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Risk Assessments and Safety Testing Methods for
‘Wearable Walking Assistant Robots

Cota Nabeshima*!, Hiroaki Kawamoto*® and Yoshiyuki Sankai*2*3

Variety of Wearable Walking Assistant Robots (W2ARs) are appearing on the market. Their safety attracts the
interest of manufacturers as well as the users. In this paper, we address risk assessments and clarify the typical risks
of W2ARs. We also discuss practical safety measures for the risks. The strength testing machines are proposed and
produced to verify the inherent safety measures: the mechanical angle stoppers and appropriate assembling. This

paper will aid the industrialization of W2ARs.
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Table 1 Wearable Walking Assistant Robots as of May 2012

Manufacturer, country Robot —[

Robot Suit HAL

CYBERDYNE, J» for Well-being [1]

Honda, JP Walk Assist [2]

Hocoma, CH Lokomat [3]

EKSO BIONICS, US eLEGS 4]

Asula, JP WPAL [5]

Hart Walker Japan, JP Hart Step [6]

Tibion, US Tibion Bionic Leg [7]

Argo Medical Technologies, IL | ReWalk [8]

Toyota, JP Independent Walk Assist [9]
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T, BROLEHZVHCRTHIIEEREOREL 20T
wh,

FEHAD 2 ETIE W2AR 2 NRICERMZY RS TEA R
VM REML, W2AR BRI A 2 RAHib 5. VR
T BEROIOORESEE 3 ETHH L, W2AR —RICER
TELFRHLRESREZERTD. 4 ECHARANLREET
FOREBEL LT, BRA07% A BHIIE ORI LR
R HEE L EIREOREREBRE R REL, FBELHRT 5.
EREL-RBEEZABELTORy b A—Y HAL A 1] 23
FICRBEERL, ZORPEERT.
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(2) DERREFHEELRFL, RIS 2

FHDSTRB TRy b OY R0 5 L RLERBE 753
Table 2 Matrix to derive Exposure level
Avoidability

Al | A2 | A3 | A4

Frequency | F1{| E1 A El1 | E1 | El

F2EL [ El1 JE2 ] E3

F3 1 E1 | E2 | E3 | E4

F4ii B2 | E3 | B4 | E4

(3) BfERIEBLARSFROPETREL, BEYAI %
D

HRBETHOALIN - BETEREL, BEVASO
R B Ic 2 — IR T 5.

ABRLTHE W2AR OBARBIEY “BE L ORy MILY
BESHAEBIIELT, HARATIF22~5ldoT
RIS S IE by Z2EIL, EHEOBTEEET
e LEEL, BESNRYAITEAAY PEToT

EARBREOEHELD, W2AR DI,

e EHFHEL TRy ML 2o TEETS S

 EHEOEES L CIEBEFEADIC 2 LERIC, &

FEDGEFHERHZETS
o EEIIE, BEERTAYPETABERLLS
(O, BT, B, EE S EoIMmILiw)
LW BEASH D LG o,

EROEFRERPS, W2AR CBEHN2EBRREL LT,

Hl: B7 VA RENICHASKhAREZEILH/ vy
BBV, FEARE, SRR EEEICENE
ni .

H2: BEE OB NS UATELASERE LT, BRRICE
B3

DIONET bR

HI, H2 ©iEhi0iE, TP ERa Ry P EERIL, 0
BMANDIEDBELRZAP NNy 7 —OFET, BESOHEE
BRSO EER EWNTF - PRI VIERREL LTETS
nr.

FERPIEICH LTI R 2 2H Y B THHEL LT, IEC 61508
5[15] OBERE B THAEATWE Y AT M) s RiEES
FlLL. H5HLOEHELALYAS TR A% Table 2,
Table 3 II7RY. TOFETIE, BRINEORETERE (B
LUV | Frequency) &fEBREDSOERTIERE (BELN
Vv Avoidability) IR LT, El, E2, B3, B4 OEFEL UL
(Exposure level) #HET 5. HELARELVEEINE
LEEDEKRE (BEVAW . Severity) ETWT, VA
VAUV (Risk level) &5k B. YA S LAY X7 3 EWE
2 RID, RI, RIZEID BT oD,

Table 2 3 LU Table 3 THX, BV WM FLHEVEEE
VAV 81 DBAEICY AZ LAVAMES 2B XY ICRRES R
T3, ZhE, “SEL2TEYRZEEY 50 %
EFBTNEVAZ E2W LW EBREZEBL- O
Twa, TOX)REBRERBLALYRAZ VAVERETED
TEN, VAZR M) AERREVARAETHS.

Table 2 3 X U Table 3 # VT, W2AR I45Ey 2 fabeik
REHL H2 QMBI RAZ VAVERD ST, R R LA
NERDBEOK, REAFeMOIBALZVWEEZEELA
HY B ThEEREE Table 4 10RT. £, EBREZ Hx, ¥

(4

o

BEUFy pELE30E ST —9—

Avoidability from hazardous situation is as,
Al: “easy,”

A2: “possible,”

A3: “difficult,”

Ad: “impossible.”

Frequency of hazardous situation is as,
F1: “never,”

F2: “rare,”

F3: “oceasional,”

F4: “often.”

Table 3 Matrix to derive Risk level
Exposure level
El

E2 | E3 | B4
Severity | S1 - - - -
52 - - Ri | RI
83 - RI | ROl | RE
S4j RI | RII | RN | RO

Severity of harm is as,

81: “no injury,”

S2: “curable or minor injury”
e.g. cut or scrape of skin,

S3: “incurable or serious injury”
e.g. loss of fingers or limbs,

S84: “mortal injury.”

Table 4 Initial risks with no safety measure

HI: Excess assistance |

F | - 4 |l If restraint devices are used {e.g. straps) to trans-
f mit power 1o the wearer, the excess assistance is
Ll foftempossible
-4 || If the restraint devices are hard to detach in-
stantly, it could be impossible to avoid the sit-

- If potential output of an actuator is far exceed-
ing the wearer’s tolerable limits, it could cause an
injury {e.g & sprain) of the joint.
- 1 || It might be an unacceptable risk.

H2: Collision with floor or wall ]
| - 3 || If instability of balance is exploited to walk with
1 no extra walking aid, it could happen as fre-
1 quently as without the W2AR.

- 1f the wearer is not able to take a defensive action,
the collision could not be avoidable.
- If the head of the wearer is collided, it could lead
t0 a serious injury.
- I || It might be an unacceptable risk.

ELAVE Fx, BBLVVE Ax, BEV~VE Sx, YRS
LAUVE Rx THRLTWA. EV-UVE ) ¥ CA-BHEES
RS

Table 4 Tit W2AR OFHE2FEL, £ UVICHEL
B, ReFREMIBAL2VEAREELALLDICE
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3. W2AR ICHBMERLHR

ELABRTWS Y A2 R ERT 5101, BFOREHN B
RATTCAR [14] % [16] 72 &) BT ON TV A REFHKEFIHT
NIZEV. FERSUTIE W2AR ICHFBA0 2 iR H1, H2 @
I AZICHL, 0L REEHFERFZE,ERET L.

WELAREF KLY, KENRELELFH (Inherent safety
measures), HHIC L 5L L5 H (Functional safety mea-
sures), JEFIIC & B2 H (Operational policies) 1-53H
L, Table 5 & Table 6 IR, ZREFRORIZONVT, &£
1FICREFEOMERE L. E2F0], ELEHRTE
BLASa SR TE s L NVERSTRLTVWA. P
HEEVAVOER, AREELNVOER, SEFEELL
DEREERLTVS. LAVHEORERRENZ LELDH
1%, BEEERLT T r—avitkoTRRL D, Zhb
DRIEED 2oz,

T Far—y e REZOERHICEDETREL, B
HAEGRERG S &, FRRE HL £55 CEENTRE
KL REHEL Bbhi: (Table 5, KE-F). ZOREHED
BEEIE, AERROBERRLR ETHRELELLNL

FERIREE H1 2 S HERET 2 72012, #ild 2 iEH#icioT
EEFRRTHHEIEL SN (Table 5, RE-A, #E-A).

Table 5 Possible safety measures for “Excess assistance”

H1: Excess assistance

Lr LD D555 ORBRITEREE O B X2 28RN 2 /i
BB ERERL, HROCRRREH KB EEX
bz, REFEVFENF—FICRBHALERD.

AT U2 BEERBITORREICTENY, HROICERR
BEH2ICE D L bWz W2AR OFEMEEICBT BRI,
SRS D B LEET 2 BB RANHRIEER L Bbh
B, BT L Y ReETHHRELINT 22&H%E LT, W2AR
DRLREEC BV B+ 2 ESLES BbI (Table 6, &
H-F).

BHEE (A Ay Ml BoYR-5 ) REE LI E
i, AF—RA7— b2 oEESNA (Table 6, EMH-S). LA
Ladth, TheREEIEREZENONAIBNEDHS. —
BT, —REZMEBE (BTECHRY) OFHRRZEICY
BRTHY, ChozRATHIEINLYRYRRFTLELS
N7z (Table 6, FEFB-F).

BEOL A, EBEL W2AR O Y A2 FRFICHIET 5
FHEEERCDEL SN THEVETR S, 20725 Table 6
DI L B EEFFE, FHESVERICEDbRL,

W2AR MEL BERLTWARVERTE, VAZLRVEE
BICHECELRI T - Bo MLV, ZOLDREFRE
FROBRE Y A7 b —EEICRME % 5. FHXLTIE Table 5
& Table 6 CTHRE SN ARBENLELEFEIL T, HIETS
Table 4 DREL N /ERELOV/FEELNVH 2 LRVE
BENDLWELz, FLERCLAREARICLoT, B
LAV BBV AN EELANV L LOUVEREND & LT

ZOREWCET L, Ok H1 O X 713 Table 5
DFE-F B L TEH-F OREFFICL o T, FEHRINE H2

der wearer’s mechanically tolerable limits.
Tunctional F | Control force, torque, velocity, angular
safety velocity, position and/or angle to keep un-
measures der wearer’s mechanically tolerable limits.
A | Automatically dismount the W2AR from
the wearer when the excess assist: is

Type Factor Safety measure
Inherent F Place actuators at each joint of the wearer Table 6 Possible safety measures for “Collision with floor or
safety and mechanically limit the angle. wall”
Design masarnm ratmg of ane ‘ H2: Collision with floor or wall
der wearer’s mechanically tolerable limits. [ Type Factor Safety measure
A | Mechanically dismount the W2AR from Inherent F Embed an additional assistive device (e.g.
the wearer if beyond the limits. safety a body weight support system, a walker,
S | Design maximum rating of actuators un- measures a cane or safety wheel) into the W2AR.

Design and assemble the W2AR with the
strength to the collision with a floor dur-
ing walking.

w3

Design the W2AR itself as a protector
with exterior covering the. whole body.

detected.
Aut

ically stop the ’s output

Functional F Control the balance with predicting the
safety collision.

instantly when the excess assist is de-
tected.

Automatically stop the ’s out-
put instantly when the request from the
wearer is input. (e.g. an emergency shut-

A | Control avoidance behavior when the col-
lision is predicted.

S | Control protective behavior when the col-
lision is detected. .
Initiate an air-bag when the collision is

mount the W2AR.

S Instruct the user to use the W2AR. with
appropriate safety equipment to protect
the joint of the wearer.

down system) predicted.
Operational| F Instruct the user how to adequately ad- Operational| F  |Instruct the user to use an additional as-
policies just the alignment of the W2AR and the policies sistive device (e.g. a body weight support
control parameters. system, a walker, a cane or safety wheel)
A |Instruct the user how to stop and dis- with the W2AR.

TInstruct the user to use appropriate safety
equipments: a helmet, knee supporters
and elbow supporters.

>
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DY) A7 i Table 6 DAE-F L USEA-F DREFEIC
£oT, THERTEZLEL LN BRELT, W2ARK
REEWLETEFREERIC L 2L REETTERAL, B
FNCREEC X 2 REFRLBAT S I LPIRLL BN,

4. FENLGRLHRERTT 3RERBRE

BETHE L-REHKD ) B, BB L HTEHFREITH~
FENREEHREERCLBREFEEI L O EES-
o, BMSEEY, BEEREOLLOCE, S 0oMERE
AR EEFREELERTHLEDRE.

A % ABERIIR 2 EOFRBR R REFTROFBEEEBEC
BETHLEELD. FENLRREAROLKKIZETERNY
AP BN BRSNS D, BERBRICIVRETS L
HEE LW,

BB RN o P 2R E AV ARY, W EAOME
REREFERY I 2L - a v VRETREEDNRS. —
T W2AR OHASEIH L TR T EWELE, %%
BoSGORD, #HEYE BFSEOBBICI)EBRTER.
ZD7HERENCHITRER RS L -MERREEE T2 L
DEE LW,

FEROCTIE, B2 AEHRICH T2 RERREL LU, %
FIRECTOHITEREE L W2AR OHRELSEICH 2 HAER
BRETIRET D, 2BERCERRE VT MY IR
LT REFTEOMEETE IR [12] % [14], [16] 2 EOBHFOLE
BB H 5. BEEZILBURLTIAS 2ERTN
ZrEbNB.

4.1 BEOEHENRICHT 2BERR

3ETI, BIENES S EOFEHEICHRT 5 RHI%
FEFFEELT, BROZAENELEELL FKRLTR,
ZOBERHBROBEMEERTHEL LT, Fig. 1 OBERRE
ERET S, OMERBRETIE, RESSROMEHICOWT
AREGIBROWEEE 2 KFIC LRET—HMEZEEL, &)~
CEERYMT S, AL, HHEET S W2AR OBIEIAEY
HEDZERRELTYS,

HBEBb Y LA, BEHETEEDLILTITORE. 20
BRERICBTAEMBICELI B, MBIV F-IHL
THFEMICR 2 LELONE, Ok, HbLITHS (b
LIFAEBLY, ALY ETORE) LBL)OREIH

Gravitative fall

Stationary wall ~ Weight

Mechanical limit

/ Test joint

Fig.1 The concept of tester for a mechanical limit of a joint
angle

BARORy PEREE 30 %8 % —li—

BNGA-FLih IRLDNTA—-FiL, EEFL W2AR
O (—H0) BREPHERBHAREIKEL TEDLILNE
FLw,

PIZERBEROBENRENRE T84, HEL LTH
TREZEETHE I, TrFax—i-+45700sRE
EHNTERVHETHoTH, LELRIINF—PHEDR
ERD RIS IR L TRBRT B,

BEOHEEECIX, REREERYELLHEDAEDT
FEEOBRESFATES. £VELEHIE W2AR OFERS
FIRFERE, 77V —Ya YidEELTEDRITE

IR LR E Fig. 2 1ORT. B, gafy Px—
Y HAL LB OBME 27 A =2 L LTRY T TV A,
ZORBBE T 4 YFICL o THE S, Bb ) 0EEHD
L, 79y FENTILTBLDERETEES. FAMY -
ADBEIRI o B EME, TEATERBL, HBITR
BTt A LT, TARBRBOWEICE Ly
EYFFEYMToNTEY, HEHRICHREL-BOENZ
RELAZLATES.

FEROFMED-DIZ, FAPE—ROBERBREITo72 &
BFAPE—RTAWATEY b A=y HAL A0 AR
B, cNETOEEFCBATHERLTEBENELZZL
=300

FANE—AQREBIVBET 2 EHEOREELHH
FELLBETHER, B2roBTORCETOWREREE, 775
I—5 ORAMSARESS, SEHRCEETIRATOR
EOERLRVF— 134 15 3] L RAS Shi

MERBRICF A PE-REREBELE, FAME-REB
b0 EEDELERE 6.7 ke], H5BD Y OELFE TOEE

Test piece

Fig.2 The testing machine for a mechanical limit of a joint
angle
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1% 0.35[m] X207z, FbhEITAEER n/d[rad] & LIZHEOM
BEIRVF-ER 16 [J] LRKS Mo, HEETAEE
LT n/dfrad] ZEV: 2. ZRLORBNST A—F 2 AV, B
FREBREL LT 7 Fas— % %57 A PE—RICHEALRA
FERBE RSB 2T o .

EBREERERTIE 100 BORBETo7e. REDODLITA P
AT, TEBELE b0k, T bvr v YOl
ZihD SAEFRE COEETHY, EMENLBANE-s %
HELIE A, Fi50.33 [kN], FBHHEZE 0.0065 kN] 2o 7.

4.2 WERFICHT IHERR

W2AR BEEREZEED LI, HTOLDIERTAERLL
Bish LALBBIHLTEZ, SARCERLTELLE
FINORBEL MY 2 BEN2RABRERETI S TH 2N, &
NITEEE L ERCGETAWES—H T2V EFRREE
Eibhb,

Vv W2AR BHER EHREICELUL TS, BRI HE
DEEERERIL ISO 10328 [17) TEE{LE A THEY, OB
W2AR OHGESEIIHN T ARERREZEX 2 LTHRELED
ns.

ISO 10328 Tit, MFOAEFRICHITE— 2> FAEMIE
NBEHET, 1~4[Hz] DY B LERWEZREICEIINT 55
BEERLTVS. hE 80 ke OEFEXBELLHEOHE
A, 1,180~1,230 [N] OIEMA&H % 3,000,000 EMME7zd L0,
EREBBEOERIZL > THES NS,

EHEOLBEZI X THTTHEMCY LT, IS0 10328
DRBREMGRE EEZ 6ND. ISO 10328 DREREMFE, %
THOERIZLZTELZFED 16 FLRML Y, SOER
B 0% T 2% BHOBREEERLCVAZ & ITHETS (272
L, HR 1 HIZ5,000 EERTSE L, BEERBIIENS
B LREL).

W2AR OBE, WEISSEFIOHUT 5720, BRI b
ERHMENNEVWEHFETES. LA LR HEEEL W2AR
EABTAWEORRIZEAR TR, BiRERNRBRIIZSE
TERWVEVIHHENDH .

BRI, EFEEOAMPEEEHE LA F—VIC W2AR %
EFEE, FTEEHILTRRTEZLEDNS. LMLHE
RTREF-VERELTCREHKTEGIIEHFELL, o
HEREORRABAMRICEREEZ 5.

KR TRET 5 RBEE Fig. 31TRT. #RE22 W2AR
TEFEEREABOFETF—VIESSES. F-VORE,
FAX, ELHAERERT A EEELERTS.

HERTHE, F-VvEHLLT, BENCIVETSE, HRSE
5. BRECIOIHREINF—VERETZHE, BB
FA-SERHLETEEDREL S, TOFLEITRERE, &
FElLoTEDOND. KWEGHRBFERICHA 2FbLTHE
POBEBRREED, RRAOE -7 HFF-VOEROD 1.6
BELLIBSERBEL, ChEEVELEBRTICAVE. 0
RROKTFE, BREAROFREITokd L ORELTEED
FC Lo THETE S, WEABEME L T221, W2AR
OEGHART 7Y r—Y s Y LTHRET <& L BbiL,

ERCEMEL - RBEY Fig. 4 [ORT. RBBICE, TRy
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Winch

Gravitative fall

Fig.3 The concept of tester for strength of assembling

Lifting slider with clutch

i Phars

Fig.4 The testing machine for strength of assembling

PRV HALB#HERFA PE~R L LTHDHI TS, o
Hy A=Y HAL B4 O B HERER L REE~ ORI ik
DFEEE Fig. 5 \RT. TORBBIED S A FEMALT
FoWZEFAME-ARHLEY, 75 v 72484352 TH
TEED, FbLTHSSHEETET, KRECHERL O
YHILEoT, BRBORRIE TS TAEETAL TV,

REBBOFMODIZF X -~ ADBEREETo. &
E7OEADER, 20 [mm] OFbL LB E»LET - HHEEE
b &, K-y 28[kN] DREASEONL. TOL EEH~
OWER 1AN], (F=WE FRAME—-22EDLERO 1.8
%) LEFESNL, Fo%, HFHETHE% 20 [mm] KBEL,
EREDET - K% 30,977 AEH LIz, TOBTFA -2 %
Rz, WEEER, BREZEETIAVOBELE
ot

Fig. 6 13, ABFIBELNAEREAIOFEFHLZRLTVS.
SATOFIGIE 2.88 [kN], FHERZEW 0.106 [kN] ThHo7z. B

Oct., 2012

ENRBHTHP O ALY FOY A7 G EReERERE 757

Cuff and belt

AN
Passive joint

Fig.5 The abstract structure of Robot Suit HAL for Well-being
and its installation to the testing machine for strength

of assembling
—
3 0
£
=,
o 7
kel ;
= ;
2 2000
=t
2
S
3 1000
=4
] ]
g 1]
£ o ——nnlRR ‘ ‘“‘.

258 267 278 287 295 404 343 32
Floor reaction force [kN]

Fig.6 The frequency distribution obtained by the experiment
of the testing machine for strength of assembling

12 258 [kN] THY, TRIEF-VEFAPE—REED:
TWEO L6EERI TV

ZOERE, RELCEBREISTTORERBHETEAT
LEFERLTYS. Z0X)2EFEEEVAI LT, £k
HED W2AR £F0BEZFETE 2.

5 % £

4ETE, VAZTEAAY MHLEHANT W2AR ICHER
HAREFROREFEL UCHRERRETREL, Tth
FRATIREREEZER L. W2AR OXEHLRRLE R
THEMNRFEL LT, InbLOREE RERERREED
niz.

QETIRYAY THAA Y P EHANATo7%. BESZYR
ITHARAY MCESVT W2AR 2 ZE LGS, TOYAY
BHOPULDERENTVWEI LR, ZNEE, HOGE
REEQRAETREN, ERRED > 0EBTHE, fFOEAS

tIEC 62304 1, RLMEBILBVAV I I I2TOFLTHFA T~
DEREFED TS, IEC 62304 OERIL, TEC 61508 AEDHZ VT
P TADERELU TS,

BADFEy MERRES0E 8 T —13—

BEATLEY, HoPBHY A BFEETERZY. TRV
ZEIAMD MU= FF7ERSTHAY, W2AR OBLEES
Y A7 ZZLREY NS HLRT IR 5% (ALARP).
DF VREREFRFANLIREFREZBIHTHI LS, &R
LAREFFANOEELE(HALZ2XILoT, HREOAN
1S VERBLETALENHHEELS.

L1 W2AR ITIBBEII L S REFENDEL 2o0EE, B
FEFEE L IEC 61508 2T OIS OME L E A 21TiUd:
SV, L L W2AR OF&irEvicd, SENLRReHE
EEBILIBESFMIIL T, EETERWY RS EH4IC
ERTEDLEZLRE

WZAR RE0B#PR), S, HEOTRTIEWT, I
TR PEEBO Ry FERRL. TOD W2AR i3, #
ROZLFH L) L EFRBBOTL2HELOEIMEL TwHT
A% 5. 1S0 14971 [11] #° IEC 60601-1, IEC 62304 [18]
i, W2AR CHTAVAY TERAZ PRYASERIION
T, BROTLEHLEHNOBATEIT(RA.

2012 ], F—YATHY FOEBEESEHIS0 13482[19]
DEFAEoTD, TOERETHERSERRDAY bO
FLEHEFIIILTWAERD, W2AR (I8 L THRH5 2 FREIC
2ATEENDH D, FRIORERSE, ¥—YA0Fy b
EREeBiBAETEILDEELS.

6. ¥ ]

ERTE, FRVBICHAENTETEHTRY b (Wear-
eble Walking Assistant Robot; W2AR) ©Y A Lggelt®
READIL, FTRANLFERTHIVAITEAAY b E
EHL, TOSEEL LT, W2AR SRS 2alRiaET, <8
TYAMIEDSE~OBAE BIV, ST UREHLLE
DEREEDEE THHIEERLA.

W2AR (CHENLRERREBIN L TEI ORI HED
FiEEL, RECESWITORLEZREB L. ELERNR
FLFEOREOFEL LTI 0ORERBEZARL, Th
SATELBEETEE L. BRLABREROYEES, ©
Fy P A—v HALEHBOREFRROERIC Lo TERL .

W2AR OREEM - REOFE LT, ZORIFEW2ARE
HSEIEEL, LS 0T —YADHEy IS HRET
BT LEBETA.

B OB AFEo—8IE, RUFEEAFIAVE- - BE
SHEARBRE (NEDO) OBEEBR LU, REFREE
FEEEXS 0y 20-RE LTTbRL

& F X &R

[1] CYBERDYNE Inc.: Robot Suit HAL for Well-being, http://
www.cyberdyne.jp/english/customer/index.html.

{2] Honda Co., Ltd.: Honda—Walk Assist and Mobility Devices,
hitp://walksssist.honda.com.
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Abstract. We have developed the Robot Suit HAL (Hybrid Assistive
Limb) to actively support and enhance human motor functions. The HAL
provides physical support according to the wearer’s motion intention. In
this paper, we present a case study of the application of the HAL to gait
rehabilitation of a stroke patient. We applied the HAL to a male patient
who suffered a stroke due to cerebral infarction three years previously.
The patient was given walking training with the HAL twice a week for
eight weeks. We evaluated his walking speed (10 m walking test) and
balance ability (using a functional balance scale) before and after the 8-
week rehabilitation with the HAL. The results show an improvement in
the gait and balance ability of a patient with chronic paralysis after gait
training with the HAL, which is a voluntarily controlled rehabilitation
device.

Keywords: Robot Suit, HAL, Rehabilitation, Locomotor training,
Hemiplegia.

1 Introduction

It is important to rehabilitate the walking ability of those that have suffered a
stroke to restore and maintain their everyday activities and quality of life. Loco-
motor training performed on a treadmill with the manual assistance of therapists
has been suggested for gait rehabilitation based on motor training. Repeating a
stepping motion on a treadmill promotes motion learning and improves walking
ability. However, this training approach places a heavy burden on the therapists
as they need to swing the patient’s paralyzed legs manually.

To avoid this problem, robot technologies have been applied to locomotor
training. Gait motion support is provided by the actuated joints of the robots
instead of the therapists. These robots apply a predefined motion to the patient’s
limbs regardless of the patient’s intention to step. The effect of this kind of
passive locomotor training has been investigated [1].

K. Miesenberger et al. (Eds.): ICCHP 2012, Part II, LNCS 7383, pp. 184-187, 2012.
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As opposed to passive drive robots, we have developed the robot suit HAL
(Hybrid Assistive Limb), a wearable robot that supports the wearer’s motion [2].
This motion support is provided according to the wearer’s intention to move by
using bioelectrical signals from muscle activity. The wearer operates the HAL
voluntarily and receives its force as support.

However, little is known about the effect of long-duration locomotor training
with voluntary motion support using the HAL on stroke patients. To investigate
the effectiveness in a large-scale controlled study, a preliminary evaluation of the
effect of rehabilitation with the HAL must first be conducted in the form of a
case study.

The purpose of this research is to evaluate the efficacy of HAL locomotor
training for a chronic stroke patient.

Fig. 1. The HAL suit for well-being (left side) and a stroke patient wearing the HAL
(right side)

2 Methods

The HAL is an anthropomorphic structure designed to support the lower limb
functions, and consists of a frame and active joints (Fig. 1). Each of the active
joints of the exoskeleton (hips and knees) has one degree of freedom in the
sagittal plane, and generates assistive torque for walking assistance. Control of
the HAL system rests with the main controller, the purpose of which is to control
and supervise the power units, monitor the batteries, and communicate with the
system operator.

The HAL can be controlled using the Voluntary Control method [3]. Voluntary
control provides physical support according to the wearer’s voluntary muscle
activity, which can be detected with the use of electrodes as electrical signals on
the skin surface over the muscle. The electrodes are positioned directly above the
muscles to estimate the voluntary flexion and extension torque. The electrical
signals are then processed by the HAL’s main controller. This signal processing
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allows the HAL to estimate the assistive torque that each active joint should
generate to assist the wearer’s leg motion.

We applied the HAL to a 74 year old male patient with hemiplegia on the left
side due to a cerebral infarction that occurred three years previously (Fig. 1).
The patient could walk with a cane under supervision. Although he had received
rehabilitation for the past three years, improvement in his walking ability had
reached a plateau. He was therefore, given locomotor training with the HAL
twice a week for eight weeks. The duration of each training session was around
20 minutes. We compared the mean angles of the left hip joint with and without
the HAL for a gait cycle, calculated as the average of ten gait cycles. The angle
was set to 0 deg in the standing posture and considered positive during flexion.
We evaluated the patient’s walking ability (by means of a 10 m walking test,
10MWT) and balance ability (using a functional balance scale, ¥BS) before and
after the eight week rehabilitation period with the HAL.

3 Experimental Results

Figure 2 illustrates the time-normalized hip joint angle starting at the left foot
contact during one cycle with and without the HAL. Wearing the HAL increases
the motion range of the left impaired hip joint. Figure 3(a-c) shows the change

&
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: /
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Fig. 2. Left hip joint angles with and without the HAL during walking
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Fig.3. Change in walking speed (a) and number of steps (b) for I0OMWT, and FBS
score (c) before and after the 8-weeks locomotor training period with HAL
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in walking speed and the number of steps during 10MWT, and the total FBS
score, respectively, before and after the 8-week training period. An increase in
gait speed of 0.08 m/s and a decrease in the number of steps of 5 steps were
observed. An increased FBS score was also observed with improvements of 3
points.

4 Discussion

The purpose of this research was to evaluate the efficacy of HAL locomotor
training for a chronic stroke patient. Gait speed and number of steps showed
improvement after the HAL training (Fig. 3(a) and (b)). The results of this
rehabilitation indicate that HAL locomotor training can induce improvement in
walking ability. The HAL’s motion assistance in conjunction with the patient’s
volitional motion increased the range of hip joint motion (Fig. 2), and the patient
was able to walk with improved strides during locomotor training with the HAL.
This locomotor training also led to an increase in balance ability (Fig. 3(c)).
Consequently, this effect would contribute to improved walking ability.

5 Conclusion

In this research, we investigated the effect of locomotor training with the Robot
Suit HAL, which provides walking assistance according to the wearer’s intention
to move. We confirmed an improvement in the walking ability of a chronic stroke
patient. As the next step, a controlled trial will be conducted to investigate the
significance of the effect on stroke patients.
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A Wearable Light-Emitting Sensor Suit for Supporting
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the Lower-Limb Motion Perception

1234

NaoTo IGarasHI, ! KENJI Suzuki, 1213
HiroaKl KawaMoTo!? and YOSHIYUKI SANKAI 12

This paper proposes a novel technique for visualizing lower-limb motion by
means of surface electromyography and measuring kinematics of human motion.
We developed a wearable light-emitting sensor suit that indicates lower-limb
muscle activity on the surface of the body in real time, by displaying the shape
of the innervated muscle on the position of targeted muscle. The developed sen-~
sor suit allows users to perceive muscle activity in an intuitive manner. Multiple
sensing of biological information realizes advanced visualization of muscle activ~
ity such as muscular tension on the suit. A cognitive experiment was conducted
to evaluate the system performance and verify the advantage of the developed
sensor suit. We also investigated the possible applications of the developed suit
in the fields of rehabilitation and physical training.
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