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T8 SHANEMEINTE D, ELSFERITRISHAMML T2 [3-4]. PUlik - E#HBHFE
REICPEE 269 52713283 0 AL ETH D, Flilc &7 0RO BE L Td i Td 513
EGHEDREL, 65%PL EDF PRI EH D 5 EEIX60%Z A 5 [4-5]. EidpEEl:, HA
DA S FTHFIIC D A ~EDFKIEV A7 Z2HLTE D, THEREEEICH 2 & HIZ
AITHEREOME T L, ADLORIRMOQOLDK T 2#E%T 5. I 618, HAPMHEGH DS
ittt 2ThH 5 2 Lo, TIEHREREEIZSE LD ARt afE~EET 5 L n, 1
FUZSEBRT 7 RO EBDRZH TH 5.
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L2508, GEROFHITFIEZ, BT ARAZAHEE LbDTh S0, AVBITNTE
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EEIN5, THEEEREES I LB RMRICET 2 2 E03% L, mMaMHIc k)5 ik
ZEND EFAOAHELBEET S Z LI TE R, 51, FiBhEICHE 2 2T o Rk
1%, ERICERET 2870 BEZETIE 3B/ H Y, L THI L LHTOHES)
WL 722 2 LB &IN S, wiBhEMAHICHE) S n o iEfMEO ik & LTHB TS
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D, BRUICHEES 2w EBRT R0 HICEETHY L B2 HEEIE5 2 L 3RETH -
7z,

DEDZ DS, MU EBTRREER G ICNT 252 REE L, X618, thafd
M Bt T Lok L e 2L THIL L 7o T OFHER A &N B RE R EE O R dE 2 8
T LZHEBT 2, AVATHRRBSE SRR E EN 5,

THBEREREEF 1T 2 L —= v 7%, WIS X o T RRAIC AR, IS, HERE
e ns (2], AWENE, WERLEIERICN T 2GR EENICERT 2 Th D, K
ERIAER IC & 2 DEBEREDIR T 2 T Lo, BBk MRFAIC X D FREL R - Ei%
gL, BfoMiE, MW - BosR S0 BEEREIEZIET 2 [12-13]. SERPZEE L
BRI T 2 BN 2 B O B D 2 < 72 D IR0 2 [T, SIREEICIE L <
WA ICARMZ DT DS, BNRLEEL S DL E EAS) « JEAZBAGE: - BIED - BHTHD
FL—=v 7 2EL, BEOERBNESHEAERIEOIRKEZMHY, L3NTWDE [14-
15]. AL OEED Rk R b L —= v 2 X D EERERIENRIA N 228, KEHICH]
BEHAIFMETL, 12874 LTERBRE M T 2. ZaoERBIcd b, WEICk D Rk
203, IR CEEBIGEDG6 r HE D S ISHERINICOER T2 [16]. MR TR
ZHEEE L, BEHE CICHEE L 2BEZ2 O 2 L CaEEO A AE LR, NihaEig
ICBIF2 2 L2HIET, L3NTEL, WHoEE» S, HERERey ARBL 2 H 134
BOMERHICGET 2 2 La o, 2 - E L i LRI o EEED R D L », I
51, BEREMIEIMEN T2 2 6, TR EIC X VL& I 2 Rk 72
DITIE, HMERHHZNR E T 2 BB TR UGE SRR OB EE chH 5. F, MERIH
ERRET UM, AT R S0 2N e BT & A2 B Z EMHEINLTED,
PR OGN U TR M2 E O 7 LAt - MEIH O TR TS 1< LT b T
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TS RE R E R DA TRERESE D 72 8, KR4 ZiHli TR - THH D RE S 1, BRBS ©%
HEnTws, JlisEe LTXomB 77 A b (10mwt) ZEEUHIC, 2077 A, 647
M7 T A M ED3H 5, FERDFHGFEEL & U AT 2 I, ¥y—F v A, ALF74
N, Berg Balance Scale (BBS) , Barthel Index (BI) , Functional Independence Measure

(FIM) %, ZoOfII%IIco 2 [17]). BTEE, 7—T v A, Ab 74 FRIZWITN

O THENEICEH LB Th D, BMURENO S r — 7 v A, R o EH L 72
S RIS O O T 2 N £ COEER A P74 FETH S, £/, BBSIEN
7 v ARREREMI S HITH D, AR, BEMRR R 2 4EEOEEE R E L, KHH
0~4ri DSEPECRHM S 1%, BUIWNRENTE LZADLEFAT % 2 EBHWTH D, &L
777, BE, PEtar bu—), BEinE210EHOEEE SR E L, SEHD2-4BR
TIMli S 41 5. FIMIZADLLK O #EAHE 25T 5 2 L2 HWTH b, BlE FAERDA 133
HoEIfE2NRE L, SEHEMWTERBETHMI NS, 2ok I, ERESGE I 2 5T
BRI L b7 D, FHEEE IS U RIS ICET I S,

T B RE R DB SR M OB RE S 2 EBL T 24 s iR S T 5, B
EZRBEEIIRELS T TR v 7 —vBlE, BERICOET LI ENTES, AY Y
F7a—rROEEEESR & LT, 7 AAKRAStHDOWPAL, Hondatk A&t DA77 o X
F, RTL.7 =27 AKA&toa Ry b7 A b7 4 —h—, V—7HKAXDTree S 03H 5.
Tanabe & [18-19]1%, MBRPLEFZ 12410 L WPALZEEH I 2 2 &£ ¢, IEEERICHT 2%
EHIRETOBTRE IO BTHREZ M L¢3 2B TELERE LTS, Arisued [20]
i, MIMERERF1I6HICHLST TR b2 OB THEZEH L, STEECHIED
BTG 2R Z2 IR T w3, £7, WMEMOBFXHERESG & LT, Finchb I k->T
Bi¥E S 117:Body Weight Supported Treadmill Training (BWSTT) [21]%2EUHIZ, Hocoma®
Locomat, ToyotafRX&ttDBATHE 7> A b ey b [22-23]1%203H 5. Joseph 5 [24]1F,
Lokomat% /i A & & 72 B4 THI & R D BATHI O H %2 ik § % 72, 63402
AR B F I B B TIRER E E L, FERDBITIID TR TH -7 2 L 2ME L
T3, 7, Hesseb [25-26]1%, HRAEEEL~OMWE L EAHZNS L72IRET, TIHEEHE
B H BT ORI EZ 2 DR LBE 32 2 & 2 1]HE £ 3 % Gait TrainerZ $25 L T\ %,

—77, ANOBAEREERICHERESGEE ORI - Zhie 2/ 3R 1%, BB & LTRIflR4 RO
KRG DD D 57D, FEERDOANE & LM% /8§ 72 0 OBYNC Gl S a7 KGR
ZEML, ChZEIHT2 LB RDoN D, TIEEEREEEORBIGERE L LT, 4
DZEECHFEZHEEL, BEOGUEELZSGET 2 2 LW TE 2 AT DO v Ry MAFEE
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mEozu Ry b A—YHAL (Hybrid Assistive Limb) 723217 541 % [27-36]. Watanabe [37]
5%, By P A—YHALMAH 2 O 7EFINIFE & LT104 9D | IBEREREE#F IS4 2 k
L=V 7B T o AR, HALES IC X D 10mB TR L 2 dE T 2 MRS & 2 L
HL T3, ¥7, Maeshimab [38]1%, 16%DINAATFEE F FPLEE %2 W RICHALEALH %2
w7z b L—=v 7 %247\, HALEEICKD A F 74 FRPPITHREOUEICEHF ST % A6
YeD3d % LIBRT W2, kubota® [39]1F, 3844 D T IFEREREES (25 L HALfHEA 2 A v 7
FHIRHEAB 2 FEG L, 7 — 7 v APHTREOREN AN ERE LTS, TDX
912, HALIZEWERE %2 KB L 72 E{4RFENfE5 Bio Electrical Signal (BES) IZfit > CEIfE%
TYALTHIET, HALE ADJK - iR LR ORI CARANEZRTA V8T 7T4 7
BNAF 74— Ny 72fgd 2 &ick b, MEMREFREEOKRELGEZIRET 2 2 L8 T
ErLEZONTVDS, EBIZ, CYBERDYNEMDHALEHRA (TS A 7)) MEFIL
i, RO Ry FIBERKSE & LTIS013485, EURIE CEEMEES (MDD : Medical
Devices Directives) Dy, REHEIRCE~—F Vv 7Rt Z2HUG L, FA Y CI3BEHiEGE
TR 2 BB RSN T 2 IR SRR, AR OEN 2T Tws Ewo T
L6 b, HALIC & 5 TIBEREREE S ORRESGE IS 2 GRIMES AR I TWw 5
ZEDDbDB, 512, HAENIZEWT, HALEEH (FEY4 7)) #Re T v, By
A a7 4 —RALSE DA D EEHATE O #iEE - AEERE BRI 2 1082 FE M S duE T
BEIRPRBD 5z 2 L6, 20154E3 H25 HICHTE B & L CoRFARHEITH
L [40], BEHEAEZ T2 H2SHISIHREMIR O H 2 5] - HAWIO v Ry - EFEE
e LTRRINDITE S [41].

o DEaR T, MRS R OB AR CRRSGE 2 HBLL TR D, BIdESL T —
TV A% E VBRI T 2 RO IEICEE D B T R b T b, L L, FfTiE
B - TR EGE2GOWMHBIETITbNE D TH D, MEIFPHBIEICHE S 2\ Wil
I 6y, TR EE DL ETH L BT 2B TE TV IR % 7201
X, EEDONMAZFZRL R TUL% S 2w, TEEREEESEOSTICEWTE, FEZ T
DATKFFTERL R D720, T - g2 N L THiBIEZ AT 2 B2 » 5. L
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1.4 HY B TRERESGE Gk OWFSERIE

BITREDMRE RPN T v AMERF DI & 7 o 72 T IEBERERREH X, Wi EOF ) E%
il A LIS 2 &ETIRT L H VS TR 2 AT LT b, B & H A2 ThRE
IZVE, Fig. LICART X ) RBRPH 2 LEZ oD, H{74F (Walker) 1XHBIE ISR 9 % SHF
LAGIHIDA N T2, TR TS 13 L2 I WBTEROFTDICHES 2 & T, TR
HRHEIFPNT v AR 2 IS 1T 2 e TE 5, EEIC, EEXIEERSA, |
R RE R E 3 1L H A ARTE I B 1T 2 BB TR ICHRG T (Wheelchair) 4 {Td8EF DMl H % H
W%, —F, 7 A7 K77y F (Forearm crutch) °#L (Cane) I T8RIC LT RS
AIGHNIF DY, FEEIBIECHIUL, 0o OfiBhEZ WA BT th s, ZDk
I, BT & B ORI BN DOIMRAFAE I IEOMBBGRZ " T eE2 oD, 22
T, HAABTHRERR I 2 E mINEETT 2 BT 5 72 012, TR EE O LR~ DAEIC
HHL, #iBhEDOF 3 D I2H D> %)) Handrail Reaction Force (HRF) % FHlififE & L CEAT
52 ERFTICRET S, 510, HRFOMEHZ SRS 5 AT L2552 LICED T
I RE R E S % LTS 2 W TAEL 2 LT E, e THY L 2B TORESZ HIN
95 AV TR UCE SR B 2 HBITE 2 L E Ao N5,

(O Handrail Reaction Force (HRF)

% Independent walk
Cane
Forearm crutch

Walker

0

Dependence on upper limbs

Wheelchair

low Independent walking function high

Figure 1.1. Relationship between independent walking function and dependence on upper limbs. The
handrail reaction force has an essential role in estimating the independent walking function through
the dependence on upper limbs.
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1LSEi T 7R HIBER D 7= b, DUN 2 FEiT 5.
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o DIEADIKAFITHTT 2 FHliFEERHRF O & £
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o HERFHAD T I HEAB FRE T CHERR S 41 2 /v ARES OV IR 1203 % ERIE AR o Sl
o IR IRIEICHELD { MERIHIANTIC X 2 HREEIUC 5 9 2 ASAB TR0 GRI1E O #GE
4) AT SGE O 72 0 O YIRS I Tk DB %
o WRHFLIATALRDT7 4 — Ny 7V —7 DRI X 2 PRI F ko
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FIRE T, Ao ERE LT, TGRS, BEFRER OHNE & ElhE, T
PERERRE ICBE 3 2 BIEIITZE, A DRI &k 2 H A TR RE OGS S O WFZEEE, B
FEH N & B D 72 & O FERFIEE 12D W Tl R 7z,

F2RTUE, BB DRAEIT T 2 FEMHEAEHRF 2 £ 2 L, HRFERFCSCHR O 72 » OFHIlF
Lo, fHPEIC X 2 RZ4CH L 7B T oS EE 2 77120 9 2 HREEIR S A Tk o bl
FIZOonTHhR 3,

3T TIE, NIEERERE S O BITEIEICN T B RTRE SR IC HE D EHRFO R Z L L,
205 OFEOBLN D S HRFEIK, KO, A THERESGE 0@ % WL 2 72 0 ol
SINTICHEED $ BB TRERER AN Tk O BAZS, SEB) A O AL 5D  HRFEKIHEAE D 7= 0 D
74— Ny 7 FEORFEICOWTHRS,

AT TIE, THEEREREEE 2 WRE LA 2 L, UM% TR X 2 HRFKICSCHE
IZ &> T EBANDEREIMEIRT 5 2 &1C X 2 AV TRERESGE 10T 2§l 12 D W TR %

HSETIE, NREFLATLABOHEF TR ZEL 74— FXNy 7V —THBDOdD
PIBISCER Tk O BiFE, KUY, DIBHEREREEF 2 MR & U AT X 5 U TIEDHEE]
ATREME DMREEIC DT R B

FOETIX, AMADOEEZMKEL, fmzidN5.
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TR EE DSR2 R T Lok E R 2K TAHN. LB T2 HIER T 5720
2%, HIZBTEBESCEVRRETH S, L L, TN FE CICHZERTE I T & B g%
e RRELGERAR (X, BITHRED T — 7 v A% ETEMEICBIE T 2 0RO 5
fizfT>TED, TEMEEREEENEORE LIS ZWHAV L T2 ERTET0 5
DrERLTOR», BITROREIEP N7 v ARSI & 72 - 7 T IR Re R 1,
HEDOFT O E2EA LBICES 2 L CERT LAVSTHEEZHTET 5. 20k,
BTIE B2 G2 omaEifE bt b, MR TINEE L5 E, TR ES
W AHITEBE ) 72O LIRSS R uEa s v, LehoT, e THIML 2817
DFERD 7 DI21E, ERADEEZERE L 72 H 32 TR 107 2 3l e N 218 % 92
W 2BI AT L 2HICBE T L3 kdD 613,

Z ZTCARETIR, HITHEO2LRIGHEE TIWVICE D E B ADKIFICN T 2 374l 15
Handrail Reaction Force (HRF) ZE# L, NIEFEREREH O H A TRRBESESHRICNT 5
FURMEARZMEE T 2. X 61T, Y%Ak Z 72 THRFERSE S A 7 L O EFE 2 Hi &
5.

2.1 HRF{JHRIZR D & 5 L HEE

2.1.1  AMODOA1T & PIERERLE

HBTIE, NEENOBRCER L Z2BBFETH D, HEEFBIIE O THEAR R
FERVEIECH 5. AFOBITIX, 2B O - BROWHIVEB)IC X D LY 2D, BT O &
RO, 2 BB D S T 2 L, Ry ey Py —2Zy b ERaE—F2=y FD2D
ICKITES, Ry ryry—a2=y MIEEEE, @, LB, #FE, FRTERIn, £
BHER 2179 2 L THRITRIC BT 2 R EM 2N T 2 & 2 H-oTw 5, 5%, W MkT
BlIhsnae—%2=y b3y rPr—2=y b2XFFT3HEZH-oTWS, 4
TEMEIn aE—% 2=y FOBEPETH L0, —MBRINHITEHEOHENT IZnaT—4
2=y FOEEFICEH LTHTAMZ ML 2055 Cfrbnu s [42]. BTz 100
[%GC & U 721K, BT Fig. 21128 K 9 120~38[%GC] £ TD D22 CHiliE S % 1]
B¢ 2 &, 38[%GC]~100[%GC] F TD NP H L <\ 2 W< H 2 L D
220WIIcaEII NG, FWRIE S ooy, S, &Elo3>otficfiaftsns,
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WHAMHT 2, EEPLIMEIC KD, BITROEREIER: - N T v AMERDIREE L 72 - 7254,
RATECHEBA A2 RER SN S, HETEEICE O TITRRE O A 28D
woi, NEGEEIDSKIRICRIET 5720, EERE - Wk ROBEREIK T, MBI,
BRI DS, K - ok o B LS 4 0 EEh - A HEEERE I B R IE T [6-10], F
7o, BRIBFBIEROREIREIC XD, FRFAERZONHEATH-oTH, Z20L M - &
Ta SO EZEN T2 2 LICk 2 BRI L 7283 72 RiER S5, HIBTEIZ I
TR TE R OERERSHITRONT v 2% ERIC X D lised 2 2 2, T2 35
EZAHMEICTHMIT S 2 EZ2HNICHEHI NS, fifhEZzHWT BTS2 LI
£ O BERE ) OHTEIEIRETH 223, HICHIBIE QN & IR IER S L LD IEH 235 1
ENBENT TR, HIVBT L HR U THTEINEICHIR2 22025 720, HEERIGICSFHE 5
T EMEIND, S50, MEICHEZ HTORMMR I, ERICkET 2570 EHE
B, KO, TEICNT 2 A HHOEEZE TSI 28003 D, RETHI L 72701
BOREEL 222 2 LR EINE, —FH, BRI THKOKHEHOBH S ZHET2 2 L23xk
HiE L, BRBEffi2 5 R E TOTNEAMICHE LTHW S, BEIZFRICEETE S
%, HIBITEEEENDOTHBR %0,

DlbEoZ Ed o, HIZBTHEREREDE I LEADKAERTH Y, HEOBEHTFE L L
THR IS - T 27 I HIBEIC X 2 BT 0¥, #igh B> Tw 35 IZAVHTO#
B29WT 25 2 EHDADL, QOLIA BICEHETH L Z 3005, L, LEE~0kiEr2#%
& L 72 FSZATHEREGE O 72 © DRl F5 - SR TFIRIIAES T, o 2 HEBIN R4 Hi7
BYBIATLIDKDEN D,

AAER A

Left Support I Swing
Right Swing | Support
«— 0~38%GC ‘ 38~100%GC — >

Figure 2.1. Definition of gait cycle.
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212 REAOMEAF 2 BIE L 7= BV AMTRERE IR 9 5 eHillifia B

PEERRIMEIC X D B THRREDME T U 72 T RERE S 1%, #iEoF TS24 L
I S 22 1 UK, Fig. 22T X ) ICHBTIRROBRELFFDINEE L 2 D N7 Vv ZA 2B LT
LEY). 207%®», REOHEEIIIGU T, MEEEEEEFIIHERGEOBEFERLE LTH
irés, MIER, a7 X 70 F7 v F, TFHEZHCTHTT S, InomiBiEz v
TBTEEICN T 2 T A6 ERICh2 2 HEHEL, LiE~ofkFE2EE L -HiL
AITHERE IS0 2 R FEIRHRF 2 E 38 T 5.

Fig. 2.2(a)IcBWT, LIS 2 WS BT 2179 7012, sk o #iE 51\
(vertical) DHIZEWVWTRADHANLT Z20E D 5,

Wb(g+av)_FFRF_v:0 (2.1

72720, Frrr o [NIEKRHHNC N9 2 IE S ORI ORKTT) , W, [kgllEAEH, g [m/s?]iE
BHAOMGEEE, a [m/$2)1EBTRFOEOEBNAER T 2 HESFADONEE TH S, £7, Fig
2.2(a)PDhorizontalf, verticalfli D RKEIDM E %, ZNZFNDIED I ET 5,

l_) horizontal
vertical &/

Wy an
/
g 2
/ Wy(gt+ av)
Falling \
¢ . l Frrr v
== = ==
Frre n
(a) Without a handrail (b) With a handrail

Figure 2.2. Mechanical model for analysis of force acting on human body while walking. (a) Model
of human walking without the help of a handrail. (b) Model of human walking with the help of a
handrail.
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BEHECRAIMEIC X ) PIBISEENE T T2 2 &1&, KK HFere DR TICHST 2, 24U &
D, RQHDWy(g+a)EH%Z FETKRHET 2 EDBEHEE 2D, NFTURAZHLEFHLTL £
9728, TIEHEREREER X L2 2 L TIRT L By B TR 2w d 5. 22T, L
WA - 72 BATEIEICBI LT, BRI T 5228007020, SEITEHT S
JI, FE=XVFMICOWTHHAT 5, 720, BITEEIcE T, KRHSE TR ThH EKD
ﬁﬁ B REBELCETDZMLCWBIREZETVALL, BEREMIAE T E K E D%

M (REERD) OAMNChIET 2D ET 5, F72, Fig. 2.2(a)Dhorizontalli, verticalfifid &
m@@%%,%n%mwm@ﬁﬁaﬁa

Fig. 2. 2(0) I VATHERHTERD T D ICHH - 7REED B TITR T 2 e TV 2R T, Yk
ETICB VT, BEFADINTOWTRADELILT S,

Wb(g""av)_(FFRF,v"'Fv):O (2.2)
72720, BN ERICRT 2 RERITTH 5.

I, KEREDLYDDE—X v MBILT, XADKZT 5.

W,(g¢+a,)D,—(F,D,+F,D,+W,a,D,)=0 (2.3)

72720, D. [mlIZKEE R D & BREOAE F CONKFHRE, Dy [m]IZKREE D S R E £
TOREE, Fn IN)IZ BB 2K FF50 (horizontal) DI, Dy [m]lZIREID> & HEFF E
FCOREE, an [m/s2)IEBATIRF O B ENTEK T 2 K- RO MEEE, Dy [m]IEKED & B
HREMIBEE TOEITH 5,

Fig. 23Q@)ICMERPLE 7 A7 K7 7 v F I 7IREBOSITITNT 2 /12T T,
OIS TFHUCTH > 7RO BT I T 2 N EET LV ZRT, TNHDETLICE VTS,
EARDIZOWTRQDDEALT 5. o, KEmEbhoe—xX v MBELT, KX(23)
DRALT 5,

SEATIR IZHUIANICEE S TR D, BITaldsSRZ A A\ 729, F,[N], Fi[NNBIL
T, RO - BAR TR TE20EZ FI IS 2 LR TES, 77, MEMR,
U7 A7V RY Ty T, BEEERSATBHEI -0, MR 2K 6 D&
EHHEZED S DENDEBR L R, ZOTNEHHABEICRT 20803H 5, MIER DY
&, HHED S IPMEEI N 2R BRI ER OGO T TH 5, £/, @7 ATV Y
7 v F DG, HHED S NIIMEEI N RIIERIE R O Lk ch 5, Lo,
WMER LR 7 AT YTy FTI1%, #iBIRICNT 2 KERCEHED S D&TTDT I
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EDAEUZE—AVMIE, HBNESDICKR 52 EBHBTHS, LrL, TFHOY
&, & L ORRRBEREDOATH Y, MR T 280040 —BUCL VAL 5E—

vz, BALOFEHHOATIFR TSI 8RO 6N5, Zok, HIFHEEHDICE
C%E—AY M [Nm]id, RATHAS51%,

M,-(F,D,tan6—F,D,)=0 2.4)

72721, O[rad]l3TTFHL & SNET DR THETH 5.

CDXIHIE, TFEZHVHTTE, MBREERT2E80TICEI DAL 2E—X
Y EFRBENROFEMRNTER T 20E23H 5. LeB>T, =AY FMMPNI VT L,
2F 0, FBICHT 3K ERIE RO Erad] /NS W ERD 5N D, EEE, THEHZE
7 BTICE VT, HURHZESKBEE O KA a2 IH)MEmS 2% L, Bilor
%I%%ﬁﬁ‘ﬁiﬁ W215[ecm] 9 DB L 72 7B I 2 B LT K 2 E B BINICHERR I NTE
D, FIFIEEAELECTORVWEEZONS,

Wy (gt av) We (gt av)

Dy
Dy

E N : \ FFRF \4 FFRF v
\ y ! l! y ' :
o //// T o //'//// /////

: i D, 5 s D.
:<—> Dy — Dy
(a) With a forearm crutch or an axillary crutch (b) With a cane

Figure 2.3. Mechanical model for analysis of force acting on human body while walking. (a)Model of
human walking with the help of a forearm crutch or an axillary crutch. (b)Model of human walking
with the help of a cane.
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BATIE /AT T SR I, B 2 28 A D R Lk pEEEIECTH 5. IEH
HBITICE VT, WREICE T 2 HEOHEOIE, ﬁrﬁ-ﬂ(%ﬁ@%ﬁr&l urﬁ'ﬂZ[cm]@x{i%%Eﬂ
Iz

MNCHEDIRT [42]. L7223oC, BLBENRE T 2KV O EE S O MNEEa, a
2T, T L 72 M TEIECIERADNERITE 5,

1 e7
? o a, dr=0 (2.5)
1 e7
S dr=0 (2.6)

72720, Ts)E—EDOFHMX %2 473 2 DIc T 2 [HTH 5.

X 512, HITHIRES K OSITEIRERZ R, STEfEdEsRETHh 279, D,
Ds, Dy, Dp [m]IEEHE U 72 B TEIETIZEE & A2, ZoHIREXQ2.S5), 26005, X
DFEPKXIEINTE S,

1 ¢7T

?jo W,a, dt =0 2.7)
1

?J.OT W,a,D, dt =0 (2.8)
1

?J.OT W,a,D, dr=0 (2.9)

H(2.2), @23)IC2>WT, HfE L 2 BHTEEICBLTERQR.7), 2,8), QIO)VEBTE S Z
DS, ROXPENTE S,

) (B4 )= [ Wigdr =0 2.10)
;j (F.D,+F,D,) ——j W, gD, dt =0 2.11)

T % %HT%M’F BWT, wgHE ngD¢ FEHE o&tm% Jﬁ:(z 10), JQ(z 11); b J:
%24\750)73%% %“M:zksm“c, RADHEANLT B Z & 753‘%)75)%
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F,=f(Fr W) 2.12)

F, = ¢(f(Fue W, ).D,.D,.W,.D,) 2.13)
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7o, RIRMNICE T 2 EE - BIETICEWTH FEROBR?EL L, BB 2551
DI EHART, REK SIS TR T Z2 BT %,

WEEAAIRL XD, Fig. 2418 T X HI, FHTHMOFTY, VAT, MEM, v 7AF70F
77y F, T9HEZHWT BRI 2 2 TOHTEFEICE VT, B|EKIIFIET R
TICEDAEL 5720, EEANDKEFICNT 2 EOFHIlifEE L LGl ch s L HEZ N5,
—75, AVPRAFIZRER 72T, TR IS 2 5l EEBIR L 2 VR %
{EH, o, TPHROHETIZFEMEEA EEL 0BT RBNIfTbNTw3,
L7ed3oC, ofi BRRcxt§ 2 MIEKIIFDS, EBEA~OWKEEBRE L 72 BB a0 3
LML E LCHESICH B LEZoNS, EDZ Lo, THHEERERES O S TH
RRICEAL T, EBEAORIFICRT 2 FHlifEEHRF %, LRI § 2 AL IF L ERT 5.

K.12)1%, LRI T CH LD A - ZRBEICR T 2 12T v 5 I
72, Ao BB RIS > 2 B TIc B W TiE, ARUCHD E KK ) Frrr > 5 HRE % HEE 9
52 EDHRETH 5. FkkIC, BRI AEDS0[%GC)% & 2 B RHIHIC B WTiE, A
IOHRFD> & Frrr 2 HEETRETH S, L L, Fig. 253X I, FEHD ERICHES 72
BITICBOTIE, Frpre o 5 EAOHRFZ ZNENHEET 2 2 L IWEETH 5. —75, HH
TR B T MO B5E & FRIC/EAAHRED & Frre EHEETTRETH 5. DL EDZ &
5, TEFEBEETIC X 2 BRI 2 FHiifEE & LT, Frmr v2HRFORE E LTH
W5 ZEIFTER Y, S, SRR D80[%GCIZBTIX, /EEHRFD S Frrr v&
HETRETH D, EAD TR TENLEIHEEZ LFFTCETVRLID00%2HITE S 2 L0256 b,
T ISR E 2 O B TEIEIC B 1) B HRFEHI O B EED DA 5,
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o | O Handrail Reaction Force (HRF) &
= [
E Independent walk ‘
9 by
é Cane 2
an)
Forearm crutch
Walker
. | &
Wheelchair
P R e e e s

low Independent walking function high

Figure 2.4. Force acting on arms in vertical direction (Fv), which is defined as handrail reaction force
(HRF). The HRF has an essential role in estimating independent walking function.

Fvi, By, »  Frrr v 1, Frrr v »  can be estimated.

Frrr v 1, FFRF v r >< » Fy i, Fy, cannot be estimated.

' v

F) v.r F, v I F v.r | F v I

Frrr v » | o Frrr v 1

P e e e e

e e A e e

Figure 2.5. Relationship between handrail reaction force (HRF) and floor reaction force (FRF). The
both right and left HRF cannot be estimated by measuring the FRF. On the other hand, the FRF can be
estimated by measuring the HRF in any gait cycle except double support phase, which accounts for

only 20% of all gait cycle.
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2.1.3 HRFGHSZHR IS0 5 BURAAR

TS RE IR EF L2 CHNL L 72T 2 R T 27201213, FERADEEHEINIC X 2 H
SR TRERESGE D EECH L, L L, EBIC X 2RESE - NI v 2R 2 BB L - HAT
BITREBESGE (TR E Ch D, FHliFIE R ONSGE R FIE 2 7 IR T2 2 &8
Kooz, 2 TRETIE, EEICES BOWHITOHERAN L TEEERES ZE 20
D, HRFEHSAE S A 7 LIS 2 ERABROMEEZ HIN E T 5,

TERPREEORIEEIC X 69, TMIRKREREH O B AT LGE 2 HBLT 2 2 L&
L <, HRAERHSCERES A 7 40%, MR ENEE - T RIEE» oA RIc X D H 51
DBATVRER T EFTENRETZHEDO 77y b7 4 —LTHHI kDG, L
MBoT, BEREEFICOHEMT 2081 H D, RAEDSLEATRTH S, £/, Hib)
HOZRICBI LT, B X ) ICHI & DR MEHE O BT I i THHIc 2§ 5 b D
E, BITEHROL I ICHE LT 2 b DICHETE S, WiHEIClE, MER, v7X 70 F7
7 v F, THBEMRAL REEIFEL, SR 28 FERAIPERINS, Lo
T, W EOBEICHT 3 ENIET 2720, HREFHIIICIZEY ThrwEELZSNS, —
7, BATEIIHLENC N 2 RS MDA K, BRI TET OIS S 2 & T, BTl
DEREZLFFRCN T v AR 2 HEINAE S AT ) 2 LB TE 2720, Rl Er i 1o 2
RKINpZ Eidhw, INoDRED2G, BN E DBITERDS, HRFEHMiiO 720D 2 7
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(BWSTT) 2ThbNTED [43-46], BWSTTS itz 9, WETEE2NRE L
BT O RERICH-DE, Barbeaud [47]1%, FHICEHEHEDEHZIZ EBWSTT2 6515 %)HR
BAREIWIEZMELTED, Adad [48]1F, BWSTTASBITHE LI A% e 2 67+
BTHDLEBRTVSE, ZDLHIT, MAEENEZ LYy FILBTATL0HMEE LTH
HTh s EEZONLD, RFETIE, TEEREEEPILETHY L S T2 11ER T 5
7D, HANATRERRICN T 2 3l L OSE SR ZHINE LTw3, Le->T, FiiaT
BT B BTEEDFHII R & LCHEYITH 2720, bL vy FILTldk PR T A TTEE
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B2l Z 72 T8 ThH D, MR LToOSTHREELRFICOHEHTE S, N—F A2EET
52 LT, EHF DY) R 7 MR FRBRERGRM S REBTHT L —= v 7l it
TENTES., F7, WIHIKEBEHONY FLLiHZ TS0, HEDSHTICELE T
NIEDPIBATEREELMRETH 5. kD, HOBEIP I A 2 v 73 ERICHE X
N5 R, HHERAANOERTROD S ZENTE S, LEDoT, YEHirae ilic
AN DRI & 2 H LB TREBEGE D 72 ) ODHRFIEIN KA > A 7 L DBIFE %179 .
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Figure 2.6. Configuration of handrail reaction force unit.
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Figure 2.7. Transmission of force in handrail reaction force unit. (a) Force acting on the handrail in
horizontal direction. (b) Force acting on the handrail in longitudinal direction.
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Figure 2.8. Structural analysis results of measurement part based on finite element method. Each
analysis condition is (a) 100N, (b) 200N, (c) 300N respectively.
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Figure 2.9. Result of preliminary experiment for verifying linear relationship between handrail
reaction force (HRF) and strain. This graph shows that the relationship between HRF and strain is
linear in both right and left handrail reaction force units.
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Figure 2.10. Result of fundamental experiment for estimating measuring accuracy of handrail
reaction force (HRF) unit. These graphs show that both right and left units can measure the HRF with
an error between -1.8N to 1.4N.
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ZHFEL, ThEIRATLOEBTH 2 BTMICEEHT 2. Jhuckh, BiRo# X IBER
LTE MV R 2R E 2 0, RS2 A T8 M —3 52 LT, Mkl To
AT DS HE 75 T B RE B O HRFEHI X OCHRFIEIR ZE 2 e & § 2, H—OXREICE
W, MG EH—T % 2 LI X DHRFMEROHER 25§ 2 2 L3 C& 5. 361, #
T L —= v 7%k d 28T, HRFOEJMEICAOE THRmEZ BENICTITn 2
L, EEL MEFEREREEE TH o T MAEEIC X 2 REFFOMIAE BT 5 2 £k <,
BB DRFAEIINC K B F AT BB UG ICHU D M 2 3 TE B L EZ 5N S, HRFE
DEWIZHDE T, LIFTZ =y MBS 2 0SEIEEFE A TH 2 0803 H 57290,
M HED DDAy b —IBNEbE THETH 5,

BWSTTIZ R § 2 /6T iF2812 8\ T, HesseS [64]23, Sufif & IZBEENN 22 % & D fpE %
R 2 DI BERR/IMEICRET 2 2 ENEF L, FEIHOHEHEMET OBNEH S
EIFRAKTHEREDI0NL T THLIRE LML TWS [52]. £/, HRABMLKO LMD
TRE D95%tileflins Z 1L F4180[kg], 66[kg]TH 5 Z &2>5 [65], WRHZFIHEH T % ofmmi
RAKTI0NEELHILUSBEYI TH 2 EEZOND, Lo T, &ML 7RMic X 2 s
D _EBREZ300[N] & T2, R AT LI K 5 HIHTHERIBSGE SR 2 M7 L CoBITHN
I T 2 LT PV RATIIERITH B 08, WREDNT VAR L AREIN—
F AN FZHh RV B VT, NREOWHEZ2PIET 2 2 L3 TER W, LEdoT,
W= ANV P DEIZNREMITTHEAREE L, N7V AZHLZZRIICE W TONERE
DHET 2 HRVBEEL B I ERRD NS, THUfEY, LIFTZ =y MR L TIERSR
FHOEBEIDD 2562 E L, RET R OMEMIT 21T ) 13D 5. HAANBTFOFE
95%tilefA380[kg] TH % Z &5, LIFTZ = MIX T 2 AR AME % 800N & T 5,

D EoWAEzZREL, E— 28§57 —2=2y MZX)—EFL7THA—F R
)V R EEGAHETH D L, 21T L BTERICERTETH S 2 L, SREEH T
7RI > TONREDREI L e 2 &, & L7 Rfifd ERIEA300[N]TH 5 2 &, FF
RIRKNMEDB00N]TH B Z &%, LIFTZ= v MIRNTZERMME T3,
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232 N—F9 7

MR RREE DS EE T L TOBRTOBREE LIS L, HRFZ = v b HETIE§Hl %
WHT 52 ETER, Z2 2 TARIETIE, Bk LTOSTOUWEEZTT O B AT BERE
fli - KED/®, HRFL = v T X 25l Z @A EE & T 2 LIFT2 = v b Z2Hi 72 BT
% . 2.3.1JE CHRFRFH D 72 & D iR 23595 72 T X E WRALMR 2 MEE L 72, 2 2 TARET
1%, UHERMAMZMHZTLIFT2 =y FON—FY 2 7EEOFE 2 HN E T 3.

N7 —2=y MZED—ERLZTN—F AN L 2| AHETH 2 L, 218 TRLE
BATERICHEETRETH 5 2 L, & ML 7 R ERMEASB00[N]TH 5 2 &, SREZHIT <
IREEICH > THNREDIEAE L 2\ 2 EDLIFT2 =y MZERIN S, s DtEiEZ
7/, Fig. 21NUIRITANA—FY 2 7HEZA7ZLIFT2 =y F 2% T 5. A=y
X, /$7—2=v kb (Power unit) , 2> FB2—7 (Controller) , »¥v 7Y — (Battery) ,
FH[ )L~ (Belt) ,7 77 (Cramp) , AT ¥ L A’SA 7 (Stainless pipe) THIK I 115,
SAT LDHMETH BHTEITIIIERD R FEZ BB L $ 5 Y 7 & (Lift of the walker) 23
EifS T Y, Pl 2LIFT2 =y MiE4aZY 7 b BT 2. A58
LT, V7 FoLEAREACHIEE S I ERDH 5. 22T, LIFT2=v MIEAIRDH
TR L T oM AT 2L TY 7 FOAEREICHIET S, V7 MEoBERE 3REL,
FENZA EERE-0I1C%7 7 THMICTLAEZE MO — 2R 282 & C, LIFTL
—y FOWY AT RHEFEICT B, AT LA 7 EYERRSOBEEEITIC N LTE, 8T —
L=y DRV TF v RICET 2 RERKR Ao L, 2 L eBMHEERICK S
figE 2479, UKD, BB LUMENLD 2 2 LRI T % %2 Dl e 5 H H I
L DHEMED Y A 7 KT 5 2 LN TE S,

N7 —a2 =y F NG Z Fig. 2.12128 7, o LREAS300[NITH 5 Z &, T
REPREH O SITEEICHEMA T 52 2 L 2EEL, BEJHE LTDC7 7> LAE—% (RE40,
Maxon) , ¥ 7~v F (GP42C, Maxon) %9 %, RE40IZH J1150[W], £ [0lds %
7580[rpm], HANEME V7 177[mNm]TH D, GP42CIZHHL26:1TH S, E—%, ¥7
ANy R, E=FFI7A4N, Ay 7PV TIREATYLANRL PICHBEE I, 77— 78138 A
TEBELTNy 7Y, aviru—JI#ERINS, Ei~)L PEBIERICIE 77— Z2HHLT
BH, =YDV 2EAy TV TEZANALTT=VIBEI NS, FEi[ )L Feimic i
FFENTVBEHFTEFICNA—F AL 2D D5 LT, NRFITH LAE bV 7 g
Z#MHATAE &%, Fig. 2.13IC 7=V WHXKIZRT., 4 X OMRGICE D, Aiddhb 3
ETT=) =D EERWEE LR, F2, =V ELFORBEICBILT, LRI
BERBEENEL VI EPROENDE, 22T, 7—VICEABRERT, L oG
PHY Y 7l v 7 P 2B L7REBTELIAL 2 &C, 7= V129 %)L b OffEFE 72 L
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DANFZARELE 5, £/, RFEZEITOREBICH->TH, NREDKEFE 2T 270,
ATEF EN—F AL ORICR I TR~V F Z2HUD 1T 5. SRED2R L 7—
VD)L RN E S ZRETHEDIRICE LR VK I YSEV 2T LiIckD, &
TR ONRZEOEE 2135, MlEoXHic, UBN—Fr27HEE2ET 52 LT,
23 VHTHIT 7 ER R Z W -T2 L3 TE B,

LIFTZ =Y FD/—F7 = 7HHEIZDOWT, 5ARS00[N]D %2 ZFRFAJRETH 5 Z & HSER
END., INEWEET 5720, BRERFICH S S HERIT 21T o772, Mo EHcBI L
T, ATV VAL 71ESUS304, Z DADORERERIZA2017TH D EST MBI TH 5 72,
YUy FETMCE BT E L, FET7HEMBIOBEEHIE D HEHE & L TvonMiseshii /7, FEHE
Wit EER L. 77 PRIz REAE L, Flo 7= I1Z400[N1D 1 &2 AL 7=,
FEMTAE D&, S00[N1D DA 77— VI M I NZRREICE WT, LIFTXZ= v F DRK%L
BERMPIPETH LI ERMERTLIENTE, LEPLT BT —=v It 3
WEHHRICAR L=y FOBEEI N AR IMO TRWEEZ 6D, Dol Lo b,
23 VETHEE L 72 BRI 2 W 7 TLIFT2 = v P 2B T2 2 &3 CTE -,

Power unit

Belt

Cramp

Stainless pipe

Battery )
Lift of the walker

Controller

Figure 2.11. Configuration of lift unit.
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Coupling

Pulley

Motor Driver
Belt

Figure 2.12. Configuration of power unit with built-in DC motor. Torque generated by DC motor is
converted to force for supporting body weight through a coupling, a pulley and a belt.

Shaft
Belt Q( Carabiner
Bolt for fixing pulley

Figure 2.13. Configuration of pulley installed in power unit for fixing belt tightly by using shaft.
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24 VFL=v b

241 MHEERICK S 74— Ny ZBEREICNT 5 SR ER

216 CMEE L 7 BsRARRICHE D &, TIHEERBREES O LI~ ERfE 2 FIE L 72 A8 T
BEREUGE TR E LT, HAEERICKL S 74— F2¥y 7 Visual Feedback (VF) ZHH\»3%,
VFEMIZ XD, NREIZHRF2ERNICEERATRE L & D, NRE &> A7 L O] CHEH) X
REEU 74— Ny 7V —=7ERE NS 2 & T, HRFERIC RS 2 S 8225 23 &
LrEZonD, FHRERICEZ 74— NNy 7 FEOEBUCE, BITRFO T IRBERER
ICHEHTRE R VEL =y F233ETH 5, 226 THIFE L ZZHRFL = v MIC & O BATEI{ER D
T RE R S OHRFEHMDSAIRE & e o 7. 2 2 CAREHTIE, VFICHT 2 BRI OHEE
ZHINET 5.

TR RE I L DS THICHRFZ BT 2 EE LT, WIE7 4 — BNy 7 EHMET 14 —
RNy OBFET S [62], WIEETZ7 4 —FXNy 73 BROBHRICEZ6DTHD, Rkt
EER L EDEEMWICHET 2L TES, Lo L, HREZ EICESTFET H T
TV HThh, ERNEFIRPIHEETH 5. HH)AEH TIENREEICEI 2 E#]Rz E& 1
ICERER T 2 Z EDEETH Y, AMEDEFERICHEHZNIE7 4 — RNy 7 DA TIFHRFEIHIC
X9 5B ORI EECTH S, 22T, AFAETIRVEEBEH T LIckh In%
fRT %, VEICX WHRFZERNICIRRT 2 2 & T, NRFIIBITEIE L BE-O1 THRF%
Rk CE L, BITRFICHRFZ Y 7V 9 A MCIRT 5 2 & ¢, B IREIE % SR THE Y 1 IR
FEETRE L 2 0, NRE OHRFIEIRICHN § 2B IEHMEEI NS LEZ 55, TIUHVF
DAARIIRTH b, B ICHHARR T TH D, MARSIRIMGF o N EBE TSR L —
VTR 5 Z EIC kD, HREZAKIN T 2 BATENFICN T 2 NEBE 7L 230 538 D HifiX
%% Central Nervous System (CNS) THEEEI N E. ZHiUT kD, HEOVEEZILD Rk
REICIR LT, VFMARDE L L THITRROHREDMEJH TE 2 L E 26N %, TNUHVED
WNABIRTH D, NAREIRIFIAE OB TR L 72 2 itk 5. M EDFHIC LD,
VEZ#EM T % 2 & CHEBIEEIEE X 1, HREEIZR 2 4 ARRIE, i ABIRIC X
D, WRED EBEANDERFAEINIC & 2 A BTHRELSGEZ R TE L L HELO6ND.

EBEEEICEBWT, FREBIED BESERICE T 2 5RO EH Knowledge of result (KR)
KX, 787 3 —=< v ZADMEH Knowledge of performance (KP) 2SAEEAT[/RTH 5 Z & H¥HI
5TV 3 [52, 62-63]. LA DIRFERIRIC X 2 HIZ A THEEESGE SR IC B T b RIS,
HRFIZW T 2KPMUKR%Z 7 4 — NNy 7§ 208035 5. ST IdEREETH D, HTD
FHNE, KE 3T TRIEEBASHIEG 22 & BEdL T 200 &, EIRERASHbIE £ #2 LT 25
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R o2 IC S N D, TR E S IR T U 2 A2 THRE 2 e % 72 0 Lii%
ICHD 2 LD, BATENE L EE L CHRFOBENZLT 2 L E 26D, 2D, WRE
DISHRFICH D fHEe kS, RADBRE LT 284 S V7 TEHREZ Y 7VIA LB S50
Wb, £, WRFIZ 74— Ny 7T LHRFICHT KPR UIKRZED 57D, T
BRI D STENEIC B 1) 2HRFORHEZ i 9 2 42AH D, HRF & Ao TRTH)
PEICBEd 2 TEM D FRHCEHIARECH 5 2 L3 RkD 5N 5,

D EONEZBIEL, BITEERHICHRFICN T 2KPKUKREZ Y 7V 7 A4 LIS REITH
MTE S Z L, HRFESTEIEICEE T 2 EHFERGHITIRETH 2 2 &%, VFL= vy MK
THERIERET 5.

242 =v MK

AN DRI & B BB THEEEGE D 72 12 1E, VFIC X 3 HRFEIRZE L HRI T
HoHEEZON, HITRO TR ES ICEN L VFLI=y FDBSUNETH S, 241
TVFIC T 2 BRI 2 HEE L 72, 2 2 OARETIE, YEERMMEZHZTVFI=y b
FFEZHNET %,

BATIRE DN LG ICHRFICBI T 2 KPR KR Z Y 7V ¥ A4 LZHRA[RETH 5 Z L DIVFL
Zv MCEREIND, ZoEREiZZT/20, Fig 2148 TVFL=y PR TS, A
= M, FERMERZE T —2 (Arm for display) , ¥ 7L » FPC (tablet PC) THEKL X 11
%. 7Ly FPCIZ LD, HRFIZHT 2KP M KREER D 72 O ORHEIALEL S T SRR
2119, WRMEFE 7T — AKX D RREAOR S, AEAEET 2 E0TETHD, X
REDHRICHDLE TVFZ R LT WILEICHTE 5,

£7:, HRFE GbO¥ THITEIEICBIT 2Rz eHlIATRETH 2 2 E VBRI 5, Zoft:
a7 3720, A TN T 3K ) Floor Reaction Force (FRF) DEHHIZ1TH. ZC
T, KIS z2WE L 72tz NREFICEESE S, KO vk 27— RO 7%
®, Fig. 2151 T7AVY VA=Y bZ2RFHT S, A=y I, Gt~ Af70av b
u—7, M, Ny T UZNELTED, NV ENY 7K D NREFD FEICHLD £
J2 203 CTEL, NREOEL TRICEAL= Y P ROKRK 12 v Y NEOH 25 I 5
Z L2k D, HRFEFRFZ [FIRFHICFHIIIEE & & D, HRF & BfTEIE & OB % BT rlEE & 7
5.
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LIFT unit

Tablet PC
Arm for display

Front Back

Figure 2.14. Configuration of visual feedback unit.

Buckle

Belt

Micro controller
Wireless module
Battery

Figure 2.15. Configuration of wireless unit for floor reaction force sensor embedded in plantar part of
sole. This unit is attached to the leg by using belts and buckles.
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2.5 AT LRER

BT AT LOHEME T2 2 L, THEHRESE OERPREEOEIEEIC K 6T HE%
HHWRETdH 5 2 &, HRFICBHT 2 M2 WREICHENWIC 74 — PNy JA[RETH B T &
3, RN OAAHEIRIC & 2 H 2B TREBE LGS D 72 0 OHRFARIFSCHE > A 7 LT 5 8Kk
LAk Th 5. UEIERMAMEZ W72 97O, 2.28i CHRFRHUFEEE % fif 2 7ZHRFL=v F, 2.3
fii O bV 7 SRR & i A 7 LIFT2 = v b, 24fi CHREHERIC K 2 74 — By 7 BfE
i Z7-VF2 =y FZBFE L., KffiTlk, o=y b2HRETSH I LETHIELL
HRFEJHSZHE S A T L ORERRIC D W TR 3

AT LRI ZFig. 216" F, AP X F Ak, HRFX=v b, LIFT2=v I, VFL
=—v b, WfE2x=v F (Communication unit) , fEFELZ =y b (Wireless unit) , FHfres
(Walker) THER E41%. HRFL=v b RUVFL =y Mk D, THASRERES O ST
FROHRFT — % Z 3 TE, VFICZX 2HRFEBCCHEDSEHAIREE %25, £/, LIFT2=v
M2k D, THERBEENEIETH D Nk Lo WA 5o LT o, HRFFHM &
OHRFEJESEZ B T2 2 L3 TE S, AP AT LI K Z2HRFIEHCEZEMN 5 2 &
T, TR EE 2 L2 THN L ST OHERANLEL 720D, EEANDEEHEKIC X
5 AVAITIRRECE 2 HBITE 2 L EZA LN 5,

AT LOFHIR ZFig. 21718, EAFT DI M1 5 f7cHRF2 = v M TEWT,
7)) PRI R OBEIR RS X D, FHIRRICAE L 2 0T ARIZ100[HZ] DV >~ 7Y v TR
THHEND, Z2OHBU—RNA 74 VY ZE L CGEfEL=Y FDADI VY N—F THF I 1,
SPLEFIC X DEtlIHl~A Z7uavitu—7 GHll=A ayv) ~EEINns, HICHEI N
TR 12 v 614 5 N BFRFT— % 13 100[HZ]D Y > 7°) v 7St S s, 20
%, V74V LAEY2a—VHADYAZ70ay ta—7ICHE XN, ZigBeeDEREEIZ X D
A=A a sk fE3n s, GHll~4 2> CHIS S NS HRF7 — % L O'FRF7 — % [3UDPi#
fBICEDVFL=y FD¥ 7L v FPCICEFE I 4, MHAE I N1k, HEHEHRE LT
FHIZT74—FRNy 7305,
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LIFT unit \

VF unit
Walker
HRF unit
Wireless unit
Communication
unit

Figure 2.16. Configuration of developed system for assisting people with walking disabilities to
reduce handrail reaction force while walking.

VF unit ’ PC : Drawing process, Visual feedback ‘ UDP
+

I
Ethernet Module

T

‘ Micro Control Unit

12bitADC | SPI

| LPF l | Zigbee Module ‘

Communication unit ‘

Wireless

HRF unit

1

anvgrting Zigbee Module
Circuit
- Micro
Control Unit
LPF
Converting
Circuit

FRF Sensor

FREF sensor in shoes

B

Figure 2.17. Signal flow chart of handrail reaction force units and wireless units.



H2E HRFEH XIS AT 4 38

BH¥E L 72 HRFEHSE S 2 7 & &2 Fig. 218108 [69], AT AT LZFIT L —= v 7L
AT BICH, NREOEKEY LT 5720, HEOREH R I 22 A% 70
IRk oNG, HRFL= v M FFICRBYHERS ORI TE D, Rk 7 v
TEICABSEIRHEL D 2 N — % HLD 1), o AN EZ AN S 2 ik 2 RRE2
k9%, 7, BRFICHEROWE D ILOHITLY — F 2&E M, WREOTF1HEEHE LT
52 Lz 61, HEDRIC, NREDWHBLIFTL=y b DT 7 ¥ T VF
2=y FOYRMAICHEET S Z LI K 2ERENET 270, KMEICT v avyziix
T3, PRk, Y RATLZHGS 2 ETHREICEL 2BHZD Y 27 2{KHT 5.

Figure 2.18. Overview of developed system for assisting people with walking disabilities to reduce
handrail reaction force (HRF). This system can visually give the information of the HRF that is the
essential factor for motor learning of people with walking disabilities.
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2.6 H%%

ARFETIE, EBEANOEAEIRIC X 2 BV ABATRRBESGE XD 7012, BRI - 72 3178)
RICRT 2 W EETNICK 2B 2 To 7, BITORIR, BB 2 WIEL IR KX
CEHEOBB RSN, Mo 24 IcBIfRRCAEL 52 2 EBHERTE R, ZORAICED
&, Lo 2mERTZ, LEANOEEEZZET 5 HIABATERBE IS T % i fSEEHRF
EERL T,

RIZ, AN DEAHEIN % ST 2 B8R I T 2R DiEE 21> 7. HERRE LT, T
PEREFEE DR PEEFEOEIEEIC L o TR L T 270D MM 2HFT 5L, 356
IZ, HRFICBHT 21HMENREFICT7 4 — PNy VAR TH 5 2 L ERkIn g, Ytz
729729, HFREIR R TEIC L 28221 5 2 & 7% C HRFZ 5[N] AN DR EH
PHCEIHIAIEECTdH AHRFL =y b, E—F 2B E T4 7 —2=v M X D 5AK300[N]
DIE V7 i AETH ALIFTL = v b, NRFICHRFIZN T 2KPMUIKR%Z Y 7L ¥ A
L2774 —FXNy JHRETHHVFL=y bZZNZFNHFEL, o ZHiAT 5 I L THRF
IS AR AT L 2T 5 2 LW TER, RATLHICKY, REA~OEMAERIC X 5 H
SEABITRERE LGS SR DI AIRE & e D, PIBERERRE 2 L2 CTHIL L AT OMER A L E L
ZEMTES LRI NS,

THEBSRERREZ DS H & CHV 2 HI EIZ S IEIcH 72 D, SRREDIHH LT 4RI
B3 LE~OkFErZ 2N Z0GHE L, ZOEEZ XTS5 2 LIEREETH 5. 2 2 TR
8T, 2 TOMBEMMELOERFAGFICN LT, R ENZTE> TR LT
2% S 5 72 0 OB OEEEHRF 2 Fi7- ICEF+K L, HREOEIKZ LI 2 2 ¢, L
KA L 2 WHNI B TER O 7 O OS2 FHHLT 2 HIEZRELTWwS, k)Y
L, TIBFERERER O RIS 2w EBTTE R VLIREEZ D b D%, HRFEFIZ X
THEBEHEICKDUET L2 EHCTH S, 2D, MM < HRF RS
AT AT K BERIE, K4 OB EE OB BTICB T B BN ORIF R X % BB
TRRREUGE I LT HEARE24H) LEZ 6N 5,

RETIE, ARETHIE L ZHRIMEIHSIE S 2 7 L 2 - 5173k 2 Eii L, TIERER
EZOBATEMEICN T 2 BHTRERICIHE D E, BB DORARII N3 2 87 72 22 5Pl ik - K
W ETFIEOBF 21T .
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3% HRFHl - HRFKJR S Tk

2B TIE, TIERERE S 2 L2 THI L BT OHMEEA LE L 7200 HL B TI%EE
B % SR T AHRAR IS g 2 SRR 2 T E L, 5 P¥%BE Z 92817 % Handrail Reaction Force
(HRF) 2=y b, LIFTZ = b, Visual Feedback (VF) L= k I X 11 % HRFEJHZ
B A7 0%BFE L, HREZ =y F XKU'VFL =y M2k D, HirhoRfF iy 7Ly A4
LIZHRFICEI T 2 M2 RIS 74 — PNy JH[EE & D, LIFTZ=v M X DBz L
TOHENBITBREE R TIT LR AT LADWHTRE L o7z, LIS R wHBTO
FHER D7D DEESGER T 5 7-0121%, & 512, HRFIZH T 2 5l T 1 S 'HRFAE K
XAED T2 DI REFIEER T 5VFOFER KD 5115,

Z ZTCARETIE, R AT LOXENF % B AR THRE & BT TR 2 17 25T
filiT4CdH % Handrail Reaction Force Map (HRFMAP) , HRFMAPIZ T L AIH 5347 % @ 3
% 2 LT & 2 B THERE A TR, M OHRFIEIHS IR D 7- & OVFORFZ HIN E T 5.

3.1 HRFMAP

T I RERR T OHRFIC AT S 2 5l FiLRFE o B0 D & LT, HRF& AVATHBE L O
Bl ZH O T 2 2 ek o s, MHEOBEZMRIHT 2 Z L3 Tc&ENL, KA T4
DEAIC X D, THEERERE R 23 B S 20\ B AR TEREE 2 45 3 2 8 FE 2 HREICHED
S MR & 72 5.

HRF & H 7B THEBE O B 2 R0 9 5 7 912, T IBHERERE % o A TE){E £ HRFO B I
HHT 2, STEEIEE W ICEREINImat -1y FOBIERETH LD,
—RI BTN IR 2=y 2=y FOBEICEH LB TRBZ LT 2 Hikcfrbi
TWw3 [42]. L7435, HRF& HAVATHEREDBIE 2 & 202§ % B¢, ST/ &£ HRF
DEEZRNTT 2 Z EDHEMTH D EEZoN D, KEHiClE, H2ECHZ ISR L
HRFEJH S > A 7 & % F TN IR RE R A 109 2 475l 2 e L, HTEifficatd
2 ENTHE D> G HRFORHE 2 i U, #7172 3Hifi % & L CHRFMAPZFAYET 5 2 L 2 HIY
&9 5,
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3.1.1 PERRERLEH OHRF

BTN, KRE T TR I 2> & BT 20 &, R IEERA A £ 2 L <
W BRI O I I NS, 21D N EE TNV T 2 MTRER LD, TR
FHHEDHRFIZIKK N EHREORIEE LTRIND I EDMHERTE ., Leh>T, HRFIZH
TEIEICFE ) AR O &l LT LT 5 e EZons,. 22T, KA TLDVF
12 & 53D T IR RE R E OHRFEIHIC 5- 2 5 W3R 2 5l % 72 912, HRF & HT O
BHLIC 0 AT 21T .

M EAHIC X D BT TE 251, BRI THREZ XL AN T v A 2RO 2 & THT
T 5. AR OSE, BB T & IERRP T OSSR 2 8 AICH D IR L 3o 3179 5,
R B & JERRBE T CIE X CE B fEEN R 5 7:9, fHRBIHOZER ICE HE THRF
DEET 5 EEZoNS, FARIC, TWERRES RO GO ELAEVNEET 5720, H1T
WIEICB T 2HRFOLBCFAMDOMHADSH 2 L EZ 5N S, % T, HRFESRTHM & DR
WEFARL oI, EA TR TXRT 2MERICEHL, CoGRF (Center of Ground Reaction
Force) IZHEDW72 7 2 A4 ZHIEZRITH. 724 RE LT, LK TEDPZFRHTH D CoGRFANAE
RN AZE T 2 A EE O, A TS RITH D CoGREDYG TN AL IE § % 45 BHIEE L
WzEET 2., 724 ZHEER, XAHEIET.

Lst FFRF?r < FFRF?/
phase = 3.1)
Rst FFRF?r 2 FFRF?[

727201, phaseld > AT LADHE L BHED 7 = 4 R, LML, R34 BIE O,
Frre AZHE THDIRK ), Fere i3 TDIRK I TH 5. P2 NE L 72 Hcitll 1 5
IR, $EDH D T I X > CRIMBEMEICEREDVE L 2700, HizE L ICRETKRK
LY DX Y TV —areTI)BERH 5,

HRF & BT OBIHE % B & 52123 2 72912, phase s HRFOB#HZ R T2 Z L 2 HIW &
T Z2HRFEHUEAERZ FEfET 2. ARBRD /1% % Table 3.1 T, HERHHO N IEbEBERE E#H
ERNREL, RO 24, MBEREO 24 %2 E LT 2, BTk 1omB (77 A b
(1omwt) &9 2. HH#1Z, HREEHSHE S 25742 v, Miic2[m)DBER %2 &%)
7214[m]DEFE 2 — A Z BT 5, 10mwtDFHI X TH 2 10[m] D BT ICE T 2 K], #
¥, FRF, MOHRFZFHIIT %, HE L WD & phaseD 24T O B Z A% k&, HRFIZX
T2 R BINT & D EZ1T . WM IZFIIVFL=Y Mk 3 74— KXy 70375 WIREET
AT, FREARD FI OIS 207279 XI5, FHEoBTHEICEWT, H
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HTOBITVHRETH 72 L2 6, WMIEBIIH LEEI0[kgIHY T 2% bV 7 ffi %
WA U7z, W18 BICR§ 2 AR & AR & LCFig. 3.1, W& A, C, DIZLIFT
2=y M X303 R WIREETHITT 2, 72, MiEassBicsmnL, 1425
DHITICADE T AT LDONY PV EZFEL L, 140 HEZIT 2 %o hH I &
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Without visual feedback

Walker

Assistant

HRF unit

[~ Wireless unit

Figure 3.1. Experimental environment of 10m walking test for verifying relationship between
handrail reaction force and phase defined by formula (3.1). Lift unit is connected to the waist of the
subject through a sling so that the lift unit can apply a constant torque method to the body trunk
appropriately.

Table 3.1 Characteristics of people with walking disabilities participated in walking test. The
paralysis type of subjects A and B is quadriplegia, and the paralysis type of subjects C and D is
hemiplegia.

Duration  Main

Since Assistive
No.  Age(y) Sex Diagnosis Paralysis Type Disease Device Lift Unit Orthosis
A 44 F Spinal cord tumour Quadriplegia 8y Bilateral crutch NA NA
B 20 M Traumatic brain injury ~ Quadriplegia 2y Wheelchair 10 kg AFO
C 70 F Stroke Hemiplegia 12y Wheelchair NA AFO
D 66 M Stroke Hemiplegia ly Wheelchair NA AFO

Abbreviations : AFO, ankle-foot orthosis; F, female; M, male; NA, not applicable
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Figure 3.2. Result of walking test for verifying relationship between handrail reaction force (HRF)
and phase defined by formula (3.1). These graphs show each participant’s HRF and the phase
consisting of Ry and Ls.. Each phase is estimated based on floor reaction force. Continuous lines and
dashed lines represent the right and left HRF respectively. White area and gray area denote the phase
of Rt and L.
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Figure 3.3. Result of walking test for verifying relationship between handrail reaction force (HRF)
and phase defined by formula (3.1). These graphs show the frequency component of each participant’s
HREF respectively. Continuous lines and dashed lines represent the right and left HRF.
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4 CoGRF (Center of ground reaction force)
4 CoHRF (Center of handrail reaction force)

0  HRF[N] HRF[N] 0  HRF[N]

«— 4 --> < 4>

6 - -
2 3
Paralysis Both Paralysis
(a) Hemiplegia (b) Quadriplegia

Figure 3.4. Relationship between center of ground reaction force (CoGRF) and center of handrail
reaction force (CoHRF). The CoHRF moves in proportion to the movement of the CoGRF. (a) Result
of the participants with hemiplegia. (b) Result of the participants with quadriplegia.

(a) Hemiplegia (b) Quadriplegia

Figure 3.5. Mechanical model for analysis of force acting on human body while walking. (a) Model
of human walking with hemiplegia. (b) Model of human walking with quadriplegia.
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Figure 3.6. Relationship between relatively high (rH) and relatively low (rL) state of handrail
reaction force (HRF) and independent walking function. In order to walk with devices such as a cane,
a walker and a forearm crutch, reducing HRF both at rH and rL state is necessary for the people with
walking disabilities.
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Figure 3.7. Handrail reaction force map (HRFMAP) for estimating independent walking function of
people with walking disabilities in terms of Fi, and Fi. Fi and Foo is the index of the HRF at rH and
rLL state respectively. HRFMAP can display the process of improvement of independent walking
function as vectors. The plot at the upper-right corner of the HRFMAP means high independent
walking function, and the point of origin represents the complete independent walking.
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Figure 3.8. Experimental environment of 10m waking test for verifying difference between cane,
crutch, walker users and wheelchair users by using handrail reaction force map. An assistant pulls the
walker according to the subject’s walking pace so that the subject can walk without pushing the walker
forward.

Table 3.2. Characteristics of people with walking disabilities participated in walking test. All the
subjects can walk without body weight support, but they cannot walk without the help of handrails of
the walker.

Duration Main

Since Assistive
No. Age(y) Sex Diagnosis Paralysis Type Disease Device Orthosis
A 67 M SCI (central cervical cord injury) Quadriplegia 6y Lateral crutch AFO
B 57 F Stroke Hemiplegia Sy T-cane AFO
C 55 F Osteoarthritis of the hip NA Ty Bilateral crutch NA
D 60 F Stroke Hemiplegia 6y Walker NA
E 44 F Spinal cord tumour Quadriplegia 8y Bilateral crutch NA
F 44 M Syringomyelia Paraplegia 21y T-cane NA
G 76 M Spinal canal stenosis Quadriplegia Sy T-cane NA
H 67 M Spinal cord infarction Paraplegia 2y Wheelchair NA
1 70 F Stroke Hemiplegia 12y Wheelchair AFO
J 61 F Stroke Hemiplegia 4y Wheelchair AFO
K 57 M Stroke Hemiplegia 3y Wheelchair AFO
L 47 M Stroke Hemiplegia 4y Wheelchair NA
M 18 M Cerebral palsy Quadriplegia 18y Wheelchair NA
N 53 F Stroke Hemiplegia 2y Wheelchair AFO
(0] 76 M Stroke Hemiplegia 2y Wheelchair AFO

Abbreviations : AFO, ankle-foot orthosis; F, female; M, male; NA, not applicable
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Figure 3.9. Result of waking test for verifying difference between walking aid users and wheelchair
users through handrail reaction force map. (a) Result of the subjects whose main walking aids are
canes, crutches and walkers. (b) Result of the subjects whose main assistive devices are wheelchairs.
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Figure 3.10. Difference of handrail reaction force (HRF) between walking aid users and wheelchair
users on HRFMAP. White points denote the result of walking aid users, and black points denote the
result of wheelchair users.
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Figure 3.11. Handrail reaction force (HRF) at relatively high (rH) and relatively low (rL) state in each
group. Black points denote the average of HRF and error bars denote the standard deviation of HRF at
rH and rL state respectively.
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%, E512, HHISHTHEH X 1172 HRFMAP L CHRFE Z 3E & T3 57 L —=v 7D
HiEEZ BRICERT 5 2 LB TENUL, WREFDEFX—>ar 7y IO BN S LHIRFS
5,

HRFMAPIZEH T 2 HaHTIZDOWT, TA MY TR HD LS 5 IET 2 245 T
ELRTTHL, TAMF Y AP H BEFEDRICK L EDOFLET D2 FHli Al i TH % &4
W5, U, WNREDHABTREETANIC BT, 584k HY A TIZHRFMAP LTl
JFUSO0ICHIELT W E70TH2,. LENoT, NREDHSITHEREELES, AT
DHULALE, RO POMIE, FEAMEICHE D EFHT 5 2 Ekowons, 7,
322 ORERE R X D, B HE L B B L THREMAPIC BT 200 E 7 3 2 & D3R
SNtz LEd->T, WMfFOBMEOREHIIME & LT, Ful FaD i OZ &R OB
DENEEIET 5 2 EDMRIOITICRD 55, 2 2 TRIFETIE, < T /7 ERFEEfICHE
2 HBI AT 2 HREMAPIZ#E 5 5 |

w7 ) AN, T8 OaBMOHBELEEZBR L L RXuOERETH D, Bl a iR
ARz L, BREIC X > THAMOER L OBRZHS 2T 2 DICHHTH 5. HRFMAPIC
BT, Hiree 7 A MY v OUVDBHRFREEAIIEARO EE SIS X DRV O, MifEZ
FIUCHIGT 2HERDH O E DT ) © AP 2 FAEIHN T 2 2 L TE 5, ok
BOLHD2NT ) EAFHIIRATEZ61 5,



Hi3%  HRFEEM - HRERFCCE T 58

D;, ='XS"'X (3.7)

722U, SIEaHEE AT, XiEnfHOEBOMRAZLTHIRT bILTH S, HRFMAPIZE
W F,, MEECFrZBLTED, HAGHTNRET 2ERIZ2MTH 2, DI,
HRFMAP LD 5ik(xr, yo)2> 5 Mn(xn, i) E COMEEDVAK, n)lZ, Wiy, #Hfhy s LTxkAT
RDZZENTE S,

-1

2 Si SXV xk_'xn
DM@JQ=[;@—xn_n—yn] . (3.8)
y yk_yn

Xy
7L, 82 SPRBEBDTH, Syld2ZBOISETH D, WNRETIHODMICHKED X
Rk, RinZBHELL 72 b D% Bk(ur, vi), Mn(us, va)&T 5 E, 205EOHEIIRXNTEHZ S

nas.
-1
I w—u,
D}, (kn)=| ,-u, W—vn}{r ! }[ . ] (3.9)
k

72720, riR2ZREOMHBREch 5. —RINESERMBITICEIT 227 E AR
O CHAIAHT & FIRRIC, HRFMAPISEH T 25 G1C8WTh, B LL 727 —% 2wk
BYITHAD EDWAk, n)Z KD 5.

w7 ) EABEEOHIRIHTICH D E, 322 CE S BB TR LM ERHOT—5 %
70y L7Fig. 3.10I278 THRFMAP BICEWT, WRED MG 2 Wb § 5 k2 i~ 5,
FTARF Y INVICRT 52T 7 EAHMEE LT, HEFEPLE COBBEDeeichar, B
B0 £ COMBEDvankingaia® Z NWF KD, MEZLE T LI ETTA MY IABEDL
SORICET 22022, 2D LT, Table 331D EMHFOLEEZRIL, ZDOffIC
JGU T L —=A7 =V DB 531 %2179, I DA %ZHRFMAP LD 4 To ficx LM T %
2 LT, HRFRE L HIBI RO 5 D&\ ZHRFMAP L TR T %

A R BT L 72K A Fig. 3021 T, Fak DF IR EWEE 4225 2 LIx7R iz,
HRFMAP/E EICNATHIRZSMEAE T 5. KITE VT, FAGEBICE I Ewlish BREo duby i
$, REBFESIGEV IE EHRFFROTMGEV LW T2 2 L TE S5, BEMI ORI,
MBI RO L DA EOFEICE VT, KOFEEIHERI N, LaL, ZomEdaa
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FEPLD XD EAIGES BV STRER L D BV TH 572, Table3.30mbHZ W
L—R7 =)L CH 5 [ & U7, BR - REREIER & B BRI O TR D D 6,
Fig. 3.10128\TFu & Fo DO MHBIREBD il FHETI30.70TH 2 DIcx L, MBI EAETIX0.18
THD I EPHBIOHTICKEI TS 2 LGRS, kD, FfafEme LT
D FAADECZHRITE TS 2 EPMHERTE 2, FEBEOMMBIE L RN R 2 T —
FWEET HRAE LT, MRED LI L 2FT YRR NEDBMARcRELL 2L
Ik BEENEZ NS, ZDXHIZ, HREMAP EOHHIZE L CHREMA D ZHE N 1D 7=
DENGEDIE S D EIIHEIET 5208, HibERE L A FHEO 070 D&\ 2 HRFMAP L T[4k
T2 LNTEL,

HRFMAPIZ w7/ B AFEREICHD CHBl o289 5 2 &1k D, RED TSRk
EHIHRFMAP ETESL 5 OREC X DTV HBI A EE & 72 5. HRFMAPIC X % ¥,
T HBERERR S OHRF 2 5HHIT 2 72\ CEHFIRETH b, HiGT2 o BiH L HEN B E)F
BLLTHiBIRIC X 2 BT 2 S TE 2008 W 217 ) L OERNHKME L LTEHT
5. X6, FL—=vIHR> o ofEE, ftho TR SR ORDLE Ab¥ TRl
TEBLIEDD, NREDEFR=—va v 7y FICHEET 2 LI 3,
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Table 3.3. Gray scale for visualizing distribution of each group. Light gray areas are closer to the

group of walking aid users and dark gray areas are closer to the group of wheelchair users.

if Dwalking-aid = Dwheelchair

if Dwalking-aid < Dwheelchair

Dwalking-aid Dwheelchair
- color _ color
Dwheelchair Dwalking-aid
1.75~ I 1~1.25 |
1.5~1.75 (| 1.25~1.5 1
1.25~1.5 | 1.5~1.75 —1
1~1.25 | 1.75~ —1

(0,0)

100

Average of HRF at rH state [N]

200
60

30
Average of HRF at rL state [N]

Figure 3.12. Result of evaluation by using handrail reaction force map. The mahalanobis' generalized
distance between all of the points and the center of each group are calculated and the gray scale at
table 3.3 are applied to the HRFMAP. This HRFMAP visualizes the distribution of each group and
shows the relationship between Fu, Fi. and independent walking function by associating the HRF
with main assistive devices at daily living of each subject.
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3.2.4  Hv A TEERE R R EIIWS

HIBETlE, HRFMAPIZRT L =7 7 B ABREEICHD SR a2 M5 2 & T, HfgT
BEL MBI EREO DA DML 2 FB T2 2 LW TE L, Tk, BEAOEEERIC X
% EHALATREREUGE IS D W T, FHCEM 22 A[RE & &2 5. % T TAIHTIE, HRFMAPIC
B2 7 CARMICHEDE, NREO ST L ERVICHHET 2 720 DiEE%
RT3 L 2HMNET 3,

HAZABTHERE O UGS 12 HE v, MIISRATES - BT AREF A Rz w7 BT~ e H
WOBEFERZYDEFZ 2 LAREE 4D, HiRICXD HE2BREOHRTNTESHIT R
BATH S e WHV A TISED K 2EMRTE S, LwioT, TEHEREEEO HE OB F
B, BT E T 2 tE2oNns,. 22T, FEDO THEEREEERICOVWT, H
R RerhD, AL, ROBE S S DT ) E RBEMIC S { B2 TEERE S o
72 DIEREE E LT Independent Walking Scale (IWS) %#¥7:ICI_EET 5. Fuy, FuZfier L7z
Al & LC2ERD v N7 7 EREHCHED RS, S, RO, Fu, FoSEEN ORI &
LCIZEED2NT ) BRI RS iy Swors Simy, Si  CIWSIIHEL I LS, &
2R TERT 5.

D
S =- (3.10)
wheelchair
s-—2 3.11)
D independent
S, = __ D (3.12)
wheelchair _rH
DrL
Sy =—F (3.13)
wheelchair _rL
D
S =——""— (3.14)
independent _rH
D
S, = — (3.15)

independent _rL
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72721, Fig. 31312 T &k Hic, #WEIEMPLL S DL LT, Duwieetchairtd R HEFUL F
CTOWBE,  Dindependend 3535 F TORRRE, DIFFHIIN R A £ COMREZ, HiBIERED A ICEE
DK 2R NT ) CAHRHCEOEFEB L 2boTh B, Fkc, #BERHLY 5 O
WEE UC, Duwnheetchair rtts Dwheetchair ri\EHAGFHEF O F TOMEEE, Dindependent rity Dindependent ri &
JFE s E COHEE, D, DaolIRHIXREFE COMREZ, 22 EROF. /D1 OF,,
TN CILERE N T/ ERFRHIICHEOZREB L 72D TH 5. IWSDS,, SOHIPHIEZ
NZN[-0~0], [0~17& L, JEs & FFA SR o Bk AN s & i Batrh D o Bt X b K
EVLEAITIES, DNSVESICESEZIHMEERLE LTHY S, Zhickh, SREDOHSH
TRRBEIC D WT, SuIZ & D HRFMAP L CTORBERFL £ TOIRE, STk b5k Hd
T2ERTAHEEETCORI L LTIHMT LI ENLTES,. S SwaDEIPFHIZ[-00~0],
Sirr, Si  DHEFIZ[0~11E L, JFUR & AN SR O BFREEDS I 5 & B E AR L o FHEE X
DRECGEITIES) oy Swrr, DNIOEGEITIES 0, S ZiHETEEE LTHGV S, WRE
D HENHBTHERRIZOWT, Sym, Sw S K DHIBIERHOLETOEE, Sim Siall XD
RETOES & LTH, rLIREBOBIED 6 ZNZNEHGiT 5 2 L3 TE 5,

MEoZ Ehrs, w7/ REEHICED IS 28 H L ZHRFMAPIZ B\, G
WNREDMET 2D 7L —A 7 —)b, I HICAHTER L LIWSICEDE, L~k
FARIRIC & 2 H B TR RESGE [ 2 5 275 .
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theelchairirH D, independent_rH

«—>

Dy

Dyvheeichair rL Dindependen ¢ rl Dheelchair

FrH

O-------

FrL

>
D1,

(0,0)

1D independent

Figure 3.13. Graphic representation of independent walking scale (IWS). IWS consists of Sw, S,
SwiH, Swi, Sim and Sin. Sw and S;, which are calculated by two-dimensional mahalanobis'
generalized distance mean how close the test sample is to the center of each group on HRFMAP. Sy, 1,
Sw i, Si 1 and Si 11, which are calculated by one-dimensional mahalanobis' generated distance mean
how close the test sample is to the center of each group in terms of relatively high and relatively low

state respectively.
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3.3 fENEET7 4 — F Yy 212 X 2 HRFKIE IR

TR R EHE TR OHRF 2GR 5 Hik e LC, bR MBEREICXS2 74—
Ny IWFET S, ZDT74—FRNy 2B AONHE - ERICE2b0TH D, EREWERR
WRSNEECH 5. TIBRBERE DS HRF %2 E mIICFER T 5 121%, EEREIC X & 2wkl
SATLDPSEDT 4 — Ny ZJPRBRETH D, 2. 18 TR L ZHEERICEK S 74— F Ny
IWERTH L EHBEZOND, AEITIE, HREERICHN T 2 EE) 2RIk o & 115 [
ZHEEL, INEHENICIRT 2720 D8FEEHR 7 4+ — F/Yy 7 Visual Feedback (VF) @
A HINET 5.

3.3.1 HRF{EJED 720 DKP I IKR

HRFEIRIC N9 2 B2 2 (e S & 2 050213, BRI 2o 67 ) BifFIcs VW TR
I NE R 2B A5k s, EHEh F 72 EBHRICEEDOBIER 252 5 /7ERH 5 [70].
HIE 1T BRI ER 12 B3 % 171 1) % Internal focus of attention (IFA) & AMIERERICERZ M1 %
External focus of attention (EFA) 3% D, FHHENCEIRITREAPHMETH 285 H5ICH 03 2
EDSVRETTH 5. HRFEIRD 72 DIFA L LT, WNRFITH LFTIRIZS AT LDTFF D IC
HEEAIR DS 2 WATICE® 2 X ) NI TR 21T ). BITICE T 2HRFEICE LT,
BB I HAIE 2 S BIE AR CRAS T2 b D TH 278, EFAIGH WA, #HB)h F 72 1%
B ICEEDBEIEZ B Z 25151k, ED X9 Z#EB)TH % %18 2 5Knowledge of
performance (KP) &JEBIDEF %8 Z %2 Knowledge of result (KR) 2SFEfET 5. KPMUKR
IR REWEIABES 2EHRTH D, —MRAIGEB)AFICHHALZKRFTH 5 2 LS5 NTW
% [62]. L7235 T, HRFEHD 7z DITHREICT7 4 — F Ny 7T 20 E L TKPR KR %
Fivs %

3LVEHD S THER T S NA-HRF7T — ¥ ICHED &, KP, KRZHINT 2. 3.18ik D, 17
RfICHRFIZrHIREE ErLIRAEZ R D IR T 2 & DSER S 7z, WRE DS LI~ DRAAERI I 9
LKPZRRY 572 ®I2iE, FAAHRFHH - iLRED EL5TH Y, EORETH L D0 %,
AAITENE & B 7"(;:@%&'3‘ LNENHSH, 2D, HRFEErH - (LIRERICES T % (G2
EARKHCY 7V 54 L %/T@‘% ZEBRDoNDG, F£7o, NRED LA DU IC
B9 2KRZ T 572 0i2l, —#HOBTEI{EZE LT, HRFPFANTHOE L 7 HERMAIC
FTHWA L7 E ) D2k T 205D 5.

MWRFICKRZ Rk S €5 /715 E LT, HRFfEE HEED 7 4 — FN\w 7932605, L
%L, HRFIZBATENEEBE L CTrH - (LIREEZ R VIR L, BRAUCE 2 X TOHEBDMEICK
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eI, —EXHOHBITICE L THREVHRFZ HIRICE TRIETE 2089 2
IHEE W 2 2 L IZRE#ECTH 2. rHIREED IR A fE 2 FHEICHRFICW T 2 HEE 2@ E L,
N2 TR 7 ) P CHEEERZ W T 27750 H 503, @BEBESICE>TLE) o,
HREDEFR—2 a VETICENEEZONS, INoDI D5, RN DERAHKNR
ISX 2 EE) EEME D 7 O I RFIT7 4 — RNy 7§ 5KRE LT, HRFHERE 2 KBS 2
BRI 2 B 7 ICED LB H %, % 2T, HRFO WY F, 1, Fu » (Total average of
HRF) , X[EF¥IF 1, F r (Sectional average of HRF) % XA CTE#ET 5.

IF d
&AH=LLE%ELE (3.16)

_ JOT‘FHRF_r (t)| dt

F, (T) - (3.17)

MAU=LmﬁAWA”m (3.18)
JO x(t)dt

Fm_, (T)= _[0 ‘FHRF,r(t)Kl_x(t))dt (3.19)

L)T(l—x(t))dt

72720, TEEHIBREG D & OFGEREE, Fure (1), Fure (6)1ERERACE T 5 E4HRF, x(0)l%
GHIEO I, AHBELOATIROL 22 BB TH 5. ST, MhEPEEDONS v 2%
ROLDICFTH 2 EHFICEI5RY, FueMEORELE 2 2[R H 2. FIHE2THE
ST ENE & FRRICT SR 2 EED A RIS >Tw A 2 LIRS 2720, kit wT
FrrrDaxHiiz v 2. 2RECEYS FL, XEPPYFGSHRFHES 2 KT 2 72, 74— F
Ny ZICHOCERIEEE LTEITh 2 L HEZ6 NS,

3 IEHDBERRIR L O, TR EFEFEOSTICEI LT, phaseDAE4Y) D % 2 W] & HRF
BB DS 72 IS FRE TH 5 2 L DR I Lz, FrC, XFRMoY) D % 2 L
OHRFHEDAEE T 2 MHANICH 2 FICBI LT, B IZED SN S &) Bl 5, HRF
Ephase DB Z KM I E B FLICBILTYH, FutAKRICENITHE EEZoNS., Dl
£ 5, HRFEJRD 72 DITHENIT 7 4 — BNy 73 2 EHICBI LT, KP& LT/AEFHRFD
U7 NE A LMEKOIEAHRFOH « (LIRFEICBI§ 2 1# %2, KRE LTF,, F XU HIEE%
w5,
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332 HIENEB7 4 — FNy 72 OB

3.3. 138 CHRF{EIR I A3 2 5 @2 Bt D 720, WREFICT74 —FNy 733 RELT
HRFIZX T 2KPMOKRZF 72 1D 7. Mi%KP - KRZBRIIZ 74 — FNy 7§ 5701
B%E L 72 VFZ Fig. 3.14I1C8 ., HIRISHET 5200877 7 DA HRFOEFIER (Fu(f),
Fu(?) , HEEDSHELE (Set point) ICRIGLTE D, EHIEEOMKICAEOE THES 7 78
SRV TNIALLEEHT 5, KEHEESHEEL D T35 L, HB77 78I 3R M2 T
DEPHRPSRENELNT 2, BT 700 EESIZL>T, HRFO HELERK BT 2 [H#l
ZHAMEICRARTTRE L 2 D, NRE T LA DKEABRIBTIC N T 2KREZ % T 52 2 L3 TE
%. Fig. 3.140%¢4, SAHRFIZHEZER TETWLDIZ L, HHRFIZERTE T
CERah D, HEMEIZSENREOERRDUIS U CHEFE L, HEBRICES FTogH
kBRI 1) 2R RO P 2 BB I3 E T 5.

FTEARMSRD A > 2 — % DSEATHRFISHIG L, HREOZEBNIIGL TY 7Ly A4 LICHED
BOHEWT 2., A P77 —% 1 HEED 2SHRFIO[NJICAHY U, RHFERELIC 3 % H R E 1
L7cHBED 3kt 5 REICEILT 3, 2k, 4 27 —2ITREHED 238 2 )
E9) T, WRZIIHRFDH - LD ES & DIRETH DD % H 2 FREHERREE 2 D, KP
ZRBHETHILEDTESL, A VP —FIHRBEY BENIRHIRBE ) DR %5 59
IZ, MEBYOADE ZIIMABY DL %2 X)) ICEH#KT 52 LT, rHIRE LLIREED
Wi/ 12 B W THRFOMEIFICE D fEs 2 L DSAIRE & 2 5. Fig. 3.14085{, /HRFIZLIREET
HB7OAERY R BB X512, AHRFIZIHIRETH 2 -0 RHBEBP 2L 2 k) E
BT IUIRWZ E3000 5,

HRFAIHIC A9 258 8223 BT, HARE RN EH 1317 718 OHRF O K/ U Tk
ETLMERD S, % 2T, W& EDID% VFDGraphical User Interface (GUI) IZAJIT %
Z LT, VFOMRDHNEBBICRE L MHICEEINSG LI L2, 72, HhEok
PIRULIcA b THEMEP R RHIPH Z @ EHEE T2 2 L E L, GUIC X D & n]Hg
L7z, Yi%s AT LI K ZHRFESCEZBEA L 72 b L—=v 7 %2k T 288, HallicED
7HIEEZZR CE BB CHEMZ T3 7a 228 0ETZ Lickh, NRHEI2mE
72 CHREEJRICHL ) flie 2 L 3T 2, [FRFIC, WRE IZHRFEHOER 2 FEKT 2 2 &3
TE, PL—VJICHTEEFR=—va v 7y FICENs EHFINS,



Hi3E HRFEEM - HREEFCCE T 67

Fua(t), Fsal?)

Set point

Set point

KP : Knowledge of performance KR : Knowledge of result

rH State .
Success  Failure

Figure 3.14. Visual feedback (VF) for displaying knowledge of performance (KP) and knowledge of
result (KR) of handrail reaction force to subjects. Subjects can recognize the KP through indicators at
the right and left side of this VF, and can recognize the KR through indicators at the center position of
this VF. The color of red means rH state and green means rL state in terms of KP. The color of red
means failure and green means success in terms of KR.
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3.3.3 MHHEEH 7 4 — Fo3w 212 Kk 2HRFIEEZIE O 5 Bl

33.1JHTED ZHRFICEHT 2 KPR KR Z 3.3 25HTHIFE L 72 VFIC X b RRFICHENIC
74—y 7922 LT, BITROHRFEZ X T 2 B DWW TS, A T74IC
£ DVFD AW WIRFET, WREHDHRFEICES ® 2 OB H oz 7a v 7 #iX
BLL72bD%EFig. 3.151CRT, IRE» S D74 — BNy 7 037%0ga, WRFIE BB T
6 DR EMRICIED E, FXHFER Central Nervous System (CNS) 1ZH B 74 —F
Ny 7 illflgs  (Feedback controller) THRRENEICH T 2 EIEEE 2179 [71]. L2 L, B
DR ERITEENTH D, 74— FNy ZHIHIEEADANITH 2 EDEREH SN
ko, BEEEHPIELLTATVE2E) AW TET, CNSONETE FIL
(Feedforward model) 2MEfS I 47\ [72]. WEBE TV EIX, WNREED A IR % Bifi
TE 2P CH D, HEEFHIC X DERINDS, LA ->T, NREDODNIET 1+ —
FoXy 772207 Tld, HRFPEJRICH§ 2 8 2EH 28575 2 L 3RN#TH 2 L EZ6N S,

—Ji, VAT LK DBVEDNADD HIRET, WREHDHRFEIKIC LS D 2 RO EhEE D
Wiz 7ay Z78ELL 72 D %Fig. 3.161I7R 7T, Y ATLNAICKD, Hiduc B E
NETEH->TO LD %HRF (Fure) & LCEHIIL, (SRS (Fu Fu) , HIEZME (Fie)
ZEILIB, TAAT LA ZBLTHENLE 74— Ny 7 %2479 2 &£T, SNRZEIZHRF
BT KPR OKRZ BB L 2%, 2T XD, CNSD 7 4 — PNy 7 HilfHigs CHATH)
EICx 4 2EIEEBE 21T 9 L CHHE 5 2321 T 2 HMKRZ AT 5 2 L8 TE, *f
RFEIZHRFEIIC N § 2 BIEEEIDBE L CATA T A0 L) 02 tlET 2 2 L3 TE 5. [H
RfIC, KPZFRHT % 2 & C, HRFIH & SROEMERTEERZMANTHRAT 5 2 LD A]HE

7% [73-74]. 2D XHIZ, KP - KRZEHKT 22 &T, RNRHF LT RAT LM TETPKZ
BELT74 =Ny 7V —=TDPHER I, 74— BNy ZHIEHE CHITEIEICK T 2 B IEH
FSRIT I NG, BISEB) T, A THITEIEICNT 2 WEBZE Tl b 70, EHEK
DHFTEIE & L L CHRBIEICRf 2 BT 2 L E 2 o N, BIREBZEDIELIT) 2 LT,
CNSDOWEBE FNRELEDLGE I N, RAIC7 4 — FNy ZHlfHIg I X 2B 1E#EEH D 7% < %
% LRIRRIC, WEBE TICHEED  UEEBI D KELIC 22 5. DL EOFEBUC X D, HRFERIC
X3 2 EBEIEEHMOE X N, U VFONAD L WIREBICHORE L 72 & LTS, HRFEHRIC R
TOMEPFET 2 LFEZ 6N S, 29 LTERINZEEYEHORIE, HPlo¥HICH
B0 BIICHISNTE D [75], NREWELDEMIE 7213 —0EE 2 &t & ZiTlE
FEDIEDEBEIRD L3N L INTwD [76). Lo T, FEHEEEEEO LIk
ICHAS 2 W E BT CERWIREEZ DD D%, HRFEJRICH § 2 8= HIc L hET 52 &
ZHOET RS AT LIS K B KENRIZE, HENRBTEEICE T 2 B ORI
X 2 HYNLBHTHRESGE Ic B W h, HELRKEEZHS L EZ6N 5,
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Figure 3.15. Block diagram of principles of motor learning in terms of independent walking function
without feedback from developed system. Since the feedback from somesthetic system of upper limbs
and lower limbs is qualitative, the subjects have difficulty in reducing handrail reaction force while

walking.
System
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Figure 3.16. Block diagram of principles of motor learning in terms of independent walking function
with feedback from developed system. The visual feedback plays roles to create the input for feedback
controller of central nervous system. With the help of the system, the feedback loop including motor
center between the system and a subject is formed to promote motor learning for reducing the handrail
reaction force while walking.
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3.4 H%

AFETE, FTELOIC, KA T LDOHRFEHSHEIC X % A BTHRESGE ISR % 5T
fili FEEFFED 712, TIEREREEE OSTEIEICN T 2T 217> 7. TR, i
G TEHR I N S phaseD /EAY] D B Z A & HREZ B O KR 2 BB EBETH ), 4
TEIMEICA DY THRESIHZ MR D B TEANCH 2 2 DR CTE 72, T, YEgkRz S
TEEICRT 2 N EET AP ERT LI ENTEL, TN DRI E, B 23l
Fik L U THRMEIR O MR Z1H « rLIREE O BLA D & FF-i FIBE W HRFMAPZ 2 R L 72, &5
12, @ T/ EREHHCHED IR EHA T 5 2 ik ), HRAAFRE L H RO
ZHRFMAP L CRI#L T 2 2 & 2B L, BTSN T 2 5Hiif§EE Independent
Walking Scale (IWS) ZF¥E L7z, T4 6 OFHMiFIEX, FITIRO RN T 55
RGN %2 B2 TS & B U TIT ) C LR EBL, TR EE 2 LETHY L
BITOTHERANLE ETRERBNEZRIETCEL LEZ NS,

RIZ, BITRED BN E SR T2 FEE LT, 74— KNy ZFRRICERH L 7,
TR RE R OHRF D> S R IFARIRIC R T 2 KPR OKRZ I L, T Z2HENIC7 4 —F
Ny 7§ LVERPIZICEFE Lz, YEVEE BT L —= v I T2 2 LT, WMREL
AT LDORTCHEETRREZEL 74 — ENy 2V =7 %R T 5 2 L3 TE, TG R
FEHIIN L TLETHN. L ST HES T 2200@HrE2iECcE 2 L EZoN 5.
DX, EEIEFICHE R ERE NREITEET 5 PR E LT, AR CIRREEHRZ
WAL 74— Ny 7 FEzHu, SIERZ2IEHLIAE7 « — PNy 71k, BB
WMENHEIAZETE D20, NRFFIDELET 254 2V 7 CRAEIICEI T 2KP - KR%
HHIEICRRER T2 2 L3 T&E 5, — 5T, BELIMEIC X D TIBBERERE 7210 T 2% MR e
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Table 4.1. Characteristics of people with walking disabilities participated in clinical trial.

(a) Intervention group

Duration Main

Since Assistive
No. Age(y) Sex Diagnosis Paralysis Type Disease Device Lift Unit Orthosis
A 67 M SCI (central cervical cord injury) Quadriplegia 6y Lateral crutch NA AFO
B 57 F Stroke Hemiplegia Sy T-cane NA AFO
C 47 M Stroke Hemiplegia 4y ‘Wheelchair NA NA
D 20 M Traumatic brain injury Quadriplegia 2y Wheelchair 10 kg AFO
E 36 M Traumatic brain injury Quadriplegia 16y Wheelchair 10 kg AFO
Abbreviations : AFO, ankle-foot orthosis; F, female; M, male; NA, not applicable

(b) Control group

Duration Main

Since Assistive
No. Age(y) Sex Diagnosis Paralysis Type Disease Device Lift Unit Orthosis
F 55 F Osteoarthritis of the hip NA Ty Bilateral crutch NA NA
G 60 F Stroke Quadriplegia 6y Walker NA NA
H 44 F Spinal cord tumour Quadriplegia 8y Bilateral crutch NA NA
I 44 M Syringomyelia Paraplegia 2ly T-cane NA NA
J 70 F Stroke Hemiplegia 12y T-cane NA AFO
K 57 M Stroke Hemiplegia 3y Wheelchair NA AFO

Abbreviations : AFO, ankle-foot orthosis; F, female; M, male; NA, not applicable
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Intervention group

Testl (1day) Test2 (3days) Test3 (1day)
10mwt * 10times + 10mwt * 10times 10mwt * 10times
without VF with VF without VF
Control group
Testl (1day) Test3 (1day)
P 10mwt * 10times + 10mwt * 10times
without VF without VF

Figure 4.1. Protocols of critical trial for verifying effectiveness of developed system with intervention
group and control group. In the test2, the visual feedback (VF) is applied to the intervention group.
Except test2, all the walking tests are conducted without applying VF.

With visual feedback
Without visual feedback‘ , Assistant-2

Assistant-1 -,

The evaluation section

2m

Figure 4.2. Overview of 10m walking test. An assistant-1 pulls the walker according to the subject’s
walking pace so that the subject can walk without pushing the walker forward. An assistant-2 walks
behind the subject in order to prevent them from falling down.
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Au intervention IL[ control

2 2 (4.3)
\/o-int ervention + O-control
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WHRREE L COZMMEMEED 720, MAREE WL TR—Z 7 4 ¥ K 10mwtD PR &
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INZ DT L EERT 5.

Without visual feedback
Walker

Assistant

(a) Intervention group

Without visual feedback
Walker

Assistant

(b) Control group

Figure 4.3. Experimental environment of clinical trial for verifying effectiveness of system in terms
of assisting people with walking disabilities to reduce handrail reaction force while walking. In the
testl, the developed visual feedback is not applied to the subjects. An assistant pulls the walker
according to the subject’s walking pace so that the subject can walk without pushing the walker
forward.
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d=0.16
p=0.80
80 I ]
z
N ®
S *
+ 40
w\
Iy
0
Intervention Control

Figure 4.4. Baseline of handrail reaction force (HRF) in each group. Fave 1and Fave r are the average
of HRF, which are calculated based on formula (4.1) and (4.2). Black points denote the average of
Fave and error bars denote the standard deviation of Fave. The p-value is calculated based on unpaired t-

test and the d-value is calculated based on formula (4.3) respectively for verifying the difference of the
baseline between intervention group and control group.

d=0.37
20 p=0.55

) s [N]

e r+ Fave 1

(Fave_r + Fave;l) first (Fav

-20
Intervention Control

Figure 4.5. Difference of handrail reaction force (HRF) between first-trial and last-trial. Fave 1 and
Fave r are the average of HRF, which are calculated based on formula (4.1) and (4.2). Black points
denote the average of Fave and error bars denote the standard deviation of Favwe. The p-value is
calculated based on unpaired t-test and the d-value is calculated based on formula (4.3) respectively
for verifying the difference of the Fave between intervention group and control group.
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(a) Intervention group
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(b) Control group

Figure 4.6. Difference of handrail reaction force (HRF) between trial-first and trial-last. Fave is the
average of HRF, which are calculated based on formula (4.1) and (4.2). These graphs show each
subject’s Fave. Continuous lines and dashed lines represent the right and left Fave respectively.
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Fig. 4.7(a), (b)lX, VFDIMADZZOIRFET, /0 ARELOORIEEEIC N L 10mwtZ D K U5
Wi L 72K DFne DHERS Z TR T, R Fave, TR EFme TR L, (@)D ARE,  (b)235%f
HOMETH 2. HIEDITREET CEFZHRA 7D, 10mwtD FEHERIEZ 7[00I &
7. WHEB, C, I, KIZRHRFZET 2740, EARMoADERTHS. 7' 7&D,
10mwtZ # 0 JR LFEMET 2 2 & TFWeDEET 20 DD, ML I 10mwtD FEEMIE & HRFZ
T WAfE 2 B MER S e o 72, & 512, Table 4.2(a), (b)ld, Fig. 47128 1) % 10mwts
HEIEL & Fane DHBIREZ R T, (23 ARE, (0)SRBFOFILTH 2. IEDOHETIE10mwt
FENERIE % EA 2 IS Fae SRS 2 Th D, ADHBIZMA T 2MHAITh 2 2 L iR
I MHBIRENCBEIL T, NARDMIIFEADLEMTIX0.86, WIEHED I J1EF DM TI%0.89
THHMOIEDOHBENED s, 72, NABDHMNIEBOLMITIX-0.88, WIEHEDH I
FHEDAITIE-0.76, W/ 1ZIDAITIX-0.86TH b i\ EA DB D &7,

Table 4.2. Correlation coefficient between Fave and trial number of 10m walking test. Faye is the
average of handrail reaction force, which is calculated based on formula (4.1) and (4.2).

(a) Intervention group (b) Control group
Case No.  Color R (left) R (right) Case No.  Color R (left) R (right)
A 0.86 0.47 F 0.89 -0.76
B _— -0.88 NA G E— -0.16 -0.23
C NA -0.42 H _— -0.48 -0.13
D _— 0.32 0.15 I e 0.22 -0.41
E e 0.02 -0.04 J e NA -0.86
K NA -0.48

Abbreviations : NA, not applicable

Abbreviations : NA, not applicable
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Figure 4.7. Handrail reaction force (HRF) in each trial of 10m walking test. These graphs show each
subject’s Fave. Fave is the average of HRF, which is calculated based on formula (4.1) and (4.2).
Continuous lines and dashed lines represent the right and left Fave respectively.
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Figure 4.8. Experimental environment of clinical trial for verifying effectiveness of system in terms
of assisting people with walking disabilities to reduce handrail reaction force while visual feedback
(VF) is applied to subjects. In the test2, the developed VF is applied to the intervention group. An
assistant pulls the walker according to the subject’s walking pace so that the subjects can walk without
pushing the walker forward. Lift unit is connected to the waist of the subject D and E through a sling
so that the lift unit can apply a constant torque method to the body trunk appropriately.
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Figure 4.9. Average of handrail reaction force (HRF) of intervention group in testl and test2. Fave |
and Faye r are the average of HRF, which are calculated based on formula (4.1) and (4.2). Black points
denote the average of Fawe and error bars denote the standard deviation of Fav. In the testl, the
developed visual feedback (VF) is not applied to the intervention group. In the test2, the developed VF
is applied to the intervention group. The p-value is calculated based on paired t-test and the dai-value
is calculated based on formula (4.4) respectively for verifying the effectiveness of the system in terms
of assisting people with walking disabilities to reduce the HRF while the VF is applied to the subjects.
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Figure 4.10. Average of handrail reaction force of each subject in testl and test2. Fave is the average
of HRF, which is calculated based on formula (4.1) and (4.2). Continuous lines and dashed lines
represent the right and left Fav. respectively. Error bars denote the standard deviation of Faye.
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Figure 4.11. Experimental environment of clinical trial for verifying effectiveness of system in terms
of assisting people with walking disabilities to reduce handrail reaction force after applying visual
feedback (VF) to subjects. In the test3, the developed VF is not applied to the subjects. An assistant
pulls the walker according to the subject’s walking pace so that the subjects can walk without pushing
the walker forward. Lift unit is connected to the waist of the subject D and E through a sling so that
the lift unit can apply a constant torque method to the body trunk appropriately.
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Figure 4.12. Result of intervention group in testland test3. The word “Before” represents the result of
testl and the word “After” represents the result of test3. (a) The average of handrail reaction force
(HRF) of all the subjects in testl and test3. Black points denote the average of Fave and error bars
denote the standard deviation of Fawe. (b) The average of HRF of each subjects in testl and test3.
Continuous lines and dashed lines represent the right and left Fave respectively.
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Figure 4.13. Result of control group in testl and test3. The word “Before” represents the result of
testl and the word “After” represents the result of test3. (a) The average of handrail reaction force
(HRF) of all the subjects in testl and test3. Black points denote the average of Fave and error bars
denote the standard deviation of Fave. (b) The average of HRF of each subject in testl and test3.
Continuous lines and dashed lines represent the right and left Fave respectively.
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Figure 4.14. Correlation of handrail reaction force (HRF) between testl and test3 in both groups.
Fave 1and Faye ; are the average of HRF, which are calculated based on formula (4.1) and (4.2). Black
points denote the Fave of control group and white points denote the Fave of intervention group.
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Figure 4.15 Difference of handrail reaction force (HRF) between testl and test3. Fave 1and Faye  are
the average of HRF, which are calculated based on formula (4.1) and (4.2). Black points denote the
average of Fave and error bars denote the standard deviation of Fave. The p-value is calculated based on
unpaired t-test and the d-value is calculated based on formula (4.3) respectively for verifying the
difference of the Fave between intervention group and control group.
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Figure 4.16. Handrail reaction force (HRF) of subject A before and after intervention of system.
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Figure 4.17. Handrail reaction force (HRF) of subject B before and after intervention of system.
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Figure 4.18. Handrail reaction force (HRF) of subject C before and after intervention of system.
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Figure 4.19. Handrail reaction force (HRF) of subject D before and after intervention of system.
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Figure 4.20. Handrail reaction force (HRF) of subject E before and after intervention of system.
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RN 77 71k BiHiiCRoNAALEAET 5. LD >T, HRFMAPIZE T % iHli i,
HRFE#EFE Z1H - iLIREED SR A D Z ENTETED, XY TH2 LHWITE S, X512,
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Figure 4.21. Result of clinical trial for verifying effectiveness of developed system in terms of
assisting people with walking disabilities to reduce handrail reaction force (HRF). Continuous lines
and dashed lines represent the right and left HRF respectively.
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Figure 4.22. Handrail reaction force map (HRFMAP) for estimating independent walking function of
intervention group in terms of HRF at relatively high (rH) and relatively low (rL) state. Continuous
lines and dashed lines represent the right and left HRFMAP vector respectively.

Table 4.3. Independent walking scale of intervention group.

bivariate analysis univariate analysis

No. Sw Si Sw rH Si Sw iL Si s

A-before 0.30 0.29 0.32

Aafter A ] 009 00
Bobefore 031 038 02
Bafter O] 088 2L

C-before -3.73 -2.58 -1.79

C-after B 2 e 00
" Debefore 051 0.29 0.66
UDafter ] 079 080

E-before -2.23 -0.66 -1.06

E-after -1.72 -0.25 -0.39

sw, SWJH, Sw;rL [_00 ~ 0], Si, SifrH, SiﬁrL [0~1]
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Figure 4.23. Handrail reaction force map (HRFMAP) for estimating independent walking function of
control group in terms of HRF at relatively high (rH) and relatively low (rL) state. Continuous lines
and dashed lines represent the right and left HRFMAP vector respectively.

Table 4.4. Independent walking scale of control group.

bivariate analysis univariate analysis
No. Sw Si Sw Si Sw L Si s
F-before -2.22 -1.24 0.30
F-after e 0 e D2
G—before ------ 0.36 -0.08 0.45
G-after -154 - 3% 02
Hebefore 038 0.48 0.14
L 038 . 030
I-before -2.59 -0.55 -1.94
Lafter 2 0 0
J-before -1.43 -0.28 0.37
Jafter L A e 02T
K-before -1.67 -0.23 -0.27
K-after 0.11 0.09 0.12

Sw, Sw_rH, Sw_rL [_00 ~ 0], S, Si_rH, Si_rL [0"’1]
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Lift unit (D Responsiveness adjustment @ Offset adjustment

F(®) = (Furr 1(t) + Furr r (t)) Gres + (Fma (f) - Fser) Gogp

@

Furr(?)
/\/W Fma t
F set =P ( )
0 time 0 time
Gres Responsiveness gain G, Offset gain

Figure 5.1. Physical assist of handrail reaction force lift (HRFLIFT). Formula (5.1) for calculating
the HRFLIFT includes responsiveness gain coefficient Gres and offset gain coefficient Gosr. The
coefficient Gres has a role to adjust the responsiveness of the HRFLIFT and the coefficient Gofr has a
role to adjust the offset of the HRFLIFT respectively.

System
VF unit
Fna F(t) = {Furr «(t) + Furr 1)} Gres + {Fma(t) - Fset} Gofr
Furr | Fset | Fra Torque
Processing LIFT unit
unit —| HRF unit
Display |
) Human

Visual

System HRFLIFT

Central nervous system
z%\ Bod - * Upper limbs S theti
g wei yht —><ZD—' musculoskeletal -] O?Zsteni 1
A : Feedforward : & + system Yy
Fu model :
. H
F. .
o Feedback Lower limbs Somesthetic
+ controller musculoskeletal system
KR system
A
Furr KpP

Figure 5.2. Block diagram of principles of motor learning in terms of independent walking function
both with visual feedback and handrail reaction force lift (HRFLIFT) from developed system. The VF
plays roles to create the input for feedback controller of central nervous system. The HRFLIFT assists
the output from the feedback controller by applying force to the body trunk. With the help of the
system, the feedback loop including motor center between the system and a subject is formed to
promote motor learning for reducing the handrail reaction force while walking.
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Table 5.1. Characteristics of people with walking disabilities participated in walking test.
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Duration Main
Since Assistive
No. Age(y) Sex Diagnosis Paralysis Type Disease Device Orthosis
A 76 M Stroke Hemiplegia 2y ‘Wheelchair AFO
B 76 M Spinal canal stenosis Quadriplegia Sy T-cane NA
C 66 M Stroke Hemiplegia ly ‘Wheelchair AFO

Abbreviations : AFO, ankle-foot orthosis; F, female; M, male; NA, not applicable

v

Figure 5.3.

Testl (1day)

10mwt * 10times

with VF
Test2 (1day)
10mwt * 1times + 10mwt * 7times  +
with VF with VF
with HRFLIFT

Test3 (1day)

10mwt * 4times
without VF

10mwt * 2times

with VF

119

Protocols of walking test for verifying feasibility of handrail reaction force lift

(HRFLIFT). In the middle part of test2, the HRFLIFT is applied to the intervention group. Except the

middle part of test2, all the walking tests are conducted without applying HRFLIFT.
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With visual feedback
Walker

Assistant

N o
Sling
With HRFLIFT

HRF unit

Figure 5.4. Experimental environment of 10m walking test for verifying feasibility of handrail
reaction force lift (HRFLIFT). An assistant pulls the walker according to the subject’s walking pace so
that the subject can walk without pushing the walker forward. Lift unit is connected to the waist of the
subjects through a sling so that the lift unit can apply the HRFLIFT to the body trunk appropriately.
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40 — A
— B
—C
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------ Left
20

Fave [N]

Testl Test2-after

Figure 5.5. Difference of handrail reaction force (HRF) between testl and test2-after. Faye is the
average of HRF, which are calculated based on formula (4.1) and (4.2). Continuous lines and dashed
lines represent the right and left Fave respectively.
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Figure 5.6. Result of walking test with subject A for verifying feasibility of handrail reaction force

lift (HRFLIFT). Fayeis the average of HRF, which are calculated based on formula (4.1) and (4.2).
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Figure 5.7. Result of walking test with subject B for verifying feasibility of handrail reaction force

lift (HRFLIFT). Fave is the average of HRF, which are calculated based on formula (4.1) and (4.2).
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Figure 5.8. Result of walking test with subject C for verifying feasibility of handrail reaction force

lift (HRFLIFT). Faveis the average of HRF, which are calculated based on formula (4.1) and (4.2).

Table 5.2. Independent walking scale of all subjects.

bivariate analysis

univariate analysis

No. Sw Si Sw H Si Sw L Si
A-testl -1.86 -0.24 -0.72
A-test2-after 0.40 0.31 0.48
A-test3 0.22 0.13 0.27
CBetestl os4 T 062 o4
B-test2-after 0.93 0.92 0.94
B-test3 0.83 0.84 0.82
CCtestl  oxe T 021 7 oo4
C-test2-after 0.46 0.39 0.53

Sw, Sw rH, Sw i [0 ~0]; Si, Si 1, Si . [0~1]
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