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Bm=

IAEEBE D BRI A D ER DR D NDBIRTH %, INHERE DI T, IMOIRZEIC X 2 Brifbg
REDIREC LAY, OB X 2 5k1, DENEZ{LZBIET2 2 LiIckhiTbNnTE
72, NS DHFEIEMOEHOBREZIH S 12T 2 51T H 575, B{ERLIN S 2 712 &
2B DHHE R FN B 72 DITIZF A 7 WD RiiEB) & 519 2 B2 H 5. IHREIVICK D4
FEI 2 BT % 2512 IZBERE VARG AL R (functional Magnetic Resonance Imaging: fMRI)
DERTH 5. tMRI %\ 7258 4 2 7 RO IEEIZE T3 B ZE SR E L2 b 0% {fr
bNTwsH, MRENRE LD DIED% L, FICHTEIER O MRI I X 2 KEH)EHH
B Tb Ty, Z2 2CORIE TR T 2 BT 2 BifER O MiGE®E) 2 fMRI 1< X D §HHlA]
HE & T 2 THEIESE RS> A 7 & (lower-extremity motion simulator: LoMS) % fiff%eba% L 7z,
LoMS (Al 3 HHHEA L TE D RIRF OB RS ARECTH 5. PHFIBKENIC X< v F R
R RIERA LA Z IV, SIS Uz bV 27 3ORDSHEETH 5. £, BfEICHED
RSP % R T 2 EHHETH 5. MRIBREE N T 272912, LoMS I
MRLUEGHEZ G T 2 08035 ) MRUEGEM > S INTWw 5, MRLEGHEREIC XD
LoMS 2 MRIGEAMEZ AT % 2 & 2R L 72, MRS TIX tMRI O~y F a4 L)
5 LoMS ¥ CTOMEEMFEHOHIPA (400[mm] B L) TH 1L LoMS DELE K KBIEDS fMRI
DEFRIE 2K T IR0 E2MER L 7. £72, MRIBEGIRE T T LoMS 231EH I BIffi A
JEGHHITIEETH 5 2 & 2R L 72, LoMS IZ & 2 BT Etdh /E 2 MEBE R < 1335 & O
TEEN DB D> & AARENIZE LA TRR ORI O 2 MCiHiiZfT>72. £9, Ly FI ik
T & LoMS I & 2 B TIEEI{ECOEIE 1 34 7 Vh O EREN LB R i L, B, K
BRPUSESS, RICERE KO 7 A CHEIZYS 2 2 L 2R L 7. RIZ, bL vy F VBT
EHTEREIER O & Z X oMl ZEH L, WEECHL L oiiflnd: U s 2 &z R
L7, %7, LoMS %\ CHMTREEEN {1 & PRI BT REEEE 2z BifE S X 7 & L 72 idiE
BRI 21T > 7o, BITEEEIEIC XD, STICBE 2 MEIRIE § 2 Z & 2R L
7o, Fio, PHEMSTEERBECIXBEIERR 217 9 SR & BifEeR 217 2 ARl
GV, A DEBRTE A 2SI ERE D - DIIRIE T 5 2 L 2R L. £, AT v
TEERF D RIER PRI K D BRI E S <% D, BifEHTE & MR & I BE T %
WHRTE RN S K 72 5 2 & 2 HER L 7. BIEEhE SRR 238 L C, fMRIIC X % B 7RifEE)
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1.1 BEHERIZOZERE

BEDEERE DLRRIZ A L LR D ADHILTH 2. ADWOEENEITEH L 72 DIFFLITHiD 2 &
TH Y, FLIuHT 3500 FITIFANIZEREEZHPE L, EBFICRERT 2 MM TN Tnik
(J. Piek et al., 1999 [1]) . #fRF Y o PHMRUICIZMDIZIRD & Z DESRE 2 HEHI L 150, 2 1
#2112 Galen BN DEH 21TV, W% KK & /MK EI L CE 27 (D. Todman, 2007 [2]) .
K &N DBIEE D & KIMIZ H A D & DIBREDOZERREE A D, MKIEFHoHI#H%ZH 2 &
HEE L7z, F7- Galen 13z 5 L, WEHER Tz SN EOFELZMER L 72, 16 il
T, MEOMERERIC X ) B EPEI{ET 2 L& 27 (RAE-BEME) . 17 Hid2 5 18 i
WIFEICIOWIZEDMEA, fR], B2 X D OMRRIZIKITVE L VEICOEL 2. HEIRK
RN L T\ % 2 L0 0 iR E IKITE DM DO IEMRIBEOEE 2 HEPH-o T3 L&
A oNtz, 18 AR IZMRR OIS HEA, RIS OERED & R X 412 i
oy & R ICE I NG 2 EBH ko, £, MOEEICEE 2 MY (6] &
) DB EEBENSHSHIC L. £, ZOMMMHS KINMEEEOEICEL, #
NZENDENZNZT NS 2E8E% ] 5 LG 2 2T, 18 ALK F T, IO DIRKIX
FICNE @B LB T LItk Y iThbRTwr,

—77C 18 ALK ¥ Tl Luigi Galvani 5> Emi H. Du Bois-Reymond {& 1% % &5l $ 2 2
WX DIIDIGET 5 2 ERFAL, 72, MyEME2RAETS0HEM%2778 L7z (M. Piccolino,
1998 [3]) . TOFFIZLD, REENLKE BEIEMICE DEKT 22 L2 L,
Z D%, TEMDISEZAT ) MEEDTEBE & AR RE ORI CTHIR L R ICBr L, Z2hz
TR LM & SRODEDKERE 2 > 2 LIS D ICENTe, F 7, MRDEZL 2HRER O &
BRI, BEDEROLIC X b B 2BEREZ RO L W I RFEANIL T H 47z, 1811 H1Z Charles Bell
HEE RO RIZMNTH D, EEMROKRIZ RN TS 2 LIRFE%Z 2T (J. M. Pearce,
1993 [4]) . Marie-Jean-Pierre Flourens (3 SEBRINUIERIEIC X D, T ORFIDEEZ A7 (F. B.
Yildirim et al., 2007 [5]) . FEBRIVUIERTE & (IO SO OBEEE % RFE T % A2, FBHALTTH
MraEEL, & OB RIBT 2037589 % /57 CTdH 5. Flourens (k4 B x} L
THEBIYIRIEZ T, NI T 2 832 H) 2L 2o L., 2Ok
19 HACIT IR BE D FFE D AN DYIFR %479 X 9 1272 > %, 1861 4F, Pierre Paul Broca I
S DR IITTEECTH 2 DHED A AHE 2 EHFEDIE L 2o BRI, Z DIMDIREH % 1T 5 7245
B, EETAIEIORA R MR L, BEUOESD S DM EFEICE D S £ L (V. Jay, 2002
[6]) . BIEZ DAL Broca’s B & WEIZNE FH SAEICBE T 2. Z 0%, HERERITEMEDA S X
RS akRic7z -7z,



19 AL I IF B SN IC X 2 INBRRE D IF%E 3T H T 5. 1870 4EIZ Gustav Theodor
Fritsch & Bduard Hizig (34 X Oz EH I, MRAORETRM 2B 5T 2 2 LIk
EDEENFEFRIND Z #5012 L7 (1. Rosenfield, 1995 [7]) . 1881 4EIZ David Ferrier
EH VD RIND Fritsh 5 OFEERE FHUEAMZYIRT 2 2 Lick D, WCBEEC s L%
fiEZ2 L 7= (D. Ferrier et al., 1881 [8]) . [FIRFIC Hermann Munk (3 FEERNEIBRE:IC X D #AUHTEE
DEFICEET 2 2 L AW S I L7z (H. Munk, 1890 [9]) . Z DRI, 19 Hfdicix KD
PERESDTEME X X D SCRr s e,

1950 4 % "CIZ Wilder Graves Penfield 5 13 & M ORI E OWEREISTE % 75/l Ic 0 5 2 &
% A7z (W. Penfield et al., 1937 [10]) . Penfield 34/ HEET- 0 B 1< 35 o I Hi % 38 &
W2 LIck 2 RIE%E F LD, Penfield 12 X D 1R S A7z HENET S OVRGEEF O AL 0
JEERTHRLY 7V ADKIZIAS AIS LT 5,

20 HALICA D, KIGECE DORERERAEICBI§ 25803588 35— 77T, RINBECE DR ICD
W CHfEANETr, Korbinian Brodmann %° Constantin von Economo 2 ' Georg N. Koskinas 7 &
V3R B DRI D BREER D E L IZ O W THF%EZ L TE D (K. Zilles et al., 2010 [11]) ,
Iz MRS LS S, RO DE L 1X Brodmann DHIIK E LT LD o T
W3, BIE, KRIKECE DOENLIE Brodmann DRI CHI D YT o N7 FEF TR I LD 0,

IADFEREDERRK 1L, MZMEHI LI T2 2 L TZOR> S A2 HEM T2 2 LI ED,
YOO —H 2T 5 2 LI X 2 RO 281557 5 2 L2 X D KRR DRiE %
fToT&E7, b 2RRE L ZMEREOERIZMANDOINE EFEIRDOBERDO TR, TADPA
FAEDREMEZ IWT T 5 72 EFIRITFIEIC X D AT\, BICIE R E O & SHIM % 17 - 7288 D
G%EFAR S 2 & TEERE DT ThbNTE 7, Lo L, I I F TOMBEREMNT TR IZNN
HEROMEESS, CTADLAREZ ZIZ AL TADAFKEZ BT 2 EXHIC X DiT>T
WA, R IRIE TONBEREMENT Tld e\ - OJRIIREZ U D Bt 2 L i3k, i@
HRAE 2 U O Bl 3 1 VX R R B B i 72 E02 K D DsHIRTE L 7RGl 5 2 & T
NABERERENT 2 1T 9 A3 H B .

1.2 BESIEHAIFEE
KIGEEREJAE DRRER TR IZ R E <
o JARE L DRMIC X ZERINTIE, RO
o NI TTIE
it ens (G, 2013 [12]) . SEICERTFEZ
o MPYINZ EHEIR & DBSE, MO
o TADAFEIEDNEMRITHT
226 RFEEEE DR E 21T 9. — 1, ERIERERTGER



o RINMBZEDES - BREE OMOBRRETIE) , KO
o fBEREIATE SR R

3 oins, BRNFIEIZMOWESL TADLAFIEIT LD BT 222 8l5 T %
LT K D IMEEREDRE 217 9 23, AN D@ DIRIRIEZ Y] D 9 2 & ASHIRT, R R o
PRAEMEAT Cld 2o, EARAIIRESR I35 D SRR TR 13 R B D Az & BB I, %
7AXDBIAR L Z 10 LG E L TREBWRETH 5. L L, ARIINHEETEIZRDEO# D,
ANTLHNZ TADAFEEZ L —RINRIIREEZ D tHd 2 & TR 27> T3, &
7o, BEARFMTIENICEMRZ Y TTT) 720, b PR E LTI SEICIENARIF T 2
WL T ZBEDHHBREANRTH L. i, Y2 NRE L THEBEZ2ITILAETH-
Ty,

o HYIIHIFERICO VT OAGRZ S I 2 DI HIET 2 FEBRICOAM 2,
o FEEREIWIDIRZ T B AR & I/ NRICT 2 25 IS 0B 70 b 6 W 5 TFRZET 5,
o HYDMANICH> TRHL Z2NETEZ H5W 2 K SRGHT %

7 E, BYHEBRICNT 2 I BERT 2 0EIH 5 (FFERE-IMOERK [13]) . & b
DIHERE Z H S 212§ 2 21213 & b DEEEINOBEREENT 217 ) B3 D 5, 2 2 FTTHRN
TELFETIEIOHNZIET 2 2 LIFHRR Y, £72, EBKRFERI R Tl
KINGBE DAL LB PR, £ 7213 0BNZ L Z 1R 1 ST 2 2 L IZTIRECH
23, AL OMHEICOWTHENTT 5 2 L IFTE 20,

NDSHEEC R T 217 9 B, ORI IS ME I L 72 idnlg 038 <. &0 o iKaE
DS U 7 G IE]EE 2 AT 9 5 251003, B AR RE R, DEIRVEE 2 5 2 72 BR O RIS
Z 5 2 B RE SRR 1 2 1T ) b B0 D 5. BTG L, BTG IS RE ) I EA7 280 i
DZAZFHIT 2 2 EIC K DI 5 2 EDHRETH 5. WIGDRHIITGT L, RE, JERERIC
IV B ZEDIHBETH B0, MR NICERE Y CCEMZEHT 2 4% EDTEND % RER
BERUTE, & PTIT O BE, MARIFERi2 BB E T2 EEDOMIIC K VIT) o, @
TEDFHINIAFRETH 5 72, FIHZERAY R FHINC DWW CHITIAR 5,

REM B DFHINEE & U TINEGE (Electroencephalogram: EEG) 3% 5. EEG (351
BRI B Z B, oSG2 2 LIk DAL 2o bz iHd 5. SR
SIRIEZ G 2 51k & LT, F70R940)6H: (Near-infrared spectroscopy: NIRS) 23% 5.
NIRS (3B K% & MR ER DMt 2L 250§ % 2 L ic X W IliEZ L2 5. EEG % NIRS
VEIRFT A FRAE 12 O SR R B IR K, F 7, INRIEOFHINCIRS 112 & v ) RHED D 5.
Lo Lad3s, BMAEIINEETREET2 2 L i3k, MOERERLEEND, Z2Dkd,
&0 L INHSEE % AT 9 2 BT I3 IR R FHE S 2 3D B,

I Atel 2 G HITATRE 22 Fi & U -CHERBRIRZIE AL IGIEIS (functional magnetic resonance imaging:
fMRI) B Wi E IS (Single photon emission computed tomography: SPECT) 7 &
& %, fMRIIIZIESIEIEHER (Magnetic resonance imaging: MRI) DRREE O EE &



W28 L7, IMRIIC X BTG ORZ 3O IR HZ L 2519 5 2 ik DfTbirs. SPECT
RIS RN R 2 B 5L, Z OGS ERMAED» S S s 7y w25l 5 2 &
WX DIRERIZ B, 5 L - SO ERA R I MRIC R D, B ICRINE s, Z DRI
BIIMARICHAIT 2720, Zy<eMoitilic k) IREZHEE T2 2 ERMETH S, L
7L, SPECT I3 ERINARZRNICER G T 2720, JHREL IZTE Vv, 22T, JERE
Th h MDA RECTH 5 IMRIICEHT 5.

1.3 SFESRFORNEENICBIT 5 BhEME & ERHRE

AHFZE T3 B AEBIF O RBEAE I M %2 4T 2, B X 2 MO IRIG %2 MRI 1 X D FHl$
ZFEE L OO A, EBEZT ) BT T oGS 25 L, KT 3
LK DHEENC X AMIEEMET 2 L0 HIETHS., LoL, ZOHETIRHEBHER
WHRIE L 72 IPEIR D IR TG L ~OL 285l 2 47 9 BRICIHE T ¢ 2 R 2 & A TWw b, ZonfEE
MR T 2 72 o i1cid, EBHED ORKIEE 2 S 2 BT D 5.

fMRI % F\ > 7 BV b o idiE 8 % 5l 2 iR 1 8 { fTb i w33, 2043k
Bz xtg & LCTfibit T3, Gordon 513 % 4 E ¥ ZEIfEZRFT 9 B3 EB)ET 0 &G E D Hl G
Z fMRIIWC X D EHEIL CTv» 3 (A. M. Gordon et al., 1998 [14]) . Gordon & |ZHRAEEMEAR 2 HL D B
FUEL RN PCHF—R—F 2T, 1HEA13EHE H—r—0fhELIA ¥
VIRLBEDIAE Y T E, MR A Y VHERFRE L, HEEThoRES) 2 L
T\ %, Hribar 513 3 Xoufih /154 ~ % —7 = 4 A5 234 A Phantom Premium (A. Hribar
etal., 2009 [15]) ZH 7z, LECHEEIRFORMIGEEI 25 L Tw5, A7V =V EDA—Y L%
FNAL 2T &) BEERAT O B OBIEENEHIITd . Menon 5 Rajh 5 b F 72T > 7 1
ZHT 53 HHEMDE T NA 22 MEAICEAFE L, RECEBREER O G EIEH 2 34 T
% (S.Menon et al., 2013 [16], M. Rajh et al., 2011 [17]) .

BB AR E U GEBFVER O MIGEIEHI2S fThh 28l & LT, b, FICFIIE
M BEZ TV, HEMICR O T 286 CTH 2 2 &, Penfield D KINT MR SEZ £
INNDIK & Y % 7] 2 B M VBB OFIRA N EBBZ 6N S, i, fMRIIC X
3R EIEHIC B W THEEBEET 2 7 —F 7 7 7 R & D, FEIOBEIK F VLIGAIC
EEHIDSATIRE & 72 5. SHESOENEIZREEEET 2 2 LIS XK DEEFAT 2D, Lo ESE)T
AR OENEZINHI L S\ e, IMRIIC X 25HIISHECTH 5. DLED S 5 LEGHEBRF O
BIEEIRHIZ {fTbNTwa, L LAads, TS 2574 HENICHEEICHHEL
TEY, TEGEB)ICEID 2 MEEREMRIT 2 SR T 2 I3 Icé D 2. £72, BRI %
0 % 7 HIZIE VIBGEBIR O MRS 2 BH S 222 T 2 05 03H %,

T CEE R O BTGB EE & U e b SR O B E & [k L CRHIIT 2 7RI T A XA —
DITEEIRHIITd %, Jahn & X376z, BATROETE A A —2 LT 3O E) % fMRI 12
X DERIIL Tw3 (K. Jahnetal, 2004 [18]) . &4 X —2 TR 2HEMIE L, 2D, Hi7
EEFTDA A =Y CHUORNEEFIRI AT 5 2 L 2 BTV,

TR T HOES) % 179 B o MR <k, REFiOMEEIZ R E Lbon%fibh



T\ %, Sahyoun 5% Ciccarelli & (3 EBIEiOREENNY - ZEIHVEIEZ R E L, REOHERZ
i L TR EhEHI 2 17> T\ % (C. Sahyoun et al., 2004 [19], O. Ciccarelli et al., 2005 [20]) .
Sahyoun & (3R BAEi DO REENNY, ZENVEI(E & BifEER L BIE IO RGEENCE L Tilt%i 217>
TED, @fER XD b EERTO B EEMSPBEIEFHNCE L TR E OIS SEE 5 2 & 2
B 5202 LT\ %, Ciccarelli & 13 2B O BEEYEI(EIRF & Z BB (IR O BTG E) % ik LU, ABE)
& ZECHBRO IR MRIG T % 25, BEEVEIE I L RZEENE CIIRIE DA DY) DIRENTH
D, BEENEN{ERECIEZEEIEIR ICHARIROIRIEZ R T 2 & 23 L T\ 5. Maclntosh 5 (3B
iR T — 72 HORE 7 — NNy 72 52 3o, JEBi% HEME F CEifET 2
BoRIEEIOFHIZ 1T\, BEEAEI/NS WS ITHARK E WG 703 JGHEEF O —
RARMEEEEF ORRIE DY & & 23S LT\ % (B.J. Maclntosh et al., 2004 [21]) . Z#U3H
BEAERRE CHPEEHSE S, £, BE74—FNy 220BE LT3 EEL
5%, Dobkin 6 DWIZEICEWTIE, MehEFICE T 2BT7)NEY T — a VICHEHS
N MDA AME % L L U 7 i PRl AL oo T 1o BRI oo 75 @ B IR O i 15 B &2 MRI ¢RI
LC\w2% (B.H. Dobkin et al., 2004 [22]) . 7z Thijs & XA Z R & U CTIGENE %2
1> Cw% (Y. Thijs et al., 2010 [23]) . Thijs & (ZEERIET O B/ERE I BIFHEKPTZ 18 5 1F £
DERAORIED S E S 2 2SI LTS, Luft 52N EZE 20 R E L CaEH)
21T > Tw b (AL R. Luft et al., 2005 [81]) . Luft & (ZM26 8835 & fE 5 o i BY i E B)
RF DTGS2 Fle L, GRS X 2 T IBRBELA DI DS 2 i L T 5,

2 2 F TR T & 7 PEGESIR O S EIE I < I HBAENER) 2 R L L TiThbiiTws, L
22U, TIBGHEE) M, BT, MRBEET M O R B EE L CEfERAT ) L% K, i,
HHCi b AHZAT ) HATEME XM NS ai L <IT 9 8B ¢h 5. TR DEE) 2 R &
L C Mehta & I HBEEHEDO RS )L EBL L 728 E 2 VLT RYY v JEEICB L 72 MiES) % fMRI
TEHIL T2 (J. P. Mehta et al. 2009[25]) . Mehta 5 &%) ¥ ZEFIC X H — KB
P, —JCHBNEF, HCEENE KON SIRIE T 5 2 L2 L TV 5, fMRI Z w7z
BTGB T 1Z 22 VL A3FERE IC L.O.D. Christensen 5 1%, R b v vWiJg#: (Positron Emission
Tomography: PET) %\ T8 v JEIfEROREE 250 L, <57 v 7 Ok e H#E)
TEDHEA « HIENZ 1 E—ZGHEBEF O EB I ES B> T b 2 2 LT3 (L.OD.
Christensen et al. 2000[26]) . % 7z, Hollnagel 5 (A 7 v € ¥ ZJE{ERF D I5E 2 fMRI Tl
ML Tw2% (C.Hollnagel et al., 2011 [27]) . REEIEN(E & ZEE/ECREMI 21TV, ZEIE)(EIR
& i U BB BB VEIRE ISR Y, —JOEBY, REENE ORISR D 7 7 A ¥ K E L
2 EaMEL TS,

L2 L, BIfEE T T 5 TR OES) 217 9 BEOIGEIEHIIC 1, <XV v 78
AT v Y TERICR UL 7SR 2 BT LT 2720, ZOEEIZRERNTH 5. Table
LIRS Y Y TRORA Ty EY T AT b ERFTHZE L 72 TREERR RS A7 4 (Lower-
extremity motion simulator: LoMS) % H#Z L TR, X&) ¥ JEIfEIZEMEIT 1 B HEOH)E
270, TEEEOFRMETH 2 RO AEISII IV R ETH b, ATy EY
JEIFIESAM I HHETH Y, REOAENSIIER L TH D, Z ORI THI N
TWE Y AT ATIEADRHEAEE TR OIT) THEIETH 2 BTEEZIT) 2 LIFTE R0,



Table 1.1: Comparison among pedaling system, stepping system and our LoMS.

Performance providing motion Pedaling Stepping LoMS

Bilateral cooperative move o o o
Right and left independent move x o o
Symmetrical move o o o
Asymmetrical move x o o
Active move o o o
Passive move x o o
Variation of speed o o o
Resistance to active move x o o

Degree of freedom 1 per two legs 1 per leg 3 per leg

Excursion of foot On circumference On line On sagittal plane
Independent move at each joint X x o
Provide hip joint torque x (Connecﬁd nce) o
JAN

Provide knee joint torque

(connected hip)

Provide ankle joint torque

X

Gait-like motion

X




BATEMEZ T ) 7= D ICIZ S TRIE 3 HHENBRETH D, SITEEZIRRT 572012
e DA BIFNC AN U7z bV 7R 24T ) D D 5. B 2 MO I HIBEITRE 2> R T o %
MRS 2 2 & T, REWMEWOSTEEH ORISR 2 5HIFTEE & 2 2. IS KB
BT ICHIBETRE T Hh UL, Mex REIEEZ RE R TH B,

T, THEEEZIT ) BUCRIBRINGEBERERE 7 « — F Xy 7 Th %, EEDOBITEIE
T, HREZAML COIRETH-TH, BENOKNIPLOBE %52 %2 LIk Dl
Yz EhfEiE 24 < 2 L 2SH[AETH 2 (Y. P. Ivanenko et al., 2002 [28]) . ¥V ¥ JEifE% i
RT AR TIE, HEEORYLEZEL TWE7D, ¥ ¥ 71t RIEK DR ET 5.
Lo L, RERNOHEIZAETH S, —FH, ATy Er @i idnd 28T, A
FyEVIHE) KRIERZTID, ATy EV IRl Twb o, BEICKHLTET
HIADADKIER 2T, STHERR TR ~BE T 2 B TEE2 R8T 5700, &
K IR & ) KAh o8 2 R T 2 658035 %

1.4 WHEBEHN

Figure 1.1: Lower-extremity motion simulator (LoMS) providing gait-like motion during fMRI
imaging: LoMS enables MRI to measure brain activity while a wearer moves his/her lower extrem-
ities like gait in the lying posture.

Z T TAMETIIAD TEABT2EET 28(F2 X0 O LT 28R4 & FEEELOHE
CHED RIER N %38 T 2 B0 MiGE) 2 fMRIIC & DGl LAEGT 3 2 2 L 2 HIEL, A7
FEENE 2 8 9 2 RO BTGB O fMRI G2 WI8E & 9 2 M@ 2 7 4 LoMS  (Lower-
extremity Motion Simulator: Fig. 1.1) ZW%EF% 3%, LoMS OWIEHFEICEWTUTDH



MZE2FET 25 (Fig. 1.2) .

o fMRI BRfREREE [ CH3E # (B TR EIE X OB ICHE S IR T % $27R8 A8 72 T )
RS 25 I LoMS ZBi% T 3.

e MRIGEAGHERIC LD, LoMS 23 MRIE# &% H L IMRI R EREE N CHEA A CTH
52 L%NT,

o BATHUBEN S TERERHIIIC X D, LoMS 23T HARINE 2 fem§ 5 2 & THEH D
TR 2522 2 LD3RETH 2 Z L 2iilRE DBLND 5T,

o AATHIEEE)(EIR: D IEEIEHINC X D, LoMS 1T & 2 B EF/R IR I G EIE Il AYATBE < &
%5 2 ERMERT 5 & &I, BATEREIEIEIC X O BTICBE Y 2 MRS 9 5 Z &
ZIRTY.

o LoMS % > 7 M@ (ERF D IS BhEt il o B & U TS AT BAEEmh 1R RF o i s Bt
W LR T v 7EIER O RIE T DA M X 2 IS Z2 a2 17 ) .

Analysis of brain function related to gait-like motion

Measurement of brain activity
variation by floor reactive force
during stepping

Measurement of brain activity
during hemi-loaded gait-like motion

Measurement of brain activity
during gait-like motion

Evaluation of motor
sensation induced by
gait-like motion

MRI compatibility
assessment

Development of LOMS

Figure 1.2: Overview of this research.



1.5 X DB

T F CTHABEREMT O ZSBIC D W CHIH L, BIfERF OSSN 2 fMRIIC X D 1T 2 0Ek0E
FET DWW TR, FERUZE T W & NZ-BIERR S A 7 4 Cld, STEIER O SR
BATRETH 72, Z 2 CTAIZETIZHINZ fMRI IC X 2 BTN 1ERF o It RE fghT 2 1)

BT 5 MEEER RS AT L LoMS OWZERIF L §5 2 L 2k 7, HIZ7§72IC
LoMS ( MRLGEGTEZ A L, BIrEiftE{E 2 n i Cd 2 D81 H 5,

H2ETIZ LoMS DY AT LARERICOW TR 2, 9, MRLEAM:ICD T MRI D4
JFIED 63T 5. RIC LoMS D> A 7 A2 B, MRIEGM: 25 7 3R S MR %2
BHREIC T %, XIT, MRLUBEGHEZ 72§86, SIS O0LTHHT 5, %2 LT LoMS DOEKE)
BERE O ZHHIBERE (I DTl R B

55 3 T Tl LoMS DlEIFEIC OV TR S, LoMS 1T & 2 BB B EE R o HELX B
TEPRRIC X D EEE IR OMEEI 2 HL T2 2 £ TH 5, Lo T, LoMS OFlfTIx
BHffifg e 2 HEE L 23, BIfi bV 7 2HEE T3, 7, BRET7 7 F22—9Z28HHT 3
DTT 4 — KNy ZHlIHITIRREERENDEL 2720, BBS 74 XV ARICK D%,

%4 B Tl3 LoMS 25 MRLEATE 2723 2 & Z2HER T % 72 01 MRLEA R ICO W T
AT 2. MRUBESHERBRIIHALER 7 —F 7 7 7 bl & RF 2SOV A 2 4 5l 67D, i
B 7—F 7 7 7 FillETI3 LoMS DAL O EfED IMRI DIRBE 28 F S22 &
ZHERT B, RE7SIVA /A4 RiBRTId LoMS %3 fMRI i 2 B /4 B % 1R8I SHll T aE ©
HdIERMRT 5.

55 5 T Tl LoMS DB TIEEENEF R ERE 2 B H OWIEE O BlN 2 65T 5. 9,
LoMS IZ & 2 B fTHHBEIERF & b L v B VTR BTG ENER 2 bk 3 2. 72, @S
FrRE DRI I R B R A 2SI S 405 23, b Loy B SOV TR & [FERIC BRI (R IR
BRI S D 2 L R HERT B,

556 FTlE LoMS 1Z & 2 BTREEE) (EIR O BGEBIEHINC D W AR 2, BT EEE ER R
RECIIEEIDSFHEIATRE T 5 2 &, B XU, BITEEI{EIC X D 471 BEE T 2 e o i
952 EEMERT 3,

85 7 TR PRI BT AT R RN IR O BGEBIEHINIC D W GARR 2 2Pl A T RS
LD HAATE IR 2 T, EMNIERR A2 Tb 2 \» 2 L AN B 2T 7k
RET, FEANFROMEH OBTEEEIEZ1T) 2 & T, B4 X — & EEROBI{EIRE O Tk
I & BRGEENZ L EH S DT 5,

ST TIE AT v 7EIER D RIE K I OE I X 2 GSENALEHIC DWW TR %, AT v
TENEZIT ) BRICRIER N 2R T 258 LR L R WEEOMEE 25 L, REXIIIC
X DRGEBI DB ZH S 2T 5,

OB TARIM L MDD 5. Fio, BBRITAMIED EDRRICSHATREDOFERDIELE Z R S



F28 TEREMERERYATL (LoMS)

LoMS & MRI 12 K& % #5538 O BTG BhE A s 85 o T RSB T 2 K 2 BifE % fén
T 52T, HITEEREEZIRRNT 2BOMEEIEHIZ [gElc T2 HA2HNET S, 22T
LoMS IZPA T D Ri& i 7z T8N H 5

e MRIGEAMEZEHT 5.
o HTEIEIRHE ZIETNT 5.

%9, LoMS DEIfEEREIIZ MRIMIAZENTH D BHIC IMRI #fHCTH % 720, MRIESEZ
BT 208MNH 25, AFETIEE T LoMS M7z TRE MRUEAMEICOWTHIHZ 3%, LoMS
¥ MRIGEAE %72 3772012 MRITEGEM 2 SR T %, 7, MRIEA LICEMITH
DEEFITHTEIFRE 2R T 272012, TR OABEENIMIZIC 1 IO by 7 i
AZEITI. MATINEEEIcGbE TRIEANR D ZHRT 5. 3 HlECRRA DT
IEBIERE R %2 4T 9 B, JRIER PRI ISR L TR A D KO8 2 FRnlag & 3 %,

2.1 MRIESH

MRI BRI TR T 2 6% 13 MRUBEGTEZ 7.5 2 L2380k SN 5. AREiTIE £ MRI
LEE DG 2 ] L MRUE A EOREPEZ BN 5, I 2k & s MRUEA T
IZOWTHlR 3,

2.1.1 MRIR&EDRE

MRI /& 'H i FT4: U %5 NMR (Nuclear magnetic resonance, Fig. 2.1) BIR% il L 72 [l
IR T TH 5. NMR BIZR & 13RE D B O &g 2 R 1125 -2 % 3 T2 ik 2 1
IR L, ZDOERICHEHER (NMRES) 2%ET2BIRTH 5. HICHHESZ2H#T %
& Z DA DR E VIS D TTIAICH . B B kS TR0 R ¥ Vil 2 6 e
RIS 2 52 % L AE VIDMEE, JLOITIANC A E VAR 2 IS IS E L, A
Vo detmSH 2 8 CRRICHIE S 2, Nz kA2 E) &P, RAEENC R OB E L
TG DZEFE L NMRES & LTHIN S, fH 72 A i3 RFEREE & & b ISR 2 ISR
B9 £, NMRE5I3R4ICHET 5. 2k HHFEEHRE (Free induction decay:
FID) &W5. FID ZYHDEMLRDOE PO Y % 0] 2 E - OB D#E I & H 2L
T2, TRbbaFEEDENIC XD I8 2 RS OBE R Z T2, MRIIZY A

10



Absorption resonance _
_ Radiated wave
of electromagnetic wave

Magnetic field

Precession NMR phenomenon

Figure 2.1: NMR phenomenon.

TN B R EICHE L, £72, RF a4 )VICk ) igsdl)» BT 2 B2 %E
T2, ZOBEMI%E RF /LA LIS, RF 2OV AIZ 10 [MHz] ML EOJEHEETH 5 (MRI %
EMDEZT5[29]) . RE A )VIZRF 2SIV AZFET 200 AF A8 E L b IcUadtic k by
Maar L B L TR D, NMR BRI X 2Bl 2 B 2. ML - 8B#kiks o FID %4
5. ¥, AEVZET % RF 28V A D % k2 8 o [RIHR R 58 2 i 2 % S K 0 il
DIHENREL D, HRT 2R ICADEE(NIE 5. £7, MRIDFHESIC X D FID %
ZAL L, MRI DIENZT 2, SIS ENEE MRUEE 3218 3270, #E5SORER
EIEIZREICH ELTEY, BETIZ3[T] O MRIDB—BIGICERHIN TS, £, &
D BN LD E R DR D S B,

HIC, AWFZECIIRGEE % BRIR T % 729, fMRI 23 %. fMRI TiZ BOLD (Blood oxy-
genation level dependent, S. Ogawa et al., 1990 [30], S. Ogawa et al., 1993 [31]) %% F MR
EOZED o BIRTE 2 G 2, RO A2 D & EEhiE 472 EOH N X D RFED
ARG S 2 &, MIMREDSMT 2, Lo L a2 o BEMNBEREOBII/NZ v, Ldio
T, BMEMHBREBICIZTAI O~ rolnzg, KMFEORIMCE) F X' s
oy EEY, P4 X ~E 70y OMNEINT 2. ZO5%E, BRIEH6T
TR OFEDNEA L, IMRIIC X DEHIIL 7-E 5N T 2. 2 OfE5mEORm
% fMRI CTHGIEE) & U CTHRIR T 2. BALROZLZ I 2 2 B Eiia 0¥ — W EETH 5,

DLEDED, MRIIC X 288U 135 EES & @D BRI TH 5 RF2SOVADMES) . £
72, RO LI IIRGTES O EES 03— Th 2 08 03H 5. L 723> T MRI i MRI
MEBENIIRERZERETH D, FRRE %2R T 2 2B 2 Y — IR OB D 5
ZD7-®, MRIMEE CHH T 21583 MRUBEGTE 26T 205035 5 (MRI Z4M 0%
AT7(32)) .
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2.1.2 MRIB&MHEOFEHE

MRIG#EAE & 13

S 1 BEERDS MRIZEEICIRE I I N2 4% 84248 FEZ R 5w L (MR %Z4)
&2 BB OEEROEIEL MRI OB ICHEL 5200wl L, BLY

&M 3 MRI DS K O BAREITEIC X D BB OB Z 2T v T &,

M b3 &tz Th b,

SME I MRZAMEE DR, KROMBEIKET 2. FTEBHEOWES A E L
TWBIREETMRI %179 & RE 2OV A X D IERSE UL KG%2 T 280035 3.
L2 L 207 £ TR & AMERDO B 282 2 & TR Z E23A[RECTH 5. F72, MRI
BERENICREEROEER 2 R B IA T L g 2 FE L T 5 MRI ARG S0, &
KB WOFRHE D, 2Dk, BMEBENTHEHT 2EROMEIZIEREARTH 2 051D
5. UL, EHMEETH-TH, ZOMLOFEC I DELLNSHEZHERTL 9
H%, BENETDH 25HAICHEROBER RF SV AIC L 2BERIC X VRSP EL 2854803
D, MRI OGS % 8L LSRRI E 2K N S ¥ 2 Wi H 2 4, FfF2 2 T 0808 H %,
F7-, T ARG, EEHEE & RF 2SOV AD N CLRE L 71k % BT 2 08038 2 2,
Gt 3 &7 TEDIH B, MRIBREREL N CEIfET 2868813 DL Bicib R 7 MRIGEAS % H
TOMEDDH B,

22 VATLEBRK

| Control signal
TTL TTL Compressed Compressed air
[ PC & Pojector ]&[MRI control systemJLlse)[ Controller J [ Air compressors J- — Elecrtergt)lrzzgatlc S '_i
| 1
A i_l
r----1T - - - == == == == == == == = 7 -1 1T - - - - - = = = = = - - —_— { M
—T Joint angle !T T! ! Eﬂnpressed ar | I
I Joint angle © E ! iuo> |
| Joint angle B @J 1S 6|
| Joint ] a— ] - | = !ggl
torque, i 3 B Ig E’
H ]
I Liner tension spring I 1 E @—-‘E Sl
) ) |1 8
I Visual Artificial muscle e &~ S
| information ‘ > H Foot reactive force |
I Artificial muscle —
Hip joint Joint foi Joint l
| torque torque N

Figure 2.2: System architecture: Magnetic components (an air compressor, solenoid valves, elec-
tropneumatic regulators and a controller) are located out of the MRI room. Only nonmagnetic
materials are located in the room to satisfy MRI compatibility.

Figure 2.2 IZ LoMS D ¥ A 7 LR % 7T, LoMS DREK 5 1% LoMS i FHRFIC MRI #ifx
BNTHIE T 2385 & MRIMIERIMCELE T 256571200 5415, MRIUBRAEEMNICEIET 5
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DA MRLEAGEZ G T 208 3H D, MRIREEIMEE T 255713 MRIICEEG S
2 B MR 2 S O X M & fEH TR T H 5.

MRI A NI 132855 1B b v o & BRI EHE 2 5 2 2 BATEREEI(E %2 Ben 3 % 4
BB KL ORIER N 28R § 2 R PSR EEZRE S 2. 216 O MRIURAEZENICH
BT 247 1F MRIEAEM TR T 2, MRIBBE T TIZ7 7 F 22 —% & LC— RIS
HAE N 35— OFABATERETH 570, B~V 7 ROBEiMETEE2 52 % 7
JFax—%E LT, WERzEERVey FRURESERANLTA (Airmuscle: KANDA
TSUSHIN KOGYO CO., LTD., Tokyo, Japan) Zffiffl 3%, LoMS O #BEff 1 13 {1 S OV il
MADONLHiIRZ ZNZN 1 KTOMET 5. 2 KON LHIRZ IS¢ 2 2 LI k- CRfiic
PV 7 EAEHEZ RS 5, RIEXOFEREEIZZEALE 2 e B 0%iETH 5. B
FITENENRERE 1 DT 2.4 i, RIKRIIREEEICOWTHE 2.7 fii TR T 5.

LoMS D~k #% Fig. 2.3 127" F, F7, Table 2.1 12 LoMS D&M OERZ R T,

Hip Joint Knee Joint Ankle Joint FRF generator

295

-
1015
1142

Figure 2.3: Dimensions of LoMS.

Table 2.1: Weights of LoMS.
Thigh [kg] Crus [kg] Foot[kg] Total weight of a leg [kg]
2.50 2.50 2.36 7.36

Hllf#fi D 2> ¥ 2—% (SH4 : General Robotix, Ibaraki, Japan) 7 7 F 2 T — ¥ IZ [EffE2
LAEMHET 5227 a7 Ly (Compressor model 12-25 : JUN-AIR INTERNATIONAL A/S,
Michigan,USA) KUNEZEL ¥ 2L —4 (ITV1051-212BS : SMC Corporation, Tokyo, Japan) %
MRIIZEHA L 22\ 728, MRIBAEEMCEET 5.

W2, WEENERE2GADOICA ) — v 2T %, MRIBEEMCEEL 22~
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Ca—g R 70y 7756 MRIREENICRKEL 2820, A7V —r~&KET 2,
%%, LoMSHlfifia v Ea—g kO 7my 274 arEa—FId MRI & 27 4% 5 TTL
(Transistor-Transistor Logic) #$)VA A1 %2%Z1F, MRI DIRE S 4 2 v 7 LT %,

2.3 MRIBESFEM

Table 2.2: MRI compatible materials.

MRI stainless steel(SUS304,316
compatible etc.), ABS and acrylic resin,
material nylon, copper, etc.
MRI pneumatic actuator,
compatible ultrasonic motor,
actuator hydraulic actuator
MRI rotary potentiometer
compatible . ’
optical encoder
sensor

MRI# &1 % i 72 212 MRUBE R NICALIE T 2 43035 5 LoMS M M O R )

PFORIEE I IERGIEAR CTRERR S N 2 08803 H 5. MRIICTHEG T % 566, % Table 2.2 IR T
MRIZEAGT 2 EMICIE MDA TV VA, Kl »—R Vit 77 25 v 7 (CFRP),
FE R, Wk EPFET S, WEDEID S, AT Y LA, CFRP, 7% v &&DMHHE Z
S5NDD, HWEIZRAT VYL ATHITHE7D, LoMS D7 L—AIRIZIEF AT > L A (SUS304)
ZHW5, £72, LoMS OBiTBIZEME IR E LT 2720, ML M TLO%RS 7% ABS
(Acrylonitrile Butadiene Styrene) g% H\> 2. AfHE D 6 TIED LI W A N —FIC
77 ) VEEE v 5,

MRICHET 57 7 F 22— 3R5EXT7 7 F22—%, BEKE—5, WEXT7 752
I—=F%nEPHDL. BN OWTERERT? 7 F 22— HOMERT 7 F 22 —FIZADT
BB 2R 57 DICah ik PV ZITRED 528, BERE—FIEH P v 2 &<, H
ENERRICAETH 5. LoMS IZBHEI O MKER) 2179 72, 77 F 22 —F I Vo7 2%
I 20T H 2, BRERXT 7 F 22— D% IFEMES) 2 R 5, [EES)
iEjE 952 TRV ZICEARETH B, —J7, WHEAT 7 F a2z —%1ZMEE bV 7 2%
e CTH 5. MEROKEEIIMER7? 7 F 22— 2135, BRAERX7 7 F 22— 713K
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W, ZHRRKREOSS, A X D ERERDEMT 27O TH S, —T, ZOHAEIC
I DRR[/EAT 7 F 2 2 —ZIEFREDH D, @AM L TERIEARETH 5. £
7o, TOFMRMEITKD, BERRICE W TREINZPUEDIR R 2 T2 2 L4, EEEDH)
FT25MZ2 5252 LARTHSL, £/, BREXT 7 F 22— ~OHELTMGL= Y
FMIWMER7? 7 F 2z —FDilFEL=vy F LR LGS TH D /INETH 5 7-0, HEBDIA,
HRICH 2 MRIOEAICE L T3, 2 2 TLoMS ICI3ZERHERT 7 F 22— 5 ZHRAI L,
Sl DIFIER TR I e~ v F X UBIRGRHEAANTHAZ W 5.

MRUCEAT 2 v & LOER Ty a—Pn—3 ) KT vy aX—yn%Eifs
N5, BEEiAERHNICEe—2Y KT a Xx—% (SV0I] : Murata Manufacturing Co., Ltd.,
Kyoto, Japan) Z T2, 00— VRT3 a X—FICZEEE 7T AF v 70z &,
IS B3I AT H 5.

2.4 BRSNS

'Two linear tension

springs for a hip joint |-
Two linear tension Yy :
springs for knee joint , '

Foot reactive force

Two actuators
for a ankle joint

Two actuators
for a hip joint

Two actuators
for a knee joint

Figure 2.4: Drive mechanism of LoMS: Each joint has two Mckibben-type pneumatic artificial
muscles as extensor and flexor. There are two linear tension springs for a hip joint and two springs
for a knee joint to unweight LoMS. There is foot-reactive-force generator at each sole to simulate
foot reactive force.

LoMS (3B TR E(F R 2 AlREIc T 2 4 I 3 HHEZA L TE Y, THRo&HEE %
MOZICHBERETH 5. SR 2 DO AN THWZRE L, 20wl - ffEZT79. A
THIANDOELGERIEIZEZZL ¥ 2L —% (ITV2051 : SMC A &tt) Z2Hw5,

LoMS D&M 2 KDy ¥ XUHREGERAANTHRZHE S €52 LickDd, Fuvs
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EAEHEE AR T 5, LoMS ITIEE b L 7 1B C TR D R 2 2 i N A %
W25, RBAET M O WRBIET D BRE) 1< v B N T RNIE A% 1.5]inch], REBIET O BB H V2 b
DIFAME 1.25]inch] TH 5. EAFPIRIE T 0.6]MPa] DEMEZLDIAIIZ L D, 1.5[inch] DA
THHADEIZERCA S0[mm] TR L, 1.25[inch] D A LHIAD A2 A 40[mm] F T
99 5. %7, 1.5[inch] D A THIRDRARFEER I 1,800[N] TH D, 1.25[inch] D A LA
DIARFEAEBEIF 1,200[N] TH 5. UWHEHR & F845RT), a2 O DBIf% % Fig. 2.5
WY, R Lo N TR~ T 2 22D e K11 0.6[MPa] ThH 5.

35

10W

30 40 kgf |

% 25 ///f

£ 20 / - 120 kgf |
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Figure 2.5: Relationship among tension, air pressure and contraction rate of Mckibben-type pneu-
matic artificial muscle (KANDA TSUSHIN KOGYO CO., LTD., [ii])

2.5 LoMS OREHEERUVHA

BATIRFIC BT 5 A O T IR o EBhHIFH & LoMS 2SHEEN - SZBITE{E %2 255
PR T 2 BB IC B E S5 bV 7 % Table 2.3 123, ARIDSEEEINIC S T 21T -
T3 BEOXEE ORIEHIPH &~V 7 G NEYBE [33] 25 B L7, £/, ZENATE)
EZIRT BRI E SN M2, MAFREICH 2RABEDO VE RS LI %%
KB PV 7 ELTEREL T3, 28 20 RBMDOFHERETH 51 66.5[kg] ZHEHEL L
(EAMEEE (PR 25 FE) 2H), Bfii kv s 2Rko 7,

LoMS (2 AR T EEE o [l iz dfi P o BAf b v 7 # B8 L 728%EH & s> TV %, Table 2.4
IR TERIZ, LoMS OB o [lREiPH 13 4TI IS B 1 2 AT O B o [l R PH 2 53 1 7
T2, LEDF, ANEOBEE O ARERHFICIZIFNE 2 & 9 IEEFL w3, Zhick
D, LoMS OEIffic X 0, HEFIEME, WEihick 252525 2 Lidkw,

LoMS IZflV 3 = v ¥ R URIZE RN THIAIC X 2 F848R 1%, AT 2 ELROE RN
M2 2 RA SR EBOANTHAARORE S ITKET 2. ALHAIRHRAED & &, &K
RNEFET 2, 7, NTHADRDIEL T 2IRETHEREZRINE 2D, ANTHAE
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DI FE LoMS OBffifEENZ LT 2%, Thb b, LoMS DBHS F L 7 1XBIfHif LI
L T2 T 5. ANLHHANMEGT 2 22O % 0.6[MPa)] & L 7284 LoMS H /]
MV RNV LT S, AN RV D AN R BT O Z BN TR ER R L O
BEBIA A TEIERR N IS A B 72 b L 7 & HE L 7455 % Table 2.5 12”8 S, f/ME RV 71332
BT EIM RS R I B e b L2 2 i LCw B, —JF, REESoR/NN L2
REEN BT IS e bV 7 ICiiliZz 20w, Lo L, REEIBTEIEZ PR 3 2B d v
DAEZ REAMAEICE W TATLHAIZIZIFAARRETH D, RARNZHELTED, LoMS
DRV 2T 2BHiETH 2, 22T, LoMS DRI & BB TEI{ERR
DRHE L7 % il L Table 2.6 12783, LoMS D KT b oL 7 2SREEN A TEIERER D 6
YR VT ZI3IEm 72T, 7, LoMS DR AH v 7 2 NEDOFRARFEH ) & il L, Table
2.6 1R T. LoMS DIk F L Z IZ AN D KRE S 2l 2 200k, AMENBEE &%
T2, 1, ABORKFIED IZARRE T — 9 =2 [i]| 22 L 7%,

Table 2.3: Requirement of each joint with walking simulation.

Joint  Maximum angle of human[deg] Requisite torque[Nm]
name  Extension Flexion Passive Active
Hip 10.0 35.0 46.9 40.0
Knee 0.0 60.0 10.6 30.0
Ankle 15.0 15.0 0.97 75.0

Table 2.4: Joint angle of LoMS and human.

Joint Angle range Human walking Maximum range of human
name of LoMS[deg] Angle[deg] LoMS/Human[%] Angle[deg] LoMS/Human[%]
Hip 47.7 45.0 106.0 115.0 41.5

Knee 71.1 60.0 119.5 140.0 51.2

Ankle 75.1 30.0 250.3 75.0 100.1

Table 2.5: Minimum torque of LoMS.

Joint  Minimum torque  Requisite torque for passive walking Requisite torque for active walking

name of LoMS[Nm] Torque[Nm]  LoMS/Requisite[%] Torque[Nm] LoMS/Requisite[%]
Hip 48.0 46.9 102.3 40.0 120.0

Knee 32.0 10.6 301.8 30.0 106.7

Ankle 32.0 0.97 3299.0 75.0 42.6

Table 2.6: Maximum torque of LoMS.

Joint ~ Maximum torque  Requisite torque for active walking Maximum torque of human
name of LoMS[Nm] Torque[Nm] LoMS/Requisite[%] Torque[Nm] LoMS/Human|[%]
Hip 108.0 40.0 270.0 140.0 77.1

Knee 72.0 30.0 240.0 110.0 65.5

Ankle 72.0 75.0 96.0 75.0 96.0
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2.6 BERETEE

LoMS 0 F B % $afii 4 2 2 8IBBIE ) N2 2T 2. fHiHT20-E ) N2 E ATV L
2 SUS316-WAP BT % b JEREIERTH 2. 28803 2.05[N/mm] TH 5. HEIC X 2 1B
B S O EBEER bV 7 2T B A I KBRE R VIR IC 2 N Z N 2 AD N2 2 BEET 5. K
B DN 20T X 0 F64 5 2 B BEE b L 27 13 K#) 45.0[Nm] Th 5. FEEED S22 & b FE
¥ 2 B N L2 13K 23.6[Nm] T 3.

27 BRERIETHEE

LoMS (&4l H @ R 142 %5iE  (Foot-reactive-force generator : FRF generator, Fig. 2.6) %
B L TE D, RIRMEO LoMS 12 & 2 THEIERR ICAE ) Rk (1o U TR A7) DR
JIHDMZIE (center of pressure: CoP) BEh%2 52”7 %, EiEHIZ ABS I, 77V VEHE, A
TV LA SUS304 % I LEDIEHIERETHIL I N T w5, BRIKICHL 2 D2DOEX F v 2l
LTEY, WEHEOREZML LRI ZEHT S, 220X vy 2Hws I LickD,
PEEZ ICHI T O CoP BEhZ & nlfETdh % (Fig. 2.7) . Figure 2.7 f1 D77 7 1% CoP %
—E DML CTHIME L 72FED CoP Z AT, RIEAHED» N2 TRLTED, (1) 2056
(5) 1ZAMT CoP %, RIE~NEAP LRI Z2LF AT —THRLTVE, &8, REKHETR
FEOHIEIZ OV TIEE 3.4 Hi TR 3,

Piston

Toe Heel

Air chamber

—

Cover .
Compressed air

Figure 2.6: Foot-reactive-force generator (FRF generator): LoMS has two pistons at each sole to
simulate foot-reactive force. Compressed air is provided into the pistons from the bottom. One of
the pistons is on the thenar region of the sole and another is on heel region. The FRF generator
provides senses of kicking, landing and center of gravity for a wearer.
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Figure 2.7: Control of center of pressure (CoP) by foot-reactive force (FRF) generator: FRF gener-
ator can control CoP to a sole with its two pistons. This graph shows the position of CoP with red
line and the total FRF during constant speed control of CoP. These figures of sole shows the force
with colors and CoP with a white circle.
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2.8 PBAETAREETAIEE

LoMS DRAfiAE 2T 2 AIcn—2 ) KT vy a X —¥ ZKBEHICE L TWw5, L
L MRI (T & % B 13 JEIEEL 10[MHz] ML E OB TH % RF 73V ADHEG, RF 2OV ADS
LoMS DB AN / 4 X252 CTL £9. —J7, LoMS DMERd 2 TR E)(E D J7
BeEIEAY 0.5[Hz] ZE L T b, 7o, BATHBRRE)FER o & B FE#E o AR 57 ¢
O[dB] Z {8 Z % I KD WA BRI T 8[Hz] TH 5. % Z TEMERPEE X h K&\ 10.6[Hz]

DHY PA7EBEBICGKE L7 T a7 CRO—NA7 4 V7 %N L el %
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179,

Figure 2.8: Power spectrum of requisite gait-like motion: Power is less than O [dB] if the frequency

is more than 8 [Hz].
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38 LoMS Dl

LoMS (% fMRI 12 X 2 BB EHEIR I ST R BN 217 9 729, EEF IZMEMZ TH
2. B OEEEFISITEIERE 2 52 2 /DR 2 Z 2 5. BffiEx BEE L CEfE
PRZLT) B, ARIEETREFH TS, HNOHISH T 2 FEHiihic MR E LT %
TEEMED D 2. 5, BB OMMEEZRR T2 2L %% 2% (Fig. 3.1) . JHEHEIEZ(TH
By, EEHICG A CEFEREIEFHONEERE TH S, Lo L, BfffuE chliliziT)
&M O IZ 0872, FEPiiTh 2 EfpI s, Uk W fiokI e
Th DS E S I, Ta 2 BESEEL, o= 2 —v v OiFEIEN DT K
FEDBIMT 2. ZOFKDBHERFEMET 2 -0 IMolEZ8 S 3, £, Bl
HlEC X 2O 5 SIEIX L LONEEIC L DRI v 3 ThH 2 IV CHREEIFHKT S, T
bbb, BifffEZ HEE L L CEfER R OME 2179 2 ik D, AREHWE T 2 D ULHE
EE T2, FBHfoERE Z2E%T 5.

ZZTLoMS ICk 2EfEfRCTIE bV 2 HEELE LT 2. LoMS D ALFRICK 57
JFax—% Ly, HEBMEEONRICE S LY, AEMVY, KOBTEIERIC AL
RET LM I NV IDBNT U RATEEIICT 7 F2—F PV 7 ORlEIETT.

i, BENCHWE 7 7 F 22— IZRL[EARNTHA TS 2 72 DIDEHEINE L L)
FeED3d 5. 2070, WED 7 4+ — KNy ZHIEICIERFRENE L, BXGE D Ol
AHRETH 5. % 2T LoMS DillfHIE FHIFIENI B> W Tl 217 5. PHIGH#El o 72 &1z B
TTIFET, LoMS DEEFZEZETIWLT 2. 2D, FlEIFHRICOVWTHERS,

3.1 BEEREIROETIVIE

ML 7 Gl D 72 D12 LoMS DE T VALZTT 9. LN Tl LoMS Z &K EEIZoE L, L ¥
L—FETF)IN, EHRREEF 22— 7TEFN, P77F22—FFET), 727L—LETILICE
T T 3,

311 LF¥alL—%EFIL
L¥ 2L —% TIEANERE u(t) o0 LEERIIZ

ﬂdzzgu@ G.1)
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Relax condition

Knee extensor

~

Knee flexor

|Provide motion with angle trajectory control|

Extensor is
stretch

Smaller muscle
contraction than
suitable

= Golgi tendon organ of stretched extensor
causes contraction sense of extensor.

Voluntary flexion

Suitable
muscle tonus

Suitable muscle
contraction

|Provide motion with torque control|

Suitable
muscle tonus

Suitable muscle
contraction

Figure 3.1: Muscle contraction during gait-like motion with angle trajectory control and torque

control: When knee joint is flexed voluntary, the extensor of the knee joint keeps suitable muscle

tonus, and the flexor of the knee joint is contructed suitable. When motion is provided with angle
trajectory control, the extensor is stretched. The golgi tendon organ fire with this stretch, thus the
golgi tendon organ causes contraction sense of extensor. When motion is provided with torque

control, the extensor keeps suitable muscle tonus and the flexor is contracted suitable.
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ICEDRD B, BB, p REEKEEEN, v RBEKANBIETS 2. Py & FREN Py DK
INEFREBET L, LEaL—5 0¥l Q1) X

2
600 Cip, (Pin + 0.1)\/1 — <Pqut + q.1> (P
0

—600 Cout (Pt + 0.1)

Q (1)

(Pset - Pout) (32)
MPHRD L, B, P, X EREN, Cup ZRAMREL, Cou EIRHRE TS 5.
312 EMESEEF1—TETI

gl = Rw gl — N
HHE

fri#EF 2 — 7 (Fig. 3.2) O LIOFRERETH % Q(t)[l/min] % E

=N
_ Q1)
H®) = rgrx 10
= 2.01 x 107* (Pout + 0.1) Q (t) [kg/s] (3.3)
(3.4)
WCEWAT S, 2B p ldEROEETH S,
/
|—) Ly
e —
H(t) M(t)

Figure 3.2: Transmission line: H(t) is upstream mass flow. M () is downstream mass flow. [ is
variable of line length. L; is maximum /.

BT 2 — 7O T O RE M (t) DEHUZ Richer 527R L TED,

o = 0 (t< i) 55)
M B Rt RT L L L :
exp (_mﬁl)h’< —ﬁ) t=%)

HoRD B EMTE S (E Richeretal, 2001 [34]) . %8 R, IFEEEYL, RIZRMEER, T
AR, L 13T 2 — 7K, CI3EH®E, t 13RETH 3.
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313 ZUVFaI—9ETI
PUVF1I—-9REETIL
REI At T7 7 F 22 —FITRAT H2EHADEN An (t) %2

An(t) = =M1 (3.6)

oRDL, LB mg ZENVHEETH S, 1HIBEAMEONE & 1 HIBAYETRAT 2 €L
& BUED NI

Pm::mpn+$$mpn (3.7)
A

tERIN, TITTI7F a8 DOEME

2
m::wC?>LA (3.8)

ERD, 77 F 2= FRMIIEHRO T ORKIGER & LTED, DA77 F 22— HEE,
LAald7 7 F22—8RTH 5.

PIOF1I—9ERAETIL
HRIEAT 7 F 22 =213 ZDONEIC X D NREREDZT 2 (55 2.4 ffiirh, Fig. 2.5). 7
7F2T—=FDENT () ZETMELT S L
T(t) = (SaP(t)+Ss)Cra+ (IoP(t)+ Ip) (3.9)
ERI D, BB, Sa Sp Lo Dpeta BZENETNAEICE V2T 277 F 22 —8 DFiEZ
RTERTHZ, Z2TP 7 F 2x—2IER

0(t) — i0
Cra(t) = “’élz|xmo (3.10)

Ehb, 0t) RBEOBEI AL, 0137 7 F oz —yBARE L n s lfiaEcH B, £,
rAlRT7 7 F 2= HOMEIZDEZHA FOEETH S (Fig. 3.3) .

314 BEEINILIZETIL

FUZRIENCB T 7 F 22— PHEL TS P2k, HEMVY, N2 LY, 77
Fa2T—% bV KON BITRICRIET 2 PV I BT VAT H VI THD, B, &
BRI D IE 5 1A11Z Fig. 3.4 1IR3 D TH 3.
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(
L

Liner tension spring

Pneumatic muscle

Pneumatic muscle

Figure 3.3: Radius of wire guide for tendons of pneumatic actuator and liner tension spring.

Odeg

- Odeg

Figure 3.4: Direction of joint angles.

BENLY
HXEAfiOHE V71X

L Ly
Twh = mt?tcos (Op,) + ms (Ltcos (On) + — cos (0r — Hk)>

L
+my (LtCOS (0n) + Lscos (0h, — Ok) + G pcos (O, — Ok + 04) + chos <9h — O + 0, + g))

3.11)
Ly
—TWk — msTCOS (9h — Gk)
Ly T
+my | Lscos (0, — Ok) + Grcos (0, — Ok + 04) + — €08 <9h — 0k + 0, + 5) (3.12)
Ly T
Twae = my|Greos (O — 0+ 0,) + — cos <9h — 0k + 0, + 5) (3.13)

CEOKRDD. Twh, Twe Twe 13 ZNZAUKRBIME, BREIES, RBIENCEAETIAEN LS T
H5. my ms, myplEZTNZNRME, TH, REOHETSH 2., ZEHE LoMS K OEHEE
HEOMTHS., Ly, Ly, LpldZnZhkbE, T, RoRITHH, SFBIOELMIRS
DR ET S, Op, O, 0, 13 ZNZHURBIAT, WEBIET, RBIEOBEESMELTH 3.
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NRxXEIVY

LoMS I3 H B i bms & U CIBIET I OWRBIEN I ISR D N2 2 BLE L Tw 5, N2
BN IS

Tsh = k3 (i0hs — On) (3.14)
—TSk — kr%k(ﬂk—ieks) (3.15)

WCEORD B, 191, 7o IFZNZNUKEIE, BEAETIONRK LI TH S, kIINZTEBTH
5. TShs TSk Ci%ﬂ%‘ﬂﬂﬁﬁgﬁ'ﬁ, %Bﬂﬁﬁ’(@"* N2 O)EE%ET% 3. iahs, iehk ZZzNnz
NN DEHRE L 22 AETH D, 0, 0, 1FZNZ KRB, REAE o BEREifAE
b5,

POFaT—49R8ILY
TI7Fa2xz—% NI IE

Ta; = (Tjr—Tje) ra; (j = each joint) (3.16)

X DRDD, T BEFOBE 2RO 7 7 F 22— 8 DiRS), T 3FiOR#AZFF>T o
Fa2L—FDRNTHS. ra BFBEHTO7 7 F 22 —% bV 7 DHHEETH 5.

BrLY
77 Far—FDbNLIIF
Ta; —Twj +78j +7THj = 0 (j =each joint) (3.17)

LBz BEUCERET 5. &8, 1y BABITRICIHT 2 HBE bV 7 TH 3,

3.2 PBIERREED R DFIEFE

BRIET 7 F 2 T —F I ZIBEHEIE N0, —fRIFTbNE 74— F 2Ny ZHlfHITlEr
WTH 5., ZD7d LoMS DfillElE FHIHIE TIT 9. Figure 3.5 1 LoMS Dfilli#ll 71 v 7 X
ZT., LoMS Tf7 ) FPHIGIHCld I 2 20T X D HIIA N ZRET 2. FIHATIZ5%
BHRIARXVIHEPHRREHED G R D,
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Pressure

u(k) I%l Q(t) Transm|SS|on M) Actuator P(t) Actuator Fr m o(k)
9 Llne Pressure Torque a © I

Volt I Frame Model"!
Converter
A ¥ 2Q(k-1) . _Mk-T) A v pP(k) P(k) eT(k)
ransmission ctuator
Regulator Model Pressure Model Actuator Torque Model 1}(—0
e Gl oeP(K)
+A N
ro(k+Hp)

£0(k)

) 4
[ Actuator Torque Model-'|€ Frame Model-! | €—¢ < <}<
rP(k+Hp) rT(k+Hp) + N+
TH (k+Hp) t6(k+Hp) to(k)

Figure 3.5: Block diagram of control of LoMS’ joint.

> e

321 #®BRRSAXVIE
BBF 7 4 X IHIZ HARBAEI AL 0; & BUEBIRi ML 0; Dtz

€9j (k‘) = tﬁj (k’) — 9j (k‘) (318)
DHEBEIBUAHE > T § 2 SIWuEZ30E L, H), HlEAMROSRME2

Hst> 6, (k) (3.19)

0y (h+ Hy) = b (b )= eap (5

DofG5. ks, T, 3TN, T 3RERTH2. RICSHAKICETF2HENV L
NV T, Hy, TR O NOBAHFH F L 7 56 KB O HEE L 2

rTAj (k—i—Hp) = 'I‘TWj (k—l—Hp) _TTSj (k—l—Hp) _tTHj (k—l—Hp) (320)

ZWRET D, BB, yrwj, o7y EZNTNEEAIED0;(k + Hp) DRHIZE T 2 %0 H
HELVIRONK VI THD, iz, yru;(k + Hp) 13 Hy TR ICE T 2 AOBAHT
IV Ths, SBEOHE VY 26 &0 7 7 F 22— DiRS)

0 »Ta; <0

Tp (k+ Hp) = (+7a5 < 0) (3.21)
»TA; | Raj (7745 > 0)
{rTAj [ Raj  (r7aj <0)

rTje (k‘ + Hp) =
0 (TTAJ > 0)

(3.22)

(3.23)
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RWET D, BB, Ty T 32 NZIURG EMHOAEENTH 5. £z, ,0; (k+ H,)

MBKT I F 2 T — 5 DILHHR
Tqmw+fm>::l””””kzﬂm_”%“xlm (3.24)
A

ZRDD, N49Z2EWL, BERNET 7 F 22— iEED» 6, &7 7 F 21 —% DHEE
W

rij (k + Hp) -5y erm (k + Hp) —1p
} _ 325
rFym (k- + Hp) Sa+Cim (k + Hp) + I, (3-25)

ZRD B,

322 FHERER
RICTFHERAZTHIC O WTHHZIT S, BEDOT 7 F 22 —F Ly
eTaj (k) = etwj (k) — eTsj (k) —17m (K) (3.26)

ERDD. BB, orwp ors; BENZHBUEOMEIAED 535N % HE P L2 KUSF b
NITHD, Fte, oty BBUEDNOPBFIE L7 TH B, BUEDT 2/ F 22 —F b2
226 ABHEI O R, MR ORN

Tk = ] (747 < 0) (3.27)
eTaj | Raj  (eTaj 2 0)
eije (k) _ eTAj / RA] (GTAj < O) (328)
0 (eTAj > 0)
RO, FLEBEAELSHED T 7 F 22— 7 [UEHE
Cim (k) = R 105 (k) = Ol 10 (3.29)

Ly
ZRDL, BEDT V7 F 22— DRI APEEP SBED T 7 F 2 2 —F DNE
¢Tjm (k) — Sp eCjm (k) — I
Sa eij (k) + 1,

ePjm (k) (3.30)

ZRD 5,
—J5, 1HEEREDO 7 7 F 22— DFHNLEZRD S, 77 F 21 —8DFRALIZL
X2V —FETN, BEF2—7ETN, T7F2Z—FETADLKD S,

pQjm (k—1) = [Regulator Model] (wjm (k — 1), ¢Pjm (k—1)) (3.31)
pMjm (k—1) = [Transmission Line Model] (,Qjm (k — 1)) (3.32)
pPim (k) = [Actuator Muscle Model] (,Mjn, (k—1), ¢Pjm (k—1)) (3.33)
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77 Fax—%OBFENEE 1 HIEERNCE L L 22 FHINED & PHIERZE
pEPm (k) = ePjm (k) — pPjm (k) (3.34)
ZRD S,

3.2.3 HIEAR
2 ETTHEEBER T A R VIEK O PRI D o HIH AT

[

Ujm (]{7) = (erm (k + Hp) + Gpé'ij (k)) ]; (3.35)

ERDZ. BB G, AFWIEHED S A v Th 5.

3.3 BRERARTREKEDETIVE

SRR TP I S B BN ED R & AR HRIE R 5720, $BRiBHR 74 RV HEEZR %,
R AR E 2 ETFILT 2720121F, LXaL—7%, EmEREET o —7, REXH
RREENERORER N ZETMET20ERH L, LX 2L —FETIL, HEMfEEREE
Fa—7FFNIE3LIERLON312HETERLZD D LIETH 5. DRI PR E
WHEE TIVRORIERIIE T MCTOWTIARNS,

331 RERAMRRERENEETIV

B NREENTE, EEEREET 2 — 7TV o EamiEaz 461X D€
NRAR AR ICEHL, An XD

PFRF (t) = P (t — 1) + RT An (t — 1) (336)
FRF
v - Drrr\”
FRF = T 5 Lrrr (3.37)

KDD, B Vepp $REKNETREENOEETH 5. ADSLoMS %% L 72 IREETIZE:
BEOE ARV IIREIZZ>TED, KEIZEA N YN Dppr KOE 2 F ViR Lpgr B
53R 5,

332 RERAETFI
SRR R R IEENE L D
Frrr = wDprrPrrr (3.33)

Wk OkRD B,

29



3.4 RERDERREOHEFE

Pin

. ! 1 -
utk) Re ul‘a'tor Q) ) Transmission M) 5| FRF generator P FRF generator F(k)
9 Line 1 Pressure Force
Pressure -
Volt 7 [——y
Converter I I_ oP(k)
0 A4 Q(k-1) M(k- F(k
P
Regulator . | Transmission pM(k-1) . | FRF generator o 3 FRF generator PPk
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FRF generator -*| N 1<
Force - s -
rP(k+Hp) rF(k+Hp) TF \q eF(k) T+
tF(k+Hp) tF(k)

Figure 3.6: Block diagram of control of FRF generator.

SRR I REBEOHEICE W THBRIBF I A4 XV %25, Figure 3.6 IR IR
LEEONIH 7 a vy 7N E2 T, REKIRIEEICIZE 2L TuRWL 20, 33T
AR E TN S BEOHEEM T ,F (k) 2HH$ 5. F(k) LBHEDHBEEN ) (F(k) DiRE

eF (k) = F (k) —,F (k) (3.39)
DMEBEIBIAE > THA T 2 SIWEZ30E L, H), flHA®% OS2

HpT
Tref

JF(k+H,) = F(k+ H,))—exp (— > eF (k) (3.40)

of3%. k, T, 3HERY, T, BRERTH 2., RIERKOET VL) HEEL T 2NE
+P(k+ Hp) = [FRFforcemodel]™ (,.F (k+ Hp)) (3.41)

RO 5, HENLEX D AT

P (k+ Hp) (3.42)

ZRD B,

3.5 ENfEiRREREIE

LoMS iC & 2 B 2 Bl 2 BRIC, 2EEH D EE L T WIRECEIfE R 2 hilh§ 5 &
BIWEICHT 2555 S S USNIICER § 2 AREMED D 2 L B Z 65, AT & D iyt
DINET 5 L HIVE T 2EERE 2 525 2 L I3AAIRETH 5. Z 2T LoMS 135 F DHE{ERH]
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WBEEIL, BfEPERZFiiRd 5. Figure 3.7 IZ LoMS IZ X 2 BifEbenBindili#llo 7 e —F»— b
%Y. IMRIRTD LoMS 12 & 2 BfEHR 1L, Bk & BRI DR L <fF ). &k
D& D 526 2-d[sec] HiDRFOLED ¥ aPy (J: R/L, R: Right foot, L: Left foot)
ZHAEL T2 BEWIRICAD, REME Py ZFHAIL,

Pr > A4Pr+50 [mm] (3.43)
P, < AP (3.44)

LR BB, BN 2R T 5. FOREIMEDSITEAREENE T H 2 556 O AL IE I3 $hiE T
e L bEGzIE, A7y 7EETSH 2560 RERAE I EEF QKGR & L2 Ik L3
5. sk, BHELEBMIETIE, LoMS IE3NRIC L > TRATISNTE D, WEEDVEFET 5720
WCRE R N2REE L,

Start rest term t: Current time

Ty Term of rest
Ts: Control cycle
I Ta: Term of averaging
PJ: Position of foot (J: Right/Left)

APy=TsMa2 Py APJ: Average position of foot
Average each foot position Tm: Term of motion
Yes for 2-4 [s] before

No

|Start providing motionl |End motion terml

Figure 3.7: Flowchart of starting gait-like motion: LoMS starts to providing gait-like motion for a
wearer by detecting his/her starting motion.
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3.6 ENFRAHADRAL

LoMS 12 & W BEFER 2179 BRIZ, LoMS IC & 2 HUREI{EDEHEFM & 235 & 256 Y) & & U
LR R 2580 E I NS, ZO%H, RIS FHOEIEICH L THi%T 5
TREMEDSH 5. MFICAERPEL % LEEENDRREELAEY) Ik eE2Z6N5, %
Z C LoMS 3ZEEH OEER N T % 7 & ICBEA O Ffi 247 5. Figure 3.8 IZ LoMS
X 2B OHEI D 7 v —F v — F 2 Y, BIERGHE, LoMS IS#IIMIEN I 2 50E §
%. LoMS |3 BT S c BIfi A D & © FEDME 1A (R 7 v TEIEDE& 13K
Fil) DL v KX 1 IR OREE v, 2H T 5. v < 0 &k v, > 0 DR, SZEIBIORG
&L, BURIHDSZIBH ORI ot & Hi IO SE I O BRIRIG A ot, & D #lER O BRI

de = st_stp (345)

ZRD S, WAL ZIET 2D HBEEET A 7V C =0D & &, BERBIT, 2883
5 (T.=.T,) .
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Start motion

Tc=Ti, clc=Ti

T
t<Tm
Yes
No

| Measure anglesl

Calculate input

Set input

Y

Ti

. Initial period of one
cycle of motion

: Period of one cycle of
motion

: Corrected period of
one cycle of motion

: Current time

: Term of motion

: Target cycle

: Vertical velocity of toe

: Past value of v

: Time of current starting
of stance phase

: Past value of st

Figure 3.8: Flowchart of synchronizing period of motion: LoMS modulates its period of the pro-

viding motion to synchronize a wearer’s one.
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$4E MRIESEGR

ARFETIX, FEREVEARTRER & U MRI Z2ME %172 3 LoMS 28 MRLEG 272 32 & %
m?%%;,Mmf7—%777bﬁﬁ,Mwma/4fﬁm®20®ﬁm@6&%Mm
AWRBICOWTHT 2, AR TIE LoMS O MRI #& (Achieva 3.0T TX, Philips,
Eindhoven, Netherlands) Z 3. MRIGHANCIZ 32 F v v 2~y FaAf )LzZzHw3, 29
? MRIGEGMEREBTIEZ N2,

o LoMS DIFEKR OV EIEA MRI DIRIRIFIE 2K F ¥R WwI &, £/
o LoMS O BHfif4 FEGHIAS MRI DFAIREIEIC X 3 2 £ X%#Z 1 R\nwZ &

ZHERET 5, Li2o0EBIc L TzhEh, WbE7—F 777 FilliR, RESLVZ /A
Rl #2179, WALR 7 —F 7 7 7 + B Tl3 MRIBEHRIZ LoMS DFFEAE R OB & 3 7 —
%777%#$L&m_k%%u¢%lmAwX/4xﬁ%TiuMS®%%%FﬁMf
MRIRAGICEE ) BREIZIC X 2/ A A3 U2 & 2ERT

41 BERF7—F7 70 hEE&

BT —F 7 7 7 FEBRIC X D LoMS DIAE XK OEIfEHS MRI SRAGHIH D Jy s % Bl &
'9‘ MRI ERETEAME T L 2w 2 & 2R T 5. WikE7—F7 727+ (Fig. 41) &%, ¥
BEROBALRDEIC X O RS LS A — & & DRGSR & 7 2 KR FE T D% A2 HE
E@hﬁ# TS 2 (RLEBR) Ik WBENZT7—F7 727 FTH2D (MRIELMH
[35]) . KFIC, fMRI ZHR T 2BcH o b 2 a—7 7 F—A X — 7 (Echo planner
imaging : EPI) B DIRGIEICHARBILE T —F 7 7 7 F DL BRI, BE#E
DEOEBIEFDOFEIC L D LN s O TES O RKBPHIRDOEADELCTL £ 9.
LoMS Z MR T % A 7 v L A FIEREMEARTIEH 223, 225 & Tl L RHEFE DK & A, LoMS
DA —BEDEL 2 2 EBEZ 605, LoMS I X 2 REIR O WS~ D BT i
RAEIED> & LoMS F CTHIEICIRAET % 720, BREREEIRICAY 5034 U 22\ i e e % i
fgic L, EHROHRE?Z ORI XL D RE W L 2HERT 201D 5,
$ﬁﬁfi%?L@B#%MM@mz%:%»if@%%(myn)%@&'ﬁ@ LoMS
DFLED MRI B IC 52 2 508 25l 5. RIZ LoMS O ENEDSHEE 2 5 2 % 5% % 51l
15,
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Region of imaging Region of imaging Magnetic

Magnetic field Substance field
—— >
7 A >
— : :

Artifact in region of imaging

Figure 4.1: Magnetic susceptibility artifact: When there is a substance, whose magnetic susceptibil-
ity is different from one of air, in the magnetic field, the magnetic field is disturbed by the substance.
When the distance between the region of imaging and the substance, the magnetic field in the region
is disturbed as magnetic susceptibility artifact.

Distance

Figure 4.2: Setting of magnetic susceptibility artifact assessment: The assessment is conducted
with a phantom subject. In this assessment, MRI measures the phantom when LoMS is set O - 700
[mm] from the head coil of MRI to confirm that the existence and the movement of LoMS does not
decrease the fMRI image quality.
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411 =EBRAE

AGBRTIE LoMS 12 & 5 MRINDEZED A2 5 72, ANOWKZFHINR EETHRY
E =)L 7))L a—)L (polyvinyl alcohol: PVA) 7V 7 7 ¥ b &% MRIGHIONR E L THW 3,
ANZFHIR S E L7288, ORI O —Tldiwn 2 &5, SRS L Rl
TR HRARTBOL DS F 7 2 Al REEDSH 1, LoMS I & 2B o 2SR 72 3 7 o ARER O H
MICAREYIThH 2, 77> b aZ2MBHT 22 TR CRMBEDIREIRETH D, K%
AITBEORGRNROGME2ZHEL T3 Z £ TLMS IZ & B3 ED A% I ATAE £ 72 5. MRI
s — 7 v 213 EPI-T2* 3R i C#5K LR (TR) % 3,000[ms], = 2 —H (TE) %
35[ms], 7V v 777 (FA) % 90[deg] £ L, A7 A AlElx 4[mm] & L 7,

BB DS DY —1k: % T 9 % 26155 0 . (Signal-to-noise ratio : SNR) % >
THHIiT % 2 L TH 5. SNR ORHEIZEEAAE L P F—BILIEK (Region of
interest : ROI) &GS A2 L 27 —F 777 L DFEL3ZIF SNRIME T LG\ (V)
A5, 2003([36]) , WA —Ick 27 —F 777 b OMELRHERT 2 RKRBRICHRETH 5
E#EZ, LoMS I & 5 MRI H'E D% % [fl— ROI 5T SNR ZH H L3 5. [F— ROI
%ClX SNR %

SNR = % “4.1)

p

TRD 2%, S, lFROINDRE Y LV DEFEEDVIIE, N, 3% OEEERAETSH 5. SNR AV
SWVREET—F 777 POWEIREVLI LZRT, S, KU N, i OsiriX (OsiriX Foundation,
California, US) ZHWCEHIIT 2, R BEIEICHEL MIT S %\ SNR OEJHHIFH I — b
INTVZ, MRS % WGEE T 2 0ERZETl1E, 22 k%2 v SNR 251 L, @
RIFD SNR & g L £9-9.3[%] 2> 5 #9-5.3[%] FEEE D SNR DRI IZ M 1S58 % 5 2 720 \»
& LT3 (G.S. Fischer et al. 2008 [37], K. Chinzei et al., 1999 [38], A. Kriegger et al., 2010
[39]) . 727 L, AWF%ETH W SE— ROIL #2315 ORERIIE TR 50TV 2 22k
&0, 7=F7 77+ OFEELZIT SNRBEFN LB, Z2 TR T, 5025 HRER%
T MRLUEGVE %2 i 72 512, FERMZED T b it L WKHET H 2 3@ H IR O SNR (12
XL 45[%] ZHE 2% 5 2 72\ SNR Ot £ 9 5.

7, HiZITHI A5 ADMEIZ7 7~ FAD T ) 225 41.5[mm] TH Y, ~v
FaA Vo Fimd 651 67.5[mm] TH 5.

4.1.2 LoMS DETEIC L 2 MR BEADEE
LoMS DFAEIZ X ) MRIHEAME T L 22\ 2 & 23l 9 5 212,
o LoMS 28 MRI MR NICHAE L ZWLiGa L,

e LoMS 725 MRI BEEE B NICHAET B 56
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IZEWT7 7Y F ADO#RMBZITV SNR Z KT 5. 728 LoMS (B T8k E L 72 REECTHR
B2179. BMEZND LoMS ODAEFEIC X D SNR IZZLAME T 1UE, LoMS DFFLEIC X ) MRI
HEME N LW EFZ 5. LoMS BREENICHIET 2 55 DIRIE Tl LoMS D528
C%LoMS 26~y FaA4 )L COEMZAMEICT 281, LoMS 26~y FaAf )LETD
HiffE % 700[mm] 2> 5 O[mm] ¥ T 100[mm] %I A T&E L IR %2179 .

Figure 4.3: EPI - T3 images of phantom subject when distance between LoMS system and head coil
is changed: When the distance was from 700 to 300 [mm)], the appearances of images are almost
same as one in no LoMS condition. When the distance is 200 and 100 [mm], dark areas at the upper
and lower of the phantom images become wider than the more divided conditions. When LoMS

and the head coil contact, the image is distorted due to the LoMS.

LoMS DFEAEIC & 5 MRIEE D FEGHiIC 815 % 7 7 >~ b AR % Fig. 4.3 12777, 700
[mm] %°>5 300 [mm] @ 7 7 > b AFERTIE LoMS BSBEENICHEE L 2 WiGE LRSS TH 5,
200 [mm] & ¥ 100 [mm] TIXMERF D _E T DB OES DOFEIPHDNAD > T3, HHIZ LoMS &
~y Fag Uil L T 28548 TIRIHRDIH S 2 ICEATWY S, F A HiERE OB N
BROITH S, £/, LoMS 226~y FaAf L EToflficxd 27 7~ b AT ROI
? SNR % Fig. 441213, K OREES S 13X LoMS 23R NICTAAE L 2 W4 D SNR fHD
+5[%] Z7R" LT\ %, Hf 300[mm] % T SNR 1& LoMS 2SR NI fEV A4 D SNR DED
+5[%) N TH D FIFLETH 5. HHEEAH 200[mm] & D VTV 5ETHAEIC SNROMEF L 72, L7z
5T LoMS 225~y FaA )L CToOliifds 300[mm] B ETH 2854, LoMS DFFFEIZ LD
MRI BB KT LZsve, F£72, LoMS 2345 L 7- 888 O IKiGE) %2 51§ 2 BXIZ 1X LoMS 2>
5~y FaA )L F O 400[mm] 2> 5 470[mm] FLEETH % %, LoMS DFFEIZ L D MRI
HEDMET L 22 WHEIPH T AR T H 5.
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SIS S O
O S

P Distance [mm]

Figure 4.4: Signal-to-noise ratio (SNR) of phantom images measured by MRI against distance
between LoMS and head coil of MRI: Shaded green area represents +5[%] of SNR of no LoMS
condition as the allowable error level. SNR does not decrease when the distance is 300 [mm] and

more.
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4.1.3 LoMS OFEMEIC &2 MR BEEADEE

T LoMS OENEIZ X D MRIEIEDME T L 2\ & 2T 2 410, ADEEL THawn
IREET

o LoMS 23EfIEL T AEA L,
o LoMS 23 L T\ 5854

BT 7 7Y F20EZITOSNR ZHIKT 2, EE5D54 LoMS 226~y FaA )L
¥ COREEA 400[mm] IZEE L7z, Z DOR#EEE 4.1.2 THIZE W T IE L 72 LoMS DFATEIC X
D MRIBEDME T L2 WiEEETH D, ADSLoMS 244 LK% IMRI k%217 ) L&D E S
L ZRMEHTH 5. 412HTIEI LoMS 235 IEL TWAEAED 7 7 v F LD Z{T> T
B0, &b fiA 2B T~Y FaA )Ld 5 400[mm] DAZEIC LoMS % [E%E L LoMS i
1R & BI{ERF OIRME Z2 1T 9. LoMS 25EE L T 3&DIRIE TlE, LoMS 23HATAEA D
ZAHACHT 2R Ty TEERIT). REBEMEORIL 2[sec] £ T 5. 7, LoMS Dl
HNE B N LR QUG 2ER %2 Fic G LY — 7l 2179 .

No LoMS Static Move

Figure 4.5: EPI - T images of phantom subject when LoMS move or is static: LoMS is set at
400 [mm] from the head coil which distance is the shortest practical distance when a human wears
LoMS. There is no difference comparing the phantom images in moving condition, static condition
and No LoMS condition.

LoMS DEIfEIC X 2 MRIHE~DEZHIEIC BT % 7 7 >~ b LEifR% Fig. 4.5 12737, LoMS
BEH{ERF DR 1% LoMS & 1ERF & OF LoMS %8 MRI ML NI FALE L 72 WA OIR & Huiig L IR
HTh D, FRAEBPOWMMHNSROI TH S, T, HEILHEL 22 LoMS HEZREN
IFEFE L 2 WA & LoMS ERIER O EI{ERE D 7 7 >~ b AlHifRH D ROI @ SNR % Fig. 4.6 12
AT KF ORI 1E LoMS SR EENITHE L 2 WD SNRED +5[%] 278 L T
3. TOEAITE VT SNR 25347 5[%] LN TH D, LoMS OEIfEIC X ) MRI BB MK T
LawnZ &EZMERL 7.
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25 . . .

SN ratio
o

RN
o

Move Static No LoMS

Figure 4.6: Signal-to-noise ratio (SNR) of phantom images measured by MRI when LoMS moved
and is static when LoMS is set 400 [mm] from head coil of MRI: 400 [mm] is the shortest practical
distance between LoMS and the head coil when a human wears LoMS. Shaded green area represents
+5[%] of SNR of no LoMS condition as the allowable error level. SNR does not decrease with the
motion of LoMS.
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42 RF/NILR /A X E&

RIZRF 7OV A ) A4 ZidBRiC X D, LoMS @B EEEHHI2Y fMRI @ RE 7OV A2 & % /7 A
A%\ & ZERT 5. MRIEREHIZ LoMS ZE{ES S EiAEZEHII L, REF/2SILVA
XD/ AP —=RA7 4 NZICEDHERIN TS Z ER2EEBARY bV THERT 5.

4.2.1 EEBRAE

MRI #rfHhic
o T— A7 4 NYENSTHEZNIT 284,
o T— SR ALY BA L AT 5 86

D2 ODGETAERZIT O, A A XY PVTIHET 2. 3> 77 v 7 JEHEIZ 500[Hz]
TdH D, LoMS 1Z#f0.5[Hz] DFIHTENET 5. &E, KT v aX—FOBEMHUERH
T2a—RA7 4 VY Dhy b4 7REBEIL10.6[Hz] TH 5. F7-, BBHHi R H MRI A%
I RE2SVADWE 22T 50T, BKBEBIAEDORBEHAR7 FLrzRELE LTI,

422 RF/NJLARIC K ZEEAEETAINDRE

Figure 4.7 (21— 82 7 4 V% %4 312 LoMS DB BAE 4 1L %G1l L 72854 D A s A <
7 FVENT, BIfEE 2[sec] TH D EIfEIC X D FICHBLT 2 FIEUE 0.5[Hz) TH 5. Figure
4.7 Tl 2.5 X n[Hz] (nIZEAREK) THEDIRELEOESHEIEL Tw3 . Ziud MRIEGR O
RF VA (10[MHz] ML |) 2 DR L 7458 & LCHIBIT 2/ £ X CTH 5. Figure4.8 11—
INAT7 4 NVE %2 L LoMS DB EE 2 51 L 725G D RMEA X7 bV Z2/R7. Figure
4.8 Tld O[Hz] fHEDIRFHIEL TO A ENETH D, Fig. 4.7 TR S N7 2.5 X n[Hz] THET
ZRE’OVAIZE D ) A ABERIINT WL 20005, UEXDES %R CRE—1RZ7 4
W R4S 5T ET, MRIDEREIEIZIES RF2SVAICK S ) £ XA%5Z1F 3712 LoMS 23
JERHITEECH B 2 RIER L 72,
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Figure 4.7: Power spectrum of hip joint angle data measured without low-pass filter: The frequency

of motion is about 0.5 [Hz]. There are peaks of noise around every 2.5 [Hz]. This noise is due to
the electromagnetic wave of MRI.
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Figure 4.8: Power spectrum of hip joint angle data measured with low-pass filter: The frequency of

motion is about 0.5 [Hz]. There is not noise due to an electromagnetic wave of MRI like in Fig. 4.7.
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BSE SITRREERTIEREHE

N

AREETIE LoMS 23 TREENIEZ $eR 9 % 2 LIC & D BEFICE 2 2 B{ERGE % 58 O
BRD SFHIIS 5. LoMS IC & 2 BATHREEN(EIRF I R85 B IANBAEL T H 0, BATEBEEE) 112
K DIEH I EORG BT 2 5 2 2 0 HMEIC T 205 3H 5. LoMS 1T & 2 A ridfiEE)
ERRNIC X D EEFEANGZ 2EERE 25§ 2 72012, F Ly F IOV &R fTREE)
TR D RN (Bioelectrical potential: BEP) &% ¥ X ONHEEIAI o 1 BE i JES et 55 o BTl B %2
Wil § 5.

51 HEGFENLIC K 5 FH

9, SITBEEIERF O BEP BB 2 Ml T 5 72012, b L v F IOV & R BkEh 1
R BEP B % K9 %, #lfE 1 YA 7V (Fig. 5.1) HOMi#EI{ED BEP B DB %
R LEHE 2479 .

51.1 FHEAE

BEP G CIEAATIRHC I § 2 £ 3% 5 DO 25HIDR & § 5. FHEIA & 3 2 5 12 IEBT
(iliopsoas: IP) , KNRPUEHR; (quadriceps femoris: QF) , KB 5 (biceps femoris: BF) , Hi
&5 (musculus tibialis anterior: TA) & XUt 7 X i (musculus soleus: SOL) @ 5 i TH
% (Fig.5.2) . #HllL 7= BEP, (¥

1 T
BEP:/
T Jy

TR LRRPEYS %, 7nd, BEO#IFH 7132 50[ms] & L7z, MV O I3 ARBEEIHE (Maximum
voluntary contraction) [Kf? BEP T&h %, BEP O > 7'V v JRH%E 2,000[Hz] & L 7,
P IR 7 20 RBME 8 4 ThH 5. HHbiEd £ MVC 2B, L v FIBT
Ko BEP #HlIZ4T9. bLy FIASBTTIEA b n /) —20FICEERANZ2 408 THT2
79, Hi\> T LoMS Z %55 L 72 7B B (R 0 BEP Ml 2179, &8, ML v F LT
OB TR E O BIERIIZ 2[sec] &£ L7z, b L v F 2OV & BRI o B
SR DEETS, RHEEGE, IMEBRESAORHRICEL L 212 2 X DiTw, wind ok v
DHEL TO258%2H, £2Toe v YEBRL O ZEME Lk, 7, BT
eI (R IRE O SZ IR &I DAL LoMS OBAFIAEE &k D > FeME 2R L <TfT\v»,

BEP,
MVC

dt x 100 [%MVC] (5.1)
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20% of cycle of motion - 70% of cycle of motion
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30% of cycle of motion | 80% of cycle of mation
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40% of cycle of motion | 80% of cycle of motion
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Figure 5.1: Cycle of gait-like motion: 0 [%] cycle of motion is at beginning state of stance phase
(foot strike).
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Figure 5.2: Positions of electrodes measuring BEP: BEP is measured at five main muscles for gait:
iliopsoas (IP), quadriceps femoris (QF), biceps femoris (BF), musculus tibialis anterior (TA) and
musculus soleus (SOL).

ESENICEDEOS G2 I E U, IEOMEDS &2 & U, 8 1 ¥4 7 V32
DIRE N P SERDOKH ) $TE L,

5.1.2 FHE#ER

Table 5.1 12 F Ly F VBT R OBATREEEDF 2 Hl U 728015 1 94 7L GZBIEAS 019
65[%], WEMIENIZHY 65-100[%]) H1D BEPEM OMBIRE (R) & & ) O T
NT. Figure 5.3 I[C2HRHE O TFHOENE 1 4 7 VD BEP EEZ F L v F I VBT RN
ATREEE)(F 2 ol LR, TP (Fig. 5.3(a)) XU QF (Fig. 5.3(b)) 123\ T S {Tif
BE & 237 C BEP BRI RE MBS 5 2 L 2R L7 (04 < R<0.7) . TA (Fig.
5.3(d)) M U'SOL (Fig. 5.3(e)) (CEWT, HITHBEE)IE L 27 C BEP BRI WHBD S 2
CLEMERLZ (R>0.7) . BF (Fig. 5.3(c)) IZBWT, SATEHEIE L 27T BEP E&IC
MR e g o7 (R<0.2) . BFIZRBEMiOMEX CEESOEIMICREO2/iTh 5.
AT, BF (2B CIEE) L TV %, — 5 TH TR /IR 12 13 Z IR0 I 5 < ThE)
LT3, BRI IESZHIRIENC 2 BT~ B8 2 2 & leiig) i i & % B % i dh
T 27D BFVREWIEEIZ/7RT, Lo L, STREEER TSI BIPIH > & hIHICH 10T
[EBEEi 2 122 9 & T2 BEECTE Y, VHgHomENERwEEZ NS, £, F
B2 & SN TRIT A Z RS 9 & T 2 BEECTE D, SR TSR 23E
FoltEZoND, BITREEIECIEF B 3147 9 SATEEZ I LA CRER L
TIT) LXK DFESTIRFE IR L TR 254 S 7 TBFMEE L TL %925 IP, QF,
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TA O SOL IZBfTR L ARk & A4 2~ 7 CIEEI L T3, FRIZ TA KU SOL (& 2 BEi D #
Pl TH D, LoMS 1T & D BT R O S BBEIERE 2 5225 2 LD HHETH L 2 &
ZHER L7z, ¥/, Fig. 5.4-5.11 IC85#EBREOEEL1 VA4 7 Vb D BEPERZ Ly FI L
AT RO T RERREN 2 S Ui s T,

Table 5.1: Correlation coefficient (I?) of BEP transitions between gait and gait-like motion with
LoMS of each volunteer (A - H) and average.

A B C D E F G H Ave. S.D.
IP 0554 0473 0.118 0985 0.728 0.201 0.719 0.247 0.503 0.282
QF 0.610 0364 0395 0.633 0.690 0.641 0498 0941 0.59 0.172
BF -0.705 -0.608 -0.190 -0.694 -0.265 0.150 0.230 0.323 -0.220 0.395
TA 0.703 0835 0.766 0.787 0.710 0.754 0.849 0.843 0.781 0.054
SOL 0.860 0.700 0911 0948 0.737 0.775 0.819 0.941 0.836 0.088
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(b) Mean BEP transition of quadriceps femoris.
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(d) Mean BEP transition of musculus tibialis anterior.
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(c) Mean BEP transition of biceps femoris.
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(e) Mean BEP transition of musculus soleus.

Figure 5.3: Mean BEP transition among all volunteers during one cycle of motion comparing tread-

mill gait and gait-like motion provided by LoMS.
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Figure 5.4: Mean BEP transition of volunteer A during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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Figure 5.5: Mean BEP transition of volunteer B during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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Figure 5.6: Mean BEP transition of volunteer C during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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Figure 5.7: Mean BEP transition of volunteer D during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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Figure 5.8: Mean BEP transition of volunteer E during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.

52



BEP [%MVC]

BEP [%MVC]

BEP [%MVC]

o N O~ O
T

0 20 40 60 80
Cycle of motion [%]

(a) Mean BEP transition of iliopsoas.

100

LoMS

O = N W~ OO N O © O

Gait ——

0 20 40 60 80
Cycle of motion [%]

(b) Mean BEP transition of quadriceps femoris.

10

Gait
LoMS

O 1 1 1 1
0 20 40 60 80

Cycle of motion [%)]

100

(d) Mean BEP transition of musculus tibialis anterior.

BEP [%MVC]

BEP [%MVC]

12

Gait
LoMS

(c) Mean BEP transition of biceps femoris.

20

40 60 80
Cycle of motion [%]

100

80
70
60
50
40 ¢
30
20 ¢
10 t

Gait
LoMS

N

0
0

(e) Mean BEP transition of musculus soleus.

20

40 60 80
Cycle of motion [%)]

100

Figure 5.9: Mean BEP transition of volunteer F during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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Figure 5.10: Mean BEP transition of volunteer G during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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Figure 5.11: Mean BEP transition of volunteer H during one cycle of motion comparing treadmill

gait and gait-like motion provided by LoMS.
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5.2 RREEIDFEHREDIFIC K S

BATEAREN R IC & 2 BEIERGE 2, AT AN A2 U 2 e BE B JECE 77 > 4V B 2 & B
flig %,
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Figure 5.12: Inhibition between antagonists of ankle joint: When a excitatory interneuron of the
dorsi-flexor is fired to contract the dorsi-flexor, the excitement is transmitted to a inhibitory in-
terneuron and it is fired. Then the inhibitory interneuron inhibits a excitatory interneuron of the
planter flexor.

JE BT O 7 S O R A A EACHEPL L, — 5 A8 LT 2 BRI fth s 1l 25 < &
WM EIHIAAE T B 2 EDFIS T % (C. Crone et al., 1987 [40]) . 2 2 T 230
T 286 %% 2 %, Figure 5.12 IO MHR %2R T, WHEG %I T % 72 D I12ido & BB
AT 29 % w6 2 BB YENE = 2 — 0 v NEEIFESDEET 2, OB ENE= 2 —
Oy L, WEBABEDMEE L IGET 2 LAk, BT d 2 EE 5~ EiE 9 5 i
HNE= 2 —a Vv NEEMEET 2, ZOWFEMENTE= 2 — v VIFEE % § 2 WEEN1E
Za—uvzEifld s, Zoic kb EEGOIGE T S 15, K 2UGE S 256
b FARRICE R IHE S 1 5.

BATHEE 21T 9 BRIC, ML RSP ELTwa, Bz, Sl A& X b ERfin
JE9 % 2 & T O 2V B E DT K LIS 03885k L2l 2 #6895 (K. G. Pearson,
1995 [41]) , SZBAHAIC T HED A5 | E fh S AUBFT OFifhsEDFE K2 Z LIk D, o
= 2 —v vl X ARG 3 % (G, W. Hiebert et al., 1996 [42]) , I o & 1o s
Yinsiige$ 2 & BRI SR AE@E 2342 U % (J. Duysens et al., 1990 [43], L.O.D. Christensen
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etal., 1999 [44]) FORFWEL 5. £z, HBID 7 = — X2 E O TEAT TSR 534 U
(J. Shoji et al., 2005 [45], J.-C. Lamy et al., 2008 [46] C. Iglesias et al., 2008 [47]) , JERHffiCIX
JES R 7 S OV G A EEI 28 4E U %, R R R ©d 2 & 7 X fiolEEf 72 £ T
M 23EEE I S5 % (N, Petersen, et al. 1999 [48]) . ZauUlEIlic > T & Z2Bh1k3 % %
iz, W2 IE S EEfSi2 TR I T8 ), WEAOIC L D IHENE= 2 —1
VORI OMEMENE=Z 2 —a v 2T 205 TH 3.

522 HiK&EMIR
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Figure 5.13: Connection of neurons and muscle.

B O 2 HER T % 72 ®12i1Z H (Hoffman) 23S 64T % ([40]-[48], W. N. Loscher
etal., 1996 [49]) . Figure 5.13 IZfifi & #B)= 2 — 0 > D& 2R3, HIKIZ Gla ROVERHEZ
RHRERE CRAHET 2 2 LI X DATTHRELT 5. Glafiift Z BT 5 & HIEDS Gla #
Mez BT L, THICHEET 2 B —n v 20T 5, EZ 7 odBl =2 —n v
DIHEE L, o dmb DPERRHE 2 IS s M AT L, FIBEEKY 30-40[ms] DI HIY DT H A
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FWT 5, 7o, BXRAEREZED 25 & M (Muscle action potential) 23¥H19 %, &kl
PR OBERRNE 5 2 5 L o KR E B X, BEDS afiiER TAT L, HlED> 549 10[ms]
MBS TMENHET S, —5T, BER aftfiz BT L, Glafifidr ofmE L T & /-8
EEHZEL, GlaffEoME XA T 5, L7add> T MIEPFHIT 2 EAMEBGRE TIX H
DIRFITIA LIHIRT 5.

M IZ B = 2 — 0 v 2 NS THRIET 225, HECTEESIM S HERET2 T
KB =2 —a v %2NT, a8 =2—1 3521 HTRRZEEEANE= 2 —1 iy
725729, HEIFHENTE= 2 —a Vi Xk 20floEE 227 5. % 2T HEZBHOHH
ZMERT 2 7- 0I5, WU RO BLEM Z 5 2 7-B% 2, HBGREMET L7254
WD E T T3, f7, REE o e 2T 2 2 L2 X D BB OJREAT < b
27 AMHTHEPHEHNT 5.

5.2.3 FHEAE
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Figure 5.14: Electrode position for experiment of inhibition at musculus soleus.

HATRREENE DO BIHIC b Loy B SOVST oI & kI RBEfiDKEHTh 5 & 7 X
Gl S5 2 L2 MERT 5. BB I3EFEZ 20 RBIMES A4 TH 2. & I XD i
BT LDICHWEZFAT 2, HEZGHIT 2512, &7 A% TBEP Zill9 %, BEP il
DY v 7 v AN 2,000[Hz] TH 5. &7 AHTHIKZFEAT 5 7D ICBEET R
SICE MR T 2 (Fig. 5.14) . BEERIC BN, R T8I AR oo B A 2 52 L 72,
ORI NE 1.4[Hz], FIEGKGEIRE X 0.8[ms] & L7z, HIIEEL X

Iy = BEPy — BEPg (5.2)
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Figure 5.15: H-wave induced by electrical stimulation: H-wave is induced around 30 [ms] after

electrical stimulus to the nervus tibialis from the popliteal region.
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Figure 5.16: Peak of intensity of H-wave against intensity of stimuli: When the intensity of stimuli

becomes strong, the intensity of H-wave becomes higher. When the intensity of stimuli becomes

much stronger, the intensity of H-wave becomes lower and the intensity of M-wave becomes higher.
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2K DK D, BEPy (ZH[EAH> 5 30-40[ms] #£ D BEP DN-¥fl, BEPpg (3H[#AH> 5 25-75[ms]
Hii &2 Y 65-115[ms] % D BEP O TdHh % (Fig. 5.15) . 78, BEPIZS50[Hz] %A v b4 7
JELE % 72 )L high-pass filter Z 38 L 722 12 HnHiE 2 KD 5,

FEBEC I 2 B IE 2 PE § 2 Flc, SR CLENIOIR (BAH O[deg]) 1 FIRAGRAE
%z 1[mA] 2> 6R% 12 B (Fig. 5.16) , HIEERED R b 6 < 72 % FIEERE 2 FEERICH » 2 585
E L7, B, FIGREEDOUPE CTIEBEERE DRI & DA% &L 2 WHEiFH T Z T - 7.

BiBE I 2 20 RBMES 4 TH 2. b L v F IOVBTIE R OB PRSI /ER 12 H % % 3
WL HEREZENT 2, WMEEOBIERIIZ 2[sec] & U7, BIfEAAHIZ 5.1.1 T & [FERICH
W%, @fE A 7 va 108 GZEIE 1-5 4, B 6-10 MH) 1Bl L, #basimic4
HO H PR OVl

1 -
Avey = - ZIHi (1 =1, n: JHE) (5.3)

ZEHT S, £, #BERENTHMEEZ KT 2 7202, 2B o H 58RO R E
Averrmaz = HW,

Avegy

nAvey = (5.4)

Avemaz

ISk D LY 5.

524 FHEHFR

Figure 5.17 |22 TOHHHE O HIERE DO FIIMEZ /T, RIZ Ly FOVBTR, fiZAT
BB (EIRF O H IKEREE 2 /R 9. Table 5.2 (S & BECTOSZIHIH & I O H L % g L 7
tHEDRERZ R T, b Ly F IVHBT HOBTRRE(EC 2 22l (1-4 M) & Heig
L, BB (6-104) O HIEHEIEERIEK T LA (p<0.05). kL v FIUBATIRTIEAL
TR (5 ) 1Rt U CImT I (6-8 M) o H IBREEIZ A B ISR L 7228, B (9-10
) DIRTICHEERR S NG5 le, SITBRUREIER IS ZRIF (SH) Ak LTz
WD HIRE DR FICHEAZ IR S s d o7, WiEhfiED 5 H T BEBI o ¥ i A>TH
D, HIEFREBMET LD T2 EEZ 65, DLEXD, SITBEBIERIC X > TRTIRFO
HERIIN AR U % R BAET R A O 2 557 IR TH 5 2 & 2R L 72, £ 72, Fig. 5.18-5.25
KBRS O HIGREE %, Table 5.3-5.10 (S5 H55 O K BIECT O & BRI O H R
= I L 72 t BUE DGR 2787,

T 2C, BATEHREIVEIC X D BT & FRRICHIGIN AL B 2 EIC oW THEET 5. EH
I BE RS & AEHIEIC ST S s (EEARS, 2001, [50]) . BEERIHIAEE AN K E -
HEGN— 71 EoTiTbins, —HT, HBIHIEENL SRR, SMT) R L0k L
Bk B3 S il z v, MK, B R OEREL XL TfTbit s (S. Grillner, 2011, [51],
S. Rossignol, 2011 [52], Mori, 1987 [53]) . i i o [RGBl 4% o BEAMEIER 12 A% o 85 7% 34
fifid 2HAE#4H > CT\» 2 (K. Takakusaki et al., 1994 [54]) . AfTEEEIEIC X O BATHE & [FRE
OB LT 722 206, HBITBEEIEIC X > THBHEIEZAT OREICY ) Bb >
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TEBEZoND, ThhoOBBIREEIEIC KD, AN, Er, FHEL L TR TEIEZ Hi
TEILENPHRETHE EEAONS,
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Figure 5.17: Mean intensity of H-wave among all volunteers comparing during treadmill gait and

gait-like motion with LoMS.

Table 5.2: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of all volunteers.

Gait LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.18: Intensity of H-wave of volunteer A comparing during treadmill gait and gait-like mo-

tion with LoMS.

Table 5.3: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer A.

Gait

LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.19: Intensity of H-wave of volunteer B comparing during treadmill gait and gait-like mo-
tion with LoMS.

Table 5.4: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer B.

Gait LoMS

*k*x

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.20: Intensity of H-wave of volunteer C comparing during treadmill gait and gait-like mo-

tion with LoMS.

Table 5.5: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer C.

Gait

LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.21: Intensity of H-wave of volunteer D comparing during treadmill gait and gait-like mo-

tion with LoMS.

Table 5.6: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer D.

Gait

LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.22: Intensity of H-wave of volunteer E comparing during treadmill gait and gait-like mo-
tion with LoMS.

Table 5.7: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer E.

Gait LoMS

*p<0.10, **p<0.05, ***:p<0.01

67



1.6 —
Gait ——
1.4 | LoMS ——

1.2

0.8 r
0.6
04
0.2

Intensity of H-wave

1 2 3 4 5 6 7 8 9 10
Cycle of motion

Figure 5.23: Intensity of H-wave of volunteer F comparing during treadmill gait and gait-like motion
with LoMS.

Table 5.8: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer F.

Gait LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.24: Intensity of H-wave of volunteer G comparing during treadmill gait and gait-like mo-
tion with LoMS.

Table 5.9: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer G.

Gait LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 5.25: Intensity of H-wave of volunteer H comparing during treadmill gait and gait-like mo-
tion with LoMS.

Table 5.10: Significant difference between stance phase and swing phase of treadmill gait and gait-
like motion with LoMS, of volunteer H.

Gait LoMS

*p<0.10, **p<0.05, ***:p<0.01
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Figure 6.1: Motor areas of the cerebral cortex ( “ Cognitive Neuroscience, ” pp. 335, 2014 [55]).

LoMS (3 MRIGEAPERERIC X D IMRI #REERED T T IMRI /E 2 (& T & §ICBIfFA[RE T
HHIEEMERL, SITEEEER RS ERETHE I X O STEREIEIC X D /NN, W, B
L AL CEB O HBFIE S HTIRAEIC 2 2 2 L ZHER L TWw 3, RIT LoMS 235 B ¢
FAFRETH 5 2 &, MO, WL~V ToBfTiiddEfiic X 2 82 R T 5. 22T, LGt

HIFEERTIX LoMS %

o BATRUBEENEIRF DO N DTGS2 tMRLIC X DEFHlAIBECH 5 2 &, KU
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ZHERT 2 2 L2 HINE T %, SATICEICBIE S 2 IO AL IEHHRATE O —ZGEENET (primary
motor area: M1), #i/23EEHF (supplementary motor area: SMA) MO —KARMEEFTHF (primary
somatosensory area: S1) & 415 (Fig. 6.1) . HITEREEIEIC X D 26 OFEEAIIET 5
CERMERT B,

6.2 EERAE

ARG SRR O R 22 20 RBIE 13 4 TH 5. AFHUFEERCTHRR & T 2 B fTHdEE)
fEIZ MRIE A FITIIEAMZ & 22 D, LoMS 2 %E7% L LoMS I & 2 382 3217 7223 & REB) I B
E2119. %8, TIROTICMRIEERES MRz ENICAA Y 723u[REThH D, EHEOH
TEFBROPLEZ I C 2 ESHRETH 5. BIfERIIE 2[sec] &£ 5. £/, RIRKFERE
EIC XD, EERACGEbEORRZIT). &k, TIROEEIC XD EEE) < & fMRI
RO ERR K 7 < 7 B 7200, SEEROENE 2 BNl 2 2512 — % R 2 Hl o T o ki 2
MRIEAICHEET 5.

IEEDEHINC 1358 3 B & [Al—D MRI RO~y F a4 2[5, TR 13 2,500[ms], TE (&
35[ms] &9 %, EHHIIE Block-design TITV>, #1325 W DL & 25 PR D AT fESE)
2R HIZ 4 DK S (Fig. 6.2) . &R R OEI{ER I Z2 2G5t 40 [, 5 80 [l
Bzir) L s, WEENDOEEHRKROAGRIIHENICA 7Y — v FRnz2179.

WIS E O AT X MATLAB  (ver. 8.1, MathWorks Inc., Massachusetts, USA) FTCEI{ET %
SPMS8 (Wellcome Trust Center for Neuroimaging, London, United Kingdom) % H\>T479.
1EIRs & BRI DTGB D> & R BBiE CH TR/ 1R U 7 G 2 b (BT L 7242,
P Il U CR RIS E IR 2 BT REEEN (R O TG By & LORd (RN, KT
Friston et al., 1999 [56]) . 7, SENIANTCIZL HEILEMIEZ1T\>, FDR (False Discovery Rate)
p<0.05, Extent threshold k=100 & 3 % (C.R. Genovese et al., 2001 [57]) .

Functional imaging
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&
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Figure 6.2: Block design of fMRI measurement: A subject undergoes 25-second rest and 25-second
motor task. The subject repeats rest and task four times in one measurement trial.
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6.3 KR

LoMS %3575 U BT RifiEdE (f 2 17 > 7R O iGEh i 2 Fig. 6.3 12789, Figure 6.3 (Z15H)
pEfk 2 SR, bR, AKEHTER L TWws, IERRAED M1 KO ST THlWIRTEDS R &
1, SMA THWIRIES RSNz, £z, 6.1 HTHRA L 7B BBk Y = v = v r B
(Brodmann Area: BA 40) M OVINHGEE (Vermis) THRIEDSH & 17z,

S1

VermiS/r® 4 @

- @9 : FDR
__ p<0.05

- k=100

Figure 6.3: Brain activity during gait-like motion supported by LoMS: The brain activity is mea-
sured by fMRI when a subject wears LoMS and swings his lower extremities in the air during lying
posture like gait. The brain activity is observed at supplementary motor area (SMA), medial primary
motor area (M1) and medial primary somatosensory area (S1) which are related to gait. Wernicke’s
area (Brodmann Area: BA 40) and cerebellum vermis are also activated.

64 EXR

SMA (2545 DB E DA BRI 2 58 TH 2. M1 IZEETE S Z EK L BHi~T %
ReE| 29 EER T H 5. S1IEEHED S MHERE D AN %22\ F 250 TH 5, IEHFFRAHED M1
SO ST M OB REICBIE T 2508 TH D, SPECT % NIRS % F\» 7 BT O I TG E)
RN BT AR DO FEIR THIE MBI S 41T\ % (H. Fukuyama et al., 1997 [58], 1. Miyai et
al., 2001 [59]) .
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7 2V =y FETOIRIE AN TIE R, EERToRA o, v v=y ri%
BTV E Y ZAHEHD PSR B EREA CIRIG I 5 Sk 2 Al 2 TH 5 (P. Hagoort,
2013 [60]) . 7 = )V=vw 72y U728 & UC, SfrEEsiehic, £, £ A, K %
7, 1, 2, 1, 2R EDRRICA TV P LTwARI ENEZ NS, Fi, MR CRIED
B TS, AARHEEIE RS S ZHERFT 2BRICHRIE T 2 2 EME SN TE D (Y. Ouchi et
al., 1999 [61]), /N7 v A% T 2%# ZH->Tw»2 (S. M. Morton et al., 2004 [62]) . 7% &,
Fukuyama & (3#4TRE O BIEEIGHI /NG ERES2SIE 3% 2 L 285 L T\ % (H. Fukuyama
etal., 1997 [58]) .

FIARRTRR, SR O A2 2 A O AR TR (R IR o TS 2 AT U 72 B I SRR L,
EYHREICHET 2 EREAMIEZ R L TS0, AEICLZEEINEINTHE EE
2605, L7 TARERIGSHTEREER O RGEBIbiGR & L TZM4TH 5, L>TLoMS
ZAE L, LoMS 23EfEd/n LS E DS TRRtEn 1 2 17 ) BR O MiGHE) 2 MRI I X b #fn]
BETHDILEEMERL .
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Figure 7.1: Motor control model: When burden is added to a body, regions playing a role of feed-

back (in green broken circles) are more activated.
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B, “PHIE A T BB R O $2 RN N9 2 Bl o AR IEH] & 13 245 T 97.0[%] T
bHote, Fto, BIEANIX 2[sec] & L7z, FEEFVEICN LT, BowmEM—DREK 71 b
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TERENECHERICEIE L T aEi 2 BT 5. &k, ZHEIESAIEIL FDR (False Discovery
Rate) p < 0.05, Extent threshold & = 100 & 9 %,

7.3 REERER

Figure 7.2 1S@ A TRREEN(F & Ll U 0 ComiAf rRgEEh 1 <A RIS L 738z o0k
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Figure 7.2: Brain activity during hemi-burdened gait-like motion: The brain activity is measured
by fMRI when a subject wears LoMS undergoes hemi-burdened gait-like motion. During hemi-
burdened gait-like motion, following brain areas are more activated than during normal gait-like
motion: Brodmann Area (BA) 8 in prefrontal cortex, BA 6 including SMA and premotor area
(PMA), S1, BA 5 in posterior parietal cortex, BA 40 in inferior parietal cortex, insular and cerebel-

lum.

77



5), /M4 (Cerebellum) , 55¢'E (Insular cortex) MUV TNUATEZE (Inferior parietal cortex) 40
¥ (BA40) THEREALRBISOHER I N/, 28, Fig. 72 ICERIN TR, —JGHEHEE
THIIEDSHER S N T 5, @EATEEEENE & Pl A A T EREEh 11 © — JOEB) B o kTG
WKHBEDPROIZORRIN TR,
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Figure 7.3: Motor control circuit of brain.
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B oNBZ EZ2MELTw2 (L Friedetal, 1991 [63]) . SMA THEIlICHE L 22 E B 1
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8.1 SEEXEH
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HHS 2T 2%, SRS STEMEICHET 2 2T v 7TEI{EZ{To T BRI R K g%
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THEEZAT 9 (Fig. 8.2). 1 RIS Z O#fEx SMIEEDIRL, Al T 528[sec] DEEREN
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Figure 8.1: Experimental set up for foot-reactive-force effect during reciprocal repetition of flexion
and extension of lower extremities.

FHHIL 72 B 1% SPM8 Z{HH L, 4% Case DIGIEENIC N L Cagdifs CENET 2179, &
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Figure 8.2: Imaging design of experiment to reveal relationship between brain activity and foot
reactive force: In one set, the subject rests for 30[sec] extending both lower extremities, and execute
the task for 36[sec] with reciprocal repetition of flexion and extension of lower extremities. In
one imaging, the set is repeated eight times. Foot reactive force is generated in random order in
each task. Four tasks are executed with foot reactive force and four tasks are executed without foot
reactive force.
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(a) Brain activation during lower-extremity motion with foot reactive force.
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(b) Brain activation during lower-extremity motion without foot reactive force.

Figure 8.3: Brain activity with or without foot reactive force: When 10 subjects moved their lower
extremities with foot reactive force and without foot reactive force, SMA, M1, S1, cerebellum and
vermis were activated. There were no significant difference between two cases.
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fEIC & b fli @B, —JGHENT R ORI ChUG 2 MR L 72, 200 O NaEE X
BATICBIE T 2HHIETH 5, 24U L D) LoMS 23 TBREIE 2 R 5 2 & T, fMRIIC X
D HATICBEH T 2 3 TG Z SHHIFTRE T 2 2 & 2R L 7-.

05 7 BT AR A AR AT R (IR O fMRI IS & 2 IS BIRNT 2 17 - 72, 724 D AR IR A
LEHEOBTEIEZIT) 2 & 2468077 3 2 L CAMMITIREIEA X — L EEEOMIC IR
BT 5, AMICIXEEIE 2B IET 272 0I1ICKFIC BAS 2 BA 40 ECHRIG L 72 £ %
AZoN3, i, KBTI AMEIoOFIE I HEE) L 2 WERICHEIES 2 i T 2 72912 SMA
PESIRE L EEZ 5N S,

FYIETIF AT v 7EIERE D RIS DA EIC X 2RI L %E IMRIIC K DEHIIL 72, &
R & D) B S 2 BT 2 2 EBHEETH D, BIEICERK DD a3
R EDL GG LR L, BRSNS (%5 2 L 2/Egl L 7-.

DIk, Azl <, AL THERIFE L7z LoMS Z w2 Z &2 X b FEEIEDRFE
DHEF I, ZOBERICLZMIEHOZ% MRIICX DEHIITMEETH S Z &2 L
7-. Tbb, LoMS 22 2 EI2 X b fMRI 1T X 2 B fesh E R o R T sl BE ¢
HY, BIEE THLPIZIN TR WHTEHER O ZH G 2225 2 LICHBT 2 &
EZ 5. REITIE LoMS % M\ 72 T IBGHEE) IR O BB RE AT 23 £ DRI FEHBRLU-CINH € %57
OPGHDELEE RS,
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9.2 SEDEBE

BUE, HAEWTIZ 1235 HADSBMMEREZE>Tw 3 @I n s (BEHE
"SR 23 4R FREFHEOMEDL [66]) . E7o, HER, B 17.2 5 ADIKIMAEE G % i L Abe
L5, MIME R R &3O BIIRIC 2348 UGS S N 2R Ttod D, %
DB T IR AE Y B & IR E R B3 H 2, IIMPER MR BT, Ko
MEPHHEL THmZEI L, iU ZmEsE % 5 2 & TMmENEL 5. Zolfiffiic kD
WeAfEDS IR S 5, —J7, BIERIIERE T, WMOME G, E 5 2 &1 X D i
L, M~ DfR MO REROMIGIIARE T 2 2 & T, MillussE 2, Zas i
PRI /e B8 S OV R I A FR I AR rp & S EIE N 2 XIS R8T K D I A ST,
BT 5 2 Eic kD, ZOMiNEE 72 3 NETEMH ) BEREAMIK T, AL TL £ 9. Mg E
DOFGERE I I RE, SEBpEERERRE, BEME, SRS, ERELR VB ToNn, £ 0%
A, HERIGEZR S OIS/ E L 5, Bife, ENEHEVBNE2NHE L o R RN
BT, MMEREIZ 22%% o Tw2 (BAESEE TEK 22 4 ERAVEETERA, [67]) .

MR X 0 SRR T L 725G, UNE Y T—varzfr) 2 EBREATR
ThHhsb, IUNEYT—varzit)l eickh, GEEE»EEL, BFoEFEoHE N Lz
M2 ZEDAETH S, £, BRERBOE NI X > TEENMA T2 Z LTk, Hirk
PREDMEL 2[RI D 5. UNE Y T—2 a3 v &2fTwv, GENEE)§T2 LIk Dok
BOFRIEZBCZ EDHRETH 5. HIZ, NMEREOBALS, BEBNINEY T—>a v
ZITVEAREREZ MIIE T 2 &I & ) S GEIRREX o 3ieidl LU, /e OR Bl B~ o> £ HHIEE
DHIFRETES, ORI ANEY) 7= 3 VIZEIROE A EREE T & £ EEEA DS
DALY, ERNZFETHSL LFER 5.

FARBEEDE LK T LTV 3EE, UNEY T— a VIFEEFM T b IR LY
BEZTEVBOERET S, 207D NEY) T—a vICKBBEEL~NOAHEIEL 5. &
Lo HBIce Ry FEMISKRZD, uRy Mok ) BEOEFEXRT A LT, &
HEWINEY T—rarvzdEfil 5<% LRRICEELOBAHIEMT 2, oRy bEbi
BRARY b7 E—FDORABAEPO IV NEY T = a VY EFERIE TS (N Tejima et
al., 2000 [68]) . @R v F ZA—Y HAL (S. Maeshima et al., 2011 [69], K. Yamawaki et al., 2012
[70]) *° Lokomat (S. Jezernik et al., 2003 [71], A. Mayr et al., 2007 [72]) , NaTUre-gaits (P.
Wang et al., 2011 [73]) ZEHEELCEMBHEE L EOSTINEY T—v a3 VITHw S
NTw3, $7, HTINEYT—rarchbiuiury bzHwsl eicky, ELHoN
T VAP ENTHTONEZH) T EDARETH B,

INEY T—2arvidZogRemoRENZE T BRI A->TW S, BIfE, Idet
FEEDFRICAEC Y NE Y T — a VITIMRERFEOHIEZIND Atlc=2—m Y e 7—
Ta vyt IR TS, —a—uYnEY F—varviiiza—ud A R (R
) REBICH L0 ZENEEBEL NS U NE Y Ty a VIEEEER - AL, 2O
EWMGET 2 FE CTh 5 (Fh, 2014 [74].) ZhEFToa—v YNt Y 57— a vyl
X, RO G W ERLE LY NE Y T — a VAR ORI AT 4T Z 7. Enzinger
5, UNEYT—v 3 rz2{7o T NAahBE O B ~3ZEN - RREEIfEZ 5 2 7
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&, VNEYT—Ya v itk s TEEREORIE L X VITHEBIKIRIEDE £ 5 2 L I2DWn»T
S & LT3 (C. Enzinger et al., 2009[80]). Luft & A HIC X 2 BGIBEG DAL D Hie 2
DIBRELI D IR B 2 B L 728, BETBMIMOE I X D D & DREIEDNEE)§ 2 i L
TWw3 (A R. Luft et al., 2005[81]). —77, WfffERIEOMAZIEIC LBELE LT, 27—
Ry 7 A% HOTIREPEHTH 5.

ORY P27 =BT o a—aIUNEY) FT—yaryovigholENfTbnTwns
(M. J. Johnson, 2006 [75], L. Pignolo, 2009 [76]) . Lz WRE LIc=a—v Y nEY T— 3
v LT, MIT-MANUS TiZu Ry + 2l wigiErsfTbii T3 (H. L Krebs et al., 1999
[77], D. J. Williams et al., 2001 [78], N. Hogan et al., 2004 [79]) . U —F ¥ ZEI{fEY N Y T —
PavilBWT, Ry FBEED EEOEERGICE O BRIENICEIESR 217, e
DAMPEZZRE L 7 H%E0fThbinTwad, TRENRE LD E LT, HAL ZHOWEHD
RS & AR £ 7 OB EID O AN B SR 2 IT) T ETAA A 74— F Ny
7 %52 % 809 MR GO EIERR SR OEED 7 4 — F Xy 2V —7%FE LU
EY 5= a vyBfrbitT % [69][70].

Ry b7 E—ICBIT RN BEIERR - SKEFEEZHEICT 2 /132 —a U
YV T—ravor7ua—F0aHTH S EEZ D, BN - KERFORGEEI Z5HIIL, #
DEIRZH ST 5 2 & TEDRRBEIEER - XBEFESL D RS 2 2 Lo
T TH L LEHEZAOLND, £, BMFRONEEIZEHTAI LIk, Ay PRI E—
DR EFMT 2 Z L HHRETH 5.

N F T TEGEBIR OB % fMRI I X D EHIIS 2 fEkF%E <, HEAfio#fEP <5
YIEER ATy BV JEER ERPEDBIEE NR E L BEE OGRS ThbIi w5,
L LADS, INSDHETIRYANEY F— 3 VI & ) F¥EET 2 B8 ER O iKiG B
ZHISD Z EFHEZR O, AT THIFE L 72 LoMS 1 fMRI & D AMEML D 235 5 12 478
FIREZIERARETH 2. FHBUE, ST NEYFT—ryavyTcHoesnzaRy MIFH3
HHED S DD3% <, LoMS bFRRICHMI3 AHETH 5. L7d23>T, LoMSIZkhrARy
eI E—TfTbn 282 BN TH 5.

DM DMEE 2 2 LI X D Kb/ S APERE 2 FHIER 3 2 2512, I EEN] K 2 FHH
WAL 205 03% 5, IRl O TR MG A M & o ) KitEDsd 2 7204 U %, wlwk
SRR 2 AR T 5 2 LTy ARG I, ERABEEMERVWE T F TR
a5 %5 2 £ ThH 5, Mgz iHikkid, B E T2 REEZHBEICHEN TSI LI
IhigET 2 EEZ oD, —JiT, HWE T ZRIEUAOBM A HKHCIRIE T 2 &, PRl
LS HE S NS LEZ SN D, 7w AM A TREBER ORGEEEHI 2T > 7. F
A TR B 1 1 X 2 VS B IS NI IC i 2 5 2 7OREECOMIEEI Ch D, BH OBAT
BEEEE & B IS L Tk, 22 TUANAEY 7= a v iZB VT 1 DO RS
HUBEEZL, HHBLZIOET 2 720X HN E T 2 WA 2 BRIE 3 2 BRI T B B
WP LEERITIMEDRH S, L Lo, Azl 2 L2k ) HINE T 5 EEEDL
NOWGBEIRIE T 2 AR H 5. T4abb, UNEYT—ravitBL T TIICEDR
JEDAM 2T B, WICEEEZ KB L CEOMEAMZIERL T 50, AfMOEAWLHEGIN
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G D FERLARAL DI IS LT H 2. LoMS I & b Afif 2 i L 23 k@ 2 5Hl$ 2 2 &
&b, HINORKIEEEZ BIG S & 72285 B/ OIS SRIG L 22 WA O B A » &2 R ]
ETH b EEZS. DLEORRIZ, LoMS IZBTEIER OIMEERE DR IC K E C HBRL, FHIC
ZOIBHELTYNEY F—2 a VvORIBICEETETH S L EZ 5.
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o

AEZZITT2ICHY, HED SHETZED»C JSFD, TEICoh, BEZ b3t
BRIHREL YIS EREE F LR RARGEY AT LA ERSE ERNRBAZEEZIC, L&
DG L B9, HARICE)E I UTLLR, 6 fERICIED, RGO MZEHEIC D fHir
REL L2 H5ZTHEE L, 7, MAEPEEEL L COEYZ AL THEE L.

K SCEEICH D FFR s 2 8d%, SRSz, REEHERRZICIZm» W T
BFELIHEZMD LA, ZZIE#HOBEEZERLET. 72, MRIIE - BHTICOWTS
K5 TS E SHETEE £ LRGN A N = 7 AWF2eilfifge 8 i FI%eE, AR
Bl B L BT 9. AWFEZ B U 72241), FADREERIA> MRI #RRE M7 12 BY
T LHGENAHE T L7228, I Ned:, HHREED STHO R TSP X ) Kz &
ELEF2FCOMBEEE T2 ENMRELD E LA, F, MTRE, AARREC
ERRIC £ TR MRIRESERIC S THE, AEOBRREZES 2 LR E L.

AfFEiE, WEINRISHIFERTFEIE 7 v 77 & THERFHE S % 2 2 % e A\ SR
i 7 75 Ly OFHRICE DiTbitE L%,

H% OfZe4:iG 28 2 U 7 SIEBIAIZRE T, AU AN—ERE D> X6 Akikin
RPN K YRR R D B EBHEE L. £, BREEENEEOAL ST,
AN ZAMBE TN =T DERICK S TWHIDTF, Zliﬁn%ﬁ&)%’&b‘ﬁﬂéi L7, #L
T XD FMOEREVIRERE L, EFL&) 2 Lickh, RgXrHE LiF5 2 Lok
F L7, BHREEIEEER I A N7 ATV — 7 OERRICE LR L B E T,

72, HXOMRIEIHCBWTESEEF2MEz Y 7Ly 25252 TP 275
PR2ERZEIEF B L ORABRA =V AP — AN FOMBRICESR L B3,

BRI, MDOARRZS 2 RICH bA® 285 %2 5.2 T KRS L S EH L £ 7.
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