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Abstract
adaptive control strategy for lower limb rehabilitation robots. During flexion and extension, the surface electromyography

Aiming at the problem of human-machine interaction in rehabilitation robot’s movement, we propose an

(SEMG) of lower limbs and plantar pressure features are extracted respectively to represent lower limbs’ motion intention
and interaction force (IF). An sEMG-IF based human-machine interaction and information fusion model is established
to program the motion trails of the rehabilitation robot online. Considering the human-machine interaction in active
rehabilitation, a man-machine system dynamic model with time-varying dynamic characteristics is established. An indirect
fuzzy adaptive controller is designed to trace and control the desired trajectory, and achieve adaptive interactive control
of the lower limb rehabilitation robot. Validity and feasibility of the proposed strategy are verified by analysis of the data

from 5 subjects under limb movement with the rehabilitation robot.
Key words Lower limb rehabilitation robot, motion intention, human-machine interaction, adaptive control

Citation Du Yi-Hao, Qiu Shi, Xie Ping, Guo Zi-Hui, Wu Xiao-Guang, Li Xiao-Li. Adaptive interaction control for
lower limb rehabilitation robots. Acta Automatica Sinica, 2018, 44(4): 743—750

A L S5 5 B0 12 3 D) BE B hs FE AT 1)
A, DA FREEIN G )iz . REELEE AH
TRES P B B AR BRI AT R 3 e A I 25, A 4F ok
15 B % ST PR RS A3 8 Tz e 2
HEUA 1 B AL AR A e i SR AN R fE, A

WeAS H A 2016-02-18 3 A 2017-04-07

Manuscript received February 18, 2016; accepted April 7, 2017

% H KB 40 H (61673336, 61503325), v [E 1 5 Fl %
B4 Wi H (2015M581316), b4 #H 7w & R T Rl wi H
(QN2016094) ¥

Supported by National Natural Science Foundation of China
(61673336, 61503325), China Postdoctoral Science Founda-
tion (2015M581316), and the Science and Technology Research
Project of Higher Education Institutions in Hebei Province
(QN2016094)

AIFALRmE TR

Recommended by Associate Editor WANG Wei-Qun

1. el R TR B AU A MR BB R S AR SR & 2R 5L
% 066004

1. Key Lab of Measurement Technology and Instrumentation
of Hebei Province, Institute of Electric Engineering, Yanshan
University, Qinhuangdao 066004

2 A 7R BLAE FLAE 7K P e 45 i) 8,
I, WFFEA R T R AL N 3 AR B A%
il vk, RELEE B B B AN BB E
T N A5 B LR Nz 3h, BUNREE AL AT
SRR .

FREALEE A ABLAZ T 0] DA A AR AR B 5
/AL E S B AR Y. A S
ZH LSS (Surface electromyography, sEMG)
RE A% KWL UL IR S AN MGZ 3h i P A R R
sEMG 5| AFREHLEE A, W Pittaccio $#&H T —Fh
BT sEMG fy B AY BEZALER A, FIH 245 b
WL sEMG fiilt & FE 32 Wl N B pie Sz, (H
A BN H [ Song S5 LK HT sEMG %
gepshlp EE N AT, BT sEMG IR H 4% 18
Bl AT A, B T ERAREW AN . &
T sEMG MR s Nl — @2 BRI T A
Kz E R, (HsEMG 532 T, RS TCiER



744 H | (4 & i 444
HEAL R /07 AL S AT AR AN Z [ B . BLARESE ¢ 50 XA N

YER R B85 B, IS IR LA N BT L,

HIAN AR BB Saglia 25 1) 1 FH AT $ 6 8 % ¢ = arcsin (L sin 9) (1)
TSR 2 AL 5 9 2 T 52 B0 3 1 1 91 50, ’

Duschauwicke & 0| 1) B BE Hr 3 #1835 B 5 0 247 P FiA% B H ¥EHAT AN Jy2f @

“patient-cooperative” Fl “human-centred” 355l PA
R R E RS 5EN PR L A
il A —E AWLAZ B RE Ty, (R BH T 6 245k
] 7 NAZ, T HA S A 22 S V) A )1 g
AR [, AHLZBIRAS A SR ALE A
HAT A A H P, SEAMLR G5 2# A
YRR SL, 18 U e 3 T B f s il vk ok
S PR A .

R, ASCHEAR TSN E R, ETHiE
WY H YA B SL N IR LA N8 Ty i A, SR IO
T E B A KA B sSEMG AF5 3R 3 A
iz B R 5IA IR E sEMG 5 AW H )
(SEMG-IF (Interaction force)) {5 B @l &AL 7F
AT T R LA NIz sh Pk, et a4z 5 ik
WA g5, S R AILES Nz Bl B R
&yl
1 ETF sEMG 1 IF B TRE R EH 8 AiTH
1.1 ANERZNNFER

DA KAT R R MLAR NSRS, XTI
KATRRE, LI E NP Ezsh 2. R
BlLas N LIRS 2B AE T A

H TR RS ML N s sl A i A APLER
0, FHHEBEAEEIT S 2 A
BRG] Ak M AL, e 1 s,

Knee Joint

O Hip Joint

K1 ARG

Fig.1 Human-machine system

K1, 0 8 XS OCREIERT R M (BT
), ¢ N X HhS/NRIEATIIF A, M S5 0 T
L, BN RIRES @ Bov m, SRR LS 26
¢ FPECE my 2R, Ly NS TR, di SR @ AT
B KRR, I NN RCER @ B 52 I

Kb, 7 ARGWSN T, D(0) RGNS,
H(0,0) JWFHRI) BB b RI, G(0) R 5.
D(0) =1,0 + di M0 + [I + Mz(Ly — d2)?] %
L CCZSZ O ML sin? 04
M, <2Ld22 B 1) Lilcos2 HCQSin2 9+
ds L% cos A sin’ 0

Mo —2
2L2

+ M3 L2 sin® 6+

.sin? 0 cos 6
2M3L‘f7

sin? @ cos? 0
+ MgL‘fT
(3)
# 1, ¢ = /L2 — L?sin” 6.
. 1 1 979
H(9,9> = 5[2 + §M2d2L2 X

212 cos 0 sin Oc* + 2L7 cos® fsin 0 it

C4
y Ly g
MyLisinfcosf -0+ —My—L7x
2 "Ly

<300$2081n9—sin0

+
c

L? cos? fsin® 0 64 M, 27d2_1 y
c3 L2

L4<sin9(:os€ — 281n3900s0+

1 2
L? cos? Osin® 0
A

M@%
c
L? cos? O sin® 9> :

> 0 + M;L? sin 6 cos 6+

3cos?fsinf — sin 6

0+

c3

sin 6 cos§ — 2sin® O cos §

M@%
L? cos? fsin® 9> 0

ct

(4)

dy do

0= [ 430, (1 2 )| et 9



44 MG TR BB L A &R A HILAE A i SR 745

X, g HEIIHEL

W ESCRR I, ARSCRE AT BRI BRI & A
— NIRRT B s e M. MR AT s BRI
gamf, NHLRGEH @ DR M, Es, BIA
PRI @ Bopvit 5 B NLE 26 @ AR Z R T
LT B g, HEEHLER AATE 223N
iz zh R AL B I ER, 230 SAEfF LB
HAFRTR M(t), ELRIN ) SR/ INAN ], 4523505
BHARE, W (6) Frs:

M;(t) = M, + M(t) (6)

X, MI(t) R ESNGR, 28 0 FHF B BTE.
Bk, 7E N EFhzshin, 5L (3)~ (5) H M. M,
A2 R BB N [R] A2 AL B M (¢) A My(t).  [AIIS, AHL
ARG o BT LD R E B AR T 8his
i KA, AT EL d (AN T ] 1Y
B P, AHLRGEE 12 R B A AR R,
BfE 2~ BaE NN I £z gl 22 4, %1
D'(0). H'(0). G'(0) Fm. BT (2) n[Fmh

T=D'(0)6+ H'(6,60)0 + G'(6) (7)

BB B I B 8l 122 T3 R
1.2 BT a4 8 iE MARMHE I 2R A BT BRER

B2 (7) T, AALR G BN T2 8 AT i AR
ANH R P, AT o 75 5 TS 2R 1 42 ol ¥ o vE A &L
PRERI BB, R, A SCRTHSOR] B G B 4 6 72
R AV R Gz gtk A B 3b R B s 6l 280, SE8l
Bl ER .

Xt (7) $ATAS T A5

0 +

= f(0,0) + g(0,0)u (8)
ol 0 R, £(60,0) = — 800 - 2@
1 9(0,0) = 5o B9 HALMERAL, u ot ABEE I

T.

R R £(0) Fl g(6) B2 AHHE T, F
JH RS S AL ZR GEIRAS OB AS 55 £(8) H1 g(6)
PEAT AR, f(Oloy) 150H 2R Go A 1 40 TN R

1) XA 0; (i = 1,2,--- ,n), & p; DM
e A (=12, ,p);
C2) R TTmy pe SASTHAIL U] ok A 5 A M 22 4
f(Olay):

If 6, is A and ---
Bl b,

Hr, op NS, 00 I TGN NS
i 0., SEREHE 0 ZEMiREe =0, —0, 0, K
REAAE ec, BBISEA AV & Uk {NB, NS, O,
PS, PB}, Bl p; =5, [, pi = 25.

and 6, is Al then f is

iz F BRI FR(E AN A A rr O 2 A
Wlas TR f(6)

- lpz_l1 o lpZ; g}ll"(f[l MAéi(ei))
Flblay) = "=
5o 5 ([T pat6)

1 lp=1 1=1

(9)

S, pAl(0) ARIBEE R, g M E BB
HEMASEST ap 1, FRFIA T, pi et £(0),
M (9) 25K

f(Blay) = (@) (10)
HE by L, AIEEA
1 Al (6)
e, (0) = 5 (1)

S5 S5 (1T pAk(9:))

1=1 lp,=1 i=1

[F B 1, (0lay) = agn(@). #—, BitH
BN, AT HBEASE af Moy:

&y = —v1€ UbE(0) (12)
g = —72e" Ubn(0)u (13)

L, v e WIEEEL ACPE v = 160, v, =
0.5.b=1[0,1]", U Mt Lyapunov JFERYIE &4
[

ATU +UA = —Q (14)
s A= | 0N WiERE e <
—ky —k;
10 O
$i*@h=lb=LQ:[0 .

PATT B e L Nz sh Bl iR 2E e didil H i,
A
¢ . 6(n—l))T

(15)

e=(eé,--
Bl h
1

L ) T
u = gy (~1O)+ 0+ KTe)
1, K = (ko k)T HEEE TR 52 + kys + ky BT
ARG F R . #2 (16) 4
A (8), FHEI ARG IS T N

€+k1€+k‘2€:0

(16)

(17)
ZROL S B RO As 5 £(0) 1 g(8), Mg
AR
1
9(0)ag)

u= (~f(Olay) + 6, +K'e)  (18)



746 H 3l 1k

E N

44 %

R (18) FRA (8), 155 [a]4E B 1 b 4 il #%
BT :

é=—K'e+[[(0lay) — f(0)] + [3(8lay) — 9(8)]u

(19)

WL K E, 8t — oo W, e(t) — 0, HI&

e 0 WL ST BB 6, T3 H ol b 45
AR E MR Lyapunov &R £5.58) 1 IEW.

1.3 ETF sEMG-IF EEmENENHITELM

X

HAE R BRE A Nz sl fE i (R B Rz 30
BRI B, e RENES 5 ERAR
W, AR SCHY B TR LA AMLAZH. ) (SEMG-
IF) W5 5 ml G A 2 S s 3 Al /e 28 ).
1.3.1 AFEzmEEIR5

TE R Rz AR, FEPIL (B Sk LR
ML) sSEMG F#EREGES (R Bz K. (Hi
T sEMG 53z M T4, RE AT S Wik,
AR 2.

R 4 [ [ 3E R 50 Hz Ay
Uy I B ey Y e
5% VBB TE

K2 sEMG FiabBlidfe
Fig.2 sEMG preprocessing process

HE, M 5~200Hz 47l JE R a8 0 AR 5 5
PEAT IR FLU, SR 1 N = d B8 K B sSEMG
W LA TR, s ) A S LY. 50 Hz [ 3 B8
sEMG w1 i TH A T8 e, X sEMG 55
AT PR, SRR R SEMG 55

P2, M SCRk (14] RO RO T i
A RIS R SRS sSEMG
AT IH— L AbEE.

z(t)

X, . NEERETH sSEMG E, z, HilEiz
iRk A B TR sEMG 8, o(t) Wb B G
1 sEMG {H, z(t) HH—L)E1 sEMG .

H T AT B i iz 3 2 R UL PR
il HEIH— b )E sSEMG 4k, HBOL gk
ZEME T AR A2 B FFAE.

B(t) = z(t) — (1) (21)

A, To(t) IR, 26 (1) SBAMIILEL
#%. 2(t) > 0 RAL T efpiazh, 2(t) <0 RALT
Ji Hiz 5.

() — |
Ty — Xy

(20)

1.3.2 sEMG-IF S Ef&1&H

FEET WA S E IR AR o) B R &
fili b, At N R AL AN ANLAE H fig
1, PRI R B RN B 5 S, Esr
sEMG-IF {5 B Rl Bi83Y 50 iz 3 5 R A e B, oF
MAEZAI T B AL#s Nz sh k.

GaXENlE RTINS 5RE. 23
REWEF AL TIER R, FIH AV T I8 G
SRAFEI 20 1) 2508 2 13 iz g . ekl
T T s s RS (P = 1) I, %50 J5 R
ZIANAZ B I ZEAER T B e, MBS B A iz
AR A HZEEDNTEIE —, MR E B A
BB B, Ol e R Y ans s H . i, T
PAREIE H 0 A

P(F,—Fg)>¢e, Az=1
|P(Fp — Fr)| <e, Az=0 (22)
P(Fl,— Fg) < —&, Az=—1

Kb, Fp 4RI ZIM AL B ), Fr AHET—X%
FERF 2 AMLAZ By, P oA 1.3.1 5 ARz 3)
BEIRAEER (P =1 FmMEzy), P=—-1Ff5
JHHESN), € e iR B 2 30 3R AR
Az FE#EZE RS R (Ar = 1 R MBLE G,
Az = —1 FREHEZEE).

HE—20, kR R AL AR iz B
A4, AR AR E B E e AR, AL AR
pit'R

dv

|Fy — Fal Ar =K (23)

A, K O RAEPOAE AR R T R T
R AL G AN B I AR, v AR IR R LA AR
ity X Az . i AWML H I A
(|Fp — Frl) Fibpdid Az 59 RUABL T B
Jiiagh KR, 5 |F — Fr| —&R, K {Hil
R, TRCHER LS N izl BB, B R
PLAS AP AL RS T8 ).

N IR ML Nz gh B v et K Eh
KWL 0, BT PIRREE YL Nz s, 153
mr R AR

xp = Ly cosf + Ly cos (24)

X, xp A TBERENES N KO E, 0. ¢
RIS . % B S ORT AR R L g A AR 12
By
v=—L10sinfh — Lypsingp (25)
R (1), K (25) AR (23) RIRI32I#E KT
AL 0 SR 0.y,



44 MG TR BB L A &R A HILAE A i SR 747

2 SRGERSH
2.1 MRMRSSWRE

RS AMERPNE (4 HTE. 1 AL, 4F
Wy 25+2), BORWOAE LI AT ORI 228, ke
RERY, HAETRRAE A 16 @iE s E
T AL R R AY, RAE RN 1kHz, @R N
5Hz ~ 200 Hz, fy A7 2ORM =R %30, AgCl &
By RN TR R BB SRR B S MU LILEAL,
27 ARG T B BRAL; R BB S ALAR N 9Kk 1
ZM-6405E, 3@ id FSRA02 #f Ik ) {2l an R4 AL IR
FEfE S SRR R - T IR AL
N6 b, BROCTEE T, SRAEPEAE T INJE
ith /122 SEMG (55, 4 20 U/ JE i 2h
TEh—dl, BAPalE RSE 3 A, FANERIKE
10 2%k, HEAHEE 1 4kt AT N BRI ALAS A

AgCl HR

B3 Skt
Fig.3 Experimental process
2.2 TRURENRASHHHIEELIL KR BENE
il

PARLrp— i Bl SRR TR B I iz 3l
R BRI SMI sSEMG, RIS 1.3.1 5
PR SEMG BHTHUALEE, 4l 4. 15 s, i
BRI, B AT 1 3 Rse ey T B iz, H
WAL SR SEMG BAERZAT 2] 1 W] 2 il

W 6 frs, XA SEMG #E—2 52
BLZRME. T AN 1.3.1 WA AR ok
AIURUB MU (25 22 8. pE 7 R DL, 42 22 0E
KFZFnt, goadF i JuU%EEN %
I, WO vEAT e S 1

K Lok ot R B T R R A LR N A I
P2 NALAS B4 A ARz s AR LR 1. R
L af L, i FAAAEA R Z T, 1% 5 44 gl
Ji& /it i3z 3 5 B TR AN ], 3 B i i s Bl 1 3R
RN, AR IE B R ISTE 96 % Jidy, W]
J KA AL SEMG f25 2508, RE9% T T8
BB EAE LI

B kWU 4R SEMG

Z
m 0
\_EEE_
209 5 10 15 20 25 30
BFTA] /s
101 AU S SEMG
Z
E O
\_glz
195 5 10 s 20 75 30
ENENA

K4 R4 sEMG
Fig.4 Original sSEMG

B =Sk A — 1L J5 sEMG

\
5 10 15 20 25 30
8] /s
REAMU AL 1L )G SEMG

S
I
o
M:Ef_
5 10 15 20 25 30
8] /s

K5 H—fths sEMG
Fig.5 Normalized sEMG

Mz = Sk E 2%
~ 101
=
L os
fou
l":EE_ 0 . | I I )
0 5 10 15 20 25 30
IFIE] /s
S Lo RSB 1%
|
I 05
o
IEE% () L L
0 5 10 15 20 25 30
IFIE] /s

K6 sEMG fuZiRHt
Fig.6 sEMG envelope extraction

& 8 Sy e/ ih iz s AWML H Ty (IF) Fi
s (P) e 2, P9 A ASCER Y
sEMG-IF {5 5 il & 2445 2 10 T I B g N iz
iR AL 2. 8. |9 WL, e LA
Nz g 5 NV 12 A 5 A — 2 725
— MR BL (P = 1), NP A2 sld Rl
& IF ZE(EL A A B I A e i B



748 B @

O 44%

(P = —1), PRFREEHLEG Ni23h R E IF 2Z(H

R AE A AL 1] AT AT Bl
e ML ML A

1.0
0571
o
E
0571
fRg  JEill R JEil R JEil
“10g 5 10 5 20 25 30
e /s
BT SRS AL 2 25 1
Fig.7 The envelope difference of biceps and
lateral muscles of femoral head
F 1 NRBEhE R E R
Table 1  Results of human motion intent recognition

Bk WHEL (1) WRIESHE (1) HE (%)
A 348 332 95.40
B 315 301 95.55
C 296 285 96.28
D 308 291 94.48
E 286 277 96.85
10

—IF

IF f1 P

i) /s
E 8 AMAZH Mz

Fig.8 Human-machine interaction and motion intention

Kl 10 gk Fas sl B AN A 1.3.2 oy
AR R BB A AL AR AN B, DA Kz TR
e 1 Y ASUR] 4 1) B S AL A R R L A Y
B 11 Sy iRz AR 26, i 10 T L, IS
W (WL A ) BN R IR/ A2 1
¥, 58O R/ s s R R, R A

5 1.3.2 Fepa (25) Prifiak iyt 11wl I,
B R i 1 22 it R A W T i IF 3 B i KA ik
JB/IN, 55 20T I e B 2% 1 AR 92 1 45 114 ST
WA TE Ts M 12s PR ERAEKR, KRBT
S UE I BT i g B A R, A BT T
Te = sgn(0(t)) (w1|0(t)] + wy) FrFEiy; BT
RIEERFFIE £0.04 JEH P, BEWHE T R L4

IBBESE /(em /s)

0 5 10 15 20
FFIE) /s
B9 TR Nz

Fig.9 Movement speed of lower limb rehabilitation robot

0.8 — Mg
=== IREEIE

TN /rad

0.2

0 5 10 15 20
I 1E] /s

10 BT A R h £k
Fig.10 Tracking curve of hip angle

0.08]
0.06

0.04

®E

0.02

~0.02 : : ‘ ‘
0 5 10 15 20
i) /s
B 11 PRERRZE

Fig.11 Tracking error




44 MG TR BB L A &R A HILAE A i SR 749

NFEZR B 3 W34 ] i 2K
3 ZEig

ASLER I T — P BT sSEMG 17 SOBHE S il
ORIV R R YN E BRIV Rt L
BN AHLARGE B S SRR B, AR SR T iz
AR PSP A ZEE R 7 R A a2 3l
B, gie NHLAZ . 4T sSEMG-IF {5 Bl e, FE2
A F I RS LR Nz sh e, oF— 2 A Az A
T2 I AR 4 BR B B, SCE TR BB
ar N BN AN AR . il 5 2 8ol i/
iz 3l S, R A B B SIS WUA ML
sEMG PAKRJREIEE, iz ikt fr
IR AL N S B AP B . S5 RRI, A3
TR REAE ALK th A B A 22 B I A APLAL L
Ji{5 B2 Pk, 7 PA +£0.04 JEE AR RZE B &
R R ER R IR B A LR N8 Sk

References

1 Lo A C, Guarino P D, Richards L. G, Haselkorn J K, Wit-
tenberg G F, Federman D G, Ringer R J, Wagner T H,
Krebs H I, Volpe B T, Bever C T, Bravata D M, Duncan
P W, Corn B H, Maffucci A D, Nadeau S E, Conroy S S,
Powell J M, Huang G D, Peduzzi P. Robot-assisted ther-
apy for long-term upper-limb impairment after stroke. New
England Journal of Medicine, 2010, 362(19): 1772—1783

2 Klamroth-Marganska V, Blanco J, Campen K, Curt A, Di-
etz V, Ettlin T, Felder M, Fellinghauer B, Guidali M, Koll-
mar A, Luft A, Nef T, Schuster-Amft C, Stahel W, Riener
R. Three-dimensional, task-specific robot therapy of the arm
after stroke: a multicentre, parallel-group randomised trial.
The Lancet Neurology, 2014, 13(2): 159—166

3 Meng W, Liu Q, Zhou Z D, Ai Q S, Sheng B, Xie S Q.
Recent development of mechanisms and control strategies
for robot-assisted lower limb rehabilitation. Mechatronics,
2015, 31: 132—145

4 Peng Liang, Hou Zeng-Guang, Wang Wei-Qun. Synchronous
active interaction control and its implementation for a re-
habilitation robot. Acta Automatica Sinica, 2015, 41(11):
1837—1846
(&g, By, EIRE. AN A MRL B3 ik 5550, B
k4R, 2015, 41(11): 1837—1846)

5 Tong Li-Na, Hou Zeng-Guang, Peng Liang, Wang Wei-Qun,
Chen Yi-Xiong, Tan Min. Multi-channel SEMG time series
analysis based human motion recognition method. Acta Au-
tomatica Sinica, 2014, 40(5): 810—821
(TR, e, woe, ETM, BRilh, ®R. BT 2% sEMG
PP 2 AT I N i S B R B 5 vk, E 3k % 4, 2014, 40(5):
810—821)

6 Pittaccio S, Viscuso S. An EMG-controlled SMA device for
the rehabilitation of the ankle joint in post-acute stroke.
Journal of Materials Engineering and Performance, 2011,
20(4—5): 666—670

7 Song R, Tong K Y, Hu X L, Zhou W. Myoelectrically
controlled wrist robot for stroke rehabilitation. Journal of
Neuroengineering and Rehabilitation, 2013, 10(1): Article
No. 52

8 Hu Jin, Hou Zeng-Guang, Chen Yi-Xiong, Zhang Feng,
Wang Wei-Qun. Lower limb rehabilitation robots and in-
teractive control methods. Acta Automatica Sinica, 2014,
40(11): 2377—2390
(B, ety BRIUHE, SKkig, ETRE FRRE N N SR HAR
k. AsbaER, 2014, 40(11): 2377—2390)

9 Saglia J A, Tsagarakis N G, Dai J S, Caldwell D G. Con-
trol strategies for patient-assisted training using the ankle
rehabilitation robot (ARBOT). IEEE/ASME Transactions
on Mechatronics, 2013, 18(6): 1799—1808

10 Duschau-Wicke A, Von Zitzewitz J, Caprez A, Lunenburger
L, Riener R. Path control: a method for patient-cooperative
robot-aided gait rehabilitation. IEEE Transactions on Neu-
ral Systems and Rehabilitation Engineering, 2010, 18(1):
38—48

11 Koopman B, van Asseldonk E H F, van der Kooij H. Selec-
tive control of gait subtasks in robotic gait training: foot
clearance support in stroke survivors with a powered ex-
oskeleton. Journal of Neuroengineering and Rehabilitation,
2013, 10(1): Article No. 3

12 Liu Jin-Kun. Design and Simulation of Robot Control Sys-
tem Based on MATLAB. Beijing: Tsinghua University
Press, 2008. 169—172
(K43 MLEs AR R Gkt 5 MATLAB f5H. Jbnt: W4k
22 AL, 2008, 169—172)

13 Xie Ping, Song Yan, Guo Zi-Hui, Chen Xiao-Ling, Wu Xiao-
Guang, Su Yu-Ping, Du Yi-Hao. Analysis of abnormal mus-
cular coupling during rehabilitation after stroke. Journal of
Biomedical Engineering, 2016, 33(2): 244—254
(7, ROF, FFHE, BREERS, RBEE, HFEMN, ASGE. XU
S LA TR A . R B TR S, 2016, 33(2):
244—254)

14 Hu J, Hou Z G, Peng L, Peng L, Gu N. sEMG-Based single-
joint active training with iLeg-a horizontal exoskeleton for
lower limb rehabilitation. In: Proceedings of the 21st In-
ternational Conference. Kuching, Malaysia: Springer, 2014.
535—542

HXGE MR 2E AT AR BT
2012 AERIGHEIR A HEK 5 ARG L
ML RGO ) o AL A
A USRI, A 28 A PR R AR A A L
E-mail: duyihao@126.com

(DU Yi-Hao
tute of Electric Engineering, Yanshan
University. He received his Ph.D. de-
gree from Yanshan University in 2012. His research inter-
est covers biometric feedback control of the rehabilitation

Lecturer at the Insti-

robot, and feature extraction of the neurophysiological in-
formation.)

Bf B el R M A R B L
FOLE. WIS B g 2] AL
U, REAZAILAS A

E-mail: qiushiqiul23@sina.com

(QIU Shi  Master student at the In-
stitute of Electric Engineering, Yan-
His research inter-

W)

shan University.
est covers machine learning and pattern
recognition, and control of rehabilitation robot.)



750 H 3l 1k

44 %

B F I KRFRILEFBREAR
2006 AFRAGME L Ry e R AE L S
P A L v S VAN S 0 T
BB DT ROR, B REALAS AR, RE Y
R BAR. ASCEAFEE

E-mail: pingx@ysu.edu.cn

(XIE Ping  Professor at the Insti-
tute of Electric Engineering, Yanshan

University. She received her Ph.D. degree from Yanshan
University in 2006. Her research interest covers brain and
machine interface technology, control based on intelligent
robot, and virtual rehabilitation technology. Correspond-
ing author of this paper.)

FBFEE Ll LA B L
T FEBIFOT RS, FEEAL
i AN Fal.

E-mail: gzh5090817@163.com

(GUO Zi-Hui Master student at the
Institute of Electric Engineering, Yan-
His research interest

shan University.

- o , ,
covers signal processing and the control

of rehabilitation robot.)

KBRS el AR B R R
2012 A FRAFIE IR 15 Tl K2 1 2 Ao
FHRFFETT 1) R BUE AT L g ARz,
TR TIPSR, FeRh LS A B
E-mail: wuxiaoguang@ysu.edu.cn

(WU Xiao-Guang
fessor at the Institute of Electric Engi-
neering, Yanshan University. He received his Ph. D. degree

Associate pro-

in Harbin Institute of Technology in 2012. His research
interest covers control of biped walking robot, computer
vision and machine learning, and the research technology
of the special robot.)

FME  deIl R 1998 ARG
IR T R TR 2. 2
IS 7 1) Sy B 428 -5 ki 1 5 R B et
LM

E-mail: xiaoli@bnu.edu.cn

(LI Xiao-Li Professor at the Insti-

tute of Electric Engineering, Yanshan
University. He received his Ph.D. de-
gree in mechanical engineering from Harbin Institute of
Technology in 1998. His research interest covers brain reg-
ulation, brain imaging techniques, and their applications in
neurological disorders.)



