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Abstract: To address the drawbacks of the traditional micropositioning stage, such as the small range of
motion, low motion accuracy caused by parasitic motion, and serious cross-axis coupling, this paper pro-
poses a full leaf-spring parallel flexure decoupling micropositioning stage driven by a voice coil motor with
large-stroke and multiple degrees of freedom (multi-DOF ). First, the structure and deformation principle
of the long-stroke multi-DOF parallel flexure mechanism with a leaf-spring type flexure spherical joint are
introduced. Second, considering 3-DOF as an example, the kinematic equation of the moving platform is
derived, the input stiffness model of the mechanism is established, and the compliance modeling and de-
sign of the flexure spherical joint are provided based on the compliance matrix method to determine the pa-
rameters of the micropositioning stage. Additionally, the models of the system dynamics are identified for
3-DOF. On the basis of the models, a composite controller of phase advanced proportional-integral (P1)
feedback control combined with sliding mode feedforward control is designed. Finally, a stage experimen-
tal system is developed to verify its trajectory tracking performance. Experimental results indicate that,
compared with the classical proportional-integral-derivative (PID) control, the compound control method
can improve the track tracking performance by more than 95% and that the added sliding mode feedfor-
ward effectively eliminates the phase lag caused by simple feedback control. Meanwhile, the proposed
multi-DOF micropositioning stage can achieve a motion with +3.23 mm X +21.50 mrad X #+20.30 mrad.
It has the characteristics of large stroke, good stability, and high accuracy, which are applicable in many
spatial positioning situations that require large travel and high accuracy.

Key words: parallel flexure mechanism; voice coil motor; large stroke; leaf-spring type flexure spherical

joint; phase advanced PI controller; sliding mode controller
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Fig. 3 Kinematic model of micro-positioning stage
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Tab. 3 Single-axis trajectory tracking performance of micro-positioning stage( Triangular wave track)
2SR AR MAE RMSE
il 4% PID PAPI PAPI+SMC PID PAPI PAPI+SMC
e,/ mrad 1.21 0.07 0.044 1.09 1.69X10* 1.47X10°°
e,y/mrad 1.317 0.056 0.023 1.21 1.39X1077 3.62X107"

e,/pm 135.3 5.05 4.62 122.4 1.212 1.188




2684 b=

K % T

31 %

96.36%,98.25% F196.5% .
T e i = b A 3R S F 5T e - 15 0
2 () [50 FE MR £ LI B BB PR BE o 7E Oy, 0, FN Z

A b T R B E £ B0 Y L 49 il 2 £ 5 mirad, £5
mrad , =1 mm, 8 5 0 07 45 5 R0 A R Y B S iR 22
WK 16 i o

x10

10
1 SX 5 0.02
g < 0.0 phytlihi il o
;\E OSJ\ E\;E g 4 g H\f":IH\R\‘II)“'V"“V"‘VF ‘HM "\:‘: U‘H
™ 05\\/ g s % 0 % i ) m
4 0 =3 @ 5 5 o IV rkw W
Nhmad 5 g 107 S & N 001 ‘|:MM’-'“\mﬂ'ﬁ‘frﬁ*lv‘ o
-5 PAPI —PAPI+SMC | 5 0.02
Reference PAPI+SMC PAPI 3 4 5 6 7 3 4 5 6 7 ’ 3 4 5 6 7
tls tls tls
(a) Spatial trajectory (b) 0-axis (c) 6,-axis (d) Z-axis
116 = R] (B AT R 4 290 s IR B2 45 2R
Fig. 16 Space cylindrical spiral track tracking results
[l 8 23 ) 3F 5T Bk B B MAE A 7 % B

RMSE, g5 R tnE 4 frx . v LLE N, 5 PAPIM
o, PAPI+SMC &7 H B 4 (9 BRSO O H 3
F MAE 45 %, PAPI+SMC & & #1115 0, 0,
1 Z il B R PR BB A Wil R T 78.6%6,79.0% AN
0.2% . Horp % ZRREEEse A & 2 W o Z
R EOE O R R BRI IL T RA SR
Z5 o 38 3B ERER LR T LA 4508 AR IR B
B R, 5 2 85 PID 5 At , PAPT I
PAPI+SMC & ZF &/ TR E M fe, JF Hom A
SMC J& RE W% A R B PAPT #4517 £k B9 A iz 1%
25— AR T IR R B o E R [ A AR e 4R
B, BT AR R BLAS BB A8 LA RS R AR /N R 2
PR B 2 2 L

R4 MEMTE=HZ TR (B R e L)
Tab.4 Three-axis spatial trajectory tracking performance

of micro-positioning stage( Cylindrical spiral track)

w®ZEAR IR MAE RMSE
EHlEE  PAPI PAPI+SMC PAPI PAPI+SMC
e,/mrad  0.27 0.0577 0.0157 2.96X10°
e,/mrad 0. 21 0.044  0.0125 6.27x10*
e,/um  3.236 3. 229 2.3 0.719
SEHf:

[1] TEO TJ, YANG G, CHEN I M. A large deflec-
tion and high payload flexure-based parallel manipu-
lator for UV nanoimprint lithography: part I. Model-

ing and analyses[J]. Precision Engineering, 2014,

AR SCAR RS B TR AT b e 7 OF B R AT
2 A MERNT R, T —Fh B ALK 5
43 ARATRE 2 | 3 2 ) 8 MO ko
fF-fH. wE ML ERES THTEEM
S ke S o (SR R I J PRy o Y U 2
B HEST T MUK B A W AR R I ) BB IE T AR
R AR M o LYk, kT 3% B R B N R Bk
BAEAT TR B AR T, DO E T e A
SEEGEM B, RN = H BT R T T
RGBSR T PRI T PA-
P Sz 45 45 1 % 9 45 & SMC iy i 4 il 52 4 7 11
BJa B E T FE ALK B E N B RS
95 UE Gl IR R AR . SR 45 REM . 5 PID
AR H , PAPTHSMC & A& 44 il i 15 B 22 1 B
PEE T 95% DAL IR B A RO B T 4 PAPTHE
il = AR AL S o JF L iR I 2 A R E
Ze MR BB O B BOA AT R R AR TR A R
KB = A RE A BB AE DL R RN IR 25 R R
] 25 72 B3l , m) DL T8 20 S A K AT R
K BE R 6

38(4): 861-871.
[2] ZAREINEJAD M, REZAEI S M, ABDULLAH
A, et al. Development of a piezo-actuated micro-

teleoperation system for cell manipulation [J]. The

International Journal of Medical Robotics and Com-



o518 1

Wz, 45 « 4 8 228 ) R AT B I R S Pk B (02 1 17 B Bl 42 o

2685

[3]

[5]

[6]

[10]

[11]

[13]

puter Assisted Surgery, 2009, 5(1): 66-76.

XIAO R, XU M, SHAO S, er al. Design and
wide-bandwidth control of large aperture fast steer-
ing mirror with integrated-sensing unit[J]. Mechani-
cal Systems and Signal Processing, 2019, 126:
211-226.

WANG Y. Design and control of an ultraprecision

stage used in grating tiling [J]. Chinese Journal of

Mechanical Engineering (English Edition) , 2007,
20(1): 1.

YE W, LT Q C. Type synthesis of lower mobility
parallel mechanisms: a review [J]. Chinese Journal
of Mechanical Engineering, 2019, 32(1): 1-11.

T E, M, BRI, F RN SN
WEgT kR[], ALk = A2 F 4k, 2015, 51(13) :
53-68.

YU JJ, HAO G B, CHEN G M, et al. State-of-
art of compliant mechanisms and their applications
[J]. Journal of Mechanical Engineering, 2015, 51
(13): 53-68. (in Chinese)

LIU Y X, DENG J, SU Q. Review on multi-de-
gree-of-freedom  piezoelectric motion stage [J].
IEEE Access, 2018, 6: 59986-60004.

LI H, TANG H, LIJ, et al. Design, fabrication,
and testing of a 3-DOF piezo fast tool servo for mi-
crostructure machining [J].
2021, 72: 756-768.
ZHAO Y, YUE H, YANG F, et al. A high thrust

density voice coil actuator with a new structure of

Precision Engineering,

double magnetic circuits for CubeSat deployers[J].
IEEE Transactions on Industrial Electronics, 2022,
69: 13305-13315.
AL-JODAH A, SHIRINZADEH B, GHAFARI-
AN M, et al. Development and control of a large
range XY® micropositioning stage[J]. Mechatron-
ics, 2020, 66: 102343.
ZHANG X, XU Q. Design, fabrication and test-
ing of a novel symmetrical 3-DOF large-stroke par-
allel micro/nano-positioning stage [J]. Robotics
and Computer— Integrated Manufacturing, 2018,
54:162-172.
AWTAR S, QUINT J, USTICK J. Experimen-
tal characterization of a large-range parallel kinemat-
ic XYZ flexure mechanism [J]. Jowrnal of Mecha-
nisms and Robotics, 2021, 13(1): 015001.
R, FH R, FAHEA . 2 3-DOF M1k
WMshF s adrl)]. #&k a3, 2018,

[14]

[15]

[16]

[17]

[19]

[20]

40(3):23-26.

XUHY, LIY M, LI X C. Kinematics analysis of
space 3-DOF flexicle parallel micro-manipulator
platform [J]. Manufacturing Automation, 2018,
40(3):23-26. (in Chinese)

WANG R Z, WU H. Design and performance of a
spatial 6-RRRR compliant parallel nanopositioning
stage[J]. Micromachines, 2022, 13(11): 1889.
YANG B, ZHANG C, YU H T, et al. Design
and Analysis of a 3-DOF Planar Flexure-Based
Parallel Mechanism with Large Motion Range[ C].
2018 IEEE International Conference on Robotics
and Biomimetics (ROBIO). 12-15, 2018, Kuala
Lumpur, Malaysia. ITEEE, 2019: 1888-1893.
KANG S, LEEM G, CHOI Y M. Six degrees-of-
{reedom direct-driven nanopositioning stage using
crab-leg flexures [J]. IEEE/ASME Transactions
on Mechatronics, 2020, 25(2): 513-525.

YANG Z, LEE R, HOPKINS JB. Hexblade posi-
tioner: a fast large-range six-axis motion stage[J].
Precision Engineering, 2022, 76: 199-207.

B, RE, BTN, . BEESAEREMSG
A 1 R S Ay e [T]. P B L TR R,
2014, 34(30): 5451-5457.

JIANG Y, ZHU Y, YANG K M, et al. Coupled
dynamic modeling and analysis of ultra-precision 6-
DOF fine stage [J]. Proceedings of the CSEE,
2014, 34(30): 5451-5457. (in Chinese)

Fra, ZFF, HEM, F.OAET RN
A2 R G B O IR R AL A [T
2023, 31(3):352-362.

YUY, WANG X W, XU Z B, et al. Parallel ad-

REFME AR

)

justment mechanism for large aperture telescope
based on flexible hinges[J]. Opt. Precision Eng. ,
2023, 31(3):352-362. (in Chinese)

HE. ZAWEMARTAEFEERITEEH(D].
by BigsE R, 2016.

XU X. Design and Control of 3-DOF Nanoposi-
tioning Stage[D]. Shanghai: Shanghai Jiao Tong
University, 2016. (in Chinese)

AL-JODAH A, SHIRINZADEH B, GHAFARI-
AN M, et al. Modeling and a cross-coupling com~-
pensation control methodology of a large range 3-
DOF micropositioner with low parasitic motions
[7]. 2021,
162: 104334.

Mechanism and Machine Theory,



2686 e K TR 55 31 %

[22] ke, &3, FME, 5. HEEIK S0 2 WHE (L inverse iterative learning control in frequency-do-

TG AR R kA T I [T]. RS A E T main for electromagnetic driven compliant micro-

#2, 2021, 29(9): 2149-2157. positioning platform [J]. Opt. Precision Eng. ,
ZHANG X, LAI L J, LIP Z, et al. Closed-loop 2021, 29(9): 2149-2157. (in Chinese)

fEBE A : BIRIEE:

BR o (1999— ), U5 i Rk A A (1984—) U3 WL T 1

H 2017 4 7 1 AR A 9 AR R 2014 4T 3 A 3

= = ) B, B A i TR AR R 2 MU 5 1K h e 3 2, o i TR R K

— FLRPROR A, FENFHAK - HLAR S VR 4 R 2 Bt Bl B f, 2N

b BN HE AR D m p WF 5 . E-mail: \\\v 5L S IR B 4 L T AN ) e s A
u M310121248@sues. edu. cn “ SR MBI . E-mail: lailj@sues. edu.
cn



