WPz R BE RS2 & 2 AT NPPV OB % 58

P T F— A LB - RESRERTE AL

IPHREETH D, DO EIFREIEEME 5T
WO REAE TS, NPPVEADKRAL » M
HiY % HiERT A2 L CH b, NPPV IZIPIREH#ES
DEE, WREMER 7, REEFME & &R A
MIEDIER, 5% B & 5 PEEOFH, QOL o E,
HHFHROUE, FROEEDI—2A2RET S
DIATIDTH Y 00 M IEGHRETIZ AV,

NPPV Z IR AEERIIEE > CTHHEAT S &,
BN E SR HNPLBEIZLBDT, IPRERREZ
BUBRNCEATZ Y, EACEBR-HL4E LS
WRRPIEETHHRTH S, ZHMABREF—L LD
HEwzith, ARLTIF) EE5IRAL—XZT
5. BEL, BhTb5)., HHIZ 1M~ 2K
ML DR bipd, HERBZMIL 3~ 4 BT
o, Tk, WEFOIIBITTS, —H 6 B
UETEXB0E) 0, —oOHRELR A, HRT
EHEHFF1IHALLVTENRS., KA - Kik, H¥E
HEDEEERBRL, FU, BhLTw. NPPV®
MREEERCELBREIBELIZE VLS. NPPY
PEATENE, BEEMEICISTIER, N
18V T7 4 2MERFL, ZRNEHHETOFERT
&, BVELMETS.

RIS ETHRBERICH BB T LI
WS, BAD) FL 0N R0DRRIEEALEAZD
AFNVARICERT S, EARNAETELZ &
PALS OEHMOLB AR EDBET L, ¥HLTH
IFEL h vk EiE, BEMOERGLEZ L.
REPE LY, HRELDICEZIAEEZEET
ETwirw&, NPPV 34 b % fEz %\, NPPV
BREWHEFM 2D TPPV X 0 .LHEMIZEE S
VR, LEBYR- N R2ELAEN T T ER- %
WL

D. ALS ICH T 2B EY XV DER
1. BBRODEROEEMH

BiPAP ¥ 7 1 = — 2 % Trilogy 100 (#3v &
7 El #) (Philips/Respironics #) 2R XN 3
NPPV H 2 ES, ALSONPPVIZEL TWw b,
—77, WEHE - [HERES RN T2y 2 v X8
YA Ma 7 4 —D41E Bilevel PAP £~ F T
%<, MEN T Trilogy 100 (7754 7THEE) %
LTV EZFECEEEET S & Byv. 5 ALS
BEIINPPYV 2179 &1, KEANE, HIEH,
N—2v 8, THRAE, TI—LhErHEAT
VRIS TELEBLE D, BPAP ¥
¥ 7 1 = — 21213 EncorePro®, Trilogy 100 i i

DirectView” #%% ) £ 7 — & A5 A5 CHH7 T &
5.
2. TRVBRREZBHOER
VYRATBINEEME OGS V-T2 —ATH
D, EEPELY, OFPLONLEEIZTE LN
DR<2Z 2 (nasal mask) %\, BELOITHN
5354 THREW., OB< A2 (oronasal mask) i,
MEfR R 2 SISO CHRREIME T 28540141
HATHa., TENEZIAL 7205 T, $ilo~
AZIENTHHW, AFV NI TR & 50
£, B=F—Yarvh. EBEMEOAFY |
FTIMIHLTCEN—=F VT4 AR L
D, BARETIAZ ¥4 TEREE R Lon il
BHIZEbEs, BWZTTERL, BRI, &
R, FPUREE O BRI e EITE A R L
VETHD., NPPV O A 7121, EIHOME D
2EEVHL L B RREHR ENLLENH D, 1T
W BB IR AT DD D I D~ A 7 4% [IPA0R— b
L] M, PRI R WIS A
7 [RE= b0 ] 29, ZoMrLbEe
&) &, AT T 52, BEIE 2Dk
HMTERL ZBHIENILE RS,
3. YRIT4vTF1»TDID
MOTHOIFMN )i & B THEETH, HYE
FTRTCHPUATLLUEDND D, T A7 IZBLFTCH
EL, BEVOK CHhHI LEHRLLEIC, O
TFBRBELVHIICA LTy 7TERET S, BELE
BTN FMPORINIZ R B, X NS v TDF] -8
DATELTR AR T, RHEL LB -8R 0 255
HZZ A7 3T, Thb R - ABORR
Wl b, AR LI20, &7, V—-2BE%H
o BT . ALSMBECLEERESSD T VESE
SNTVRWEGTIE, KEZT TR, BEEH
LbEEFLEENILTH ).
4, MEORERDYIHAEREE

NPPV BAR®D BIPAP Y 70 =—2%F- 7
REBERT. HIEITHRE BRI X 2BA 2 AT
% S/T (Spontaneous/Timed) &— F&E 5.
HiZ, MAARSIE (expiratory positive airway
pressure: EPAP) & W 40 4 i B £ (inspiratory
positive airway pressure: [IPAP) % & h & 1
4emH0, 8cmH0 I WT B (NFFNT 74
NV —ZERPITIFALZVWEAEOR). ZOEE
TRV TTbE, A5 DOREHEHD =D,
MRE S —E DL E XD ALLENHY, EPAP
4emH0 X RTH L. EARFOIFRE S 12
B /329 H, MEDLL LS DB T S Rise
time I XREHMEST L. 2755 DRNAH AL,

40(161) BEFERE H 1248 - 29 201LE2N
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BRBEIZEBLOWVWIIZTATZ T4y T4 YT &AT
. BMERRICHEEDS ) F LBV T W APEIRET 5.
BNTES, FBOBICESERMEZMIIL T L
YIRS, IPAP & 1 emH:0 { W0 L,
12 cmH0 € H VT T REIICHEPT & v,

(JE N2 F)T T4 07— BRI ERT 58
i3, ABEOIPAPEIZ 2 ~3cmH0 R L CERET
bTk)

E. ALS IZH 1T % NPPV #f% & fREMFR
1. BREHEROFHE

IPAP 12 emH20 TLIZS { BEDOBMAIRELE
FELTWTY, BBEGHORAFRLEY, BED
WL dl, REVATHIRY, FRAEIE
b3 5. EHERDSIZ SpO: DI T A3 5 Ha e If
WELZELAHEAIZIPAP 2 1 cmH:0 ¥ 08 L
T, 16 emH0 DL 2 b, EARTES &
BUABEEINWMZAE, BN TELETRAIPBD
V=2 E8JWZ, MONITEZMOLIOEENT T
WH%L D, F2C, IS HENSZ WS,
EncorePro®, DirectView” % EDWE F— % D4
Y7 b7y, SpO: LA EOERZF
M3 %700, BRETOEENNEN, PRE, —EiE
RE, DEBREKE, V- itk 2MRETS. EH
e SR EIRIL T O ARREIAC MIZ L 5 SpO: DIET
BBELESL,S/TE— F25H AVAPS (Average
Volume Assured Pressure Support) €— FIZZEE
T5Y ZoF-FE, e LARABCES RV
EHEIWIZIPAP 2R T E—- N ThbH. &R
£, IPAP 16 cmH:0 THIMN DA SpO: DK T A58
X556, WHO SpO L V7 — % LRRZIO—ME
WREDTF— ¥ 2 Mli+5. /2& ziE, SpO: 34
BT —AHREEO TR 350ml Thb% 5L,
AVAPS OB EREOHRK R % 350ml & FHET 5.
FEHOIPAP XA Z T, BERUIET LAHORS
D IPAP % 20 cmH:0 L FEET 5 &, BT —E#R
AE% 350ml ICHERFC & B L 95 IC IPAP 16 cmH20
5 20 cmH0 OB #BEICEL T, LEL
BED M IPAP 2ME 4 IZHIMT 50T, BEIEIRTE
B THA.
2. BEHZTE) (MAC) DREM

FVC OB/ TICH LTI IPAP 28I+ A2 LT
IS EERAS, KRB R EDSWYEH 5B &,
Bilevel PAP CRIAMRMAIICES 2 v, KEW
D E LR THATE2PPEETHS. CPF
BEENORERED WO VT IR (EE
1) Reh xR THIZMTH A, BT, CPF MK
FTLARWE T, FRAHRELENT L. EFI

AEESEE $12% - $252011 428

L BASCPF 28 270L/ Sk & o 72 6, HEMAYEX
#-B) (mechanically assisted cough: MAC) % 3# A
T5IEEWET S . CoughAssist® (R4) &<
27 EANLT, REIZHBE (+40cmH:0) % 273
EMA %, BREMICERE (40emH:0) % 2 B
BEMZBIETHEOPDDIZRLZBANRRE LT
gL T 4EHWEDEL, FREICEE
EEEMZ A ERPEE . 20%, HEP SR
B WEEOWE| 2B I 9 . ERAES W ORRE
WREBRLELBYET, RMWIEIH Iy Y a Yy
BRECTENLTLH, RERNTWRYOLZVEHEIT]
H#EATSH . LRER, MROEEIHARESIC
MAC ## 0 B3 2 L CTRINCIHRBCE L Z &%
V. 2010 ED LEETORBRPER SN TN 5,

4 BHAENB) % 1T S CoughAssist”

3. TPPV ADIT

MAC OEHEZ#ER LT oI EED WY & B
KTELRVEAIE. REYHIC X BERAEE
(TPPV) 2B e %% % TPPV TiZNPPV &1
BEKETWYHBRETE L. TPPV S LEL
%5 ) —onHEEIE, NPPV TIiXIPAP ZH#inL
TV EEEERT) — 7 BBER TRy,
BTRERMBA, VL) ADLIEEIR U EY
F—TaryCTHRBEMEZREI LRSI 2500
TH 5. 24HEE NPPY 04z, BEELEHET
DIAZDTNTRETLHERENEZ 5. ZOR
iz o/b, RELLBEEEDZ2DIC TPPV
WUBELLDL, —F, FavyazryXBHFIA bu
74 —BEOEREI, ALS & By WEEE - IHER
BRI T WA, NPPVATE 2L THE
THBERRR 72 &%y, SERER 72 O KBRS IMAE I 72 &
THELFENTETH S, ALS BEH NPPV
6 TPPV IKBAITT A LT LAY OBEEE, BR
PEEL, ADLHIRD 2 %bh, Bho/ltb &L
3. ALS OETHIIC B W Tid, NPPV iZEE&HE

41(162)
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& ADLHIBRA% < 2 % 0T, B -FEICH LT,
NPPV 2B LT, TPPVR X W EH L L
AL T 5.

V. NPPVRIID /=D DSEMFBES 7
A. REEEXE PEG

1. REBHFALS DFHEERDSZ— NSTDEA
BITEDHEL T, ALS EZEO4a51E BMI (body
mass index) WIKFET A EBHESNLTT £
7=, NPPV #E OB AW I RBIRBIEFE L T 5.
COHEBEREFBEUICBIL) DI, £H
FIRRTE 7 — 2 OPIISEY R — bF— 4 (nutrition
support team: NST) %35 BIFALENEH L. &
KRR BE O TR A DY, T ROBN
LB TEAHICTRETHSE, RIEOHHET
1, ALS TRHERISETPIIAHTERRBICS
LIPS TERY, o, HEEIZLDHE
EEERIZVEDIC, REERNELHER TR
WAL ETHE. RE, BMI 2 EEBEIT
HERBWEBLRHET L, HERICLILRIFED
BABREDL SEWBELTWAEDIIHT S &k
LW, ZEERAEESRESTTOLNTY
B, FHOBREILICHETAETICEETY
v, —FT, BEEIEEC o, KELE
BIET T, BRI AV —-EZEKTSELE
BiE, METEREY IV EOEBRZEVR T2 X
ERVWEIITT 5.

2. PEG % NPPV BARTIERT

ALS OIFRE A2 L ETEEOHBE T 5 HF LA
ZWroTRLZBZD, ALSONPPVEADF A
IVZLPEGOY A IV FOHMIEREL L
WP NPPV ZEA L CTIEIICAZ TV ThH, HE
THEEIETL, REOEISEOLLTHICTE
A, REBEOLD, EEFETLEHBLT
LE). BEBREXREZHBLIOIETEE, A
LizFa—TO0Hl, SAZ ERIEOBMPSIT
V-2 aREL, T —-2ERNMRICLESEL
TYAZBROMFTHI LWL, Fa—TEEE
OWEITAMIZHEE ZIZE L, NPPV O#RE I HE <
N5, ZOBIZPEGEEAZ LERBFHELT
b, % FVC A 50% LT CIRBOONMERMEIC X
BFEAEEBILOBBRENE L, PECGOEEREL D
XD TRRLRVWERICERT S Y. ol
BEEEET A -0I12E, ALS BEOB AL PEG %
NPPV B AR &5 T A 2 LA S 7,

3. NPPV 20 PEG &5%I3FIEED

ALSBE I, PEGH G wE RHEHED LW
NPPV O ilkfeAv# L < % 4, KRB TRIEL 72 s

42(163)

B TERE &k 812 % -

A, NPPV OB AR, BHOERUIAME K
LhwZ &%, PEGORENELNRIIL WY
L= IiC#EMAT 5. NPPV R, PEG2ASE ) LT
LTELDoHEE, WHAERD L5513, &
T AT LA NPPV TR 6, BEANREZ
BIOIA L PEG 2{EA a2 T4, ZOHEILHE
LT, FRERLTORY, BEFRYRY
FINTEDL I EDEHETHY, iRiELT—v s
e, BB CPEG 2T A, Midic
IPAP # BIRUICHIME ¥ 2 3V HBLETH 5. iEH
TI& RIG (radiologically inserted gastrostomy) #%
HREINTODLH?, RAECTOREME RV, Th
1%, BRAHELZH o EEROFELY, EH0IC
L Bbh s,

B. UNEUF—2a DELFEHE

JNE)F—Ta rEBERENRE EHRTS
L, ALSIBUIAINEY F—2 a v OBEKRNEGS
PR hb, UNEYF—Ya v EERE, [
# (re-habilitate) ] & THH, LD LI LERT
HoTh, HEOGKETNEL LR RBL, BEL
EBDITEEHLTEEWHETED LHITE LTS
WS 5.
PRAFENYICIE, ALS ORI ICIE AR+ 0%
REDLET, KBIZL D RESTHL EER L. —
BT, HEVHRYTROHEICIEIRAIEEFEO T
WYBT, ALy FR ADLIEEIEETH 5.
ALS BE ORI KRES L EL B L, EBrL
ERGHARE Y G5 TW5A I L HEEE DR
BETHA., oL L EFE MRS HE S LEN
HoH, BEPELEL, HIMKTTEICE 02D
T, o EE NS — YRR AR EOEEPLELE
RAEVLYRLBEEERL, ZOkD, ADLRE
L LT, HEEFEESEICB L 5EHEOFMZ 1T
v, BREMBIIHF- 2y vary-Edbih- 75—
TNHRENRy Ky U X - HRETBEHLTS.
Ve #E % 1 %42 balanced forearm orthosis (BFO)
RR—=FTIWAT) Y FINT 3 — (PSB) #EW,
AP L W dt i ThH, HMEBOEEST 6
HolE, FKoHTEoWNERas, BEEFED
Fikgea i, Rl EEAMN 2 BEAFEORITHE
AAND LN, BEREVROEDZ B2,
Bl e 7 = v SIF R, (FERELR Y
DY NEY Ay 7 EEEMAIT, HA DR
bl & ~ N8 —=25T 9 .

C. EfE-#EENII2 -2 a3 DORE
BRI R T LT A L, SR

H25 20014 2]
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5332 —3a  yORBRENMETT S, FNLH
WEHEERZBETINERETH L. ALSY T
TIE, B, 8, BEL gL - EEL,
F—Ad—-NVORBELLY, BREEEBELEA
THIEDMHEENTWAS, BN EEL &0, »
HVBAHLFERETRTRETHLH, WKETL, B
WIS X B P300, BMA LG ELHH S Twa,
EFICEBEBRT ARG T TR L, FIRBROE
PO LADIDIZ, TIanr—Yg L
PLTWLEFD L.
Mﬁkt@h&,wm%m*”ﬂﬂ# T3
POFEIZZZTNICH LA, FIETHHEITIEH
A Lﬁoﬁ%%éw* . NPPVY U)J'H\m BT
'E’f[ﬁ?ﬁﬁ‘?ﬁ‘o 720 , B ST O, M\i"’}}L AN < < 2o 7
D, RHETHEFABRSNMELOICNGNR TS
Z &A%, ATEEEEAA ONINE X HND, R
HWARZ UL, BRIBEREE L DRI R BT & 2
W) RERE S BV - SRR B
TARGEDH L. AROYNL Lk, A4 vFI
EIABAFEWII 2= r—Ya g H LML R
B, ZOREHEIE, LA LT3 a
=3 VICEBT A LT, LNTEL,
BB, BRRREEREMNICEL AL LI AT T2z
F—arHEZEVRRLE, BWALREKLED
EFEEEWYEED, BTN LV A GRS
ALS 7%, S DE S TLS (tolally locked-in state)
BT B D9 &) ORI T T Lway ™, 3k
EEMNLaI T —Va st nWiuvCy T RS
L, BE - REOREBIIW S LG5,

D. DEYR—bIFFF17 - PTA—F & CBT
HORWIRAKCSHIE T L ke LC, ko
7%47-?7U—%ﬁ@&”.kw¢5%47
(narrative) EIEESNHN (FFF 07 - T4
A7 —=N) TESNBD, Tl ehoA h—
J— (8, ThabBIR (event) WAL
BEOEBIFEINT VD, KB4 95 4
T e TITu—F &0, ’??MHL S AW WO T
BETHOTIERL, WH - KIK) 55 10 7oy
Bh I T ERBEYL SN CHL, 754

U THRLEIN NBM (95 1 720K
EH#) WIS, FLahN 1at, sk, BRE
FLHBEELR EOWNNG L4 v [AME
&, BEABIZOIIM LN 2 cnd, #hiiE
LA SEREADINL T LR ERE] v
FEBAEARL L C0AL, NI RZES 2N
W, BORWEALWATH, il NEOEKRZ
BHEBRLEZESLEICWITLEEZB, ALSDOA

By 7 CiThbha 087 Jo—Fi3dznF 5
F47 T 7O=FTHY ", ALS DML T IS
QWERT TU—FTHAH. NLIFREEEE S
HILZEGEEZLDL, —DODFFF 47 TL
Vi IARVAL o8 %@#fé&ﬁ% RTC, FI9T4 TEhRE
W2 B ENTENE, E@TIZR < QOL idm
FvrLEZD.
BhoO0EEEL L S [RNATE B E
(cognitive behavioural therapy: CBT) #EhH A
TWa., THLVNVORER, BEORBNLORE
WKEITCL W) FEZZERNERIZSD CBT i,
it HERT 220 0EBENZLENATH
B, REEDICHTGLEE, BERESORENLE
@k@%%ﬁ@ﬁ%%ﬁ%%t&ﬁh@é%o%
{h, BEHETENNTESL LX) ICHERY
779 —FFTh5ONWrI7 47« TS0 —FT
HY Y, ENEERN - IBRLENAT B HE
A CBT T 5 P2, KRIZMEDE 2F7Th 575,
WEED ALSHY 7ICERTHA.

V. BT EBRTT
A BT T7HEORMBE <

BT ALS By THRERTH 595,
FNIEALS BEVRLLTRAELREZAZ N
L7005 TRLEI EVIBRTIIR V., SO
My THEARSEEICHERTHL D BRIk AL
I PTIRERLHERRIC Lo THREZDTHY, AL
L S PEG B - RIEICE - TRANCZ 5
o, BT RADEEZDLIEIRMT 7T
»5hH. BEHEMBMEIC T | 2 TEHEE] »
WEDLNTWAD T . HEEEES:BEIC
EoTHERAY PO — VDDl LELRRENE Y
[#BF0 (palliation) ] XIERDTH B, ZTOEKRTIZ
HHr 7 EMRA TIRALTH B " BE - KIEN
ANEZRIEL LI EWATHS L &, BEERBHE
FEEBIRY, YHELBEFLTH, F0LE, B
H - RKBEOLOFTIZEARI O BL-oTEY, &
HELALNDL I ENORELED 2L, “EEZ
Ay m%ké#ofwé DIT TRV B R -
T, O MITIE, REFEA TV D ATH
5 TEA] & i) Eic s, ERNEAED
BRI -TWD, TH%bl [HEMATEEEE
el L KIREEZ RS R A, TAL
W22 S RV ORI HEOMETER {, B
SHIEES LD I ETITE 2w L, Biin
L LK b E v LS FF54 7IZH
RIZT o T K,

OAERRTE W 12% - H 252011462 A 43(164)
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B. ABUF 1745 T7DEEM
AENFaTATTE, BERENEZLEEDbITn5
B, BETHD. NIBWOFEIrIPDLLT, %
NEULBELTAENPLTHE., AXYF2TATTE
&, K%, FOLILRHWRTH EALD [H2HFES
3" (Do not abandon life) J, &2 B E L (Affirm
life) ] BUAEEONL LY R-ITEHETT7TO
BHTHDH, ZOEZHFIE, XFEDOELVIZ YA D
77— RACADRATHS P, Wk HEH» S
OO - BRI 7 TOIETHY, HED
iEwmEBL T, NOLBERLEDES, @520
KEEICELBETHA. V7 YR T77— 5k
AEATIEERY, ENVTVLV—HZF YR IOZ
HeEDMic L +FBE BT W, AR 2520
HALTR - FYAME ALSRBATE LLEEZ
EhfbE, BELHwiER Z0ELEE5D
EboTniWwWS, miEIh)+FEEE ZOHEE
LEbhiz® Hoid, S8HY VRV dilzE
bl TH, ACYFa7VrT7TRTELLEEER
bolehbThsb, NEPELHETRTEHEN
WIRDONEEEZDLELIE, ACYF2T7VTT
BIELRETLILNTESL, INREEOERE
BILLBRELTHE, 9747 - 7T7u—F
LR ERICI A LHEBEORELTLH 5.

C. ALS 7l BREELAANDIR
EANEF LRSS ltotal painl &, #HEHNr
T Titebbs 2 AN (holistic) 7 7 @I T,
BRICBABM Ay 7ORBE, £ b2 U X b
T 7= RACADBRIZETHEY V) —- V¥ —
AHF o EETHA D, BNy 7 LI, HEST
THRAGEDERZIY P -V LEHETAEDT
2% <, ZRCHRMPRERT v bo—Ib, RELS
OEEEAOMER, & CEMMEORYE, BE.
REOH DAY F 27N — R 54572
FoT, BAGEDERNENETIZENE LWV
FTHETHL. EHBOFr THAAEREOFREIL
ERXHEHL D, £ F)) 2T, E)‘%ﬁi}ﬁﬁ;%
ZLEIEIERGENM T 720 FEZFIE R,
BPETIE, A¥FA4F RERYE) £ ALSO
RN D BIZOWTOREL EENF 7HAD
BMABETWVS Y,
FTAYHDEBMIZET S ALSHA K54 1z
FALSOF YA 4 FERIGERINL TR VLR
SN A IR R EOB AL D, ALS
BHEREN =y 7 RoTwaEs, +YF
1 FMEROBE I THNBE Y. LaL, xW@W@
FAlL, 1TL AL, BEFEERLMN - AW

44(165) TE{EBR S5l 25 12 2%

A= REICLZDDP% ., F7z, HREEHRT
Ny 7ERICRBFOEEAER, +9%%EM
WAy TARBESNTBELT, BE - RIECARRK
PEL, RmE at%kiéfw<$«® il s EE
2o TWh, HHEEED» OB 2y T Thk
PollzdThHY), BEIZEL-LELTL IS

BEFRESFTERBETAZ LGS TERE LB
FTRETHAB., LhL, ZOEBFr7F—AMIRIR
ETOHLPHEENI - TH Y, MEORIZE.
COBEFEREMBYALOIZ, ERXRIY PO —LIZ
BEOFTEF A FEEILEOBEEIHRET A, T4
ZHEMBEy 7TERETLIE VIR ERT S
L, BiZF YA FOBRREETAETICRD, B
FLI-HEWEOLZWE  BYSsh-BuoiE.
RIEZN=y 712 oT, EHIEBRICHRLD
KERRTH 5.

FTOEEEDDL LR, ERH YL A NIz
EDLT, ) OELEOEYMFELRIT 5.
EILTDH, FEFAL FEEIHAINE, TEFY
AL LT, HEREEROBIMARITEN R ITDOH
HEILEHOTBLRETHS. BEDOTHLK
AEAF T OBREBOTTIE®?, EleireRKER
TEMHICHEI LT, ALSEEZOEGTFHEL L
AT EEZLNTWSE D, —FT, E¥ETE
Ve rEBE LT &, BHREHRD» S 5RBERH
flAsBERICEL L, MOBHERE LT, WikihE
OWMELEMOMENBE, NPPVICLLvA 7
BN TERLEY, FBIZESL, Z02H, TR
ZRABICEREICIL TR RO 2w, ARELLAD
Tz VEIOMBEEERAPELERLDDE
Wied, ALSEEBICH LEATRETIEE2nE N
ABEEFHTHS D,

B OREBRTIE, FalvzvyXBHEYA T
74 =T, OAEERY? S EWIFRREERY 29
BEHAW, A¥F AL FEIREFHTHE., —FT,
BWRE A HEWICT 73N, REEOD 2 ALS
BEG, WRHOFER - AMERCELST, LEO
BMERGZITIILDVH-ThH, FET A FEE5H
VBT 7% R PR RSB 55 2 & ik,

V. EfE - EUFIEZERAL -2EMEBES7
ATEETTHL I 7L AT THETEH1E
TEALS 7 7T 21TH 7210, BRI, Bk
%%%%Z?H&ay,mwﬂh$¥%&k#$%
L, FEBT 7 ORZ LT, UNEYHA, BE -6
T R MeEoREERFT A (B1). BEE
W72 TR <, BEE B ERE L BRI
2R 5. 40 B ETH T/ E RS E D F)

2% 2011 42 ))
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B35, SEFEM, HEEM, FEN, 7734
Y x—, MSW, REMOHFTY) — &z Zhhic
HoTL 5., ~ANS—FHERLMATEH T

THYT 7Ly ARITY, HHRERETE. T4
OBTEITHIEE L LIZAEESL [AE () OF
E] THY, BE - -FEIFOLWIEEEHIZ A
R RRE] LaVWE )BT AZLTHS.
BE  FEORBLZEETLIIL LI, BE K
BIZXA [HOKRE] OBBEETTHILTIER
, BE - FR [EHEELA] 2B0RB L9
ICEEBIL, HHIEBOTHLLORBENMYEL, IR
DEY, AL THITAEMELTHZETHAB.
M, ERHHEOZOICEEZLOTIERL, ELw
o, KORANENIZ LV RrLEZLDOTH L.
TAEICIZERE BRAED D, FNIFETIEEZ
BEHN V] W) FT T4 TIEREALE FRER
T, AEEASEEZEROBRIIELNPLTD
L, TAEERRL BN, TEENTZOTIER
{, HETWLPT, BLARHNETNE DN
ANEBDIENE V) EIRFTTATTTrT7TEAT).

B. LA/ MARDER

FHR 2 VA4 NABE, ALSEEST 72
REHERTH L. LA P ABEEEFRAEZT
EENTEEERONANATH Y, EHEREMBREL
SRR, WL, BHRBEE o PR NER T v b —
2L rrafekd RIS H T T LA
BITH. BE - O AR D 5 F ToRiE
WOEY, Fbldish sy 72 MR T 5.,
L A2SA b (respile) ABE% PG B
BhbBHEEABRIILAVWI ENRETHS.

C. HEEHIETHEENHEER
FEEEEFEMICILATH, KRNk ET,
BREIGELLEDIRDIDIEL D& ) AN
R, THRASLINYINS A L & JEEL ) iR
AEEL SN, ST Lk,
R ERET B 700, MR ek Iﬂ, UR Ak
SEIAREE) THLY NBEAS B O & A B0 Nt
DB TIZEIK A 6 CRATUIA VIR f\f{)s v
I o TOLIFAS, AR S AR WA
BAESNA. WA oh & A 113 7 4 —JFiR
REMIIUINIE LT LAY, I S nRELE
AT AL 2 Cu . ALS O ABEAETEDSR
MIZZz 6L SOl L& r LA BT 720
Wl WA R LN b, BrEERE ﬁ"ﬁi
MU HEM B M b A {, RBARTE 5 &
ABZHNE RS T LA, ﬂ“ﬂtf?ﬁ%%%%qz%}b

HEESE N 128 - $25 2011462 A

T o TR WVEE R EFECEADOREN % <, &
EXEDPA TR, FEEGREARZF Yy F
A= VORI BT & L,

VI £&8
TV AICETC ALS o mE e KM L/
ALS BRFREFIfEE 7 » 77—+ (2009 48) Y CiX
YV 7 v 7 R, NPPV, PEG, £HMRME s 7D
ﬂn%#ﬁ%abfﬁﬁéhfw ()
EBROFEET TIZT5C ﬁ}}\éh’(‘m&bk.&#
ﬁif%é.%@@mtbg.gﬁkﬁﬁﬁwx%
VARRDPEZ LMD, S5, BEEHZIRMT
OV 7 M) —THbFIT47T - TTa—FF
THEREINTELY, ZORRERS, [HiRE
FIZAEE TS ANEDEE] 2ERLIFTHTE
TWRWEEDE ., ZORZIKRT TEE - HKIE
OISR, EERICETNT S & T CHYSEIZREL
TLEY. BEOBEOEE L \IARME2DPHG
ol %oTLEIDNTHE. ZORREEL, K
BOHMIALRELOT, BZIZLTwRET
NITEWTH 5.

BIEE PR 22 EE AR BRIIESESE [
EREEOAFEDYE (QOL) o BT 24048
DFREHEMN LI,

CER

1) ALSIHHES A Fo4 »Ali/hELH 2 ALS R
A4 F I 4 ~ [online]l. Available at; http//
www.neurology-jp.org/guidelinem/als_index.
html

2) Andersen PM, Borasio GD, Dengler R,
et al. Good practice in the management
of amyotrophic lateral sclerosis: clinical
guidelines. An evidence-based review with
good praclice points. EALSC Working Group.
Amyotroph Lateral Scler 2007;8:195-213.

3)  Miller RG, Jackson CE, Kasarskis EJ, et al.
Practice paramecter update: The care of the
patient with amyolrophic lateral sclerosis:
drug, nutritional, and respiratory therapies
(an evidence-based review): report of the
Quality Standards Subcommittee of the
American Academy of Neurology. Neurology
2009;73:1218-1226.

4) Miller RG, Jackson CL., Kasarskis EJ, et al.
Practice parameter update: The care of the
patient with amyotrophic lateral sclerosis:

45(166)

- 120 -

—



(93]
g

6)

7)

8)

9)

10)

11

12)

13)

46(167)

multidisciplinary care, symptom management,
and cognitive/behavioral impairment
(an evidence-based review): report of the
Quality Standards Subcommittee of the
American Academy of Neurology. Neurology
2009:73:1227-1233.

de Carvalho M, Dengler R, Eisen A, et al.
Electrodiagnostic criteria for diagnosis of ALS.
Clin Neurophysiol 2008;119:497-503.

Magnus T, Beck M, Giess R, Puls I, Naumann
M, Toyka KV. Disease progression in
amyotrophic lateral sclerosis: predictors of
survival. Muscle Nerve 2002;25:709-714.
FEZ. HBERICBT S QOLIFEDRERM . R
DOFEE 2009;51:83-92.

Van den Berg JP, Kalmijn S, Lindeman E,
et al. Multidisciplinary ALS care improves
quality of life in patients with ALS. Neurology
2005;65:1264-1267.

Radunovic A, Annane D, Jewitt K, Mustfa N.
Mechanical ventilation for amyotrophic lateral
sclerosis/motor neuron disease. Cochrane
Database Syst Rev 2009:CD004427.

FEE, MRER. EASMBE AR R
WEEE [BEEAEZOATOY (QOL)
DM EICET B HF] BFE I 2
RE R R TEALAE O I WITU S 7 RS — T
HopgR L IR BRI AU (NPPY)
Ef [online]. Available at: http//:www.nanhyou.
or.jp/pdf/2008als.pdf

Pinto A, de Carvalho M, Evangelista T, Lopes
A, Sales-Luis L. Nocturnal pulse oximetry: a
new approach to establish the appropriate
time for non-invasive ventilation in ALS
patients. Amyotroph Lateral Scler Other
Motor Neuron Disord 2003;4:31-35.

Carratu P, Spicuzza L, Cassano A, et al. Early
treatment with noninvasive positive pressure
ventilation prolongs survival in Amyotrophic
Lateral Sclerosis patients with nocturnal
respiratory insufficiency. Orphanet J Rarc Dis
2009;4:10.

Bourke SC, Tomlinson M, Williams "I'L..
Bullock RE, Shaw PJ, Gibson GJ].
of non-invasive ventilation on survival and

Klfects

quality of life in patients with amyolrophic
lateral sclerosis: a randomisced controlled [rial,
Lancet Neurol 2006:5:140-147.

14)

15)

16)

17)

18

19)

20)

21)

22)

23)

24)

26)

- 121 -

HmE#FE, IEFEE FREH . ALS ~O NPPV
@ & A . Journal of clinical rehabilitation
2007;16:243-250.

Winck JC, Goncalves MR, Lourenco C, Viana
P, Almeida J, Bach JR. Effects of mechanical
insufflation-exsufflation on respiratory
parameters for patients with chronic airway
secretion encumbrance. Chest 2004;126:774-
780.

Bach JR, Bianchi C, Aufiero E. Oximetry and
indications for tracheotomy for amyotrophic
lateral sclerosis. Chest 2004;126:1502-1507.
Marin B, Desport JC, Kajeu P, et al. Alteration
of nutritional status at diagnosis is a
prognostic factor for survival of amyotrophic
lateral sclerosis patients. ] Neurol Neurosurg
Psychiatry 2010.

Bouteloup C, Desport JC, Clavelou P, et
al. Hypermetabolism in ALS patients: an
early and persistent phenomenon. ] Neurol
2009;256:1236-1242.

SHR ALSEH UV ABEEF S A DONPPY
BEABDPECOERS . WL EET T
2007:12:21-24.

Nishihira Y, Tan CF, Toyoshima Y, et al
Sporadic amyotrophic lateral sclerosis:
Widespread multisystem degeneration with
TDP-43 pathology in a patient after long-
term survival on a respirator. Neuropathology
2009;29:689-696.

Gunaratnam Y, Oliviere D. Narrative and
Stories in Health Care, Illness, dying, and
bereavement. London: Oxford University
Press, 2009.

TEFE AISBEOETEE QOLFEM.
Journal of Clinical Rehabilitation 2010;19:589-
596.

v&—=— MJ, ed SAATEIRE & BRERLD
Bk R - MPEE L CER. B &Rl
FiX. . 2008.

Sage N, Sowden M, Chorlton E, Edeleanu A.
CBT for chronic illness and palliative care:
John Wiley and Sons Ltd, 2008.

s VHERF . Y b2 UR 77 =K A
A AR SR, RAY AEH T 708
it & N & /-3 2010:15:864-872.
Clemens K18, Klaschik E. Morphine in the
management of dyspnoea in ALS. A pilot

A Srak 312 B BRI 42



study. Eur J Neurol 2008;15:445-450.

O’Brien T, Kelly M, Saunders C. Motor
neurone disease: a hospice perspective, BM]
1992:304:471-473.

28) Oliver 1. Opioid medication in the palliative

)
=~

care of motor neurone disease. Palliat Med
JOOS L2 13-1 15,

) Zylics 7, van Rijn-van der Plaat LL. Fentanyl
may inerease breathlessness in a patient
with molor neuron disease. J Pain Symplom
Mg 2000:32:199-200.

RAEBERG 0 12 5 - 42 20t 4 ) 47(168)
- 122 -



Gait Support for Complete Spinal Cord Injury Patient
by Synchronized Leg-Swing with HAL

Atsushi Tsukahara, Yasuhisa Hasegawa and Yoshiyuki Sankai

Abstract— Biped walking improves the circulation of blood as
well as bone density of the lower limbs, thereby enhancing the
quality of life (QOL). It is significant not only to healthy people
but also to physically challenged persons such as complete
spinal cord injury (SCI) patients. The purpose of this paper
is to propose an estimation algorithm that infers the intention
related to the forward leg-swing in order to support the gait for
complete SCI patients wearing an exoskeleton system called a
Hybrid Assistive Limb (HAL), and to verify the effectiveness of
the proposed algorithm through a clinical trial. The proposed
algorithm infers the patient’s intention in synchronization with
the deviation of the center of the ground reaction force (CoGRF)
that is observed immediately before a person starts walking. The
patient conveys this intention by inducing the deviation of the
CoGRYF, using crutches or handrails with both of his/her arms.
In the clinical trial, we confirmed that the algorithm inferred
the patient’s intention to swing the leg forward, and achieved
a smooth gait in synchronization with it. As a result, the gait
speed and cadence of the SCI patient with HAL during the 10-
meter walking test increased to 6.67 [m/min] and 20 [steps/min],
respectively after several trials.

I. INTRODUCTION

Due to the accumulation of blood in the venous system
of the lower limbs, paraplegic patients who are forced to
live in a wheelchair or live bedridden lifestyles are likely
to develop deep-vein thrombosis (DVT) [1]. It was reported
that DVT occurs in 60-80% of spinal cord injury patients [2].
The incidence and mortality from pulmonary embolism (PE)
increases, if the thrombus formed by DVT (i.e., embolus)
is pumped to a pulmonary artery [3]. To prevent such an
incidence of thromboses, patients need to move their legs
actively because muscle contraction of the lower limbs has
a functional role to return blood to the heart, and to improve
the blood circulation. Walking is particularly effective not
only for prevention of these thromboses but also for increas-
ing the bone mineral density (BMD) of the patient’s lower
limbs [4]. However, complete paraplegic patients cannot
stand up and walk by themselves due to the SCI. From the
point of health maintenance, it is important for the patients
to walk using their own legs to improve the circulation of
blood in their lower limbs and thus, as a final result, to
enhance their quality of life (QOL). Orthoses for walking
e.g., areciprocating gait orthosis (RGO) for severe physically
challenged persons is widely utilized as a means to support
the stance phase and the swing phase of the contralateral
lower limb [5]-[7]. It is also effective to increase the BMD
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Fig. 1. System configurations of the HAL-6 LB which was developed
to support the whole weight of complete spinal cord injury (SCI) patients.
Exoskeletal frames are firmly attached to the wearer’s legs with molded
fastening equipment. Power units and potentiometers are directly attached
on each joint of HAL. A computer and batteries are attached on a box on
the back side. A tri-axial accelerometer, a gyroscope, a motor driver and
other electrical circuits are allocated on each link. HAL calculates the center
of the ground reaction force (CoGRF) using the GRF sensors.

of the patient’s lower limbs. However, the orthosis that is
rigidly secured to the patient’s lower limbs restricts the range
of the motion of each joint and requires considerable force
from his/her upper body in order to swing the leg forward.
Therefore, it is difficult for him/her to perform a natural gait.

The Hybrid Assistive Limb (HAL) was developed to phys-
ically support not only healthy people but also paraplegic
patients. In order to support various types of people, we have
designed the control algorithms specialized to different types
of wearers. One algorithm delivers sufficient performance by
using the wearer’s voluntary muscle activity [8]. The muscle
activity is detected from the bioelectrical signals (BES),
including the muscle potential. Since the signals can be
measured just before the corresponding muscle contraction,
they are useful and reliable to synchronize the motion support
with the wearer’s movement. However, it is difficult to
measure the proper BES from the lower limbs of paraplegic
patients such as complete SCI patients. The second algo-
rithm, therefore, copes with the functional motion support of
the patient without using the BES signals [9], [10]. In this
control method, once a certain movement associated with the
desired movement is detected, HAL autonomously assists the
functional movement of the wearer. For instance, the sit-to-
stand and stand-to-sit supporting motions are initiated when
preliminary movements are observed in the initial phase [9].
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This approach is an ideal solution to support the lower limbs
of paraplegic patients because it utilizes the wearer’s residual
functions and operates based on their intention for physical
movement. So far, HAL successfully supported the gait of
an incomplete SCI patient and as well as hemiplegia patient
[101, [11].

In related work, the Wearable Power Assist Locomotor
(WPAL) detects the wearer’s intention related to the forward
leg-swing by using acceleration sensors attached to the
walking aid and then controls the stride length [12], [13].
This particular walking aid to infer the wearer’s intention is
always necessary. However, patients usually employ simpler
walking aids such as a cane or crutches according to the
restoration process of their sensory and motor function. It is
important to note that an inference device for patients’ gait
should be equipped on a wearable robot rather than a walking
aid. Even though the similarly operating ReWalk and eLEGs
support the gait of severe paraplegic patients, who cannot
walk without assistance while the patient utilizes a crutch
to maintain the balance, the efficacy of these systems to the
patients has not yet been reported.

The purpose of this paper is to propose an estimation
algorithm that infers the intention related to the forward leg-
swing in order to support the gait of complete SCI patient
wearing HAL shown in Fig. 1, and to verify the effectiveness
of the proposed algorithm through a clinical trial with a 10-
meter walk on a treadmill. The algorithm infers the intention
in synchronization with the deviation of the center of the
ground reaction force (CoGRF) that is observed immediately
before a person starts walking.

II. METHODS

A. Estimation algorithm for gait-intention

BES measurement such as electrical potential of the mus-
cles is one of the methods to detect the wearer’s intention
related to target movement. Unfortunately, the proper signals
cannot be obtained from the lower limbs of complete SCI
patients. This paper, therefore, proposes an algorithm called
“Gait-intention estimator” for patients who can intuitively
move their COGRF by using a cane or a walker with both of
their arms. Generally, a healthy person starts to walk based
on a shift of the CoGRF in the sagittal and lateral planes,
which is a preliminary movement. Such a phenomenon is
also seen in the SCI patients. The estimator infers the
patient’s intention related to the initiation of the forward leg-
swing in synchronization with the deviation of the CoGRF
instead of detecting the BES. This algorithm is the most
simple and effective method to detect the intention of SCI
patients because a patient wearing HAL can walk by slightly
moving the CoGRF with walking aids instead of requiring
additional training combined with another particular device
such as a remote-controller. The algorithm also combines
short-term phases divided into three sequences, as shown in
Fig. 2, in order to generate a whole gait cycle. Definitions
of the short-term phases are determined by the contact
conditions of both legs.
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Fig. 2. Definition of walking phases. Walking is divided into three phases
based on the contact conditions of both legs; swing phase, single-limb stance
phase and double-limb stance phase.
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Fig. 3. Flow chart of the gait-intention estimator for a full gait cycle. The
system including the estimator infers the intention related to the forward
leg-swing when inequalities (1), (2) and (3) are satisfied for the decision
of i=1(right leg) or i=-1 (left leg) during the standing phase. The wearer
can intuitively start a walk by moving the CoGRF to either the left leg or
the right leg using his/her upper body. The system detects the landing of
the swinging leg when inequality (4) is satisfied during the swing phase,
thereby, shifting from the swing phase to the double-limb stance phase.

Figure 3 shows the flow chart of the gait-intention es-
timator. This algorithm infers the intention related to the
forward leg-swing during the stance phase, which consists
of the single-limb stance phase and the double-limb stance
phase, when the following inequalities are satisfied:

05k <Oy (rhre k), ¢y
Sin >j;'v(thre_h), @
ICxl > |Ci~(thre_x)l and Cy > Ci-(thre_y), 3)

where 0, and f;; are the knee joint angle and the GRF of
the heel, and C, and C, are the CoGRF in the lateral and
sagittal planes, respectively. 8, inrex), fi(thren), Ci(threx) @nd
Ci.(thre.y) are thresholds for shifting from the stance phase to
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the swing phase. The subscript ‘i’ indicates either the right
leg or the left leg. In addition, the right and left legs are
replaced with the numerical ‘1’ and °-1°, respectively. For
instance, if the wearer moves its CoGRF to the right leg side,
the numerical ‘1’ is substituted for the subscript ‘i’. Likewise,
if the wearer moves it to the left leg side, the numerical ‘-1’ is
substituted for the subscript ‘i’. This gait-intention estimator
also has the role of safety mechanism. The system including
the estimator does not start the forward leg-swing if any
one of the inequalities (1), (2) and (3) are not satisfied. In
contrast, the system starts the forward leg-swing in order to
prevent the patient from falling over if he/she loses balance,
that is, if the inequalities are involuntarily satisfied.

The system shifts from the swing phase to the double-limb
stance phase when the following inequality is satisfied:

Seetnn— f(l-l.i).;w > O 1.4) ko, €]

where fgwl,i),;w is the GRF of the heel off (HO) when
inequalities (1), (2) and (3) are satisfied. O~ 1.1)-ho is the
threshold in order to detect landing of the swinging leg. After
that, the system starts the next leg-swing when inequalities
(1), (2) and (3) are again satisfied during the double-limb
stance phase.

B. Design of desired trajectories

Biped robots must be sufficiently robust against various
disturbances for a stable gait. The stability of such a robot
is maintained within the support polygon by controlling the
position of the zero moment point (ZMP). Stability control
is absolutely essential not only for biped robots but also
for exoskeleton systems. Therefore, we proposed the design
of desired trajectories to support sit-to-stand and stand-to-
sit motions of complete SCI patients by using the CoGRF,
because the ZMP is always equal to the CoGRE, not only
in a static posture [9]. In this paper, we improve the design
of the desired trajectories of the motion support in order to
apply them to the gait support system.

1) Stance phase: HAL keeps the wearer’s stability based
on the CoGRF during the stance phase. Four ground reaction
force (GRF) sensors utilizing semiconductor type pressure
sensors are installed in the toe part, the ball part, the heel
part and the outside of the foot part on the sole. The weight
of HAL and the wearer is measured by the pressure on the
inner bags embedded in the plantar part of the shoes. The
CoGRF is the representative point of the vertical vector in
each GRF sensor. Each vector is calculated from the ground
reaction force of the inner bag that touches the ground. The
coordinate point of each sensor is set as shown in Fig. 4.
The desired position of the CoGRE, Gy, is located at the
middle point of the stride length.

The hip joint angle, 0,4, is solved based on the geometric
calculation of the kinetic model shown in Fig. 4. In addition
to the solution mentioned above, the desired angle of the
hip joint, O, is decided uniquely because the desired
position of the CoGRF, C/, . ., is replaced with the current

efy’
position of the CoGRF C; that is included as a parameter in

. (l'lt,ylt)\ ((zrt,yrt)

101

Coordinate points
in sagittal plane {%]

Coordinate points in lateral plane [ %]

Fig. 4. Definition of system parameters and variables. m;, I; and s; are
the mass of link, the link length and the position of the mass, respectively.
Subscripts 1, 2 and 3 indicate the lower thigh, the thigh and the trunk,
respectively. The flexion of each joint angle is set as the positive direction,
and each joint angle becomes 0 [deg] in the upright posture. x; and y; are
the relative positions of the ground reaction force (GRF) sensors in the
sagittal and lateral plane, respectively. Subscripts r¢, rk, rt, rs, It, Ik, It and
Is indicate the sensor positions of the toe part, the ball part, the heel part
and the outside of foot part on the right sole, and the left sole, respectively.
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Fig. 5. Desired minimum jerk trajectory during the swing phase. Value Gé_*
is the actual position of the desired trajectory when inequalities (1), (2) and
(3) are satisfied. Values 91/_* and 9;_* are determined based on the gait of a
healthy person in order to calculate the desired minimum jerk trajectories.

the geometric calculation. Thus, 8,7 . is calculated by:

T _
Orefh= 5 O + 04 —cos ! 0, ®
1 v
T
+(m2s2 + mglz) cos (5 + 0.0 —041)

T
—(mys1+mly +m311)005(5 "'e*a)} 6)

where 0 is the relative angle of each link. The desired
angle of the hip joint, 6, . as shown in (5) is updated
at each control cycle based on the current status of the
other joint angles. Disturbances can also be controlled in
this framework.

The knee joints should be straightened through the stance
phase to support the wearer’s weight on one leg. Therefore,
the desired angle of the knee joint 0,y . in the support phase
is O [deg], thereby preventing the knee joint from bending
due to the impact of the foot landing and the gravity.

2) Swing phase: It is necessary to provide an assist that
is suited to the wearer’s physical characteristic so as not to
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give the wearer any uncomfortable feeling. In this paper,
the minimum jerk trajectories shown in Fig. 5 are calculated
based on the gait of a healthy person, and are provided to
the swing phase during the gait support of HAL. The desired
minimum jerk trajectories, 9,’,_, > during the swing phase are
given as follows:

b 8. (o<t<n)
repe =1 o @)
ref2x (h<t<n)
where G;efl_* and G;eﬁ_* are the desired trajectories for

flexion and extension. The right leg and the left leg are
denoted by an asterisk in the subscript, fy, 11 and 1, are
the starting time of the flexion [s], the finishing time of
the flexion [s] and the finishing time of the extension [s],
respectively. e;gf] , and G,’efz_* are calculated by:

e;efl_*zs(;* + (15t14 - 6ti5 - 10t13)<e(/)* - 91,*) and (8)
e;efZ_*ze;*+(15t?"6t]5' - 106)(6{* _'eé*), )]

where time of the flexion # and extension ¢; are equal to
(t—19)/(t1 —to) and (t —11)/(r2 — 1), respectively. Value
9(;_* is the current position of the desired trajectory when
inequalities (1), (2) and (3) are satisfied. Values 0{_* and Gé_*
are the maximum flexion angle and the maximum extension
angle. When heel contact (HC) occurs in the process of the
swing phase, the desired trajectories from the end positions
of the swing phase to the start positions of the stance phase
are interpolated using a sigmoidal function. In contrast, the
desired trajectories keep the angles of 0;_* when the HC does
not occur during the swing phase. As such the trajectories
can be smoothly calculated from the swing phase to the
stance phase while avoiding discontinuity. In this research,
the gait of a healthy person is captured by means of a MAC
3D motion capture system with twelve Raptor-4 Digital
Cameras (Motion Analysis Co., USA) in order to determine
parameters such as t;, t;, 9;_* and 9;_*.

C. Gait control

HAL controls each actuator by using a proportional and
derivative (PD) control with gravity compensation so as to
follow the desired trajectories mentioned above. The control
law in each joint during the stance phase is described as:

T*h:KPh(eref_*h “‘e*h) _KDhG*h+g(e), (10)
Tuke =Kpi(Bref sk — Ouk) — Kb +g(0) and (1)
Tea=Kpa(Crefy — Cy) —KpaCy+8(0), (12)

where Tun, Tuk, Txa, Orefsn, Orep sk, Crery, Gun, é*k and CAvy
are column matrixes. These variables have two elements that
corresponded to each leg, respectively. Feedback gains Kp,
Kpn, Kpr, Kpr, Kp, and Kp, are diagonal matrixes where
feedback gains for each leg are diagonal elements. Likewise,
the control law in each joint during the swing phase is also
expressed by the PD control with gravity compensation using

eq. (7).

III. EXPERIMENT

In order to verify the effectiveness of the proposed al-
gorithm, a clinical trial consisting of a 10-meter walk on
a treadmill is conducted with a complete SCI patient for
eight days, two hours per day. The participant is a 66-year-
old male, 160cm tall and weighting approximately 68kg
(complete SCI at T10-T11, 8 years after injury). The clinical
trial is performed in accordance with all procedures and
approved by the Institutional Review Board. The patient had
given informed consent before participating in this trial. In
order to consider the fatigue of his arms, breaks are taken
frequently depending on his physical condition during each
trial.

As a preliminary step towards the clinical trial with the
paraplegic patient, the proposed algorithm is applied to a
healthy person who has similar physical parameters to the
participant. Feedback gains of the PD control are adjusted
through a preliminary experiment so as to perform the appro-
priate control without overshooting. Although the thresholds
for the gait-intention estimator are also determined in the
preliminary experiments, they are adjusted so as to swing
the leg forward based on the instantaneous CoGRF when
the patient intends to walk at the beginning of each trial
session.

Figure 6 shows the experimental setting for the clinical
trial with the 10-meter walk. In this trial, an audio-visual
feedback system is applied in order to let the patient un-
derstand the position of the current CoGRF. Although his
sensory and motor function in the lower body is completely
impaired, he can induce the deviation of the CoGRF by using
the handrails of the treadmill with both his arms. Thus, his
intention related to the initiation of the forward leg-swing
is conveyed to the intention estimator embedded in HAL.
As a first step in the clinical walking trial, an unweighing
system (Biodex, Unweighing System BDX-UESZ) is applied
to support 20% of the patient’s and HAL’s weight. The belt

Unweighing system

Monitor display
) Treadmill |

| Participant with
| HAL6LB

Fig. 6. Experimental setting for the clinical trial with a 10-meter walk on
a treadmill. The audio-visual feedback system helps the patient to easily
understand and induce the deviation of the CoGRF. The waist sling worn
on his torso is connected to HAL to prevent misalignments of the joints
of the patient and HAL during the gait support. HAL is connected to an
unweighing system with a sling belt in order to eliminate the risk of falling.
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Fig. 7. Sequential photographs during a clinical trial session with a 10-
meter walk on a treadmill. (a) and (b) Initiation of the swing of the right
leg. (c) Detection of right heel contact (RHC). (d) Initiation of support for
the double-limb stance. (e) and (f) Initiation of the swing of the left leg.
(g) Detection of left heel contact (LHC). (h) Initiation of support for the
double-limb stance.

speed of the treadmill is gradually increased so far as the
wearer could continue to walk in a stable manner.

IV. RESULTS

The results of the clinical trials with the 10-meter walk
on the treadmill are depicted in Figs. 7, 8, 9 and 10. The
sequential photographs as shown in Fig. 7 indicate that the
patient could walk on the treadmill with the gait support
of HAL. Figure 8 shows the joint angle of each joint, the
CoGREF in the sagittal and lateral planes and the GRF of the
heel parts. HAL initiates the swing of the right leg, when
inequalities (1), (2) and (3) are satisfied. Furthermore, HAL
detects the right heel contact (RHC) when inequality (4) is
satisfied, and then initiates support of the double-limb stance.
After that, HAL initiates the swing of the left leg when
inequalities (1), (2) and (3) are satisfied during the double-
limb stance phase. HAL then detects the left heel contact
(LHC) when inequality (4) is satisfied and initiates support
of the double-limb stance.

Figure 9 shows the CoGRF trajectory of the support
polygon in the sagittal and lateral planes during the 10-meter
walk on the treadmill for trial sessions on the first and the
last two days. The thick line represents the mean value of
the CoGRF during the 10-meter walk. The results in these
graphs indicate that the CoGRF trajectory on Day 1 shown
in Fig. 9 (a) deviates visibly from the mean value, whereas
the trajectory on Day 2 shown in Fig. 9 (b) deviates less
from the mean value.

The gait speed and the cadence during the 10-meter walk
on the treadmill are shown for two days in Fig. 10. The gait
speed shown Fig. 10 (a) increased to 6.67 [m/min] in only
two days. In addition, the cadence shown in Fig. 10 (b) also
increased to 20 [steps/min].

Joint angles
[deg]

Center of ground
reaction force [%]

é 450 s
- P N,
A Leftfoot ™ Right foot
S 150
= 0 .
:m: Right Single-limb stance |
£ Left Single-limb stance Swing,
2 4 6
..... + Threshold Double-limb stance
Time [s]
Fig. 8. Graphs showing the joint angle of each joint, the center of the

ground reaction force (CoGRF) in the sagittal and lateral planes and the
GRF of the heel parts during one gait cycle on Day 2. HAL initiates the
forward leg-swing when the inequalities of the transition conditions are
satisfied, and then controls the swing phase.

V. DISCUSSION

It is important that complete SCI patients walk using their
own legs so as to improve the circulation of blood in their
lower limbs and thus to enhance their QOL. An exoskeleton
system that actively supports a patient’s walk would be an
ideal devices for a patient’s active and healthy life. Therefore,
the system should support the patient’s gait while inferring
the intention to initiate the forward leg-swing. The purpose
of this study was to propose an algorithm that infers the
intention related to the forward leg-swing in order to support
the gait of complete SCI patients wearing HAL who have
the ability to move their upper limbs by using walking aids.
To this end, we focused on the deviation of the CoGRF
instead of the BES of the leg muscles in order to infer
the patient’s intention, and verified the effectiveness of the
proposed algorithm through a clinical trial with a 10-meter
walk on a treadmill with a complete SCI patient.

The results shown in Fig. 8 indicated that the system could
infer the wearer’s intention and then successfully initiated the
forward leg-swing in synchronization with the deviation of
the CoGRF. The deviation of the CoGRF could be induced
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Fig. 9. Results showing the CoGRF trajectory of the support polygon
during the 10-meter walk for two days. The CoGRF in the sagittal and
lateral planes indicates the representative point of the vertical vector detected
by each GRF sensor. In this study, the CoGRF is calculated without
consideration of the step length. The thick line is the mean value of the
CoGRF. These results show that the trajectory of Day 2 deviates less from
the mean value compared to the one of Day 1.
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Fig. 10. Results of the gait speed and cadence during the 10-meter walk
for two days. In Day 2, the gait speed and cadence of the SCI patient with
HAL were increased.

by the patient using the handrail of the treadmill and both
his arms.

In addition, the audio-visual feedback system was used so
that the patient could easily understand the deviation of the
CoGREFE. The CoGRF trajectory on Day 1 (Fig. 9a) deviated
visibly from the mean value. In contrast, the trajectory on
Day 2 (Fig. 9b) deviated less from the mean value. The
gait speed and cadence of Day 2 improved compared to
Day 1 as shown in Fig. 10. These results suggested that the
patient wearing HAL found his way for shifting the CoGRF
in a short period while understanding the position of the
CoGRF, and then he could intuitively walk. We learned that
the complete SCI patient could improve his gait speed and
cadence after a number of trials using the displayed current
position of the CoGRF. Therefore, we need to regularly
perform clinical walking trials with complete SCI patients
for long periods.

Although this present system specializes in a straight walk
for paraplegic patients on flat, it can build a generalized al-
gorithm of the most basic legged-motions in their activity of
daily living (ADL) by combining with the previous one that
infers the intention related to the sit-to-stand and stand- to-
sit motions [9]. We are currently developing the method that
controls the gait speed and the stride length according to the
wearer’s posture, and examining a preliminary experiment in
order to enhance the scalability of the system.

VI. CONCLUSIONS

This paper proposed an algorithm that infers the intention
related to the forward leg-swing in order to support the gait
of complete SCI patients wearing HAL. The effectiveness of
the proposed algorithm was verified through a clinical trial
consisting of a 10-meter walk on a treadmill. The results of
the trial showed that the algorithm could infer the patient’s
intention to swing the leg forward based on the deviation of
the CoGRF, and achieve a smooth gait in synchronization
with it.
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Exoskeletal Spine and Shoulder Girdle for Full Body Exoskeletons
with Human Versatility
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Abstract—Currently, wearers of full body exoskeletons are
hindered in their ability to use their upper body as desired due
to the rigid back parts used in these devices. In order to
maximize their versatility the design and preliminary testing is
shown of an exoskeletal spine mechanism, called “exo-spine”,
that allows the wearer to move all degrees of freedom of his
spine and shoulder girdle. Based on the primary forces to be
supported during lifting, identified as gravity forces from loads
lifted in front of the wearer, as well as functional degrees of
freedom, which is a control strategy used by our central
nervous system, this mechanism can be actuated using only one
motor to provide the required support. Experiments indicate a
substantial, although not problematic amount of friction as well
as further requirements for the control of the assisting force.
Besides improving exoskeletons its basic structure and design
principles may be successfully applied to rehabilitation as well.

1. INTRODUCTION

ERSATILITY, the ability to move freely in all
directions, in particular of our upper body, is
indispensible for the kind of work that people do [1]. For
exoskeletons to become successful in assisting human
activities, they will need to enable their wearers to solve the
problems they face with the degree of versatility that they
would normally have. If not, even basic tasks as lifting items
from the floor will require unnatural body postures, become
undoable and/or require a much greater amount of effort.
Currently, the part of full body exoskeletons between the
hips and shoulders is completely rigid. This restriction on
both the wearer’s spine (flexion, lateral flexion, and rotation)
and, to a lesser extend, his shoulder girdle (abduction and
elevation) thus leave the wearer with limited versatility.
Moreover, since alltogether these parts contain 7 degrees of
freedom (DOF), exoskeletons would require 7 extra
actuators, using standard robotics technology, to regain this
movability. This paper therefore presents a novel mechanical
solution called “exo-spine” that, by maximizing the
effectiveness of its actuation to the achievement of heavy
work and lifting assistance, enables the required augmen-
tation using only one motor.
This introduction will continue to set the specific context
based on which the exo-spine is both required and possible.
Subsequent sections will explore the mechanics, control

This work was supported in part by the Grant-in-Aid for the Global COE
Program on “Cybernics: fusion of human, machine, and information
systems” at the University of Tsukuba and relevant organizations.
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method, as well as experiments to investigate the friction
and controlability, and finally the discussion.

A. Spinal and Shoulder Movability in Exoskeletons

Given the arrangement of DOF on the human body full
versatility in exoskeletons is especially difficult to achieve in
the upper body. Full arm actuation has been done, such as
[2], although not yet in untethered, fully wearable types. As
for the spine and shoulder, several devices exist that assist
(parts of) the upper body; they can be grouped as follows.

Exoskeletons with an unlimited power supply include
both wearable types with a tether as well as those fixed to a
base [2-4]. Although wearability is restricted to the power
supply, this group has fewer limitations on the amount of
actuators. Two solutions for shoulder motion can be seen:
free shoulders and arms with interaction at the hands [3],
and full actuation using one motor per DOF [2] [4]. Another
group consists of full body exoskeletons that carry their own
power supply [5] [6]. With this extra limitation on the
amount of actuators neither spine motion nor shoulder girdle
motion has been implemented. More lightweight exoskeletal
devices that attach to the arm are used for rehabilitation and
force feedback systems [7] [8]. Their applications allow for
a separate power supply and the required actuator forces are
lower, such that full shoulder actuation is possible.

Comparing the above devices it can be concluded that the
available power and actuators impose strong limitations on a
battery powered exoskeleton. Moreover, the conventional
solution of one actuator per DOF would require more motors
than can be carried along.

B. The HAL Robot Suit

The current HAL (Hybrid Assistive Limb) suit, HAL-5, is
a full body exoskeleton that carries its own power supply. It
consists of frames interconnected by power units that each
contain an electromotor and reduction gears and are
positioned directly next to the hip, knee, shoulder (flexion)
and elbow joints of the wearer to assist his movements [5].
Additional passive DoF are located at each shoulder, upper
arm, and ankle joint. The suit is powered by batteries.

The system is controlled according to the intentions of the
wearer, which are obtained by measuring the bioelectric
signal (BES) on the skin above the main flexor and extensor
muscles associated with each augmented human joint. Motor
torques are calculated according to these signals. It is
expected that similar control techniques and actuators will
be used in versions that will contain the exo-spine.
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C. Heavy Work and Lifting

Rosen et al. found that when performing daily living tasks
the mean joint torques were at least an order of magnitude
larger than those torques without the gravitational
component [9]. In addition, HAL, like many augmenting
exoskeletons, is meant to assist lifting during heavy work
tasks, such that gravity forces will account for almost all
required actuation. Furthermore, the weights of objects that
are likely to be lifted with an exoskeleton are too high, and
the sizes too large for the objects to be carried on one side
while still being able to walk in a stable and balanced way.

Apart from gravity forces pulling and pushing forces may
be found as well, such as seen in hospitals [10]. However,
muscles at the main body joints from ankle to shoulder
would all exert force in the same direction during both
pulling and lifting, whereas pushing would be the opposite
of lifting. Therefore, the kind of assistive forces the spine
and shoulder girdle need most of the time are those that
assist these parts to counter gravity forces from loads in the
front. Instead of having as many actuators as the amount of
DOF used for lifting it could thus be more effective to use a
few actuators that focus on such lifting action only.

D. Functional Degrees of Freedom

To further combine multiple DOF into one it is possible to
exploit a strategy, used by our central nervous system to
control our high-DOF bodies in 3D space, called “functional
degrees of freedom” (fDOF) [11]. An fDOF implies that in
certain situations two or more muscles act based on the same
control signal. For lifting, when first of all considering the
static balances at the hip and the spine, and assuming there
are no external moments on the lower back, it can be seen
that the gravitational moments around the frontal axis at the
hip and spine must be correlated. Furthermore, Thomas ef al.
have shown that during reaching tasks 94.7% of the
peak-to-peak dynamic torques (i.e. excluding the
gravitational components) at the ankle, knee, hip, spine,
shoulder and elbow are determined by one parameter [12].
When considering only the hip, spine and shoulder the
correlation will be even higher. Taken together it may be
concluded that there is one fDOF that controls nearly all
muscle torque of the hip and spine during lifting. Since HAL
already uses hip motors that are controlled based on the BES
of the hip muscles of the wearer, these signals can therefore
be combined and used as a control signal for the exo-spine.

E. Applications for Spinal Cord Injury Patients

Spinal cord injury (SCI) patients have limited or no
abilities to control the muscles that balance their pelvis,
which even during sitting makes their upper body unstable
[13]. They often solve this by leaning on an armrest or their
knee with one arm, but doing so leaves them with only one
hand to do most of their daily living tasks. Not only can the
BES of the hips be used for the exo-spine, but similarly the
BES of the upper back muscles of SCI patients may be
effectively used to control a hip motor during sitting.
Looking further ahead into this research, using the exo-spine

and a hip motor as a hip and back support for SCI patients
could increase the area they can reach with both hands when
sitting in a wheelchair [14], as well as help them stand
upright when such a back support would be attached to a
lower body exoskeleton that assists their walking.

II. DESIGN

This section will first describe the general design
principles used followed by the design of a prototype based
on these principles.

A. General Design

As mentioned, HAL uses BES based torque control of the
motors to provide assistance; position control is completely
left to the wearer, who can voluntarily change his BES to
change both his own muscle torques and those of HAL’s
motors. The same principle will apply to the exo-spine. Only
the assistive torque needs to be determined for the wearer to
be able to move the exo-spine as desired. Furthermore,

- HAL’s hip component is fastened to the wearer’s pelvis, so

that as long as the top of the exo-spine is attached to and can
follow the wearer’s shoulder girdle the shape of the
exo-spine itself does not matter.

A further requirement follows from the position of the
exo-spine behind the human spine. The exo-spine will have
to become longer as it bends forward to ensure HAL’s
shoulders remain lined up with the wearer’s shoulders.

As for HAL’s shoulder girdle movement there are two
simplifications that can be made. They are based on a
principle first applied by Schiele and Van der Helm [7]
where two passive joints are inserted, perpendicular to the
active joint, between the actuator and the attachment with
the wearer, such that any misalignment between, e.g. the
shoulder’s active joint and the wearer’s shoulder does not
create painful forces between HAL and the wearer. Using
such a system HAL‘s passive shoulder joint (arm medial
rotation) may be placed behind the wearer’s shoulder instead
of above. This opens up the space above the wearer’s
shoulder so that he can freely elevate his shoulders when
needed, accommodated by the added passive joints between
the actuator and the attachment with the wearer.

Shoulder abduction can be provided by the exo-spine by
adding exoskeletal “shoulder blades” that make the same
forward rotation as the wearer’s collar bones, but behind the
wearer, such that HAL’s shoulders can move forward with
respect to the top of the exo-spine.

To save energy and, in particular, to counter the effects of
friction, which will be further explained from Section LB,
springs can be added that balance with the weight of HAL’s
upper body. This will relieve some of the actuator’s required
power during both up and down bending.

B. Prototype

In order for the exo-spine to bend forward into a convex
shape, similar to that of the wearer’s spine, as well as to
extend simultaneously its basic mechanism follows the one
shown in Fig. 1. Two types of parts, called “vertebra” and
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“link” are connected into a chain of in total five vertebras,
including the base. The spine extends when bending forward
as the instantaneous centers of rotation (ICOR) of all
vertebras start in front of the exo-spine. Extension becomes
slower as bending increases since the ICOR move closer to
the vertebras (Fig. 1b). Despite the many parts the whole
exo-spine bends forward as one single DOF.

Fig. 2 shows a drawing of the central vertebras (top) and
links (bottom). (As in Fig. 1b numbers refer to the different
vertebras; letters indicate the joints; X points to the front.)
They are interconnected with rotational joints at A and rod
ends, which provide 3 DOF motion, at joints B and C. This,
and a parallelogram structure at each link that enables joint
C to move sideways, allows the vertebras to rotate around
their vertical axis. In addition, each vertebra can bend
sideways (laterally) around the axis connecting B and C.

The full exo-spine is shown in Fig. 3: full bending and
shoulder blades abducted (a), full side bending (b) and full
rotation (c¢) (Height when straight is 350mm). When
combined with HAL the base will be located just behind the
2™ Jumbar vertebra of the wearer, L2, while the shoulder
blades extend up to the top of his shoulder. The exo-spine
can not hyperextend; this is blocked mechanically. Its

Vertebra

S

7 Link

wbens

S0 ¢ Approximate ICOR
¢, " € path when exo-
e spine flexes
e
ICOR of vertebra 3
(®)

Fig. 1. Schematic side view of the vertebra-link mechanism of the
exo-spine. As the mechanism bends each next vertebra rotates
forward with respect to the one below (a). Moreover, the exo-spine as
a whole extends when bending due to the fact that the instantaneous
center of rotation (ICOR) of each vertebra starts in front of the svine.

neutral position is straight, without any lateral bending or
rotation, similar to the human spine.

III. ACTUATION

This section will describe the actuation method and
primary control algorithm. Although verification of this
algorithm is not included it will show how fDOF can be
implemented into exoskeletons

A. Mechanism

The exo-spine is actuated using two cables that run over
small pulleys in the back corners of the structure from the
base to the top (Fig. 2). The cables are made of high strength
Dyneema and pulling them generates a moment on the
exo-spine that pulls towards the neutral position.

The cables are connected below the spine onto one pulley.
When the exo-spine is bent laterally to one side the distance
between the top and the base for the cable on the other side
becomes larger such that only that cable actuates the
exo-spine while the other becomes slack. This produces a
torque that pulls back towards the neutral position. When the
exo-spine rotates the pulleys of the vertebras and links move
away from each other horizontally, so that the cables come
into a zigzag shape. The tension on the cables then produces
a torque that again pulls towards the neutral position. Based
on the fDOF between the spine and shoulder during lifting,
the two cables connect to a small lever at the top that in turn
pulls the exo-spine’s shoulder blades towards the zero
abduction position. When lifting, assumed that it is in front

Side movement

Nﬁfﬁg rotation

Fig. 2. CAD drawing of the actual vertebras (top) and links (bottom).
Joints are indicated as: front (A), middle (B) and rear (C); the number
indicates the vertebra to which they belong. These indications are as
in Fig. 1b. The lower attachments of the springs are indicated by S,
one vertebra pulley by VP, and one double link pulley by LP. All
nullevs are Jocated right above each other.
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Fig. 3. Exo-spine with attached base (black) for testing. It is shown in
full forward bending and shoulder girdle abduction (a), side bending
(b) and rotation (c), but any combination of these is possible.
Coordinate frames correspond with those of Fig. 1 and 2.

of the wearer, irrespective of the amount of bending, side
bending and rotation of the exo-spine or abduction of the
shoulder blades, the assistive torques will be counteracting
forces that result from pulling as well as the gravity forces of
the load on HAL’s arms and pull toward the neutral position.
Pushing however can only be done in the straight position as
the cables can not produce any forward bending forces.

As mentioned above, only control of the top is important,
the position of each vertebra is not controlled. This, however,
can also lead to buckling, and thus increased friction.
Although each vertebra has only a small range of motion
(ROM) and buckling is limited to about 10mm deflection of
the center, without countermeasures the exo-spine would
always be buckled. Springs are therefore attached at the
sides to both counter buckling (calculated based on the
maximum load and deflection) as well as balance the weight
of HAL laterally. This way, buckling is still possible, but
will happen only occasionally. The springs are attached at “S”
in Fig. 2 and connect to a short cable that crosses pulleys
“LP” and is fixed next to “VP”.

As for user safety, this can be ensured by blocking the
cables at a certain length. For extra safety a backup cable
runs through the center of the exo-spine.

B. Control

Forces on the cables are generated using 2 motor located
below the base vertebra. Using the hip-spine fDOF as a basis
for the control, the torque control signals of the hip motors
added together, M, become the control input signal for the
exo-spine. Although likely possible, using the back muscle
(erector spinae) BES would only add to HAL’s setup time.

During usage the cable length is known (from the pulley
angle), but the positions of the carried loads are not.
Moreover, there will be a certain friction that reduces the
required cable force, F .., when the exo-spine bends down,
and increase the force when bending up. In addition,
measuring the generated moment on the exo-spine, M., is
not possible due to friction as well as unknown forces from
interactions with the wearer’s body. However, assuming that

1.5

1.2 e

1.1 »#

1
0.9
0.8

Rspine,hip

0). 6 12 18 24 30
Rotation of the lowest link (deg)

240mm 700mm

seseaz=e 1 20mMm

Fig. 4. Simulation results showing the ratio Rynen, 0f the moment at
the exo-spine to the moment at the hip versus the amount of bending
of the exo-spine as measured by the rotation of the lowest link. This is
shown for loads carried at different horizontal distances in front of the
HAL’s shoulder motor with the base of the exo-spine straight, and the
shoulder girdle not abducted. As the controller can not measure the
center of gravity of the load a certain distance must be assumed.
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the friction is a linear function of My, and Feg, it will be
possible to do experiments to obtain two formulas, one for
bending up and one for down, that give the ratio Rease,spines
which is Fpupe / Mypine, for a certain length of the cable below
the base, Leapse-

To further calculate the required torque in the exo-spine,
the 1atio Rpine pip, Which is Mpine / Mjyp, must be known. It is
determined by the position of the center of gravity of the
carried objects and HAL’s arms with respect to the locations
of the exo-spine’s ICOR, which move as the wearer flexes
(Fig 1b), and the center of rotation (COR) of the hip. That
the center of gravity influences R,y can be seen from the
results of a SolidWorks Motion simulation comparing
different horizontal distances from the load to the shoulder,
as shown in Fig. 4. The further the load is held in front of the
shoulders the lower Rnenp. A distance that is most likely
found during usage must therefore be chosen.

With Mj,;, as the input signal the force F . becomes

Foapie = Mgy R R

[ spine” “spine hip” “cable spine *

(M

in which both ratios depend on L., While Reapiespine also
depends on whether the exo-spine bends up or down. It is
possible to obtain this bending direction directly from the
wearer’s behavior. In addition, to save energy, when the
exo-spine does not move the motor control should be in the
“bending down” state, which gives a lower Fiu, and
combined with the friction will still be able to hold the load.
When the wearer increases his hip BES for some short time
while the exo-spine does not bend down he can be assumed
to intend to bend up. As soon as there is no motion for some
short time the wearer can be assumed to intend to hold still
or bend down. A further compensation may be included to
change Rqyimemp according to the absolute angle of HAL’s hip
component, which is measured standard in each HAL suit.
Since feed-forward control is used and friction might
change due to temperature or wear there will in addition be a
“friction dial” that can be set by the user to let the controller
assume a lower or higher friction. This will also be
convenient for the user to set his own most comfortable
setting based on his desired spine muscle activity. Since
movements will be slow and not cyclic it is expected the
feed-forward control will not result in unstable behavior.

IV. EXPERIMENTS AND RESULTS

The exo-spine, yet without a motor for actuation, was
attached to a base to examine the anticipated friction by
measuring the forces during up and down movement, and its
controllability by verifying the friction’s linearity. For
testing, and because of the high cable forces, this base was
fixed to the forks of a manual forklift, while the cables were
attached to a force sensor tight to the forklift base. The
exo-spine was bent forward and stretched by lowering and
lifting the forks, thereby releasing or pulling the cables.
Motions of the exo-spine, obtained using a motion capture
system, were recorded simultaneously with the force data.

In order to measure the cable forces at different loads the
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Fig. 5. Graph showing one up-down cycle of the cable forces, Frope,
vs. the angle between the 1% and 3" vertebra and the vertical for a
load of 11.2kg. In the left encircled area the neutral position was
reached, in the right encircled part the center backup cable stretched.
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shoulder blades were locked at zero abduction and arms
were attached for hanging weights. Weights were suspended
at 37cm from the front of the shoulder blades. A few times,
when the exo-spine buckled under loading the load needed
to be released for the springs to pull the exo-spine straight
again. No other adverse effects from buckling were found.
The ROM were measured to be 64mm abduction of the
shoulder blades, 44deg forward bending (as in Fig. 3a),
33deg side bending (Fig. 3b), and 32deg rotation (Fig. 3c).

A. Friction

The exo-spine’s friction behavior has been tested to verify
the usability of the proposed control method. Fig. 5 shows
the cable forces of one up-down cycle for a load of 11kg. At
the left encircled part the exo-spine reached the extension
limit; the right encircled part occurred when the center safety
cable prevented further movement. Comparing the up and
down going parts the effect of the friction can be seen.

Applying, e.g., twice as much load results in twice the
values for F .. This can be confirmed from Fig. 6, which
shows the normalized cable forces, i.e. F .. divided by the
load, during downward bending for 11.2, 14.3, and 18.0kg
loads (twice per value) lying close together, indicating that
the friction is a linear function of the load. This
predictability of the friction is an important prerequisite for
feed-forward control. On the other hand, the variability, as
seen from the spread of the lines, shows it may not be
possible to have accurate control of the assisting force.

In addition, although individual Dyneema fibers can not
stretch it was found that, as each cable consists of 12 strands
braided together, these strands become squeezed together
under tension, which results in a small but significant
lengthening of the cable that could distort Lese
measurements. This effect can be seen in Fig. 7, where
increased loads show increased cable lengths.

V. DISCUSSION

Even though the exo-spine has not yet been combined
with HAL there are several indications of how it would
perform. Its ROM, for example, can be compared with that
of the human spine. Results of various studies are listed in
[15] and comparing with these shows that the side bending
and rotation ROM are around the average of those reported
for the human spine. Although forward bending is about
10deg less, experiments will have to verify the full matching
of exoskeleton and wearer before reaching conclusions.

Regarding the shape of the exo-spine, even though it is
convex, its sharpest bending point is still at its base. For the
human spine this is higher, around the lower thoracic spine.
However, most of the exo-spine is not fixed to the wearer’s
spine and a small gap between the two just above the base
can accommodate this difference. Similar effects will be
seen for side bending and rotation, in which case differences
can be accommodated by a slight S-shape of the exo-spine.

Although the friction is fairly substantial, the device will
most not be moving and, owing to the friction, require less

motor torque during those times. This also helps to save
energy, probably more than offsetting the energy lost to the
friction during lifting. As for the likely reduced accuracy of
the feed-forward control due to the friction, it is quite likely
the wearer will adapt his own back muscle force slightly and
even unconsciously to maintain full balance.

From now on the exo-spine will be extended into a
simplified full body exoskeleton and worn by several
subjects to fully test its performance during lifting. When
that is successful a specific control algorithm can be made
and tested for SCI patients.

Overall the exo-spine is likely to provide a valuable
improvement to the versatility of exoskeleton wearers and
consequently to the usability of exoskeletons in general. Tts
basic structure as well as the usage of fDOF and focus on
maximum effectiveness of a minimum amount of actuators
could benefit the further design of both exoskeletons and
rehabilitation devices such as back supports for SCI patients.
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