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Reading Guidance of papers received in ICOPEN2011

The International Conference on Optics in Precision Engineering and Nanotechnology (ICOPEN)
was organized by the Optics and Photonics Society of Singapore (OPSS) from 23-25 March, 2011 and
held in the Singapore EXPO. The Conference is featured with prominent keynote speakers from the
international arena, as well as over 100 speakers in the relevant fields, coming from around the world.

Optics is considered to be a new driving force in the fields of precision engineering and nanotechn-
ology. This Conference was timely to bring together the leading researchers both from industry and
academia to discuss the leading-edge technologies and research progress in these related fields. A num-
ber of papers were selected to be published in the Journal of Optics and Precision Engineering.
These selected papers relate to comtemporary topics or research fields, including small optical probes
for optical coherence tomography, aspherical microlens modules for high speed data transmission, an
evaluation method for nano-stage movement, TIR illumination technology for defect inspection, tan-
dem photovoltaic cells, a large deformation measurement technique, design and calibration of ultra-
precision CMM, nonlinear optical properties of lead sulfide nanoparticles, applications of fiber Bragg

gratings, nano-scale thin metal films, etc. Details are available in the following papers.
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Abstract. This paper presents critical aspects of the calibration of the Isara 400 ultra-precision 3D Co-

Received date:2011-03-08 ; Revised date:2011-04-30.
Foundation item: Supported by Nano CMM(No. FP6-026717-2) and Production 4u(No. FP6-2004-NI-4)



LR

Henny Spaan,et al. :Design and calibration of “Isara 400” -+ 2237

ordinat Measuring Machine(CMM), such as the calibration of flatness and out-of-squareness of the

system’s mirror table. In addition, a newly developed ultra-precision tactile probe system is described

and the results of the 3D sensitivity calibration of this probe are presented.

Key words: nanotechnology; Coordinate Measuring Machine(CMM) ; touch probe;calibration

1 Introduction

The Isara 400 Coordinate Measuring Machine
(CMM) is the latest development of IBS Preci-
sion Engineering for coordinate metrology of
large, complex parts with nanometer level meas-
uring uncertainty. The expected 3D measuring
uncertainty is 100 nm (2¢) within the complete
measuring volume of 400 mm X 400 mm X 100
mm. The Isara 400 CMM is capable of measur-
ing complex surfaces like aspheres, free-forms or
integrated optics with nanometre accuracy in full
3D. In addition, application areas include the geo-
metrical inspection of a wide range of industrial
parts, similar to conventional CMMs, but with

much higher measuring accuracy.
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Fig. 1 3D design concept of the Isara 400 CMM

Fig. 1 and Fig. 2 show an overview of the
complete machine. Three plane mirror laser in-
terferometers are applied as measuring systems
for the machine axes. The interferometers each
measure against the sides of a mirror table, on
which the work piece is mounted. These inter-
ferometers are mounted in a single body metrolo-
gy frame, which also holds the probe system.
The laser beams are aligned to the probe tip and

their mutual alignment does not change during
movement of the axes, thus fulfilling the “Abbe
principle” in 3D within the complete measuring
volume. As a result, straightness errors and ro-
tations of the three translation stages will have
no first-order influence on the measurement re-

sult.

Fig. 2 Photograph of the Isara 400 CMM

The product is mounted on the mirror ta-
ble, which moves only in the X- and Y-direction
over a granite base plate, guided by air bearings
in a ‘floating table’ configuration. The mirror
table of the Isara 400 is a monolithic Zerodur
part with three reflective sides. Fig. 3 shows the
mirror table and the X/Y-drives; for more de-
tails see [1]. Work pieces are not placed directly
onto the Zerodur, but onto a removable silicon
carbide (SiC) product table, which serves as an
interface between the product and the mirror ta-
ble. The weight of the product table with the
work piece is directly transferred through its
mounting supports to the supporting air bear-
ings, without causing additional deformation of
the Zerodur mirror table.

The complete metrology frame moves in the
Z-direction, with guiding provided by air bear-

ings against a vertical granite surface. The me-
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Fig. 3 Zerodur mirror table and X/Y drives

trology frame, shown in Fig. 4, is designed as an
assembly of hollow beams of silicon carbide, re-
sulting in a structure which is both stiff and
lightweight, while also providing good thermal
stability.

Fig. 4 Silicon carbide metrology frame

2 Mirror table calibration

The three sides of the mirror table serve as tar-
get mirrors for the laser interferometers and can
thus introduce measuring errors due to flatness
deviations and out-of-squareness. These devia-
tions need to be calibrated and compensated. All
mirror table calibration measurements are per-
formed on the machine itself, in its final assem-
bled position, so that the sagging of the mirrors
due to gravity is included. The calibration strat-
egies presented here build on the work described
in [2], but effort has been made to simplify the

procedure.

2.1 Flatness calibration

The flatness of the mirrors is calibrated by
placing a flatness reference in the measurement
volume of the machine and performing a flatness
measurement with a highly accurate capacitance
probe. The applied reference artefact is a Zero-
dur block, which has three sides with a reflective

metal coating.
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Fig.5 Flatness calibration of the Z-mirror (concept

sketch)

Fig. 5 and Fig. 6 show the setup for flatness
calibration of the Z-mirror: the complete top
surface of the artefact is measured with the ca-
pacitance probe; the measurement result is the
sum of the flatness deviations of the mirror and

the reference artefact.

Fig. 6 Flatness calibration of the Z-mirror (3D model)

The flatness from the reference artefact is
known from optical calibrations; by subtracting
this from the measurement result, only the flat-
ness deviation of the Z-mirror remains. A simi-

lar calibration is performed for the X- and Y-mir-
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rors, by measuring the sides of the same arte-
fact.
2.2 Optical flatness calibration of reference ar-
tefact

The flatness of all three sides of the Zerodur
reference artefact is calibrated using Fizeau in-
terferometry. In each of these optical calibration
measurements, the artefact is in the same orien-
tation as it is during mirror table calibration on
the Isara 400. The top surface of the artefact
was measured in a custom interferometric test
configuration with the surface normal vertical
and supported exactly as it is during calibration
measurements on the machine, so no additional
sagging needs to be taken into account. This op-
tical calibration provides the flatness map shown
in Fig. 7. The expanded measurement uncertain-
ty of the optical calibration is evaluated (using
an approach as described in [3]) to be <<10 nm;

Fig. 8 shows the uncertainty map.
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Fig. 7 Flatness map from optical flatness calibration
of the artefact” s top surface, performed by

Zygo corporation (colour scale in nm)

2.3 Out-of-squareness calibration

The orthogonality of the machine’s metrol-
ogy coordinate system is determined by the or-
thogonality of the three mirrors of the mirror ta-
ble. Any out-of-squareness between these mir-
rors will cause measurement errors. Using the
same Zerodur artefact as described in the previ-
ous paragraph, the out-of-squareness of the
three mirrors can be calibrated. As the out-of-

squareness of the artefact has not been accurate-
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Fig. 8 Uncertainty map from optical flatness calibra-
tion of the artefact’s top surface (colour scale

in nm)

ly calibrated, error separation needs to be ap-
plied.

The three sides of the artefact are measured
by the capacitance probe; the mutual angle be-
tween the three measured planes is thus deter-
mined. This result is a combination of the out-
of-squareness of the mirror table and that of the
artefact. By measuring the artefact in multiple
orientations, it is possible to perform error sepa-
ration,

Capacitance probe

(a) Artefact in orientation 1

i My=p+aty~90"

(b) Artefact in orientation 2
Fig. 9 Out-of-squareness calibration of the Y- and Z-

mirrors
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The procedure for one specific out-of-
squareness angle is shown in Fig. 9. The mount-
ing orientation of the capacitance probe varies in
order to measure several sides of the artefact. In
the first orientation of the artefact, the meas-
ured angle between the two planes equals M, =¢
—ay; +90°, where ¢ and ay, are the out-of-
squarenesses of the artefact and the mirror ta-
ble, respectively. In the second orientation, the
measured angle is M, = ¢+ ay; — 90°. Because
the contribution of ay; changes sign between the
two measurement results, it is possible to deter-
mine both ¢ and ay; from these two measure-
ments: ay; =1/2 + (180°—M,; +M.) and ¢=1/2
« (M, +M,). A similar strategy is used for the

other out-of-squareness errors.

3 Tactile probe calibration

The design and calibration of the “Triskelion”
probe system is described in detail in [4]. The
design features include an elastically suspended
stylus, which is free to deflect in the X-, Y- and
Z-direction at its tip; this deflection is measured
by three capacitance sensors which are integrated
into the probe system. A newly developed mini-
aturized version of this probe system features a
stylus with a tip diameter of about 70 pm. The
small tip enables measurements of very small
features, such as the inside diameter of very

small holes (up to 1 mm depth).

Fig. 10 Photograph of miniature probe in CMM

The sensitivity calibration of this probe sys-
tem is performed on an ultra-precision CMM.
The probe is placed in contact with a flat work
piece surface, which is located on the product ta-
ble. Probe deflection is then applied by moving
the table; the output signals of the probe and
the interferometric table displacement are log-
ged. Repeating this measurement for multiple
probing directions yields a 3D sensitivity model.
This model is validated by performing additional
probing measurements. One such result is pres-
ented in Fig. 11 (unfiltered data). For probe tip
deflections <5 pm, measurement errors are <C
10 nm per axis of the coordinate system and <15

nm in 3D.
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Fig. 11 Photograph of miniature probe in CMM

4 Conclusions

The Isara 400 ultra-precision CMM has been re-
alized and is currently operational. Calibration of
the mirror table deviations are critical to achie-
ving the targeted volumetric uncertainty of 100
nm (k£=2). A new miniaturized tactile probe
system has been realized and the sensitivity cali-

bration has been successfully performed.
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