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Abstract: Exoskeleton robots have shown promising applications in military, medical and industrial
fields. A scientific exoskeleton assisting effectiveness evaluation system is urgently needed to achieve
guidance and specification for exoskeleton research and development, product iteration, and practical
use. CiteSpace visualized scientific knowledge mapping analysis and data statistics are conducted to
comprehensively grasp the existing performance evaluation methods. The current research status of 5
common assisting effectiveness evaluation methods is reviewed in detail, including metabolic cost
evaluation, bioelectrical signal evaluation, kinematic and kinetic parameters evaluation, work
performance evaluation, and comprehensive evaluation models, and their key indicators and technical
limitations are summarized. An outlook on the development trends and research priorities of exoskeleton
assisting effectiveness evaluation technology is presented from 4 aspects: evaluation theories deepening
and test method, establishment method of targeted candidate evaluation sets, comprehensive evaluation

model structure design and index weights assignment method, and multi-scene test method, which has
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practical significance to improve the exoskeleton testing system and realize technology horizontal

comparison.

Keywords : exoskeleton robot; assisting effectiveness test; metabolic cost; bioelectrical signal; human

biomechanics; comprehensive evaluation model
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Fig.2  Article volume statistics in the field of exoskeleton

research and assisting effectiveness evaluation
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A IE f S BERE , 22 B R ANOVA 4 B
SR B SR B SR W I, 7 A1z A BEAE A
L 2E R IS B BEREAIR 17 £5% (p =0.039) , 2Pk
P9 +4% (p =0.031) ,

AR ATTAS B O e T EOWAE B (HJE kI
Wi =y LA B BERE KT, BLAS 5 52 BIARREAR B P8
W28 BEAEE N AR T, HHOCHFIE R i
AR Ji S B B A SRR R IR IR 2 b R
B[R] A I RE U AR T IR (1 P K 2 By
P REFE A SE a2 /N A, i TR
A S S AR EAAETE 56 22— 30, Pt — 20
TR T 1 P AR (L5 A/ Bl 0 R0 =2 ) S G
FRBIBFEPERAE  F S AR B 0 PEAG 3 A B
A
2.2 EYRBESITEE

Y AE S PR R SR 2 A LE ( Surface
Electromyography, sEMG ) {5 5 FliN i ( Electroen-
cephalographic, EEG) {5 5/E M E #6845 , 3 T LA
Wi 5 iz 2 B o0 S5 4R A SR AT A1 B i B ) A% RE
WA,

H T, EEG #5522 3 b H T3z 3 = B U F P
AHARHE D TE B AR IRy T o B A i
RN B S22 3l HEAT A A T Bz sl RO HLBRE 20 #T
SCHR 51 ]t O BLER A 22 i 36 1 o 28 S At g 2 [
WFFE IR 22 DK e 157, 25 SR R W A1 4% 7T W 3%
U B AT B b B O AR  S aod vb
R ik 1) 4% 3o ) W3 TR R T 6, 97 L ol 22308 2 AR kg
957 MHIFARIE— L RSN #E X EEG 155 1Y 5L FR
TS,

T EEG {545, SEMG {55 7644 B 4 s By
TIPSR R G il . sEMG 155 i A B ik
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Table 2 Metabolic cost evaluation indices
He J o
S3AAE RSN A ETS D i 028 S AT ER R 2 30 518 35 B AR E B IR AE v
(fRIERESEE Vo, B AL BRI Voo, ) FFEE (¢ 0 2 ~ 10 min) #edii, FIH] vV =
LA T (Vyiove + Varrer =2Vore)/m BV = (Vyovg = Verg ) /m W AR EAE AR AL,

{g[z9.31,33,3s- 36]/(mL_kg_1 -min")

i{ﬁ%%fﬁﬁ(()xygen Cost,
0C) P /(mL-kg™' +m~1)

Vore Vaiovs « Vapren 50 5 8 7758 3111 58 50 532 315 ¢ Ko B RG34 07 0 8 (i
(ml/min) ,m FRZREET (kg) o L HHFEZ IR 5000 BT 5 1Y 4 e 0
I&ﬁfg VNONF \VF'XO ,&1%33‘13“"?%;&{‘&@{&% V% - ( VF,XO _ V\JO‘JE )/VN()NE X 100% N

SR SEHG SEHCSM AR R (R R Vo, P AT o 0 LB B OO =
VAONE o /0NONE L OCENO = VEXO o /oBN0L S 15T 32 0 MM B R 19 36 OC

(OCNNE 0C™0) FKAFHAL OC LA 0C% = (0C™° - 0CNN) /0CNNF % 100%

g 4 BOEI YRGB 1 min P REABAR ER 0V, T T DL K 4
FFH  Respiratory Rate, TR IR, T 1 P o ) ‘
i _ PR A TR A B8 46 A5 A 6T RR M P, DB 5 P 4 KO S B 5 (1
RR) [37_38]/( W emin 1)
R
S+ S B Minute Ventilation, )f‘éﬁﬁj‘%”&/\ﬁj?:li%jﬂ‘]%ﬁi&%,%‘Iﬁﬂ’ﬁ%(Tidal Volume, TV) %! '—ﬁ”?”&@t@’?ﬂ‘]ﬂi&
it BT A S SRRIE, AN MV 200 6 ~8 L 1) 3 s
" ST 100 L,

G 2 . . TR AR TSRO SRR Z LU, 2 RER <1 I, Z A 4b T4 E R
Il 52 452 %% ( Respiratory Exchange Ratio, e w N L . ‘ N
e AR5 RER=1 W 2R T AT S A0 SRR AS . RER 0930 i

R bR T iz Bl FE AR B AR RE R SR I AL
HET PR, (1] Brockway bRiff )y 2400 S AR AELI R H = aVy, + bV, ,
FHOFFESA L 1 T ALBRHEA AT G RO o = 16. 58 Tl b =4. 51, B %L
BET R T R Y B F QI (HIATZAFEARTE m bl BB B FEN R H,, = H/m, % T R 5 AT
L3323 38/ (Wekg ™) LB 22 5 | T PR UE 2 10 b T U ICIRAS s T H RS2 1 2 A R L Y
BRI FEIR YOV HEXO AR IR H, % = (HYON — HEXO) /NN
il 100%
RQ T84 7P 20 M — 4 AL Bl H i S AR S B 2 LU, JE T RQ A AL D 230y
5 T I R B9 A D R, OO AT H = 69. 7V, x (1.234 1RQ +
FEF I 5 ( Respiratory Quotient, RQ)
sttt 141 _] 3.8124) 2414 ARG FED) % H, Hidh69. 7 W - min/keal 24587 Keal/min 5%
BRI R (Wekg ™) L ) i N
W T BRI R H, S SRR H, % T 7 8 5 3 T IR AR
R RE -2,
WL R R 045 F8 0 FF- 1M (beats/min) .0 FRIG(H (beats/min) %5
A B ALAHE B ( Physiological Cost Index, 62 TR BAE B P IRE 00 28 2 ~ 10 min) (T30 HR e (HRyov Z 2 5383
PCI) o =47] /(beats-m ") RS T AP EIEEE vyove (m/min) B HUAEL, B PCT = (HRyovi — HRppg ) /vyovs o
BRI A R AR ARG AR, AR SRS R 55 0 BT B3 A7 £ — RE A SR
I L AT R I TR] DR IRk SBTRS AR Z M A AT R AR A DU AT 8
L3R SV (Heart Rate Variability, FEIEF- 1 1E 45 X (8] #7725 ( Standard Deviation of Normal-to-Normal Intervals, SDNN) 2y

HRV) [38]

10> F A £ % ( Kaevonen Method ,
KM) (3. 37)

19, 5w Sk — s i [E] 2 1 P9 2 88 B Dhs . Co R BT b o 22 5 it 315858 3l b SDIV-
Nyove TIZIHETHE SDNN gy, , 3543 SDNN 22463 SDNN% = ( SDNNyoyr, = SDNNppy, )/
SDNN i x 100% .,

KB FEF AR 32 SR EE 1R SRR B AL LR U (ELO AT R AL, 75 7% 1A
R 2 S DO KM SRR 30 A 5 2% ) S B AR AR 5 3, 35 DI 458 30
P ELO R B DT RO SO S PRI T HR oy HRppg HR,,, RO
f#% KM = (HRyove — HRppi )/ (HR . — HRppi:) x 100%
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FIMRAE  HUNHIURF I S AR 2 Mk 3l ) 27 R X ot 22
JILPR 2R G804 16 /K7 FNR S A Bl vl
VA IB B I A LA B g b HOR BRFRBE . sEMG
o AT LA SRy S AL A A3 R il 3k A1 s B g
fig, SCHR [ 53 ] 45 th Z 4k i #8 AL 43 L (Integrated
Electromyography, iEMG ) B #E 4 & 19 2 A% 2 26 1
[T R 35 96% UEW] T ESIWLRFALHLE 5 512
SIREFERY R EEAR DG, Ah, I BRI T SEMG {75 i
T3 A BRI 7 RGN I 5 324 BRL IR 98 57 AR s
PR S SO B BT S Y 57 I S BRI
RSN ST AR B RCR ot H AR UL A Y
VRIS &, X8 1 1] i 4 vh Al 98 . SCI 555 3l D g
WA 1 5 A R A i, — BRI UL A T B Al 33
H ( Non-Invasive Assessment of Muscles Project, SE-
NIAM) P feyil i g 130 5 Xof = 3 58 8 5% | 03l
BT iR 5T AR E BARILA L,

32 3 HI2E T BT mH AU A b ) [ AR
LR PPAS A8 br SRR RS IO ¥ o I 38805 8 4 A
sEMG {5 SRR ALK J1 08 ) — XSG 2 WFFE L
PRI Bl 7K1 5 93038 7 2 U3 3k % sEMG {5 5 3 AR G
BRI R R AR L I A e N e A 4 | AR A 2 4
25 [ ( Power Spectral Density, PSD) #fi3€ sEMG 155
HORFERBAR S AR O . Sha A R Ty i FERE
I K2 BUILH R (T B IEMG {EFEAIK . RMS
Wl NG LA 97 I, DR 22 Hh LD 248335 1 e A [
I IE R AL T A0 2 | JLHS IR (5728 K RMS
WML BENS THRS D, i TR
/NS R R IR B, Tk R g 0 Y
(A2, B SEMG 55 i 38 i B T 68 2 i L
JysEm Rt mT R s 57 5 1R A A2 B R T RE
JEH WU 51, R GBI i 55 5 1E , RAT7ER]
St 22 1000 8% B A REB DA LIAL AL T 97 R B0
PRI E L35 T 3R N A TR B, B2 T Al 11 i
TESRACNLIA it A sl 57 7 VR ] . 7%
TREAR 4G A7, RMS 5 MVIC% R FH# b Tz, n
SCHR[ 57 188 — F i M 53 556 9K Bl #% ( Series Elastic
Actuator, SEA) BRSNS S8, A 2840
BRI SEMG {5 5 ) 3 7 I8 {5 XF EXO_ON,NO _
EXO Fl EXO_OFF 3 FfA[RPARZS T (19 WLHL AR i 24
Ak, T B b o 2 i EULER RS i 40 20
S — A EHE TR RMS (), —E R 1
WA 1 A2 iR T B 22 S 1, SCHIR [ 58 ] 3 i S g
M0 B T R R O Al B ) FEEA T Sh A A
IR SCPE AR R AR TR B P4 0 8O %o i 3

HFIA) BT 1T H RMS S2BE sEMG B8 -9 9% 19— 1k
MVICY% , HAR PR s A8 T RE S AR (DR 21 12 3l
JE BR HEAL R AR RIS A ] LA

YA S S PEAG LS AE TR RR &, HAE &
WUy e i i dh e R E R R HY 23
WLPABHST K BRI 2 B2 B e B AN T4 A5 A
RIS | RS 2 ST B AR I A AL, LB k3R
T LA 7%/ D A% 25 | E BRAR IR I 1 il i i 25 2%/ 4
PRUOT O T b B T Bl R PR A 13 g
P 2 A ZE 5 B sEMG FEPERRE T
RAE T Z R A A TPAL AL
2.3 EBHFERHNNFSHITME

& 358 N 12 o A ik U A AAGE B 1) 45 30
SRR VAL S0 5 6T B AL RE 1 52 i FH S0 TR B
HHRAE T A 6 A AAIE 3 RS G 4 U R s
I BIELEE , FER AL S Wiz R IE iz 37 5
KWz ghfe it ML 8l AN IrTE . X TE sl
SR DG AR A BRI £ 5T (Iner-
tial Measurement Unit, IMU) %14 HL55 1z shifi 2 &
8¢, RARIZINARIC A5 NSRS, WniE W
IRAEZS A AR bR 28 vh 3% ShE L OCT AL RS
XTI FS B ARSE R P =
YW 7 B 5 55 e — MR I 152 A LA S BRI Hs T
PESAT , INAWLBE B Sy ST T D 3 R A eh 25 5
NHZH W B 3 e s I VR TR br an 2k 4
B

SRATHE R B B B 2 1) RN 8K 2y BT i) E 22 DT
BCXF 4, FERE B J7 T, 44 55 TEARUE D i B g, Ak
T I RE S RSB I AT R 30T R H Y s 7R
(i) 7 T, A3 5 A A HLAOC 1Y 5 AR i PR A 2
FIWrE A A i BE 2o SO OCT AH Gy )
2 IR R VR TR AL B B
TEH R & R e B I 1E W B E R L
SCHR[86 it 1 —Ff T4 B SCI & 11 E A
PET AR R e 080G B2 AR At Ze i Ak
MR E A F Y PR, R P HU R IE R R R O
HIE S TR T2 A AT B R Y 1 AP AR
By, SCHR[69 11Tt 1 —Flii m) S F5 48 20 i B2 1
2 B AR BT Bl 1 BROCT J) AR AR K
ik EASEYERE AR 7 THR TN

Tb=Tl_Ta:(FCypx_Fth) -7, (1)

A7, A s, R B 32 I ALY
TR O A X G AR A 25 R F s T
By By AR 75 p, SR bR TE 7 ) Y
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Table 3 Bioelectrical signal assessment indices and muscle fatigue characteristics

Jr B

i

LA B 8150 -0 /mV

JLA e e

iEMG B[ 02-04) /iy

RMSBS, 57, 647691/mV

ok A FEE KA (Maximal Voluntary

Isometric Contraction, MVIC) [/ /mV

WLIA % 7158 B ( Percentage of Maximal Vol-

untary Isometric Contraction,

MVICG ) [33, 3, 60, 71 -78]

L LB SEMG A5 5 4 M 26 M S A PRI , S LI 850 B2 DR/ UL PR Wi 46 560 B2 | W
KA BN

M T LA R AR IS SEMG {5 5 2 LG, BOR BUR R IR B9 SEMG RAEA Kl
G R o B B TE G 30 80 5 45 0 A TR B, A6t 45 R A B9 A5 5 4
B, BIEK- A0 BEROT AR SCI0 T 52 , S WA BIE 2 WL A Wi A A S AR A LA
TE—E W 1L S 5 1% 3 912 2 AL B, MBS sEMG 155 B 4a X 2
FHCEE R 7 h 2 R R N IEMG A Bl L T B 580 R 53 89 77 2L T 4, S e

WAL . (EMG (AR iEMG = (Y, 1x,1 ) /n,
i=1

i E W8] 57 1 A UL R R (B O ARSI P AR e P AR SRS N, iEMG FEREIIL
AR IRBE 55 09 7 2 T3, S B LA TG B 55, LR RMS 3552 500 RMS =

[ (S0 ) /o irsé 252 5h 100 RMS MW (8 s brafl 2 7 B0 R VA
i=1

18 2R I THUBEIZ A A i 1 5 5 35 1 K B R WILHL A, — e RMS P g 0% fm
BURAE ARG, 383 b b Tick A B0 s i B A LA R 3R L5 5 B9 A8 4k, I B LA
W R 1 B ST L
FE—E BRI O A — AR L RMS , 38 4 S5 1 8 e UL FL (L ( sl 22 RS ULl
RMS $4948) 15V — b 358 B = Re s ot . WL & g BB =0 MVIC% =
RMS/MVIC x 100% . W] 3832 38 ARG AT 8 AN R 251 T sEMG 155 7 i Sl il 460
AR B R, MO R B T R = (Y, MVIC% PO - MVIC% YN ) /
[ (X mvicwn™0 )2 (Y mvicaw N )2 ], Mvicow X0 Mvics NN 53 3k
FI AR TSN BB R n AYIHE] BT 1 N 2R A MVIC% BU(H

Giecy

Welch 1 {3177 104

IV S5 ( Median Frequency, MF) 1] /Hy

- 34 I R 45 % ( Mean Power Frequency,
MPF) [ /Hg,

FI 4557

T8 —FP I TAGTHRENLIE S PSD (YBT3 F T 1RT 1 | T 45 I35 A i D 5
{E 5 S TIRB T A B 3R S B 0 RS WUHLE 5 A S5 A2 AL

5 WUIA S ok AT By o L, T AW T, MIF A S 30 - 084 0 st 9k R BB L
PRI NI <, EL A2 LR FLET 24 2 A L 191 By s i, DROVLET 248 % 4 3 A oo A3
P P2 JULET £ DU PR RS, EL AT HUME A T Ak it O O S 4 3 L) R A, MIF S5

Zat o MF =0.5 j:’ PSD(f)df,
)

5 JUL SO P 3 1 T H i AR A T MPF R B 55 (19 72 A TG , L% -1
SR AR S 7 AL S FE R . MPF J LA R MPF = j 1PSD(f) df/ j fPSD
(N df.

TR AR LA R BE 2 09 L A1), A WILER 20 335 ) (i B2 175 B0 , B 335 B0 P Bt e 5 19 7™
AT, B S L nT BUAS B MPF R0 MF B B A9 RO, FL BT E AKX N

FI= [T BSOS/ [ fPSD O Of, A0TSR IR B AR 1
W% 4 BRSNS SR B R D

Hoox, (=01, n) FEFENE O BEE R n B sSEMG {5 S A FE S, PSD(f) (mV2/Hz) 4 sEMG {555 #9 PSD eR% b, N H Rk, =2, 3,

4,5,

s

AR COP; F o Je /K- J7 1) x b B M Tl B AR T 7,
h S IR [ 28 A Y AR o
SCHR[32 ] My adt 1 — T 22 G AW Bl B9 3 I 22

PESNE- B 7 AL B T 28 UG Y ] A RO 1Y
Je g e ek 674 B A 2 2 08 D1, 7 il 1 B e 44 )
PR DI B A5G 1 T pb , BBRL 0 5 Y Al B  R  BR BESG
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Table 4 Kinematic and kinetic assessment indices
E3] Eistun
P—— A W% B Y Bl ( Range of Motion, ROM )[0%:81-83] = 56 5 g ppls2.84-85] = 56 35 45
ay Z
TRI]F== E{_[ﬁ. 65, 72,75, 82, 84, 86 -97] \%ﬁfﬁﬁ@f[&’ 96] \ﬁé%ﬁlﬁﬂﬁfg[gﬂ %
IkiE T J5i.L> ( Center of Mass, COM) % %) g .(» ( Center of Gravity, COG) (98] 9K T T2 7% £ Br ( Angle of Trunk
157 [
Rotation, ATR) (%)%
B P S L6381, 83, 100 -105] 4t (103 -105] g4 Fo sy i 1]/ 2 (90 92,100, 104) 4k 3 [34, 90 91, 93, 104, 106 - 108] jg
%E LS
A5 (Fast Gait Speed, FGS) (109 \ﬁ?’iﬁﬁi‘”ﬁ‘ 104] \%/F%(“m*lm %
BRI S AR FRPELT 100 109) B i AR SRR B0 2 A Rk D) A G Y
A PEL S S JR 5 L1 83, 104-105]
MNHLEEH SRR 730992 12=171 ef [ F7 ( Center of Pressure, COP) [38, 118 -119] 2
3 g2 S 12 S S Sy AR50 67, 69, 82, 84, 87 -89, 94205, 103, 108, 118, 120-122] 45y [32, 591 Sy gy (32, 59, 123 2
?jlﬁ?%ﬁftﬁ”'l F':/jlij]%E:n‘ 123] \ﬁﬁbﬁfﬁw" 35,57, 123] \m.ﬂL[E(ﬁ/itﬁ/ﬁﬂjljj}:w 96] /:4_«

T TR AR 5 1 (2 OB REERRC S5 R
T 2 JH] ) I ERE R ) RS RS R DL G
JEJRAT BN B DR X R AR 243 EXO_ON Z&4F T
A7 B BR W S 1Y /Y IE/ 956 T M D), NO _EXO Al
EXO_OFF [ 1E/ 67 0C 5 8 Eh AR 48 104 5 )y 2 Al 1
B A AR T EXO_ON 4504 F 45 3635 B IE D)
WEWD TR 124 1% T 408 i b B BROC T i o
Db B BEATOT T, 25 R 3R e Pk £ S A7 5 ik
FERER OGN T AL B A S AR A
SLT R G B8 Z IE T B A KR T B IE AN
2,

S H0h , NHLSEE T3 52 A1 B B 01 &%
AE 2 ok 7 P RE A W AL P8 bR IR R
REAC Il Sz e S 1 B 1 980 E B ) P £ fiE ) 5
THIE I BE ), Hoar 7 SN2 ke B ) B L B a (B
BRI | n) 40 o3 20 25 B B ik 58 s 1 A2 Ak
SCHR[ 112 - 113 ] B4 OB ZF SO B AT JS 19 2 0%
i 3 73 e i £, LU AR A S B ) 280 RE T 444K
Wi, AEALRA, SCEk [ 114 ] TR S AN E B TS
SRR ) Z 22 MR B, A 2 A o 0 AR
MIRES) . AL AT AR AL 5 T, SCHR[113,115]
3 SC T AN [ I 39 1) 1 0 R A, 9 s 0 A AR L
Ko E TR AN TR KR 225
B A HO A SCER[ 116 ] 038 2o W S0 {8 ) 535
F W& {8 J1 W) B 8] He ( Rate of Force Development,
RFD) M i o o of 2 v B A2 9 0 KR ISR
(Peak Loading, PL) . Fifi J5 12 & #fE sl B (A Hi oE 2= rp 4
i SRR B B K HEHE (B /) ( Peak Propulsion, PP),
FEANST BT AR B 0 BAR B T B B, BR AR E TT41,

i T LASR AR 55 A0 B R 2 4l B iz sl AH AR 1 1
HEFT 43 HF, G0 /N R 90 4 8 U A R
10O R AR 0

BB LA S A AT R F RSB A
A LR IR R M B A 25 4 R AT 5T, R T AR
BRFE AR B S B L, SCHR[ 105 ] R 27K
PR R R B A E I A7 R 3E A 0 R A B R T
Hi R T AT ARG E M | 2D A B SR I TR/ R
BRI O, 2D FaEra I 20T 1%, e 08 Hl 1 ) b 2 3
TE RIS RE A S5 I IE 4 . SCHR [ 100 ] 534 Hr 455
JEE L A 57 3 R, 20 S AR A B b S B D 2D
KN AWt nl 1 B AT A B R 55 FK T
YEFRRRLEE . BRE PR AT AL S S8, A
5T 4t A 3R 20 2 i 23 72 1 ) A8 S P S0 X R
PEFEAR , ZE VAL AT AL W 55 X 00 AL PR g B 8 42 1 5
JE MWL AR D R Sz SRR 128 ] 4
B AR S S A5 ( Gait Variability Index, GVI)
Sl AR BIAR 3, R 56 T M 2 s sh i s R R 2P
SV R A e, TR [ 76 ] WKL) =5 1]
FIVEST (] 25 25 X6 B R Eho3 il e SOk g Ak AR
MVIC% Z It GBS AR B MPK Z b | B i 12 3
FHAS S PE AR B B) 22 B DA AR S A 42 3h AH 5 S 4
AHINF[R]2Z LU, 9 90 45 R ¢ Y it o ) Ik 2 25 28 %
RBOVAETF 0.9 ~ 1. 11 2 Wi AN B R
YL A 18 v JXURR 3 1 B 2 28 25 0 AR R B0 B2
IEH L

B2 R 15 S B SAE T RE S B A
NBY A BE A, R NHLAS BARRE  BATS A7 7 AL
B, WS 280, COM K COP %538 3 24 V1Al 45
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J1F VAL R R A0 T35 00 6 16 TR ML S5 48 5 R
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2.4 TRFMITAH

T8 3% BUVEAl 5 AR 4l 1B B LA N B 4 Bl 2
AU SRS HE AT BEVE S AT 55 AR A A T B A,
P 1B B PR, i WL 2F A B A S IE BRI,
T AL RE T FI . TR Sy Tl R BITAL

JivE RS B 03 H bRk S 0] 43 Ry RSB Al B
RIS R A N RIS AL A S B P 0 S BTAS ]
—PRNGIRAE bR A AT 0, 325 FIH T AT s
B S B 77 DB Ab B i i s il il 07 v, H
Xof N7 A B8CHE B A 415 T 42 T P T A R e R 2
i 5 6] ( Maximum Endurance Time, MET) "' gk
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i) o iz B AT B R B A LA KOS R
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Table 5 Work performance evaluation methods

JHl ML
6 min 2473 (6-Minute Walk Test, 6MWT ) [45~47,75, 83, 87,107, 111, 1321370 10y 4547 12t ( 10-Meter
EEHEDEE Tk Walk Test, 10MWT )[40 =47, 83, 107, 101 132141 3 45 58 3 i ( Self-Selected Walking Speed,
BT

SWS) 1% .75 1920 g AR ) B 0 BRI 4

B EaRmm s

W A 4T 38 3 ( Timed-Up-and-Go, TUG ) [47-83, 87, HO-11, 135 =138, 141] - ae _ 3 3% #)j ( Sit-to-Stand,

3 o :
STS) 165 831 3 Alr— 3835 5l ( Stand-Sit-Stand , SSS) 1108 1421 pif iz ik 0] Rk e Fomlis (33, 58] 4%
B U ,
e Jr & IJT PR [0 R iz s 1) R ez s D) 2 4e 2 BeE BT BT 5 IR ( Toronto
) Rehabilitation Institute Hand Function Test, TRI-HFT) [146] %
A ZEEIIL (6 T Bl AT (60 88 9T M) A B 2 ) R AT 4 D18 BRI (M2
HAbFE RS

7 D08 B TAAEAL T 1) R ERKIB AR S5 U B RS (4

T3z 3 By BTt 7 1, RS R A1 AN
SCHRL 131 ] 42— S BT XU I 2R I R -2
2SN E NI B T B T AR SR B TR |
TR Y RE AR A IR T ) Al Bl O
PR BIERZE T RR A o0 A, FEAR R 2 X S
A e £ b Rl i AP RO BRERVERE . 1Y 5R B A
G ANSCRR 47 PREAE AT RE R AT B AR S A
WZREE R 00 B A8 5, 3T 5 min 28247 P04 (5-
Minute Walk Test,SMWT) 6MWT 10MWT #1 TUG,
KA T7 22 DI RENE A 5 K 3 B B3l LA PPl 4 s AT
% T INATANE R PERE , Hop TUG AT 55 72 B2y 7 B
STz N, T B R AR A R 0 AR Y B
SEREEENOT MU Sy H R A S An Sk 130 ]
EOR 10 A S 3 ML, 0l DLGR B (1Y
il 60°) (BRI 90°) (BN (S
i 120°) B2 S PR A AL, B30 AT 55 20 010 7 28 A
ANZERRA B i s O U s g R e Rt ] LA
PIAGREIRICR oAb, X T B R S i DL R AR
FERBRAEIR A S Wl it L A s sh s, X
FUSF AT T 00 SO A A B g el K

W AnSCHR [ 46 14E 6MWT FI 1OMWT A9 I FAR 3856 Jk
fih I, X 2E i ReWalk ZME-#% 14 SCI B35 T e 28 1 Bt
Yy TFOCUKAR ok A B RERAT 553K, D K
A PR BRI | Bz K 2 T PR SRR, I 5
T AR IS A AT S D RE IR Ak, BT AR 4 R i
T 2526 WA e S AN E B AL PR RE R SR BR
T RIS O T 32 i e L I B rh i &
XTI MR 2 1) T S AR T Ok e e R Bz
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DA S g A ey, BV AR R R TPt wf LAk B
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FHU5 B0 7 ik AT A B B 1 SRE VEA T
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B, 0] [R S 2 AR A A B R | BT 2Rz B
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5 MRIER B AR R R ARIEFATE T
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Table 7 Commonly used subjective perception evaluation scales

e i R B
SR H 10 4341 Likert i XA TAE AT VR4 H 02 SRR B 2 O R ME 3l (1 43) |
FUE T 1 BE (Rating of Perceived  REEE (2 ~3 %) MIEIEE(4 ~6 43) JIFLEE(T ~8 43) JBRIFLEZH(9 4) MK
Exertion, RPE) 77> 147] % H1ia (10 43) , T PHSME S P 30085 oA R B 5o HEZ A BN
BRI
VNIVl
S SN L 2 i KR AE 55 AT 48 80 SR 10 43l Likert B Xt OB OR A BTG SR B[R] 750K R BLGR 55 TR A 32 4
RIS ( NASA-Task Load Index, NASA-  FERf 6 NIUHMATIFA H THTEL AN EHE P 2 BT A 55 B (9 %5 ) B2, LA A
TLX) [149. 159 -162] T &€ XHAHA , Cronbach’s o /0T B8 28 A NS — B S0l Stk BT,
FWLTAE 5 3P Al R (Subjective  Fy IR 7047 0o IS 670 Ao RO B g B 3 300 171 45 4 G, AT BFA S0 s 4l P ot it o
Workload Assessment Technique, — FUIAHI T AE R HIEABRIME & LA, Cronbach’s o Z04T 7 25 H N &5 — i 51l &
SWAT) [12] PERYE,
NN ) K10 534 Likert 55 e HEAT170 , 38 220 v W00k 19 R €0 3195 TR S e B RN 9560 , o0 3L
WIS i (Visual Analog Scale,
VAS) #1451 SESCH TV (0 43) JRBE(1 ~3 43) PBE(4 ~64) FEEE(T ~9 4%) AU (10 41)
FHFAPAG A A 32 WL R SZ , 00 T 52 e &b il P
s SIS S0 Likert BG4 10 91— 0B EIS 466 943, G048 4 BOTUAQ I T 15
o BT SRR | FH T A 55 AMLEE B R GE A P BEA T e n] FHPETEAL
s o SR FHARTE SCH BB AL AR GBEE e i B 5 52 45 B = i bR 47 9 43l T
Al H 3 PF Al B B ( Self-Assessment P " . e § . " .
Mok sy LI PSP P 0 0, BT B0 68 A0 D5, L6 2 25 T S e LK
T R anikin
B ’ PO AR L.
i

St e il BB R TR BE PR A 2.0
(Quebec User Evaluation of Satisfac-
tion with Assistive Technology 2.0,
QUEST 2. 0) (60, 146, 164165

AttrakDiff 732163

K5 3l Likert BUREFXT 12 T = 40BN R R AT 0F 0, 8 R i 2|
TS PP 3 55 I R85 8 B e 45 0 H LA e s 218 e 5 5 4 Dk
M5 3H 1 ~5 SpMPP R AR E AR RARE W, TIPS B S i B e s ke 2 1)
& BAH AR 55 189 FH W B2, Cronbach’s o 43T k7R 45 H NS — B0 5 TS e AT

ReH 7 43 Likert 28t 2% 28 T =2k 0 BN o () F50E AT 000, (45 e S 1 1 R
K51 91 3 AHERE , T VA ik A % S AWLAS LR e ) B o Ik 5 T 2 2 TR
Cronbach’s o Z}HT R 7R 4% N T AENE R 1, HLSCRe R I PRAG 24 S 7 il 5l — A7
it i A BHERRAS (LB Z A A R 5

Pl FHAFAE— 2 MEE ; K 22 FPPA R AR Al 5o —
A SO B IY 15 2 OB R 25 5% Ak
o i LU R A AT s ) A e — 2D e
PR, AR el S T3 PEAN AL R e 1 , 0 S 2R
Y5t W AR EH IR R R AR
AR A, R R T T s AU 2R 3 R R AL

HI,
B

] IR e P S A BT B AL A
3 HFHRESEEEZRTE

Bl 3 B REIT-Ali 1A 3 B SE 0 T B B A
PERRE R RE T HAT H O S, TR A
PG T595 B 08T R BT B ME 55 SRSk K & T 1)



5 8 1]

SR AIL A A 3 2R DN 5 vk B 2 ik 2511

pSE/ (1R

D) PR IR A S ik ik, Sk
Plas N2 )8 TAEbR 2 | SR e #% , HWF A A
RERLIN Ty A e — s BORBE 2 AH T RUR LS
SCERE I, AR BRI Y B B AL B ) AR
PEAG AR R AR AT i PR 45 | I 3 i a8 B ) a8 A
5T PR R, TR B IR 55 IR S —— A
(AR B DRAIE B 0 SCRE VAL AR & i . BUA Y
VAL 5 20 T AN ARSI R A AR —
FME, k= ALz 3 5 AT WS TR L2
[ ) PR B 56 2R A Sl BRI SRR, I SCEE L A
RO LR AT 5 1R BR AR B, 2 5 2 A A A I L PR 7
AACES I BRILIA 57 468 5 a0 RS T Sh R R T g
sAb SR AR 2R 1Y ST R R BT
HARRERE .

XX 5 Sk P ] S AR ST AR T 2
3K, Armannsdottir 250 DL T R Ui 55 1if6 A B2 2 AE T
K VAN Bk A AR A [ e T AT 48 A
RIBARFI ] P S B VRS 1 DA AR AL, 9 0 e
SFRHAT AR HEREAA 5 5K PRAE ] 2 2 5 B i b
PE, HIRFEZERR 4 G AL [ G E S B Bl 1 3R VT
itk 2 REE 7000 4 & 5 2 B L AR S HoR &
B, B | R A AU e R 4, SRS B B I SiRE
VAL B AR bR A 7 S BRI, B ) AHLSE B AL
BPERESE, 51 S B RGeS B Ak IR R AT
) % | e 2 S DU A U 5 8 IR 1 4 T DA
P

2) SRR PR IEVPAL R A . BT SRR 1 4
TAPEAG 736 R EE T ELA X P A 1 e DA 4 B ik
SR SR | B PR ] 2 AL T
B, AR B ) B s B3l 7 2 i & [ B b
T IR PSR A, 8 T IT & A NS & P
TERT A S35 B SCRE i it A rp A T

XoF T EL Y R A a7 e, AT TN o B
RIEVEAG I 8, 38 I 2 Fh A B B A 1 R DU
Ko AT A AN SE 4> SCL A R ARG IR T A
% 0 e ORTE LSS B A% il ) 2 ek R T
BEPBRRE, A R HE R ] TUG  SWS 455z 3l 77
SR bR M RPE 48 TA M1 8% J) 5 3% %5 2847 38 DI Re ik
BREE T MAarEP NRERMEN AR K
R BE VA 2R A 1T 3 2ok 5 A (] f ) O
IRV (B S 2X RT3 6 S s L

S E- B B B E R IEAG 17 6 2 BIF & AT AR P
EHARES TR R B A MR AUE IE, SIAL

AP B B BEME IR T BB R 1Y, B S BT
PP B LIS BC 1 D0« MR & it B BedE A7 7
SRS AE7™ s A BOAEA TR R 7R R 2 AT
B B B AT A S AT, A2 4 B i e
THEIFT S RE , I A S G it A AR AL
BT Z A A 22 B Bl S A B S K
PRI, AR et i 3R AT 32 12 P A4 i U i
T AR I T DLy 52, AT B2 25 S0 B 48 oy
SIERZE

PRSI , BRAEAT SN B S5 D RE A B Ao
WA, W BEE AR OGS S RS T RS T AR
PEREAY I, AN7E PG 7 FE AR Bl M- X B A BE
B 14 AR 0 1 [ PR, S T 540 A 138 5 0 B 4 14
BRBEYERE , (5 T 10 R M S A P 7 57 A AL B A1 B
TEARYTAETE IR X 53, T FR ) X

3) LR A VRO B TS Z5 A BT S 1 e R, 15
TR B T e AL AR A AR T REAL B
Z RS S R L35 PRI O Z2 4 B)
TIRREMAEE R LT S AR TR TS,
7 ik — AR 2 AL Al Al | SRR LA B
W, ZORVF A FET RPN A L A R 2
BRI e Z WA 1 b il 1 7 A B R )
R, B2 RS R LA DL B % WL B A L2
P B AR T )

FEJ2 R S5 AR T T, 25 PR B ALK 52 2 1
RCRE Al IR RE i D A e 388 B J= K 24, L) 1
A (R A0 R B R R ST P B AL T AN b P
REFREEI/N, BA MBI NSLBEPAL O
GO R BRI R 1 DU S22 U 40 O il B E ) 34 e
WV e RRE M RERIE N R S HT
& 7 G2 B WS 5 R 18 AP 2 X B A (L 0 B
FRTAE , B ANAFAE—IALTE . TIPS, i
I PDR BT XA G SR A 7 RIZ M f ik s
P, Peide i o 4 i ELAH B0 S7 A9 25 S A N0 1% | i
G th IO A D RE (R B RO HE A R B S BB R
TR Y

TEARBRIBA 5 T, A2 e SR 28 90 N R SR TR
g Fp R, B 208 BT P SRR i 45 8L, SJURAT
BEVAEPR I SR E, —E R BUE 1AM
B I RBE R PP E . & B BT & AT 0 i s
PEACHE, [A] I 580075 18 A2 1R AR 32 U sz A i) 2
TGS R, sl 6 IRk & ik 5 L AU & 55
A MRAGE LS L MRS F P st & L
ROECHEAT S E AN FE , e AR A E R o4 e 38 L ) o T



2512 2 X & %K

545 4%

PE, I A 3 1 A9 A — Ay s IR A
RS A | SRt G5 b 14 2 29 FN KR i ZOAS (] i >k
ip= AL

4) 2 5 A F 5 5L s HAR AR, Sb
S B T A8 S e S R S 2 LAGRAIE I K
ARSI AL T4 e K P, tin 2 8 A% 5l
TAS IR S 56 AN 25 SR I | B 3 IR
i, HEORSZHTE Sh VR ) B 78 70K 8, L [Tk JUL P
P55 X FEEE bR T S 5 AR AL
S0 ARLAUL L S BR B RO T 9K BE DR IR S 36 4
AR ER (B JC 00 )5 A A | LS T3 55,
PRI T S0 By s v Hh W FH JS XA [A] 2338 3 5 R [A) A=
HURZS MR 68 1, Wang 85" R K 250058
1 B TCH T WP M EEEP L A7 3E Wiz shE
X, AN RS HF 287K, De Bock 55 4
th ShoulderX I Skelex PizUE #F M #5 7E TAEHL
REAR OB SR LG Bl A ROR 352 50 9 25 40 a4
A T | E B S 5 % RO O R AR AR B S B
RhE.

A AETE LS8 1Y Bl - A TARAR Y12 B3
KAz GRS B 1 R RE S5, IF AR PE Al 45 2R %) H
SEAL I P RS AT MR o I RERS E— 2D
S e A S KT Gk AT 5 R A g T D B
I BT R B N R /AL XA T S B A
Hb BN SRS KRG M G AR FARE B ,  T A
Wi T Al 75 5K 1 Sh i % AT AT SE Ve AG 06, 2
R OFF A AR E T

PHEBE A1 B i A% SRR 15 Te 2k iU Y PRk g
AR RE RS A I 5 AR LML 5 | B 13 RE T
A 2R WACEE P P S ARG 18 508k O B 8, AR T
B B RS PRE C, HAT, KA E #E L
N AT SEB BRI 52 5. AH AR 4 B A7 Zh s &l
SRt R JOvE S I I R AT A R
FarE b 95 AR AT Sl M DA R A S R 2
AL R RS A SR R RRAR S
D S TS - P 22 DSBS | ST P A
FHUAE A Ll s 25 B AR LA DL, 7E8s Sl
Hhoes P B AT BN T DR RO Ak S AL RE VT A
BRI | SRSl 1 R A 3 5 & S i, AR
HES N - HLI B g A A B A R G
B I ML ARG B L B8 DI e

4 it

ASCHEAR AT T R TR A A WLeE S i

BIEIEIVIES = QRIS & St R/ BATUPS
SEVFO R bR BORPEE PEAL SR BR , BB E N AN
HEALA A BB A BRI BT IEBh 7] 5 B, XAk
HARPLE AR K R St A7 R B, A A8 BE VA

BT IR Bl S R R SR ek 1) S B 8 A
WRERLE R, S B AT B 00 P A 1 1 B 1 BE
W7, S A i Bl 0 B RE Y 4 T PEAL T vk B
Sk A G Bk

PEBER SN R DL G AL OB B A B 50,
FRAI B MU S ) B 3 88 BE VAR R B 05 8 i
fe b AR, —HELSk, Tk ZhrifEfb e 07 3, M
PAZEG R AR IR A BT 45 2R, S0 i B 0 e
MPHELEM—RZ &, W L —Fh IS4
AR [ PEAN S | S BRRS AR A R0 1 R e L AL
AR, FE 3 NG 2R U2 T8 -5 18 28 0w 4% 14 Jmg BR A i 7= 2
AIGETT B | T2 LA B i 28 8L/ 37 5 — R e
VEPPAl 4 & — e 1G PERENA T ik A9 AL R 465 R
ARSCHY B AT O Tr 1, BEAE NS HLE 2 6 {5 B
AL FEE  NALIIE SRR v H A0, A
KBS B T B RE VAL B ACRE AN 1k T 2 R RRAE
SRS ZERYE AT, TR 57 v BE — R e Y
IHUBE R AT RE AR T, B2 NP IS R PLEE, O
S HE AT R B S A T B9 SR S RS

S & 3Lk ( References)

[1] ZOSS A B, KAZEROONI H, CHU A. Biomechanical design of
the Berkeley lower extremity exoskeleton ( BLEEX) [J]. IEEE/
ASME Transactions on Mechatronics, 2006, 11(2) . 128 - 138.

[2] KAWAMOTO H, SANKAI Y. Power assist method based on phase
sequence and muscle force condition for HAL [ J]. Advanced
Robotics, 2005, 19(7) ;. 717 - 734.

[3] TALATY M, ESQUENAZI A, BRICENO J E. Differentiating
ability in users of the ReWalk™ powered exoskeleton: an analysis
of walking kinematics [ C ] // Proceedings of IEEE 13th
International Conference on Rehabilitation Robotics ( ICORR ).
Seattle, WA, US. IEEE, 2013. 1 -5.

[4] WEHNER M, QUINLIVAN B, AUBIN P M, et al. A lightweight
soft exosuit for gait assistance [ C ] // Proceedings of IEEE
International Conference on Robotics and Automation ( ICRA).
Karlsruhe,, Germany: IEEE, 2013 3362 —-3369.

[5] GARCIA E, SATER J M, MAIN J. Exoskeletons for human
performance augmentation ( EHPA ): a program summary [ J].
Journal of the Robotics Society of Japan, 2002, 20(8) ; 822 —826.

[6] JANSEN J. Exoskeleton for soldier enhancement systems feasibility
study; ORNL/TM-2000/256 [ R]. Oak Ridge, TN, US: Oak
Ridge National Laboratory, 2000.



5 8 1]

SR AIL A A 3 2R DN 5 vk B 2 ik

2513

(7]

[10]

[12]

[13]

[14]

[15]

[16]

[17]

LAMOTHE D. New competition launched in development of US
military’s ‘Iron Man’suit [ N]. The Washington Post, 2014-10-27.
FEWEM, 2T, BB, S E KRR 1 B R & R
[J]. BHE SR, 2021, 39(7) : 96 - 101.
WANG X M, LI N, WANG X X, et al. Overall layout and
development trend of the application of human efficiency
enhancement technology in the US []J]. Science & Technology
Review, 2021, 39(7): 96 —101. (in Chinese)
WORT, AR, B R A B R R R B G
HEREAR [J]. BT AL, 2022, 41(10) : 14 -20.
XIE X Y, ZHOU L K, SI'Y C. Overview on development status and
key technologies of military powered exoskeleton [ J]. Ordnance
Industry Automation, 2022, 41(10) ; 14 =20. (in Chinese)
TRFER, XIS, IS, SF. R BRI B A i 2 50 R A
RSO [J]. 4 HHEPT, 2021, 6(6) : 13 - 14.
ZHANG Z C, LIU M, WANG B C, et al. Experience and
analysis of intelligent fire exoskeleton [ J]. Fire Protection
Today, 2021, 6(6): 13 —14. (in Chinese)
GREGORCZYK K N, HASSELQUIST L, SCHIFFMAN J M, et
al. Effects of a lower-body exoskeleton device on metabolic cost
and gait biomechanics during load carriage [ J].
2010, 53(10) : 1263 - 1275.
TIRE, WHR, e, S AT RS R R AL
AT [J]. HLERA, 2022, 44(5) : 522 -532.
DING Y W, TULJ, LIU Y X, et al. Progress of wearable lower-
Robot, 2022,

Ergonomics,

limb exoskeleton rehabilitation robots [ J ].
44(5) . 522 -532. (in Chinese)

R, Ry, EMIR. T ROMT #RE LA AL
TR PRI R FHBFE (1], ARIE2 B2 (A RRHEM) ,
2021, 37(7): 50 -53.

WANG Z B, ZHOU L L, WANG C Z. Clinical application of
lower extremity exoskeleton rehabilitation robot in stroke patients
[J]. Journal of Chifeng University ( Natural Science Edition)
2021, 37(7) : 50 —=53. (in Chinese)

PRETIG, T, BRI, . TALACHECHUIRSN 8 B H 2
DB SRS [J]. PEPUR TR, 2023, 34(4) : 404 —413.
CHEN Y P, WANG H B, XUE Z ], et al. Dynamics simulation
and experimental study of industrial assembly anti-vibration
[J]. 2023,
34(4) . 404 -413. (in Chinese)

WREANI, T4, FiEA. SEERICE N AMESME B CHLRE T
MERZ SN (], BB SR, 2021, 11(20) ; 23 -25.
CHEN Y G, WANG J, WANG D C. Exploration and application

exoskeletons China Mechanical Engineering,

of agile non-powered human exoskeleton in aircraft assembly
[J]. Technology Innovation and Application, 2021, 11(20):
23 -25. (in Chinese)

HARME, EH. T RO B 0 & Bk [T]. BRI
HAREHE 2020, 278(1) : 155 - 156.

TIAN D F, WANG Z. Development of exoskeleton in industrial
assembly [ J ].
Equipment, 2020, 278 (1) : 155 - 156. (in Chinese)

Modern  Manufacturing  Technology — and

Robots and robotic devices—Safety requirements for personal care

[18]

[20]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

robots: 1S013482:2014[ S]. Geneva, Switzerland ; International
Organization for Standardization, 2014.

Medical electrical —equipment—  Part 2-78.  particular
requirements for basic safety and essential performance of medical
robots for rehabilitation, assessment, compensation or alleviation :
[EC80601-2-78:2019 [ S]. Geneva, Switzerland: International
Organization for Standardization, 2019.

FARRIS D J, HICKS J L, DELP S L, et al. Musculoskeletal
modelling deconstructs the paradoxical effects of elastic ankle
exoskeletons on plantar-flexor mechanics and energetics during
hopping [ J]. Journal of Experimental Biology, 2014, 217(22) .
4018 -4028.

KOUMPOUROS Y. A systematic review on existing measures for
the subjective assessment of rehabilitation and assistive robot
[J]. 2016,
2016(4) : 1048964.

DE LOOZE M P, BOSCH T, KRAUSE F, et al. Exoskeletons

devices Journal of Healthcare Engineering,

for industrial application and their potential effects on physical
work load [ J]. Ergonomics, 2016, 59(5) : 671 —681.
XIPH, BRBL, GeifEsie. R miR s g S A M]. b
H AR AL, 2008.

LIU Z Y, CHEN Y, HOU H Y. Maps knowledge domains
methods and application [ M ]. Beijing: People’s Publishing
House, 2008. (in Chinese)

BOT S, HOLLANDER A. The relationship between heart rate
and oxygen uptake during non-steady state exercise [ J].
Ergonomics, 2000, 43(10) . 1578 —1592.

SCHANTZ P, ERIKSSON J S, ROSDAHL H. The heart rate
method for estimating oxygen uptake: analyses of reproducibility
using a range of heart rates from commuter walking [ J].
European Journal of Applied Physiology, 2019, 119 (11/12):
2655 -2671.

MOONEY L M, HERR H M. Biomechanical walking
mechanisms underlying the metabolic reduction caused by an
autonomous exoskeleton [ J]. Journal of NeuroEngineering and
Rehabilitation, 2016, 13 4.

GALLE S, MALCOLM P, COLLINS S H, et al. Reducing the
metabolic cost of walking with an ankle exoskeleton: interaction
[J1].
NeuroEngineering and Rehabilitation, 2017, 14, 35.
COLLINS S H, WIGGIN M B, SAWICKI G S. Reducing the

between actuation timing and power Journal  of

energy cost of human walking using an unpowered exoskeleton
[J]. Nature, 2015, 522(7555) : 212 -215.

WALSH C J. Biomimetic design of an under-actuated leg
exoskeleton for load-carrying augmentation: 0704-0188 [ R ].
Cambridge, MA, US: Massachusetts Institute of Technology,
MIT Media Laboratory, 2006.

AT, AR, XIWRE, 5. ShE-HLE A B 1R
HORDEFE [J]. DU S5 H3E, 2022, 43(5) : 257 -260.
ZHAO M S, SONG Q Z, LIU Y L, et al. Research on assisted
efficiency testing technology of exoskeleton robot [J].

Design & Manufacture, 2022, 43(5) ; 257 =260. (in Chinese)

Machinery



: 3

X 4

K3

2514 45 %
[30] MO F H, ZHANG Q, ZHANG H T, et al. A simulation-based [42] FUGLEI E, ORITSLAND N. Body composition, resting and running
framework with a proprioceptive musculoskeletal model for metabolic rates, and net cost of running in rats during starvation
evaluating the rehabilitation exoskeleton system [ J]. Computer [J]. Acta physiologica scandinavica, 1999, 165(2) ; 203 -210.
Methods and Programs in Biomedicine, 2021, 208(9) : 106270. [43] MCDANIEL J, DURSTINE J L, HAND G A, et al
[31] DING Y, KIM M, KUINDERSMA S, et al. Human-in-the-loop Determinants of metabolic cost during submaximal cycling [ J].
optimization of hip assistance with a soft exosuit during walking Journal of Applied Physiology, 2002, 93(3) : 823 —828.
[J]. Science Robotics, 2018, 3(15) : eaar5438. [44] ZUNTZ N. Significance of different nutrients as a generator of
[32] PANIZZOLO F A, GALIANA I, ASBECK A T, et al. A muscle power [ J]. Archiv Fur Die Gesamte Physiologie Des
biologically-inspired multi-joint soft exosuit that can reduce the Menschen Und Der Tiere, 1901, 83(10/12) ; 557 -571.
energy cost of loaded walking [ J]. Journal of NeuroEngineering [45] DEL-AMA A J, GIL-AGUDO A, BRAVO-ESTEBAN E, et al.
and Rehabilitation, 2016, 13.43. Hybrid therapy of walking with Kinesis overground robot for persons
[33] madf:. Mgl URis T & AL TR S5 ITEMIEs with incomplete spinal cord injury: a feasibility study [J]. Robotics
[D]. B, WiV K%, 2016. and Autonomous Systems, 2015, 73(11) . 44 -58.
GAO Z G. On the design and assessment of a wearable load- [46] KHAN A S, LIVINGSTONE D C, HURD C L, et al. Retraining
carrying device [ D]. Hangzhou: Zhejiang University, 2016. (in walking over ground in a powered exoskeleton after spinal cord
Chinese) injury : a prospective cohort study to examine functional gains and
[34] SLADE P, KOCHENDERFER M J, DELP S L, et al neuroplasticity [ J ]. Journal of NeuroEngineering and
Personalizing exoskeleton assistance while walking in the real Rehabilitation, 2019, 16 145.
world [J]. Nature, 2022, 610(7931) : 277 -304. [47] CAOE G, RENM Y, CUL Y T, et al. Design of a multi-
[35] XMW, ARk, T, 4 T IR AT R R resiliency exoskeleton and its physiologic cost evaluation in uphill
SEEEAL AR AW BE B AR [T]. B TR, 2021, walking and stair climbing locomotion [ J]. Journal of Mechanical
42(12) ; 2722 -2730. Engineering Science, 2022, 236(5) : 2115 -2127.
LIUY L, SONG Q Z, ZHAO M S, et al. The four-stage assisted [48] ARELLANO C J, KRAM R. Partitioning the metabolic cost of
technology of flexible ankle exoskeleton robot based on force and human running: a task-by-task approach [ J]. Integrative and
position hybrid control [ J]. Acta Armamentarii, 2021, 42(12) . Comparative Biology, 2014, 54(6) ; 1084 - 1098.
2722 —-2730. (in Chinese) [49] TAKANO N, DEGUCHI H. Sensation of breathlessness and
[36] MpHEEL. FfEsMEEEPERETEAL 59257 Famikss [D]. HEK. respiratory oxygen cost during cycle exercise with and without
HEPRFE TR, 2022, conscious entrainment of the breathing rhythm [ J]. FEuropean
YANG G Q. Performance evaluation and fatigue life test of Journal of Applied Physiology and Occupational Physiology,
weight-bearing exoskeleton [ D ]. Chongqging: Chongging 1997, 76(3) . 209 -213.
University of Technology, 2022. (in Chinese) [50] FOLGHERAITER M, JORDAN M, STRAUBE S, et al.
[37] LEFEBER N, DE KEERSMAECKER E, TROCH M, et al. Measuring the improvement of the interaction comfort of a
Robot-assisted overground walking: physiological responses and wearable exoskeleton [ J ]. International Journal of Social
perceived exertion in nonambulatory stroke survivors [ J]. IEEE Robotics, 2012, 4(3) : 285 —=302.
Robotics & Automation Magazine, 2020, 27(1) : 22 -31. [51] MO F, ZHANG Q, ZHANG H T, et al. A simulation-based
[38] BADESA FJ, DIEZ J A, CATALAN J M, et al. Physiological framework with a proprioceptive musculoskeletal model for
responses during hybrid BNCI control of an upper-limb evaluating the rehabilitation exoskeleton system [ J]. Computer
exoskeleton [ J]. Sensors, 2019, 19(22) ; 4931. Methods and Programs in Biomedicine, 2021, 208 :106270.
[39] ESCALONA M J, BROSSEAU R, VERMETTE M, et al. [52] Ef, /DRI RENAE ST LRSS [1]. P E
Cardiorespiratory demand and rate of perceived exertion during ﬁiﬁﬂrﬁ, 2000, 36(8): 26 —28.
overground walking with a robotic exoskeleton in long-term WANG J, JIN X G. sEMG signal analysis method and its
manual wheelchair users with chronic spinal cord injury: a cross- application research [ J]. China Sport Science and Technology,
sectional study [ J]. Annals of Physical and Rehabilitation 2000, 36(8) : 26 —28. (in Chinese)
Medicine, 2018, 61(4) : 215 -223. [53] ABE D, FUKUOKA Y, MURAKI S, et al. Effects of load and
[40] BROCKWAY J M. Derivation of formulae used to calculate gradient on energy cost of running [ J]. Journal of physiological
energy expenditure in man [ J]. Human Nutrition-Clinical anthropology, 2011, 30(4) . 153 - 160.
Nutrition, 1987, 41(6) : 463 —471. [54] ALEXANDER L D, BLACK S E, PATTERSON K K, et al.
[41] ARLRA. FREEMWIMT OGRS (D). B#. a1 Association between gait asymmetry and brain lesion location in
K24, 2020. stroke patients [ J]. Stroke, 2009, 40(2) ; 537 —544.
YU H G. Research and design of flexible exoskeleton of lower [55] &t SR B S /B X gEH AR5 [D].

extremity [ D]. Chengdu: University of Electronic Science and

Technology, 2020. (in Chinese)

HIE. PEBEAA R, 2021
TANG W D. Research on key technologies of upper limb motor



5 8 1]

SR AIL A A 3 2R DN 5 vk B 2 ik

2515

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

analysis based on surface EMG [ D]. Hefei:
Science and Technology of China, 2021. (in Chinese)

FE, E4E, BIIR. LKL ST SEMG IR B A S
HAETR AR R [J]. AR B2 5 B2 TR, 2003,
16(5) : 387 -=390.

WANG D M, WANG J, GE L Z. sEMG time-frequency analysis

University of

techniques for evaluation of muscle fatigue and it’s application in
ergonomic studies [ J]. Space Medicine & Medical Engineering,
2003, 16(5) : 387 =390. (in Chinese)

ZHANG T, TRAN M, HUANG H. Admittance shaping-based
assistive control of SEA-driven robotic hip exoskeleton [ J].
IEEE-ASME Transactions on Mechatronics, 2019, 24 (4 ).
1508 - 1519.

JEONG M, WOO H, KONG K. A study on weight support and
balance control method for assisting squat movement with a
wearable robot, angel-suit [ J]. International Journal of Control
Automation and Systems, 2020, 18(1); 114 —123.

HRE, R, T, 5 2R AR s T SN E
BT KRB R, [J]. ML TR A, 2023,
59(11) . 43 -53.

CAO E G, XU Q, SHEN F C, et al. Multi-motion compound
passive lower limb exoskeleton design and its intelligent
interaction evaluation [ J]. Journal of Mechanical Engineering,
2023, 59(11) : 43 —=53. (in Chinese)

DUDLEY D R, KNARR B A, SIU K C, et al. Testing of a 3D
printed hand exoskeleton for an individual with stroke; a case
study [ J]. Disability and Rehabilitation-Assistive Technology,
2021, 16(2) : 209 -213.

JEl, B T T RS E L B B WL A S U
% [J]. BUNE TR RS20, 2009, 29(4) : 63 - 66.
ZHOU W, LUO Z Z. ldentification of EMG signal based on the
histogram and power spectrum [ J]. Journal of Hangzhou Dianzi
University, 2009, 29(4): 63 —66. (in Chinese)

FAL¥, W, XV BETRUNNLHLESS & SUHH 1 s-EMG
WSBAEIN [T]. ARALIW R4 ( B AR ) , 2018,
50(3).65-71.

WANG L L, YANG Z, LIU J. s-EMG signal detection based on
combining moving average of integrated EMG window with double
threshold [ J].
Science Edition) , 2018, 50(3): 65 —=71. (in Chinese)

KOSEKI K, MUTSUZAKI H, YOSHIKAWA K, et al. Gait
®

Journal of Northeast Normal University ( Natural

training using the Honda Walking Assistive Device® in a patient
who underwent total hip arthroplasty: a single-subject study [J].
Medicina, 2019, 55(3) : 69.

W, AR, RE%, S TE S E-E B ) r plek 5 B sk
BRI [J]. b RRRCR 2R (B AR, 2011,
3931 2) 259 -263.

XIANG K, LI T, SONG Q J, et al. Power-assistance exoskeleton
oriented muscle tension information real-time acquisition [ J ].
Journal of Huazhong University of Science and Technology ( Natural
Science Edition) , 2011, 39(S2) : 259 —=263. (in Chinese)
FERA, Wb, T, % FERAT BRI N RS

[67]

[68]

[70]

[71]

[72]

[74]

[75]

[76]

W9 [J]. "PEREINE S50HE, 2019, 25(4) ; 481 —486.
HUOJY, YU HL, WANG F, et al. Research of a wearable
lower extremity assisted exoskeleton robot system [ J]. Chinese
Journal of Rehabilitation Theory and Practice, 2019, 25(4) .
481 —486. (in Chinese)

Moo, B, BRAE. —FELOCT RSB R K
T [T]. HLB TRHEAR, 2022, 51(4) : 47 =50, 193.
ZHENG L J, WANG Z, CHEN L X. Design of an ankle-assisted
soft exosuit system [ J]. Mechanical & Electrical Engineering
Technology, 2022, 51(4); 47 =50, 193. (in Chinese)

WANG T M, PEI X, HOU T G, et al. An untethered cable-driven
ankle exoskeleton with plantarflexion-dorsiflexion  bidirectional
movement assistance [ J]. Frontiers of Information Technology &
Electronic Engineering, 2020, 21(5) ; 723 -739.

JOUDZADEH P, HADI A, TARVIRDIZADEH B, et al. Design
and fabrication of a lower limb exoskeleton to assist in stair
ascending [ J]. Industrial Robot-the International Journal of
Robotics Research and Application, 2019, 46(2) . 290 —299.
EMMENS A R, van ASSELDONK E H F, van der KOOIJ H.
Effects of a powered ankle-foot orthosis on perturbed standing
balance [ J]. Journal of NeuroEngineering and Rehabilitation
2018, 15 50.

XIAOFY, GAOY S, WANG Y, et al. Design and evaluation of
a 7-DOF cable-driven upper limb exoskeleton [ J]. Journal of
Mechanical Science and Technology, 2018, 32(2) . 855 —864.
B, WEY, WEA. T RCIEIME SRR AL 55
TERTINRCRITAG (1], HURIT, 2021, 38(5) : 93 - 98.
GAO Z H, GUOJY, PAN C S. Evaluation of the auxiliary effect
of the lower-limb supporting exoskeleton in the simulated
assembly task [J]. Journal of Machine Design, 2021, 38(5):
93 -98. (in Chinese)

Errd, MM, B, & BT AATERFE Iy BRoCTy
SMEFRBETE [J]. AU TR, 2021, 57(19) . 79 -92.
WANG C J, DONG L J, L1 J, et al. Design of ankle exoskeleton
based on analysis on energy cost of human walking [ J]. Journal
of Mechanical Engineering, 2021, 57 (19): 79 - 92. (in
Chinese)

YUS N, LEE H D, LEE S H, et al. Design of an under-
actuated exoskeleton system for walking assist while load carrying
[J]. Advanced Robotics, 2012, 26(5/6) ; 561 —580.

BAE E, PARK S E, MOON Y, et al. A robotic gait training
system with stair-climbing mode based on a unique exoskeleton
structure with active foot plates [ J]. International Journal of
Control Automation and Systems, 2020, 18(1): 196 —205.
YOSHIKAWA K, MUTSUZAKI H, KOSEKI K, et al. Gait
training using a wearable robotic device for non-traumatic spinal
cord injury: a case report [ J/OL]. Geriatric Orthopaedic Surgery
& Rehabilitation, 2020 ( 2020-10-28 ). https: / doi. org/10.
1177/2151459320956960.

LEE H J, LEE S H, SEO K, et al. Training for walking
efficiency with a wearable hip-assist robot in patients with stroke :

Stroke, 2019, 50(12) :

a pilot randomized controlled trial [ J].



2 x

K3

2516 = 5545 %
3545 -3552. and Rehabilitation, 2015, 12(6) : 54.

[77] DE VRIES A W, KRAUSE F, DE LOOZE M P. The effectivity [88] ZHA F S, SHENG W T, GUO W, et al. The exoskeleton
of a passive arm support exoskeleton in reducing muscle activation balance assistance control strategy based on single step balance
and perceived exertion during plastering activities [ J ]. assessment [ J]. Applied Sciences-Basel, 2019, 9(5) : 884.
Ergonomics, 2021, 64(6) . 712 -721. [89] HIDAYAH R, BISHOP L, JIN X, et al. Gait adaptation using a

[78] MARINOU G, SLOOT L, MOMBAUR K, et al. Towards cable-driven active leg exoskeleton ( C-ALEX) with post-stroke
efficient  lower-limb  exoskeleton  evaluation: defining participants [ J]. IEEE Transactions on Neural Systems and
biomechanical metrics to quantify assisted gait familiarization| C ] // Rehabilitation Engineering, 2020, 28(9) : 1984 —1993.
Proceedings of the 9th IEEE RAS/EMBS International [90] AGUIRRE-OLLINGER G, NARAYAN A, YU H Y. Phase-
Conference for Biomedical Robotics and Biomechatronics synchronized assistive torque control for the correction of

[80]

[81]

[82]

[83]

[84]

[85]

[87]

(BioRob). Seoul, South Korea: IEEE, 2022, 1 -8.

BT HE. TR UL A4 LI D7 5347 S5 WU B0 5T K S 3
[D]. AL hERAHARRY:, 2014

HUANG N H. Research and implementation of muscle fatigue
force based on surface
electromyography [ D ]. Hefei:
Technology of China, 2014. (in Chinese)

THN, peenk, BRI, S5 LT ERmE L s o E KR
WITTEVE RN SRR [J]. A Sk, 2016, 42(1):
13 -25.

DING Q C, XIONG A B, ZHAO X G, et al. A review on

of sEMG-based motion

analysis and muscle prediction

University of Science and

intent

2016,

researches and applications
recognition methods [ J ]. Acta Automatica Sinica,
42(1): 13 -25. (iin Chinese)

SETOGUCHI N, KANAZAKI M. Low-speed and high angle of
attack aerodynamic characteristics of supersonic business jet with
forward swept wing[ C] // Proceedings of the AIAA Scitech 2020
Forum. Orlando, FL, US:AIAA, 2020; AIAA 2020 -0534.
XU F S, HUANG R, CHENG H, et al. Stair-ascent strategies
and performance evaluation for a lower limb exoskeleton [J].
International Journal of Intelligent Robotics and Applications,
2020, 4(3): 278 -293.

SETOGUCHI D, KINOSHITA K, KAMADA S, et al. Hybrid
assistive limb improves restricted hip extension after total hip
arthroplasty [J]. Assistive Technology, 2022, 34(1) ; 112 —120.
YANG M X, WANG X S, ZHU Z Y, et al. Development and
control of a robotic lower limb exoskeleton for paraplegic patients
[J]. Proceedings of the Institution of Mechanical Engineers Part
C—Journal of Mechanical Engineering Science, 2019, 233(3) .
1087 - 1098.

WANG L T, WANG S Q, VAN ASSELDONK E H F, et al.
Actively controlled lateral gait assistance in a lower limb
exoskeleton [ C ] // Proceedings of the IEEE/RSJ International
Conference on Intelligent Robots and Systems. Tokyo, Japan:
IEEE, 2013 965 -970.

FARRIS R J, QUINTERO H A, GOLDFARB M. Preliminary
evaluation of a powered lower limb orthosis to aid walking in
paraplegic individuals [ J]. IEEE Transactions on Neural Systems
and Rehabilitation Engineering, 2011, 19(6) : 652 —659.
BORTOLE M, VENKATAKRISHNAN A, ZHU F S, et al. The
H2 robotic exoskeleton for gait rehabilitation after stroke: early

findings from a clinical study [J]. Journal of NeuroEngineering

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[100]

kinematic anomalies in the gait cycle [ J]. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2019, 27(11) ;
2305 -2314.

CHANG S R, NANDOR M J, LI L, et al. A muscle-driven
approach to restore stepping with an exoskeleton for individuals
LJ]
Rehabilitation, 2017, 14(5) ; 48.

SWIFT T A, STRAUSSER K A, ZOSS A B, et al. Control and

with  paraplegia Journal of NeuroEngineering and

experimental results for post stroke gait rehabilitation with a
prototype mobile medical exoskeleton [ C] // Proceedings of the
ASME Dynamic Systems and Control Conference. Cambridge,
UK:ASME, 2010. 405 -411.
ESQUENAZI A, TALATY M, PACKEL A, et al. The ReWalk
powered exoskeleton to restore ambulatory function to individuals
with thoracic-level motor-complete spinal cord injury [ J].
American Journal of Physical Medicine & Rehabilitation, 2012,
91(11): 911 -921.
OH S, BAEK E, SONG S K, et al. A generalized control
framework of assistive controllers and its application to lower limb
exoskeletons [ J]. Robotics and Autonomous Systems, 2015,
73(11): 68 -717.
CHINIMILLI P T, QIAO Z, SORKHABADI S M R, et al.
Automatic virtual impedance adaptation of a knee exoskeleton for
personalized walking assistance [ J]. Robotics and Autonomous
Systems, 2019, 114(4) : 66 —76.
LI'Y B, GUAN XY, HAN X Y, et al. Design and preliminary
validation of a lower limb exoskeleton with compact and modular
actuation [ J]. TEEE Access, 2020, 8(4) : 66338 —66352.
RAJASEKARAN V, ARANDA J, CASALS A, et al. An adaptive
control strategy for postural stability using a wearable robot [ J].
Robotics and Autonomous Systems, 2015, 73(11) ; 16 -23.
MAY, WU X Y, YANG S X, et al. Online gait planning of
lower-limb  exoskeleton robot for paraplegic rehabilitation
considering weight transfer process [ J]. IEEE Transactions on
Automation Science and Engineering, 2021, 18(2) ; 414 —425.
HYUN D J, PARK H, HA T, et al. Biomechanical design of an
agile, electricity-powered lower-limb exoskeleton for weight-
bearing assistance [ J]. Robotics and Autonomous Systems,
2017, 95(9) : 181 —195.

REBTHL, EREER, £I7. BahME o7 iz s 5 R B

B [J]. RTRRE, 2012, 32(6) : 44 -49, 80.

LU A M, WANG G D, WANG F. The effect of exercise fatigue



5 8 1]

SR AIL A A 3 2R DN 5 vk B 2 ik

2517

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

on body kinematics and leg electromyography during running
[J]. China Sport Science, 2012, 32(6);: 44 —49, 80. (in
Chinese)

KWON J, PARK J H, KU S, et al. A soft wearable robotic
ankle-foot-orthosis for post-stroke patients [ J]. IEEE Robotics
and Automation Letters, 2019, 4(3) . 2547 —2552.

MALEKI M, BADRI S, SHAYESTEHEPOUR H, et al. Design
and analysis of an original powered foot clearance creator
mechanism for walking in patients with spinal cord injury [ J].
Disability and Rehabilitation—Assistive Technology, 2019,
14(4) . 333 -337.

LERNER Z F, DAMIANO D L, PARK H S, et al. A robotic
exoskeleton for treatment of crouch gait in children with cerebral
palsy: design and initial application [ J]. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2017, 25(6) ;
650 - 659.

MANIKOWSKA F, BRAZEVIC S, KRZYZANSKA A, et al.
Effects of robot-assisted therapy on gait parameters in pediatric
patients with spastic cerebral palsy [ J]. Frontiers in Neurology,
2021, 12 724009.

LRIGENE. - SR AE B AT RS B A I AR W ) S ARAE [
a0 JERURE A, 2010.

ZHOU X F. The biomechanical characteristics of gait during
soldiers’ loads march [ D ].
2010. (in Chinese)
KUBOTA S, ABET T, KADONE H, et al. Walking ability

D]. dt

Beijing: Beijing Sport University,

following hybrid assistive limb treatment for a patient with
chronic myelopathy after surgery for cervical ossification of the
posterior longitudinal ligament [ J]. Journal of Spinal Cord
Medicine, 2019, 42(1) . 128 - 136.

UENO T, WATANABE H, KAWAMOTO H, et al. Feasibility
and safety of robot suit HAL treatment for adolescents and adults
with cerebral palsy [ J]. Journal of Clinical Neuroscience,
2019, 68(10) : 101 - 104.

SCHRADE S O, DATWYLER K, STUCHELI M, et al.
Development of VariLeg, an exoskeleton with variable stiffness
actuation; first results and user evaluation from the Cybathlon
2016 [ J]. Journal of NeuroEngineering and Rehabilitation,
2018, 15 18.

MURRAY S A, HA K H, HARTIGAN C, et al. An assistive
control approach for a lower-limb exoskeleton to facilitate
recovery of walking following stroke [ J]. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2015, 23(3) .
441 -449.

BAUNSGAARD C B, NISSEN U V, BRUST A K, et al. Gait
training after spinal cord injury; safety, feasibility and gait
function following 8 weeks of training with the exoskeletons from
Ekso Bionics [J]. Spinal Cord, 2018, 56(2) : 106 —116.
JANSEN O, GRASMUECKE D, MEINDL R C, et al. Hybrid
assistive limb exoskeleton HAL in the rehabilitation of chronic
spinal cord injury: proof of concept; the results in 21 patients

[J]. World Neurosurgery, 2018, 110; €73 - ¢€78.

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

FEHW. FRSME# B I HL s AT EERAIBESE [D]. &
BB BT RE RS, 2021.

WANG Y P. Research on stability criterion of power-assisted
robot for lower limb exoskeleton [ D]. Hefei: Anhui University
of Technology, 2021. (in Chinese)

ZHOU N B, LIU Y L, SONG Q Z, et al. Analysis, design and
preliminary evaluation of an anthropometric self-stabilization
passive exoskeleton for enhancing the ability of walking with
loads [ J].
104079.
e UMAT B I3 HUBUBE 25 4 O Ak K M B VAN R S A Y
[D]. L. FERBT K, 2011.

LEI B. Structure optimization and performance evaluation of leg

Robotics and Autonomous Systems, 2022, 153

exoskeleton for load-carrying augument [ D ]. Shanghai; East
China University of Science and Technology, 2011. ( in
Chinese)

AVEDIKOV G E, BEREZII E S, PISMENNAYA E V, et al.
Method for evaluation of user unloading efficiency during cargo
transportation and  holding by means of exoskeleton:
RU2723606-C1 [ P]. 2020 -06 - 17.

MUDIE K L, BILLING D, BISHOP D. Reducing load carriage
during walking using a lower limb passive exoskeleton[ C] //
Proceedings of the 26th Congress of the International Society of
Biomechanics. Brishane, Australia, 2017 51.

KIM H G, LEE J] W, JANG J, et al. Design of an exoskeleton
with minimized energy consumption based on using elastic and
dissipative elements [ J]. International Journal of Control
Automation and Systems, 2015, 13(2) . 463 —474.

YANG W, ZHANG ] Y, ZHANG S, et al. Lower limb
exoskeleton gait planning based on crutch and human-machine
foot combined center of pressure [ J]. Sensors, 2020, 20(24) .
7216.

LUGER T, SEIBT R, COBB T J, et al. Influence of a passive
lower-limb exoskeleton during simulated industrial work tasks on
physical load, upper body posture, postural control and
discomfort [ J]. Applied Ergonomics, 2019, 80(10);: 152 -
160.

ZHONG B, CAO J H, GUO K Q, et al. Fuzzy logic compliance
adaptation for an assist-as-needed controller on the Gait
Rehabilitation Exoskeleton ( GAREX ) []].
Autonomous Systems, 2020, 133 103642.

GIOVACCHINI F, VANNETTI F, FANTOZZI M, et al. A

Robotics and

light-weight active orthosis for hip movement assistance [ J].
Robotics and Autonomous Systems, 2015, 73(11) ;. 123 - 134.
DI NATALI C, SADEGHI A, MONDINI A, et al. Pneumatic
quasi-passive actuation for soft assistive lower limbs exoskeleton
[J]. Frontiers in Neurorobotics, 2020, 14 31.

LIU X H, WANG Q N. Real-time locomotion mode recognition
and assistive torque control for unilateral knee exoskeleton on
[ J]. IEEE-ASME Transactions on
Mechatronics, 2020, 25(6) ; 2722 -2732.

MALCOLM P, LEE S, CREA S, et al. Varying negative work

different  terrains



2 x 4% %

2518 845 &
assistance at the ankle with a soft exosuit during loaded walking 2019, 13 259.

[J]. Journal of NeuroEngineering and Rehabilitation, 2017, [136] TEFERTILLER C, HAYS K, JONES J, et al. Initial outcomes
14; 62. from a multicenter study utilizing the indego powered exoskeleton

[125] TAMEZ-DUQUE J, COBIAN-UGALDE R, KILICARSLAN A, in spinal cord injury [ J]. Topics in Spinal Cord Injury
et al. Real-time strap pressure sensor system for powered Rehabilitation, 2018, 24(1) . 78 —85.
exoskeletons [ J]. Sensors, 2015, 15(2) : 4550 —4563. [137] AACH M, CRUCIGER O, SCZESNY-KAISER M, et al.

[126] /R, WERA, XVFEF, % Eshgsan BT E—Aik Voluntary driven exoskeleton as a new tool for rehabilitation in

B 1M EHEL R AR T SR [J]. MU TR 24, chronic spinal cord injury; a pilot study [ J]. Spine Journal,
2022, 58(21): 27 -37. 2014, 14(12) . 2847 -2853.
YUAN X Q, JIJJ, LIU Y X, et al. Design and performance [138] NILSSON A, VREEDE K S, HAGLUND V, et al. Gait training
evaluation of active-passive integrated exoskeleton robot with early after stroke with a new exoskeleton-the hybrid assistive
upper and lower limbs [ J]. Journal of Mechanical Engineering, limb: a study of safety and feasibility [ J]. Journal of
2022, 58(21): 27 =37. (in Chinese) NeuroEngineering and Rehabilitation, 2014, 11:92.

[127] AWAD L N, PALMER J A, POHLIG R T, et al. Walking [139] YOSHIMOTO T, SHIMIZU I, HIROI Y, et al. Feasibility and
speed and step length asymmetry modify the energy cost of efficacy of high-speed gait training with a voluntary driven
walking after stroke [ J]. Neurorehabilitation and Neural exoskeleton robot for gait and balance dysfunction in patients
Repair, 2015, 29(5) : 416 —423. with chronic stroke: nonrandomized pilot study with concurrent

[128] GUZIK A, DRUZBICKI M, PRZYSADA G, et al. Validity of control [ J]. International Journal of Rehabilitation Research,
the gait variability index for individuals after a stroke in a 2015, 38(4): 338 —343.
chronic stage of recovery [ J]. Gait & Posture, 2019, 68(2) : [140] YATSUGI A, MORISHITA T, FUKUDA H, et al. Feasibility
63 -67. of neurorehabilitation using a hybrid assistive limb for patients

[129] MERLETTIR, HERMENS H. Introduction to the special issue who underwent spine surgery [ J]. Applied Bionics and
on the SENIAM European Concerted Action [ J]. Journal of Biomechanics, 2018, 2018 ; 7435746.

Electromyography and Kinesiology, 2000, 5(10) ; 283 —286. [141] CALABRO R S, NARO A, RUSSO M, et al. Shaping

[130] SK3EIE. TV U R B H M B # ot 5B [1]. 3 neuroplasticity by using powered exoskeletons in patients with
FeflvE TR, 2021, 2021(7) : 16 -22. stroke: a randomized clinical trial [ J ]. Journal of
ZHANG P P. Design and evaluation study of industrial lower NeuroEngineering and Rehabilitation, 2018, 15 35.
limb support exoskeleton [ J ]. Modern Manufacturing [142] VAN DIJSSELDONK R B, VAN NES1J W, GEURTS A C H,
Engineering, 2021, 2021(7): 16 —22. (in Chinese) et al. Exoskeleton home and community use in people with

[131] LEONARDIS D, BARSOTTI M, LOCONSOLE C, et al. An complete spinal cord injury [ J]. Scientific Reports, 2020,
EMG-controlled robotic  hand  exoskeleton for bilateral 10(1) ; 15600.
rehabilitation [ J]. IEEE Transactions on Haptics, 2015, [143] HUYSAMEN K, BOSCH T, DE LOOZE M, et al. Evaluation
8(2): 140 - 151. of a passive exoskeleton for static upper limb activities [ J].

[132] XIANG X N, DING M F, ZONG H Y, et al. The safety and Applied Ergonomics, 2018, 70(7) . 148 —155.
feasibility of a new rehabilitation robotic exoskeleton for assisting [144] AMBROSINI E, ZAJC J, FERRANTE S, et al. A hybrid
individuals with lower extremity motor complete lesions following robotic system for arm training of stroke survivors: concept and
spinal cord injury (SCI): an observational study [ J]. Spinal first evaluation [ J ]. IEEE Transactions on Biomedical
Cord, 2020, 58(7) : 787 —=794. Engineering, 2019, 66(12) : 3290 —3300.

[133] MCINTOSH K, CHARBONNEAU R, BENSAADA Y, et al. [145] OZKUL F, BARKANA D E. Upper-extremity rehabilitation
The safety and feasibility of exoskeletal-assisted walking in acute robot rehabroby: methodology, design, usability and validation
rehabilitation after spinal cord injury [ J]. Archives of Physical regular paper [ J]. International Journal of Advanced Robotic
Medicine and Rehabilitation, 2020, 101(1); 113 - 120. Systems, 2013, 10(12) ;: 10.5772/57261.

[134] NAM Y G, LEE J] W, PARK J W, et al. Effects of [146] YOO HJ, LEE S, KIM J, et al. Development of 3D-printed
electromechanical exoskeleton-assisted gait training on walking myoelectric hand orthosis for patients with spinal cord injury
ability of stroke patients; a randomized controlled trial [ J]. [J]. Journal of NeuroEngineering and Rehabilitation, 2019,
Archives of Physical Medicine and Rehabilitation, 2019, 16. 162.

100(1): 26 -31. [147] WRIGHT M A, HERZOG F, MAS-VINYALS A, et al.

[135] SCZESNY-KAISER M, TROST R, AACH M, et al. A Multicentric investigation on the safety, feasibility and usability

randomized and controlled crossover study investigating the
improvement of walking and posture functions in chronic stroke
patients using HAL exoskeleton-the HALESTRO study ( HAL-

Exoskeleton STROke Study) [J]. Frontiers in Neuroscience,

of the ABLE lower-limb robotic exoskeleton for individuals with
spinal cord injury; a framework towards the standardisation of
clinical evaluations [ J].

Rehabilitation, 2023, 20 45.

Journal of NeuroEngineering and



5 8 1]

SR AIL A A 3 2R DN 5 vk B 2 ik

2519

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

TABORRI J, SALVATORI S, MARIANN G, et al. BEAT:
balance evaluation automated testbed for the standardization of
balance assessment in human wearing exoskeleton [ C ] //
Proceedings of the IEEE International Workshop on Metrology
for Industry 40 and [oT. Roma, Italy: IEEE, 2020 526 —531.
BEQUETTE B, NORTON A, JONES E, et al. Physical and
cognitive load effects due to a powered lower-body exoskeleton
[J]. Human Factors, 2020, 62(3): 411 -423.

LI TP, CHENJS, HU C H, et al. Automatic timed up-and-go
sub-task segmentation for Parkinson’s disease patients using
video-based activity classification [ J]. IEEE Transactions on
Neural and  Rehabilitation 2018,
26(11) ;2189 -2199.

BEEE TBOME LG ARG RS 0 B SRR
[D]. MA/RUEE: WARIETAL RS, 2014.

CUI'J X. Research on modeling and simulation experiment of

Systems Engineering,

the lower extremity exoskeleton tobot [ D ]. Harbin; Harbin
Institute of Technology, 2014. (in Chinese)

DO, Wb, 28k FEECN M HL G A E0F
BRIT S %0 (1], AYES TR, 2022,
43(2): 63 -67.

LIWZ, YUHL, WANG D J. Design and dynamic analysis of
test platform for wearable lower limb exoskeleton robot [ J].
Progress in Biomedical Engineering, 2022, 43(2) . 63 - 67.
(in Chinese)

AR, R, BB, TR B T AME R ITAR K ()2
YO [J]. AR Sl 2018, 39(5) : 249 -252.

LU Z H, GUAN X R, FAN L X. Efficiency evaluation based on
grey-ahp method for powered exoskeleton [ J]. Machinery Design &
Manufacture,, 2018, 39(5) ; 249 -252. (in Chinese)

TRk, WAL, (3, & BT H PRI SMEHLE A
FPIEMERTIE [J]. PR, 2019, 36(7) : 125 - 130.
LIJ L, TU X K, WU S, et al. Study of exoskeleton robot
comfort based on user experience [ J]. Journal of Machine
Design, 2019, 36(7) : 125 —=130. (in Chinese)

PRt B, AL, A5 PN HERRIA R T RSN R L
FEREHECR [T]. BHE SR, 2019, 37(13) ; 88 -92.
CHEN J H, MU X H, DU F P, et al. Study on control effect of
exoskeleton during support phase through an evaluation indicator
system [ J]. Science & Technology Review, 2019, 37(13):
88 —92. (iin Chinese)

2 BT E ER RPN SR AR AN TS [ D). AR L
TRHER:, 2021.

XU L L. Performance evaluation index and method of assisted
exoskeleton [ D].
and Technology, 2021. (in Chinese)

SHORE L, POWER V, HARTIGAN B, et al. Exoscore: a

Chengdu; University of Electronic Science

design tool to evaluate factors associated with technology
acceptance of soft lower limb exosuits by older adults [ J].
Human Factors, 2020, 62(3) : 391 —410.

MIZUKAMI M, YOSHIKAWA K, KAWAMOTO H, et al. Gait

training of subacute stroke patients using a hybrid assistive limb;

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

a pilot study [ J]. Disability and Rehabilitation—Assistive
Technology, 2017, 12(2) . 197 -204.

YEH Y Y, WICKENS C D. Dissociation of performance and
subjective measures of workload [ J]. Human factors, 1988,
30(1) . 111 -120.

BADESA F J, DIEZ J A, BARIOS J A, et al. Evaluation of
performance and heart rate variability during intensive usage of a
BClI-controlled hand exoskeleton[ C] // Proceedings of the 2020
8th IEEE RAS/EMBS International Conference for Biomedical
Robotics and Biomechatronics ( BioRob). New York, NY, US;
IEEE, 2020 164 - 169.

CATALAN J M, TRIGILI E, NANN M, et al. Hybrid brain/neural
interface and autonomous vision-guided whole-arm exoskeleton
control to perform activities of daily living (ADLs) [J]. Journal of
NeuroEngineering and Rehabilitation, 2023, 20 61.

LIU D, CHEN W H, PEIZ C, et al. A brain-controlled lower-
limb exoskeleton for human gait training [ J]. Review of
Scientific Instruments, 2017, 88 . 104302.

EICHER C, HAESNER M, SPRANGER M, et al. Usability
and acceptability by a younger and older user group regarding a
mobile robot-supported gait rehabilitation system [ J]. Assistive
Technology, 2019, 31(1) . 25 -33.

TSAI'Y L, HUANG J J, PUS W, et al. Usability assessment of
a cable-driven exoskeletal robot for hand rehabilitation [ J].
Frontiers in Neurorobotics, 2019, 13, 3.

RESQUIN F, GONZALEZ-VARGAS ], IBANEZ J, et al
Adaptive hybrid robotic system for rehabilitation of reaching
movement after a brain injury; a usability study [ J]. Journal of
NeuroEngineering and Rehabilitation, 2017, 14, 104.
ARMANNSDOTTIR A L, BECKERLE P, MORENO ] C, et al.
Assessing the involvement of users during development of lower
limb wearable robotic exoskeletons; a survey study [ J]. Human
Factors, 2020, 62(3) : 351 —364.

BTN, BRI, TR, VT B Rl AT K
SCEERARSHT [T]. HLERA, 2020, 42(3) : 365 —384.
ZHAO X G, TAN X W, ZHANG B. Development of soft lower
extremily exoskeleton and its key technologies; a survey [ J].
Robot, 2020, 42(3) : 365 —384. (in Chinese)

WANG D J, GU X P, LI W Z, et al. Evaluation of safety-
related performance of wearable lower limb exoskeleton robot
(WLLER) : a systematic review [ J]. Robotics and Autonomous
Systems, 2023, 160 104308.

DE BOCK S, GHILLEBERT J, GOVAERTS R, et al. Passive
shoulder exoskeletons: more effective in the lab than in the
field? [J].
Rehabilitation Engineering, 2021, 29(12) . 173 —183.
B, KRB, A AT BN a R L A
PR A ftads [J]. BT A4, 2019, 40(12) : 89 -97.
LILF, ZHU LY, GOU X F. Current status and development

IEEE Transactions on Neural Systems and

trend of wearable lower-limb exoskeleton rehabilitation robot
[J]. Chinese Medical Equipment Journal, 2019, 40 (12).
89 -97. (in Chinese)





