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Abstract

A method based on multiple exposures in binomial mode of recording and its in¯uence on curvature pattern is

presented in this paper. Since the curvature information is obtained as a beat moir�e between two sets of slope patterns,

the multiple-exposure technique proposed in this paper can be implemented to sharpen the background slope fringes to

enhance the visibility of the curvature fringes. Ó 2000 Published by Elsevier Science B.V.
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1. Introduction

Speckle shear photography and shear interfer-
ometry are the two well established methods for
the measurement of spatial derivatives of the dis-
placement components and non-destructive test-
ing [1±4]. For plate bending problems and ¯exural
analysis, the second order derivatives (curvature)
of displacement components are required for cal-
culating the stress components. Hence it is nec-
essary to perform the optical di�erentiation of
the slope data to obtain the curvature informa-
tion. In speckle shear interferometry, the curva-
ture fringes appear in the form of moir�e patterns

and these fringes result from the interaction
between the two sets of slope patterns. Various
optical techniques have been reported for the mea-
surement of curvature [2,5±9]. Since the moir�e
fringe visualization is basically of an additive type,
it is well known for its inherently low contrast.
The visualization of moir�e fringes is considerably
improved either by suppressing the background
slope fringes or by suitably modifying the density
and orientation of the underlying slope patterns
[7].

A method based on multiple exposures in bi-
nomial mode of operation, that is with the expo-
sure timings in the ratio of 1:2:1, is reported in this
paper to sharpen the underlying slope patterns in
order to enhance the visibility of the curvature
fringes. Further the e�ect of multiple exposures on
slope fringes is also demonstrated. The experi-
mental results using the conventional double ex-
posure method as well as the proposed method are
illustrated.
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2. Optical arrangement and theory of fringe forma-

tion

Fig. 1 represents the schematic arrangement
and it is same as reported earlier by Sharma et al.
[5,6]. The imaging lens carries a mask containing
three equi-spaced apertures along x-direction. The
outer apertures A1 and A3 carry two identical
wedge plates, while a suitable ¯at glass plate is
mounted in front of the central aperture A2 to
compensate for the optical path. The object is il-
luminated normally by a collimated laser beam.
The three aperture shear interferometer images
contributions from three adjacent points on the
object to one point in the image plane. Each of the
two scattered ®elds is sheared with respect to
the central one by an amount Dx0. The present
method of multiple-exposure shearography in-
volves the recording of three exposures of the
specimen, with the identical incremental load be-
tween the exposures on the same holographic plate
in binomial mode of operation. That is the expo-
sure timings are in the ratio of 1:2:1.

Consider that the object is in its initial state
�w0 � 0�, and the ®rst exposure E1 with the ex-
posure time t is made on a holographic plate; the
exposure E1 in terms of the exposure time t and the
intensity distribution I1 can be expressed as [2,5±8]

E1 � tI1 � tI0�3� 2cos�/12 � b� � 2cos�/23 � b�
� 2cos�/13 � 2b�� �1�

where I0 � ja1j2 � ja2j2 � ja3j2; /12 � /1 ÿ /2,
/23 � /2 ÿ /3, /13 � /1 ÿ /3; aÕs and /Õs are
the amplitudes and phases of the scattered wave

fronts. b � 2plx is the phase introduced between
the waves due to aperture separation, and it is
responsible for the grating like structure in each
speckle.

The second exposure E2 that represent the de-
formed state of the object (w0) with the exposure
time twice the exposure time of the ®rst exposure,
2t, is made on the same holographic plate; and E2

can be written as

E2 � 2tI2 � 2tI0�3� 2cos�/12 � b� d12�
� 2 cos�/23 � b� d23�
� 2 cos�/13 � 2b� d13�� �2�

where d12 � d1 ÿ d2, d23 � d2 ÿ d3, d13 � d1 ÿ d3;
and dÕs are the phase changes introduced by
loading the object to w0.

The object is further loaded by same amount
(w0) as given during the second exposure, and the
third exposure E3 with the exposure time t is made
on the same plate. The exposure E3 is governed by

E3 � tI3 � tI0�3� 2cos�/12 � b� 2d12�
� 2cos�/23 � b� 2d23�
� 2cos�/13 � 2b� 2d13�� �3�

where 2dÕs are the phase changes introduced by
equal identical loading of the object from its initial
state (2w0).

The total exposure ET recorded on the holo-
graphic plate is

ET � t�I1 � 2I2 � I3� �4�
When such a specklegram after processing is

placed in a whole-®eld Fourier ®ltering arrange-
ment, ®ve halos are formed including the zeroth
order at the focal plane of the lens [2]. Table 1
shows the di�raction halos and the corresponding

Fig. 1. Schematic of a multiple-exposure multi-aperture speckle

shear interferometer.

Table 1

Arrangement of terms in Fourier transform plane
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terms associated in these halos. Filtering through
one of the ®rst order halos gives an intensity dis-
tribution at the observation plane as

I�first order� � jei�/12� � 2ei�/12�d12� � ei�/12�2d12�

� ei�/23� � 2ei�/23�d23� � ei�/23�2d23�j2

� C 2cos�/�
�

� 4cos�/ÿ d12�

� 4cos�/� d23� � 2cos�/ÿ 2d12�
� 2cos�/� 2d23�
� 4cos�/� d23 ÿ d12�
� 2cos�/� d23 ÿ 2d12�
� 2cos�/� 2d23 ÿ d12�
� 2cos�/� 2d23 ÿ 2d12�

� 16cos4 d12

2
� 16 cos4 d23

2

�
�5�

where C is a constant and / � /23 ÿ /12.
All the terms in the above equation containing

/Õs are random and contribute to speckle noise.
The last two terms contribute to fringe formation
and they are 16cos4�d12=2� and 16cos4�d23=2�. The
fringe patterns obtained by ®ltering via the ®rst
order halo display an intensity pro®le of cos4 na-
ture, whereas in the double exposure conventional
shearography it is of cos2 nature [2]. It is obvious
from the intensity pro®le that the fringe patterns
generated from the binomial mode of exposures
are sharpened.

Following the analysis in Refs. [5±8], the rela-
tive phase di�erence between the phase terms d12

and d23 can be written as

d12 ÿ d23 � 4p
k

d2w
dx2

Dx2
0 �6�

The expression refers to the phase di�erences at
two surface points whose centres are laterally
shifted between themselves by a distance Dx0.

The equation corresponding to curvature con-
tours follows as [2,5±8]

d2w
dx2
� nk

2Dx2
0

�7�

The fringes depicting curvature contours appear
as a moir�e pattern between two sets of sharpened
slope contour maps arising one each from the

contribution of phase terms d12 and d23 respec-
tively.

Similarly ®ltering through the second order
halo yields the intensity distribution in the image
plane as [2,5±8]

I�second order� � ei�/13�
�� � 2ei�/13�d13� � ei�/13�2d13���2

� C0 cos4 d13

2

� �
�8�

where the phase change d13 � d12 � d23 and C0 is a
constant.

The expression for the formation of bright
fringes can be written as [2,5±8]

dw
dx
� nk

4Dx0

�9�

The sharpened slope fringes in the second order
halo have double the sensitivity of that in the ®rst
order.

3. Experimental results

The experiments are conducted on a centrally
loaded diaphragm with its edges rigidly clamped
using the conventional double exposure as well as
the proposed binomial mode of three exposures, in
the ratio of 1:2:1 with identical load (Wout � 10 lm)
between the exposures. The diaphragm is fabri-
cated from a phosphor bronze sheet of 0.7 mm
thickness and 60 mm diameter. It is coated with an
aluminium paint and the specimen is illuminated
normally with a collimated beam from a 25 mW
He±Ne laser. The aperture mask contains three 5
mm diameter holes with an inter spacing of 20
mm. Two wedges with 1° wedge angle are mounted
on outer holes, while a glass plate of suitable
thickness is mounted in front of the central hole.
The aperture mask is properly mounted in front of
a standard camera lens (f � 150 mm). The spec-
klegrams are recorded on 10E75 holographic
plates.

The fringe patterns of moir�e curvature contours
and slope contours obtained by Fourier ®ltering
through ®rst and second order halos are shown in
Figs. 2 and 3 respectively. The moir�e curvature
fringe pattern in Fig. 2(a) corresponds to that of
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conventional double exposure method, where the
background slope fringe pro®le is of the cos2 na-
ture, while in Fig. 2(b) the curvature contours
appear as a moir�e between two sets of sharpened
slope patterns. The fringe pro®le follows cos4 na-
ture, and this results in an increase in the width of
the dark slope fringes. From the photographs, it
clearly shows that the visibility of moir�e curvature
contours in Fig. 2(b) is considerably improved
by sharpening of the underlying slope patterns.
Similarly Fig. 3(a) and (b) shows the ®ltered
slope patterns obtained from double exposure and
multiple-exposure methods respectively. Fig. 3

shows the slope patterns with double the sensitiv-
ity of the slope fringes appearing in Fig. 2.

4. Conclusion

The in¯uence of multiple-exposure recording on
curvature pattern using a conventional shearog-
raphy arrangement is studied theoretically, and the
results obtained on a central loaded diaphragm
with its edges rigidly clamped are shown experi-
mentally.

Fig. 3. Filtered slope fringes patterns for a centrally loaded

diaphragm: (a) double exposure method (1:1), (b) multiple-ex-

posure method with the exposure timings in the ratio of 1:2:1.

Fig. 2. Filtered curvature fringes appearing as a moir�e between

two slope patterns for a centrally loaded diaphragm: (a) double

exposure method (1:1), (b) multiple-exposure method with the

exposure timings in the ratio of 1:2:1.
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