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Abstract

A novel 2D-nanopositioning system is on development to obtain submicrometre accuracy along 50 mm x 50 mm of working range. This article
presents the proposal of a calibration procedure to assure traceability and minimise errors. Self-calibration methods become an interesting solution
when working at submicrometre scale. Hence, a specific algorithm is proposed.

The mathematical measurement model of the 2D-sensor arrangement of plane mirror laser interferometres is analysed and a commercial grid
encoder is used as a non-calibrated artefact. The readouts from both devices integrated in a similar stage setup are registered, considering two
different views of the established artefact. After analysing the results, the study demonstrates as initial approach the suitability of the self-

calibration methodology for the considered problem.
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1. Introduction

A novel two-dimensional nanopositioning platform stage
(NanoPla) is on development to obtain submicrometre
accuracy along a large working range (50 mm x 50 mm). The
XY-positioning is characterised by plane mirror laser
interferometres, RLD laser family of Renishaw plc. After the
measurement accuracy analysis of the proposed prototype
during the design phase [1], this paper deals with the definition
of a calibration procedure able to obtain a better accuracy of
this positioning stage. A self-calibration method has been
proposed because it eliminates the difficulty of finding a
calibrated artefact at nanometre scale. Thus, this study is based
on a previous work [2], which uses the same setup of 2D-
measurement systems: laser interferometers and a commercial
grid encoder of Heidenhain GmgH. In this case, the
mathematical measurement model of the 2D-sensor
arrangement is firstly analysed. Following, the setup used for
the calibration is described: laser system and grid encoder,
which acts as a non-calibrated artefact. Then, the self-
calibration algorithm is defined, having as input the readouts of
the laser interferometers and the grid encoder registered at
the same time in two different views of the considered non-
calibrated artefact. To conclude, the limitations of this self-
calibration procedure are studied, verifying its correct
performance within the working range.

2. Mathematical model of the 2D-laser system

The first part of the study consists on the definition of the
mathematical measurement model, considering the 2D-laser
scheme of plane mirror laser interferometers. The geometric
relationships of the analysed case are illustrated in Figure 1.

XZ-plane YA Plane XY-plane
Z ’— mirror
Plane D.
mirror
= o » X
X-Laser X-Laser
beam
(axis of
motion) /3/
aXL
D, * Y-Laser beam

Figure 1. Geometric model of the 2D-laser system (in the image, D,=0).

The model assumes that the incident and reflected laser
beams are considered coincident along the same line.
According to the manufacturer’s specifications, the deviations
caused by the orthogonality error between laser beam and
plane are negligible in a 100 mm range (<<0.1 nm). The
geometric relations from the model are listed below, where D,
and D, are the actual displacements, and L,and L, are the lasers
readouts in X- and Y-axis, respectively:
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As model initial conditions, the calibration procedure should
work within all the expected ranges for the angles. In view of
the experimental measurements of the NanoPla, the
parameter a,, is around +5.107 rad. According to the laser
system datasheet, the expected range for aymitch and Qypitch iS
+15-10° rad. In addition, to obtain Dy and D, with nanometre
accuracy, the angle a,, should be determined with an
uncertainty (k=2, level of confidence 95%) of +1.10° rad, while
Qypitch and Oypiecn Should be calculated with an uncertainty (k=2)
of +1-10° rad.
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3. Calibration Setup

The experimental setup for the self-calibration procedure is
shown in Figure 2. The metrology frame was carefully designed
to improve accuracy during the previous carried out tests [2]
(characterisation of 2D-sensors at different temperatures). For
this reason, the whole frame is made of Zerodur. This same
scheme has been used for this study, using a different
approach and a different geometric model. The plane mirrors
and the KGM 181 scanning head of Heidenhain GmbH are
attached to the arm of the positioning machine that remains
static. The Renishaw RLD10-90 detector head and the grid base
of the 2D-encoder are over an XY-positioning table. For this
arrangement, other geometric relationships are the angular
deviation between the reference axis of the positioning
machine and the laser system (6) and the angular deviation
between the reference system of the positioning machine and
the encoder (o). According to the experimental measurements
of the calibration setup and the NanoPla assembly, the
expected range for the angles 6 and ¢ is £0.01 radians.
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Figure 2. Experimental setup for the calibration procedure.

4, Self-calibration Algorithm

The self-calibration method based on reversal techniques
becomes an interesting solution for nanopositioning
applications [3]. Self-calibration is a suitable procedure to
optimise the 2D-stage performance in a £25 mm working area.
The global determined errors by this technique are expressed
as the addition of the positioning errors of the laser system, the
intrinsic errors of the non-calibrated artefact and the alignment
errors of the non-calibrated artefact regarding each view. For
this special case, the input data are the readouts of the laser
system and the grid encoder at the same positions. These
measurements are taken in different reference axis, so that it is
necessary the alignment of this two axis to compare the two
measurements. Thus, the rotation errors are cancelled once
the encoder’s readouts are rotated to the laser system axis.
That is summarised for the initial view, V in Equation 5:
Vg(xi,yj):Mo(xi,yj)+E0(xi,yj)+A00 (5)
Mg is the laser system positioning error for the point (x; y;) at
its own reference axis. Respectively, E, is the grid encoder
positioning error for the point (x, y;), rotated to the laser
system reference axis (6-0); and AQ, is the displacement of the
origin, i.e. the initial reading at the zero position: A0, =V,(0,0).
The grid has NxN points, thus i, j=1, 2,..., N.

Two different views of the grid encoder have been used:
initial view (Vy); and the rotation view (V,), gotten by rotating
the KGM 180 degrees. In view of the used setup, it is important
to observe that the angular deviation 8 is constant for V, and
V4, but not the angular deviation o. For each position of the
grid encoder the same locations have been registered
simultaneously by the laser system. The points may not be
invariant, because of the errors of the positioning machine and
the o-angle from V, to V;. Nevertheless, close points have
similar errors, according to the calibration certificate of the grid
encoder. Hence, it is possible to assume that the artefact errors

can be compensated by relating views. Two sets of points,
along the X- and Y-axis of the grid encoder, have been
measured for each view. Combining the Equations (3), (4) and
(5), the following expressions are obtained for Vyand V;:
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Voy (%0, ¥, = 8, (x,, ) +E, (%, ;) + V,,(0,0) (7)
Vie(x0,y;) = 8, (x)+E, (=%, —y;)+V,,(0,0) (8)
Viy (%, ) = 8, (%, ) +E, (=x;, —y;)+ V,,(0,0) (9)

Applying reversal techniques to the measurements that have
been carried out, the following equation system is obtained,
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where (x?,yg) and (—x?,—yg) for i=0,1,..,N-1, are the set of

(12)

points measured along the encoder’s X-axis in V, and Vy,
respectively. Besides, (x),y}) and (-x;,-y}) for j=0, 1,...,N-1, are

the set of points measured along the encoder’s Y-axis. The
calibration procedure has been simulated, taking into account
the linear error of the grid encoder, the random error of the
lasers and values inside the expected range for 8, o, a,,, Qpitch
and aypieeh,. It is verified that the results have been achieved
with the required accuracy, as it is presented in Table 1.

Table 1. Comparison between nominal and calculated values [rad].

Angle | Nominal Calculated Error Required
(rad) Uncert. (k=2)
™ 0.005 0.0049997 3x107 +1.10°
Qypitch 0.001 0.0010293 | -2.93x10° +1:10°
Qypitch 0.001 0.0010221 | -2.21x10° +1-10°

5. Conclusion

In this work, a self-calibration procedure of the laser sensor
system of a 2D-long range nanostage is described. In a similar
setup and using a grid encoder as a non-calibrated artefact, the
study demonstrates the suitability of the algorithm and
methodology as initial approach of the considered problem. In
future works, its application to the final system may be studied.
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