November 1, 1993 / Vol. 18, No. 21 / OPTICS LETTERS 1861

Electronic speckle pattern interferometry for simultaneous
measurement of out-of-plane displacement and slope
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An optical configuration is presented for simultaneous measurement of out-of-plane displacement and slope change
in electronic speckle pattern interferometry. Experimental results for a rectangular plate clamped along the

edges and loaded at the center are presented.

Various optical configurations have been reported
that use speckle interferometry and speckle shear
interferometry to extract out-of-plane displacement,
slope, and curvature from a single specklegram.!-3
These techniques involve the use of a multiaperture
mask with shearing elements in front of the imaging
system. A reference wave is added at the image
plane of the lens, either by provision of a smooth
reference wave at the image plane? or by use of
a small ground-glass reference diffuser in one of
the apertures.! Such investigations were carried out
by recording specklegrams on photographic plates,
and the information was extracted by a filtering
process. On the other hand, video techniques such
as electronic/digital speckle pattern interferometry
and TV holography eliminate the two-stage process
of recording and filtering encountered in speckle in-
terferometry and speckle shear interferometry and
provide correlation fringes in real time. The tech-
nique was demonstrated by Butters and Leendertz.*
Since then, such electronic techniques have become
powerful on-line inspection tools for the measure-
ment of displacements and displacement derivatives,
vibrational analysis, shape measurement, and non-
destructive testing.5-8

In this Letter we present an optical configura-
tion for simultaneous observation of out-of-plane dis-
placement and slope in real time. The technique
combines the out-of-plane displacement configuration
and a shearography configuration. At the CCD de-
tector plane one half of the detector array records the
out-of-plane displacement while the other half of the
detector surface provides observation of slope fringes.

Figure 1 shows an optical configuration for the
simultaneous measurement of out-of-plane displace-
ment and slope change. The object is illuminated by
a nearly collimated laser beam. Itisimaged onto the
photosensitive surface plate of a CCD camera by mir-
ror M1 and an adjustable bimirror M2 placed in the
arms of a Michelson interferometer setup. A zoom
video lens in the front is used together with relay
lenses before and after the Michelson interferometer.
After passing through the interferometer, the beams
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become nearly parallel. The tilt angle between the
surfaces of bimirror M2 is adjusted initially so that it
acts as a plane mirror. An overlapped image that
results from mirror M1 (image A) and mirror M2
(image B) is formed on the CCD camera. Mirror
M1 is then tilted so that its reflected image A falls
upon one half of the detector plate. Similarly the
image reflected by mirror M2 is adjusted so that
image B occupies the other half. A smooth in-line
reference wave is added with the help of a single-
mode fiber and a beam splitter to image A in one
half of the detector. We introduce a shear in image
B by tilting one of the arms in the bimirror along
the x direction. Shear along the y direction can
also be introduced by tilting one arm of the bimirror
with respect to the y axis. One can see two im-
ages on the monitor, one from a conventional out-of-
plane displacement configuration and the other from
a shearography configuration. The average speckle
size is adjusted to be within the resolution limit of
the detector. The CCD camera is connected to a

CCD camera

Image X

Fig. 1. Schematic for simultaneous measurement of
out-of-plane displacement and slope change. M’s, mir-
rors; BS’s, beam splitters; PC, personal computer.

Monitor
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commercially available image-processing system that
is interfaced to the host computer.® For simplicity,
we choose the system’s simplest working mode, and
one frame of the image is recorded with the stan-
dard ESPI version on a video store. The object is
deformed, and this frame of the image is subtracted
electronically pixel by pixel from the stored refer-
ence frame. The correlation out-of-plane and slope
fringes are displayed on the monitor.

If I, and I, are the resultant intensities at a point
on one (the out-of-plane) half of the detector, then the
difference between the first and second frames that
is due to image A can be written as’

o
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where a, and a, are the amplitudes of the object
and reference speckle fields at that point, ¢ is the
random phase between the two speckle fields, and &,
is the phase change introduced by the object defor-
mation. (In the electronic holography system, devel-
oped at United Technologies Research Center, phase
stepping of 7/2 between successive frames can be
introduced so that dark speckles carried by the ran-
dom phase ¢ can be suppressed, giving high-quality
interferograms. This phase-stepping facility is not
used here.)

The video signals are proportional to the intensi-
ties, and hence the subtracted signal Vg is propor-
tional to AI. The brightness on the monitor is then
proportional to Vg. The brightness will be maximum
when 8, = (2n + 1)A and minimum when 8, = 2nA, n
being an integer. All those areas where the speckles
are correlated appear dark because of subtraction.

The phase change §, that is due to deformation at
any point (x,y) on the object is given by®

8o = (kg — ky) - L(x,y), 2

where k; and k, are the propagation vectors of waves
in the direction of observation and illumination, re-
spectively, and L(x, y) is the deformation vector.

The phase difference &, carries the information
of the in-plane and out-of-plane displacements. To
eliminate the in-plane component, we have the ob-
ject illumination lie normally to its surface. In our
experiments we study the case of out-of-plane dis-
pl%cement only. Therefore Eq. (2) can be expressed
as

80 = 2T w(z, ), @)

where w(x, y) is the out-of-plane displacement com-
ponent and A is the wavelength of the light.

A similar expression can be obtained from the
second half of the detector plane for the image B. It
can be written as

4a)a; sin( o + ﬁ)sin % ) 4)
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where o} and @}, are the amplitude contributions that
are due to waves from points (x,y) and (x + Ax,y +

Ay) on the object at the other half of the detector
plane as a result of the shearography configuration.
The phase change 6s is

8s = (kg — ky) - [L(x — Ax,y — Ay) — L(x,y)]. ()

Assuming a shear along the x direction, we can write
the phase change 85 for normal illumination and
observation as®

8s = — — Ax. 6)

One can observe on the monitor two sets of
fringe patterns generated by individual configura-
tions. Thus the present configuration provides real-
time visualization of out-of-plane and slope fringes
simultaneously.

The experiments are conducted on a rectangular
aluminum plate having dimensions of 65 mm X
110 mm X 0.6 mm. The plate is clamped along
the edges and loaded at the center. The specimen
is sprayed with matte-white paint to scatter light
uniformly and is illuminated normally with a
collimated 80-mW frequency-doubled Nd:YAG laser
(A = 532 nm). The experimental arrangement is
explained and shown in Fig. 1. The bimirror is
tilted to introduce a shear along the x axis. The
amount of shear on the object surface is 6 mm. The
initial frame of the object is electronically stored.

(b)

Fig. 2. (a) Out-of-plane displacement fringes (w) and
slope fringes (fw/6x) as seen from the monitor for a
rectangular aluminum plate clamped along its edges and
loaded at the center. The shear Ax is 6 mm, and the
displacement w = 2.5 um. (b) Out-of-plane displacement
fringe pattern (w) and slope pattern (w/8y) for the same
object as in (a). The shear Ay is 7 mm.
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The object is given an ~2.5-um central deflection.
The real-time out-of-plane displacement and slope
fringes as seen from the monitor are shown in
Fig. 2(a). The shear (7 mm) is also introduced along
the y axis, and Fig. 2(b) shows the recorded fringe
patterns. The calculated slope changes, from the
out-of-plane measurements, agree within 5% to the
shear measurements.

An electronic speckle pattern interferometric tech-
nique is presented in this Letter for the measure-
ment of out-of-plane displacement and slope. This
technique eliminates the use of a multiaperture con-
figuration and recording materials and provides both
components simultaneously in real time. Since the
slope information is of low sensitivity, large object
loading is necessary for discernible fringes to be
obtained, but then the out-of-plane displacement, be-
ing very sensitive, will result in overcrowding of
fringes. To some extent this problem can be solved
by incorporation of an existing method, such as the
speckle averaging method,® to produce high-quality
interference patterns in real time. The other advan-
tage of the technique is that, with the phase-shifting
capabilities, it is possible to measure precisely both
out-of-plane displacement and slope from a single
configuration.

These experiments were performed at Luled Uni-
versity of Technology when N. Krishna Mohan was
a visiting scientist at the laboratory. This research
was supported by the Swedish Research Council for
Engineering Sciences.
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