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Following assistance control of walking assist exoskeleton based on oscillator

YANG Wei'?, YANG Can-jun'?, MA Zhang-yi', WANG Han-song' , XU Ling-hui'

(1. College of Mechanical Engineering, Zhejiang University, Hangzhou 310027, China;
2. Ningbo Research Institute, Zhejiang University, Ningbo 315100, China)

Abstract: Aiming at the problem of human-exoskeleton uncoordinated interaction, study on human walking intention recognition methods and
hip exoskeleton joint compliant assist torque control were carried out. Through gait characteristics analysis of normal human walking, a phase
oscillator based walking intention recognition method was designed. With simulations and experiments of test platform, phase oscillator based
exoskeleton following assistance control theory and its performace were verified. Meanwhile, optimizational algorithms were verified on test
platform to realize exoskeleton initial state self-calibration and static state anti-shake. Finally, 10 meters walking tests were conducted on 5
volunteers. The results indicate that with walking assist exoskeleton, various volunteers average walking speed is increased to 20. 16% com-
pared with free walking. In addition, each volunteer gave positive feedback on walking experience without sudden shake of assist force.
Phase oscillator based walking assist exoskeleton following assistance control can not only adapt to wearer’ s walking stride and speed, but al-
so provide effective and compliant hip joint assist torque, realize smooth and normal walking.

Key words: walking assist exoskeleton; oscillator; motion intention; following assistance

0 3| = FEEAED S A —Fh o LR N4
AU T HBI A o s B R O R R AT AT

Bt AN C I A AR K LB L RREZ IR T L T P B R R fe £ g

Ko HH A 0 R DG ) A 22 VI OGTE , s A rh oot 3T A RS A A S B IE RS R
TAFP ) ARG AT I B B A 1) B e 5 i T AR IR B S G R, AR BT AR

Y75 B H#A:2019 - 04 - 13

E&£TH . EEARPEI LW I H (51805469 )

EB BT A8 (1988 - ), 55 WL T A B B3RS 5, 2N F R E AL AT A5 . E-mail : zjuaway@ 163. com
BEBRAN A, B 0L B2, LS, E-mail:ycj@ zju. edu. en



- 1008 - L H

Tr & %36 &

BT EDE AR T Bz sh Bt i B 7 38 e it
B NGB IE A 3 LA B AR 5 R W S hE B
fEfEZS ., ik, B4 NN E a8 T 2R e i
A0 10 R AR 2 2 28 R RN B o 3R sh o]

RS S 2k B AR B 5% e 52 3 = 4 N
AR5y R 8 ASHAAL, AGE T AR, FIHZ )2
HIES L T RERS UL AL 1 h 28 I 5 B IR
TREHE R ANE BRI AT T R UE = B i R 5T e
KIM 256 A0 58 gt 7 BRI B 2R 40, X R4 A 56 T
FAEEAS BT T 2028 M0 BRSO B A , M
SEPL T AT LR G B LA B 3T 5 R )8 Bl At
AU s SEO A5 A AR SRR b L AR A 1T
REFER H AR, i TR S AR G a0 AR
BRI A A RIS T AT A B BoR B
0 H 9 A H 23 5 B YASUHARA 26 A 33 7 —A4
FEPLIR G & B AR SE bRz gl R e T T XS LG,
FEEEIE RS 2 ok =k 5 ARz s A — s 2
A, BRI 2 28 A (L HL AR ¥ ] O i B AT A
s RN ZE TR 7 K2 SUGAR 26 A1) 3 o 45 3
HAAE ARG 4% AR OCT MEE S A B R R e
T ANE O AR AT A A P R VT T, 38 1 5 B LA
RSERGY0UE T AR I8/ BERE 7 TR BRI, SR MT%
W98 WA BRI AT BN 1 07k 5 73 o, R S
B K29 COLLINS 45 A7 3 i 311 9K Bl R G 1
AhERES I Sl T R, SC T AR AT
FE A W B RE B A RURE I, A AR T B A TRERE

BT, BN T2 4E N7 40 B 8% 2 s B K H
SIS IS ECA 1% 2 W5, SR T R B ) A
Ex IR ) 1 G B e Tl A VA A E PR < s RB
9 NIRRT S 3l T A B A 5 T A
RN . 28T N BTN Bk T
AT R B it st AL LA K B (R /e e T
EPIE PR R, Bl it B LS 3 S B B
IMERNAEG B, 5 SEBR AT 1 F v 5 0K 8 7 4 AR
FEAVCEL BEsE AT 4, T R BUR R 2

AR AR A R A%, VR AT A A
By E A i, LA A B8 C e AR 1 Tis 8, IF
TEIE LS BEZR Y B ) 5l B o b S5 05 1 5
651 5 ok 55 UF A2 2y 1 73 DG JC o Aff A R0 Bl T R
FEAEME AT SN B BN L AT AR 28

1 BN 521780 e il

1.1 $ESH
AR AT 5 R P 4% S o B AR A T I A A JRL A

Ak,
1EH NARTE 3 FhAS[R] A #4544 T e o1 1 il
a1 Rl

60

=

40t

0/(°)

4 8 12
t/s

1 AR R T f B it &

P L 1 ] L A8 G5 R DG 1 24 B AT S IR | dn e
ST BRI X R UL Gl A BE (AR A
A WAk 8 G 7 T (R R R ) IR A R
e (A AR /DN ) AR DRI T JHG A 3 I 9 B O
Wiz sk,

AR SCH ARG A B 5 A sl B 2 AT )
AR BRI R Ry 20285 e 90 A R 225 040 T L sl
S NARPR AT 3RE | i B2 AN ] S ] — BF 200 0G5 #f i
FESt,

1.2 ST hFEE

A3 HT AR ZERE O B AT A B DA T s sh

AT ANLR GRS Z B BT, an R R

10 + b0 + ksinf = 7, + 7, (1)
A I— AHLRGE T A 30 sh i i 0— SRR e
FB h— RN R 0— BT AR 57, — A
R IRS) 5 7, — MBS T IR B 1

H T A/ i OG5 BBl ) R A DG AR 0 A
FEO(H o) PsE B

T, = f(0,0) (2)

PR AR R S B A7 1B 48 204 T I A8 G 5 3K 5l ) S

ARIRA
7, = 10 + b0 + ksin® - f(6,6) (3)

2 HFRGHNEIEERRNS A
18 W Bl 7
2.1 EFHAKRSENEHEERIZS
B S AT PR .
@ = arctan(%) (4)

I RT R 25 BTSN E R B AR DA TR ), B
HAS WA AR I R



5510

W 8,5 R TIRG SR BTSN

% PR 15 Bl 1 45 oY - 1009 -

R NRIRE) 15 7, 2 0, RI438 e S B 55K 5l
RS AR5 T R e A DR T Y PR A k5 T 5K
DRI, 0 4 2 1L 2R 5 BELJE AR ORI E A %, il
o BEECE B B 177 3, BESEBUARE YA T4

N T RUEAE AT A IR AR AR AR AR R, RS S
% T SCHR[19 ] P PUB IR, I LA — R
R,

O f RS ALI AH AR h 2 A& 2 I

2 10
== 7], P
IQ "
1 l -~ \ ’ 115
| “ —
< | K‘-\ I ‘ -
S o 4 ‘, 0
< 1\N “‘ R
< VY \/ \.\d DI
] ‘ ./ H 775
-1 K . i w, ! -5
s 4 \ RV
\vo *\‘/ \Q'o
-2 L L -1
0 1 2 3 0

t/s

B2 S A AR AL AR £ 2

WAL 2 BT LU H 2 AH A 1 2O A5 TR RE 00 4 3 72 1k
PR, AN 208G T 1 B W (48 Jm 28 Ak, T WL, KR T A
PR v A T 1 20 2 RO B HEAR 3 1 2P R 281k
2.2 ETHARZHENEENEA

T PRUE B AT S s B 3 F RE A A5 BE 5C 19 o B2 oL
A AR, HLLL ST 22 AR 2 e A OC T
B A B AR R

T, = csing + dcosg (5)
K e— BT IR I R 5 5 d— By S5z i [R5

B o B4R, B 1 SRR K BEE o 39K, B i fE
NI 8] 5322 Ak 75 T B ) R S 5 — AR AL B A ST
MFM e =2,d =0,

050G Ja iy B Be S i B g 20 A an 81 3 s

1.2 _ 1.5
X X 5 TR it

0.9 BB 1.2

0.6 0\000000 | 0

0.6

Curr. &6/rad
(=]
w
of(rad + s7)

0 ooo
lolo} — P L Curr.
—0.3 O  {EETifEY
x WA o

-0.6 ~0.3
50 60 70 80 90 100

Cycl(%)

B3 BT B BEA B B 0 2

1P 3 FR B AR 0 XA LAFE 3. 00 A
P AR AL S Jet it (DG AR EE O 0) 1, A1 % Bl
JyHE i BT /N A 0 FF T Rk, HARGE B ik f ok
{EL, 76 A 82 O WA B B, By 0 4 B AR 45 i R (B AN

A TR A B RIRE 203K 5 A, B R ) i1 25 43
UTA5E 1B B A e B T R e N 2 0, B SC T T
TR R, B 03 46 A8 SR 60 (B (AR B 3 T 1)) X G
TR

P UG T 2T 6T AH A iR 3 45 485 G S Bk e A

ITPN Sy FoR el akrb SR IS i) g i =y f
Tmﬁtﬁﬁﬁ’]ﬁﬂﬁ .

T BRI % F SN B 5 5 R ST A
k0 BRI, Bh (AR B, X ARG B LY
B VER , ELBY 37 AR S 04 B, T DAARIERE A B
paRuy LN

3 ggg/ﬁ\/

3.1 ZBEE
SLEF- B LY E a4 B,

3 0 3 56 Ik

e - s
6 - = —
* E— s - i
,&: ddddddd
FAESHEIR AR Siam
= BE P fa
;‘z_ fomm/10 1l 300 e
20] FBiE/10 :g vy
g2 B0
& ]
bt -400-
365 =2 s
e adiE)
(b) EAHLLabVIEW R i
4 STA s

P 4 v, ST 5 oA — A fT Ak 1Y) SR g ] S 56O
&, BRI R ALK sh g AR A AL 2
AR 2R AR 1R | B BRI IMU

T 5L 560 5 FEA LB A T A B G B il e
IS R AT 7 AN | AR 5T A U ek 1 o Fi AL
R TIOK .

AL B s P ML A R R
TEB R L K AR S (315 5 BRI g 526
B EZH T,

(1) VIR AR B ket

u)%?%&ﬁ%%ﬁﬂﬁ%%wm%%ﬁ%ﬁ



- 1010 - L H

NLRE T s
(3) TEA TR S8R 155 1500 sh i sl SRR
3.2 IGIUESCLE

3.2.1 WdEEEE
PR RS 22 55 Sl 3r A8 22 AR R A 3N
RZEI A% G AR B SRS TR IMU A 2] g AR
TR OGS £ TR ARSFAEZ AL, 5 M BR B B 3 4%
PRI, 5 0 AR 28 38 B 0 oh i L v S 0 46
BRI TRAIRME AR a0 N PR .
6, =6,-9,
%:%Eg%iam ©)
0, — 55 i GCRAE BB T FRIR M ;0,— 55 i Ik
SRAR B AT RCHE S A 50, — BT m DHIARHESCTY
A REST- Y 5 0 AR B
WSS WG LS RHE , NAR ZE 3 B0 AT A1 B I i S
IRAETFWIGG A BE R AT LIS B A sk,
WA Ff BE A R HERT JE X FL 4S5 SR AN E 5 B

—— JRUR T

—e— A2

0 2 4 6 8
t/s

K5 wnda s A BOERT A X HLgh
0,,— F T A1 A A

XiF FEATI A R B RS I IS 45 S T DL & B ARG o i
WIUA 11 B e BEMLA S 007 JLEE | A v LA 400 4 £ 2 i
FE B IRIERAL
3.2.2 BiERRMEB A

HRIE(S) 45y B 5k, 5 B ) R sl v 3
WEEAE Sk 800 mA , W SRR A SRR 155, HiEMiE
TN

3 I R B T g A 6 B,

H1 & 6 AT UE H - SE56F A M2 SR 5 1K 3 45 1Y
15 BLA5 R — B, FE T sl A B B AL (I, B 1 9K 3
FL L IR TR /N O, B i D617 e A 12 30 1, B 1 3R 3
FL L AR I A, R PR B A TSI / A

F UL AT DA E SR B 7105 32, ASHBE A 3hid 1
B et A7 Bh 3 9K 3 i HBEAE AR o e K By

w/(° - s |)

0.5 1.0 1.5 2.0400

t/s
(a) WERTT AL . A EELL B AR Fi it

— 1000

Curr./mA

0 OjS le liS 2
t/s
(b) HHER T A B B il v i AR AL Bhadt
El6 [ R R REB s

B ARAUR R BY S, (A A B D i R RS ZR

AL 207 1R RSB F IS I EREE B T
3.2.3 P BRSNS

TENR ST AME H PATid Re vh, 2 B
5 DRl L SR PR SEA T X A 37 5t IO i 22
BOAT SR RE R AL lC & Az 3, e 45 IR PR
[# 5 S A AN XA = A BN 77

M(5) TRAE A B 9K sh o 7, Bk
WIS RE AL 7E NP AT Bl S A5 0
TATEBE SRR S A N 551 A ek
W 0, S BT A B R AR ML A P oA el ) 30, XA
PR3 AT

ARSCEF R IR IR i 1k T BT 1 A f% Dk I I
SRR B ASPERE IR, B (E B 7E D -

0.<0, Nw, <w, (7)
2+ 0, — WEICT A 3 B 5 o0, — TG AR BE ML

e (7) FRAEmE, SRl RURE B 0, flE A
i A S SRR NN TR PN N TP N P S o
S kB R AT i (S) PRtk

. {csingo + dcosp,0, >0, Uw, > o, (8)

0,0, =0, Nw, =<w,

ML 5 S AT LS, 285G A R B (E R A
L B L5 T RIS, S i B BB XS R, T
FEZAE BT AR X S B F B0 0, F BT 8CE A W .
AN I 2 b 3 P A PR BE5E 1o /N, X Y S
g Bhah ok S R A RICR B 5 s T R B
gy, B S S, 0 IO R R A R
153 ~5 X NRCR R B

TSR 7 FoR

RE BN AL T Bl 42 A B S I, 3 et A
HJE AT A - o T A0 10, 13280 B 2 T R 2oL
A BRI R B A 25 5 . DUARRT, S A+



Y 8,5 TR &0 B AT S i BRI Bl 45 R AT

- 1011 -

. [}
> YA
S o b2 O W amia
H V — RALHT I = 2
. e PeAbJG fE 1= = JAbs fEs
100, 1 2 3 4
t/s
(a) FEEALHT G X 25 5%
1000f '
<
E
N 0
=
S
1000 I—ﬁtkﬁ”ﬁﬂiiﬁT AL

0 1 2 3 4
t/s

(b) 5 LR DT 0 H 2
B AL Eo i

PR IR AR T A5 R F 25 5 1R 2 B A S5 A
SR P /N JEE AR Ak, DT A Pl (B A R A 0 3, R
SR 12 S iR 2 T B B R, 4 N PREBOR B9k [0 B
BTy, R E RS i BRI
YEVF AN RREAR S TR 0, T i 13255 12 5l
LSE s e VAT

TR A EF LS SN 8 R

80 1200
S T Y N
: ! : ! 1 :
1 . N
SR T e o
T 1 ; | : : .
< : ! : [ ] p
e HHITAHE 1 0
=< THHAUH H £
> E E HEILH : 3
s i , f
40 1 : 1-600
U3 X !
1 \ 1
- | ' - ~1200
80; : : 3 |

t/s
K8 AL B 1k Sh A
K 8 rhith 223l b 2 BUE AL )5 | 2 3 B
(0 AR AR A5 (RSG5 A R A 3 LA S K
SRR CE , S LB S, M R — A
O {EL, FAAEE L 0, PRI HC R B )y i, it 1 B0 0, 7]
LRSS 2 5 RS TN A 80

4 BATHME SRR HIL AR IR S 5

4.1 HHHNE

KITFER T —EUATHME LA, E 2L
IR TN N I G S L ) B S R 8 ) Ve B 51
He FHI e L R SRR e . HLARAS R 45 1 3= B A
TR a R M5 OCT S AL LA S K BRAF . 7N 454 1
AT JE A FERARAT , 73 5 T E 8% 5 2R i A
5 RIS (1) [ o2 8 K WL 45 40 J 15 22 e A T ik 1
i, 1Tz s G B (5 R AL R 45 45 2 1y &

1K [ AR 22 AT B A A O A R ST RE AR
T IR SRR 3 B s AL SR L AL ) 2
4.2 BTSNERSITIKER RSN
ARICK 5 W R BEAT AT S s AT I
THXTRAE B 1 P,
F1 XBEXNRER

e Eis % 5 B /em 1K/ kg
1 44 il 181 76
2 30 B 170 72
3 34 8 162 54
4 44 B 173 70
5 33 B 175 65

S5

BRI RT G B T 5 R H AT 10 m 13K
S WREEFAME SRS 10 m AT, BB T AR E:
SKISATREDRFE HARIIAT & A B T B 224710 22, B 58
AT, LXK E 2 min,

MEREE A5, A SE 50X G35 R Bh AT 40 & B A
AT R BRI, I A BSE ARt N /R FH 07 1
R H AN #E B AR T B SRR A1 7
A TR R R T R R B AR

R 1w BT A B A BT ROR AL
T — 44 SCB R AE At P AT s BT b e g AP
ATEE 10 m 2547 I3 1 (4 488 5 15 e A #f B AR Ak (]
FEZSER 10 m 2247, ZF i A 740 B 6 5 20 AT D 8
T R A A B AR IR AE B K T H 2P TR T R XS
N BEAE, HAPATWORA TR . 7 B AT o0& 8% 1 4
B, 5880 10 m 2547 I T A5 B 8] R 558 B B 2P AT
24.6 s WA 20.3 s, AATHORIET T 21.18% , MUtk
AL UL WA A 0 Bl B R AT R B B ROR

AT REAG SEH 4 5 R H F AT S IS S
AT B2 5 B AT T Gt 2# oA SXF LG, AR 10 m
AT RN AR 2 FR

x2 8X10 m HITNRKEE
WS R G40 FH1k FE2k FLIK
w/o 23.1 24.1 24.5 25.2 26.3

(P4 :s)
FAW HESK

#l w/ 18.7 19.8 20.0 21.3 22.3
w/0 25.4 26.7 27.2 28.1 28.2
# w/ 21.9 22.8 23.2 23.5 24.2
w/0 26.8 27.8 28.5 28.7  29.8
" w/ 22.6 23.1 23.2 24.2  25.3
w/0 24.6 25.3 26.1 26.7  28.5
#4 w/ 20.3 21.6 21.8 22.4  24.6
45 w/0 23.9 24.1 25.9 26.2 27.3

w/ 18.9 19.6 20.1 21.6 22.3
w/o— B W F AT ;w/—I B B By AT




- 1012 - L H

Tr & %36 &

XL AR TG A o B, AT LAARE] 10 m 2247

RIGLE R NE 9 s,
0.6
S04 s &
: |BE 3
T oo2lR= |
o LB RRT XS X 22
NN O 0 D 0 N N e 5
VKS v(\ KIS YK\{K\ ,Kg ,<\ 'K\ 'KS
PRI R TR0
Pkt g

(a) B G iR 2R

S
% ¢ 1904 1868
&=
_1111_‘)3
b}
KN
1 2 3 4 5
LI R
(b) BRI REE R

E9 10 m 2478645 R

HI 1l 9 WIS 24 S50 G 7 22 5O B Bh AT )
10 m AT IIA G 07 2 0 25 R T e i 2 R T
RYEN 24.44%

5 24 LB GO Y AR T F0h 20, 16% , HH UL AT
DA SR BT AN B AR AT AT, RE A SR T A LA
AT AR,

5 4ETiE

ARSCHE T —Fh LT F O NAR A IR 48 1 B AT 41
R B BE B 45 O ka0 LS 5 OF 65 S
5, Bk 1 IR BE B 7 75 kAR T TS T A itk
T AT B R AT PR R S50  JF X REEAT TR IE,
XSG FALHAT T H SR, XA R S R BT T
THBR , A BT M AL, i S 10 m 22
AT AR T A SCHR H Y B AT S i BB
B #0505 (A S, SE IR X R R S B fE
U BREE A AR Az sl A, BRI B 01, e
fE P RA R AR ER

SCHGAR T R BT AME A LA A 2P
AR5 AR

7, BE7E 10 m P47 FE o, P 282 71 20. 16% 7Y
AT DRI T A8 4R35 A 04 B AT M A g
RARTEA R AL A T 33 % AR AT HA B Y i
PR

H1 T AN SCE H T S e R E B 45 1 5 5 B A Rk
FIBE AT B , B JCHEAT REFE T T B S 0, 7
RBRIIBIFE A B H T BhAT S % A R REFE I D
T3 ARSI 5 SE AU . (RIS 56 6 G K i X
AATRE N TR A AR N EAT DN, S uE AN A A S AT
N H R BRSCR

5% Lk ( References) :

(17 dfdds, FEA OB AR B DL 48 N T 5 By 58
TR T ——J T PO T RO B )], 2
21,2017 (2) :148-157.

(2] SRILSC,FLABE. AR AR LI 0 PR 3R R LT S s me
[J]. AR PR 24240, 2017,19(4) :279-284.

(3] ZmBE, 8 5 hE&EBEENH AN AR S
AETESL T[T ] NH 5% )% ,2017,10(2) :93-100.

[4] TORREALBA R R, UDELMAN S B, FONSECA-ROJAS E
D. Design of variable impedance actuator for knee joint of a
portable human gait rehabilitation exoskeleton [ J]. Mecha-
nism & Machine Theory, 2017 (116) :248-261.

(5] ZERM, Bl ik, Topk s | 4. 04T R P NSl 42l
ERFFE ()], HLH T ,2010,27(6) :47-51.

(6] # #i,5KF0E A% 4 JLT AN S FFRRLRY T o
RS R ARO[ D]. WK . T22HT,2014,48(3)
430435 ,444.

[7] OUYANG X, DING S, FAN B, et al. Development of a no-
vel compact hydraulic power unit for the exoskeleton robot
[J]. Mechatronics, 2016(38) :68-75.

[8] ADAM Z, KAZEROONI H. Design of an electrically actua-
ted lower extremity exoskeleton [ J]. Advanced Robotics,
2006,20(9) :967-988.

[9] LIUDX, WU X, DU W, et al. Gait phase recognition for
lower-limb exoskeleton with only joint angular sensors [ J].
Sensors,2016,16(10) :1579.

[10] JANG J, KIM K, LEE J, et al. Online gait task recogni-

tion algorithm for hip exoskeleton[ C]. 2015 IEEE/RS]J In-
ternational Conference on Intelligent Robots and Systems,

Hamburg:IEEE, 2015.
(F#% 1026 R)

W BT, BRI AR ST R 4 DO AT A B BB B s BT S0 AL TR ,2019,36(10) 11007 - 1012,1026.
YANG Wei, YANG Can-jun, MA Zhang-yi, et al. Following assistance control of walking assist exoskeleton based on oscillator[ J ]. Journal of Mechanical & E-

lectrical Engineering, 2019,36(10) :1007 - 1012,1026.

<1‘R%I$§>%$;http;//www. meem. com. cn



