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Abstract: This paper presents the development of a coarse-fine dual precision positioning stage to achieve long travel range and
high accuracy. The fine stage is arranged in series with a coarse stage. The key in the fine stage design is the choice of a toggle
mechanism for a tight mechanical loop with high stiffness and compactness. We designed the toggle mechanism for reduction of
the displacement to suppress signal noises. The performance of the coarse and fine stages was verified with an optical encoder and
capacitive sensor, respectively. The measurement results show that the dual mechanism has a travel range of 1 mm and resolution

of 30 nm.

Key words: Coarse-fine dual stage, Nano-scale resolution, Piezoelectric (PZT) actuator

doi:10.1631/jzus.A1000029 Document code: A

1 Introduction

The need to manipulate and control miniature
objects in nanometer resolution has received consid-
erable attention in the nanotechnology. The compliant
mechanisms, composed of flexure hinges and leaf
springs, have the advantage of non-backlash and can
be monolithically machined to achieve ultra-high
precision positioning (Chang and Du, 1998; Chang
and Li, 1999; Wang and Chang, 2006; Wu et al.,
2008). The limitation of the positioning technique
using piezoelectric (PZT) actuators with nanometer
resolution often is, however, its short travel range,
often as little as a few hundred microns. The draw-
back has been resolved by different methods, such as
the slip-stick (Wang and Chang, 2006), dual servo
actuator (Kimiyuki and Goto, 1996; Liu et al., 2003)
and use of a magneto-strictive actuator (Yang et al.,
2006). Dual stage design (Liu et al., 2003) consists of
a coarse stage and a fine stage with two servo-motors
in the coarse stage and three PZT actuators being used
for fine positioning. The process for direct nano-scale
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positioning utilizes the electrostatic interactions be-
tween the molecules and nano-patterns (Losilla et al.,
2008). This paper describe the dual stage that com-
bines a single PZT actuated fine stage on a coarse
positioning stage to achieve the nano-scale resolution
and large travel range. A toggle linkage is employed
to suppress the displacement and increase the sig-
nal-to-noise ratio at the nano-scale displacement
measurements.

2 Mechanism design

The design of the coarse and fine stages is shown
in Fig. 1. The coarse stage is simply an electro-
magnetic drive motor with the linear ball screw linear
stage. On top of the coarse stage, a fine PZT actuator
is in-series mounted as the fine stage. The displace-
ment of the whole system is the combined displace-
ment of the coarse and the fine stages. In this study, a
linear optical encoder (or is called optical scale) was
mounted to measure the linear displacement. To align
the optical scale, we mounted a five-degree-of-
freedom (5-DOF) stage which is manually operated to
adjust and align the geometrical position of the optical
grating of the optical scale with respect to the optical
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head. Once the alignment of the optical scale is
achieved, the 5-DOF stage is removed. The engi-
neering specification of the coarse positioning stage is
listed in Table 1.

5-DOF
adjusting base

|||||||||||||!\|||||||||||u Optical scale

Optical head

™ Fine stage

Coarse stage

Fig. 1 Schematic design of the dual positioning stage

Table 1 Specification of the coarse stage

Component Description
Actuator Step-motor, 2-phase, 50000 step/rev
Transmission Ball-screw, C3, lead: 1 mm
Guide Linear guide, ball bearing
Sensor Optical encoder, resolution 10 nm

Travel range: 10 mm, resolution: 1 um

The fine positioning stage is illustrated in Fig. 2
and the specification is listed in Table 2. The motion
is driven by a multilayered piezoelectric (PZT) ac-
tuator (2 in Fig. 2) made by the Tokin Inc., Japan. The
longitudinal vibration of the PZT is employed for
motion generation, as illustrated by an arrow in Fig. 2.
In this case, the motion is toward the flexure joint in

i

L a
| >

Fig. 2 Design of the fine piezoelectric (PZT) actuated po-
sitioning stage using the toggle mechanism

1: steel plate as the structure of fine stage; 2: PZT; 3: flexural
joint; 4: toggle linkage; 5: parallel linkage. The arrows indicate
the motion direction when PZT is driven by electrical voltage

Table 2 Specification of the fine stage

Parameter Description
Actuator Multilayered PZT, 11.6 um/100 V
Travel range 2 pum
Resolution 10 nm

Transmission Toggle mechanism, displacement reduction
Joints Elastic flexure guide, free of clearance
Guide Parallel linkage, 4 parallel springs

the lower direction. The displacement sensitivity of
the PZT is 11.6 um/100 V of the electric potential.
The longitudinal vibration is achieved so that the
mechanical motion is in parallel to the electrical field.
The PZT of 5 mmx5 mmx20 mm is installed in the
monolithic steel plate 1 in Fig. 2, such that its shape is
formed by use of the electro-discharge-machining
(EDM).

The steel plate 1 in Fig. 2 is machined to perform
the motion of two linkages, i.e., a toggle mechanism
(4 in Fig. 2) and a parallel mechanism (5 in Fig. 2).
The motion provided by the PZT will first transmit to
the toggle mechanism with its displacement output
orthogonal to the PZT displacement, as indicated by
the arrows in Fig. 2. Then, the motion is transmitted to
the parallel mechanism which contains four parallel
flexural springs, as shown as 5 in Fig. 2. The final
displacement is orthogonal to the direction of the PZT
motion.

The revolute joints of the mechanism are the
flexural hinges shown as 3 in Fig. 2, fabricated by the
EDM. The elastic flexural hinges provide the rotation
DOF as the revolute joints. The rotation of the links
connected by the flexural hinge is achieved by the
elastic deformation at the flexural joint. It offers the
advantage of freedom from friction, hysteresis and
high precision and linearity. The drawback, when
rotation occurs, is that the strain energy stored in the
flexural hinges will reduce the mechanical power
generated by the PZT. Therefore, the design of the
linkage requires a detailed calculation of power loss
in the strain energy of flexures.

The toggle linkage is a four-bar linkage and the
angle controls the displacement amplification or re-
duction (Fig. 3). We designed the toggle for reduction
of the displacement for signal noise suppression. The
nature of the structure itself has the advantages of a
small mechanical loop and precision motion. The
mechanical loop represents the energy flow path from
the input member to the output member. A small
mechanical loop is desired to minimize the transmis-
sion error, increase precision and enhance the me-
chanical stiffness and response. The toggle linkage is
designed by extensive finite element analysis to de-
termine the geometry of the linkage.

The relationship of the displacement ratio of the
output and the input, i.e., the amplification of the
linkage with the link length of I is derived as follows:
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Fig. 3 Illustration of a toggle linkage
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Eqg. (3) can be used to find the angle at which the
linkage will produce the reduction of the displace-
ment. At the angle of 26.57°, the output displacement
will be reduced. On the other hand, the displacement
will be amplified.

Before the device is fabricated, the design of the
toggle mechanism is assisted by the finite element
model (FEM) as shown in Figs. 4 and 5. The
2D-elastic-element modelling is used to construct the
model to solve the static deformation and free vibra-
tion characteristics. Emphasis is on the angle of the
toggle mechanism with respect to the lateral dis-
placement that is to be minimized. We set up an FEM
using software ANSYS to analyze rigidity, the
maximum displacement, and working frequency of
the actuator stage. The actuator stage was modeled
using the four-node element. The static analysis result,
when the PZT exerts the force into the toggle
mechanism, is shown in Fig. 5. The figure shows the
deformation of the fine stage under the input voltage
of PZT at 100 V. The strain energy at the flexural
hinges can be estimated.

3 Experiments and performance
The displacements of the coarse and fine posi-

tioning stages are evaluated using their own sensors.
The optical encoder and capacitive sensor are used for

the coarse stage and the fine stage, respectively (Fig.
6). The relationship of the signals in the optical en-
coder is shown in Fig. 7. Their engineering specifi-
cations are listed in Tables 3 and 4, respectively.
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Fig. 5 Enlarged deformation of the toggle linkage calcu-
lated by the finite element model

Fig. 6 Optical encoder with the signal processor
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Fig. 7 Relationship of the A and B signals in the optical
encoder
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Table 3 Specification of the optical encoder

Parameter Value
Measure length (mm) 150
Grating pitch (um) 1.6
Resolution (nm) 10
Linear accuracy (um) 60.3

Table 4 Specification of the capacitive sensor

Parameter Description
Material Al
Gain (um/V) 15
Bandwidth (kHz) 15
\oltage output (V) 612.3
Linearity (%) 0.05

The high strength steel is chosen as the fine stage
(Fig. 8), and is fabricated by EDM. It is then assem-
bled with the coarse stage in series (Fig. 9). Its system
block-diagram for experiment is shown in Fig. 10. The
drive and feedback signals are integrated in a personal
computer through the digital to analogue (DA) con-
verter and analogue to digital (AD) converter.

Fig. 8 A prototype piezoelectric actuated fine posi-
tioning stage

Fig. 9 A photo of the assembled dual positioning stage

The multilayered PZT (5 mmx5 mmx20 mm)
containing 144 layers with layer thickness of 108 um
and density of 800 kg/m®, expands 14.7 um under
150 V. The first resonant frequency of multilayered
PZT ceramics measured by the HP impedance ana-

lyzer is 69 kHz.

We applied 20-100 V to drive the PZT and
measured the linear displacement of the actuator stage,
as shown in Fig. 11. With displacement reduction of
the toggle linkage, Fig. 5 shows the displacement of
3.24 um under the driving signal of 100 V. The hys-
teresis of the actuator stage was also measured under
—40t0 40V at 2 Hz.

Stepmotor PC
driver E
(= 2O
v
| oa | | o |
PZT
driver
Fine stage Opiical
M scale
| Optical table |
> >

Fig. 10 System block-diagram of the dual positioning
stage for experimental study
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Fig. 11 Measurement result of the fine stage. The upper
curve is the electrical voltage to drive the PZT actuator.
The lower curve is the displacement measured by the
nanometer resolution capacitive sensor

In terms of accuracy of the coarse positioning
stage, from the experimental data using the linear
optical encoder, a positioning error of 2 um was found.
Fig. 12 shows the measurement curve at the travel
range of 1 mm. The detailed investigation of the
system integration of the dual stage shows that the
fine stage is capable of feeding back the positioning
error within 30 nm in the 1 mm travel range.
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Fig. 12 Measured displacement curve for the coarse stage

at displacement of 1 mm by using the linear optical scale

4 Discussion and conclusion

This paper describes the design, fabrication, and
experimental results of a long travel positioning stage
with nano-scale resolution. The positioning stage
includes a course and a fine stage. The fine stage is
driven by a multilayered PZT actuator, and is made of
a toggle linkage and a parallel linkage. The special
design of the toggle linkage to suppress the signal
noise in the nano-scale displacement functions well.
The effect of the thermal deformation and dynamic
fatigue on the performance of the stage should be
evaluated next. In this study, the long range of 1 mm
is demonstrated. The design, however, can be ex-
tended to arbitrary ranges of the coarse motion. With
the design’s simplicity and high accuracy, applica-
tions in long-range nanopositioning, such as precision
assembling, atomic force microscope scanning, and
micro-nanomachining, are possible.

References

Chang, S.H., Du, B.C.,, 1998. A precision piezodriven
micropositioner mechanism with large travel range.
Review of Scientific Instruments, 69(4):1785-1791.
[d0i:10.1063/1.1148842]

Chang, S.H., Li, S.S., 1999. A friction-drive micropositioner
with programmable step size. Review of Scientific
Instruments, 70(6):2776-2782. [doi:10.1063/1.1149794]

Kimiyuki, M., Goto, T., 1996. Development of Dual Servo
STM. ASPE Proceedings, 14:146-149.

Liu, H.Z., Lu, B.H., Ding, Y.C., Tang, Y.P., Li, D.C., 2003. A
motor-piezo actuator for nano-scale positioning based on
dual servo loop and nonlinearity compensation. Journal
of Micromechanics and Microengineering, 13(2):295-
299. [doi:10.1088/0960-1317/13/2/318]

Losilla, N.S., Oxtoby, N.S., Martinez, J., Garcia, F., Garcia, R.,
Mas-Torrent, M., Veciana, J., Rovira, C., 2008.
Sub-50 nm positioning of organic compounds onto
silicon oxide patterns fabricated by local oxidation
nanolithography.  Nanotechnology,  19(45):455308-
455314. [doi:10.1088/0957-4484/19/45/455308]

Wang, Y.C., Chang, S.H., 2006. Design and performance of a
piezoelectric actuated precise rotary positioner. Review of
Scientific Instruments, 77:10510-1-10501-5. [doi:10.
1063/1.2336760]

Wu, T.L., Chen, JH., Chang, S.H., 2008. A Six-DOF
Prismatic-spherical-spherical Parallel Compliant
Nanopositioner. 1EEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control, 55(12):2544-2551.
[d0i:10.1109/TUFFC.2008.970]

Yang, B.T., Bonis, M., Tao, H., Prelle, C., Lamarque, F., 2006.
A magnetostrictive mini actuator for long-stroke
positioning with nanometer resolution. Journal of
Micromechanics and Microengineering, 16(7):1227-1232.
[doi:10.1088/0960-1317/16/7/016]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


