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Therapist-like Interaction Control of a Dual-arm Robot for Upper-limb Rehabilitation

LIN Gao' WANG Fei' ZHANG Xin?®

Abstract Rehabilitation robots with therapist-like personalized, compliant, and safe interaction can effectively pre-
vent secondary injuries and improve rehabilitation efficiency. This paper presents a novel upper-limb rehabilitation
framework based on a dual-arm robot to achieve therapist-like interaction. First, with safety as the primary object-
ive, a 7-DOF upper-limb kinematic model is established to evaluate the reachable training spaces of the upper-limb
end and the rear end of the forearm. Taking advantage of dual-arm rehabilitation, a non-redundant inverse kin-
ematics method is proposed to constrain joint angles, thereby constructing a safety mechanism under task-joint dual
constraints. Second, considering personalized and compliant interaction, a potential-field-based assist-as-needed con-
trol strategy is designed. It enables the dual-arm robot to learn therapist-specific personalized traction characterist-
ics from a single demonstration and provide adaptive compliant assistance according to the upper-limb motor abil-
ity and engagement. Experimental results show that the proposed method combines the high motion adaptability
and minimal physical contact of end-effector-based rehabilitation robots with the precise spatial training capability
of exoskeleton robots. It can also implement assist-as-needed training based on the upper-limb training state. As
dual-arm and humanoid robots become more widely adopted, the proposed scheme provides a new pathway for de-
livering therapist-like personalized, compliant, and safe rehabilitation training in clinical and home settings.
Keywords dual-arm robot; emulated therapist interaction; upper-limb kinematics; learning from demonstration; as-
sist-as-needed

Citation Lin Gao, Wang Fei, Zhang Xin. Therapist-like interaction control of a dual-arm robot for upper-limb rehabilita-
tion. Acta Automatica Sinica, 2026, 52(9): 2005—2018

ok H A 2025-11-04 A H 2026-03-11

Manuscript received November 4, 2025; accepted March 11,
2026

H X HRBI IS (62373087), 3T 74 N H ZE AL WF 704t &1
(2025JH2/101300009), IL T8 M LA 4] (XLYC24110114)
BEHD

Supported by National Natural Science Foundation of China
(62373087), Liaoning Provincial Applied Basic Research Pro-
gram (2025JH2/101300009), and Liaoning Revitalization Talents
Program (XLYC24110114)

AL TULIE T

Recommended by Associate Editor CHENG Long

L ARAER LSS AR 5 TR Bt JERE 110167 2. YRFHTISE
— ANREBREREESF LI 110091

1. Faculty of Robot Science and Engineering, Northeastern
University, Shenyang 110167 2. Department of Rehabilitation
Medicine, Shenyang First People’s Hospital, Shenyang 110091

i A rh R A EREE ORAET R, 1R S EUR AR
P71 T E A B 75% BN 2R R E B L
BB DI RERRRT, T EUEE AT A RE A BRI
WE AR B G b IR R R BRI« FHE 7 42
SUBIJ7 AT IR, AR AT sz 4 Bl
ANSRME, AH N 5 2 VEAR I HAR KB In 1677
I ARG AR, BRI NBOR IR R, i B
FEE B S NBEAT IS5 328 R S e 2 B R A T
palin): 3 - S

ERERER LA N2y A A 5] SR s
FhRM. il 1 o, Kimze 5] AR R HLE @


https://cstr.cn/32138.14.j.aas.c250599

2006 H 3

S 52 &

voOERIERE X
VoY X e
X BONI/ IV N

L e
X BB X

Ao 5| A

(a) 1 B (b)
BB A HUE B Q
FHA B v v
i
Bl RFEZEE ERREENARA ((a) Kifiges] EE N

#A; (b) SMEBURENLEN; (c) BT IIE A H
XUE ML)

Fig.1  Different types of upper-limb rehabilitation
robots ((a) End-effector rehabilitation robot;
(b) Exoskeleton rehabilitation robot; (¢) Therapist-
inspired dual-arm rehabilitation robot)
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Fig.2  7-DOF upper-limb kinematic model
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Fig.4 Experimental protocol ((a) ~ (d) Training
motions 1 ~ 3; (e) Dual-arm rehabilitation robot
platform; (f) Placement locations of the IMU
and EMG sensors)
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Fig.5 Parameter selection and reachable training space
construction effects ((a) ~ (b) Relationship between the
volumes of reachable training spaces A; and Ay and the
number of sampling points; (c) ~ (d) Construction effects
of the Monte Carlo point sets E; and E2 and the
reachable training spaces A; and Ay for subject 3)
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Fig.6 Comparison of the proposed non-redundant and
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Fig.7  Visualization effects of the potential field under

different parameter influence
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Fig.8 Potential field visualization and compliance
constraint effects ((a) Visualization effect of the
potential field corresponding to subject 3 during

rehabilitation training 2; (b) Compliant constraint
effects of the system under different levels
of perturbation)
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Table 2 Comparison of training performance between the proposed method and baseline methods in joint space
%1 1%k 2 %5 3
KA 7] WU L2 WU =27 X Entog

RMSE (°) PCC RMSE (°) PCC RMSE (°) PCC RMSE (°) PCC RMSE (°) PCC RMSE (°) PCC
JB k% 0.98 0.99 20.75 0.78 1.06 1.00 3.63 0.99 0.88 1.00 21.68 0.86
JE e 0.99 0.99 11.24 0.85 0.97 0.99 2.44 0.97 1.31 0.95 22.26 -0.37
JB Jit ih 1.53 0.90 3.45 0.57 1.43 1.00 1.88 1.00 2.40 0.99 16.01 0.45
JB4MR 0.87 1.00 21.43 0.93 0.97 0.99 2.55 0.99 0.85 1.00 22.69 0.94
Jit Jet it 2.06 0.99 6.14 0.99 1.63 0.99 5.05 0.99 1.74 0.99 5.44 0.93
figi e i 1.12 0.99 5.11 0.53 1.43 0.92 6.98 0.22 1.25 0.99 8.47 0.66
i s 1.07 0.67 12.31 0.05 1.14 0.78 1.95 0.54 0.83 0.83 14.31 0.20
fii e J5 1.06 0.99 16.20 0.99 1.05 0.99 21.53 —0.92 0.93 0.99 25.78 0.99
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Table 3~ Comparison of training performance between the proposed method and baseline methods in task space (°)
Wk 1 PIZk 2 e
£ 1] W Y U A B R
RMSE MAE RMSE MAE RMSE MAE RMSE MAE RMSE MAE RMSE MAE
Jit 6 5.89 4.64 92.74 78.76 6.28 5.04 25.24 21.32 8.94 6.84 101.89 91.70
i 38 6.75 5.52 46.85 38.43 8.88 6.98 32.87 28.46 9.87 7.87 54.60 47.19
Fi 6.73 5.48 39.61 31.91 8.32 6.61 68.56 53.99 9.81 8.09 62.58 56.05
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Y%k 3 -1 RMSE N 17.08°, B& & T2k 1 1
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I T E TR R S A8 B0 T R A D% T s )
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Fig.9 Comparison of training performance in joint space between the proposed and baseline methods
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Fig.11  Spatial trajectories corresponding to

training 1 ~ 3 under three different modes

T 10-
12- | I 10- I
8- 8-

2 ] I 6ol O 6- i S
e 4 I 98
= 3- . 9 - gl
R S S
200- 1 200- T - 1
160 - I el 160 - I KLz 160- I 146.8
;E: 120 - 120- 120-
j 80- 80- 80-
40- 40- 40 -

R R S R R i
K12 =MAREBEX TS L~ 34z 5ES
U EX-FAEIEER
Fig.12  Relationship between training participation and

training stiffness for training 1 ~ 3 under
three different modes

Ffsem. WSE RS LR E , 12k 3 HIE0EmEe
WK TS LM% 2. XEHTRESGEE
T A0 2 T U FAE F AR B AR, AT 33
I RS B G OK . (HBIE AN, R GAT REAE A R I
SRR T R B B2 B 4E S AE [5.41, 7.58] mm U
Bl A, R R GUE 2 50T 2R IZR T I il A8 E 1t
WARTIHE. DL B RR ], BTt I A AE 2 Fh A8 HAs
TR ¥ RESE I R 4 ) SR A4z il A oE M, IFRedS
AR 5 (132 Bl RE ) 5 b4l Bl o B2 w8 i A 14K
Z AR NS

FENLES N5 B 327 — (7] 58 B GRAE 55 [ 15
T, NZRF LS5 P NIRRT 2240
AT M. 4R E RIS 125
SRR (R, =122+ 1.1, R, =86 + 1.5, R3 =
9.6 £ 1.2; K 1 ~3F RNk 1 ~3), KRGS HIE
RGN ZR AN (K1 ~ Kas € [176.6, 202.4]
N/m), CASR I 2R, 2 im s sl e k. Ui
RS2 R IR T B a I — e 2 B LA
W (R, = 7.8+ 1.1, Ry = 4.8 + 1.0, Ry =
6.0 £ 0.9), REXIFMMINGARNE ( Ky ~ Kas €
[149.8, 179.2] N/m), LA 35238 ¥ 10 E5h il 4k )
YEFFIRLAS NSRBI 51 SR, AT BRI 2R3
RtZ & X3NS5, 42 RERI NN
W57, BNAGS 5ENREL 2 0, Rt —2
AR, EfEALas N B 5] SRR s 2, i
N1 2 4 BIoRAS . 23 AR, B4R 5 vk vl i
HSER IS5, BENM R AR5,
SN A N R P 4 7 A B

MIN GRS 5 RN EE AR YR 3450 2R e 4 75 4 B
Az AT . FE RSNG4 S 5%
e, AREZE B R, X IR NI B T e v, AL
(35 22 JE B A W . X R TR BT,
RABLEWKESE L, L, 5NIEBIRE 2, .
Zo WLV, NI AN 2B 2 5 Y B0 1 32 25 7
K, IR 2 sl Zrid BRI e v, 330
B TINS5 BT F X, (2N bR
HEZE R, IR R G AE 1A% T i B 1 I
AT DX ) S 0 B v ) SR 5 A8 LIS B, DA
Nz 5. #4255 5o, SR NI
R ZE RN, R RIS ZR IR FFRUINE
LI NI AR Ak, PRI T TEE B34 01 T RS m 1)
W ZRfa e k.

5 Z5RiE

AT Y — RS2 36 T IR R B B ARSI
IR T HA R, S A AR, ZHER RS A AL



9 MRS T T JBRR S AR O LA AR 7 5 4

2017

AR 22 5] AT AN A8 ELRE I A 22 5T IR s
5 T 4 Bh WS SIS AN PR SR H 2 4
RIS, HAh XS 75| e33R, ZHERRAE
A 5] ST ALAS N BN 1EIE BI85 LA
Jeh i R AL 2% RS HE 25 (A0 SR )R i, AT
SR T AT PR R LA A R PR AL Ak,
TE =P 2 AT 02 3 FIRAE T T 7 iExd g - —
Jo 55 B TR I B T 47 S e AL A 2 7 A
EEREIEE), WIE T TR R MG RN, &
&, EAFNZS 5N Nie et — 2%
WE T AT A A LR SRR

KBS 250 2 B0k — 2L, R
ISR T ATE IR AT AT . IR SR A B, AT
TEMARBAE T S EBEIRIT IR AR, M4 i I7 M &
b AT S bR R T R, X R G T TS
ot R, e AR B R 2R I O A i
RMIGIRRIN, 30U T Frit RAEIRIRTE S N i
gk, SRV, 5 b i 3 R A A0, T R T 1) FR
I PRARIE R ARAT B Iz . Kok, FATTRIE A& E
T EME M R R R & L ity %, DA
B RAREE. Bhak, BEE NTEHLER AR 3% 5 1A
Wi, FA 1R Z RS EE AR AT &
DL SE I 5K BE 25 H AR S R B R IR IR 9T T R R R
Yk,

S0k

1 Gallucci L, Sperber C, Guggisberg A G, Kaller C P, Heldner M
R, Monsch A U, et al. Post-stroke cognitive impairment re-
mains highly prevalent and disabling despite state-of-the-art
stroke treatment. International Journal of Stroke, 2024, 19(8):
888897

2 Song X, van de Ven S S, Liu L, Wouda F J, Wang H, Shull P
B, et al. Activities of daily living-based rehabilitation system for
arm and hand motor function retraining after stroke. IEEE
Transactions on Neural Systems and Rehabilitation Engineering,
2022, 19: 621-631

3 Li X, He Y, Wang D, Rezaei M J. Stroke rehabilitation: From
diagnosis to therapy. Frontiers in Neurology, 2024, 15: Article
No. 1402729

4 Guatibonza A, Solaque L, Velasco A, Penuela L. Assistive ro-
botics for upper limb physical rehabilitation: A systematic re-
view and future prospects. Chinese Journal of Mechanical Engin-
eering, 2024, 37(1): Article No. 69

5 Diaz F H, Borrds Pinilla C, Garcia Cena C E. Exploring robotic
technologies for upper limb rehabilitation: Current status and
future directions. Journal of Sensor and Actuator Networks,
2025, 14(3): Article No. 48

6 Peng Liang, Hou Zeng-Guang, Wang Chen, Luo Lin-Cong,
Wang Wei-Qun. Physical interaction methods for rehabilitation
and assistive robots. Acta Automatica Sinica, 2018, 44(11):
2000-2010
(5%, ), TR, DA, T 08, BRI A KA
WA HITiE. MR, 2018, 44(11): 2000-2010)

7 Han S, Wang H, Yu H. Human-robot interaction evaluation-
based AAN control for upper limb rehabilitation robots driven

10

11

12

13

14

16

17

18

19

20

21

22

by series elastic actuators. IEEE Transactions on Robotics,
2023, 39(5): 3437-3451

Wang C, Peng L, Hou Z G. A control framework for adaptation
of training task and robotic assistance for promoting motor
learning with an upper limb rehabilitation robot. IEEE Transac-
tions on Systems, Man, and Cybernetics: Systems, 2022, 52(12):
71377747

Najafi M, Rossa C, Adams K, Tavakoli M. Using potential field
function with a velocity field controller to learn and reproduce
the therapist’s assistance in robot-assisted rehabilitation. IEEE/
ASME Transactions on Mechatronics, 2020, 25(3): 1622-1633

Xie C, Lyu Y, Li G, Tong R K'Y, Xia H, Song R, et al. A cable-
driven upper limb rehabilitation robot with muscle-synergy-
based myoelectric controller. IEEE Transactions on Robotics,
2024, 40: 3199-3211

Rossa C, Najafi M, Tavakoli M, Adams K. Robotic rehabilita-
tion and assistance for individuals with movement disorders
based on a kinematic model of the upper limb. IEEE Transac-
tions on Medical Robotics and Bionics, 2021, 3(1): 190-203

Wang Xiao-Feng, Li Xing, Wang Jian-Hui. Active interaction
exercise control of exoskeleton upper limb rehabilitation robot
using model-free adaptive methods. Acta Automatica Sinica,
2016, 42(12): 1899-1914

(CEWRWE, Z50E, E R, BT oMY 3G R 40 B o B IR R AL
WA EHAZ TG H 7 B3R, 2016, 42(12): 1899—
1914)

Pan J, Astarita D, Baldoni A, Dell’ Agnello F, Crea S, Vitiello
N, et al. NESM- v: An upper-limb exoskeleton with compliant
actuators for clinical deployment. IEEE Robotics and Automa-
tion Letters, 2022, 7(3): 7708-7715

Zarrin R S, Zeiaee A, Langari R. A variable-admittance assist-as-
needed controller for upper-limb rehabilitation exoskeletons.
IEEE Robotics and Automation Letters, 2024, 9(6): 113-124

Zimmermann Y, Sommerhalder M, Wolf P, Riener R, Hutter M.
ANYexo 2.0: A fully actuated upper-limb exoskeleton for manip-
ulation and joint-oriented training in all stages of rehabilitation.
IEEE Transactions on Robotics, 2023, 39(3): 2131-2150

Pehlivan A U, Losey D P, O'Malley M K. Minimal assist-as-
needed controller for upper limb robotic rehabilitation. IEEE
Transactions on Robotics, 2015, 32(1): 5903-5910

Zhang L, Yu Z, Su P, Li J, Ge R. Design of a parallel wrist re-
habilitation robot and analysis of physiological effect on train-
ing. IEEE/ASME Transactions on Mechatronics, 2024, 29(5):
3401-3414

Hussain S, Jamwal P K, van Vliet P, Ghayesh M H. State-of-the-
art robotic devices for wrist rehabilitation: Design and control
aspects. IEEE Transactions on Human-Machine Systems, 2020,
50(5): 361-372

Ovur S E, Demiris Y. Naturalistic robot-to-human bimanual
handover in complex environments through multi-sensor fusion.
IEEE Transactions on Automation Science and Engineering,
2023, 21(3): 3730-3741

Sirintuna D, Ozdamar I, Ajoudani A. Carrying the uncarriable:
A deformation-agnostic and human-cooperative framework for
unwieldy objects using multiple robots. In: Proceedings of the
2023 IEEE International Conference on Robotics and Automa-
tion (ICRA). London, United Kingdom: IEEE, 2023. 7497-7503

Fan Y, Li X, Zhang K, Qian C, Zhou F, Li T, et al. Learning

robust skills for tightly coordinated arms in contact-rich tasks.
IEEE Robotics and Automation Letters, 2024, 9(3): 2973-2980

Ze Y, Chen Z, Wang W, Chen T, He X, Yuan Y, et al. General-
izable humanoid manipulation with 3D diffusion policies. In:
Proceedings of the IEEE/RSJ International Conference on Intel-
ligent Robots and Systems (IROS). Hangzhou, China: IEEE,


https://doi.org/10.1177/17474930241238637
https://doi.org/10.1109/tnsre.2022.3156387
https://doi.org/10.1109/tnsre.2022.3156387
https://doi.org/10.3389/fneur.2024.1402729
https://doi.org/10.1186/s10033-024-01056-y
https://doi.org/10.1186/s10033-024-01056-y
https://doi.org/10.1186/s10033-024-01056-y
https://doi.org/10.3390/jsan14030048
https://doi.org/10.16383/j.aas.2018.c180209
https://doi.org/10.1109/TRO.2023.3286073
https://doi.org/10.1109/TSMC.2022.3163916
https://doi.org/10.1109/TSMC.2022.3163916
https://doi.org/10.1109/TSMC.2022.3163916
https://doi.org/10.1109/TMECH.2020.2981625
https://doi.org/10.1109/TMECH.2020.2981625
https://doi.org/10.1109/TRO.2024.3411849
https://doi.org/10.1109/TMRB.2021.3050512
https://doi.org/10.1109/TMRB.2021.3050512
https://doi.org/10.1109/TMRB.2021.3050512
https://doi.org/10.16383/j.aas.2016.c160057
https://doi.org/10.1109/LRA.2022.3183926
https://doi.org/10.1109/LRA.2022.3183926
https://doi.org/10.1109/LRA.2022.3183926
https://doi.org/10.1109/lra.2024.3398565
https://doi.org/10.1109/TRO.2022.3226890
https://doi.org/10.1109/tro.2015.2503726
https://doi.org/10.1109/tro.2015.2503726
https://doi.org/10.1109/TMECH.2023.3344181
https://doi.org/10.1109/THMS.2020.2976905
https://doi.org/10.1109/THMS.2020.2976905
https://doi.org/10.1109/THMS.2020.2976905
https://doi.org/10.1109/tase.2023.3284668/mm1
https://doi.org/10.1109/LRA.2024.3359542

2018 H 3

52 %

2025. 2873-2880

23  Lv N, Liu J, Jia Y. Dynamic modeling and control of deform-
able linear objects for single-arm and dual-arm robot manipula-
tions. IEEE Transactions on Robotics, 2022, 38(4): 23412353

24  Yu M, Lv K, Zhong H, Song S, Li X. Global model learning for
large deformation control of elastic deformable linear objects: An
efficient and adaptive approach. IEEE Transactions on Robot-
ics, 2023, 39(1): 417436

25 Wang Z, Gan Y, Dai X. Assembly-oriented task sequence plan-
ning for a dual-arm robot. IEEE Robotics and Automation Let-
ters, 2022, 7(3): 8455-8462

26 Khansari-Zadeh S M, Khatib O. Learning potential functions
from human demonstrations with encapsulated dynamic and
compliant behaviors. Autonomous Robots, 2017, 41(1): 45-69

& RIEREHSS AR S TR
SR LR A AT T RN
IR RRE LGN, B R], PEEANL
SEHAAR.

E-mail: 2310767@stu.neu.edu.cn
(LIN Gao Ph.D. candidate at the
Faculty of Robot Science and En-

gineering, Northeastern University. His research in-
terests include upper-limb rehabilitation robots, pat-
tern recognition, and physical human-robot interac-
tion technology.)

T ¥ RIERFEISARES IR
FReHdR. EEITT RN AN
AN BIEOAR, LN B Rl 1S
IWELL ASCEEEE.

E-mail: wangfei@mail.neu.edu.cn
(WANG Fei
ulty of Robot Science and Engineer-

Professor at the Fac-

ing, Northeastern University. His research interests in-
clude human-robot interaction and human-robot assist-
ance technologies, and bio-electro-mechanical integ-
rated perception and cognition. Corresponding author
of this paper.)

Kk B ORBHTE - ANRERREEEE
SRR AR, BT AR
PR L, fhe e

E-mail: zhangxin0321sy@163.com
(ZHANG Xin
physician in the Department of Re-

Associate chief

habilitation Medicine, Shenyang
First People’s Hospital. Her research interests include
acute cerebrovascular diseases and neurorehabilitation.)


https://doi.org/10.1109/TRO.2021.3139838
https://doi.org/10.1109/tro.2022.3200546
https://doi.org/10.1109/tro.2022.3200546
https://doi.org/10.1109/tro.2022.3200546
https://doi.org/10.1109/LRA.2022.3183786
https://doi.org/10.1109/LRA.2022.3183786
https://doi.org/10.1109/LRA.2022.3183786
https://doi.org/10.1007/s10514-015-9528-y
mailto:2310767@stu.neu.edu.cn
mailto:wangfei@mail.neu.edu.cn
mailto:zhangxin0321sy@163.com

	1 安全机制
	1.1 上肢运动学
	1.2 双重空间约束
	1.2.1 任务空间约束
	1.2.2 关节空间约束


	2 仿治疗师交互
	2.1 牵引演示
	2.2 演示学习
	2.2.1 按需辅助

	2.3 主从式协同控制

	3 实验方案
	3.1 双臂康复机器人平台搭建
	3.2 实验范式
	3.3 控制参数设置

	4 结果与分析
	4.1 训练空间构建
	4.2 关节空间约束
	4.3 势场参数的影响
	4.4 柔顺性约束
	4.5 双臂牵引效果
	4.6 按需辅助效果

	5 结束语
	参考文献

