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Abstract. A high precision piezoelectric rotational stage with low-cost incremental polymeric
scales is proposed and investigated in this work. For avoiding datum plane surface errors caused
by application of additional bearings to support the rotational part, the latter one contacts with a
stationary piezoelectric disc, which oscillates in travelling wave mode, at three specific points
via contacting ring. The resolution of rotation is determined only by geometrical errors of
external surface of the piezoelectric disc and can be easily achieved to be in the range of 1 pm.
Low-cost polymeric scales are applied to measure angular displacement by means of moiré
fringes. Peculiarities of scales fabrication are defined taking into consideration the final accuracy
of the device.
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Introduction

Moiré is a well-known phenomenon. It is an optical experimental technique for the full-field
and non-contact measurement of in-plane and out-of-plane deformations [1]. Moiré phenomenon
can be applied in various fields of interest from medical research to civil engineering [2, 3].
Moir¢ pattern is an interference pattern created when two gratings are overlaid at a certain angle,
or when they have slightly different mesh sizes. Generally linear, crossed, circular and radial
gratings are used. It depends on the application area and results, which are expected to be
obtained. Mentioned types of gratings are utilized to measure deformations or displacements, i.e.
linear, radial, etc. [4, 5]. Frequency of grating allows moiré methods to be classified into grid
methods, moiré methods and moiré interferometry. For instance, when frequency is greater than
100 lines / mm, the method is referred to as moiré interferometry [2]. However, all moiré
methods provide the same information.

Piezoelectric motors are used in design of positioning systems for various applications
ranging from advanced manufacturing to IC industry, material science, biotechnology, etc.
[6-12]. This research covers development of novel technique devoted to generation of angular
positioning system driven by a synthesis of high precision piezomotor and moiré pattern with the
latter being obtained when a combination of low-cost polymeric scales fabricated using UV-
casting technique is employed.

Piezomotor for angular positioning system

A high precision piezoelectric motor (Fig. 1) is characterized by high resolution, high
accuracy and small dimensions in the direction of rotation axis. It consists of piezoelectric disc 1
with axial poling and electrodes on its end surfaces, contacting disc 2, which is fixed to the
external diameter of the piezoelectric disc and stage 3. External surface (cylinder shape) of the
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contacting disc is processed by means of high accuracy grinding and polishing equipment
resulting in elimination of surface defects and irregularities at sub-micrometer level.

Disc 2 contacts with stage 3 via air gap 4 in three areas, two of which (5 and 6) are rigidly
fixed to the disc 2, and one (7) is elastically attached in terms of spring 8.

In order to measure the angle of rotation two circular incremental polymeric scales 9 and 10
are used: the first one is fixed to the internal surface of the stage, the second one — to its housing.
The gap 0 between them is of the order of 0.01-0.05 mm. A signal representing the angle of
rotation is formed by the matrix of special miniature LEDs 11 and sensing photodiode (s) 12.

YL

8
Fig. 1. Basic structure of conceptual piezoelectric angular positioning system: 1 — piezoelectric disc, 2 —
contacting disc, 3 — stage, 4 — air gap, 5, 6, 7 — contacting material, 8 — spring, 9, 10 — incremental
polymeric scales, 11 — light emitting diode(s), 12 — sensing photodiode(s), 6 — gap between scales

Two lower vibration modes of radial oscillations of piezoelectric disc may be exploited: egg-
like resonant form (Fig. 3a) and symmetrical ellipse form (Fig. 3b). In the first case a small
rotation (circular trajectory denoted by dotted line) of neutral axis of the piezoelectric disc is
generated at angular speed o (order of micrometer), while in the second case the displacement
of the neutral axis of the disc is equal to 0 due to full symmetry of ellipse. This difference
appears because topology of sectioned electrodes is distinct in Case 1 and Case 2 (Fig. 2b, 2c¢).
However, a three-phase signal source is applied to each given configuration, what leads to the
presence of travelling wave type oscillations generated by piezoelectric ring.

B (Case 1) B (Case 2)
) Ucos(t+1 20°)
Ucos(wt) . Ucos(wt+240°)

Ucos(wt+180°)  Ucos(wt+90%)
a) b) c)

Fig. 2. a) Cross-sectional side view of piezoelectric disc, b) and c¢) two topologies of sectioned electrodes
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a) b)
Fig. 3. Induced egg-like (a) and ellipse (b) radial resonant oscillations of piezoelectric disc

Fabrication of incremental polymeric (grating) scales

UV-casting of the angular raster pattern was performed using polyethylene terephthalate
(PET) substrates (thickness 110 um) coated with acrylic photopolymer (3 um) as a substrate for
desired incremental scale. Imprint mould was pressed into the substrate applying pressure of 0.4
MPa. Optical microscope (Optika) with c-mount 2560 x 1920 resolution (5.0 Mpixel) camera
(Optikam Pro 5LT) was used to measure the period of raster. As it is observed from Fig. 4a, the
quality of obtained pattern is good, i.e. edges of rasters are thin, sharp and uniform. There is a
relatively small amount of surface defects. A proper combination of two such scales led to the
formation of moiré fringes (Fig. 4b). Correctly identified and registered accurate distance
between two dark zones could be used to provide a precise (micrometer order) rotation of
piezoelectric stage. This could act as the basis for retrieval of very high implemented resolution
when designing new similar angular positioning systems.

21

o b)
Fig. 4. Optical microscopy pictures: a) fragment of polymeric scale (grating) formed by UV-casting
(magnification 750%), b) fragment of moiré pattern appearing when two UV-casted scales (gratings) are
coincident and one of them is rotationally shifted with respect to another (magnification 75%)

Modeling of moiré pattern

Assuming that rotational measurements could be done, for ex., at 8 mm distance from the
centre of small positioning system, two radial gratings (Fig. 5a) were modeled in MATLAB.
One of them (2 um period, 25133 lines per all circle) would be fixed to the rotating part and
another one (2.1 um period, 23936 lines per all circle) would act as a reference (Fig. 1).

1217

© VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. SEPTEMBER 2012. VOLUME 14, ISSUE 3. ISSN 1392-8716



845. APPLICATION OF INCREMENTAL POLYMERIC SCALES FOR HIGH PRECISION PIEZOELECTRIC ANGULAR POSITIONING SYSTEM.
R. BANSEVICIUS, I. GRYBAS, G. JANUSAS, A. LAZAUSKAS, K. MALINAUSKAS

A fragment of simulated moiré pattern is presented in Fig. 5a. In this case the distance
between dark zones is 40 um. Depending on the sensitivity and accuracy of sensors used in the
analyzed positioning system, this distance could be changed applying different period gratings.

When grating 1 is rotated (say, clockwise) appearing moiré fringes ‘move’ in the same
direction (Fig. 5b). Observing the pattern at 0.43 second shift it is clear that the white zone is
located instead of the dark one compared to no-shift image, while after 0.86 s of rotation dark
fringe returns to the initial (0 s) position. It means that using sensor, which is sensitive to bright
and dark zones enough, accuracy of 0.43 s could be reached.

It is very significant that measurement accuracy is not influenced by the place, where
appropriate optical signal reaches the scales (see Fig. 1), i.e. distances of 6 mm, 7 mm or 8§ mm
from the centre of the system lead to the same results. Such property is determined by the radial
grating itself. Only distances between dark fringes vary. For instance, this distance is 38 pm at
7.5 mm from the centre, while 45 pm distance is observed at 9 mm, respectively.

Grating 1 - Period 2 micrometers Shift 0.43 second
10 20 30 40 50 60 70 80 90 100 1‘0 20 30 40 50 60 70 80 90 100

Micrometers Micrometers
Grating 2 - Period 2.1 micrometer Shift 0.645 second

10 20 30 40 50 60 70 80 90 100 1‘0 2‘0 30 40 50 60 70 80 90 100
Micrometers Micrometers
Moire of Two Gratings - Shift 0 seconds Shift 0.86 second
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Micrometers Micrometers

a) b)
Fig. 5. a) Images of two gratings (period 2 um and 2.1 um) and their geometrical moiré pattern; b)
geometrical moiré patterns of corresponding gratings when grating 1 is rotated by 0.43 s, 0.645 s and 0.86 s
with respect to grating 2

Conclusions

A combination of moiré pattern and high precision piezoelectric motor was discussed as a
basis for generation of novel angular positioning system.

Operation principle of the motor, as the driving element, was explained in details putting
emphasis on both mechanical and electrical aspects. Egg-like and/or symmetrical ellipse radial
resonant oscillation types can be induced in piezoelectric disc causing the stage to be rotated.

UV-casting can be treated as a potential technique allowing production of high resolution
low-cost incremental polymeric scales (gratings) for moiré fringes to be retrieved.

Modeling of moiré pattern revealed that using specifically formed microstructures (for ex.,
periods of 2 um and 2.1 pm) it is feasible to achieve 0.43 s accuracy when shifting the rotating
scale with respect to the stationary one. In addition, it was determined that accuracy of angular
displacement measurement is not influenced by the place where appropriate optical signal
reaches the scales in terms of positioning system construction.
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