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Kinematic Design of a Spherical Four-bar Shoulder Joint Rehabilitation Training Mechanism
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Abstract: Objective Aiming at the problem of shoulder joint subluxation and motor dysfunction caused by stroke in
patients, a spherical four-bar mechanism is applied to shoulder joint rehabilitation training and a single degree of freedom
shoulder joint rehabilitation training mechanism is designed to achieve the expected motion rules during shoulder joint
rehabilitation training. Methods A kinematic model of the spherical four-bar mechanism was established and the
correctness of the kinematic model was verified through the MATLAB kinematic analysis program. By integrating the
approximate rigid body guidance synthesis method and the least squares method, an objective function model for the main
branch chain and loop of the mechanism was established. The penalty function method was used to classify and process the
constraints of the mechanism, and a differential evolution (DE) algorithm for optimizing and synthesizing spherical four-
bar mechanisms was established. Results The comprehensive numerical example of approximate rigid body guidance
using the spherical four-bar mechanism was used for verification, and the convergence of the iterative curve was strong.
The results showed that the above objective function model was correct and feasible, and the algorithm was efficient and
reliable. On this basis, the optimal size parameters that meet the functional requirements of shoulder rehabilitation training

were solved. Conclusion SolidWorks and ADAMS software are applied to generate the linkage point motion trajectory and
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kinematic simulation curve of the mechanism. The simulation results show that the designed mechanism meets the

expected motion trajectory requirements and has good kinematic performance. This provides a theoretical basis for the

development of shoulder joint rehabilitation training devices with simple structures and reliable functions.

Keywords: stroke; spherical four-bar mechanism;

algorithm; kinematic simulation
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Fig.1 Schematic diagram of spherical four—bar mechanism
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Fig. 2 D-H representation of spherical four—bar mechanism
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Fig.3 Spherical coordinate system ( unit sphere)

of the mechanism
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Table 1 Numerical example of spherical curved

rocker mechanism
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Fig. 4 Digital mechanisms and input—output angle relationships
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Fig.5 Schematic diagram of the movement of the two

extreme positions of the mechanism
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Table 2 Numerical examples of spherical rigid
body postures
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1 0 44.958 5 41.923 5
2 -20. 605 7 49.873 8 52.368 9
3 -22.707 5 35.328 9 58.322 9
4 -12.328 6 12.867 3 52.657 7
5 -0.3397 2.628 6 39.766 2
6 14.919 9 3.7857 28.821 7
7 26.982 3 13.047 9 24.948 6
8 23.620 5 28.265 3 30.893 3
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Table 3 Spherical pose parameters of the point P obtained
from scale synthesis
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4 -12.328 6 12.867 3 52.657 7
5 -0.339 7 2.628 6 39. 766 2
6 14.919 9 3.7857 28.821 7
7 26.982 4 13.047 8 24.948 6
8 23.620 5 28.265 3 30.893 3
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Fig.7 DE algorithm iteration curve of scale optimization
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Table 4 Spherical pose parameters of the expected upper
arm sleeve point P
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Fig. 8 Iterative curve of main—branch chain
optimization DE algorithm
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Fig. 10 Iterative curve of DE algorithm for mechanism
loop optimization

1504 N
100 4 OTTRON
50~

0+
~50 4
-100 4
-150 4

200

=200
B 11 #aEshFigitmass
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Fig. 12 The motion trajectory of the linkage point in the

shoulder joint rehabilitation mechanism
PRUE RS N 25 B8R R ET 51 B AL = 4k}
BRI ADAMS B4 A Bz sl 5 50 A 5 05 b 2
TH ER BC VUK EER BP #1733 i o
BT AR F AL I A B it 2k Ao e th £k
PiEE R A 13— 15 fs, Bl 2R ST
PiE e, i\ ERRA TREMEMZL, L 6 Jfith4k
WEOEW, K14 sl AR IEETE 8~12 (° - s7'),
Pt se 2 A, KRR B AL A g g . 15 54k
KRz sh M e R 4F HARE , T IR 2218 42
Bl AR S T B BGH TR IR E VI,
[AHIlIEES
HE0 — R AL
1.75 - A FEER DL LS
éLm _____ '
X 1.65 o T
M 160 ’,,,,/ Y
1.55 S 2
150,

t/s
E13 WAL

Fig. 13 Two-bar angular displacement curve

B a e
12 SR
AT TR A

i 11
@10
b
& 9

8

0 5 10 15

t/s
E14 BiTRmEEME

Fig. 14 Two—-bar angular velocity curve

FeAEHudl http . //journal. ctbu. edu. en/zr/ch/index. aspx



F2H R E % HOE WA R F xR E I LA B2 2h 51T 163
75 ﬁlﬁﬂ@ﬁiﬁfﬁa _ __ SU Peng, LI Dong-jing, CHENG Lu-lu, et al. Observation on
70 __%gé #]ITE E A the curative effect of upper limb rehabilitation robot on
6.5 shoulder pain after stroke[J]. Neural Injury and Functional
&;22 Reconstruction, 2023, 18(3): 181-183.
=Y (2] WCHCF. A, XSRS, S TR A S
?;;éj 45 i N =B gt OTIRHILA S s s Bt 0], AL
& ‘3‘2 TR, 2015, 26(22): 2983-2988.
3.0 SHEN Hui-ping, YANG Liang-jie, DENG Jia-ming, et al. A
25 one-input three-rotation output parallel mechanism and its

70 5 10 15
t/s

B 15 #AiTfAmiEE e

Fig. 14 Two—bar angular acceleration curve

4 g

ARSCAE T B JE T AR ARG 5 R D61 R IR
PRAYIERL b, LU 5 5 BRI DAL S A 5E 0 &R 8
S XA R i A BRI FEAT 2 A S LE, B E
HHA RN EGE, AT = fMis5 5 AR R g
g S T BRI AR RE AT HLAG BB S e R R
FH & ST e ROV i Bl e B AT Sy AL B WAL T
AU AL G 0 22 0 BEAR S . e Y 0 F R s
WSRO Tz R M R 255 19 iz 3 55 ), 75
MATLAB #cffpoRfif i 136 /2 3 5% 3 e I Zh bk i
THESR VA RO 28, DAL TR N BT
HEN , 7E SolidWorks A4 H g 37 — HE L7 | 3G 4E ) BT i3
THRIHLI RE S LIS I8 S AL 75 ADAMS B hoxt e
BT HIPLA 7 F0 0 A, Bk Y e MLAS B3 5 T A
KT SN R0 I 1) 22 51 o 3l , B &7 @ A — 7 B Pk
BE, Z, sepl 1 BRI AT AR &Y R I 2R AL Y
BB,

H1TZ Bk AR LA BT 454 B 28 | T SR A 5
Hi BESERRPE  BESC I A 220 38 3, RHORE 1
TIRKTREEZ U, vrabh 1 H FE 5635 B2 IR
LRI 2 ARG R EAN R, IR S5 H fi 5, 2
RERTEE , By TR A9 JH 19 B B A fit 1 Be LAl

AL oA 58 IR O A DI 202 i B AR BT
N2 A LA B BB SE T LA R LA ) 32 D7 T
0 RS HIRURN 52 B £ RE , 58 BUR 5% 1 B I 2R B 1Y
FEHLOTH

%7% ik (References) :

(1] 738, 24, fRdges, &5 LBURENIE AXTIA U5 JE
BEPYTRONZL[T]. MEABGSTIREEE, 2023, 18(3):
181-183.

[3]

[5]

[6]

[7]

kinematics design used for shoulder rehabilitation|J]. China
Mechanical Engineering, 2015, 26(22): 2983-2988.

R, THE, mavh, 4. —Fh SR+5TE 3RPS MR
FEENRITTFE[I]. PR S5 HE, 2024(2): 286-290.
LIANG Hui, WANG Hui, GAO Yun-tao, et al. Research on
a 5R +special-shaped 3RPS hybrid upper limb rehabilitation
mechanism[]J]. Machinery Design & Manufacture, 2024(2):
286-290.

EFm, RER, RIE. BT TRIZ MIS R ERREZ I
GRgRiit (1], WA, 2023, 42(2): 15-18.

GUO Xiu-li, WU Jing-song, WU Gui-jun. Design of
recreational rehabilitation trainer based on TRIZ theory[J].
Henan Science and Technology, 2023, 42(2): 15-18.

BRI, X, EIRDE, S TR DXROMAS bR LR
ARTHIFSE )], A TRE, 2022, 43(18): 152-159, 183.
ZHAO Feng, ZHAO Feng, DONG Yuan-yuan, et al.
Community oriented upper limb rehabilitation product design
for stroke patients[ J]. Packaging Engineering, 2022, 43(18):
152-159, 183.

AR, mE s, Wb, A — R R e R U2k
TSR] FESFH], 2021, 20(2): 135-141.

SHI Wen-tao, MENG Qing-yun, YU Hong-liu, et al. Design
and simulation of a modular wrist rehabilitation trainer[J].
Software Guide, 2021, 20(2): 135-141.

i, #E, IR, S S/ BO AL
FORIAAT RO T 3 (1], MU TR 224, 2023, 59 (17):
116-125.

LI Hai-hong, DONG Gin-an, GUO Shan-guo, et al. Analysis and
design method for non-uniform parallel mechanism structure of
dynamic/static  platform[J]. Journal of Mechanical Engineering,
2023, 59(17): 116-125.

M ve, BB, P, LI 20 as R LA AL 1t VR 42
1B BT IS SCBE )], ALBORR 2 S H0R, 2023,
42(8): 1221-1228.

QU Zhi-yang, HANG Lu-bin, ZHONG Chuan-lei. Variable
mode power release branch chain of vehicle side door latch

constructed with over-constrained spatial mechanism|[J].

FeAEHudl http . //journal. ctbu. edu. en/zr/ch/index. aspx



164 BERIWAFFEW(ERBER) %43 %
Mechanical ~ Science and  Technology for  Aerospace FBLEE SHAMESE[]]. MU T AR, 2013, 49(13): 32-39.

(9]

[10]

[11]

[12]

[14]

[15]

[16]

Engineering, 2023, 42(8): 1221-1228.

HISCAS, BORYL, SKARMS. & THERESKSh A sAs 1 &
RIESHMABTTT]. PLERA, 2023, 45(1): 78-88.
TIAN Wen-jie, LYU Dong-po, ZHANG Xiang-peng. Performance
driven optimal design of dimensional parameters for a shipborne
stable platform[J]. Robot, 2023, 45(1): 78-88.

BORAR. PRI M. 2 W dEmT BULACT A R,
2010: 49-126.
HUANG Mao-lin. Mechanical principle[M]. 2nd ed.

Beijing: China Machine Press, 2010: 49-126.

B, ATy, BN BRI POFT AL R R R S BB R
HEms AT PRI 22 50 A SR [T]. HURC TR 440, 2015,
51(11): 31-40.

CHE Lin-xian, DU Li, HUANG Yong-gang. Feasibility-rule-
based differential evolution algorithm with repair strategies for
function synthesis of spherical four-bar linkages[J]. Journal of
Mechanical Engineering, 2015, 51(11): 31-40.

5N, GA-PSO IRREFE M TARE Bt (y]. sl
M S E, 2024(1): 128-132.

ZHANG Xiao-zhen. Optimal design of working arm’ s joint
point based on GA-PSO hybrid algorithm|[]].
Design & Manufacture, 2024(1): 128-132.
EEWE, K HERCHL RAT AT 25 8] DU AL B3t
S5HAe[)]. MU SHRE, 2023(2): 136-139.

WANG Bao-feng, GAO Fei. The design and optimization of a

Machinery

RAT door spatial four-bar mechanism|[]J].

& Manufacture, 2023(2): 136-139.

b, BN, KRB, 5 SUASRSOBUA AL IR 512 5)
SEOMT[)]. FOER AR, 2022, 48(4): 48-54.

LI Jing-xin, ZHAO Jie, SONG Si-yuan, et al. Optimal design

Machinery Design

and kinematics analysis of catamaran retraction mechanism[]J].

Journal of Dalian Maritime University, 2022, 48(4): 48-54.

HREER, XIS, w45 PR )R R sh Ik S HLA I
HERAFEEE[T]. dERATZS AL R K24, 2022, 48
(12): 2502-2509.

DU Xian-chen, LIU Xue” ao, DONG Yang, et al. Design and
dimensional synthesis of a variable wing sweep mechanism[J].
Journal of Beijing University of Aeronautics and Astronautics,
2022, 48(12): 2502-2509.

Boiye, ThE, 85, 55 FETIRER T HEEAFE R

FeAEidlk http ://journal. ctbu.

[17]

[18]

[19]

[20]

[21]

[22]

DUAN Xu-yang, WANG Hao, ZHAO Yong, et al
Dimensional synthesis and optimal type selection of planar
mechanisms based on nested particle swarm optimization[]].
Journal of Mechanical Engineering, 2013, 49(13): 32-39.
3%, AR, RERGLL. eRECR A ML IL LR & Aot 22
SRR ER [T, LIS, 2010, 27(3): 5-9.

HE Bing, CHE Lin-xian, CHENG Zhi-hong. Improved differential
evolution algorithm for optimal synthesis of function generating
linkages[J]. Journal of Machine Design, 2010, 27(3): 5-9.
ZEMRAL. T ALY 3 AT 5 B Y 22 4y BEAR ST ME Y (D]
TR AL R, 2012: 71-111.

CHE Lin-xian. Study on differential evolution algorithms
orientating analysis and design of mechanisms[D]. Xuzhou,
Jiangsu: China University of Mining and Technology, 2012:
71-111.

RALLL, wRETE, MR, . T2 iR R RORE
WA )], SR R4k (A AR IR
2023, 46(9): 1153-1159.

ZHU Li-hong, ZHANG Jin-long, ZHONG Jia-jun, et al.
Optimal design of lower extremity rehabilitation mechanism

Journal of Hefei

2023, 46(9):

based on differential evolution algorithm[]J].
University of Technology (Natural Science),
1153-1159.

BOCHy, MUK, R, & TR BRIrkmE X
WHRENASANBT S5 E 1], MLAE S, 2016, 40(5):
88-91, 109.
ZHAO Yuan-hao, CUI Bing-yan, HUANG Jin-feng, et al.
Design and simulation of shoulder joint rehabilitation robot
repairment[J]. Journal of
Mechanical Transmission, 2016, 40(5): 88-91, 109.
s, i, THEA. RAENLA M. 2 i dest: AL
BTl A, 20150 133-134.
HAN Jian-you, YANG Tong,

based on the method of nerve

YU Jing-jun. Advanced
mechanisms|[ M].
2015: 133-134.
B, Bk, BERA. A LA M.
U RAFHE T, 2014: 98-99.

HUANG Zhen, ZHAO Yong-sheng, ZHAO Tie-shi. Advanced

2nd ed. Beijing: China Machine Press,

2 fix. dt

spatial mechanism[M]. 2nd ed. Beijing: Higher Education

2014: 98-99.

Press,

vOHEGR - 2R

edu. en/zr/ch/index. aspx



