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A precision piezodriven micropositioner mechanism with large travel range

S. H. Chang® and B. C. Du
Department of Mechanical Engineering, National Taiwan University, Taipei, Taiwan 10617,
Republic of China

(Received 16 September 1997; accepted for publication 27 January 1998

A micropositioning stage with large travel range has been designed and built. The stage combines
a piezoelectric driving element, flexure pivoted multiple Scott—Russell linkage, and a parallel
guiding spring. Quality engineering techniques are used to optimize the configuration of the device
in order to achieve the maximum displacement gain and the minimum angular deviation. A simple
open-loop compensator is applied to reduce the hysteresis of the dynamic response of the stage. The
experiment shows that the stage achieved a vacuum-compatible device with a travel of greater than
100 um, a resolution of 0.04m, and an angular deviation of less than 3ikrad. The first natural
frequency of the stage is 80 Hz and the settling time is approximately 50 ms. Compared with the
uncontrolled condition, the controlled hysteresis is reduced significantly.1968 American
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I. INTRODUCTION gular deviations. Both linkages utilize flexure hinges to avoid
backlash, stick-slip friction, and the need of lubricants.
Recently, micropositioning has become a key technol-  The design of this mechanism is accompanied by math-
ogy for many fields, such as optical and electron microscopyematical models based on finite element simulation using a
x-ray lithography, mask alignment, and electron beam microcommercial softwaransys. In addition, this article applies
structuring. These fields entail an increasing demand for pl’%ua”ty engineering techniques to optimize the geometry and
cision positioning devices providing up to 1Qdm travel  the configuration of the linear motion device, and to achieve
range, with micron resolution, and minimum lateral and tilt-the goal of maximum mechanical displacement gain and
ing motion at wide dynamic operating range. In addition,minimum lateral displacement. The stage of the optimized
these devices should be vacuum-compatible and able to kfesign is made with flexure hinges and linkages which are
remotely activated in order to be isolated from external diswire electro-discharge machine@&DM) from a blank of
turbances. A piezoelectric transdud@tZT) translator can  6061-T6 aluminum. In experiments, the actual travel dis-
offer high resolution and linear motion. Nevertheless, toplacement is measured by a laser interferometer and dynamic
meet the goal of long travel range, an optimized guiding anctharacteristics are measured by a spectrum analyzer.
magnifying mechanism is specifically necessary for small  Thus, this article contributes a new design configuration
electrically induced piezoelectric strain. which is useful in stimulating ideas. The application of qual-
Furukawa, Mizuno and Terati@esigned a mechanism ity engineering is also useful to new engineers.
to amplify displacement which is similar to a slider-crank
mechanism. Scire and Teadukeveloped a PZT stage with a
travel of 50 um and subnano resolution. Lloyd and Qdate
designed a stage operated at temperature of 4.2 K with 18. Basic mechanism
um travel range. Kusakari and Yoshikath@esigned a three
degree-of-freedom mechanism which has an amplifying gai%CO

of 3. Physic Instrumenteprovides products of microposi- 1 whereO s the fixed pin joint,M is a pin connected link

t|0n|ng. stagfas to meet different apphc_atlons. . ' OM andAP, and pointA moves along thex axis. Assume
This article presents a new optimized design ConflguraO_M—m—W—l OAM=4. then th dinates of
tion of a micropositioner mechanism with a large travel N N =Lz = 6, then (he coordinates o

II. DESIGN AND ANALYSIS

A linkage used in the micropositioning stage is the
tt—Russell mechanisthis mechanism is shown in Fig.

range. The linear translation mechanism combines a PZE’OIntP are
actuator with linear motion device to achieve a travel range  xp=0, (1)
over 100 wm. The PZT actuator, having a size of
2
5 mmx5 mmx20 mm, is capable of traveling 116m and Yp= V41— Xy, @

generating a force of 567 N at 100 V. The linear mOtiO”wherexp andy, are thex andy coordinates of poinP,
device incorporates two linkages to achieve the requirementegpectively, and, is thex coordinate of poinf.

One is a multiple Scott—Russell linkage to magnify the travel Thus, under conditonOM=AM=PM, the Scott—
of PZT to the desired range. The other is a parallel guidings ;ssell mechanism gives poiRtan exact straight-line mo-
linkage forming by leaf springs to minimize lateral and an-4j,n along they axis when pointA moves along the axis.

Besides, the relations between thecoordinate of pointA
dElectronic mail: shchang@ccms.ntu.edu.tw andy coordinate of poinP is
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FIG. 1. A Scott—Russell mechanism. Poi@t is fixed and pointM is ] © © © T

hinged. Thex-axis motions of poinA are converted intg-axis motions of
point P.

X2+ y3=(Xat+ AXa) 2+ (Yp+ Ayp)?, &)

Q thickness : M Q

whereAXx, is the change ok coordinate of poinA andAy,
is the change of coordinate of poinP. Solving this equa-
tion to determineAy, from x,, y,, and displacemenkx,,

FIG. 2. Schematic representation of the micropositioning stdg&ZT, (2)
the first linkage,(3) the second linkagd4) platform, (5), leaf springs,(6)

we find that tapped hole(7) cut-out slot to form flexure hinge$8) flexure hinges. The
5 5 key dimensions are represented by the control fadidisM. The arrows in
Ayp=—Yyp+ \/yP_ 2XaAXa— AXS. (4) the figure indicate the motion of components in the stage.
Thus the relation between displacemént, andAy,, is
nonlinear, but whem\x,— 0, this relation can be written as The motion of the components in the micropositioning
stage is described as follows. The length of the piezoelectric
Ayp _dyp  —Xa  —Xa_ _tan @ (5)  actuator, component 1, changes due to the driving voltage
Ax,  dxg 1/412—x§ Yp ' between the electrodes of the piezoelectric actuator. This

length change pushes or pulls the input terminal of the first
I th X intP will | th . dth stage of Scott—Russell linkage, component 2, and causes dis-
aong thex axis, point= will move along they axis and e placements of the output terminal of the linkage. Similarly,

displacement of poinP equals targ imes Ax, . From this the second stage of Scott—Russell linkage, component 3, is

displacement relation, the Scott—Russell mechanism, can tberiven by the output displacements of component 2. Finally,

use_d asa _stralght—llne_ r_neche_lnlsm W'Fh f!xed amplifying fac'the platform, component 4, moves due to the output motion
tor in the field of precision micropositioning.

e . e . of the second linkage. The leaf springs, component 5, joined
It is difficult to obtain a large amplifying factor with a seconc finkag al springs ponent . joi

inale st f SCott—R I link Th th il to the platform can offer reaction force to prevent the plat-
singie stage of Scolt-Russell linkage. Thus, the Muilipl&, ., o rotating and moving laterally. The two stages of

Sco.tt—RusseII mechanism is designed in this article tcScott—RusseII linkage are designed to amplify their input

achieve large travel range. displacements so that the derived travel range of the platform
is significantly larger than the range of length changes of the
actuator.

Thus, when pointA moves with a small displacementx,

B. Micropositioning stage

The schematic representation of the whole microposi—C FEM vsi
tioning stage is shown in Fig. 2. The arrows in the figure™ analysis
indicate the motion of components in the stage. The goal of In this article, the finite element meth@8EM) was used
the micropositioning stage is to provide a precision linearto analyze the performance of the micropositioning stage,
positioning mechanism with large travel range. The stagesuch as the displacement, natural frequency, and vibration
consists of an amplifying device and a parallel leaf springmode. In this case, the thickness of the stage is relatively
guiding device. The amplifying device used to amplify the large if compared with other critical dimensions of the mi-
length changes of the piezoelectric actuator, component 1, iopositioning stage, such as thickness of the flexure hinges.
composed of a multiple Scott—Russell mechanism which ighus the stage is so thick that the motion of the stage will be
indicated by components 2 and 3 in the figure. The parallein a plane perpendicular to the thickness of the stage and the
leaf spring guiding device consisting of leaf springs is toout-of-plane behavior is negligible. The two dimensional
guide the motion of the stage platform and to avoid the latsimulation is adequate to analyze a plane problem. The mi-
eral displacements and angular deviations. The flexureropositioning stage was modeled into approximately more
hinges fabricated with a single metal blank can avoid thehan thousands of finite elements which include the two di-
backlash, stick-slip friction, and the need for lubricants.mensional solid element named PLANES82 ARSYsS. This
Components 1-5 are connected in sequence to transfer tieéement is defined by eight nodes having two degrees of
motion from the actuator to the platform. freedom at each node which are translations inXtendy
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directions. It provides more accurate results for irregulamoise, internal noise, and product-to-product noise. External
shapes. The geometry of the model is based on a desigroises are caused by the variations in measurement and en-
similar to Fig. 2. The element sizes are different for each parvironmental conditions. Internal noises are variations caused
of the stage and are about a quarter of the minimum dimenby the aging process or deterioration of the internal elements.
sion of the local region. The holes at the corners of the stagBroduct-to-product noises are variations caused by manufac-
are fixed to the ground to simulate the effects of the fastenturing imperfections. Statistically, noise factors cause the
ers. One end of the piezoelectric actuator was given a dissutput response to deviate from the target values in the near-
placement as the excitation source to the micropositioningandom fashion.
stage. Theoretically, the maximum stress of the stage is ex- The strategy of the Taguchi method is to recognize the
pected to happen at flexural hinges. However, to ensure thexistence of control factors and noise factors, and to treat
safety of the stage, the maximum stress of the whole stagihem separately. To handle them, the Taguchi method uti-
was displayed and checked not to exceed the allowable strelzes orthogonal arrays. The major steps of implementing the
of the 6061-T6 aluminum. Taguchi's parameter design arg) identify the factors of
The results of finite element analysis, such as the disinterest;(2) identify the levels of each factof3) select the
placements and the lateral motion of the center of the platappropriate orthogonal array4) assign the factors to col-
form, were observed and recorded. The data were furtharmns;(5) conduct the experiment and/or analysi§) ana-
used by the optimization technique to find an optimized condyze the data and determine the optimum level of each factor;
figuration of the micropositioning stage. and(7) conduct the confirmation experiment and/or analysis.
The confirmation experiment is important as it verifies the
conclusions. If the results are not confirmed or unsatisfac-
tory, additional experiments or analysis may have to be con-

The overall design problem is to optimize the geometrydUCted- ) ) ]
and configuration of the flexure hinges and the Scott—Russell Hence, the essence of the Taguchi method is to find the
linkages to achieve the goal of maximum mechanical disoptimal values of the control factofs.g., design variables of
placement gain and minimum lateral displacement while takthe stagg by using orthogonal arrays and analysis of vari-
ing into account the demands imposed by stretching an@nce(ANOVA). In this case, it was the FEM results instead
bending of flexure hinges and linkages. The Taguchi metho@f the experimental results that were to be used to analyze
for quality engineering provides the capability of solving the performance of stage at a different setting of design fac-
this design problem. It has been successfully applied in th&rs-
optimization of output power of a CQasef and in fuzzy A total of 13 control factors respectively denoted by
control? A,B,...,M were used in this case. Among them, five control
The Taguchi method evolves from statistically designeJaCtorS were selected for each Scott—Russell linkage, and
experiments developed by R. A. Fisher in the 1920s. It is dWO for the parallel leaf springs. For the Scott—Russell link-
method of optimization for performance, quality, and costades, the total length, the amplifying factor, and the width of
(parameter design and quality loss funclidb also analyzes flexure hinges and two links in the Scott—Russell linkage
a product or process and identifies the solutions which ar@ere chosen as the control factors. The width of flexure
minimally sensitive to causes of variations. The Taguchihinges for each Scott—Russell linkage is denoted by control
method uses orthogonal arrays to study behaviors of manlslﬂc"orsc and H, respectively. Thus the width of flexure
variables from the minimum amount of test data and experillinges in one Scott—Russell linkage is the same but may be
ments. different between distinct Scott—Russell linkages. The width
The Taguchi method was extensively used during theof the flexure hinge between the second Scott—Russell link-
parameter design stage, in which the optimal level of eaciR9€ and the output stage is the same as those of the second
design factor or parameter will be determined. Two types ofScott—Russell linkage. Control factors for parallel leaf
factors which affect performance of the micropositioningSPrings are the length and width of springs. The last control
stage were identified: control factors and noise factors. Confactor is the thickness of the micropositioning stage. Three
trol factors can easily be controlled such as, in this case, thi€vels were selected for each control factor. The 13 control
geometry and configuration of the flexure hinges, the Scottfactors are shown in Fig. 2 and also listed in Table | with the
Russell linkages, and the leaf springs. Noise factors are thog¢lected levels. The amplifying factor, one of the chosen
that are difficult or expensive to control, e.g., external vibra-control factors, is defined as the ratio of the output displace-
tion and atmosphere temperature. ment to the input displacement of each stage of Scott—
Control factors can be categorized into two main groupsRussell linkage. From Ed5), the amplifying factorf is
variability-control  factors and target-control factors. X
Variability-control factors or “control” factors are those that f=—, (6)
affect the variability in the output or response. Target-control
factors or “signal” factors are those that affect only the mainwhere the physical meaning »f andy, are shown in Fig. 1.
level of a response. Frequently, however, a control factoiThe ranges of levels for each control factor were chosen to
may affect both the main level and the variability of the meet the physical and fabrication constraints. For example,
response. the minimum width of the flexure hinges and leaf springs is
Noise factors can be classified into three groups: externatonstrained by the resolution of precision wire cutting used

Ill. OPTIMUM DESIGN
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TABLE I. Control factors and levels. The optimum setting is shown in bold
style. All factors are in units of mm, except tHatandG are dimensionless.

Level a
1 2 3
1st total length A 50 55 60 b
linkage amplifying factor B 4.0 4.5 5.0
width of flexure hinge C 0.3 0.4 0.5
width of link 1 D 11.5 125 135
width of link 2 E 8.5 9.5 10.5 a
2nd total length F 40 44 48
linkage amplifying factor G 4.0 5.0 6.0
width of flexure hinge H 0.3 0.4 0.5 b
width of link 1 | 11.5 125 135
width of link 2 J 4.0 5.0 6.0
Spring length K 20 22 24
width L 0.3 0.4 0.5 a
Thickness of whole stage M 10.0 12.5 15.0
b

to fabricate the stage. In addition, during the fabrication, therIG. 3. Signal-to-noiséS-N) ratios for each control factor. Symbols a and

existing side force between the wire and the metal blank an#. respectively, denote the computed displacements and lateral displace-

residual stress may result in serious distortion of the fabri_ments of the output member of the stage. The ordinate and abscissa of each
. . . . . subplot are displacements and levels respectively.

cated stage. To avoid the distortion, some dimensions of the

stage must be constrained. Although the bending of the linkv. STAGE FABRICATION

in the multiple Scott—Russell linkage was simulated in the Fabricating the stage involves two steps: machining the
FEM model, the width of the links was in practice chosen tofiexyre hinges and linkages from a metal blank, and install-
be larger than the thickness of the flexure hinges. This conng the piezoelectric actuator into the flexure-pivot linkage.
straint causes the bending of flexure hinges to be much larggrg make the stage compact and to utilize the advantages of
than that in the links, and hence the general relationship ofonolithic construction, the flexure hinges and levers were
Scott—Russell linkage can be maintained. formed in one piece of metal. This configuration eliminates

The 13 factors were assigned to a standard L27 orthogghe bulk and complexity of fasteners, and essentially no tol-
nal array which is the most possible economic array. Therance exists.

L27 orthogonal array contains 27 different level settings of  The flexure-pivot linkage was machined from a 6061-T6
control factors. FEM analyses were carried out to solve theuminum metal blank with dimension of 1%800
displacement for each setting in the L27 orthogonal array. x 10 mm. Machining the flexure-pivot linkage consists of
ANOVA was carried out on the FEM results to deter- precision wire electro-discharge machinifiM) the metal
mine whether the control factors had any statistically signifi-p|jank to form the desired shape, the flexure hinges and slots
cant effects on the displacement sensitivity. The average vajn the blank to form the linkages, and a cutout to accept the

ues for levels of control factors are computed by piezoelectric actuator. Two relatively critical operations were
involved. Both the moment required to bend the flexure
Ajj == (mij1+ mij2t -+ Mijn), (7) hinges and the force to stretch were sensitive to the thickness

of the flexure hinge. Therefore a thickness tolerance of

whereA;; represents average value for itie level of thejth  +20 um was chosen and it required the tolerance of a hole
control factor,n;;, is one of FEM results whose row contains location within + 10 um. The second operation was to form
theith level at thejth column in orthogonal array, andis  the cutout to accept the piezoelectric actuator. The two sur-
the total number of rows containing thith level at thejth  faces of the cutout for accepting the actuator should be en-
column. sured to be as flat and parallel as possible. Nonflatness and

A computer program was written using Microsa®CEL  nonparallelism were both critical to the undesired angular
to implement the procedure of ANOVA. Figure 3 shows themotion of the stage.
results of ANOVA for each control factor. In the figure, sym- A multilayer piezoelectric ceramics with dimension 5
bols a and b, respectively, denote the computed displace<5x20 mm was installed in the flexure-pivot linkage by
ments and lateral displacements of the output member of thktting the actuator into the cutout of the metal blank and then
stage. Each subplot contains three data points which corréyonding in place. A photograph of the micropositioning
spond to the average values of levels of control factors. Aftestage is shown in Fig. 4.
completion of all trials and the data were analyzed, the rec-
ommended optimum levels of the control factors can be’/- EXPERIMENT AND MEASUREMENT RESULTS
found and denoted by bold-style fonts in Table I. The final  The experimental setup was shown in Fig. 5. The char-
optimized design of the stage is hereby finally determined. acteristics of the output member of the stage, such as the

Downloaded 21 Oct 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 69, No. 4, April 1998 S. H. Chang and B. C. Du 1789

Displacement (2 pm/div)

Voltage (2 V/div)

FIG. 4. Photograph of the micropositioning stage.

FIG. 6. The measured hysteresis curve without controller.XTheis is the

displacement and the angular deviation, were measured bydl?'ving voltage of the piezoelectric actuator. Thexis is the displacement
Polytec laser interferometer which has a displacement resS: e output member of the stage.

lution of 8 nm and a bandwidth of 50 kHz. A fine-grained

scatter-reflected paper was pasted on the output member #gular deviation characteristics of the stage’s output mem-
the appropriate plane to enhance the optical reflection of thBer were therefore measured. Two points on the output mem-
incident laser beam for the measurement of the output menf2€r were chosen to measure their displacements by two laser
ber's motion. The function generator and a personal combeams of the same phase at the same time. The phase differ-
puter with a programmable digital-to-analog card were use@nce between laser beams caused by motion of the output
to generate the desired wave form signal for testing the stagglember thus was analyzed by the Polytec interferometer and
Generally, the function generator provided periodical sinutransformed to the corresponding angular displacement be-
soidal or step wave forms while the computer generated sigveen two measurement points. From the experiments, the
nals with special forms, such as stairway-type signals an@ngular motion of the stage was found to be less than 0.278
impulse. The signals generated by the function generator ograd at output displacements ofudm at low excitation fre-
personal computer were amplified by a power amplifier toduency. It is equivalent to a maximum angular deviation of
drive the piezoelectric actuator installed in the stage. Thé1.136urad at maximum output displacements of 1.
oscilloscope and dynamic signal analyzer were used to dis- Smooth linear output displacements as a function of the
play, store, and analyze the experimental results in both timapPplied voltage were expected. Figure 6 shows measured dis-
and frequency domains. The tested stage was placed on &facements as a function of the voltage applied to the piezo-

air-bearing supported optical table and isolated from externgfl€ctric element. In the figure, the signal of channel 1 was the
vibrations. sinusoidal driving voltage wave of the piezoelectric actuator

produced by the function generator. The signal of channel 2
was the displacement of the output member of the stage mea-
sured by the laser interferometer at a sensitivity of2¥/V.

From the experiments, the observed maximum outpuThe results demonstrate that the hysteresis in the stage’s out-
displacements were approximately 14 for an applied put gives an offset of approximately 22.5% of the maximum
voltage of 100 V. Thus, the output displacement sensitivitydisplacement.
was 1.12um/V. Maintaining a constant focusing condition

in the optical microscopes is an essential requirement. The )
B. Open-loop compensation

A. Open-loop measurement

Dynamic Signal Analyzer To reduce the hysteresis of the piezoelectric-actuated
or Oscilloscope stage, several closed loop control methods, such as strain
gage feedback and self-sensing techniques, were used in
many articles. In this article, a simple open loop technique

Laser Interferometer

similar to Ref. 10 was used. This open loop controller is able
PC to compensate the phase lag inherent in the stage. It used a
= ’ phase-lead compensation analog circuit that requires no feed-
Laser  Micro back from the output member of the stage. Thus the whole
Probe -stage controlled system can be simple. The phase-lead compensa-
S = tion circuit was placed after the power amplifier, and the
Optical Table signal of function generator was the command signal without

feedback control. The transfer function of the circuit can be
expressed as a function of an independent frequency param-
FIG. 5. Experimental setup. eters:
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FIG. 9. The step response of the micropositioning stage. CH1 is the driving
FIG. 7. The measured hysteresis curve with controller. Xhaxis is the voltage of the piezoelectric elemef V/div). CH2 is the displacement of
driving voltage of the piezoelectric actuator. Thexis is the displacement the output member of the stagé um/div).
of the output member of the stage.

tional controller. From the frequency response function, a
T(s)= ) (8) first natural frequency of 80 Hz was observed.
In addition, the dynamic response of the stage should

The parameteré and B were tuned and chosen so as to Settle quickly, for the stage can be isolated from external
cancel out the frequency-dependent phase lag of the stagéPrations, and reach the steady state in a short time when
over a low excitation frequency range. The hysteresis of th&'® command signal changes suddenly. The step response of
stage after the open-loop compensation, shown in Fig. 7, wd§€ output member of the stage is shown in Fig. 9. Channel 1
reduced significantly if compared with Fig. 6. In addition, IS the command signal and channel 2 is the response of the
from Fig. 7, an output displacement sensitivity of 08@/v ~ Output member deFectqd by the laser |_nterferom_eter. From
was observed for the micropositioning stage after open-looflis figure, the settling time of the stage is approximately 50
compensation. ms at the 10% full travel range.

For a precision positioning device, a wide dynamic op- 10 find the finest resolution of the stage, a stairway-type
erating range is needed. The dynamic signal analyzer wa®Mmmand signal is used to drive the piezoelectric actuator of
used to proceed the frequency response function measurl€ stage. The applied voltage of each stairway is attenuated
ment for the output displacement of the stage. The commaniff S€quence to see if the response of the stage can be distin-
signal was the sweep sinusoidal excitation produced by thguished. A typical response of the stage under the excitation
dynamic signal analyzer itself. The output signal of the in-Of @ periodic stairway-type signéhe upper curveis shown
terferometer was used to represent the displacement of tHEe lower curvgin Fig. 10. From experiments, the smallest
stage at the chosen sensitivity of g@n/V. Figure 8 is the ~resolution of the displacement of the stage is Qu0d.
frequency response function of the stage without any addi-

20db rﬂ—"'ﬁrﬂl\« + :
s 'I el Lk—\_L"u’"_[”“
: z " -
2 = N\, “ ""rw\; g ‘l‘.{wfk +— : +
Y T i e )
d—g U\\ 7 X nl’;k/#r \, q‘).‘r“
g T CH2 . ™ Tt :
& Ll o Pty
S E [ I -
j i Hel
-80db : ‘ , S TR b
10Hz 500Hz ";M | [
WMl
Frequency (log) ) . e
Time (100ms/div)

FIG. 8. The measured frequency response function of the micropositioning

stage. The ordinate is the vibration amplitude of the output member of thé=IG. 10. The stage’s displacement response to the stairway-type input sig-
stage. The abscissa is the excitation frequency of the driving voltage appliedal. CH1 is the driving voltage of the piezoelectric elemgnv/div). CH2

to the piezoelectric element. is the displacement of the output member of the s{@y@4 um/div).
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