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Abstract

As anovel wearable rehabilitation device, the lower-limb exoskeleton has demonstrated increasing
clinical value in recent years for the rehabilitation of patients with neurological injuries and age-
related gait disorders. By providing mechanical support or powered assistance to lower-limb move-
ments, it can improve gait performance, enhance voluntary motor function, and, to some extent,
promote neuroplasticity. Based on the two core categories of exoskeleton systems—passive unload-
ing (non-powered) and active unloading (powered)—this review systematically summarizes their
biomechanical principles, structural features, and current technological developments. It further
compares the two systems in terms of applicable patient populations and control strategies, with a
focus on their rehabilitation applications in individuals with stroke, spinal cord injury, and cerebral
palsy. The paper also explores the bidirectional evolution trend: passive lower-limb exoskeleton
advancing toward intelligent upgrades, and active lower-limb exoskeleton progressing toward
lightweight and energy-efficient designs. In addition, it discusses the innovative potential of these
systems under the integration of cutting-edge technologies such as artificial intelligence (Al), brain-
computer interfaces (BCI), and functional electrical stimulation (FES). Finally, considering the
growing demand for rehabilitation in home and community settings, the paper proposes future di-
rections for exoskeleton assistive devices in terms of standardization, adaptability, and clinical im-
plementation. This review aims to provide theoretical insights and practical references for the clin-
ical translation and interdisciplinary development of lower-limb exoskeletons.
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Figure 1. HAL [10]
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Figure 2. ReStore Exo-Suit [18]
[ 2. ReStore Exo-Suit [18]
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Figure 3. Axis and surface of body [24]
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Figure 4. Force axis of normal lower limb [24]
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Figure 5. Comparison between normal knee and knee vargus, valgus [24]
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RN HRGE S5t ¥R A N VB SET5T,  E 8 fums S #% -5 0sh S ShE B A E B3
R, FHRGRGEN . WEBRSNEWRE, BLEhMBIAIMEe, EHTBTE. R
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BEE R TREABIRE, FHEIMEEHEIEEZIE “PiKEEIE” M. —Jm, £5
R zh gy Sb B REEAAE BB R AL DT 7, Rt SRRSO T “8
B 5 AREERE” 7 RREERAL.

B BN G ter S B AT AR SR A5 R AR B xR B B AT SR I, ) 2 TR AR ER A S IR AR,
HREAL RS MR TZMIRE R R, 1R & IR0 B & T AR SR m N R ), SR “HI
R+ 5 RGN RS . LR UK 1Y) Swedish knee cage S, 1% 2 S8 LE A5 S 4 b B O A%
JRASORZEVCH £ 0.5 N), AT SE OGO R 8 fnf A8 A, AEAS M R I FH 1R B 1.5 f T R
B, R P HEBATERA, DRI RaE i (6] AR EE B TE B AR S gy AU G A%
TERBBESE M 4R ARG AR BB 2%, HC & UM DU & SR e (IMU)SRE W MR FE A5 5, 24 R0 1 i o 3o R R ik
30°/s B, BHJE 7 E B 8 50%, A 25k G i o FE T i i 0 285 A 1 b i [29]
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TEEM S PPRYZ T, #3) KRG IR & 07 A Bk 5 M HIE RO, DL s (i 3 &7 i@t 5 & ik .
FEWIERiEE 3D FTENH AR g — P4 R A 2 FLEE MR T R I 48, FLEBRR ik 60%, HEAL 280
g, BA5RINEHEERNIUEERE . HgMmad ittt ig, K108 5 ik 35%, nf
SEPLE ENMEERI[31]. #0 RAEIEERNR T IMU FIE JLIEES, ETIE LW 7 ST AL 57T #am7 fl 4
BHIERRE 6, ERATILERE A HESH, A s B RN E, SERiE A PERT 327 60% L
E[6]

A2, E s g LB DB ae I WAC, IR 4R TR AR T /N A B YR R AR
. DANXAE G e “HE. FE. B B =EHPRR. B, ERRFE TR — 3K AN E B R SR A
TEARIENZ G S AL G N E N EBhIR, VLR EHIE 3.2 kg AN 1R Gn EIRSNAHI BLfiti 17
23 10) SpPEEAEe, T rARRE SO THaBRAHB), HBRRERER L R BN R A IFK 30% [32]. [AN, fTH
R EIBNEE TSR T B3R 7 58, ] ASCAULHE Rz UL e o SRR, S 300 i 2 P ) R P R TSR [ e
V% & BALPAT REFEIRIRZ) 20%, FF4EFrEERE & 3.2 kg AN[27].

EREEEH M, FahsMERERERE T E2ERE. fla, fFRELKT 5] N LB ERREEF
Wb, BEAEMROCTT I AR = A 3V MU, BRUE KRR EATE 6 /ML Eo 75— Sk 2z AT
REIANE B E W AEAT & 1 AR RS, nlsa kA4 EZ) 200 mAh HLRE, FF45 A4 it se T Re
mAMEE, KR EEEE 3.5 kg AN[32].

g BRI, 4uTNEAME R R GRS SRR M CRIREN” FIEARTEEE S, i
YA G AW 5 30 77 TUAR I AL N SEIUR ISR S Ak 3% 1) 5 3 S AL e R g 41t 1 IR S () BRI Al

6.1.2. HARIZX

AR, ZARSBREHARR SN IEHES) N AME % B — 12 B g e s 2 L e - 8 8 58 B 1R 5 i
GRE. Hb, BALEE D (Brain-Computer Interface, BCHF A M@ B & B R AR T Hfk T E. #hE
AR ) — P T — 4EB B A M 25 (1D-CNN) 5 3 FF [ B HL(SVM)AHZE & L HLE 5 B AY, REfg
SEILEBER 1 B i s B PR, S RS AE E R G E B AE IR SR A 50 AP RAA, BUESNLH
2 ) 5 X e S5 B2 7 THIF2 T4 40% [33]0 BCL BoARE— 8 A F| i F(EEG)(E 5 Bl il 4R 4,
TEH T 58 A 0 B AR BRRZS 12 W] . 40 ReWalk RGN A5 5 IR AR , RlaR gl & ], =
PRI FRIE 85%, S & IG R 1 ™ 5 A s 1 s ml e (2],

5 bE N, DA M H3 (Functional Electrical Stimulation, FES) S AAE A — R R K #h 4 - LA BOE
TFB, EMEHAGTRERIHRGFIEPEZR. sEESE iRy, £ T RS a9l N FES +Hin]
3 2 G iR i 2 vp B AT I AR P R ORI (R TTIEEE Y 22%),  [RIINF T BV A UL IS B KPR
I 30%, £WMHZNAFEZ 5 YRR G . KBRS, Ekso Bionics 4N #% R TSI FES Bk
G, R UL U B R JE S E, A RO IE A 80% (1 & T HE A 7 W AP AS[32] .

AR, N TR REAE D25 BN 5 Tt 42 i) o () S 0 H 28RN o 287 7 5 T K i id 42 % 4% (Long Short-
Term Memory, LSTM)## [ A2 A HUIB TR, HAE 2 MR IR B (R . ) T a4 Oz sh Bk i
MR ZEFHIE + 3VEAN, SCREAESE T B E NI IR, A BTN 8 R 500 IS 5 118 B
BEJI SRR HEE[34].

6.2. NRATRIER

6.2.1. MIGKZEBREERILEH
BEE N AN B ERMZ 0 sk, H N 5 1E BE G BRI HURE A ) K R 54 X G, (4L
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BOHEIR R A 7 OGBSI IE . — Ty, RS TR ARSI E Tt 1B o R
PEMURAEESENE . A, (A GE A RHE ) “BAT” RIVSME BRI T B0, 2
£ 4.5kg LA, AR 0.05 m®, SCRFA T B E 7 WS 3R, SKIE R 58 ORI ZRAE 55 1T 4T
Peo $EIGE, ZARGEE KRR ME RIS T2 70% [31]

HJTE, EIEEN S 2T G ERORTB VB RIZ DR R R R RS A R, SEEL T ARIX
RER BHIRAIEN I o ZEORIT R —Cn] 7 B R A Bk R GUER A GPS 50 A i R AR, W fs
BEIMEREE ST ERR N BB K EE S PG, SHEATRETFHS Rz R, {5
B woR, IZRG AR X A R AR SR AR T 50%, fERERESE 52 7 & Wl 77 T
B BRI S [35].

6.2.2. TR AREEER

B NASTRT, SERMKEIEII AL IR R G5B T MO0 B, &M xHZE AR R
L AN B A RO AT R R BBy 2 —. DL AR A REH I R XU N, W% FIRA ¥eit T
— b I TR I R B G (MU BB ST A B, LR G0 AT St W 00 2 S 0 B A A, R 2 A
HE 15, P EASSHIRSIREE TR 0.1 A IR R 20 80 N MR RS2 HE Fy, T Rl Bh 4k RE & 1k
Fasg . LIRS RRY], LR DEZE NBE K FFIKL) 65% [36], (ETIRE RS & WU R I R 47
F161 82 T 5%

BRAh, SRS RGN B R MBS, WA ARG, A TSR A M . B
R Kano BRIFR T — KR TFEAME BRI B, 0T mhs A5 R U5 50 5B B R (1~5 Hz [X [A]), &5
B I 1) F7 SRAFHL X 5% AT B T e o SRER R M, 1225 B AR AN B o 1 3h i s ThRE AT
A RN ) R B B 2 40%, B EIERS AR T — AT . AR A BT O 310,
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B oW
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g% an TR RS 5 E TR, VAT HEREBTE 1 ORI, E BB R R AR
RIS, B ERU AR SCS AR g T B B S SR R, IR AT P E S5, AR A4S
HTERRAR I IBERE TAE. Wfit, FRERERREIF 2080 .
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30), 2025, 6(2): 266-270+275.
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