ2STEARICEVY Iy MY
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L2 NERERT D THEND 5. Mo REELSHEIET 5 2011358 EH o b TH03 L Tn
5T FEAD. Uy MY AT IVERIKT 5 & [ERFSERE CRIOH 21T 2 KRBT
572912, U ALLEREGER G L Of| S IABKEEEE W 72058250 < D% 5 [Taga: 1991,
& 7:2003, Endo:2004, KHF:2005, Aoi:2005, Geng:2006].

BlfF 72 _aRy b oflfllFiEE, ZMPRERGIHF R U Iy M4 7 V& Rk
T LFHRICB L ZHEA SN S (Table 1L.1ZI). AFZMPRHEIEIHFES Y I v MY A 2
NERBRT2TFELHACLZeNTEL, L LEFHTICBWT, AZFFao 084
FIVARERATHDICY Iy A I NVEMKRT L FEEHCTHWSE0nbhTn5
[Miura:1984]. WA IZIK « 1%, ZMPRIGIHEIHFE TRV Iy b YA 7 V2 RIKT 5 F
FEEHWT, Adsplit-belt treadmill xR THEINE T IV O Z T 72, 6 200
BATHF 2 LTSN 5.

Table 1.1: General classification of bipedal walking control method.

IR ) paEZE S|
ZMP Limit Cycle

WUEFHE & UEIRE | BERE - RN Y — 3G
AT & AT Dk AT & KA AL
7RI & 7L FEIRINE TV

1.2.1 ZMPHREEGIHFE

BUEASIMOR® QRIOICNNEK SN 5 X< D _HlaR vy b (Figure 1.1,Figure 1.23 1) T,
ZMP(Zero Moment Point) % & L CAK L 72 BiBICIEAE S & 2 T2 (ZM PRI
EHGTW5, ZMPEIFE L T2HIHITFEE v i a " laRy s & /1#ET VT
K9 5&, Figure 1.30 X H1Z85, 22T, HENI2KTFHA E LRy ~ B &Mk
FNCEFL T 5 e UET 5. SRRy MIEZaAYE L T 5K, B Emich»
LM EIOEINT LV FRET HE— A > MAYKHI(x) L T8 & 725 5% ZMP(zero
moment point) £ VX9, Z DZMPH oot DHFINTH IS, RIxlIiFEE L2352 &7 {HxE L&
WOTRETHD., T2 T, ZIMPIA(DPE)—B(D EH)ICHENT 2 & 2 72ZMPo H
1% 7 C(Figure 1.4-(a)B), ThicaRy h ORFROZMPEIBES ¥ 5 & 9 & B0
HASUE %2 AR B S T LERS TR RBITE 2. 2ok, HEZMPIIKX TR
E—NESELDIT, HMOKRES ke EEBII(CR)ICHESNZTY 7 FaT -2 D MV
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IS &> THINE BT NIRRT, EERIICITIRERE-F20EL TS, F
7z, ZMP% —HSZ D footiCHERICHEIR T 272012, &V b ZMPRIFIE L T2 4% 17
5 ZIHAAT Gl footiI K & < AT HUTAR 5 220 (Figure 1.4-(a)(b)BIA). foothSE L 725 &
HOEME — X > FAYKE {25 7012 R oRHEIE 2 KE L LTKRER MV 2 FE
IRDLPLENH L., LPL, 29275 BHiAREIINS LSR5 0nEETH
EEUEICIBRE S5 2 W2 5. DI L osih s ZR & 205 e T 2 HH1TIC,
BRI TRy, E72, RBMFEIC BT ORI, &0 b R
HIFFPR 2N G 2 210k > TED > TLE 9 &9 RFPVKEICB O T oM KL R
H5HD, AHBATICHHWTHRWVWEFZZ6N5, ZTOMIZ, ZMPZfootilfk-> TH
ICIFHFICBZ T T REND Y, BRI T EFEA L WS A k2R KRR
BRoTLEIDT, AMD &) RBEEMEL HTIIIEFICH LR ECOEHL H 5.

Figure 1.1: Photo of ASIMO. Figure 1.2: Photo of QRIO.
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Y@

A C B

Figure 1.3: Dynamical model of ZMP based control method.
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Forward

2N
N

-y /MP reference
O Landing leg

Figure 1.4: Setting of ZMP reference.

ZMP & REBE ~ILO B DEE%

Figure 1.51&footic B 2 JJONMIHITH 5. i EITHEMAISATRITT T2 0T, Ko
BARONNHFAET 2 RAHFAT 25 MR IR L TE 2O N5, JJXT MVRISIE
2% Z DFEfIRZZMP & 5. ZMPIE2IKIX D Hulhsd(Center of Pressure; COP)Z D ¥
D& L TEREN TS [Vukobratovié: 1972, EfRANCHEL T 5 L EBEI Vv 2tk > T

15



COPZFEMINICIRET 5 Z L 3uJETH S, 5.1 i T, COPEIMET 5 L M vy H
INTHEH LZMPHII T EANDRR & L TOIRFEICE L TERE2 175 /-,

ZMP

Figure 1.5: Definition of ZMP.
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1.2.2 YUSw kYOI EERKT DEIFHFE
B3 iz 7 RS F sk

FHIL TS footAMEL ML FICZMPEZ D Z L 2 S BT TDOW S %%, VT
ETNELTERDL I EMNTEDL, FATICBIT B RIRTE T IVIEFigure 1.312 BT
LFTCA=B=Ct%3, 2% M TRCICBNTRERIL, <idTicfilhk > &7
LEVIRT &7V, ZOFEOIRETHIAZ<20Icy 5 —Holl%izY L Ttk
KADEWBIIEENEARV IR LAT O BT RN D, 2 DF RIS Je Tk % 57 e 72
I FLE S D, ZoRVIRTIRETH 2R, SHFHE GRANCBT 5 MLy Hiden
7% D CIMPIEFICRCIFET 5. 2 OB THIZIESRICBO IR L ETH D, L
ML, ZORRERRER S & WO LRV IRTZ L TY I v MY A Z IV 2k
LEZEALL TS, E72, 2 offillTFE TR & BT & ZMP o E iR % [ 5 K
E Moot SANEL DT, RT 2L THZ e TED, Hife L THOEME—X > AV
S 72 Y JERETE — & OlREHE /NS CRETE S, ZhFZMPHRINO “HaRy k&
RN TH 5. - T, AR RO “HaRy ML, ZMP2HEL T 5T
VTCEET Tz, IR o Bl HARDUGE OB fEHI RN & L TR D KERER L ZA 5N LR
R 2GRN O RE > S S h b =0, aRy NIZRLHEZEI»TZ 2N TE, &
BAATICHEL TS, R TIEZ bl Tz vz, BERRICE, Avikresve
O THIEEREZ 1T - 72(4.1.3 fiBK).

TS 1981 S LA % o U D HIEIC & - T F5 Dl O3S & %
THMEM i Ta Ry b [Biper] ZBIFEL T 5. Biper® 2Klif§ % Figure 1.61Z7%
¥ Raibert & [Raibert:1986]1%, EHNBIFTID[LHEILIC & 275 S O, SHFHIMGHERR ik
AN T U CRPIC 2 2 & 21T BRI, &0, R fE 2 2w sz &
ICk B2 - K, ZEAHZ A, 1, 2, B4Ry SoFEAT(Ry ¥ 7L
TW5, Zo_jlixy ey raRy b oLkl % Figure 1.7137R7. Wisse 5 [Wisse:2008]
3, TSR ZEZ CHESTHEEZHMITT 5 Y Iy b A 7 Vo ZfiaRy N 2BHF
LTWwb, 2o f{iaRy b oLKilifg % Figure 1.817R7. MIAES 19791, By F
FEIAICHER & 4, MRS 2 Fr o B RIS LT, U Ry M A 2 VRO RE
MEAM L 2GR % R L 2. d S [ildE20021%, ¥y F PN O L EEENC7 7 F 2
T —F DRI L TR 7 4 — RN 7 %2175 Z 210k 0 Z T2 8L Tn
b, F7z, THLY | BIFO DI G MV 2 2 IR TT 5 HEEIC OV THRET L T 5.,

17



fit, BE D EIPFICEIE L [Hodgins: 1991, MEH:2005])7%% &4 5.

Figure 1.6: Photo of Biper 3. Figure 1.7: Photo of bipedal hopping
robot of Raibert.

Figure 1.8: Photo of Wisse’s 3D bipedal walking robot “Flame”.
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BIRMBSITERR - HIfHFE

W EHS0 7 T —F T ADOHBATRLEBANTIRICHT L CE D & D ITTHIET 5 D0 & il
L & 5 & T 205803 S T b [Takakusaki:2008]. 8 [Z2H:1997)%%, AV o Bifilc
{FAET 2847 VU X LA RISCPC ORI E T )V [Matsuoka: 1987 & T TS I 2 L —
VarvEBRINSETLLKR, L OMFEENZ O & 5 2 IEREIREL T % o 72 BRI T4
ARICHRY Ml & D1 5 72, Z O FENIFEMIIREN T 0 WEEN Y XL, iiEisRoifd) ) X
L, BRI oMBEAEHOY XLADRIcZa—\)uig THIEARBIG ] 2 RAESELZ LI
EoTT7 NI 7 7 &IRT 5[ LE:2005]. ZOHiHR L L CLETITHIRBATIREN A Y 7 )V
FALEKRENS, ZEHIEZ D LD RFHNIE DWWy F PN TO_JHITY I 2
V= a v &1T-> T 5 [21:1997, Taga:1991, Taga:1995a, Taga:1995b]. Z o & 5 72 AlFE
RAATARR - G T IR WZEFBEA L TBY, &R OMLL AR T L Ty
GIEU AT NY — R AR S ® S, RIS M EICHER L 2K YSIRE T & iHEh 5 JEHR
AR T2 Ty FIHINTO TS I 2 U= 3 V&2 & T 5 [KE1:2003].
Z OIRENFI3ZHEE T IOV CPG & Hlig L CHl EIABEIEANL <, JAHIFH T o i Bl A3
aJRECH D L ERL T, JEMIIREIT %2 IO THBTE2T ) Bk e L Qe Ry b
[f&R:2003, +%:2002] 2MNEKINTH 5. ZJHTIEEH S [Aoi:2005] 23FHET3XKITFIHIA,

T & [EK:2004] % Geng & [Geng:2006) 23 FKb& C2RTTFH N O T2 KBS T 5,
&5, Gengb D _JHT Ry b DKL % ZHZ NFigure 1.9, Figure 1.1017K7,

Passive Dynamic Walking|CZE D < HlIfiIF%

m$MmemmWﬁmgu&mwwuFf%nawﬁ4%iazjmﬁdme£%r
[McGeer:1990)1C & VIZRE SN/ HTTH L. PDWIL, KOO F A F I 7 2 L
INVEEFENTHZ LT, TRIVXFEARL THLPR TYIEENC T 5TE2 0.,
McGeerld, 77 F aT—% #Hil-TRE L [RCpassiveZe B E % fif 2 7z —HHESHE %2 ¢, 1l
AT 172 U THREORHATT D2 TTA TSI L 72 [McGeer:1990]. - Collins & [Collins:2001] 1%
M PR O3KOTET VERWEL 72, 22 Tld, Mizikd 2 21 &k > Tyawlilia] v
Dliipz/NE <A, &0 BTN A OBATICIIOFA T2 RKBIL T b, UK, Tl T
WO THEIROEAUINIET 5 2 LIETERWD, FITIEER L IREL L 2l B
ERZIREZ L, JIEARED Z Lic k> TRETAIFWEIREIC©H 5 2 & % FhERT
+ A RE T, 2L DIFFEEICEE KT L /2. Collins® @ iRy b % Figure 1.1112
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Figure 1.10: Photo of Geng’s bipedal
walking robot.

Figure 1.9: Photo of Endo’s bipedal
walking robot.

RY. BRSO A F I 7 AR EHTE 25 Ry M, RN T2 KBl 5 2 &
ICIH L T B [AR2003]. ZENFATOFF 2T NE A F I 7 ZA%BHIC L = A THIH
Dff5EL LT, KEPS [HE:2004)13 BB 3OV FHUEIBIERI 2, KIS [KFE:2004]1%
FHET 4 — RNy ZHHIZRRE L Tnb, £7z, Wisse 5 [Wisse:2003] X0l FH & [#fl FH:2005]
1L, ZSAEATHZ Az y FEHNHZH HaRy McBWT, ZET25451CL
TR D RWAT 2 TKBLL T 5. FHICHAES [Takuma:2006)°1EH & [Tsujita:2007)1E, b
Vy RIWETN VT Don/offd ¥ A I 2 7% FTL WETOMIM 2 £ 2 5 2 L12 & 0 HATIR
&2 ZALS ¥/, A T Chemori[Chemori:2004] 51, K7 > VKT % FIVCRBIL 724
ITOREVE RN L T, /NEFS NEF1994, Ono: 2004l 3R 7 27 F 2 T — ¥ & i A 7=
BT, 2oV HEREMNNT MV 112179 [Self-Excited Walking] #¥Ialb—¥ 3
VCMGEEL, FHETHBIL Td. NP S R Wisse & OFENEE, McGeerDSBHFE L 7 4:4THE
BeIEEc B2 L ThY, =Koz Mo k2 IciifFses 2 ¢, 2000 FiN
TO_HFATERBIL Tvb, NS D7z B 2 Figure 1.121R 7. £ 72446
[A2AR:2005]1 2 SZHHA T DRIV 22 AL DAL A DS, CPG & [albk7e A (SASEI - eI
HEiTHLZ L BRL TS,
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Figure 1.12: Photo of Ono’s bipedal
walking robot.

Figure 1.11: Photo of 3D passive dy-
namic walking robot of Collins.

1.3 BYEY SHITHR

INETADHITETINRETETNVERMKL &5 Lidn k) &, BEL DfFeirtiash
TV B [NE:2006, FHEE:2007]. FitE S [fitH:2007) & H: & [SEH: 20073 E#& 4R & fiao
FREAFFNC & BRI DN ADH TS I 2 L= a v & iT-T05, BEIE[EE:2006]
13, AEYR—2 ~ OLZEBIEHEREIH % TV 72 F800) LT 7V o3RRI K & HilH 22
SZICHFHRINTY R 2 L— b LTS, ThEE W29 T, Bk T(Figure 4.33 )13
1T, SLIPET V(Figure 1.13ZM) 13EATION L T2 N ZNHIFITHIV 5 TS, Bastian
5 [Bastian:2008]/£SLIPE 7 )V % v > Tsplit-belt treadmill L TOEITET NV EKL & 5
CIABRTND, FRelF TRy &7z ADsplit-belt treadmil A THIGE T )V DR Z
1T> T3, tied-belt treadmill Z vy T OIFFEETT [Hirai: 1998, Tsujita:2007, Nomura:2006]
ML DD BN, HEF DD E Y split-belt treadmill FICBT BHITET IV OFERE(T>
TWBMDIFFET N — T, BIRFR TR Y72 5720,

ARIFFEEICET 5 Ry b Oif5EE, 20035F4H L 0 #hE 572, fFHER O WERH
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227 4 — RNy 712 k0 AlilRE) & RE S FPHTOBRTEiRAR T2, S [RHE:2005] 137
HHRESR & [AF (5] AR BEEL xR 72Tk, U XLERRSR : CPG(Central Pattern
Generator) Z IO THATSE L D Lidd iz, A8, WEL T2 KELT 5 2 LIZNEET
Holz. Lo TIRVIFLRERBITERBTHZ NEEETHL %A, AikTFET IV
& o 7o iidf A Rk 2 A L.

““n+l

Neutral Point

Figure 1.13: SLIP model.

1.4 ZAHFFEOEH)

AREFFED BHINE, A(E /NSRS ) Dsplit-belt treadmill | T OBSEHIEE T )V
FoHaRy hEFREE L THCWTHEETZ 2 Th b, Aofrolibd)y, /1%, &
FRINE %2 FIRNB 72D M Uy RIW ETOBITHREPEL Atbh T b, Fic, Kt
D)V~ DIRELHETR B split-belt RAF TOHAT/NY —  DIHILZHNRD &, fFEF L/
PBEE CURIEE#I] N & — 2Tk & 2 MR DB 5 [Reisman:2005, Morton:2006]. 2 @
AEDFFMIC DWW TIE2.2 fill, 2.3 fliZZL TWEEEW., COBRORIIH DL AN
SXLEAT 5720121, TiERRETFVERAWEZY I 2 b—Y a v BITWZORRE
ANDHFATRERAGR & LERD Z e KRB TH B, L UHITA & O RS E R - i 5t o
WEREEYVIaV—NTHZeNRNETH L. 22T, RFFETIEHTT TR Y
N TBKARI ZPHREL, FER—ZTAOHFITETNVEWKRL, TOETNNED &I
WTWEPMGEET 5. F o/ MBWREEFH OSITHREET NV EBRT 5 2 eavcEhid, 1T
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KNS U N Y DT NAIEEEANDOIEH BT TE 5. SRRSO e LT, KH
Wifiic 7=V W2 2 e THHoBEME— AL hE2TELRI/NELLEZZ L, footd
[HFEZ NS L TRIAOE LTI L2, F7THERLITHZ & THANZINS
MLz e, ARV EDOMHEHEMEZJSBENFALZZ LR EBHT o5, Hilfl
Fihe LT31.2 flioRk e 2.4 fiChNLHE LY, CPCOHMALET VL LTY X3
H VIR % Tl & B BWIEAK - B BT 5 BARMEIR U o BfLE T L 2 LT
BANC BT 2P - Akl & U CHIEREL & ZBAD LE D 1= D Dtz BT 5
stepping reflex? BRAHEKD VY I v " A 7 VR R T 2 G FHICH 72 ITHEE L 72/ %

L LD PAALET IV & LU TOSHFHIERNC BT 2P7 A Vi 2l HaGhE T
T, FREEZRABRT.

1.5 e DI

i SLOMRIZLI T oMY TH 5. FITITBW UL, 5SS, R0 A THIgF
DR, B 2 IATIHITE R M L 724k, K50 HiN 2 b 7e. o3 ii# & /i

BT Dsplit-belt treadmill 1T D FRERATR % #7195 [Reisman:2005, Morton:2006]. Z Z
TﬁﬁﬁaﬁWM$dewmmC%Ebt#ﬁﬂtﬂm%mNé.mxfﬁﬁbkwﬁﬁ
JEETFIVICOWTHIAT S, HE3ZIMMEMNIC TR U CHRL =2l Ry b TEKER) 12>
WTIR S, i4FE, BT oPDHIE - A B0 2 R 2aE g E R 2 Bl & U 72857
IRic S QWaEEHE - I B 2 K% BET e L 72 5 s HA U (stepping reflex)
MERDUERDY Iy MY A TV ZRRT SHIHITFEICOWTIHRRS, Z ok o
T 1T 5 Iztied-belt treadmill B TRERICOWTHRIET 5. Z L C, $kERICsplit-beltFoff:
T HARRBEEAAT 2 KBS R 52D AL 72, /MEICB T 2 H#T2 Bl e L7z
SR N BY HP-gainfifi 125 T 5. 2 OFEDIRIRICEAIBE A # & /INEE
) O FERH R [Reisman:2005, Morton:2006] % gL, 2% L =HHHET IV OIE Mo
WCERRETT D, BhElE, TSRS OWTOHRE2IMAS, HlESh=ffEo R e 3
7 — oMM, FReDfGREIREL ZETANENTHLZ L2 IFODNL T
beHEXD, BOEICHH, BTRICOROBHAZARNTE LD LT 5.

23



1.6 FEZEMRER
o JH-FRBIAID & T TR
o SCHEMHI(AH)— AN AL 23R L Ty S I JURT)
o IFHHI(AR)—HTE 1 AL A3 L T I JURT)
o 7T T A Jf%EI Y HTERD D £t & HuE D PRk
o KV > 7 JEBHEI» S FoFEy, LY v
o THhY I JEHEEIN»E TOuERN, BTV Y
o foot— L BHIA & FOERY. DEIEBL L Z b Toot & TS5
o iH—foot ASHUIA] & Hfih 9~ 2 KGR, R
o Hft—footASHUIAI AN & HENL 2 KAE, Il
¢« ATy T - ZZTCEHEHRELTD

o HATI—FHNATICE N T, fK[E—DIREICR 5 £ TORF]. 227 v 75
VZAH Y

o T a—7 4 W—ATRIMNC i & A FHM o F) &
o JTHSTHFIU—Fr AR L T 2 IR

o WRHSZHFI-— AR L T 5 JHRY

o Bt FEEW) D 7T, PR BT

o NEHFLHL S o 1]

o BRI JHEERHIM, B2 SiIcBOW TR oo E S HICL, T LT S
Ze&

o N - F oKkl 2 2 Tl BRI Y - M2 PDRENC LV —&
et B SIS R A S SRR VAV 1Y - B A Bl
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HHAT—HATTH O TN T ORI B O TS EIREZ R W 61T D AT
AT AT EF NS AR R A E S 41T

WIE—5 A2 6Nz AR 2 KRBT 2 1c OIS T OZAUTLC CEE) <y — > 2 LS &
% BSRE[T=:1999]

AT, 2 RIS < M vy 7% Xt & 15
JeE S AR & DRI K > TIEARAMHE, AhiAsHhik 3 2 St

ZMP—Zero Moment Point DIEFE. 170Ky MIBWT—RRINICHW &N 5 ZESR
B Z o ORAETLINE SR BA T, BT — X2 MAVEL Wi
THENDREERTH Z LN TED

FF 2T )WVHF A F IV A(natural dynamics) % /1] L 72447 BB LT 1247
MAALCELMY 7 Fax—s D bV I i j2/ NS T2HZ e TRET 2230V
TR D R T

PDW-—7 7 F 2 T — & ZfFlc R RS E 2RI L TIRE T2 2 &, HisCTid
Passive Dynamic Walking(SZENENA1T) DUEFEE L TPDW % 5

AR i 2 b DB L TR O T A MEAF] & 0 5 JEIE 15 27 b ooth
T, fll v OBFEOWHEITERIT T E RO KRN 2N T — o GEEN 2 RAET 5 2 &

U3y MY A 7 NV—AUMZERNIC BT BV — 7. GRS T, BUEAITFH
TREMEZEFS, IMHOREEEHZEMICPORT 2. SMNELICECA] BE.

ATk 0 7275 &b D, i, SXRICT 7 FaT—FBEELRVDY
DEAFL, NERFZOME L (fiibh b

CPG-—Central Pattern Generator DIFR, B iEE) & DA B 5| E AREH 28D
I VA i) %1

Split-belt treadmill—FE AT ZIC X)L h DHEFRHINTEL MLy RI )L

AN TA RR—FHHEL T 6 2 0 HAET 5 £ T o RihFRE
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o 27 v TR L 7= Kp D I o Fh

o RIME—Z Z TIIIEA DIV MREMZALL 72 ERISHRAFT 2R
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F£28 ADSplit-Belt TreadmillZH{TD
N ESFBHEICETILDRE

Z OFE T, Bastian ®[Reisman:2005, Morton:2006)1C & 5 A & /N B s ) o
split-belt treadmill#FA T DIEMFIR 2 AN L 721%, 2R L EHFBEEET VIS ONTIRRS,
ftET# Dsplit-belt treadmill B THRERDAG R & LT, Bastian ST A VNI U THFEET 5288
OGNS 5 & BT 5 [Reisman:2005]. /Ms#EET Dsplit-belt treadmill A 7K
ERofiim & L C, Bastian & 132MOICEHEAYD 2 & WX T 5 [Morton:2006]. Bastian
5 DGR ARSI S &, WA MR IR AN =L “HuaRy b
FATHEAR L, split-belt treadmill LI B} 2 4FHIGE TV 2 HEET 5 (Figure 2.8B ).

2.1 EEHE

A, MR D)V kD] Vﬁﬂbmwb&%ﬁﬁ%of%?&of@ﬁh&%ﬁ)
WTH MLy RINV EESTTESL, MLy RINVOWEITPENE— wm5mv®m“
E— R7(1.0 [m/s]) & 2. tied-beltRIHITHBNTUINH DIV M HEFIENE— R 2T 5,
split-belt FRAFICBWTUIF T ONI NHFIFEWE—-R& L, b5/ HON)V MR
WE— RT3, REMOFREIE3D D AT — VINT &b (Figure 2.151). baseline
AT —=VIIBITE MUy RINVDOHELT, tied-beltZff & T 5. adaptation AT — ITBU
58Uy RINVOHEIE, split-beltFff & T 5. post-adaptation AT — BT L5 MLy
NIV oW, 5 0tied-beltFRffE T 5.

Uy RINWHBATORS, 42 0ifdi PR L2 IET 5. ANTA RREAT v TROE
FKx&Figure 2.210R7. ARTA4 RRE AT v TRIZAWIHKIF L BWEEETH L, T2—
T4 RSB 2 XM ot e E5%5 2. W L(RDLSP) % 41T
e BT 5 HASGHN(DLSP) DL e EFK T 5. 26 TRToEE, &HEhZhic
WL CHliES NS,

split-belt FfF TD GRNE— K7 & “HNE— R D)V MR 5 2N Z D% “slow
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leg”, “fast leg” &9 5. baseline - post-adaptation 27 — BT, WHD)V MR
FEWE— RIZed2, BHORO -0 ZhZholoFi%E 2 Osplit-beltFRAFIC BT 5
Ho¥Fre 35, W BY Biast leghMHEHLL slow leg D KR 2344 5 F T o i
YHHUIR % “slow” DLSP& 9 5. ZHITiT LT, HHNCE T Dslow legh¥iHIL fast legd ¢
FHHIARI 2S00 5 £ COMHXIHHM % “fast” DLSP2 95, AMIA RR&Ta—511k
FRHZENZhSH L THIE S hizfiz flnb, k-T, 2h b oZLBUISBISS L7245
f(intralimb indexes) TdH 5. ZHIITL T, A7 v TR & MESFHHRIES « D Tfast
leg” D & “slow leg” DD | Z3tHT L. LoT, Zh s 0LBUISHIMEKITFL 7=
F7E2 (interlimb indexes) T 5.
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Baseline Adaptation : Post-adaptation

Tied-belt : Split-belt : Tied-belt
| 1
Time

Figure 2.1: Three stages in experiments of split-belt treadmill walking.

Forward

Right

Foot contact !

. 1
nghlt © C.)
Foot contact ! O

- -—

|
L
|
<—Y,|\ Kﬁ;\
|
> Right leg stride length ! 1> Right leg step length

(a) Definition of stride length (b) Definition of step length

Figure 2.2: Definitions of the stride length (left) and the step length (right). The stride
length is defined as the distance traveled by the ankle joint of one leg from the instant of
lift-off to the instant of foot contact of the leg. The step length is defined as the distance
between positions of the ankle joints of swing and stance legs at the instant of foot contact

of the swing leg.
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2.2 FERZD1~EEEZEDSplit-belt treadmillHIT~

Bastian & 12 & D {Th N 7= @53 Dsplit-belt treadmill#x{TD A A — ¥ % Figure 2.51Z7K
T, fdlHF Osplit-belt treadmill B TIEMC B THAII WA NI A RRETa—T 1 [k
% Figure 2.317R L, AT v TR & MHASEHIR O 2% 2 Figure 2. 41K (2 6 o i
[Morton:2006] & U itk L EAFAEDIREITR BN K DITBIEL ). 2hsoloTay k
mUE, AT LB LT ¢SHIL =R CH 5.

ARSATREETI—FTrHICDUVT

Figure 2.3®adaptation 27— VIZBWT, fast legD A b T A RRIFEL { K< 2 Vslow
leglcBWTUIA LT I o7z, fast legDT 2 —F 4 KL 22D, slow legic BV THIZE
EETED SR 5 2. Figure 2.31CBT 5 21 6 OFFELE, baseline A 7 — 12BN T
WKITIE—ET, adaptation AT — Y DEDITBWTERLLIL 2R TZTD AT —VNT
FIE—EZ2 Ko7z, 7 L Cpost-adaptation 27 — ¥ DIEDITB W TEF < baseline A 7 — ¥
DICOEICR 5 7=,

27y TREGSZFREOZECDNT

Figure 24128 5 27 v TR L MHSAFHIRLOE D /X5 — IZOWTRTH 5. base-
lineA 7 =BT, A5 v TROEITE - ETHISFHIM Lo =T —EThnz &
ME s Zh s ofFfiTadaptation AT — YV DIEDICBWTHERLEILL?, Zoik%
DATF =TV N TCHRLITCDEIZR 572, ¥£77, post-adaptation 27— ¥ DEEDITBWTHER
SEALLS, ZORBUOZDRAT — VN TR LICTTOMEICR 5 72, 2 215722 DB
BIGDPMAET 5. 021326 DD, adaptation 2T — Y DD VI D)L kD
WEEEM S HDIZH PP ST, [RFERIRSZ L THLH, ZIHEE F Displit-beltF
BT Y IHAFIT 2 2 e 2B L THW5, b H V& DI, post-adaptation 2T —
VOBDIZIEAHDRN)NV N OBENEI L THLDIZ L b 6T, ZRL LML ZZ L TH
5., ZoBZIL, LMshTns MRlEE] 00D TH5.

Y 7272 o JHIN 2 I © & T,
2Z Dlfslow legD il fast legDi &k Y KE L o7z, ZIUIIEIFAAITTHS Z L 2FEHRL T 5,
32 DiFffast legDffildslow legD i L Y K& <oz, ZHIEY 5 V& DDIENFATTH 5.
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Mgumenln. © 0 Ic:
| @ fast leg
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Duty ratio [%]
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' @ fast leg
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q a I I
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[number of steps]

Figure 2.3: The stride length (A) and the duty ratio (B) in normal subject split-belt
treadmill walking are shown, where speed of belts were 0.5 m/s at both left and right belts
in the baseline stage, 0.5 m/s at the left belt and 1.0 m/s at the right belt in the adaptation
stage, and 0.5 m/s at both left and right belts in the post-adaptation stage. Speed of the
fast belt is also shown (modified from Morton et al. 2006 [Morton:2006]).
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Figure 2.4: The step length difference (A) and RDLSP (ratio of the double legs stance
period) difference (B) in normal subject split-belt treadmill walking are shown. The time
course of belts speed is described in the caption of Figure 2.3 (modified from Morton et al.
2006 [Morton:2006]).
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Figure 2.5: Snapshots on human (normal subject) split-belt treadmill walking in the adap-
tation stage (captured from Morton et al. 2006[Morton:2006]).

33



2.3 FERZED2~/N\EREEEZEDSplit-belt treadmillH T~

/INIbepE B AR SE Dsplit-belt treadmill BT RKERICB W TEIHI SN EA N T A FRET 2 —
7 4 & Figure 2.617RL, 27 v TR & WS LEZ Figure 2.710R T (2 6 DH b
[Morton:2006] & Y #kFLIEIEL 72).

ARSATREETI—FTrHICDWT

Figure 2.6-A @adaptation 27 — ¥ DERDITB T, NMUEEEEL, BEH LN
5 — v (Figure 2.35M) & [AMkiCfast leg® A b T4 RRITKIFICRK K725, slow legliZdBiy
TP LFEL 225 & O e BRI 2 #2175 Cnbh Z & /R L 7z, post-adaptation
AT — Y DIHEDITHBN T H/NEEEF L, @R T OLAY — > (Figure 2.35 1) &[4
Ficbaseline 27 — Y DA b T A REDOHICIZIER 5 & 5 B R WETE N2 Z b2 R L 72
Figure 2.6-BICBWWUNMMBEREEFIL, Ta—T 1 HoMICEZLDIEs2ENH L b0,
HF OZALF — > (Figure 2.3-BBIR) & [WMk O[S %R L 7z.

27 v IREGHFFIREOZEICDVLT

IINBEEEE DO AT v T RO (Figure 2.7-A) L EHH DA T v T RO F (Figure 2.4-A)
T 5 &, adaptation 2T — VITEHDITWNHICERWEAN RS NS, LA LM
BEFEDAT v TROEITBWT, adaptation A7 — YW DB ¢ ICTCDEICR 5788 —
R post-adaptation 2 7 — ¥ DIRDITEE E SESEA & e, /MRS o S
JURIE D2 (Figure 2.7-B) & fdh 5 o WIS F R LD 2 (Figure 2.4-B) 2 g 2 &, /)
BEREEF DR T v TR L [EMICH « ICTCOMEICR 2 87 — U RREIED LS hug s,
KRelZZD XD BRBENRY = DIEFFITT AT IV AW ET L HA . 22 TCZ O
JINICHTT BT N ERIRREL, R EPIT> TET VO YMERMEEL 72, Fidhisplit-belt
treadmillBATICHEH L T AR TH 5.
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Figure 2.6: The stride length (A) and the duty ratio (B) in cerebellar disease subject
split-belt treadmill walking are shown. The time course of belts speed is described in the
caption of Figure 2.3 (modified from Morton et al. 2006 [Morton:2006]).
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Figure 2.7: The step length difference (A) and RDLSP difference (B) in cerebellar disease
subject split-belt treadmill walking are shown. The time course of belts speed is described
in the caption of Figure 2.3 (modified from Morton et al. 2006[Morton:2006]).
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2.4 HBRBWLTETILDIRE

ftHE Dsplit-belt treadmill 1T IER DA & L T, Bastian ST H W L THFEET
% 20 0 ARSI 238 5 & X T 5 [Reisman:2005]. O & D, PRI ICsplit-belt
treadmilliZ Z R TR LIREIEZ RS RNV A N T A RRRT 2 — T 1 W& T Sintral-
imb coordination TdH 5. b 5 V& DI, adaptation AT — B HIEOEMEIN 2L
post-adaptation 2 7 — VI BT SRIERE LR T AT v TR & WSS o 2 % FE§
% interlimb coordination €& 5. 51X Z @ & 9 Zinterlimb coordination VX% R DA T
T 2 il b % L RR T 5, & 518, Z Deoordinationt BT 2 ik fifE A D NI
SO OUEEMNH 5 LR L TS, DD 0uEEHIEAiioxy NT—2Th b, b
Oe2lE, S L INbo 2> ha— )V MBI 5 HlESIFEE Ot cH 5 &
HKART 5,

/NI B Dsplit-belt treadmill 3 TIER DA R E L C, Bastian & 132K o ) SRS
38 % & RNT S [Morton:2006]. O & 21, /MuREEFITBOT Y IEFICRAEET 24
HERP S D & D 2 TV OAFEAFAGC & 0 FISHIH & 0 2 IEDHWETTI 7 f — RNy 7
WK TH D, I 0D, IMWREICKVE L HRbhE TR — K710 —
RIECHECH 5.

i 2 O RERRR & U THATICBT S MK 0 U X I A)V7ilEAs, Sl Etic s
B IXHNC & - THEE 15 U X LAERAS : CPGs(Central Pattern Generators)iZ & 0 F84E9
% 2 & M HEHNCER®D 5T 5 [Orlovsky:1999, Rossignol:2006]. K« 1%, Z @ & 5 2 fd
FHHSA D ZHATICB O T B ITh T2 &G 17.C 5 [Giese:2007, Orlovsky:1999,
Rossignol:2006]. iR EFR=ZI 1 L Bastian & OIXFUCHE D &, K« FLITITRT &5
AN =A% e Ry hEHAWTHIKL, split-belt treadmill 128 2 5FMISET
WV EEET 5 (Figure 2.8 /).

(1) FIRM 235 2 17 5 WuEAEmR (Y X I hVeiEsh % FE S8 5 CPG o Hiflifbe 7))
(2) Bt BT 5 BaRMEMIRI o Hiffifbe T v & L Co BB T 2 PDl
(3) Az & U CRIERR: & ZEAD RZEALD 7= 8 DINHH T BT Hstepping reflex’ (4.1.4

ARERINUIAN B | & A B BERE[Orlovsky: 1999, Rossignol:2006] 2 flAGH¥E 5.

S FHERHE LTUA MY Y A ol ili% 1T, stepping reflex & U CSFIHE & BT o> 14 1K 5%
Oz, ¥R VA MYy A ROl A ZAEY T K, HEIHREDIE D 03 A A7 LR
TNSETH 5.
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fICIRRD L D122 DA H =X Lidinterlimb2 ¥ b — )V TH D)
(4) /MNIC & B )E0 Bl LET IV & L TOXKIHHIERETioPY 4 > ofifli(4.2. 1 Tk
N5 EDICZ DA S =X Lidintralimb2 > b — )L TH %)
R/ NI AT Histep-by-step i itk 71 2 Jiffi L T & v S F1H [Kandel:1996] 12 2EDvy
T, RelFZoPr A4 Vi o722 RT 5. 26 AN =X L0l 2 4= IS0k
T 5.

Trajectory planner

sw: swing leg

(P desired joint st : stance leg

trajectory

SW st
PD-controller | |PD-controller

Intralimb
Control

Interlimb
Control

joint
torque

Stepping reflex P-gain adjustment

angular velocity
at ankle joint

Figure 2.8: Control diagram of biped robot split-belt walking. The stepping reflex acts as
interlimb control since hip joint angle of the swing leg is adjusted by ankle joint angular
velocity of the stance leg as described in Section 4.1.4. P-gain adjustment acts as intralimb
control since P-gain at hip joint of the stance leg in the next stance phase is adjusted by
hip joint angle of the leg at last lift-off as described in Section 4.2.1.
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%638 ZHIOARw b T8RER)

ADsplit-belt treadmill AT OHBFIEE TNV EREIKT 5720, A CRERGIHTFET
ITRNVFEMRDRLNFITERITO I2DICHF Sz, 200 I Ta Ry b TRER) 2N
T 5. BHERGTORS, Gl LoEERSEZRELZ L THDICHBEEZ TE LR A4
L7

3.1 SAERODBEIEE (IA%

SRERICHERR L 7= v e 2 o ik, fEAk, 2R, KEBiik v NofickX, M7
X% Zh ZNTable 3.1, Figure 3.1, Figure 3.2, Figure 3.3, Figure 3.41/r7. R
VERIERFC40[cm], B EIZ2.3[kg]& Ao TW S, Hilfk, L, THlo&Y Y7 RB&
CHEIE, £ Z06[cm], 0.7[kgl, 18[cm], 0.3[kg], 20[cm], 0.5[kg]& %> T 5. &l
3, By FilEb 0 Iichind 0%, 1B, 2 ERETZE D (Figure 3.4 ZI). AKETIIWAT
LI22RDONRA TE 4T =7 TV akifil, 206 ORICEAEROMIMEY > Z1CHXY DT /-
DA (Figure 3.2B) 2 G2 Lic kb, B— )V KROT—iEEAE RN LIl
7z(Figure 4.9 ). Zh 6 Dffiike V=7 7 a2 OFMIANC BV & DV NS W2,
Mtk y FihEb ) O3H RS 25 2 A8 TE, SRR M CH% S DS E)
. WRITEEBE, HHODFE T EIRKE 2L &1 & VRO ERZICHEI L T L
E 5. $EBITE v FillE b VIchlfind kY > 7 25500, 2o NIERATLY v
LTICHDE0 K (A5 7) MLOEFTVTH D,

I, B, KREBEEmIZhZ2h20[W], 20[W], 19[W]ODCE—# Ik VEfijsh, P
WL DRKEI W TWa, EEZhZh25, 25, 8.7&7%->TWna, Jkilltz /& < &Gt
L CHHBffio X 7By 2 L2/ &L, SHEICEY ANy 7 RSN Y 5 1 21
FeRDHZ LTk, SBEFF 2T NVEAF I 7 ZARRIT L AR 2 BT 5 2
& 3T & % [0toda:2007].

U IO 2 REAT S, SRR o2 £ I L 2 il 2T 5 5.
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ST RE A oA vy a -, ke y FiiEbVIcL A bV ry A1
(Figure 3.45H), REGBICH Y 3 & LU THERINZ2 2 A1 » 5 (Figure 3.3 & #&#ik L <
W5, REOREE LT, SHFHIICB I 28y FililiE b ) 0B LOFENIA L — X2
T2 5 & D WCHMR Ol 215 7= % 72 (Figure 3.33 ).

Table 3.1: Implemented sensors and the usages.
T DN RS iz
Iya—4 oy Fiiixh 0 o - 18 - 2 E B O AR
DEITHEE - D EERTHTAL AL v FOA A T %
\] 7 -
RIRIEAA T ot 2 2 21 2 v bt e b2 Mt
VARV vy A1 Yy FliliE o O oML & iR ER G L 2 B ik
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s |I| b
Ei

Y " ‘ L
145 |

A | DC motor of hip and knee pitch joint MAXON RE25 20[W]

B DC motor of ankle joint FAULHABER 2342CR 19[W]

C Spur Gear Reduction ratio : hip(25) and knee(25)
D Pulley of ankle joint Reduction ratio : 18

E | Digital Encoder of hip and knee joint MAXON 100PPR, 2channels

F | Digital Micro Encoder of ankle joint MTL 360PPR,2channels

G Rate gyro around pitch axis MURATA GYROSTAR ENC-03J
H Urethane gel EXSEAL

I | Mechanical switches on toe and heel CHERRY

Figure 3.1: Spec of Tetsuro.
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Constralne -
plates .l

Figure 3.2: Photo of Tetsuro.
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Two contact sensors

Figure 3.3: Photo of ankle joint, foot and contact sensors beneath the sole.

Body pitch angle  Rae gyro sensor

Figure 3.4: Mechanical draft of Tetsuro.
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3.2 HHXTLA

SRERDHIFIAN— R 7 = 7 D KEE % Figure 3.518, $kERICFHV S zmiflivNEE Ry b
21> b 12— F TITech-Wire[{f5:2002] Of#& % Figure 3.61239. $AEBICAV & L7z TITech-
Wireld, @Ry h&EHO¥ Y, T2 2HMTr2EBo/NNIay b —-FEY 2 —
Ve —— RCANZAWER AT L, B R0 2MbpsL o> 3 U 7IOVIAAEIC & - TH&i
D/NUCPUEY 2 —WIZHmd 2/MilnRy ha>y ha—5THsb, CPUEY a—)lIC
IR SHEARLANZ U C 7 7 2 A T& 5. $£72, AD module, B & U'Digital module
ORI, 4.3x3.0%2.0[cm]D20[g], CPU moduleld6.4x9.0x2.0[cm]D90[g] TH 5.
Figure 3.5 1C&K 9 & 91T, 2> b —F(AD module, Digital module, CPU module, &—
FRIAN), M7 4 V% - WERES, BIE24[V] fa) 3a Ry MMZH Y r—7
WVTCDRMMSTNDD, FITHDr — TN OREI/NE W, Figure 3. TICERHBD FERERIF A
A=V %KY, OSIERT LinuxZ Wy, 1ALy ROUTPILVZ A Ll 2175 T5, U7
WA LAV y RIZEIS,

(1) &— & BHEHEA
(2) VA MY A fEztll - Froy

D2 DML ZATS>TBY, BTV T H A4 Lidlmfsec] TH L. (2)ICHL T, fifkicE
# L7y F. a0 — Vol ) ofdAER R 2 T2 VA b Y2 A B % Im([sec] Z &

WZEHIIL, T2 BURRY T 2 2 & THAERIA L 2 Bt d 203, K e & bICFRNaRE
WERL T DT, Imlsec] FIFRTE—N27 4 V&I & 0B U 22 KR BRATR 1
iz TZNEAIET 5. 2F0, LA MYy Ak VYRS OFBRY, 71—
NAT A NVHICE VRSN 2> 7 TH2eick->T, HliEfie LTEHTES
PR OMKMARH ot o > v ZhSaJERIC R > T b,
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Motor driver

CPU module | e

Wireless LAN

PC card
Digital module AD module
Figure 3.5: Photo of controller for Tetsuro.
TiTech-Wire
CPU module
~a
CPU AD module
AMD t
Elan520 133MHz eesmemm—" N MR L, - L
€ mechanical swithes
Wireless LAN
Compact Flash T l

Digital module
PWM generator

Motor driver

for leg

Encoder counter

Figure 3.6: Diagram of controller for Tetsuro.
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Sensor information

Motor drive
instruction

Controller

I/0 + computer
motor driver

Power source

Power supply

Figure 3.7: Experimental environment of Tetsuro.
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3.3 HMAMERIBEOEH A

VA N A i3 HEWERT o RBEIRENTY ¥  BENC-03J 21195, 2ok 43, 1
o vy c1hlfisii iz Rt T 5, 2o FERICHHMEAPERT 2 & a2 ) 4V odflic
koT, v oIRENEEISH LEA G a v A ) SiInRAEL, 2O TRMNVED
CRETOECTFRED BN, FARIREN 7 of) Z & COTRICEWEL S, EEETICOT
HBFET B B R L 2B (EEMR) E AL CAREMAEZIET 5. 2 iR
AL TENAKEERD S, 20X Y DEEIT0.67[mV/Deg/sec] THZMH, Zh kD
VS oM JEEE A ELICEIRT 5.,

ZZTHRANC BT 5 Ew(t), ZNMEL() &5 & MElEiT

mw:é%ﬁ (3.1)
THABNLDT,
AG(t) = w(t) - At (3.2)
-,
0(t) = _A0(t) =) w(t)- At (3.3)

Atz —ERRR oY > 7Y V FRHT. 2 T 5 L

0(t) = Tear - > _w(t) (3.4)

A2 LT, GBI At = 0[s] O L0 2 0[rad]) & i E T IS, EE DR
ICBY BEMAIEI)NE, R IDSY YT Y LT L TESNLAIEEHE LT 5 2
itk THER RO NS, KREEEHBEMEIRNY 7 hoELT 50T, Zhica—/3
AT ANEEMT LI XOMBRGRAE e LTREL Th5.
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3.4 RBOOw D REE

HEDHLKMHE % Figure 3.81/R7. KV > 27 &9V > 7 I3EMEIToRN->TEY,
ThY V7o LEEKRRY 7 o PS5 2 T, $hY vy r7Behnll LA
BOE LTS, ZofIicky, TRy 7 &R 7 2L 205 HIc SR
flio by &2z e, KV Y7 edhy vy Z2ERINICED 2 A EEe 2 5 (Bo
Ty 7 ESE). £, RSl 5 L EEEO/NS WEETORRIC & 0 BT
MB(Ny 7 RIANEY T 4)2 L CHBERNBL TS, TRV 7 LKAV > 7 o
EMNTT VE VRIS 2 2T, Mo e RIKT 5 X DICTRLTh5,

Figure 3.8: Photo of knee joint.
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3.5 MHEZROES:

SREBD LR % Figure 3.9127RY . 257 0] D IARGIRI 397 b kA i o L
TARPFRECH L L E 2L T 5,

Yaw

Body pitch angle

Pitch

/ \ Roll

Body|noll angle

\ 4

Figure 3.9: Definition of coordination for Tetsuro.
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F48  $KEBDSplit-Belt Treadmill#=1T

4.1 Tied-belt treadmillZ1TEE

Ko iF2oeFEAN e Ry b TEEEB) ZFIFEL, tied-beltRIFICBIT S MLy RIV
FizBWTHNEL T CEETPD&IME - FI R 220l 247 5 BilA= K - stepping reflex 26 %%
KDY Iy M A 7 NVEMKT 5FE2IEEL . SEBDOBMEH] 223510 2 ol -2
WA Y VF U T 1137220, DRI TR 5 REGRER KL T 27201 2 offfie
FT B,

4.1.1 PD#IH

BBEENCB T 5 v HINELI T oA D & 5 {4 PDEH 2 W TEIR S h 5.

Tt = 00— 070) — K01 — 67%) (4.1

TP 0P, 0P, hovy i), WESh WAL, BEREAEch S, SR, A
BrhZEhj e {h k,a}, phec{sw sty&RT. h, k, aIZhZhIE, & EyHBEiizR
U, sw, sUIMEIHA, S &R 9 (Figure 4.1310). 07, 0713 HIE & iz AN WU,
HESMHECH L, k2 kN EZRZIP, DDOT 14— RNy 274 v CH D, KRS
BN, éﬁZ%O[rad/s], kﬁZ%0.0S[Nm-s/radNC%ELf:.

4.1.2 Split-belt treadmill

AFECHAENS b Ly RINWFEF220O)L N 22 TBY, Zh51IDC £ —
Z1C & o TS S b (Figure 4.2800). & o THIV MBS 2 MnIcHliflig 5 2 e vt
5. )V NHEIE0[m /)25 0.6[m/s] F T0.005[m/s] Z LIS TFE# CHAIT 52 LW TE 5,
MLy RINVOMEHILIEL.0(m/s2 TH 5.

LIS R B 2 oSNNI 7 U — 20T, Z 2 TIEPDHIGIZ VTR,
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Forward

-€

SW

Op.c |

Swing leg
Stance leg
Oy.
st
ea-c

sw: swing, st: stance
h: hip, k: knee, a:ankle
c: current

Figure 4.1: Coordinate system in the single leg stance period.

Figure 4.2: Split-Belt treadmill equipped with force sensors.
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4.1.3 HESERN & FEBEER
HEE R

R R, M Tl NS TRIE S T B (Figure 4.121). ABEAIICBNT
R % Ollin A 1 23 10 DIETH 5. RIFFECB T, VHERLRED SRS B D
3A T v 7% T% “transitional walking”, ZDEDIAT v TSI T £ TE “steady
walking” &MY 5. split-belt treadmilFATICBNT Y ZONMFIE T 5. 12Ty FiF T
75 L STz DREBIINT 65 hd. O & Dld“stance-swing state”, ® 9 O & Dl “landing-
exchange state” & A7z, FREBICBT HMIE TN TN EATTHL., Z2h kD, 1
ATy TOFTRIINET, + ATTH 5.

BN frFCEDEhE

Figure 4.30 & 9 2220 R VAR FE 7V, transitional walkinglZ B 2 S0 #hiE
BERT L7720« TRTDAT v FCBT WO FHA & 2 RET 5 -0icffibh s
link1 @ Ll kB OB RASER L T2 e EL 2. LENE M v 2 B aofr
I N 20350 & A2 AR S B 72 @ OHEN A FE A & RS, D ToATtRkah5.

L = migho (4.2)
¢(0) = —¢(Tp) (4.3)
$(0) = ¢(To) (4.4)

= 2Lkl OEAiSEDL Y OEMEE— XN, midY U Z10HE, Ilinkl 0k &,
GFEINEELTH 5. steady walkinglTBITH1AT v TH(0 <t < TH)HIKBWT, Zhb
3DDOANZ W T HIEIII TR THRE NS,

B(t) = (1 + e o)™ — (1 4 o), a=+/migli /1 (4.5)

FEMCBO T EEBEME I MV Y 2 TEX BRI BE X, SN2 0% % 15728
MOE R LR VIR TN REEN 2175 2 & TFF a2 INMTAF I 7 2R L 81T
2179,

ZFigure 3.3 2 HIZIK & 0 KREKTIIHEISN U S0 AR AAREIEL Tnd e EX 6150, 22
TIEHL ETCHPET NV & L CHdHEZ T 5 /.
3Z 2T L, MM & foot DFTZRIC BT RN AMRE S N S IEHME R 2 EL T 5.
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Forward
-

Figure 4.3: Inverted pendulum as a simplified model of Tetsuro. Although the sole of the
stance leg rotates with respect to the ground in Tetsuro (Figure 3.3), we ignore such effect
in this model.

Stance-swing State

stance-swing statelC BV TIE, HIHSAHIC B 2R SN TS, stance-swing
stateD A A — T & LA HEBUEZ 2 1 Z 1L Figure 4.4 £ Table 4. 117k 7. BB W
T, R0 BEMAERA5) EAWGRESNS, BEMIFFa V¥4 FI7 2%
FIAT 2720127V =127 5, LEBEEoHEME, 2V 75 A 2MMRT 50D
FH LT 2T KO ES NS, ZHHcB T, IR o BEMEN(4.5) % fnT
EEN5L, BENETY 7 Fax—F LIEROIIC K> Ty 7 &b (Figure 3.85 ).
S Ao B Y, transitional walkinglC BWTiEaN(4.5)% AV, steady walkinglc B
WTE—ETHD. Zh & Vsteady walkinglTBWT, TR N R « &0 B0
Vo OfIRT &b, Stance-swing state DJARNIX0 < t < T, TH B, t > Ty & ehld
{KH Landing-exchange state NI 5.
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Forward
-

Swing leg
Stance leg

O ©

Figure 4.4: The knee joint is free to utilize natural dynamics in the swing leg. The stance
leg becomes a single link inverted pendulum with virtually passive spring-dumper in the
stance leg of steady walking.

Table 4.1: Desired trajectory of each joint in the stance-swing state.

Desired angles Desired trajectories [rad]
Oha (1)
g3 no control (free)
65w 0.2 (toe raise)
65t —¢(Ty)  (moving the body forward)
3, —0.07  (lock)
oot ¢(t) (in transitional walking)
- 0 (in steady walking)

Landing-exchange State

Landing-exchange statelZHBWT, k0 L /23l , mHsEHHic By il e
AN 0 £ 2 6 B (Figure 4.55 ). Landing-exchange statelZ 31 % % Bl B
WUH % Table 4.210R Y, HIANEMLL Z 0@k Z A~ L - 20ic, oA ~D
Hl &A%, R ENC B TEHN S T2 (Figure 4.53 /). transitional walking® &1 B
THRZ IR U 2 & 2469 572012, TREV fifF) S gl ch 2o h b,
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ZORLY EfFIC BT WY, ATHRRICK VA SNz, WO RBEENIREEIIC T v Z
&N 5. Landing-exchange state DJHRIET, <t < Ty + ATTH L. t > AT L2 iFHI¥
Yy h&EN, Stance-swing statellR 5.

Forward
-

0 A — ®

O © Swing leg > Stance leg

® 0, ® ©
S—

(b) (a)

Figure 4.5: When the swing leg touches the ground (a), the double legs stance period
appears. Here, we still call the forward leg as “swing leg” and the backward leg as “stance

leg.” The knee joints of swing and stance legs are mechanically locked. In addition, the
desired trajectory as kick motion is given to the ankle joint of the stance leg (b) to help

the body move forward only in the transitional walking.

Table 4.2: Desired trajectory of each joint in the landing-exchange state.

Angle at a joint in the phase Desired trajectories [rad]
g —¢(t) (backward)
03" —0.07  (lock)
oo { ¢(t) (in transitional walking)
a' 0 (in steady walking)
O —¢(To)
03, —0.07  (lock)
oot { o(Ty) cos(mt/2Ty)  (kick motion in transitional walking)
0 (in steady walking)
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FHEIS NIZIEE) & REENDHE

A & 7= ) & KRESTEE O NI % Figure 4.617K 9. X« 13RI, Al « F1(Table 4.1,
Table 4. 2B ) TRz & I b v T H T UIEADR R & U TERRBo ) 2 5l L Tu
5. L2 LSRR KERTENE, 2> ba—5 « A= - Hifi e oM AEA MR L L
ThEKENS., T Zsplit-belt treadmill B TR EBWT, HOT 2 —7 14 IV b o
WIS TEALT 5. A CGFFIHITC & 2 2 & 2 20 13l > L 0 il s h
b, 2k, PRSI (SLSP) 22 0 2 H S (DLSP) 2 o il s v . 2.1
flicik 7z & 512, MRl C 2B 5.

Land on Lift off
Lift off Land on
Y \ y \
Real DLSP SLSP DLSP

motion

Planned B stance-swing state N landing-exchange state
motion ¢ Ty AT

0 Ty 0

Figure 4.6: Overview of planned motion and real motion. SLSP and DLSP mean the single
leg and double legs stance period, respectively. The timings of landing on and lifting off
ground depend on the relation between the real motion of Tetsuro and ground. In this
figure, the SLSP starts a little delayed from the start of the stance-swing state, and ends
much delayed from the end of the stance-swing state. The time ¢ in Table 4.1 and Table 4.2
is reset to zero at t = Ty + AT, and stance and swing legs are exchanged.

Tied-belt treadmillZFTDERERER

LREDRGE R PDHIH & ka1 2 25 BRIV, kIR tied-belt treadmillA* 1T % FEBL
L7z, )V NolEId A& ©120.15[m/s]& L7z, Ty = 0.32, AT = T I¥E L7z, #1T
FERT B BB FIIIRAEZ Vg Ik & Lz, TReld, MLy RIS ho b e H
ENRICHAT 2 BHlA S 2 4:4TBRE b U 7% 33T 7= (T8 BB IR).

Figure 4. 7-AD L D72 AT 49 ZHHD, VA by Afakryoli/jick B SNk
Mtk e v 75 % ZREIC AN, st Shi=H et BRI o Tiih 5. Figure 4.8124%
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Hibga & WE S g - IRBETAD 2R d. 2ok, &7y TOHHORE - 1§
BRlis KA A2 N2 0.2[rad], 0.6[rad]FEREIC72 > THY, AT |- 230 & 9124
W21 R 21T 5 72 2 D3 5. foot DIEf % Figure 4.7-BISR Y. ADMHFEHITO L 9
I T & TR L TORIL TR 21 EEIR T e 0. REROBATRIN, sy
WM, Ta—T71 i, ThZhB L2135, 0.18[s], 0.72TH 7. tied-belt treadmill
AT ORF % Figure 4. 0RY. KHHORREENAY, ADHEFHAITO L 2 IS Ty
ZeMEen5,

A

A
. 0 03 Distance [m] ‘
250 o o S

Figure 4.7: Experimental results of robot tied-belt treadmill walking with the belt
speed: 0.15 m/s. The stick diagram (A), and motion of a foot (B) in landing (a), stance
(b)~(e) and liftoff (f) are shown. The distance was calculated using measured joint angles
and the body pitch angle. Of course, Tetsuro moved forward or backward a little on the
treadmill, and belts moved to backward.
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Figure 4.8: Experimental result of tied-belt treadmill walking with the belt speed : 0.20
m/s using PD control and trajectories described in Section 4.1.1 and 4.1.3.
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Figure 4.9: Snapshots on tied-belt treadmill walking with the belt speed: 0.15 m/s.
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4.1.4 AEREEZBOREDE S Dstepping reflex

ANELICHT U THW B2 7R Tinterlimb=2 > b —)L & LT, K« 1FFigure 4.10 1T~ &
2 7stepping reflex%# TR L 7. 2\(4.6)l%, stance-swing state(Table 4.1Z8)IC BT 5 il
FEBIER O HERIEICH S Tl 5.

Orty = o(1) + ko x (6L, = 63L) (4.6)

To)FPTIRFET NV & AV TERL ZHIERN(4.5)B)TH Y, k., lstepping
reflex® 74 > TH 5.

Z O E VS Z ik, aRy MEIROM RO ZA)E U T o
M FIT 22 N TEDL, FBHAENRORAT v 7B 5o g R
2HOT, aRy MIFESERML 72O B i N2 E S JiRE T 5 2 e N TE 5,
Z N Zstepping reflexid, ZMPZ & U 72 ZBGIMIC & 0 v &0 2 SR UL 14 B i
V7 FENC R T 2V BB RS LTI, 2 o UL, %526 F i
R EoMELTHTL TRy N ORTEEER L RO Z L 2 0[HEICT 5

= e TN, BRI Ry &AW TH® Tstepping reflexic & 5 ZEA LA,
B&LY, LiE%Stepping Reflex” 4 >~ OFEHIF %27~ L 7z[Miura:1984]. AL FTERCH
\J Bk, DAFLF0.33TH - 72h¥, Z OEIFFHITHRIESI Nz, Raibert Dneutral pointillfHl
P, 20 & RN &k B T oK e LTh{mbBNTW5, £, AD
ZEHIENIC BT Y 2D &5 I EE TH 5 & @i & T b [Rogers:2003].

K e 1E, HEL%E A Tstepping reflex DRNIR & il 4 5 K& 175 72, KH2 5 1.4[m|D
ObEIES L ZDMHIC0.Tkg] 0B Y 0 2 IRTFEMAEL 2. MELE LT, $EBOIEH
FIVIE LS BY B ANEE & 30[deg M 72 & 2 ATEH Y 2 UMK Y > 7 1Rk e &
7z, Figure 4. 1NCHERE R ZRT. Figure 4.11-(A) & 0, FHASFHHM TH 128k
FRASHIFICHIE /=2 &, stepping reflex %R & U Cleflo i & BRI B oML T
THI OIEHfA FEEI L 72 2 & DWER T E 5. $kIRIE 2 @ & 9 AELICH#IE L A g%
LT RO,

CRMYIR 7 A > (230 27N ET B &, BREBIEAELICT L TR i 5.
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Forward

Figure 4.10: Stepping reflex. The robot changes the touchdown angle of the swing leg

according to the ankle joint angular velocity of the stance leg.
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Figure 4.11: Experimental result in tied-belt treadmill walking with the belt speed: 0.20

m/s to see the effectiveness of a stepping reflex against disturbance.
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4.2 Split-belt treadmillF1TEER

$REBZ O 72 KER D R E I E A D TR (Figure 2.1) & [EffICL 72, MLy RV
WEREOE— R7(0.15[m/s]) 2“0 E— R7(0.30[m/s]) & L7z, /AT — Y DJfiffid15[s] &
L 7.

4.2.1 HFBRBEICDROHOPH 1 VFEN

Split-belt treadmillZ{TIC BV 5 EH | Z2intralimb2 > b — )b & LT, SZHHHIERffIC
BWTIPHF A v ofifliz4r > Hlfill 2 RE L 725 PF A VNS HHIICHE SN L DT,
ZNTNDHD AT v TREMTTRA, LLITOAN(4.7)% SHHHZICHEA T 5. Figure 4.12
£V, s AFHEIRIC B B EHOIEEAANT A TH D, nATy THELTORAT v
T OXFHHMIC BT 2EEEoPS 1 i, PLT O\ % vy Tadaptation & post-adaptation
AT — VITBW Tstep-by-stepll BEH S 5.,

Fintpln] = kag X (Yogr — Yopsln — 1)) + Kyl [n — 1] (4.7)

Z 2 TholdPT A VI ZAT D 1200 DA 2, if,ppidbaseline 2T — VITBT o), D]
fH, kg [n]idn A7y 7 HOZEMIANC BT 2 [KEHEP S A > CH D, oy L 12T v THIO
Vor BHITRAT v T OP T A >~ DfEZ EH§ 50T, Z otz 1 —F
TAU— ROBEFEPZEND.

P A VAR » b Dsplit-belt treadmill?x11% 0] GEIC L 72HEHH % Figure 4.13137R9.
Frli o)y NS ANH < 72 B adaptation 2T — VIZBWT, )b M &V fast leghSSZHH
HTEANGSTROEND DT, |17 WKE 725 (Figure 4.13-(a) BI). % L TR Dfast
legDSAFHIAIIC BT, N(4.7)DPF A I & U fast legDIRBIFTIDMIFEAME L, fast
legld & V&R ANH S AR S5 (Figure 4.13-(b)BIH). 2N &V, fast legd I i B ML
MEYHL 725 DT, \(4.6)Dstepping reflex & O FHHEHIH LK E 2 b, Z OHE,
7 — )V REEERIC B IRV EANTIE—E ISRz, TRy Midsplit-belt treadmill -
THATE T B 2 L TE D,

5ZPX A ViR A U B 2 KT E b TR,
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Figure 4.13: P-gain adjustment for split-belt treadmill walking.
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4.2.2 EEETTI

RO IEREREIC4. 2. I CIHRAT=P 7 A Vi Z A, $kEB% split-belt treadmill I THx
TSR, BATOMT % Figure 4.20107K7. Figure 4.20-(A) & 0, KA il (fast leg)
Madaptation A7 — VBV TFigure 4.9& AR T)V ML D EANG S IRkHENTNS Z
LN 5. PhEBlEbaseline A T — VBN, Zat BT 5. 72, )V b odgEAbic
Lot ¥ 4 I vV oZALEMET 5 2 & T HEHNICbaseline 2 T — ¥ b adaptation A
T=IUNOYO DY Zilahl, A4 TRSNLGPS A Vfifilie A% —N&¥ 5, PFA
> Wiffitd, post-adaptation 27— P WA [ & & Tadaptation A 7 — P& | F A il
5hb.

ARSTRRETI—TrHIEDOVT

[ E# Dsplit-belt treadmill B TRERICBOWTCEHAIEhZZA R SA REETFa—F 4 %
HEFigure 4 14RT. BRy MNEFEHETFV) TP SESNEZZA N T A RRE Fa—
7 4 WE Figure 4.151R T, 26Ty b, #1171 B TE ¢« HHIL
IR CH B, O Ry NEENCBT 5T — # (Figure 4.15)1, A T4 RE&MBT0 flE
FTORENCBIT BT —Z TPV M & X F — 2 &IRL =,

27V TREGHSZFHEREOZECDNT

[t E# Dsplit-belt treadmill B TREMCB WIS Wi 25 v TR e WS FHIR e o
#% WY Figure 4161787, By h(EZEET VTP SWEShIRT v TR LMW
SR LD 7% 2 Figure 4. 1711 Y. Ry MRERICE T 67 — ¥ (Figure 4.17)1F, X
T v TROELZROTHFEORMICBY 557 — 2Tl N — v 2R L 7.

Split-belt treadmill A1 TIZ 3B S MDY, pp & k! Z Figure 4.1817R°F. SCHFHATIC B
Lfast legDIEBENP A > kit A%, adaptation A7 —PIZBV TR AN L DRI L
T2 2N 5. ZTORBICT L iztast legDkyt &, A7 v TR & MBS FIR LD
FATB W T Figure 4.17I0R T & 9 % post-adaptation 2 7 — ¥ DD ITHE & 2 RHIE 2 | &
HCZ L7z, adaptation 27 — VI B Bfast legD IR H EZHLE & KA % Figure 4.191C
RY. PZA VAT & U physiclC KHFHIA L D IRAICH | s HRHENTWE Z e A o hb.,

ALERY MIBUAANS A REE ATy TEEOEOE VT, NEHSEEOHEOENCEEZ DT
Hb.
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Zh &V ERER(BEEFETIV) & A(BEE )1, split-belt treadmill Lo Z v & OFFEEICH
WT & APZALN S — IR L T2,
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Figure 4.14: The stride length (A) and
the duty ratio (B) in normal subject
split-belt treadmill walking are shown,
where speed of belts were 0.5 m/s at both
left and right belts in the baseline stage,
0.5 m/s at the left belt and 1.0 m/s at the
right belt in the adaptation stage, and
0.5 m/s at both left and right belts in the
post-adaptation stage. Speed of the fast
belt is also shown (modified from Morton
et al. 2006 [Morton:2006]).
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Figure 4.15: The stride length:(A) and
the duty ratio:(B) in split-belt tread-
mill walking of normal subject model
are shown, where speed of belts were
0.15 m/s at both right and left belts
in the baseline stage, 0.15 m/s at the
right belt and 0.30 m/s at the left belt
in the adaptation stage, and 0.15 m/s
at both right and left belts in the post-
adaptation stage. Speed of the fast belt
is also shown.
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Figure 4.16: The step length difference
(A) and RDLSP (ratio of the double
legs stance period) difference (B) in nor-
mal subject split-belt treadmill walking
are shown. The time course of belts
speed is described in the caption of Fig-
ure 2.3 (modified from Morton et al.

2006 [Morton:2006]).
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Figure 4.17: The step length difference
(A) and RDLSP (ratio of the double
legs stance period) difference (B) in split-
belt treadmill walking of normal subject
model are shown. The time course of
belts speed is described in the caption of

Figure 4.15.
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Figure 4.18: The ¢),s7:(A) and the hip joint p-gain in the stance phase k;*,:(B) of both fast
and slow legs in split-belt treadmill walking of normal subject model are shown. The time
course of belts speed is described in the caption of Figure 4.15.

68



Measured — Desired ----
\

<€--- Adaptation stage --->

Left hip angle [rad]

S
X

S
=

[
=)

Figure 4.19: The measured and desired hip joint angle of the fast leg in the adaptation
stage of split-belt configuration.
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Figure 4.20: Snapshots on Tetsuro (normal subject model) split-belt treadmill walking in
the adaptation stage.
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4.2.3 MNYEEBEEETIL

Py A Rl ORIR %2 i L D Dsplit-belt treadmill 1B B/ B EE €570 % 4
AT H7=DIC, PF A V% I BETP DK - RN 28 % 17 5 Bl - stepping
reflex?® 7% IV TERER % split-belt treadmill L CHAT I 72, PZ A iffifiZe L oSkER(IN
e e EE T E )V ) 1 dsplit-belt treadmill3 7% FHBLL 7223, SATBINHERITIP S A > HififidH
0 OYEBIEFFHET V)LV BT L. AT, U—)V KEERIC BT B RO E A
AIRIC K VENS kDT 5Tz,

ARSATREETI—FTrHICDUVT

/INIbeE B AR SE Dsplit-belt treadmill BT RKERICB W TEIHI SN EA NI A FRET 2 —

7 4 W& Figure 421119, Ry b (MskEEE T V) RERP SHEShIZ A ST A
RR& T a—7 1 HWEFigure 4221017, BRy NEERTHBT 57 — ¥ (Figure 4.22)1%, /)
BB FH O RENC BT 55 — F LW/ E — V&R L T,

27V TREBSZFREOZECDNT

/INIbeE R Dsplit-belt treadmill B TRERICBWTEHII S Wz A7 v TR & IS

WIS e % % Figure 4.2417R7. ®Ry MIERICBY 55 — # (Figure 4.24)1%, /)N
BB EH O FTENMC BT 55 — Z LW E — %Ik L7z, FHS, adaptation AT — Y N D
B 4 WICDAEICER 6 23 F — » Rpost-adaptation AT — ¥V DERDITHL E HIZIETENS, TRy
N UNSEREBEZHEFT V) KETBOTO AShRnZ e300 5 /-,

Zh &V ERIBUMR R EEF T T IV) & N(MRREEF)IL, split-belt treadmill L 2
5 DB T & U7 ZALN T — > ZIRL T2,
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Figure 4.21: The stride length (A) and
the duty ratio (B) in cerebellar disease
subject split-belt treadmill walking are
shown. The time course of belts speed
is described in the caption of Figure 2.3
(modified from Morton et al. 2006

[Morton:2006).
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Figure 4.23: The step length difference
(A) and RDLSP difference (B) in cere-
bellar disease subject split-belt treadmill
walking are shown. The time course of
belts speed is described in the caption of
Figure 2.3 (modified from Morton et al.
2006[Morton:2006]).
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course of belts speed is described in the
caption of Figure 4.15.
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5.1 BRBOFHEIC K BHIEFENDIKEE

SRERESHHONE - B b v 2 HNcEH T 5. Figure 5.11Ctied-beltRAFIC BT 5 /)
SN MNI N =2 %RT, MR LD, ZhbotiJ VI o FPERETENThB L7
2.0[Nm|, 0.5[Nm|&7->Twab, EHEAivVZIE, FFaIVFA4FI 7 2L (N
(4.5)) & stepping reflex(zN(4.6)IC LV SN bV TH L, 1.21f1 k0, KL EBEH K
N7 HINFECOPT b BZMPEIREL T o, 7 - KEE V2L, ThZhU Iy b
YA I NV EREKT 2 F R ZMPREIGIHFRC LV B ishlczx v ¥ e H52 5. &o
TZOTRNVFEINT, $kHED 2 & ZFI ol HTFEANORIR E L TCORIFILZRT &
ET 5. KEHR LY, $kEBIZ4 10 G TR ZhoRHFRIKFEL T, FFa
FNEFAF I A% LR UMERN AT 2 RBLL T 5 8kEB[Otoda:2008I2 & - T, Z®
WU TH 5. ZMPREEHIEFEICNER S 5 ASIMO - HRP21F, $AEBIC A
el RE R E Bl 2o, W Te pE e R B2 T 2 2 0IlE, KERT I Fa
T— & LIREEPPVE L 2 ) L EEOHENKE 25, LETROHENKE 25 L
OEME— AV MK EL R BDTC, BEMiO77Fax—% - BEILOKEL 0D, B
W7 7 Fax—% - BHIENKEL 2D &, EERORMEEEERI K E < 72 0 BRI 22 )
HEN D7z Dstepping reflex’2 EDV I v YA Z NV EKRT 2 FHELZ VIV, koT
ASIMO * HRP-21FZMPRFIGI I TEANDRIFEA L 72T g TRy b
Biper[Miura:1984]%*Raibert® 7 v £ > 7 HRw b [Raibert:1986]% &, & & MMV
Ry MWz TR EBEET M vy B2 & 2 ZMPOWES AR B2 DT, VI vy by
L7 NVEWKRT 2 FEoRANDIKIFE RS, kD, LEBEEINS L0ED, 77F =
T—FHRX 7 7 & ORMEEEES, WHOHEME— X > b & ORI 2528, 2 8 2ff
HOHHFENOUKFEZRD L L HEZ 5.

TASIMOIFZMP I 724 T2 <, stepping reflex & Fefh e A E G 247> T b,
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Figure 5.1: Torque pattern of Tetsuro in tied-belt treadmill walking with the belt
speed: 0.20 m/s.
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5.2 FHBRBOETIV

Bastian & [Reisman:2005, Morton:2006]V%, & - It - /M - SRR 2 & A 72 e
WA F SERTEHHICOBH 24 o T D EIRBL TS, LALENSMSIE, Yo
MEREN & D & ) BRI OFET A B = X2 LV & OBFIEFFEICEHA L T2 23
IKHIBE N TR e E KLz, 22 TIKeld, split-belt treadmill o “JHHATICH9 5§
fiA N =X LEREL, @EEC/IMYEEETOSFBEET NV EMEKL, 200t 1T
Ry hEAOTHKL ZET VOIEYEEZMEEL 72, 2Ry FREICBT 557 -7 25A
DRERTBI 55 — ZIILST = ZIRL 2D T, e DRIKL 72T VBN HIHATIC
B EAOMURBEICH 5FEELMT DD TIER WP EZ 5.

2.4 fifiCHR7z & 91T Bastian & [Reisman:2005, Morton:2006]1%, LT & 5 2 fifikErs
M3 ADsplit-belt treadmill BATICBWTHFEET 5 LIREL T 5.

(a) BERIHEIC B BT ¢ — K5y 2 WERH(A N5 4 KRS a5 ¢ HE
AAfi9 % intralimb coordinationtZ M ).

(b) /MMICBT 2 THEZ 4 — K7 4 7 — FRORE (2 7 v TR WS U Lo 2%
% M9 % interlimb coordinationtC M ).

ZHITHT L TR ¢ DIER L 72 £ T NVICB T 0K (Figure 2.8BH0)1E, Z @ & 5 =il
R BZR YL o k2 ICER S h 5.

o] 72— ¢ ik BB U RITBIEIHC X ) LIRS h 22,

[b] stepping reflexidinterlimb= > N — )L THBIT UMD ST, intralimb index( A b
T4 FR) 2l s 5 (MR B0 20 7 1 — KNy 7 ICRERS A Y ).

[c] P74 VifiZintralimb=2 > R — )V THHITH D ST, stepping reflex (interlimb
ay ha—)) HBRGD SV interlimb indeves( AT v 7 & WS L )
Y 2 (MBI BT BT 7 4 — R 7 4 7 — REICREES A M),

A&rRy b OREBOMTHES WEO R e N Y — v oM, T e oG
CIERLEETIUNIESNTHLZ L 2IZODMNL TWD, Feld, AFHIERENCBT S

IO PEP (post exterior position)iC & O HIAHAYY £ v b S5 CPG[A0i:2005]| 2 KL ThiL, Ta—
7 1 Hi¥Bastian & AT 2 & 5 1B s 0D,

SPY A vilfifflildbaseline AT — DICBWTH I SN oy, p 2 LT D0 790D FKTIEHAER
[Giese:2007] TH 5 L2 5.
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P A > 3split-belt treadmillFATIC B 312 47T 2 B WEDHIHZ X — 5 TH
HZ %Rz, LPL42 TR L DI, e DBKL BT NVITBWTPYT A &~
Fififiidstepping reflex A EFH & > THD THEET 2 DT, X(4.7) Dk, 23N (4.6) Dk, 1S
B L CHRESND DI, FHITREZ e THDL. 72K o 3By & KIS
& BT L D E split-belt RIS E TN EFEIR L 7273, KifseL 138257 Ta—
F TP AETEFRRET IV E AVIHTY I 2 L — 3 V)split-belt XA X Y
DT IMAFEL DB L HR 5.

77



5.3 I XJLFZHEROHH

AR, 7 - B raRy b, HR EEHINKCE T 5 T 2V XL O I % Figure 5.2
IR, RESCTIE, Specific energetic cost of transport(Ce;) & Specific mechanical cost of
transport(Ciy ) & VT )V T4 %2 3l L 72[Collins:2005-1, Collins:2005-2]. Figure 5.2
OREIME(C) TH D, Co CrlF L TR TRE S,

= 1
Oet mgs (5 )
P
Cop = — (5.2)
mgs

Z 2 Cmkg|l 3RO R, gFHESIMAE, sm]IEFENEERE, PIW] ISHBMFEETH
5. PATRHBITRRNCBI 2B TRV ETH L. P ATRBITRRNIC B B EERIN = 2 v
FHELTH L. PP IILITORNTERE S,

Twt 7 _
g:/ SR + (]t (5.3)
0 =1
Twi n .
0 =1

BEGEXET L 77 F a2 T — & OMBIIFE MR 2 X J T 5 72D12C, 2 C,y ZHVVz, 22T
RZ7 7 F ax—4 0l ki, LIE7 7 Faz—2ICiNbER, 77 Fax—4
BB MV 1T, 0437 7 F aT—2INT A Hfiof i, Wiy Faz—F o
BR, T IRBITRCH S, 22 CIERLZD TORTHEHB L 2.
_ i

- MV ZIER x KR

B L 728kBRDC,, & Oy & Table 5. 11RT. ZHUC kY, Bililfko ks s, FBEREEICHE
BB F RO TE 5, HIL LI AOSITOIBIRICLUIRNIE L, A%
THOWEHIHTEOZ R NVTFMERDO L ENIDNZ L. 2 EBIREOSIBIERE v o
T, SBEMREATT 72 ECZ RV FAROFH 21T, ADHATE ¥ ORLEND 5 D>
WRTHTETHD. £2oMED, HaRy MIZ XV EPROLTARHEHICH >
TN5Z 25, o T 5 Gravity walker2¥® 528, Zihid1.2.2 fiTHAL &
I FaT =2 L TCHETHHTHRCH L. wThicL Ty, LK<AnshdaRy
NEBFT 5 DI T RNV TR OBV EA] K TH 5.

I; (5.5)
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Table 5.1: Specific const of transport and Specific mechanical cost of transport for selected
land vehicles.

Mobile objects Cu Crut

Human walking 0.2 0.05

ASIMO 3.2 1.6
Tetsuro(tied-belt, split-belt) | 0.85,0.82 | 0.10,0.11

100
= | | | |
- ; ; ; ;
13} B | OSUHexapod| | |
O 10 b— --— - X__ N
g = | | Hydraulic Qyadruped |
% . PV 11 | ° A§IMO (Ralbeft) |
g | Big Muskic @ | | ® GE Quadniped |
5 . , @ ASV .
=~ = O e
© - —l-/
% - . Tetsuro | | l 1950 Cars
o B | | bn Running
B 4
2 01 b —— o __Q:E-Boag_ b cars 7
%’0 T E ! Vehicles | //
= - | |~
O - o
q — . \)\Q/
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2 - | | [ |
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Figure 5.2: Specific const of transport for selected land vehicles (modified from Gregorio
et al. 1997[Gregorio:1997)).
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P +=A
550 /PO oA

ADsplit-belt treadmill 1712 B 2 B H WL & 1T 5 72 ® Ol € 7 )V (Figure 2.8 1)
REAFREL 7220000 e Ry b TEEER) 2V TIREL 7. Jkikithz /g < et L & Bl
OXTRNCBT HEEEE/ NS L, SHMTEONY 7 RSIANEY T 1 25852 & -
R E DY OHOEMEE— X bE/NSLTEHZE - I, S KEBEEIRfoot I M5
MEEHR LIV TIA T VAR cE5 2 & - KRB 280 v 7 72 & o¥FER 72
TREIT> 7. CPCGOHHMALET IV & LTV X I W)Vl & FA S & LA - &
B B ERMAMIR I o B LT L & LT ol B 2PDHI - Al & L
THIMEHE & BBADEALD 72 DI BV D stepping reflex?® 5K B WEKD Y I v b
A 7 NVEBKT SHHFEEZRE L. ZoERMY I v M A 7 V&K 2 Gl Tk
WCHHMEE R, SR KV KERIE T F 2 TV F A F I 7 Z &R L 28RN 21T 28] E
Llpolz. B—H BT A NFRIFEEBC DR OSNEY, $AABITtied-belt treadmill 41T %
Wi d 5 2 LATE S, Specific energetic cost of transport(C,;) & Specific mechanical cost
of transport(C,,;) & VT ROV TR Z ERINFHI L, AL THWHHFZo =
FIVEERD LS EIRL Tz, E£7z, stepping reflexic & 0 $kARBIXIR A D 649 & 5 ZeshgLic

WO LFIERE TR RO e N TED, U Iy M A 7 Vo EFRIYIMEICKFE T
AAFIERIN TRV — T 22 L D MELICHEICARECTH B Z & TH S, TRz Y Iy
N A 2 VOB ST 5 &, RIFFECIIATIR TR -2 CHEEZAERL T2 —5 1
0. TR CoBAT R KBIL T b, ZHIHIIMEIC S 5 BT L T s 2 & (FIE
L TCoRERMEaRy MV HIEHEL Tna 2 &) - WS B CRroRE L
Zato T2 Z e 2EHRL TBY, SERI IR FICE 2 A L 2817 Tidan
(e IR FIEENE T 2 — 7 4 eA%0.5). 7272, RIS TIEENIER S h Tl 0 2
Dstepping reflexiC & U AELICTHEIEA]BEL 72 > TWA DT, ZORTIXY Iy M A7)V D
EFRICH o Tnb eHEX 6N 5.

ZDWRDY Iy MYA I )V EFEKT SHHHTE & H 71T L 72N & 2 )00 ik
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LEF N & LT ORI BT 2P7 A i 2 #latbE, split-belt treadmill Fo
BT RBIL . ZOIERL P A Vil - ASEIOE T ITHTRMED S 5. HE IR
ANTA RRTa—T 1l A7y TROZE - MR #1c B0 5 (lEHET IV L
/NI B -?“Jv)%%ﬁ%“ — % & Bastian 51 & - TE & izl i & /N BB o Kk

— IR XF =B TEWHMMY?SH 5 2 & 2R LT, EdEHETIVE /NN
PRIBEH £ TV Dinterlimb indexesiZ B 2 KERFR LV, HFHIEEENCB T P71~
Misplit-belt treadmill HFTIC BT 32 T 2 HFELOFIHNAS A —-FTHLZ L &
KL, PFA NS & AR IFEMCA U, Fie LT, K e ld AdDsplit-belt
treadmillBATIC BT SHFBEET NV EIEEL, MoKy M EHWTIK ¢ DG L F2F
L I FEE TV (Figure 2.8 ) DIEMMEZMGEEL 72, RIS, HRFFEOBURTIIAE2
RIS ETHRC & 2 (BUCrD) & 9 aRid, Boh T, 7272, RIFFES, SRR
TLCELEIRLDOEIMET220DIILODO—HTH D &, FvlZLA D, LBk
SCCHIAN U 728k EB D BT DBAZIE,  http:/ /robotics.mech.kit.ac.jp /research/Biped /photo-
movie-tetsurol-j.html ICBW TR I N TS,
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Ry M EHOTERE L 26 7V Ok 24T 2, 200584 IS kIR Fe A /510 FC
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YEEN DRI SRIED O E foot HITIE S Z M TERD 5. Thbs iy, a—
HNIZBNT bactivel B VIR HRIEE 2 2 TRLERH 2 D TIRRODEHER D, TD
eDIFa— Vi E DL VICT 7 F 2 T — 7 288K T 508 08H 5. RAIEE O /\NK S MY
ZOMHEEBEIT > TWEDT, MlZHA TWEE e HEZTWD, passivelc H —
WVIHEIZFEZ § 2 LT ENIT T RV TR OBLEN S FAITH L ARV, Z0729ITid
HoER, vy FEioZFlofNAR DR, HEHIL 28 Dfootd 7Y v 1% 1
% (footHSHifi 2 DInde & 5 A A — D)2 ¥ DL AT S LEHH 5 D TIF RN EZ T
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ANTA4 REEZLVDIFMHICEET A28, b=y a ATV 2 7% &% v Tsplit-belt
treadmillA TRF D IR DA E ZAL 2 5HAIT 5 WED D 5. TR 4 DARITEIETE 7 )V H3split-belt
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figg e UTRERCTHIWIZ NS X —=F1{l, STEBE NV HOFM, ¥4 FI 7200
TOANL DL, transitional walkingiZ B SHud ], $AEBD HHZICDWT O, F
F D)V MRS T35 IBMNKER, $KEBDREN, T—5 KT A No[H§gX, $kRRo Gl
ASE/ A NN S R

A. INSA—51E

Table 7.1: Values of the parameters used in experiments with Tetsuro. SSS and LES mean
the stance-swing state and landing-exchange state, respectively.

parameters ‘ value H parameters ‘ value ‘
I [kg-m?] 0.39 || k7' [Nm/rad] (in LES) | 18
ma[kg] 2.3 | k¢, [Nm/rad] (in LES) | 9.0
g[lm/s?] 9.8 || k' [Nm/rad] (in LES) | 2.0
[1[m] 0.41 || k;"[Nm/rad] (in LES) | 20
Tols] 0.32 || k% [Nm/rad] (in LES) | 9.0
k;o[Nm/rad] (in SSS) 26 || k;[Nm/rad] (in LES) | 3.0
k20 [Nm/rad] (in SSS) | 0.0 o 5] 0.35
kgv[Nm-s/rad] (in SSS) | 0.0 Koy [Nm/rad?] 3.9
kyw[Nm/rad] (in SSS) | 2.0 n 6
k;' [Nm/rad] (in SSS) 26 Tt [s] 50
k', [Nm/rad] (in SSS) | 9.0 Ay [rad] 0.16
k', [Nm/rad] (in SSS) | 3.0
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Figure 7.1: Trigger to walk.
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C. 514 F=EDILRILTHHBE

split-belt treadmill Nk D /1% > ¥ % W TEHAI L 7=tied-belt treadmilliEH A1 TIRF DERLE
DIRIX 1% Figure 7.215" T, ADFHIAAT D & 5 1247 DHHIO IR e M 0 Bz hdd
hiz. LaL, ZHiHoBEifizay 7 Lz - B Thbh Tz 2
FU, ZIEMRNES & RSN, BS[E:20051C kb e, BLYEIFR TRV AD
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= 0
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03 4 |
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Figure 7.2: The floor reaction force.
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D. Transitional walking|Z & (T S #IEEE]

1X7wv~H

12T v 7 H Ok & & #4343

A

Z N Z hsteady walking(327 v 7HLIR)ICH

o 2 RS 1R (4.3) & S YRR (4, >o>4:ﬁ <72 IS I L 7= (Figure 7.35 ).

Forward
D ——

=0
1) '/~ \O 0(0)=0
\ $(0)=0

Figure 7.3: First step. T} is the period of stance leg.

Ihe ot E AN TRT DTk DIk S.
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BEBDDIAT vy THO <t <T)HITBWT, b4 %2 THIEIFI T oA T
K,

o 2«
—t2, T1 - )
277 a(a + 2e=9T0 + 2)

—aTy

¢(t)15t -

aTp

(7.5)

a=e
Z Z CTpldsteady walkinglZ B4 T AHFHINR) T 5. X (7.5)1F, stance-swing
state - landing-exchange state(Table 4.1, Table 4.2ZK)ICHB T % HELIHE(#)ITH > T
bhsb.

— €

2X 7w FH

22Ty 7 HoFA R L YA EEE, 125 v 7 H o & o BRF5 & i W
WM 5 e Lz, 225 v 7 H oM )% & i&mfg B8, steady walkingll B 5 #&i
18 15 & A& £ TR 72 S E % GHE L 72 (Figure 7.42 ).

Forward

t="T,
0(0)=-0(T1)
O(0)=¢(T1)

t= T2 I/ - \\
WT=0To)y |
HT=0(Tp) S~ =4

Figure 7.4: Second step. T5 is the period of stance leg.
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Ihe o REtE AN TRT LTIk 5.
o(To)

o(0) =2 (76)
30 = 20 (x.1)
o(T2) = 9(Th) (75)
4(1) = (1) (7.9)

HEBD D227 v TH(0 <t < T)ITBWT, 264> 2z HudlZL FoA Tk
INnb.
2 B« 20

¢(t)2nd — @752 + 5?5 - 5, T2 - F 5 (710)

B = a(e + eT0 4 2)
\(7.10)1%, stance-swing state - landing-exchange state(Table 4.1, Table 4.2ZH{)IC B
% BEMIE(H)ICI - Tfibh 5.,
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V/

Forward x<—-T

-

M 0, (%,2)

sw: swing, st: stance
b: body, h: hip, k: knee, a:ankle
c: current

Figure 7.5: Flotage phase.
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Table 7.2: Condition of flotage phase.

Degree of freedom of system 3XT =21
Restraint condition (3-1) X6 = 12
Real degree of freedom 21-12 =9
Number of actuators 6
Condition of trajectory Z=—g,%=0 (free fall)

LY BESTE

HHSAFAC B 2 8k IREEZ Figure 7.617RT. Z MICBWT %0 HHE, ik
K, RUMOHWBYE, 77Faz—F%, PUEDOFM% Table 7.2117. 2 O THA
HIE 2 & DR 22T 5, Z 2 TCOZMPRIKLE, HIEEZMP % FHusSAME 2 2 I E <
ZrrT5,

Forward X(_T

sw: swing, st: stance
b: body, h: hip, k: knee, a:ankle
c: current

Figure 7.6: Single stance phase.

@M 51

WIS B 2 3kERDIRAER Figure 7.710R~ T, ZoMICBW TR0 A%, ik
XKME, NYOHHBE, 77 Fa—F2, WIADRM % Table 7.4137x7. 2 OMIEHIHAS
HIE 2 & DR 22T 5 DT, 32D THBEN TS0,
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Table 7.3: Condition of single stance phase.
Degree of freedom of system 3XT7T =21
Restraint condition (3-0) X3+ (3-1)X3 =15
Real degree of freedom 21-15=6
Number of actuators 6

Condition of trajectory

Stance leg is fixed with ground and ZMP restraint.

zZ
Forward T
- X<—
M 0, (x,2)

sw: swing, st: stance
b: body, h: hip, k: knee, a:ankle
c: current

Figure 7.7: Double stance phase.

Table 7.4: Condition of double stance phase.

Degree of freedom of system 3XT7T =21
Restraint condition (3-0) X6 = 18
Real degree of freedom 21-18 =3
Number of actuators 6
Condition of trajectory Both legs are fixed with ground.
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EMEERE L TH DO NS % T Bsplit-belt treadmillFfTH %1757z, bl vy
R IV OHEITGENE — R7(0.15 [m/s)) 24 L W IRWE— R7(0.075 [m/s]) & L7z, ZDil
INRER DIFRTEEE © ADKER (Figure 2.1) & [AIFKIC L7z, 527 — Y O JliRfId15]s] & L 7z,
FRRoTMEEDO Y &, 1ROV Iy A Z IV EFERT 2 F51C4.2. 18 Tk R7=Ps 4
vz mA, $kAB%split-belt treadmill FTHAT &' 7z, split-belt treadmill#{TIC B
LW Dopp & kit %2 Figure 7.817KF. 2 Z Tsplit-beltZRIF T O “ & Y FEE — K7 & G
E— R?DO)V MSHHET 5 ZNZ ol % “slow leg?, “fast leg” & L 7z, ZFFHAHIC B
% fast leg DIERIFITP 7 A >kt 23X(4.7)IC & Y adaptation 27— ¥ DD ITB VTR KK
1EL, ZDiEpost-adaptation WK [T 5 £ TR 4ICTLOEICR S Z e MA sz, PFA
> IAENEOV N PR o 3L AR T D split-belt treadmill AT % BJBEL 7z,
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Figure 7.8: Results of robot (normal subject model) experiment. The 1),¢¢:(A) and the hip
joint p-gain in the stance phase k:,f_tp:(B) of both fast and slow legs in split-belt treadmill
walking are shown. The time course of belts speed is described in the caption of Figure 4.15.
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Figure 7.9: Mechanical draft under knee I.
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Apr 14 2006 14:41 init.c Page 1

Apr 14 2006 14:41 init.c Page 2

/* Time-stamp: <04/10/03 18:12:21 yujioto> */
/* "init.c" feed.c Tincluded % +/
/x ABAL </

void initState(stateType *p)

void initGain(gainType *p, double k1, double k2)
{

p->kl = k1; p->k2 = k2;
}

void initJoint (enum legs leg, enum joints jnt,
int encDir, int encCH,
int motorDir, int digital_bn, int motorCH_plus, int motorCH_minus,
double k1, double k2)

jointType *p;
p = &s.leg[leg].joint[jnt];

initState (&p->present);
initState (&p->last);
initState (sp->desired);
initGain (&p->gain, k1, k2);

p->ad = 0; p->da = 0;

p->encodeDir = encDir; /* IV:'—VUJI‘E]E%W?XLE */
p->encodeCH = encCH; /* YA =R EN T AchannelF ¥ N — */

p->motorDir = motorDir; /* & — ¥ O[\ERGMZE */
p->digital_board_num = digital_bn;

p->motorCH_plus = motorCH_plus;

p->motorCH_minus = motorCH_minus;

} /* initJoint */

void initLeg(enum legs leg,
int encFDir, int encFCH, int encHDir, int encHCH)
{
legType *p;
p = &s.leg[leg];

p->cs[fore]l.ad = 0; p->cs[fore].encodeDir = encFDir; p->cs[fore].encodeCH = enc
FCH;

p->cs[hind].ad = 0; p->cs[hind].encodeDir = encHDir; p->cs[hind].encodeCH = enc
HCH;

p->phase = stance;

}

void initData(void)
{

enum legs leg; enum joints jnt; int it;

for (it=0; it<=MaxTime; it++) {
for (leg=left; leg<=right; leg++) {
for (jnt=hip; jnt<=yaw; jnt++) {

s.data[it].px[leg] [jnt] = 0.0; s.data[it].dx[leg] [jnt] = 0.0;
s.data[it].pv[leg] [jnt] = 0.0;
s.data[it].pulleg] [jnt] = 0.0;

}

s.data[it].cs[leg] [fore] = 0;

s.data[it].cs[leg] [hind] = 0;

}
}
} /* initData */

/* common.h® & K sharedTypeMICEHK S N ics. ~ (feed.c THED N ) D O FIHAAL ~/

void init_shared(void)

/x FEERFR oA ~/

s.feedFlag=FALSE; s.storeFlag=FALSE; s.walkFlag=FALSE;

/* for RT-LinuxPL#F] eeee!! ! : XEOMNE +/
/* initJoint(leg ,joint, encDir, encCH, mDir, digital_board_num, mCH_plus, mCH_minus
. k1, k2)*/

initJoint ( left, hip, 1, 6, -1, D1_NODE_ADDR, 8,
9, 16.0, 0.03);

initJoint ( left, yaw, 1, 5, -1, D1_NODE_ADDR, 6,
7, 6.0, 0.03);

initJoint ( left, knee, -1, 7, -1, D1_NODE_ADDR, 10, 1
1, 15.5, 0.03);

initJoint (right, hip, -1, 1, 1, D1_NODE_ADDR, 2,
3, 16.0, 0.03);

initJoint (right, yaw, -1, 0, -1, D1_NODE_ADDR, o,
1, 6.0, 0.03);

initJoint (right, knee, 1, 2, 1, D1_NODE_ADDR, 4,

5, 15.5, 0.03);

/* initLeg(leg , encFDir, encFCH, encHDir, encHCH) */

initLeg(left , 1, 8, 1, 9)i;
initLeg(right, 1, 3, 1, 4);
/*
- )
/x F =z o «/
initbata();

/% o WAL ~/
s.it = 0; s.data_time = 0;
s.ave_sampt = 0.0; s.ave_feedt = 0.0;
s.wt = 0.0; s.stps = 0;

} /* init_shared */

/x B=H L A= FORREEM < oNn, rad D ZICH O B RO FE </
void init_main(void)

{

BPR[hip ] = BPR_HIP; BPNM[hip ] = BPNM_HIP;
BPR[knee] = BPR_KNEE; BPNM[knee] = BPNM_KNEE;
BPR[yaw ] = BPR_YAW; BPNM[yaw ] = BPNM_YAW;

}
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Apr 14 2006 14:41 biped.h

Page 1

/* Time-stamp: <04/09/25 18:01:56 yujioto> */

/* "biped.h" */
/* biped AYIEE N T X =& */

/* encoder X4 M., koT Zra—F RN ABXKEL Xa/2n WLLTF Ol »//+ 111 %/

/ 27 (rad) * 25

/ 27 (rad) * 84

#define BPR_HIP ((double) 1592.3) /* bit / rad */ /* 400 (pulse)
*/
#define BPR_KNEE ((double) 1592.3) /* bit / rad */
#define BPR_YAW ((double) 1712.1) /* bit / rad */ /* 128(pulse)
*

/
/* MAX_DUTY_RATIO / (POWER_VOLTAGE/RESISTANCE_SE*TORQUE_CONSTANT_SE*HIP_GENSOKU_RATIO
2) */
#define BPNM_HIP ((double) 1023.0 / (24.0 / 2.32 * 0.0232 * 25.0))
#define BPNM_KNEE (BPNM_HIP)
#define BPNM_YAW ((double) 1023.0 / (24.0 / 7.37 * 0.0200 * 84.0))
/* BIT -> PJELH +/
#define bit_to_rad(ix, jnt,dir) (((double) ix)*dir/BPR[jnt])
/* PR > BIT */
#define Nm_to_bit(ru, jnt,dir) (((double) ru)*dir*BPNM[jnt])

biped.h
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define.h Page 1

Apr 14 2006 14:41

define.h

Page 2

/*

*/

#define

#define

#define
#define
#define
#define
#define
#define

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

#define
#define
#define

#define
#define

#define
#define
#define
#define

#define
#define

/* Task
#define

/* FIFO
#define
#define

#define
#define

#ifndef
#
#endif
#ifndef
#
#endif
#ifndef
#

#endif

/* msg.
/% feedfll 2 & R TsEND, RECVE EH */
0

/* define.h
TS LNTHEDLNLEREREERL TV,

NOTHING
command */
SYNC

START_TASK
STOP_TASK
STOP_WALK
START_WALK
START_STEP
PATTERN_0

GET_DX
GET_DV
GET_DU
GET_PX
GET_PV
GET_PU
GET_KX
GET_KV
GET_AD
GET_DA
GET_CS

PUT_DX
PUT_KX
PUT_KV

GET_GVAR
PUT_GVAR

DATA_OUT
STORE_DATA
GET_DATA_TIME
SAVE_DATA

GET_AVE_SAMPT
GET_AVE_FEEDT

ID */
FEED_TASK

D */
DATA_BUF
CTRL_BUF

DATA_BUF_SIZE
CTRL_BUF_SIZE

TRUE
define TRUE 1

FALSE
define FALSE 0

NOT
define NOT !

-1

AU W

10
11
12
13
14
15
16
17
18
19
20

40
41
42

45
46

49
50
51
52

60
61
0 /*
1 /*
4 /*

(2048)
(64)

Time-stamp: <04/08/11 17:53:50 hiroshi> */

not used */

feed -> main (Data Buffer) */
main -> feed (Control Command) */

/* fifoll¥2Kbytes ® WK % WEAR (7

-5 ) =/
/* £ifo3il64bytes ® WK % B AR (a4 )

*/

#ifndef PI
#define PI 3.1415926543
#endif

/*#ifndef pi
#define pi 3.1415926543
#endif */

#define radian(deg) (double)
#define degree(rad) (double)

(deg) / 180.0 * PI)
(rad) / PI * 180.0)

define.h




OTT

#define COMMAND_FIFO 3 /* user 712 % J A —my_handlerf D fifod ¥ /N — */

A —— AT */
/% xMNaN TR N IFoRIBT +/

#define isnan(x) ((x) != (x))

/% mmmmmmm e EROEH - */
#define feed_samp_msec (1.0) /* msec */

/2 ARNTTHT =5 ORKE +/
#define MaxTime 3000

#define MaxDUTY 1023

typedef struct {
int command;
int task, period, ticks; /* tasklXfEF S Twigwny »/
float value;

int leg, jnt;
} ModuleCommand;

/* @dnt Y TCHAEESNDEEY +/
/* moniMEEL T, feedlCEAET B */
typedef struct {

double ulOmax; /* MiBSALL T3 */

} gvarType;

enum joints {hip, knee, yaw};
enum legs {left, right};
enum phases {stance, swing};
enum gyros {pitch, roll};

enum contacts {fore, hind};

#define num_joints (yaw+1)
#define num_legs (right+1)
#define gyro_axis (roll+l)

#define num_contacts (hind+1)

typedef struct /* REER «/
/x FE R MV s/
double x, v, u;
} stateType;
typedef struct /% T4 =N I Ly ~

/x AL JiFF */
double k1, k2;
} gainType;

73

typedef struct { /2 /Y a4y hoREERT «/
tateType present, last, desired; /* RAHEM HSH
T—fﬁ FAAEE ~/
gainType  gain; /* T4 —=KNw 7 - FA4v *
int ad, da; /* R¥YIA—FHYTVIE, PuMT 2 —F 4 B */

int encodeDir, encodeCH;
int motorDir, digital_board_num, motorCH_plus, motorCH_minus;

/* encodepir : BEiIA DKM EERE KT 5:1 LAwv:-1

% *
AIEE 55 B RE KRB
4

typedef struct { B oy oRERL KT
int ad; /* TrYaA—FhUrHE */
int encodeDir, encodeCH;

} contactSensorType;

typedef struct {
double px[num_legs]
double pv[num_legs]
double pul[num_legs]
double dx[num_legs]

num_joints
num_joints
num_joints
num_joints

1i
1;
1i
1i

int cs[num_legs] [num_contacts];
} dataType;
typedef struct { /[ S OREEZ KT +/
jointType joint[num_joints];
contactSensorType cs[num_contacts];

enum phases phase;
} legType;

typedef struct{
double gyrol[gyro_axis];
double gap_of_katamuki_by_drift[gyro_axis];
double katamuki[gyro_axis];
double filtering_katamuki[gyro_axis];
int port_pitch;
int port_roll;
int incli_port[gyro_axis];
double init_incli[gyro_axis];
} gyroType;

/* feed.c: KIBEW., ZITHE SN AV E T ANCHMUCT ILELH B +/
typedef struct {

legType leg[num_legs];

gyroType gyro;

int feedFlag, storeFlag, walkFlag;

int it, data_time;
double ave_sampt, ave_feedt; /* msec */

double wt; /* BEIEHBRAEHRE 0D DRI (sec) */
int stps; /* step® */

/x KRBT =5 =/
dataType data[MaxTime+1];

} sharedType;

A BT by A TEE - */
/* nothing */

L — ABEROEH */

/* nothing */
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/% Time-stamp: <04/08/07 17:48:23 hiroshi> */ motorbir : E— ¥ D[ ?ﬂﬁa BT LA
#include "define.h" encodeCH P IV A—FDF I NVET
*/
#define ADC_BASE_ADDRESS 0x180 /* ADC board base address */ } jointType;

common.h
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/* Time-stamp: <04/08/11 19:11:16 yujioto> */ p->joint [knee] .desired.x = 0.0;
/* "calc.c" feed.c Cinclude&d v % */ }

JF Trajectory (ML) #H - ———————— o~ */ } /* step_swing */

#define T1 (double) 0.8 /* [sec] HATRM */ void step_stance(enum legs leg)
#define T2 (T1 / 2) {

#define DT (double) 0.1 /* [sec] & L B ®ICHWEM 2 &imIcE» T «/ legType *p; p = &s.legl[leg];

#define T3 (T2 - DT)
p->joint [hip ].desired.x =
#define WT (T1 * 50) /* Max. Walking Time */ p->joint [knee] .desired.x =
} /* step_stance */

0.0;
0.0;

#define THT_MAX (double) (10.0 * PI / 180.0) /* MEBAN - AEIRIE : Omax +/
#define PHI_MAX (double) (10.0 * PI / 180.0) /* REPHAN - f FEIRIE ¢ o max */
#define PHI_OFS (double) (-6.0 * PI / 180.0) /* BEBEEN - A IRIE : ¢ offset */ /r ——- HEOEE, FW - BEWoRE, BMEARAZKOHE —— «/
void calc_traj(void)
void stop_walking(void) {
enum legs st, sw;
enum legs leg; legType *p;
if ((s.leg[left ].phase == stance) && (s.leg[right].phase == swing)) {
s.walkFlag=FALSE; st = left; sw = right;
} else if ((s.leg[right].phase == stance) && (s.leg[left ].phase == swing)) {
s.leg[left ].phase = stance; s.leglright] .phase = stance; st = right; w = left;
s.wt = 0.0; } else {
rtl_printf ("phase problem.\n");
for (leg=left; leg<=right; leg++) {
p = &s.leg[leg]; stop_walking(); return;
p->joint [hip ].desired.x = 0.0; }
p->joint [knee] .desired.x = PHI_OFS;
} s.wt += FEED_SAMPT; /* B %D 2 */
}
if (s.wt > T2) { /* T2 FATRAM ¥R +/
/% —mmmmmmmem WALKING (#3{T) —-——-—--m—- */ [ XIFEM - B OKE </
void walk_swing(enum legs leg) s.leg[st].phase = swing; s.leg[sw].phase = stance;
{
legType *p; p = &s.leglleg]; /* rtl_printf("stps=%d\n", s.stps); */
s.wt = 0; s.stps += 1;
if (s.wt < T3) { if ((T2 * s.stps) > WT) { stop_walking(); return; } /* WT : Bx KA{THRE */
p->joint [hip ].desired.x = THT_MAX * sin(PI/T3*s.wt); }
p->joint [knee] .desired.x = PHI_MAX * sin(PI/T3*s.wt);
} /> BETERAEOHE «/
else { switch (s.walkFlag) {
p->joint [hip ].desired.x = THT_MAX; case START_STEP:
p->joint [knee] .desired.x = 0.0; step_swing (sw); step_stance(st);
} break;
} /* walk_swing */ case START_WALK:
walk_swing (sw); walk_stance(st);
void walk_stance (enum legs leg) break;
case PATTERN_O:
legType *p; p = &s.leglleg]; /* nothing */
break;
p->joint [hip ].desired.x THT_MAX * cos(PI/T3*s.wt); }
p->joint [knee] .desired.x 0.0; } /* calc_traj */

} /* walk_stance */

[* e STEPPING (REEH) — e */
void step_swing(enum legs leg)
{

legType *p; p = &s.legllegl;

if (s.wt < T3) |
p->joint [hip ].desired.x = THT_MAX * sin(PI/T3*s.wt);
p->joint [knee] .desired.x = THT_MAX * sin(PI/T3*s.wt) *2;
}
else {
p->joint [hip ].desired.x = 0.0;

calc.c
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/* Time-stamp: <04/09/29 14:01:17 yujioto> */ /* . BEOEEMICDWTOF -2 —-TFT5 +/
/* "moni.c" main.cCinclude & N 5 */ void saveData(enum legs leg)

- Monitor --- I

/* R
[ HHBEMOr A v EREKTE +/
void gainOf (enum legs leg, enum joints jnt)
{
#define gn p->gain

printf (" kl1:%$9.2e k2:%9.2e",GET_FLOAT (GET_KX, leg, jnt), GET_FLOAT (GET_KV, leg, jnt));
}

/x BRy b OREBERRT D </
void displayState(void)
{

enum legs leg;

enum joints jnt;

printf (" | ad da | present desired
[\n");
prin(’:f [

-=\n");
printf (" X v u X v u
[\n") ;

for (leg=left; leg<=right; leg++) {
printf ("
-\n", legOf[legl]);
printf ("ContactSens [fore]=%3d, [hind]=%3d \n",
(int) GET_FLOAT (GET_CS, leg, fore), (int) GET_FLOAT(GET_CS,leg,hind));

for (jnt=hip; jnt<=yaw; jnt++) {
printf ("%$5s ", jointOf[jnt]);
#define pre p->present
#define las p->last
#define des p->desired
printf ("$5d%5d", GET_INT (GET_AD, leg, jnt),GET_INT (GET_DA, leg, jnt));
printf (" %9.2e %9.2e %$9.2e",
GET_FLOAT (GET_PX, leg, jnt), GET_FLOAT (GET_PV, leg, jnt), GET_FLOAT (GET_
PU, leg, jnt));
printf (" %9.2e %9.2e %9.2e",
GET_FLOAT (GET_DX, leg, jnt), GET_FLOAT (GET_DV, leg, jnt), GET_FLOAT (GET_
DU, leg, jnt));
printf ("\n");
}
}
} /* displayState */

#define SaveTime MaxTime
/% — feedfll SSTOREE N TWAEF =¥ 2RF LB — +/
void recvData(void)

{
int it;

data_time = GET_INT(GET_DATA_TIME, 0, 0);

printf ("data_time=%d \n ave. samp_time (msec)=%5.3f ave. feed_time (msec)=%5.3f\n",
data_time, GET_FLOAT(GET_AVE_SAMPT, 0, 0), GET_FLOAT(GET_AVE_FEEDT, 0, 0));

for (it=0; it<data_time; it++) {
Send_Com(ctl, SAVE_DATA, FEED_TASK, 0, 0, 0, it);
Recv_Var (fdl, (double *)&datal[it], sizeof (dataType));
}

} /* recvData */
#define TIME_ADJUST (feed_samp_msec/100.0)

#define NUMBER 3 /* saveData() DRBI¥ Crp[ ] ICHEMRL 2RI O +/

{

enum joints jnt;

int it, 3j; N

char *dname = "Data/"; /* T— ¥ ERETBHT4 LI RY »/

char *LEG[] — ("LE", "LH", "RF", "RH", "O", NULL};

char *JOINT[] = {"S", WEM™, wym, waw, wpw  wow  NULL};

char *DATA[] = {"x", "w", "u", "N_Tr", "ue", "uf", /* "u0_e", "uO_f", */ /* "p

ower", *//* "duty", */ NULL};

char leg_file[18], w_file[20];
FILE *fp[NUMBER];

/* -= SAVET % - */
printf ("Saving %s’s Data data_time:%d ...\n", LEG[leg], data_time);

for (jnt = hip; jnt <= yaw; Jjnt++) {
strcpy (leg_file, dname);
strcat (leg_file, LEG[legl);
strcat (leg_file, JOINT[jnt]);
strcat (leg_£file, ".");

for( j = 0; j < NUMBER; j++) {
strcpy (w_file, leg_file); .
strcat (w_file, DATA[F]); /* 77 ANAKRT—FHWOLKRTF 2 M ~/

if ((fp[j]l = fopen(w_file, "w")) == NULL) {
printf ("MONI (saveData)>>Can’t Open write-mode!! : %s\n", w_file);
}
}
for (it = 0; it <= data_time; it++) {

/e ZT—F oW x/

fprintf (fp (0], "%f %$f\n", TIME_ADJUST*it, datalit].px[leg][jnt]);
fprintf (fp[1], "%f %£\n", TIME_ADJUST*it, data[it].pv[leg][jnt]);
fprintf (fp[2], "%f %f\n", TIME_ADJUST*it, datalit].pulleg][jnt]);

}
for( j = 0; j < NUMBER; J++) {
/* BT A NERU D 5/
fclose( fpljl);
}
} /* for (jnt = .... */

} /* saveData */

/* AR REGRBAATRITT S «/
int monitor (void)
{

displayState();

printf (" (d) display state\n(s) stepping\n(w) walking\n(t) stop\n(b) O0->Pattern\nd
ata buffer store\n(v) data save disk\n(g) quit\n");

while (1) {
printf ("Push!!");
switch (getchar()) {
case 'd’:
displayState();
break;

case ’s’:/* stepping : T DHFREH */

Send_Com(ctl, STORE_DATA, 0, 0, 0, 0, 0); /* F—=H%&ANT */
Send_Com(ctl, START_STEP, o, o, 0, 0, 0);
break;

case 'w’:/* walking : HAT */

moni.c
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Send_Com(ctl, STORE_DATA, 0, 0, 0, 0, 0); /* T—H¥%&ZAKNT */
Send_Com(ctl, START_WALK, o, o, 0, 0, 0);
break;

case 't’:/* Hk x/
Send_Com(ctl, STOP_WALK, o, 0, 0, 0, 0);
break;

case ’0’':/* Pattern 0 */
Send_Com(ctl, PATTERN_O, o, 0, 0, 0, 0);
break;

case 'b’i/* T—HENRy Ty RANTT S */
Send_Com(ctl, STORE_DATA, 0, 0, 0, 0, 0);
break;

case 'v':i/* T—HETLAIR =TT B */
recvData();

saveData (left); saveData (right) ;
printf ("ALL DONE\n");
break;

case 'q’:

return(TRUE) ;
}
}

} /* monitor */

moni.c
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/* Time-stamp: <04/08/11 18:01:07 hiroshi> */
#include <rtl.h>

#include <rtl_sched.h>

#include <rtl_fifo.h>

#include <time.h>
#include <math.h>
#include <linux/errno.h>

#include <titech-io.c> /* pcdl0:/usr/src/rtlinux-3.0/titech-io-lib/titech-io.c */
#include "common.h"
#include "biped.h"

pthread_t tasks[1];
sharedType s;

double FEED_SAMPT=((double) (feed_samp_msec)/1000.0);
double BPR [yaw+l]; /* (bit/rad) */
double BPNM[yaw+1]; /* (bit/Nm) */

TwIsaAttr twPort;

/* - WRRBTOHBEICHCO NG ER — (ZZTRHEALARVOTHKBAEL TV by
hiroshi) */
gvarType g=
{
/* uOmax*/
2.0
Yi /*x g */
/2T RTOE=FIMNV I 2HNT B +/
void outputZmotor (void)
{

enum legs leg; enum joints jnt; JjointType *p;
for (leg=left; leg<=right; leg++)
for (jnt=hip; jnt<=yaw; jnt++){
p = &s.leglleg].joint[jnt];

/* Nm -> dutyll ~NoOEFE«/

p->da = Nm_to_bit (p->present.u, jnt, p->motorDir);
// 7] o B R

if (p->da > MaxDUTY) p->da = MaxDUTY;

else if (p->da < -MaxDUTY) p->da = -MaxDUTY;

if (p->da > 0){
TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_plus, p->d

a);
TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_minus, 0);
¥
else{
TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_plus, 0);
TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_minus, -p-
>da) ;

}

KRR KA KA KK KK KK KK KK K KK K KK KK KK KK KKK KKK KKK KA KA KA KA KA KA KA KA KA KA XA KA XK |

/* B W reed () B */

J R e

/* A */

#include "init.c"

void initialize(void)

{

if (Init_TITech_Wire(&twPort)

init_main();
init_shared();
} /* initialize */

/+ W EEFRT 5B,

void calc_ave_msec (RTIME last,

{
double msec;

*nowp = gethrtime

0

RTIME *nowp,

t=1);

(*nowp - last) REF [l % vave_mseciTfR A */

double *ave_msec)

msec = ((double) (*nowp - last))/1000000.0;
*ave_msec = (9.0 * *ave_msec + 1.0 * msec) / 10.0;
} /* calc_ave_msec */
/* 4 */
#include "calc.c"
/2T I YTV IR RET B </
void storeData(enum legs leg, int it) /* EMTF—-F DAL T */
{
enum joints jnt; JjointType *p;
if (it > MaxTime) return;
for (jnt=hip; jnt<=yaw; jnt++) {
p = &s.leg[leg].joint[jnt];
s.datalit].px[leg] [jnt] = p->present.x; /* & EAiDMHE
s.data[it].pv(leg] [int] = p->present.v; /* % EAT @ %
s.data[it].pu[leg] [jnt] = p->present.u; /* ERRICH &
s.datalit].dx[leg] [jnt] = p->present.x; /* &MATOMAE
}
s.data[it].cs[leg] [fore] = s.leg[leg].cs[fore].ad;
s.data[it].cs[leg] [hind] = s.leg[leg].cs[hind].ad;
}/* storeData() */
/> BETA oKL, Thhr o HAAEKEOE ~/
void sample (void)
{
enum legs leg; enum joints jnt; JjointType *p;
long dataBuf[20];
/x ZvA-FolLl */
TwAbzRcSCtrlEnc32Input (&twPort, D1_NODE_ADDR, dataBuf);

/* TwAbzRcSCtrlEnc32Input (&twPort,

ANVEY a—NiE—D

[+ BETAE </
for(leg = left; 1
for (jnt = hip;

*/

eg <= right;
jnt <= yaw;

leg++) {
jnt++) {

p = &s.leg[leg].joint[jnt];
p->ad = dataBuf [p->encodeCH] ;

/* BBl O < BEDARE +/

p->last.x

p->present.x

/x ENWKED

p->present.v

= p->present

LXi

D2_NODE_ADDR, dataBuf+10); */

= bit_to_rad(p->ad, jnt,p->encodeDir) ;

HWEGE «/

= (p->present.x - p->last.x)

/ FEED_SAMPT;

*/

i3
ke hvs «/
|

FRAE +/

/* biped TIEF 14 ¥

/* 3 (rad/s) */

feed.c
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}
/x HEfE Y ey

s.leg[leg].cs[hind].ad
}
} /* sample */

/x> BETO 7 4 = RNy 7 G </
void feedback (void)
{

enum legs leg;

enum joints jnt;

s.leg[leg].cs[fore].ad = dataBuf[s.leg[leg].cs[fore].encodeCH];
= dataBuf[s.leg[leg].cs[hind].encodeCH];

jointType *p;

if (!s.feedFlag) return;
sample () ;

if (s.walkFlag) calc_traj();

for (leg=left; leg<=right; leg++) {

for (jnt=hip; Jjnt<=yaw; jnt++) {
p = &s.leg[leg].joint[jnt];

qIT

/* Realtime thread */

/* myfhandler—’threadoﬁ@f@ﬁfifo@number */
#define TASK_CONTROL_FIFO_OFFSET 4

void *thread_code(void *t)

{

legType *pl;

jointType *pj;

int fifo = (int) t;
int taskno = fifo - 1;
int i;

int

float *p;

ModuleCommand msg;
RTIME t0, tl, t2;
tl = gethrtime();

while (1

) 1
/* FEBLRBICE W S T, fidthreadlicI Y Hb 2 +/

/* eDIE */ ret = pthread_wait_np()
p->present.u = - p->gain.kl * (p->present.x - p->desired.x)
- p->gain.k2 * (p->present.v - 0.0); /ALy RICT7 ¥ vy FENLfifoll T — RN HNIE. commandZe & 2 WY HT. iFhiE
} CZOIENIERBAT B/
} if ((err = rtf_get (taskno + TASK_CONTROL_FIFO_OFFSET, &msg, sizeof(msg))) == s
izeof (msg)) {
outputZmotor () ; pl = &s.leg[msg.leg]; pj = &pl->joint[msg.jnt];
if (s.storeFlag) { switch (msg.command) {
if (s.data_time < MaxTime) { case GET_DX: RT_SEND_FLOAT ((float) pj->desired.x); break;
storeData(left , s.data_time); /* RETF —FDRARNT */ case GET_DV: RT_SEND_FLOAT ((float) pj->desired.v); break;
storeData(right, s.data_time); /* REF —FDRARNT */ case GET_DU: RT_SEND_FLOAT((float) pj->desired.u); break;
s.data_time++; case GET_PX: RT_SEND_FLOAT((float) pj->present.x); break;
} case GET_PV: RT_SEND_FLOAT ((float) pj->present.v); break;
else case GET_PU: RT_SEND_FLOAT((float) pj->present.u); break;
s.storeFlag = FALSE; case GET_KX: RT_SEND_FLOAT((float) pj->gain.kl); break;
} case GET_KV: RT_SEND_FLOAT((float) pj->gain.k2); break;

}/* feedback */ case GET_AD: RT_SEND_FLOAT((float) pj->ad); break;
case GET_DA: RT_SEND_FLOAT((float) pj->da); break;
case GET_CS: RT_SEND_FLOAT((float) pl->cs[msg.jnt].ad); break;

[ Kk kK kKK kKK R Rk KKk kKK kR Rk KKk kK kKR Kk KKk kK

/* FIFOAE B 0 3 15 BY i */ case PUT_DX: pj->desired.x = msg.value; break;

/*********************k****k*************************k****k*********/
case GET_AVE_SAMPT: /* F#]% > 7V ¥ VEE[ (msec) */

/* FloatT 5 — % % —DnainfllIC¥E % */ RT_SEND_FLOAT ( (float) s.ave_sampt); break;

/* fifoll FloatT 7 — ¥ WEEA S +/ case GET_AVE_FEEDT: /* FIIFEEDY R 2 KATH M (msec) */

void RT_SEND_FLOAT (float value) RT_SEND_FLOAT ( (float) s.ave_feedt); break;

{ case GET_DATA_TIME: /* REFINLTF —F ¥ Enainfllicitsd »/
float tmp; RT_SEND_FLOAT ( (float) s.data_time); break;
tmp = value; rtf_put (DATA_BUF, &tmp, sizeof (float)); case START_TASK:

} /* RT_SEND_FLOAT */ pthread_make_periodic_np(pthread_self (), gethrtime(), msg.period);

/* double THRE N K& Esized T — ¥ mainfllic kD +/ init_PWM_value (&twPort);

void Send_Var (double *p, int size) s.feedFlag=TRUE;

{
int i; rtl_printf("Feed thread is started.\n")

break;
for (i=0; i<(size/sizeof (double))/* Z NI, sizeD FOEBOBME R T */; i++) {
RT_SEND_FLOAT ( (float) *p) ; case STOP_TASK:
pt+; init_PWM_value (&twPort);
) pthread_suspend_np (pthread_self());
} /* Send_Var */ s.feedFlag=FALSE;
feed.c 2
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break;

case START_WALK:
case START_STEP:
case PATTERN_O:
.walkFlag = msg.command; /* START_WALK or START_STEP */

®

s.wt = 0.0; s.stps = 0;
s.leg[left ].phase swing; /* ER» SR BT o+
s.leg[right] .phase stance;

rtl_printf("Step or Walk is started.\n");
break;

case STOP_WALK:
stop_walking() ;

rtl_printf("Step or Walk is stopped. stps=%d\n", s.stps);
break;

case STORE_DATA:
s.storeFlag = TRUE; s.data_time = 0;
break;

case SAVE_DATA:
*/
Send_Var ( (double *)&s.data[msg.ticks], sizeof (dataType));
break;

case GET_GVAR: /* gvarType ZmainflliC# % +/
Send_Var ( (double *)&g, sizeof (gvarType));
break;

case PUT_GVAR:
p = (float *)&g;
for (i=0; i<msg.jnt; i++) p++;
*p = msg.value;
break;

/* gvarTypeZmainfll» 6% F & % */

default:
rtl_printf("RTLinux task: bad command\n");
return 0;
}/* switch */
Y/* o Af x/

t0 = tl1;

/* (1] =/

/* fiE o [1] »545E 0 [1] FTICrdr - LFE%
HATHE D (v)data storef, F4 AT VA TF =y ¥

calc_ave_msec(t0, &tl, &s.ave_sampt);

> TW5,
LT

e

/[ T 4= KRy xy
feedback () ;

/> [l pez g BEEE
HATHE D (v)data storeFf. 7 4 2T
calc_ave msec(tl, &t2, &s.ave_feedt);
}
return 0;
} /* thread_code */

ATCF=w 7T BRI */

int my_handler (unsigned int fifo)
{

ModuleCommand msg;

int err;

/* main.c—handler ] £ifo (COMMAND_FIFO) /6 2= ¥ RZIY 1T +/

/* REFESINLET — % O —EB (it=ticks) ZmainfllIC % 5

}

while ((err = rtf_get(COMMAND_FIFO, &msg, sizeof(msg))) == sizeof (msg)) {
/* handler—ffE & N fzthreadiC 7 ¥ v F Ehvfetifoll AR Y REH T B */
rtf_put (msg.task + TASK_CONTROL_FIFO_OFFSET, &msg, sizeof (msg));
/2 AT Y RBANENfifoM T H v FENT W hthreadk e BT +/
pthread_wakeup_np (tasks [msg.task]);

}

if (err != 0) {
return -EINVAL;

}

return 0;

/* my_handler */

/* #define DEBUG */
int init_module (void)

{

}

int c[4];

pthread_attr_t attr;

struct sched_param sched_param;
int ret;

rtf_destroy(1l);
rtf_destroy(2);
rtf_destroy(3);
rtf_destroy(4);

c[0] = rtf_create(l, 6000);
c[1l] = rtf_create(2, 6000);
c[2] = rtf_create(3, 6000/* 200 */); /* input control channel */
c[3] = rtf_create(4, 4000/* 100 */); /* input control channel */

pthread_attr_init (&attr);

sched_param.sched_priority =
pthread_attr_setschedparam (
ret = pthread_create (&tasks

4;
&attr, &sched_param);
[0], &attr, thread_code, (void *)1);

rtf_create_handler (3, &my_handler);

/* TITech-Wire. & A & »FE & HIA ~/

initialize();

return 0;

/* init_module */

void cleanup_module (void)

{

}

release_TITech_Wire (&twPort);

rtf_destroy(l);
rtf_destroy(2);
rtf_destroy(3);
rtf_destroy(4);

pthread_cancel (tasks[0]);
pthread_join (tasks([0], NULL);

/* cleanup_module */

feed.c
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/* Time-stamp: <04/08/07 15:03:36 hiroshi> */ } /* GET_FLOAT */
#include <stdio.h>
#include <errno.h> #define GET_INT (com, leg, jnt) ((int)GET_FLOAT (com, leg, jnt))
#include <string.h> #include "moni.c"
#include <sys/time.h>
#include <sys/types.h> int main()
#include <fcntl.h>
#include <unistd.h> ModuleCommand msg;/* struct my_msg_struct msg; */
#include <sys/ioctl.h>
#include <rtl_fifo.h> /* Real time threadl -> Use application */
#include <rtl_time.h> if ((fdl = open("/dev/rtfl", O_RDONLY)) < 0) {fprintf(stderr, "Error opening /dev
#include "common.h" /rtfl\n"); exit(1l);}
#include "biped.h" /* User application -> Handler */
if ((ctl = open("/dev/rtf3", O_WRONLY)) < 0) {fprintf(stderr, "Error opening /dev
int f£d1, ctl; /* FIFOD 7 7 A WERRTF »/ /rt£3\n"); exit(1);}
char *jointOf[] = {"HIP ", "KNEE", "YAW ", NULL};
char *legOf[] = {"Left ", "Right", NULL}; /* now start the tasks */
dataType data[MaxTime+1]; Send_Com(ctl, START_TASK, FEED_TASK, feed_samp_msec * 1000000/* [us] */, 0, 0, 0)
/* float data_frank([8]; */ ;
gvarType g; /* feed.cO HIKEMENH DT, Z1ET 5B */ /R VY RE- T ORNEORTETS., TR, BITRAFY -, F=F 077 A VEE
int data_time; AR EOMBFHIREICR D */
monitor () ;
float buf_frank[72];
/* stop the tasks */
/* Communication With Feed */ msg.command = STOP_TASK;

void Send_Com(int ctl, int command, int task, int period, int leg, int jnt, int it)

{
ModuleCommand msg;

msg.command = command; msg.task = task; msg.period = period; msg.leg = leg; msg

.jnt = jnt; msg.ticks = it;

if (write(ctl, &msg, sizeof(msg)) < 0) {
fprintf (stderr, "Can’t send a command to RT-ta
exit(1l);
}
} /* Send_Com */

#define BUFSIZE 32

/* FloatBF — & & —~ D 2 Jfeedfll > 5% F 5 +/
/* fifoll¥FloatT 5 — & WEIEA S +/

float Recv_Float (int f£d)

{

sk handler\n");

int v; float *fp; char buf [BUFSIZE]; /* fifo S DED Ny 7 7 — */

v = read(fd, buf, sizeof(float)); /* FloatH
fp = (float *)buf; return (*fp) ;

/* Recv_Float */

T E—DTOHmEL +/

/* double THER E N 7e K& SsizeD T — ¥ T feecdfll 6T 5 +/

void Recv_Var (int fd, double *p, int size)

{

int i;

for (i=0; i<(size/sizeof (double)); i++) {
*p = (double)Recv_Float (fd);
pt+;

}

} /* Recv_Var */

/* e Command and GET&PUT_VALUE —————————— */

float GET_FLOAT (int com, int leg, int jnt)
{

Send_Com(ctl, com, FEED_TASK, 0, leg, jnt, 0);
A1ld®d - & A2/

return(Recv_Float (£d1));/*

ZDf

msg.task = FEED_TASK;

if (write(ctl, &msg, sizeof(msg)) < 0) {
fprintf (stderr, "Can’t send a command to RT-task\n");
exit (1);

}

return 0;

main.c
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Jrxxxxrxxrarrxrix AR VY, Yy vy oENE (57 kK kK Kk Kk K KK Kk K

KR AKE KA KA KK

T T R R Y b R I L L L

ok kK )

void sample_InclinationSensor (int incli_pitch_AD, int incli_roll_AD){

double incli_pitch = 0.0, incli_roll = 0.0;

s.last_inclination_sensor[pitch] = s.inclination_sensor_LPF [pitch];
s.last_inclination_sensor[roll] = s.inclination_sensor_LPF[roll];
incli_pitch = ((double)incli_pitch_AD - 2082.0);
if (incli_pitch > 0) N
s.inclination_sensor[pitch] = radian ( incli_pitch * 0.04673 ); /* IV 7 VICEM]
*/
else
s.inclination_sensor[pitch] = radian ( incli_pitch * 0.04739 ); /* P AR
*/

/r B=NRAEZNT B */
if (s.sensor.inclination_count < 150)

s.inclination_sensor_LPF[pitch] = s.inclination_sensor [pitch];

else{
s.inclination_sensor_LPF [pitch] = s.inclination_sensor[pitch];
s.inclination_sensor_LPF[pitch] = (s.last_inclination_sensor[pitch]*700 + s.incli

nation_sensor_LPF [pitch]*1)/701.0;
}

incli_roll = ((double)incli_roll AD - 2184.0);
if (incli_roll > 0)
s.inclination_sensor[roll] = radian ( incli_roll * 0.04556 ); /* IV 7 VICKR =
/
else N
s.inclination_sensor[roll] = radian ( incli_roll * 0.04975 ); /* IV 7 VICEK# *
/

Jr B=NZAENPT DB */

if (s.sensor.inclination_count < 230)

s.inclination_sensor_LPF[roll] = s.inclination_sensor[roll];
else{
s.inclination_sensor_LPF[roll] = s.inclination_sensor[roll];
s.inclination_sensor_ LPF([roll] = (s.last_inclination_sensor[roll]*700 + s.inclinati

on_sensor_LPF[roll]*1)/701.0;
}

s.sensor.inclination_count ++;
} /* void sample_InclinationSensor */

[k xk ks s ks xxxaxxxxrix Oy f B Y P S M s, sensor.gyro[] & M sxxxxx

kR KK KKK KKK KKK KKK

void sample_gyro(int gyro_pitch_AD, int gyro_roll_AD)

{
//s.sensor.gyro_AD[pitch] = (double)gyro_pitch_AD;
//s.sensor.gyro_AD[roll] = s.sensor.init_gyro[pitch]; /*data[it].gyro_pitch_AD[rol
Ry yAaYE /+im®*7]iﬂféé)\n7:w*/

/* Vx4 UOEy FOEREROMEBANRO T e Xt -/
s.sensor.gyro[pitch] = .sensor.init_gyro[pitch] - ((double)gyro_pitch_AD)) / 4
.40/ 0.67 ; /* WIREOHBMITe. 10 MITT X E 111w/
s.sensor.gyro[roll] = (((double)gyro roll_AD) - s.sensor.init_gyro[roll]) / 5
.67 / 0.67 ; /* WIREOHBMEIT7.67 RITT X EF 1115/
}

[rrvxy Yy AfnryoflliAREEERE, Yyt b0 HELHN L T &s.sens
or.gyro_slope[] Z K& B *xxx/

void integrate_gyro(int gyro_pitch_AD, int gyro_roll_AD)
{

enum Sensors Sensor;

RTIME last_time = 0;

double delta_time = 0.0, delta_sita = 0.0;

double last_gyro[num_sensors];

double last_gyro_slope[3]={0.0, 0.0, 0.0};

if (s.motionFlag == INIT_GYRO){/* ##IEL TWAREET, AT 200 FI A E Einit
_gyro(1ZR®D B, £oT, ZORETIEH»L TERERL, */

f(s.sensor.gyro_count < 100) /* V¥ A DD DHIE ) A XBD>TH5D
’G‘i’EﬁLi;v\ */ //keisukel008 50
s.sensor.gyro_count++;

else if(s.sensor.gyro_count > 99){

s.sensor.gyro_AD[pitch] = (double)gyro_pitch_AD;
s.sensor.gyro_AD[roll] = (double)gyro_roll AD;

for (sensor = pitch; sensor <= roll; sensor++){

s.sensor.inclination_sum[sensor] += s.inclination_sensor[sensor];

s.sensor.init_inclination[sensor] = s.sensor.inclination_sum[sensor]
/ (double) (s.sensor.gyro_count - 99);/* inclination sensor */

s.sensor.gyro_sum[sensor] += s.sensor.gyro_AD[sensor];

s.sensor.init_gyro[sensor] = s.sensor.gyro_sum[sensor] / (double) (s.s
ensor.gyro_count - 99);/* gyro sensor */

}/* for */
s.sensor.gyro_count++; /* feed_samp_msecHEIXH T ¥ h&h b *»/
}/* else if */

y/* if */
else if (s.motionFlag == READY POSITION) {/* FANZMB L CHkAELHET 2 «/
for (sensor = pitch; sensor <= roll; sensor++) {
last_gyro[sensor] = s.sensor.gyro[sensor];
s.sensor.last_gyro_slope[sensor] = s.sensor.gyro_slope_LPF [sensor];

sample_gyro (gyro_pitch_AD, gyro_roll_AD);
last_time = pre_time;
pre_time = gethrtime();

for (sensor = pitch; sensor <= roll; sensor++) {

//delta_time = ((double) (pre_time - last_time))/1000000.0;// (nsec) o (msec)
~\//gontan0929

delta_time = ((double) (pre_time - last_time))/1000000000.0;// (nsec) 5 (sec)
“\//yujioto0224

delta_sita = (s.sensor.gyro[sensor] + last_gyro[sensor]) / 2.0 * delta_time ;
//gontan0929

last_gyro_slope[sensor] = s.sensor.gyro_slope[sensor];

s.sensor.gyro_slope[sensor] += radian ( delta_sita );

/x B=NRAENTE */

if (s.sensor.gyro_count2 < 100)

s.sensor.gyro_slope_LPF[sensor] = s.sensor.gyro_slope[sensor];

else{
s.sensor.gyro_slope_LPF [sensor] = s.sensor.gyro_slope[sensor];
s.sensor.gyro_slope_LPF [sensor] = (s.sensor.last_gyro_slope[sensor]*100 + s

.sensor.gyro_slope_LPF [sensor]*1)/101.0;

}

/= KU 7 MEDFE +/

s.sensor.drift_value[sensor] = s.sensor.gyro_slope_LPF[sensor] - s.inclinatio
n_sensor_LPF [sensor];

sensor.c
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/* WK F E ORIE +/
s.sensor.revised_gyro_slope[sensor] = s.sensor.gyro_slope[sensor] - s.sensor.
drift_value[sensor];

AT if (s.gyroFlag == TRUE) {/* FAIABBERICHFA L Vot Py fnoflo o Eicf
% */

s.sensor.gyro_slope[sensor] = s.sensor.init_inclination[sensor];
s.sensor.gyro_slope_LPF [sensor] = s.sensor.init_inclination[sensor];
} /* if */
if (isnan(s.sensor.gyro_slope[sensor]) != 0)
s.sensor.gyro_slope[sensor] = last_gyro_slope[sensor];
} /* for */

s.gyroFlag = FALSE;

} /* else if */
s.sensor.gyro_count2++;
} /* void integrate_gyro */

JRAK KKK KA KK KKk Rk kxR Rk kx ko k ko kxkxkkkxx FEHE V(R Ay F) A rkr ks ko x ok k kxR Rk kR Rk
B A A

void sample_contact_sensor_switch(int CSS_LF_AD, int CSS_LB_AD, int CSS_RF_AD, int CS
S_RB_AD) {

int threshold_CsS = 2500;

//#if 0

if (CSS_LF_AD >= threshold_CSS) s.sensor.CSS_LF = OFF;
else if (CSS_LF_AD < threshold_CSS) s.sensor.CSS_LF = ON;
if (CSS_LB_AD >= threshold_CSS) s.sensor.CSS_LB = OFF;
else if (CSS_LB_AD < threshold_CSS) s.sensor.CSS_LB = ON;
if (CSS_RF_AD >= threshold_CSS) s.sensor.CSS_RF = OFF;
else if (CSS_RF_AD < threshold_CSS) s.sensor.CSS_RF = ON;
if (CSS_RB_AD >= threshold_CSS) s.sensor.CSS_RB = OFF;
else if (CSS_RB_AD < threshold_CSS) s.sensor.CSS_RB = ON;
//#endif

// s.sensor.CSS_L = (double) CSS_L_AD;

// s.sensor.CSS_R = (double) CSS_R_AD;

}

R ¥ B T

B e e

void sample_floor_reaction_force (int FRF_L_AD, int FRF_R_AD) {

s.sensor .FRF_L = (double)FRF_L_AD / (316.0 / 9.8);
s.sensor .FRF_R = (double)FRF_R_AD / (344.0 / 9.8)

i
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## Time-stamp: <04/08/07 15:03:17 hiroshi>
IOLIB = /usr/src/rtlinux-3.0/titech-io-1lib

all: feed _module.o main
include /usr/src/rtlinux-3.0/rtl.mk

main: main.c moni.c common.h define.h biped.h
$(CC) ${INCLUDE} ${USER_CFLAGS} -02 -Wall main.c -o main

PH—XNEROT AL AFIATIVLIAFT Iy I YUY I TERVDOT. %> THMY
YIZLTRbRVBEVT R,
#2 2Tl libm.all Y ¥ 27 L TR %
feed_module.o: feed.o
1ld -r -static -o feed _module.o feed.o -L/usr/lib/ -1m

feed.o: feed.c calc.c init.c common.h define.h biped.h
$(CC) ${INCLUDE} ${CFLAGS} -I${IOLIB} -c feed.c -o feed.o

clean:
rm -f main *.o

include $(RTL_DIR)/Rules.make

Makefile
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