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Abstract: To address the poor real-time performance of asymmetric gait generation and the lack of human-robot physical interaction
compliance faced by hemiplegic stroke patients using lower-limb exoskeletons for rehabilitation, this article develops a lightweight quasi-
direct drive knee exoskeleton and proposes an adaptive compliant control framework based on online incremental dynamic movement
primitives (DMP). In terms of hardware design, the system combines a coaxially integrated quasi-direct drive module with carbon fiber
links, which significantly reduces the overall system inertia and joint back-drivability impedance, providing a highly transparent physical
foundation for compliant interaction. At the control strategy level, the intention perception layer utilizes an adaptive frequency oscillator to
smoothly extract the motion phase of the reference side. The trajectory planning layer proposes an incremental DMP algorithm integrating a
time-sharing computation mechanism. By evenly distributing complex weight update tasks across multiple control cycles, this algorithm
breaks through the computational bottleneck of embedded hardware, achieving online decoupled adjustment of spatiotemporal features and
waveform amplitudes of the reference gait while satisfying 1 kHz high-frequency control demands. The underlying impedance controller then

converts the trajectory deviations into compliant assistive torques. Multi-condition bilateral wearing experiments ( flat ground, slope
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climbing, varying frequency, and varying amplitude) involving 7 subjects show that the system can accurately generalize the reference side’

s motion rhythm. The bilateral kinematic consistency coefficient (PCC) reaches up to 0. 977 on flat ground, with a tracking error controlled

at 8.30°. Residual physical interference is restricted within +10 N +m in the transparent mode, and a synergistic assistive torque of

approximately +20 N+m is smoothly output in the assistive mode. Without interfering with the human’s inherent gait rhythm, the proposed

system successfully achieves the online real-time generation and adaptive compliant tracking of asymmetric gaits.

Keywords: knee exoskeleton; quasi-direct drive; dynamic movement primitives ( DMP ) ; online incremental learning; compliant

synergistic control
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Fig. 1  Overview of the lower limb exoskeleton system hardware architecture
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limb exoskeleton system
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Fig.2 System overall architecture and signal links
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Table 2 Demographic information of subjects
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1 24 168 88
2 24 168 60
3 24 175 61
4 25 175 75
5 23 169 57
6 25 173 75
7 25 172 63
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Table 3 Performance comparison with representative lower-limb exoskeletons

T R 5 P B s Tk %ﬁ('i iif/ i;‘ff e Y R
BN A 0 e I 4 AL - - - 100 7.43 0.912
B E M 3 7 /N R Tl - - - - 2.63 0.973
B b U H 28 g 2 - - J4:0~ 100 - 1.41~1.77  0.86~0.94
B e A g L Bl A I T - - - - 3.45 0.971
ASCHE IR AT RS A DMP SR 10 20.75 0~135 1 000 8.30 0.977
T T4 SR 2 R AR I O s R R U O SOR R GRS LT B i A A S L -7 R

YT, VFEHET A TR E SN E T B ESIASE
PRV E 27 > T 0 246 B 4o 26 77 F A (AN Yang 25
Durandau 252" ) SER T B 246 5% B FHOKS BE , 383 R G510
Je R EER 22 P FRAIRE 1. 41°~3.5°, Ry EAEAb AR £k
LA, 51 B & B /N I R LA (adaptive wavelet
denoising fusion, AWDF) 5 ¥ 31 il & 5 W% ( Jin 2505 Zhao
S5 REAE R B R U AP s s — sk

FHLLZ T AR SC R G AR FEAE - T 00 A 050 e 2
(RMSE) A 8.30°, 5 S8 8 il 2 , 76 A SC % BEL BT $ i 2
N BT AR IR Z RS B B A IR TR R G A PR
ALY BRAE B MU e = 3 B st e 25, 1848 T
SYIFTHEE DMP X A5 25 B 25 SRR ) S R 2 i A, LA K
Y ELIRE PP AR ) S 1] BELATC , AR SC AR GEAE A A AA it i s
X MIPEL R LR H AR IB 34525 (20 8° I ) IURTEE T, K
SRIZBA T e i g AUz sher RN ER B (PCC 3£ 0.977) . X
— LR A ST R D3 [ ZEAL BE A% €0 b eI xof
PR TEL A S AN BRAE B RIS

4 &

X e £ A A AT S R B P oG I
P B ANHUAE HZR M ) AU 5 K, AS SR 1 — %6 T
WEE IR e B AL I S T S Bk R 4, DR A e 323K
FRHATPSE R T — B RlE o iR B DMP BT
HAEZR A P T ARG IE , AP EEEE N

1) FEBEPFAR -5 3 P02 T [R) i 4 B ) o B3R

PR RN T RGN e RSB ST, TS B)
IR, RGBT HO IR AR AN i 5 B B R
T, A SR TS S R ELY TC B 2
i

2) FERNGIAE L A U 2 T, AR SCHR Y 1 58 T 43
AL AR 12 DMP FEZR2% 2 300 il e 1 i 2 R it
SRR ISR . ORI R B T XS
R 0] -5 W B ) AR AT, 3 1 R G AL UL 5
ENE BT v RV DR B SR/ i

3) E AL P[RR Bl 1R BE 5 T, 22 T 00 A4 2 380 S 56 36
UE T RGN  H BUNAZ B2 BR R 5 3l ) 27 2R . 7E
SEHLACAT  HITEZ A (@Y ) DA KR 25 F A R A B2 T ) 45
RSB BRIz AL T S H M0 IZ S CF- b
O Xz ) 2 — Btk PCC ik 0,977, BR B R 2
RMSE 2 8.30°) . fEAHBIEAT )2 BT il - 1
T IEE 29 +20 N-m BOHTRY 35, o ol et T TE
1 EREE, R T 520 A iDL

AT ST A SR BRAETE T, T iy 300 D B Uk f) 22
% RGUEREUHE {32 10 TR v AR UL 4 B 1Y
JERXIEAT TIPA . AR I TARRHEIEIZ £ e 7E HL 52 IR
g b i o i A AR AR S L o3 A, i — 2
VPG T2 NI T AE A G B A X 2D 25 S 4 T
SLRCRE Ty T Y SEBR B2
SEXH
[ 1] FEIGIN V L, BRAININ M, NORRVING B, et al. World

stroke organization; Global stroke fact sheet 2025[ ] ].



545 US

TR LT RSN B DMP (R BRI OG5 SRS L

Z2 i ] 161

(2]

(3]

[4]

[5]

[6]

(7]

[8]

(9]

[10]

[11]

[12]

International Journal of Stroke, 2025, 20(2) . 132-144.
LOUIE D R, SIMPSON L A, MORTENSON W B, et al.
Prevalence of walking limitation after acute stroke and its
impact on discharge to home [ J ]. Physical Therapy,
2022, 102(1) ; pzab246.

BEYAERT C, VASA R, FRYKBERG G E. Gait post-
stroke; Pathophysiology and rehabilitation strategies[ J ].
Neurophysiologie ~ Clinique/Clinical ~ Neurophysiology,
2015, 45(4/5) : 335-355.

CHEN B, ZI B, WANG ZH Y, et al. Knee exoskeletons
for gait rehabilitation and human performance augmen-
tation;: A state-of-the-art[ J |. Mechanism and Machine
Theory, 2019, 134 499-511.

WARUTKAR V, DADGAL R, MANGULKAR U R. Use of
robotics in gait rehabilitation following stroke : A review[ J].
Cureus, 2022, 14(11): e31075.

WRSCHR, AR, AT R A SR R A B LA B
TER[I]. EEAR, 2013, 2(4) : 27-31.

YE W J, LI ZH J. Development of a wearable and
portable rehabilitation exoskeleton robot [ J ].
Integration Technology, 2013, 2(4) . 27-31.
HORNBY T G, REISMAN D S, WARD I G,

Clinical practice guideline to improve locomotor function

Journal of
et al.
following chronic stroke, incomplete spinal cord injury,
and brain injury [ J]. Journal of Neurologic Physical
Therapy, 2020, 44(1) : 49-100.

CHEN B, ZHONG CH H, ZHAO X, et al. A wearable
exoskeleton suit for motion assistance to paralysed pati-
ents[ J]. Journal of Orthopaedic Translation, 2017, 11;
7-18.

PR, dRABE, TN, 5. PR e B Hr i A
B L R Tk (1], AR, 2017,
38(3): 523-529.

CHEN CH J, ZHANG SH M, WANG C, et al. Dynamic
step length planning method based on stable threshold
analysis for exoskeleton[ J]. Chinese Journal of Scientific
Instrument, 2017, 38(3) . 523-529.

HWANG S H, LEE S C, SHIN D B, et al. Intuitive gait
pattern generation for an exoskeleton robot [ J]. Inter-

national ~ Journal of  Precision Engineering and
Manufacturing, 2019, 20(11): 1905-1913.
LIU X H, ZHOU ZH H, MAI J G,

mode recognition based assistive torque control of bionic

et al. Real-time

knee exoskeleton for sit-to-stand and stand-to-sit

transitions [ J ]. Robotics and Autonomous Systems,
2019, 119. 209-220.
SHEPHERD M K, ROUSE E J. Design and validation of

a torque-controllable knee exoskeleton for sit-to-stand

(13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

assistance [ J ]. IEEE/ASME Transactions on Mech-
atronics, 2017, 22(4) : 1695-1704.
KAWASAKI S, OHATA K, TSUBOYAMA T,

Development of new rehabilitation robot device that can

et al.

be attached to the conventional Knee-Ankle-Foot-Orthosis
for controlling the knee in individuals after stroke[ C ].
2017  International
Robotics, 2017 304-307.

HUO C C, SHAO G J, CHEN T D, et al. Effectiveness

of unilateral lower-limb exoskeleton robot on balance and

Conference on  Rehabilitation

gait recovery and neuroplasticity in patients with subacute
A randomized controlled trial [ J]. Journal of

2024, 21 (1):

stroke :
NeuroEngineering and Rehabilitation
213.

LORA-MILLAN J S,
ROMERO J P, et al

exoskeleton to assess the role of natural gait assistance in

SANCHEZ-CUESTA F ],

A unilateral robotic knee

hemiparetic patients [ J ]. Journal of NeuroEngineering
and Rehabilitation, 2022, 19(1) . 109

HUANG T H, ZHANG SN, YU SH Y, et al. Modeling
and stiffness-based continuous torque control of light-
weight quasi-direct-drive knee exoskeletons for versatile
walking assistance[ J]. TEEE Transactions on Robotics,
2022, 38(3) . 1442-1459.

B SCRIPS, ST, 4F. 2T 1D-CNN-SVM #)
JRCAI B i A AR BRI ST [T]. i 7 i 4R
2025, 48(12) . 71-78.

CUI ZH H, AI L SH, MA X Y, et al. Gait information
recognition study of lower limb exoskeleton based on 1D-
CNN-SVM [ ] ].
2025, 48(12) . 71-78.

AL, EA4T Tl JETF Densenet S5 1) 25 25 A0 47
PURIBFIEL )] AT IR ,2025,48(1) < 119-128.
FU M K, WANG SH H, MA CH. Research on gait
phase recognition based on Densenet model [ J ].
Electronic Measurement Technology, 2025, 48(1) . 119-
128.

TRV B R MG, A5 BT XGBoost BT D ASHH AL
BUINBFFE[T]. 7 I i 5 A8 2 4l 2023, 37(3):
95-101.

SU H, MA CH, SU P, et al. XGBoost algorithm-based

method research on lower limb gait phase recognition[ J].

Electronic Measurement Technology,

Journal of Electronic Measurement and Instrumentation,
2023, 37(3): 95-101.

WA AR PR A, A5 T ) A AOC T A O A I8
SR RN TR R (1], 1 I S 2 4
2023, 37(6) ; 22-30.

CAOY D, LI H, CHEN Y, et al.

Research on motion



162

O % 2 i

47

(21]

(22]

(23]

[24]

[25]

[26]

(27]

[28]

(29]

[30]

[31]

intent recognition method for human joint angle predic-
tion[ J]. Journal of Electronic Measurement and Instru-
mentation, 2023, 37(6) . 22-30.

NAMY G, KO M J, BOK S K, et al

electromechanical-assisted ~ gait

Efficacy of
training on clinical
walking function and gait symmetry after brain injury of
stroke; A randomized controlled trial [ J]. Scientific
Reports, 2022, 12( 1) : 6880.

PATTERSON K K, PARAFIANOWICZ I, DANELLS C ],
et al. Gait asymmetry in community-ambulating stroke
survivors [ J |.  Archives of Physical Medicine and
Rehabilitation, 2008, 89(2) . 304-310.

LITTLE V L, PERRY L A, MERCADO M W V, et al.
Gait asymmetry pattern following stroke determines acute
response to locomotor task [ J]. Gait & posture, 2020,
77 300-307.

HWANG S H, SUN D I, HAN J, et al. Gait pattern
generation algorithm for lower-extremity rehabilitation-
exoskeleton robot considering wearer’ s condition [ J].
Intelligent Service Robotics, 2021, 14(3) . 345-355.
YUAN Y X, LI ZH J, ZHAO T, et al. DMP-based
motion generation for a walking exoskeleton robot using
reinforcement learning [ J ]. IEEE Transactions on
Industrial Electronics, 2019, 67(5) : 3830-3839.
WANG X Y, MA Y, CHEN CH ], et al.

prediction of gait phase for assisted walking by means of

Effective

gait-based adaptive oscillators[ J]. IEEE Transactions on
Automation Science and Engineering, 2024, 22. 10205-
10215.

GINESI M, SANSONETTO N, FIORINI P. Overcoming
some drawbacks of dynamic movement primitives [ J].
Robotics and Autonomous Systems, 2021, 144, 103844.
WANG X Y, CHEN CH J, SUN J Q, et al. System
design of a soft underwater exosuit to reduce metabolic
cost across multiple aquatic movements during diving[ J].
IEEE Transactions on Robotics, 2025, 41, 2127-2143.
LEE H S. Application of dynamic time warping algorithm
for pattern similarity of gait [ J]. Journal of Exercise
Rehabilitation, 2019, 15(4) . 526-530.

YANG S CH, YU K, ZHANG L, et al. FusionTCN-
Attention; A causality-preserving temporal model for
unilateral IMU-based gait prediction and cooperative
exoskeleton control [ J]. Biomimetics, 2026, 11 (1):
26.

DURANDAU G, FARINA D, ASIN-PRIETO G, et al.
Voluntary control of wearable robotic exoskeletons by

patients with paresis via neuromechanical modeling[ J].

Journal of NeuroEngineering and Rehabilitation, 2019,
16(1) . 91.

[32] JINL, LINGLY, YU ZH P, et al. Continuous lower-
limb joint angle prediction under body weight-supported
training using AWDF model[ J]. Fractal and Fractional,
2025, 9(10) ; 655.

[33] ZHAO R Q, YAN X B, FAN Y B. Terrain-aware stride-

level trajectory forecasting for a powered hip exoskeleton

via vision and kinematics fusion [ J].

arXiv: 2404. 11945, 2024.
EEE N

ArXiv preprint

RF,2023 TR T R3S+
0, BT URYIR 2 B A2 3, E 3BT
y FEIT I M LA o

I I E-mail ; yu. zhu2@ siat. ac. cn

He is currently

Zhu Yu received his B. Sc. degree from
Guangdong University of Technology in 2023.
M. Sc.

main research interest includes exoskeleton

pursuing his degree at Shenzhen
University. His
robots.

R, 7051 T 2007 4 2013 43R4 [
BB R A 2 A 2, B AR il R
TATBRA AL S 2B SHAR S, FEOFr
o] G55 AP AL &R AR A 27 T Blgs A
E-mail ; ramboyuanbo@ qq. com

and Ph. D.
degrees both from the National University of Defense Technology

Yuan Bo received his B. Sc.

in 2007 and 2013, respectively. He is currently the general
manager and chief technology officer of NiuDi Technology Co. ,
Ltd. His main research interests include exoskeleton robots and
self-learning robots.

SEK (il {5 1R # ), 43 5 T 2011 4R =
2014 AFARAT H DR HL 72 A 247
I 2020 4FFAT P E LA BERIINE HE AR
R e A= b2, B P R
PRI BRI BRI RIIT I 5, 2%
WFFET7 Il A5 N T REAS MR- ALAS A
E-mail ; yue. ma@ siat. ac. cn

Ma Yue ( Corresponding author) received his B.Sc. and
M. Sc.

Telecommunications in 2011 and 2014, respectively, and his

degrees both from Chongqing University of Posts and

Ph.D. degree from the Center for Intelligent and Biomimetic
Systems, Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences in 2020. He is currently an associate
research fellow at Shenzhen Institutes of Advanced Technology,
Chinese Academy of Sciences. His main research interests

include artificial intelligence and exoskeleton robots.



