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Basic strotegy for HAL® medicol epplication in physician-initicted,
GCP-reguloted clinical studies for brain, spinal cord, neuro-musculor disorders

hE

Tokashi Nakejima
IS FTEUE N B SRS RTRNER

Niigota National Hospital, National Hospital Orgonization

1. HAL® 045 :
EGENESENARTS

[ERG EEER A 5 Az HALY (Hybrid Assistive
Limb™) OERHEEHMBOREKBIZONT, K,
TP, e - ARBLRIZ AT B RS o JE Ak ER
LW ETROEZEFHL T, BIEERboH
WM BB F — 2 oREa WA, TOM
IFIEML &N

HAL YO M08 & A il T, o 7 — 85
Wil 5 B TAOTOEEERS LY Te D,
HALMIZ iz S IR BE 2 i 5 L O S B 5
A, U TR &2 T & TV B exoskeleton
smu%ﬂ%zav>a@ﬁwu,HMﬁuwm#
BHELTEH 6T, B,k {‘m & %
AiE Ehsdb b T ET A, ;
s, HALS 24, #EEolkik Qi(vf“ 5
(bioelectric signals) & RIMLTHMT5ILT
T oS R EEENES A MHTE 28
A O EBONMP R IBFIZMMT 51E
BB LOHAL Ok &7 P13y 5 -V T

2. HALY 2RI &€ 3 ZDOHM :
CVC &CAC

HALYE ZooHEfiic &> T T &4
DR PR A 5 A S B U OB R o0 AL
BREHEMT 50K, &5 22Ok
12, ADS ML TG SR T 5 Bk E E2
B ERET 20, Ok TR
TOWET. AHZXAMITE, BEEOEDER
12 4E D < cybernic voluntary control (CVC) &,
HAL ™ 14 0 1 {18812 & % cybernic autonomous
control (CAC) IZ&k» T L THET.

T4 42823 2 (eybernic) ] &1, [HA4/3=y
Z (cybernics) | DEFFHMTH Y, TORER
i st 2 8P GRIERE) Bo<hELA
Norbert Wiener & 133 A [E ) 85 & R & /\
SIORBEGRE LT 4527 4 v 2 2 (cyber-
netics) A 2K 5D TEN, Fhizxn o=
s 2&EMA. ABBSGEE— 2 —-TH»L, R

AB &R E DA &, FEANOERERGS
THREARET2 0 BRANA DR, ¥4
732 %7 2 (cybernetics + mechatronics + informat-
ies) T

Z OPCERIRIERUGH, $RZ, BOEMEOUEE

TUOdhEg . MUEART, BHIERE. FRa o MIBFIOBUR S i 20135 95(12): 2088-93.
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A2, EE e & B RIBONMP R IBF 2K A
5L0TT. Fhhrs, HALME S 5w 3 M
{65 Z & alfET, HMEEF L, HEEF L,
W7, BEFLAHD, HEGTFHEEF L
EE, f&ﬁ*"t’éi’lbﬁ;ﬁ"éh #H 50 5H T
BRSO BRI o DAY S 0 5.

3. HAL*DEZHNHROA HZ X L

o

HAL'OERFEW LR EFD A =X Lz &
FEAUTHE & b i TR A HERUFRRS T :ﬁ
WTENE—DFDOHEFELTNI S & LT0E
7.

IR AT EPE O RNE, MR RiEE - AR (RGN,
FERMEM BRI OB, O =028 EME T
V5 HAL OEHRARO A E 28Ty, HALY
%3?»’353‘.'(*{“53\ 9, BT A S L Ty
L T EAIERITEYE T, Fho R, SR
FERRIRSE, m&w%.%M4&a&@ ferl i dt
T5IEHFERFOBEFI A AL BOEY, Hl
m%LﬁLfé.%wwaumﬂmmﬁﬁ&zx
BIMETEZT. HEMHTAZ -+ TEDL
BOETH, WOl a3 nEE b dA.

ff #% 9 12, HAL™ i3 neuro-muscular plasticity
(NMP) {83 5&REFLTOEY. BHO
T, U2 104 Ll _EAT A 5 interactive
Biofeedback (iBF) &35 SHEA -~ TuvE4.

4. HAL*OEFENEDHIr8EEh 3
FOE ]

Hmﬁ@ﬁ%%uoufd.mmmmm&
ability 94 BT R R B 2 3508
T B BATEEE L L T O BRI AL ﬁ_ ’é

NTHET (Table 1), BUER 418, Bk e W%,
ffE - AT H 5 SMA (Spinal Museular Atro-
phy © TFitE 2 HiAE), ALS (Amyotrophic Lat-
eral Sclerosis : MHEHME %M LAE) ., SBMA
(Spinal-Bulbar Muscular Atrophy © ERTFRiTE A
SEAE), MMM A NF - Vel T— T —

-3 —

by = AR, B R ba7 - EDIBRLLL
OBHFIZH L THEBEET > T2 (Hil).
ZCTEEHEH = 2 — o Y LD FREOHEIC
T BHAL O S h g g, &5
1, M=o v v KD EEoWETIES S
EEROHMEARELOTEAVH»EZELTH
9. 2D, B, AR BiomEIz kS
B 5 W BBITRLEIE L THAL " O 11
WEcEs LMoty HHMILE S
Za=rkh EEOEo (HEikEEE & T
DEO BEFELE) PH 0 52, HALYR
MIFIZ R RIS TR AV & &4 £,

5. HAREHOHAL-HNOLA

5.1 HAL-HNO1/RB INCY-3001 &1 ©
S

BUEFERE P OEBIENCY-3001 ikl & o & 4
(Fig. 1. [ Eahdt - iR s oM 7 1
ERIREG B 720 Oz B, R
BBy ba - X TH
Aoy b (HAL-HNOL) 2P 5 [ 3 R —
W & U TR a9 5 A bk
B o 24 — 3= REk (NCY-3001 3BR) | &
WS E A4 MATF

PR (20134F) 1 Ak & R E T, 3Dy
B C 2 4B A TR, BUTELE SRR Be i 4 wibi 4 &
LEE ORI T L FEREARE L, By
HlAANSGNTEHD, 201443 K £ TIZ304E
A REREMASTTETY, BEMkzL D
oy ThEY. KETHIIHE
ETCOF— WUERFEH Y, 7 — 2 [BlE IR
T RIZAD £,

5.2 BBRBEHAL-HNOI O®
HAL-HNOLZ EU TRln] & iz 0 I & »

TVHHEBERT (Fig 1 k), 2o,
EE - URIBE IR AR T R S ik

SERE S AR LTS TRETSH 5 2 & T

MO = 2 — 0 v HFEE & R Y A
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Table I BIAEHEIER R 3L L HAL-HNO O BEIENAT % ()

HAL-HNO1 hypothetical efficacy and ambulation disability disorders

- Diseuse gooup,

I - BRR

TEROVERG SR (SMA), TSR IR (L (ALS),

Neuromuscular disease

ERYFROVEG B
{SBMA), #& 2 b w7 4~ (Muscular dystrophy), JEEIE!S /34—
{distal myopathyl, > 40T« ¥ o by 28 {CMT) & E

Infection’

BRERERE

Neurolmunalo;

SRR

Nwmimuﬂnhgéichl 2

D E T OB A&
T, WA EESTETH, £
FAEEhTnET. ThEE D0 THSH
U, BEEGEE)EEICE £
HEL o 720

(Fig. 1 #5.1).

T e e LA & HAL-HNOL 2
CHIILE LR
YTIRGAAELAE TS S UBHIEHAS &
St OTY.

TFH, FhPEL 20 TT

Zduzkd,

OO SORR R R
HRIL OIS 7 5 2 Ok IR,

4 e S T

Db o E S PR T e b (HAL-HNOD 12 318
I A
PR IR 5.3 ABEIAhSREBHE

BEdE R OBBISIER I L oM
Zoa -0y IO TFROREIZLBHBHT, 18
W BT LA EEE, f:ki’a‘%ﬁ‘{ﬁ?ﬁb?ﬁ%ﬁiu&, T
SR A RO ALS, Yy — - ¥
Yoo by AR, R SV - S
FoAF—, YA PO T 4 -, BAKRGRS

BUATAEERT (Tab le 1).

DipE 7, BT, R4 A PR
DEFTLHI®PLI0 mﬁﬂj‘ﬁb’(‘ﬁ GBI
e fE R AVHAL-HNOLIZ & 3 B 473082

St Ak, M

i

A B kS g

T E

AhB Ik
BRAEOCT 2% &

— 33~
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Fig. 1 HAL-HN019 NCY-3001 A%

HAL-HNO1®DNCY-3001 8k

HE - Eﬁm&%rw HAL-HNO1 Bi%%

HPEHE - BESSBORTNUERNR IR 2 0OFELTER
i, EHRUECHED FO-A SN TERESMHON Y b
(HAL-HNOT) SCBIY SESENEN - EENRE LToFRIEn
RATHT BB DR A — S~ BRI (NCY-3001 BIE)
DR ;[ - BREDEFEPERE - BRAKBIMLTHR
ShETHESNEOSy b, HALBE - BREATREF (HAL
HNOY) EEEL, MROURENIRETEIET, EEE S
ETORBOETHFBMEND] LVSEROTT, !

HYF B LURE  BREFEOVBTEL S
EGREES (bioectrical signals) THE L
HEIRERCRRTE

of mator hunalion of who tave
< Panmesent Paratysis of Usids by wsing Cydermic Valusary
o Condrol B Vasetirs. BOUSH My s SANKAL Y conpo. 00

BERLBHETOLT (BRER)

time

oA MEITENE
o ZRFENE
~2AMBFFR L (FERD
e BIRITERE
CIOMBFFA+ (BEAY-F)
© BT L 5 ETRETIFE Patient reported outcome
measure * PRO
« ERMERWHC LD HTHE
SEEFATA L MMT)
< ADL I¥E (Barthel index)
« HAL-HNOT OB RT 3 8 0IFE
o EEEIFENE
* HEBRRDART
« HAL-HNO1 DR REFORMINE
WHEEZ YL FF—% (Z5-HHE OATRESHLE
HREO
- EREER (B Rk oD
2 BBORDEE

HAL-HNO1E T8 E

HAL-HNO1

» HAL W% s, ST
HERBR2OLD
WESALSFALR B
TRAT 3,

« BB TI REK
A X MEROSTR
BTH5.

2-min Walk Test, 28M#HITFX b+
2 9MHSCBECRE DY THEL, TOEMEIN
CHBRAAPEES

v HAL-HNOY OBFFES S Y 25 F—& (27 -HE)

&5 THAL-HNOL 2T, Eo< sk
BT B2 & ZHGRPEITT 2 P T L 27 (Fig.
17TF).

54 EBEH
ZOBRBOEEREE Fig 1 L), #ikk
O BE A HAL-HNOL 2 10, BIReicE
BT T 5 T L0 X BBITER DR EERE L
T, ﬁwﬂtﬁéﬁéaﬁﬁwa LI EOTT.
«Kfim‘a i, PLEL BT, RO
ac?<to1u< EEEE LT, HBRO

— 34—

0.8m 18m
= 10m ! )

o.4m # 1zzm/L_/ 4
T ;L;MJH
EIFEW L DI|MWATAB L 03 ZETT (Fig

1 AR, EEORBIRATRERTELLO
T, ETHEBREE LTS b T,

5.5 HIMEFEER

RGO FEREH B 2 BT F 2 LT
(Fig. 1 F). HAL-HNO1 % i b 2 W R IE T H
FHIOFRA Z PEGHERL, 25MERFE TG
D& oA, WEEEFGIHRIFMELZS. SIX
SEEREE TR, 10 mBiT TOREBITAY - F
AR TOHETL, BHEOTHE BT R
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(PRO) $ AT ET (Fig. 1 ).

BETIE, WBOKTEEL, K4 A AT

12 & BB (HPHRGHYD & HAL-HNOL %
f: PATARED, 2 00RO IO LD 721,
Witz ZA 2 2BEM O MR LR 7 o 2
A=W EFEA Y LE LA EEGRESE
F2HMPEITF T X P T, ZOEIhH—Fy
FTENRZ TIPSO B 2 A 20D EEEE
T L 3 (Fig 115T).

ETHRBCHT 5 EEHNARED
PR O—KHR

Z T, MEFTHERERICN T B R RS 2D
W, WEL LA 5/ — v &R L ET (Fig.
2 A, B, C, D). £, natural course (ElZA#%HE)
& UTBITRESEIT T2 2 kAL T
<HEREIC L T(A), BIHREEIC X % monotherapy
CHEHR) 2L T, BlOEELBLILED
il pOMRHSED 5H(B), &5, HALME
& 5 monotherapy T A Hhid (C), LM
X, ThoZHladbtiaRiE combined
multi-modality therapy (D)IZ& ¥ & 512 KWK
HHEHRAFBOhBOTE LR EELTVE
7.
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ﬁmm%%mmﬁm (& EQRBETEBIZHLT
13 (Fig. 3), WAGEHOYNE Y TRET 20
auamga(mmunzumﬁxnmﬁ%&o
PUNEYTF—v g vEHARDESESITS &
51224 Y (HALESEEGEM), HALYOfifEL4
SltTRTHE, E5ICRS ERICHTE LS
2% 35 GHALSHEEEH) c#Aiohxd. [
HOPEEGTHL, FEEIR< L L7
EEMEIab—Ya VEFLEELZ TCOET.

7. PMREHT B EREHHIC

&3 =2k, MEOREREMZIZ VAT LT
HALY OB R E LR T30 03 2L &%
ATWEY. T, BEUIMSTET, FLTEFFL

T BEABICEVT, B4 SHMMEHEEE
wzﬂ SMA2 THRE L TEHBFIITEEEA

, BN HALYIS & B 30 & B T &
}\:h % & SMA2 A & SMA3 {2 conversion, T
BETHMMTELIOTREVHIEEZITET.

DA, 45, S E L - AR RN
HALP#MFEIZH>ThL—2 v LTV Tk
HERET, BEBMIHTSNMNEO (72 ]
(30) 282700 TREMELTHET (Fig
4). FHEOBEERENHAL®IZ Y — L AW~ 7D

Fig. 2 Clinical study strategy for incurable progressive diseases

A. Natural course

S

disease progression

B. Drug-monotherapy

e

slow down of decline speed

C. HAL-monotherapy

HAL training

slow down of decline speed

D. Drug+HAL combined thera,

HAL training

RN

ol S S

complete improvement
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XBOIERER &,

OHALNERICS — LB £ 3FEL. BT 3
BEFADFHOBICL .

QBONRBRTOT S LEHEBICF v+
2 — kKA.

O, Mk HRIFRHCARERAS
hBESCBATS.

SPREUPIO PT, REEERLATOTS
LERMLAFOBIIHRATS.

T 1O

ELn
Sty R AL B LT =318 & FH0T BEC
FRLBS I A 2304 YIRLY M 2L
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Erateces)
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9.

8. HEEE(CHT B HALXOBEEMY
EBREOH

8.1 HTLV-1EBEHSE (HAM)

HHOSIZ S Eh L OTEtkEgc &5 3 HALY
ORI AEORERIZRL 27

HTLV-1 BHEFFHEE (HAM) 05 #Rss 0,
IO eI & TR TE. ZOmK
1, HTLV-18 981 & % A THINE (3 1 55
(ATL) O &—H LT, AR, » Y T#EEHE
E, M7 AYAH, HAVE, 4T VNS, T
ZYHHETRIELTEY, ORISR
ZERPOEDANBEOLHKOBLE—~RTEOT
. 16D KMERRIZIT IV AN L5
INFOTIREL, o8B bsBHEEBELE
AohET.

ZOH A (HTLV-1) Tk ) —#olEs
HEA R I T I EAbh o THT, T
BRI 2 ) 4. BITRESREL Ao TRITT 3
L0 anET. BRI, o4
O AT A 2 & LERHD, SRR A
MELE I EDMESABELDI T L

8.2 EH1

Z UL 60D HAMDLRYET, LA LK
EDIZHHSTLEST, FAAPTDO EFB &
& 590 il ki BIRIET L 2. HAL S il
AT, 1A 1EOSEOSITHETESE IS
IBRENE 2D E LA ZHRIEF v Y EF
YF -2 TER, 10mBITT AL, 200BHRTT
2 b OFETREITLORBIETR L E LA NHK
FREEFGE AR E LT, ¥ F 4R Ui Thiag L
TLAENWE L7, HALM R o 31508 O i
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BA RS LRI EFREATEE L T ET

Lirl, ZO-—HOBBNESS > T, Wi
LI L T — gt AU, BTN
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THBRICTHHRTE BRI D 5. £
HEOHBBICH LT, HEH e HAL ZBEHIE
(combined therapy) L LTSI &T, &5
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1) P8 ZF:REESEH. 2013;60(2):130-7.

2) B F, AR, 2013;95(12):2088-93.

3) Kawamoto H, et al:BMC Neurol, 2013;13:141.
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Exoskeleton Robot Control based on Cane and Body Joint Synergies

Modar Hassan!, Hideki Kadone?, Kenji Suzuki®3, and Yoshiyuki Sankai®

Abstract—S 1 hods have been investigated and real-
ized for operation of exoskeleton robots for assistance of human
gait. These systems perform motion intention estimation using
the bioelectrical signals of muscle activation, body gestures and
Kinesiological information, or a mixed combination in a hybrid
system. For motion intention estimation of the lower limb(s),
information of the lower limbs is usually utilized. However,
human gait is not only the function of the lower limbs, but also
coordination between upper and lower limbs, adding to balance
and cognitive functions as well. In this study, we investigate
on how to utilize the synergies of upper and lower limbs of
human walking in exoskeleton robot control by using the cane
(walking aid). We analyse the synergies of human gait with
cane in healthy subjects by means of Principal Component
Analysis (PCA) in order to investigate the usability of cane for
robot-assisted motor rehabilitation. We also implement a semi
autonomous control for an exoskeleton robot, single leg version
of HAL (Hybrid Assistive Limb) suit, based on the cane and
body joint synergies.

I. INTRODUCTION

Several methods of human intention estimation have been
investigated and realized for operating of human assistive
exoskeleton robots [1], [2], [3}, [4], [5). These methods
vary ‘according to the intended assistance level (ex. complete
reproduction of movement, support of movement etc.), the
level of injury or dysfunction of the patient (ex. muscle weak-
ness, partial or complete paralysis etc.), and the structure of
the assistive robot itself.

The biological signals are reliable information to estimate
human motion intention. The hybrid control algorithm of
HAL [1] consists of a human voluntary control and an
autonomous control. The wearer’s voluntary muscle activity

limb(s) needs to be computed, and the motion intention is
required to be estimated in different ways[2], [6]. Kawamoto
et al. [6] developed a control system for single leg version
of HAL [7] by using FRF (Floor Reaction Force) sensors to
detect the gait phase shifting intended by the patient. The
robot is then operated by assembling segments of reference
trajectories to restitute the motion of the impaired limb. And
more extended work has been realized for paraplegia patients
in [2] with the use of body posture information to convey
the motion intention of paraplegic patients. For another
rehabilitation robot, LOPES, Vallery et al. [8] generated the
reference trajectory for the impaired (hemiplegic) limb by
utilizing the inter-joint coupling of DoFs in the lower limbs
of healthy subjects, and the motion of the healthy limb.
By this method they aimed to keep the coordination of the
healthy and assisted limbs, and to insure coherency of healthy
and assisted limb motion. )

In these paradigms, motion information from the lower
limb(s) is used for estimation. However, human gait is not
only the function of lower limbs, but also a coordination be-
tween upper and lower limbs [9], [10}, [11], [12], [13]. Ferris
et al. [14] suggested using the arms swing to facilitate lower
limb muscle activation because of the neuronal coupling
between upper and lower limbs in rhythmic locomotion tasks.
Stephenson et al. [15] have pointed that high functioning
stroke patients preserve the ability to coordinate the motion
of upper and lower limbs, and also suggested that the use
of sliding handles in gait rehabilitation could be useful.
Behrman and Harkema [16] have also shown that reciprocat-
ing arm swing in a natural and coordinated form facilitates
g, The field of robot assisted rehabilitation using

is obtained from the bioelectrical signals, d d at the
surface of the muscles, and then the required assist torque of
the actuators is computed from the estimated joint torque. An
autonomous control is also implemented based on the pre-
determined motion primitives, together with the voluntary
control method.

However, in the case of neuronal injury/dysfunction such
as stroke related hemiplegia or spinal cord injury, biological
signals are different from that of healthy subjects or even
not available. Therefore, reference trajectory for the assisted
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exoskeleton robots haven’t yet explored the possibilities to
incorporate the upper limbs in the control strategy. In this
research we aim to investigate on how to utilize the upper
and lower limbs synergies of human walking in exoskeleton
robot control. We consider the rehabilitation of hemiplegia
where the patient have a healthy side and an affected side,
and we try to formulate a control system that incorporate the
motion of the unaffected arm to provide assistance for the
affected leg. Hence we aim not only to encourage the arm
swing motion, but also to utilize it in the piocess of motion
intention estimation as a “voluntary” input to the system.
Vallery et al. [8], [3] suggested a method to estimate the
motion of impaired limb(s) from the motion of other healthy

limb(s) depending on the interjoint synergies extracted from

healthy people. This approach can be used to estimate the
motion trajectory of the affected (in the case of hemiplegia)
from the motion of the arms and the healthy leg. But there are
still important events not being detected in this case, which
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Fig. 6. Estimated angle trajectories of the Left leg hip and knee (red dashed line), and the original trajectories (black continuous line).

variables. When T' is the matrix of the eigenvectors sorted
in descending order in respect to the eigenvalues, then the
original data « is mapped to the new coordinates y with the
formula:

y= PTZ, 1)

where the component ; has the maximum variance of the
original data, and y; is the second, and so on. And since I
is an orthonormal matrix, then = can be reconstructed from
y by: .
z=Ty. 2)

CLME methods suggests that, if ¢ € R¢, and y € R?, p < d,
and there is a d — p known number of ¢ dimensions that is
at least equal to the dimensionality of y. Then T' can be
separated for the known components z; € R(@-9 and the
unknown components 2, € R? as follows:

zy =Ty, zg =TI2y, (&)]

where I'y € R@-2)%? and T'; € R9%P are the corresponding
submatrices of I'. And therefore, the unknown x5 can be
solved from the known z; by:

zg = Dol 2y, 4)

where l"‘f is the left pseudoinverse of I'y:

rf = (rfry) 1T ®)

In the case of hemiplegia, the unknown variables are the
joint trajectories of the affected leg, and the known variables
are the joint trajectories of the cane and the healthy leg.
Therefore, we consider the eigenvectors matrix extracted
from walking with cane trials, and rearrange this matrix
to compute the joint trajectories of the affected leg from
the trajectories of the cane and the healthy leg (angles and

angular velocities are both considered). In this way we add
the posture of the cane as another variable to the estimation
process, which is controlled directly by the arm, and thus
conveying the arm’s motion together with the healthy leg
in the estimation process. To average the model we used
the average gait cycle trajectories of all the subjects, we
aligned the trajectories to the average mean for each variable
among the subjects, and scaled them to the average minimum
and maximum values for each variable among the subjects,
We created an averaged principal components (eigenvectors)
matrix by performing PCA of the concatenated trajectories
of all the subjects. After that, we used it to compute the left
leg trajectories by using the trajectories of the cane and the
right leg (considering the experimental setup in Fig.7). Fig.6
shows the estimation result for the angle trajectories of one
subject compared to the original trajectory recorded by the
motion capture system.

B. Gait Phase Detection

Identifying the gait phases is important in robot assisted
locomotion for detecting the intended motion, and for setting
the parameters of the robot actuators according to different
gait phases [2], [6]. Since we observed that the cane is
incorporated in the inter-limb synergies and can be used in
the estimation process, we also propose to detect the gait
phases from the cane to provide the user with a simple
and intuitive tool for feeding his intention to the robot. A
normal gait cycle can be divided into eight gait phases: Initial
Contact (IC), Loading Response (LR), Mid-Stance (MSt),
Terminal Stance (TSt), PreSwing (PSw), Initial Swing (ISw),
Mid-Swing (MSw) and Terminal Swing (TSw)[22]. The goal
of gait phase detection is for setting of the controller’s param-
eters of the assistive robot, in which case only detection of
stance and swing conditions is important. For this purpose
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and the contra-lateral leg trajectories was small in average
(< 10°) which also indicates a similar way of using the cane
among the subjects.

In experimental evaluation we verified the system with
single leg version of the HAL suit, and we confirmed the
applicability of the proposed method. Although the motion
capture system is used for sensing the lower limb and cane
movement in this study, wearable sensors such as IMUs can
be used for practical application. Additionally, we also plan
to investigate the usability of the cane in intention estimation
of other locomotion tasks. Such as detecting the start and end
of walk from body posture and patterns of acceleration and
deceleration of the cane, and detecting standing and sitting
from body posture and pressure patterns on the tip of the
cane.

So far we have only examined the proposed system with
one healthy subject. Testing with several healthy subjects
should be carried out with qualitative criteria to affirm
specific enhancement in the control system from using the
cane. Also, a stroke patient depending on the cane to support
his body weight and balance might not be able to coordinate
the cane well with his gait. However, walking with assistance
from the exoskeleton robot should enable the patient to
use the cane more freely, and depend less on it to support
his weight and balance. Future investigation with actual
stroke patients is to address this issue by investigating the
intrafinter limb adaptation when using the system, and to
verify the usability and benefit of the proposed method for
utilizing the upper and lower limb synergies in rehabilitation
of hemiplegic patients after stroke.
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Stair Ascent assistance for Cerebral Palsy with Robot Suit HAL

Takumi Taketomi and Yoshiyuki Sankai

Abstract—Cerebral palsy (CP) patients require a wheelchair
for moving when their lower limbs are severely paralyzed.
Wheelchair users have issues moving around due to the lack of
optimal infrastructure. We achieved a voluntary walking of a
CP patient who uses wheelchair by using our developed hybrid
assistive limb (HAL). In addition to voluntary walking, if HAL
realizes voluntary stair climbing, it is expected that patients will
acquire a wider range of activities than using a wheelchair. This
study focuses on stair ascent. The purpose of this study is to
propose an automatic control method for stair ascent assistance,
and to verify the effectiveness of the proposed method. In this
method, a phase of stair ascent is determined by proposed phase
determination based on a height of landing area, CoGRF in
sagittal plane and lateral plane. Proposed automatic control
generates torque for assisting each phase movement during stair
ascent. As an experiment, healthy male subject went through a
course including flat area and stairs. As a result, we verified that
the phase determination could determine the phase during stair
ascent and switch between the walking assistance method and
stair ascent assistance method. The proposed automatic control
generated torque for assisting movement of each phase. We
found this proposed method is applicable to for walking and
stair ascent assistance.

I. INTRODUCTION

EREBRAL Palsy (CP) is one of mobility disorders

caused by brain damage. Eighty-eight percent of CP
patients have spastic [1]. Spastic is divided into 3 groups by
paralysis part, hemiplegia, paraplegia and quadriplegia.
Paraplegia and quadriplegia patients get paralyzed in their
lower limb [2]. When their lower limbs are severely
paralyzed, they require a wheelchair for moving. Wheelchair
users have issues moving around due to the lack of optimal
infrastructure. To acquire the range of their activities, the
realization of voluntary walking and stair climbing are
extremely important.

We have developed the robot suit Hybrid Assistive Limb
(HAL), a cyborg-type robot that can expand and improve
human physical capability [3]-[5]. In Previous study, a
walking assistance method for a quadriplegia patient was
proposed. The proposed method consists of two algorithms.
Those are an assistance of voluntary movement in the swing
phase and an automatic assistance of weight bearing in the
stance phase and gravity compensation in swing phase [5]. As
shown in Fig. 1, the method achieved voluntary walking of a

Manuscript received September 21, 2012. Part of this work was supported
by the “Funding Program for World-Leading Innovative R&D on Science
and Technology (FIRST Program),” initiated by the Council for Science and
Technology Policy (CSTP).

All the authors are with Cybernics Laboratory, Systems and Information
Engineering, University of Tsukuba, Ibaraki 305-8573, Japan (e-mail:
taketomi@golem kz.tsukuba.ac.jp; sankai@golem.tsukuba.ac.jp).

978-1-4673-1497-8/12/$31.00 ©2012 IEEE 331

subject who could not walk himself. In addition to voluntary
walking, if HAL realizes voluntary stair climbing, it is
expected that patient will acquire a wider range of activities
than using wheelchair. This study focuses on stair ascent.

The purpose of this study is to propose an automatic
control method for stair ascent assistance, and to verify the
effectiveness of the proposed method.

II. PHASE DETERMINATION

In previous study, an automatic control method for walking
assistance with HAL was proposed. The method consists of
two algorithms, that is, gravity compensation in the swing
phase, and assistance of weight bearing in the stance phase.
The method divided walking cycle into three phases, L R,,,
in that phase, the left leg is stance leg and the right leg is
swing leg, D,,, in that phase, the left leg and the right leg are
stance leg and L, R, in that phase, the left leg is swing leg
and the right leg is stance leg. The phase determination
method for walking assistance determines the phase based on
center of ground reaction force (CoGRF) in lateral plane. As
shown in Fig. 2, in the phase determination, stance leg
polygon is defined as a rectangle that is made up from four
representative floor reaction force (FRF) measuring points.

In that definition, CoGRF in lateral plane calculated as
follows.

_ hth
=T St f T ®

where C, is CoGRF in lateral plane; f;, is FRF measured at
right toe; f5. is FRF measured at right heel; f, is FRF

measured at left toe and f}; is FRF measured at left heel.
I

Fig. 1. Realization of voluntary walking. Walking without HAL (left).
Walking with HAL (Right). Without HAL, subject could not stand himself.
Though, he could walk himself by using HAL.

(2) is phases and those predefined thresholds.

LR, (C.<0-C_,)

Phase =1 D, A-C,_)=C=C ) 2

x

LR, (Cow<C)

where Phase is a present phase and C, ,, is predefined
threshold point of CoGRF in lateral plane.

When Phase transits, assist control switches. The method
realized voluntary walking of a subject who could not walk
himself.

Unlike normal walking, during stair ascent, swing leg
landed on an upper step. As shown Fig. 3, when the landed
foot is incompletely touched the step, assume that the
polygon is smaller than the area of the sole of the foot. In that
case, the phase determination will determine incorrectly the
transition from D, to L,R,, or L,,R,, on upper step.

Therefore, to determine the phase transition in stair ascent,
we propose a phase determination method that is based on
height of a landing area, CoGRF of lateral plane, and COGRF
of sagittal plane.

A. Phase Determination based on height of landing area

The proposed phase determination method for stair ascent
defines the height as the height from the left ankle to the right
ankle. Fig. 4 shows definition of system parameters and
variables. Since the height from the step to each ankle is even,
the defined height is the same as the height of the step during
Dst. The height is calculated as follows.
h= llhig/x

“inignC©0S(Eops = Opp) = Ly €08 (Eyy +6,,,— 6,

€08(8,5 = 63 ) + Ly aniiCOS(y, + O~ 6,,)

3)

where % [m] is the height from the left ankle to the right
ankle; Zuign [m] is the length of the thigh; Lyoni [m] is the
length of the shank; &,  [rad] is the absolute angle of the
trunk; &, [rad] is the angle of the right hip; g, [rad] is the
angle of the right knee; g, [rad] is the angle of the left hip
and 6, [rad] is the angle of the left knee.

The height of landing area is calculated by using (3) at the
moment of the phase was transited from a single stance phase
to double stance phase. When the height exceeds the
predefined threshold, the phase determination determines
wearer is climbing up stairs.

B. CoGRF-based Phase determination

The CoGRF-based phase determination has a prerequisite
condition, that is, all of representative FRF measuring points
are on steps. When the FRF value exceeds a predefined
threshold as shown in (4), the determination determines
landing.

{frb > fu (Phase=L,R.) @)
Jun > fu (Phase=L,R.)
where [ is a predefined threshold value of FRF.

CoGRF in sagittal plane in the stance leg polygon defined
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by the previous study is calculated as follows.

Jo+
C = v Ju %)
T SutSut St S

where C, is CoGRF in sagittal plane.

Fig. 2. The definition of stance leg polygon and the coordinate system of
CoGRF in the phase determination for walking assistance. Stance leg
polygon is defined as a rectangle that is made up from four representative
floor reaction force (FRF) measuring points.

upper step

lower step

Fig. 3. Example of the incompletely landed foot. When CoGRF in the gray
area, the phase is D,,. After COGRF moves in dark gray area, the phase turns
into Z,R,,. The phase determination will determine the phase LR, LR,

regardless of the phase is D,,. The incorrect determination will occur when
CoGREF is in the boxed area.

h

.
[ swride
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Fig. 4. Definition of system parameters and variables. The flexion direction
of each joint angle is set to be positive and each joint angle becomes 0 [rad] in
upright posture.

A stride is defined as distance between ankles that is
calculated as follows.



