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Abstract In order to achieve high-precision and pure-center rotation motion in micro/nanomanipulation tasks, a monolithic
pure-center rotation platform was designed using two-stage compliant amplification mechanisms and a single piezoelectric actuator.
Compared with other platforms, the designed rotation platform exhibited the merits of no actuator redundancy, high natural
frequency, large rotation angle, and compact structure. The static and dynamic models were established by combining the
pseudo-rigid body and finite element methods. Also, the output angle, input stiffness, output stiffness, and natural frequency of
the rotation platform were simulated by Ansys software. Finally, an experimental test system was built, and the performance of
the platform was tested through several experiments. Also, the feedforward control was used to compensate for the piezoelectric
hysteresis. The experimental results show that the rotation angle is 16. 8 mrad, the natural frequency is 527.3 Hz, and the
resolution is 0. 3 prad. Meanwhile, the hysteresis nonlinearity is compensated effectively using feedforward control. Thus, the
platform is capable the high precision center rotation operation.
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Fig. 1  Structure of the rotation platform
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Tab.1 Key structural parameters of the platform

S8 B B | 2% MW i
Parameter ~ Value Unit Parameter ~ Value Unit
Lowr 6.2 mm Lg 44.0 mm
lge 46.9 mm dy, 0.7 mm
l, 15.4 mm dy, 0.3 mm
I 14.0 mm dy 0.7 mm
Lyon 16.2 mm dp 0.7 mm
Lioa 22.4 mm dpy, ~ dgy 0.3 mm
Ui 14.2 mm g 2.0 mm
Ly, 5.5 mm lp 2.0 mm
lg, 14.0 mm e 6.1 (°)
Ly 14.7 mm B 14.0 (°)
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Fig. 2 Kinematic diagram of the rotation platform
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Fig. 3 Analytical model of the rotation platform
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BRAD it R B SR 1R B S 5 VORI g3 53
0. 1.1 Hz BUIEZ PR IR AR 5, 2 D) 3T R AR K i
A JERLIK S o [R]85 ~F & i o 14X
PEATRER I A | FFREE A% e 1 Ry T e 8, 00 £ 0
52k 8. 36 mrad A1 8. 38 mrad, (K 7 Fin, SEEG 45 R
BT H AT R K 1. 4%, LRk 7 A BROGT H A
Rk

- 10 30 i 10 30
£8 2“5 E 8 24§
56 B35 5 6 183
= 12 5 %“ 4 12 g
}& 2 6 % ® 2 6 <
& 0 &€ o §
0 5 10 0 5 10
BF 8] Time / s B B8] Time / s
(a) 0.1 HzA AL RS (b) 1 HZA LR

(a) Output displacement of 0.1 Hz  (b) Output displacement of 1 Hz

510 15 ¢ g0 15 ;
E 3 23 E3 12 5
= El =
26 9 23 6 9 2
! 65 <4 6 =
" 2 3 B 3%
& &

0 0 0 0

0 2 4 0 2 4

HLJE Voltage / V HLE Voltage / V
(c) 0.1 HZR W 2% (d) 1 HZR# 2%

(c) Hysteresis curve of 0.1 Hz (d)Hysteresis curve of 1 Hz

K7 IERfESIAEE R

Fig. 7 Sinusoidal signal test results

BART WIS FROAE 4 0. 1 nm , {H 5250 5 2 v
VISRAFAE R RS S MR B T 405, B 8(a) At T
Xof s ARSIt 0 V' IR 3k i s R 38430 4 e
Fer I B 8(b) 2 i T A MRS oAl EL



5 46 B4 4 1]

RBEE, TN TUARM B2 e DR R ER & 851

T, N A DLE R S 95% E 15 X E]
[ -0.0033-0. 2856 prad, —0.0033+0.2856 prad],
W e -6 B BE A3 B R 0.3 purad

E—2 R & B 5L 15 5 3R A5 e % 7 6 /A B
YRR NE 8 (c) Bizn, AT 8 L 18 5 B {5 5
M (B ARAR e 2 - 65 1) i/ N A B 1 3 3 U0t Jon B A
{55 1 0 B R S 0.1 V[0 H s 3 2 ) i)
H12 s, A HERR 1~3 s B9 A B B Sk VAR S &
MR, B 8(d) g T RBME G W IES 0 H
PP (E A 3. 948 %107 wrad, 2 A5 45 HEfi 22 5 B
0.293 6 prad, X R E 95% I Ff W 75 75 76 3. 948 x
107+ 0.293 6 prad X [H] N, BE % F & 0950 PEF N
0.3 prad,

é 0.6 1507 _0.0033:0.2856 prad
-1 é 100
§ 2 o 3

g # 50
i i

R =06 %3 0 0.5

Bt 8] Time / s 2 Error / prad
(a) B P PR R (b) FAMEFE R IER AT

(b) Normal distribution of the
angle noise resolution

150

(a) Noise test result

3.948x10+0.2936 prad

g
8 .
By £ 100
i 8 S
® g ‘ 95 50
S
=4 0
0 3 6 9 12 -0.5 0 0.5
FF 8] Time /s iR % Error / prad
(o) MBS SIREE R (d) F B OB I B M

(d) Normal distribution of

(c) Stair signal test result I
the angle resolution

I STlnea E S

Fig. 8 Resolution test results

h T BAERERE - 5 10 S AR, X H BK 3 #8 ife
4.5 VR EREEAE S, & 9(a) B, T4
FHE 9 (b)) BT 7 (A AH e 2% A B | BOBUIER% # FE 1 RS
Bl R T R E AL B 9 (d) g5 T R AR
S L AR AR 27 S iR AL R B9 W TR T
B IEA SR A 527. 3 Hz, 54 FRIG; B4R AR H W)
A HARXTIRZE R 10. 6%,

4.3 RIRIRFEHME

F T FL DK B0 2 A [ A 4 B AR AR T e v
FRE- GG, B, AR B000RS 5 e B2+
SR PLBLRY iR IEsE - R Rt 1B 10(a)
I 10(b) 451 T 0.1 Hz Al 1 Hz IF 5215 59K sh i )&
T R A A S SR i i 2 S AR T £, i &
10(a) & 10(b) AI A1, PR AL S 4 o T30 1 - &5
TEH% 11 B, PR AR R 22 0 3 R 2. 1% 11 3. 6%

SHICHR[ 171777, 3T P 33 A5 0 iy 455 42 7l
ik

< 4
> E 3
o T
g 3 wne 2
s, 55!
on
® ®E o
,l g ,l s L s L )
0 0.5 1 = 0 02 04 06 08 1
I} 8] Time / s 2 HH 8] Time / s
(@ R R (0) B A
e (a) Step voltage (b) Rotation angle
] —~
g g
L ) 527.3 Hz
°F 3!
# g 2 9
=4 g 3
£ _ ‘ ‘ ‘ .3 . ‘
2 0 005 01 015 02 & 102 104
I ] Time / s = i Frequency / Hz
(o) EHMEE RS A E (d) TR

(c) Transient angle after deaveraging (d) Frequency response of amplitude

9 Bk

Fig.9 Spectrum analysis

u(t) = iK;maxﬁﬁ(t) —v/,min[ 0(1) +

vt =) 1} =KV, 10(), u,] (1)
(30)
2, &/ o/ ) A 3R i ASE R ) A R, KT R V)
[0Ct), uo] (1) 4350 > 3R 5 455 70 (1% A ) o RO 1
i,

Kl 10(c) M 10(d) 45tH 7 0.1 Hz A1 1 Hz 1E5%
EReE ST N K N = s S e
10(c) (B 10(d) AT LAFE i 65 4 o 45 - b 4 22 e 2
FHEIRA ARG, Il KR AR 1 9. 0% Fl 14. 4% [FEA%
2 1.3%M 1.5%, HI, eV 6 r iR EL 15 2
THRME,

<

=] =1

£ 9p — 35 Experiment £ 9f Sz Experiment
E — - #H Mode E — — B4 Mode

2 o 6 Y

zh 20

& 23 A =144%
i g
® '

(=1

0
0 1 2 3 4 5 1 2 3 4 5

HLE Voltage / V LK Voltage / V
(a)0.1 HzIE3 (5 5 FIRHE 3R (b) 1 Hz IE3%{5 5 IR A ER
(a) Hysteresis loop for a sinusoidal (b) Hysteresis loop for a sinusoidal
signal of 0.1 Hz signal of 1 Hz

=
?és £8
B 6 26
& 5 S
g4 A r13%  BE 4 A ~1.5%
g 2 g2
5o 2o

0 2 4 6 8 0 2 4 6 8
AR FE Desired angle / mrad ~ EEAE A1 ¥ Desired angle / mrad
(c) 0.1 HZE 325 5 MBI BIEHI 45 R (d) | H2IESZ (5 5 KIRTIiEH 45 R

(c) Feedforward control result for a (d) Feedforward control result for a
sinusoidal signal of 0.1 Hz sinusoidal signal of 1 Hz

Bl 10 RiBHEfI A5

Fig. 10  Feedforward control results



852 M

5k

2024 4

5 #ie

A SR T TCEE B TUAT Y BAZ 4l b TR e S
&, R BT 7 2% e 5% 7 5 317 T 8/ 8l 27 g
B, RN, X BERE - 04 T R A 105 b7, 3%
A OGO B R T R T MR, J B
WUT .

1) I FH A~ H BK B 25 B0 3h B2 R ML |, SE B
g iEsk s s, S AN N 17,1 pm B g KiE
AR 16. 8 mrad .

2) SRV G EAG RN 527. 3 He, M5y HER
4 0.3 wrad, 3G H T EOREE SR ES &

3) A A M ERL F G R AR Stk
FORUE R 9. 0% F1 14. 4% [N ZE 1. 3% 1 1. 5%,

5 2% 3 ik ( References)

[1] LIUY]J, ZHANG Z. A large range compliant XY nano-manipulator
with active parasitic rotation rejection [ J]. Precision Engineering,
2021,72; 640-652.

ZHU W L, ZHU Z W, GUO P, et al. A novel hybrid actuation
mechanism based XY nanopositioning stage with totally decoupled
kinematics[ J]. Mechanical Systems and Signal Processing, 2018,
99: 747-759.

WANG S P, RONG W B, WANG L F, et al.

piezoelectric actuators with long working stroke in recent years:

A survey of

classifications, principles, connections and distinctions [ J .
Mechanical Systems and Signal Processing, 2019,123 . 591-605.
BB AR A T, A A AR ROE A A AR DGR
B 1], R3S, 2020, 39(6) : 104-110.
HU Junkeng, HE JianKang, YANG MingLi. Rate-dependent
modeling of a piezoelectric two-dimensional micro positioning stage
[J]. Journal of Vibration and Shock, 2020, 39(6): 104-110( In
Chinese) .
LIANG C M, WANG F J, HUO Z C, et al. A 2-DOF monolithic
compliant rotation platform driven by piezoelectric actuators [ J].
IEEE Transactions on Industrial Electronics, 2020, 67 ( 8):
6963-6974.
[6] GUOZ, TIAN Y, LIU X, et al. Experimental investigation of the
tip based micro/nano machining [ J]. Applied Surface Science,
2017, 426. 406-417.
b, RWAE, B &, % BIEEMARNEREEZmAZL
b RPN SR M B O[], HUARBREZ , 2022,44(6)

1371-1379.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

GAN Wei, RONG JianHua, ZHAO Lei, et al. Topology
optimization design method for hinge-free multi-input multi-output
compliant mechanisms under buckling constraints [ J ]. Journal of
Mechanical Strength, 2022,44(6) : 1371-1379 (In Chinese).
TANG H, LI Y M. Design, analysis, and test of a novel 2-DOF
nanopositioning system driven by dual mode [ J]. IEEE Transactions
on Robotics, 2013, 29(3) : 650-662.

LIANG C M, WANG F C, SHI B C, et al. Design and control of a
for

piezoelectric  actuated

Sensors and Actuators A: Physical, 2018,

novel  asymmetrical microgripper
micromanipulation [ J].
269.227-237.
PALMIERI G, CALLEGARI M, PALPACELLI M C. A redundantly
actuated 2-degrees-of-freedom mini pointing device [ J]. Journal of
Mechanisms and Robotics, 2012, 4(3): 031012-1.

WANG B W, CUL'Y G, YANG Y L, et al. Design and control of an
x-y-6, parallel piezoelectric nanopositioning stage with a large moving
platform[ J]. Journal of Intelligent Material Systems and Structures,
2023,34(3) :303-324.

KIM H, KIM J, AHN D, et al. Development of a nanoprecision 3-
DOF vertical positioning system with a flexure hinge [ J]. IEEE
Transactions on Nanotechnology, 2013, 12(2) ; 234-245.

LEE H J, KIM H C, KIM H Y, et al. Optimal design and
experiment of a three-axis out-of-plane nano positioning stage using a
new compact bridge-type displacement amplifier[ J]. The Review of
Scientific Instruments, 2013,84(11): 115103.

HOWELL L L, MAGLEBY S P, OLSEN B M, et al. Handbook of
compliant mechanisms [ M]. New York; Wiley, 2013.1-324.
wOE, O, AR, L ARl i R A B e S
EEREVAT[)]. HUBRERIE, 2024, 46(1) :161-168.
XIE Miao, ZHANG WenZhuo, LI WeiDong, et al. Shape
optimization of nonlinear curved beam and design of constant
pressure support device[ J]. Journal of Mechanical Strength, 2024,
46(1): 161-168 (In Chinese).

ZHU Z W, DU H H, ZHOU R J, et al. Design and trajectory
tracking of a nanometric ultra-fast tool servo[ J]. IEEE Transactions
on Industrial Electronics, 2020, 67( 1) :432-441.

YANG Y L, WU G H, WEI'Y D. Design, modeling, and control of
a monolithic compliant x-y-0 microstage using a double-rocker
mechanism [ J]. Precision Engineering,2021, 71, 209-231.
IvPRE B X BE, AR, SRR A] B B R PTRBEAL ) e R
ARIEHERI[I]. RS0, 2017, 39(3) : 374-377.

SUN Zhongliang, CUI YuGuo, LIU Kang, et al. Feed forward
control of piezoelectric platform based on variable interval threshold

PI model [J]. Piezoelectrics and Acoustooptics, 2017, 39(3) .
374-377(In Chinese) .



