Journal of Automation, Mobile Robotics & Intelligent Systems

VOLUME 3, N°4 2009

RADIUS MEASUREMENT OF CYLINDRICAL SURFACES BASED
ON ANALYZING THE INTERFERENCE PATTERN OBTAINED BY
SCANNING THE SURFACE WITH FOCUSED LASER BEAM
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Abstract:

A focused laser beam is incident on the edge of cylin-
drical object. The reflected edge wave is interfering with
geometrical wave forming fringe pattern containing the
information about the surface local curvature. This can be
determined by analyzing the detector output signal.
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1. Introduction

In laser-scanning measurement of cylindrical objects
extremely complex interfering signals occur. They are due
to superimposition of reflected, geometrical and scat-
tered light. The proportions between these components
vary in time, and also the total intensity distribution
changes. The considerations applying Fraunhofer theory
are static and fragmentary, and it may be concluded that
the existing solutions for diffraction of 3D bodies do not
fit to engineering applications.

A rigorous diffraction theory is based on Maxwell's
equation and the boundary conditions are associated
with the obstacle [1]. The boundary conditions are used
to calculate a field scattered by the obstacle. The origins
of this scattered field are currents introduced in the
obstacle by the incident field. The scattered field is allo-
wed to interfere with the unobstructed field to produce
resultant interference pattern.

Within the Kirchhoff theory of diffraction there are
two possible ways of interpretation the diffraction phe-
nomena. The first one, based on so called “edge wave”,
which refers to T. Young idea was later extended by
A. Rubinowicz and the second Fresnel diffraction model,
is based on the “zones concept”. T. Young interpreted the
diffraction phenomena as a result of interference of the
geometrical wave propagating in free space with “the
edge wave” A. Rubinowicz [2]. Theoretically it proved the
possibility of division the Kirchhoff diffraction field into
two components. One of them has the character of in-
cident wave and the second represents the wave created
by interaction between primary field and the edge of ob-
ject, and this interaction is of reflection type. These ma-
thematical considerations are commonly accepted in the
scientific world, but were never proved experimentally.

In the paper the geometrical wave is the undisturbed
part of incident wave. The edge wave is the wave gene-
rated by the edge of an object (it is the wave reflected by
the fragment of cylindrical surface considered to be as
the edge of the object). These two waves interfere and

form fringe pattern containing the information about the
local curvature.

Having the above in view, the close analysis of detec-
tor signal was carried out. The obtained intensity charac-
teristics allow determining the curvature of the surface.

2. Measuring set-up

The outlook of the experimental set-up is presented
in Fig.1. (it was described in [3]). The auxiliary com-
ponents like: system assuring parallel laser travel, vibra-
tion protection set-up, dark chamber, detector electro-
nics, computer, etc, are not shown in the figure.

Fig. 1. Experimental set-up.

The unit (1) contains laser, beam forming optics
(beam expander with spatial filter) and scan lens. The
transformed laser beam is directed to the object (2) and
the generated intensity distribution pattern is measured
by detector unit (3) and then processed by computer.
Computer controls the step motors (4) and (5) by means
of interface in/out LC-012-1612. The motor (4) scans the
laser unit and motor (5) scans the detector. Laser and
detector are supplied by separate power sources.

The experiment was limited to the edge effect - it
means only to the area located nearby the shadow border
line (where the strong diffraction effect is expected).

In order to avoid the inaccuracies caused by the in-
stabilities of angular deflection, the entire laser head is
scanned parallel to beam axes (in 2.5m steps). The detec-
tor unit (fixed to the rotary table, coaxially with object
axis) is composed of photodiode, aperture 0.3 mm and
electronic circuit. It was calibrated with the power meter
(LaserMate-Q, Coherent) and obtained signal (in V) is
proportional to the measured light intensity.
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3. Position of object edge in relation

to the laser beam waist.

The determination of measuring area (location of
measured object) is essential in all measuring instru-
ments. In reference to the notations used in Fig. 2: the
areas A and B represent two theoretical halves of laser
beam. C is the shadow area and in D area the interference
fringes appear.
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fig. 3. An exemplary detector signal recorded by scanning
the detector from point 1 to point 2.

In the designed system the beam waist is 2w, =60 um
and its position in reference to the scanning lens is 65
mm. In experiments ¢ 0.9, 2, 2.5, 3, 4 mm cylinders were
used, placed perpendicularly to the laser beam axes in the
distance 57-85 mm from the laser head (scanning lens).
The measurements were taken in 1mm step starting with
57 mm distance and the measuring quantity was the visi-
bility of interference fringes. In each position the laser
beam was screened by the edge of an object and the frag-
ment of resulting interference pattern was recorded by
scanning the detector from point 1 to point 2 (see nota-
tions in Fig. 2). The results were discussed in [4]. Depen-
ding on the position of an object the interference pattern
changes significantly. Fig. 3 shows the exemplary plots of
measurement data recorded by scanning the detector
from point 1 to point 2. The course with points A(n) (refe-
rence course) represents the measurement data taken for
such position of laser beam where the beam axes is tan-
gent to the object surface. The course with points B(n) -
optimum course, presents the data taken for beam axes
being parallel displaced of about 1/3 of a beam size from
the previous position. That choice is justified by the
following reasoning:
with the transverse parallel displacement of laser beam
the difference B1-A0 is increasing (what is considered as
advantage), but the further displacement results are in
gradual decreasing (and even disappearing) of the 3rd-
order maximum (what is obvious disadvantage); the opti-
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mum displacement was defined for 1/3 of beam diameter
(it corresponds to 50 m for 75 mm distance from the laser
head).

Fig. 3. presents the exemplary detector signal recor-
ded by scanning the detector from point 1 to point 2.

We named the course with points A(n) as “a maximum
of the first order interference fringe”. This course is
determined by scanning the edge of an object withh laser
beam in small steps. Out of the obtained plot of courses
(Fig. 4) it is easy to select the one with maximum ampli-
tude. This procedure was described in deteils in [5].
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Fig. 4. Detector output signal obtained by scanning the
edge of an object with laser beam. “The maximum of the
first order interference fringe” is indicated as A.
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Fig. 5. The courses A(n) and B(n) for cylindrical object of
radius 0.45 mm.
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Fig 6. The courses A(n) and B(n) for cylindrical object of
radius 2.0 mm.

At the distances below 65 mm the diffraction effects
are visible on the left side of the graphs. The most
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uncertain signal was detected at the positions close to
the beam waist (it did not show any interference). When
the distance 65 mm was exceeded the stronger and more
distinct pattern appeared. The graph for 75 mm distance
contains most information. There are clearly visible 6 in-
terference fringes and also visibility of fringes is high.

Taking this object position as optimum, the series of
measurement were performed with cylindrical objects of
radius 0.45, 1.0, 1.25, 1.5 and 2.0 mm. The two exemplary
results, for radius 0.45 mm and 2.0 mm, are shown in Figs.
5and 6.

Table 1 shows xy coordinates of points A(0), B(0),
A(1), B(1). We analyzed the results trying to define the
peculiarities related to curvature (such as: number of
fringes, fringes gradient, attenuation coefficient) and
finally we selected the parameter called “interference
signal gain”. This parameter is given by relationship:

S;=Y(0,)-Y(1p)

where:

Y(0,) - is the amplitude of detector signal level corres-
ponding to the maximum of the first interference fringe in
basic course.

Y(1;) - is the amplitude of detector signal corres-
ponding to the maximum of the first interference fringe in
optimum course.

The performed experiments prove the possibility of
noncontact radius measurement of cylindrical objects
with the use of interferometric phenomena.

The significant increase of interference signal, para-
meterized by §;, enables to measure the radius (curvature)
with the resolution 10 um.

The interference maximum appears at the maximum of
reference beam what enables the accurate determination
of an edge of an object.

4. Simulation
Due to the very compound form of the above inter-
ference/diffraction phenomena, we decided to explain
these effects by simulation.
In simulation we took the following assumptions:
a) The investigated objects are the cylinders up to
5 mm diameter.

b) The phenomenon can be analyzed with different
wavelengths.

The incident wave has plane wave front of unli-
mited widths.

The cylinder surface was treated as unlimited set
of light-reflecting sharp edges.

Each elementary ray reflects from consecutive
sharp edge.

The reflected ray interferes with geometrical ray,
Fig.7 (this is exactly the case discussed by
Rubinowicz [2]).

The results are presented graphically.

Phase shift between geometrical wave and reflec-
ted wave was assumed only on the basis of path
difference of these waves. The phase shift due to
the reflection was not taken into account.

c)
d)
e)
f)

9)
h)

The obtained simulation results are presented in Fig.
8 and can be summarized as follows:
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Fig. 7. Geometry of simulation experiment.
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1. Theenvelope of obtained signal (low frequency) is
in good agreement with experimental results.

2. Each cyclein high frequency signal corresponds to
one wavelength path difference of interfering
waves. This path difference is bigger for larger
diameter of object.

3. The presented results expand the Rubinowicz's
considerations on the origin of edge wave [2].

Table 1. xy coordinates of points A(0), B(0), A(1), B(1) and parameter S,.

Radius Course X(0) Y(0) X(1) Y(1) X(0,)-X(1;) Y(0,)-Y(1;)

0,45 A 16100 5,53 10850 4,79 10250 2,16
B 11050 5,77 5850 3,38

1,0 A 14650 5,59 9150 4,77 11350 2,45
B 9400 5,78 3300 3,14

1,25 A 16250 5,69 10650 4,74 11600 2,69
B 10750 5,62 4650 3,00

1,5 A 17100 5,84 10500 4,48 11550 2,80
B 11650 5,28 5550 3,04

2,0 A 15200 5,94 9,450 4,02 11450 3,90
B 9800 4,82 3750 2,04
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fig. 8. Low and high frequency signal for cylinders of radius

0.5mmand 2.5 mm.

5. Conclusion

1. Diffraction angle on the edge depends on the local

radius.

2. Theradius of an edge can be determined on base

of analyzing the interference pattern.

3. The phase shift of the edge wave in relation to the
geometrical wave has two components: optical

path difference and phase shift on reflection.

4. The developed system enables the measurement
of phase shift on reflection for incident angle

close to 90 deg.
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