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Abstract: Nanopositioning stage based on piezoelectric (PZT) actuators and flexure mechanisms has been widely
used in dual-stage. Its favorable positioning accuracy and dynamic response can guarantee the high performance of
the dual-stage. Here the vertical axis motion dual-stage is designed with piezoelectric actuator for the fine-stage and
ball-screw drive integrated with wedge sliding mechanisms for the coarse-stage. The aim of the dual-stage is to
meet the stringent requirement of scanning over a relative large range with high accuracy. The design results of the
piezo-actuated nanopositioning stage show good static and dynamic performance, validated by the simulation of fi-
nite element analysis (FEA). Hysteresis nonlinearity due to the use of piezoelectric stacks for actuation is studied
and compensated by a proportional-integral (PI) feedback controller. To qualify the design of the motion ranges
and resolutions, an experiment platform is established. The experimental results show that the proposed dual-stage

has a full range of 12 mm with the resolution of 40 nm. Guideline is provided for the design methodology of the
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vertical motion dual-range stages.
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0 Introduction

Dual-stages are widely used in nanoscientific
instruments where both large range and high res-
olution are simultaneously demanded. These ap-
plications always require nanopositioning accuracy
in the range of microns or even longer. For exam-
ple, in atomic force microscopy, a large-stroke
and high-precision stage is needed to scan a large
specimen surface with a fine imaging resolution
which cannot be achieved by conventional positio-
ning stagel. Moreover, dual-stage can also be
used in optical drivers, hard-disk drivers, and
macro-micro robots®?*. A dual-stage composed
of coarse and fine stages can utilize advantages of

both stages, that is, the coarse stage provides

long travel range with low resolution while the
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fine stage enables fine motions with small travel
range. Typically, the coarse stage can be driven
by rotary motor, linear motor or voice coil mo-
tor”*1. The motion resolutions are relatively low
due to the nonlinear friction. On the other hand.,
the fine stage actuators usually utilize the piezoe-
lectric (PZT), shape memory alloy (SMA), ul-
trasonic, inchworm, magnetostrictive, or ther-
mal actuators'™. The PZT actuator is the most
suitable actuation device for its merits such as
theoretically infinite resolution, high stiffness and

). In addition, compliant mecha-

rapid response
nism is born to serve the domain of precision po-
sitioning due to its free of backlash, friction, and
easy manufacturing™.

Here, the proposed platform employs the ro-

tary motor to realize the coarse sliding stage and
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the PZT actuators to achieve precise motion. Fi-
nite element analysis (FEA) is adopted to evalu-
ate the static and dynamic performance of the
PZT-drive fine-stage. As the nonlinearity of PZT
can affect the performance of the nanopositioning
stage, the hysteresis loop of PZT is measured by
experiments and the nonlinearity is compensated
by using a traditional proportional-integral (PI)
controller. The prototype of the dual-stage is fab-
ricated and experiments are performed. Accord-
ing to the experimental result the remarkable po-
sitioning performance of the dual-stage is well

demonstrated.

1 Mechanism Design

The overall schematic diagram and the exper-
imental setup of the dual-stage platform are
shown in Figs. 1 (a, b), where a coarse rotary
motor stage and a fine piezoelectric actuated stage
are stacked together., For realizing the vertical
motion, in the coarse stage, a rotary motor
(EC45falt, 50 W) is connected to ball screw to
guide the motion of the stage and a wedge sliding
mechanism is integrated to transfer from horizon-
tal movement to vertical movement. Meanwhile,

the inclination angle of the wedge sliding mecha-

Rotary motor

Wedge mechanism
Flexure hinge

1/

(b) Experimental setup of dual-stage

Fig. 1 Vertical motion dual-stage

nism takes the value of 17, 3°, which guarantees
the ratio of the input-output displacement to be
3: 1. Although the output displacement is
shrunken 3 times, the error is also reduced ac-
cordingly. A motion control card (MC4U, ACS
Corp. ) is used to drive the rotary motor. The
fine stage utilizes the flexure-based mechanism
and piezoelectric actuators (P-885. 90, PI Compa-
ny) as the platform and actuation device respec-
tively to accomplish the high-precision motion
task. This piezoelectric actuator is a multi-layer
PZT stacked ceramic translator. The maximum
displacement can reach 32 pum corresponding to
the peak operation voltage of approximately
120 V. PZT is driven by the driver of the type
UDMNT (manufactured by ACS Corp. ). A high-
speed 10-bit digital-to-analogue (D/A) and ana-
log-to-digital (A/D) converter is used to convert
between digital and analog signals.

It should be noticed that the laser interfer-
ometry-based sensing system is originally intend-
ed to be employed for the position feedback.
However, due to the placement difficulty of the
retroreflector, the optical linear encoder approach
is eventually utilized for the position feedback.
An optical linear encoder ( RELM, Renishaw
Corp. ) of 80 mm range and 5 nm resolution coop-
erated with reading head and subdivision box is
employed as the displacement measurement sen-
sor and is also adopted for close-loop displace-
ment feedback control of the platform. The
whole platform is placed on the granite base for
the vibration isolation consideration. The granite
is suitable for stable structure due to its low ther-
mal expansion coefficient, high stiffness and

damping ratio.
2 PZT Fine Stage Analysis

Fig. 2 illustrates the design of the fine nanop-
ositioning stage. The alloy material of Al 7075,
which has a higher elasticity and lighter mass
than steel, is adopted for the stage. The stage is

monolithically manufactured by wire electrical
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discharge machining (WEDM) which can guaran-
tee the accuracy of the flexure hinges. The stage
consists of four piezoelectric actuators and four
flexure hinges connected in parallel. The PZT ac-
tuators are preloaded and no clearances exist dur-
ing the operation thanks to the elastic deforma-
tion of the flexure hinges. An amplifier controlled
by a digital computer is used to supply control
voltages for the expansion and reaction of PZTs.
PZTs, which have the axis stiffness of 25 N/m,
produce a displacement up to 32 pm and deliver a
maximum driving force of 950 N. Because of the
brittle character of piezoelectric materials, the ac-
tuators are strong enough against compressive
force, but weak against shear force. The actua-
tors cannot supply lateral stiffness and are liable
to damage from lateral forces. To solve the prob-
lem, hemispherical steel balls are stuck to the end

of PZT so that Hertz contact can be formed be-

tween each actuator and corresponding linkage.

Fig. 2 Schematic illustration of nanopositioning stage

2.1 FEA analysis

In order to verify the optimized design of the
fine stage, FEA with ANSYS software is carried
out to estimate the static and dynamic perform-
ance of the structure. Modal analysis is a power-
ful tool to get an natural frequency estimation of
the stage and mode shapes of the flexure hinges,
which directly relate to dynamics performance of
the stage. With the material parameters and the
mesh model created, the bottom surfaces of the
flexure hinges are fixed with zero displacement to
immobilize the mechanism. The first mode shape
can be extracted and the first natural frequency is
about 395 Hz, as shown in Fig. 3. According to

the static structural analysis, the vertical fine

stage has a workspace of 24 pm, which is illustra-

ted in Fig. 4.

Fig. 3 Modal analysis results by FEA

Fig.4 Static deformation by FEA

2.2 Hysteresis analysis and compensation

The PZT actuator exhibits inherent hystere-
sis nonlinearity which will greatly degrade the o-
verall positioning accuracy. The hysteresis effect
is the multi-valued nonlinear phenomenon be-
tween the applied voltages and the output dis-
placements. It can produce positioning error up to
15% of the moving range at operating frequencies
well below the first resonance frequency of piezo-

ceramic actuatorst'®,

To characterize the hys-
teresis properties of the stage, a series of open-
loop tests are implemented and the hysteresis
loop is shown in Fig. 5. The solid line demon-
strates that the expansion trajectory of the pro-
posed stage when the driving voltage rises, the
dashed line demonstrates that the retraction traj-
ectory of the proposed stage when the driving
voltage drops. It can be observed that the shape
of the hysteresis loop is depended on the input

voltage amplitude, i.e., the larger the amplitude
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of the input voltage, the wider the hysteresis
loop. And it also can be found that the maximum
error caused by the hysteresis nonlinearity is 2. 5
pm. Many efforts have been made to remedy the
hysteresis. One of the approaches is to construct
a model that can accurately describe the hysteresis
and then inverse the model by preshaping the in-

[12-14]

put voltage Some attempts are also made to

apply the feedback control approaches to mitigate

115161 Since the com-

the hysteresis nonlinearity
plicated hysteresis nonlinearity effect is the main
reason of the low positioning accuracy, an effec-
tive closed-loop control strategy is presented to
suppress the nonlinearity. A PI controller is a-
dopted to improve positioning precision for its
simplicity in implementation and high reliability.
By tuning the PI control parameters, the resolu-

tion of PZT is about #20 nm, as shown in

Fig. 6. The data is collected by ACS motion con-

trol card.
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Fig. 6 Position feedback of piezoelectric ceramics
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3  Dual-stage Control and Experi-
ment Results

A feedback control strategy is proposed for
the dual-stage and the schematic diagram of the
control system is illustrated in Fig. 7. The control
system of the dual-stage is divided into two parts,
the PID controller of the traditional ball-screw
stage and the PI controller of the piezo-drive fine

stage. The PID algorithm can be expressed as

u(®) =k, (e() +%Joe<t>dt+ T, de(”)

t

where £, is the proportional gain, T; the integral
time constant, T, the derivative time constant,
e(1) the error, and ¢ the time. A switcher of the
control system is utilized. The coarse stage is
first driven and when the distance deviation from
the target position is about 1 um, the controller
of the traditional ball-screw stage is disabled and
the controller of the piezo-fine stage is driven. A
single optical linear encoder is used in both the
coarse and fine motion.

Since the transmission process of the coarse
stage is complicated, which makes the errors gen-
erated in the intermediate link are relatively
large, a dual-feedback close-loop control system
is adopted. The speed-loop feedback is realized by
the encoder of the rotary motor and the position-
loop feedback is implemented by the optical linear
encoder. Fig. 8 shows the current loop debugging
curve in which the phase current is made coinci-
dence with the current command. Through the
PID operation law, the parameters of the PID
controller are tuned and the maximum displace-
ment of the dual-stage is about 12 mm, with the
steady-state error of 4 20 nm, as shown in

Fig. 6.
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Fig. 7 Dual-stage control strategy



No. 2 Ren Jiaqi, et al. Design and Experiment of Vertical Motion Dual-stage with--- 203

<
=
=]
o
=
=
O

10 12 14 16 18 20
/ ms

Fig. 8 Current loop of Z-axis

4 Conclusions

A vertical motion dual-stage is proposed to
realize large travel range with high accuracy.
Ball-screw stage is utilized as the coarse stage and
the piezo-drive stage is used as the fine stage.
The dynamic and static performances of the fine
stage are studied by FEA via ANSYS. The hys-
teresis nonlinearity of PZT drive is also studied
and compensated by employing a PI controller.
After the optimization, a prototype stage is fabri-
cated and experiments are implemented. The ex-
perimental results show that a considerable large
travel range and excellent positioning perform-
ances can be achieved, which verifies the effec-
tiveness of the proposed design. It is worth men-
tioning that the maximum displacement is about
12 mm, with the steady-state error of =20 nm.
Besides, the paper provides a guideline for the de-
sign methodology of the vertical motion dual-

range stages.
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