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The results of a feasibility study with the aim to demonstrate the applicability of a Fizeau interferometer
for tactile dimensional metrology are presented. The concept is based on a Fizeau interferometer for
detecting the deflection of an internal measuring plane at which the probing stylus is attached. The
mechanical setup is dimensioned for small probing forces and an isotropic probing behaviour. Results

and experience during building up the probing system and evaluating the interference images are
presented. Furthermore, the advantages and disadvantages of the new 3D-probing concept with a
theoretical resolution of 0.1 wm (X-/Y-direction) and 0.04 wm (Z-direction) are discussed.

© 2010 CIRP.

1. Applicability of Fizeau Interferometry for 3D-probing
concept

Progress in miniaturisation of components requires dimen-
sional micro- and nanometrology [1]. The presented probing
system is based on a Fizeau interferometer [2,3], which is normally
used in surface testing [4]. The information given by the
interference pattern is the orientation of the surface under test
relative to the reference surface as well as the form deviation of the
surface under test relative to the reference surface.

In this application, the orientation of the surface under test is
directly associated with the deflection of the probing sphere (see
Fig. 1). Deflecting the probing sphere causes a change in the
orientation and the distance of the interference fringes.

By evaluating the orientation of the moveable surface under
test relative to the non-moveable reference surface, the position
of the probing sphere can be calculated, if the length of the
probing stylus is calibrated. Additionally, an undesired defor-
mation of the surface under test, caused by too high probing
forces, can be detected in the interference pattern. A Z-
translation of the probing sphere changes the interference
pattern over the whole diameter of the laser beam only in its
intensity, but not in its shape. This has to be detected by an
online evaluation, which will be implemented in a future work.
The surface under test is suspended by flexure hinges, so that a
translation in Z-direction and the two rotations A and B are its
degrees of freedom (see Fig. 1). With only one sensor, the X-, Y-
and Z-position of the probing sphere can be determined.

2. Design and theoretical performance of the probing head

An advantage of the probing system is the simple mechanical
setup, as shown in Fig. 1.
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2.1. Setup of the probing head and test stand for probing head

The setup of the test stand is shown schematically in Fig. 2. The
main components are the laser interferometer, the adjustment unit
and the probing head. The probing behaviour is determined by the
probing head, at which the probing stylus is mounted. The
moveable part of the probing head is elastically supported by
flexure hinges, which are manufactured by laser cutting from a
thin foil with adequate thickness of 0.06 mm (red partin Fig. 3) and
then connected by laser welding with the fixed part of the probing
system (green part in Fig. 3). The manufactured probing head is
shown in Fig. 4. The flexure hinges, the non-moveable suspension
and the moveable adaptor for the probing stylus are assembled by
crosswise laser spot welding to minimise the inserted energy into
the assembly. The welding process ensures a positive locking
between the different components.

2.2. Simulation of probing behaviour

In order to enable an application of the probing system for
micro-components, the probing force has to be in the range of a
few mN or even less [5-7]. Otherwise, probing spheres with
diameters typically smaller than 500 wm damage the workpiece
to be checked because then the Hertzian pressure is too high [5,8].
For this reason, the influence of the geometry and the material of
the flexure hinges on the probing behaviour are simulated with
FEM. The resulting geometry is shown in Figs. 3 and 4. The
material of the three components is stainless steel 1.4310. The
flexure hinges have a length of 11 mm, a width of 0.6 mm and a
thickness of 0.06 mm. The design has a low stiffness in direction of
the intended movements (Z, A, B) and a high stiffness in direction
of the non-intended movements (X, Y, C) (see Fig. 3). The
mechanical properties are summarised in Table 1. With this
design, low contact forces during probing as well as a large
measurement range of the probing system (~100 wm) are
realised.
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Fig. 1. Setup for 3D-probing system.
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Fig. 2. Sectional view of test stand for the probing system.

3. Properties of the probing system

The simulated properties are checked by different experiments,
which are discussed in this section.

3.1. Checking of probing behaviour

The probing behaviour in X- and Y-direction is checked with
stiffness measurements: a force sensor is mounted on a manual
positioning device, whose deflection is determined by a 1D-length
measuring device. The force sensor is in contact with the probing
sphere and measures the probing force for deflections of the

fixed structure/suspension

flexure hinges

moveable structure
with probe tip

Fig. 3. Resulting geometry of the flexure hinges for the 3D-probing concept.
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Fig. 4. Manufactured probing head with match for comparing the scale and
dimensions of the flexure hinges.

Table 1

Mechanical properties of the flexure hinges (FEM simulations).
Stiffness in X and Y* at tip of the probe 18.9 N/mm
Stiffness in Z* at tip of the probe 0.06 N/mm
Stiffness around A and B* 0.058 Nmm)/°
Critical deflection of the sphere (von Mises criteria) 0.48 mm
Probing force for deflection of the sphere of 10 um 0.2mN
Eigenfrequencies (1st/2nd) 35.7/82.9Hz
Moving mass 11g

2 Definition of coordinate system: see Fig. 3.

probing sphere from 0.06 mm up to 0.24 mm. The direction of
deflecting the probing sphere is changed in steps of 30°. The results
are shown in a polar plot (see Fig. 5). For a fixed deflection of the
probing sphere, the measured probing force is almost independent
of the direction of the deflection. Thus, the simulated anisotropy
could be experimentally shown.

Contrary to simulations, the measured probing forces are much
higher (up to a factor of 30, dependent on which probing head is
checked). This is caused by the manufacturing of the flexure hinges
(as explained in Section 3.2) and is repetitive for all three checked
probing heads.

3.2. Influence of process parameters during manufacturing

In order to explain the differences in probing forces between
simulation and experiment, the flexure hinges are investigated
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Fig. 5. Checking the anisotropy of the probing system in XY-plane by measuring the
probing force (radial, 0-50 mN) for an adjusted deflection of the probing sphere
(different line style) in dependence of the direction of deflection (azimuthally from
0° to 360°, bold line: location of flexure hinges) (uncertainty of force measurement
U(k =2) <2 mN).
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Fig. 6. Influence of manufacturing parameters on cutting edge of flexure hinges (A
and B: burrs and burn marks. C: no burrs and burn marks with optimised cutting
parameters at bending beam).

with an optical 3D-microscope based on focus variation. The
flexure hinges are manufactured by laser cutting. Process
parameters such as cutting speed, focal position, pressure of
process gas or laser power has great influence on the quality of the
cut and on the cutting area. Because these parameters have not
been optimised for cutting the 0.06 mm thick stainless steel, burrs
as well as burn marks along the cutting edge have been generated
(see Fig. 6). The burr has an average height of approximately 20 wm
and a width of approximately 40 pum. This causes an increase of the
stiffness, because the geometrical moment of inertia is increased.
The resulting influence on the stiffness has been computed and is
consistent with the measured differences. In order to minimise
potential influences from varying material properties or manu-
facturing parameters, a simple bending beam is manufactured
under optimised process parameters. The calculated and measured
stiffness are 0.017 N/mm and 0.016 N/mm, respectively. In this
way, an easy and fast check is implemented to verify the
assumptions of the calculations before the probing head is
assembled [9].

3.3. Software for evaluating the position of the probing sphere

The relevant information about the position of the probing
sphere is enclosed in the interference images. A deflection of the
probing sphere causes a change in the phase of the light wave
between reference beam and measurement beam. Thus an
intensity modification of the superposed beam is generated, which
results in a changing interference pattern [3,10]. Consequently, the
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maximum speed of deflecting the probing sphere is limited by the
speed of the image processing. The direction of deflecting the
probing sphere is given by the orientation of the interference
fringes; the magnitude of the deflection is inversely proportional to
the distance between the interference fringes.

In a first step, an algorithm for determining the relative shift
between two images is realised. The intention is to prove that the
deflection of the probing sphere can be determined using a Fizeau
interferometer. Actually, the image processing speed is very low,
because the resolution of the interferometer is very high
(480 x 640 pixels). This shall be improved in the next step. The
implementation of an online measurement of the Z-movement
shall be also realised in the next step. Therefore another optical
system is needed, which enables image processing with at least
25 kHz for opportunity of scanning [5].

The main modules of the current algorithm are the following:

o Filtering the image in order to reduce noise.

o Edge detection in the intensity image.

e Detection of lines of the interference fringes by using Hough
transform [11]. Their orientation is compared with an optimisa-
tion, which minimises the distance of intensity peaks on a
section through the interferogram.

e The result is used for calculating the out-of-plane tilting of the
surface under test referred to the reference surface.

e The distance between fringes in the interferogram is determined.

e Calculating the position of the probing sphere.

The output for detecting the axis of rotation by minimising the

distance of the intensity peaks is shown in Fig. 7.

The developed algorithm is checked with simulated inter-
ference images between a perfect flat reference surface and a
perfect flat surface under test: the sinus profile of the intensity is
preset, so the orientation of the interference fringes and the
distance between themselves are known. The interference images
are simulated directly, without any connection to the evaluation
algorithm to be checked.

3.4. Measurements results

The presented results are only for deflecting the probing sphere
horizontally. In future investigations, real 3D-measurements of a
test part are planned to determine the sensitivity and stability of
the probing system in more detail. The relative deflection of the
probing sphere between two images is determined with the
algorithm as described above and compared with the deflection
measured by an additional 1D-length measuring device. Before,
the stylus length is calibrated by minimising the differences
between the detected deflections by the two devices.
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Fig. 7. Determining the orientation of the surface under test (results of single steps shown in image A-D).
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Table 2
Results of displacements measurements (measurement uncertainty U(k =2)).

Detected deflection [pm] by Relative error [%]

1D-length measuring device 3D-probing system

2.6+0.23 2424024 74+12.8

5.7+0.23 5.60+0.24 1.8+5.8

9.0+0.23 8.87+£0.24 1.5+3.7
13.5+0.23 13.48+0.24 0.1+25
19.9+0.24 19.94+0.24 02+1.7
25.7+0.24 25.78 £0.24 03+13
Measurement 2 with separate calibration

3.4+0.23 3.44+0.24 1.2+9.8
10.3+0.23 10.47 +£0.24 1.7+3.2
19.1+0.24 19.12+0.24 0.1+1.8
22.3+0.24 22.19+0.24 05+1.5
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Fig. 8. Thermal drift of 3D-probing system if probing sphere is freestanding
(measurement uncertainty U(k = 2): £0.24 wm, see dashed lines).

The principal contributors to the measurement uncertainty of
the 1D-length measuring device are the measuring uncertainty of
the incremental probe (+0.2 wm over 12 mm measuring range) and
the angular error of the probing direction from the deflecting
direction (assumption: range + 1.5°). The thermal drift is neglected,
because the measurement period is smaller than 1 min and the whole
setup is temperature conditioned for at least 4 h. The measurement
uncertainty is U(k = 2) = 0.24 pwm for length <0.24 mm.

The principal contributors to the measurement uncertainty of
the 3D-probing system are the uncertainty of the interferometer
and the performance of computing the orientation of the surface
under test. For the fitting of the line with maximal gradient used in
Fig. 7C, a 95% confidence interval is calculated. The uncertainty of
the interferometer with the used reference surface is according to
the manufacturer instruction A/10, which results in a standard
uncertainty at the probing sphere in horizontal direction of
0.11 pm. The total measurement uncertainty is U(k = 2) = 0.24 pm
for length <0.24 mm. The thermal drift is neglected for the same
reason as described above. The results are summarised in Table 2.
The direction of deflecting the probing sphere has no influence on
the detected deflection.

The repeatability of the probing system is determined to be
0.19 wm. This standard deviation is almost as large as the

estimated uncertainty of the 1D-length measuring device, which
is used to deflect repetitively the probing sphere. Consequently,
the checking of the 3D-probing system is currently limited by the
used 1D-length measuring device and the manual positioning
device.

The drift has also been measured. For a measurement period of
4 h the thermal drift is determined to be 0.16 wm (see Fig. 8). The
peak in Fig. 8 (red curve) is caused by disturbances, e.g. persons
walking through the laboratory, and is eliminated for the drift
evaluation (blue curve in Fig. 8). If the probing system is calibrated
each 30 min, the drift can be reduced to 0.1 wm. During drift
measurements, the probing sphere is not in contact with a
workpiece. The test conditions are typical laboratory conditions
with air conditioning to 20 + 0.5 °C.

4. Conclusion

A new 3D-probing system for tactile coordinate metrology has
been presented. The concept is based on a Fizeau interferometer,
which detects the deflection of an internal measuring plane at
which the probing sphere is fixed. The anisotropy during deflecting
the probing sphere is experimentally proven. The difference
between calculated and measured stiffness of the flexure hinges is
caused by burr formation during manufacturing the flexure hinges.
With optimised machining parameters a simple bending beam is
manufactured and correspondence to simulation is proven. The
properties of the material used as well as the manufacturing can be
checked before the components of the probing head are assembled.

The applicability of a Fizeau interferometer for tactile probing
systems is shown:

e Thermal drift smaller than 0.16 wm over 4 h in usual laboratory
condition (air conditioned to 20 + 0.5 °C).

e Anisotropy of the direction of deflecting the probing sphere in
XY-plane.

¢ Independent check of evaluated deflection.

Based on the results and experience of the feasibility study, the
probing system will be improved and expanded to a high dynamic
system. The costs of the probing system are mainly caused by the
laser interferometer and not by the manufacturing process of the used
components, because conventional manufacturing processes like
laser cutting, laser welding or drilling are used.
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