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In-plane Strains Measurement by Using
the Electronic Speckle Pattern Interferometry

Koung-Suk Kim*, Hyun-Chul Jung*, Ki-Soo Kang*, Jong-Kook Lee**,
Soon-Suck Jang*** and Chung-Ki Hong****
(Received April 8, 1997)

Two-dimensional in-plane displacements and strains are measured using an electronic

speckle pattern interferometry (ESPI) system based on the dual beam speckle interferometric
method. Different types of specimens are used: a flat plate, a cracked-plate, and plate with a
central hole of 12 mm diameter. Two-dimensional fringes obtained from real-time images are
analyzed by an image analyser. The values of in-plane strains obtained by the ESPI technique
show high accuracy compared with those measured by strain gages.
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1. Introduction

When coherent light, for example, a continuous
wave (CW) of Ar-laser is illuminated on an
optically rough surface, the irregularity of the
surface produces random self-interference pat-
terns of light. If the pattern image is viewed by a
lens, it would consist of bright and dark spots
with a grainy speckle pattern. Speckle interfer-
ometry is defined as the generation of moire
fringes which result from the subtraction between
a pair of random speckle patterns obtained before
and after the deformation of an object. The
fringes are produced by the relative phase differ-
ence caused by the deformation.

The speckle interferometric technique is suit-
able for the measurement of both out-of-plane
and in-plane displacements, especially for com-
plex motions of an object. Speckle patterns gener-
ated before and after the deformation of an object
produce fringe pattern images which represent the

* Department of Mechanical design Engineering,
Chosun Uniyersity, Kwangju, 501--759.
** Department of Materials Engineering, Chosun
University, Kwangju, 501-759.
*** Department of Control and Measurement Engi-
neering, Chosun University, Kwangju, 501-759.
**** Department of Physics, Pohang Institute of Sci-
ence and Technology, Pohang, Korea, 790-784.

Coherent Light, Electronic Speckle Pattern Interferometry (ESPI), Fringe

contour lines of phase differences caused by sur-
face displacements. According to the ESPI proc-
ess, the image of the reference object is first
recorded on a frame grabber, and then the image
of the deformed live object is electronically
subtracted from that of reference object. The
subtracted image with fringe pattern is displayed
on a monitor in real-time at a speed of 30 frames/
sec. This monitoring is used to visualize strain
fields and to measure in-plane displacements.
Contrary to other optical techniques—Moire or
Photoelastic coating method—the ESPI method is
a non-contacting technique and does not require
any preprocessing of the specimen surface. In this
study, we measure two-dimensional in-plane
displacements and strains using the ESPI tech-
nique and CCD camera combined with an image
processing system. We also compare the values
obtained by the ESPI method with those mea-
sured by a strain gage.

2. Basic Principles

2.1 Speckle pattern interferometry (SPI)

High coherent laser light has made it possible
to observe the interference effects of scattered
lights from a rough surface. In the case of speckle
patterns observed at distance greater than the
diameter of the illuminating beam as shown in
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Fig. 1 The basic optical system.

Fig. 1(a), these speckles are called objective
speckle. Whereas, the speckles appeared by imag-
ing lens of a laser-illuminated object, are called
subjective speckle, as shown in Fig. 1(b).

In the case of objective speckle, the speckle size
0o 1s given as follows;

00=1.22(AL/D), where A
length, 7, is image distance, and D is the diameter
of the laser illumination beam. In the case of the

is the laser wave-

subjective speckle, the speckie size is given by g,
=1.2(1+M)AF in terms of the f-number F
(ratio of the focal length to

the diameter of imaging lens) and the magnifi-
cation }f of the imaging lens. In order to measure
in-plane displacements, we design the experimen-
tal setup based on the dual-beam interferometer
as shown in Fig. 2.

The two object surfaces are symmetrically ori-
ented with respect to the z-direction at an equal
collimated, coherent laser beams illuminating
angle.

The speckle patterns formed from scattered
light at equal angles § are superimposed to
produce a new speckle pattern before object

Image Plane

Lens

Fig. 2 The basic optical system of the dual-beam
speckle pattern interferometric method for
measuring in-plane displacement.

View 2z

View

Fig. 3 Relationship between the displacement and
optical length change.

deformation. If any displacements occurr in the x
-direction, these will give rise to a change in the
optical path length. Eventually the two indepen-
dent coherent speckle patterns are no longer of
the same phase. Therefore, the speckle pattern
before deformation is compared with that after
deformation by an image processor. In this case,
laser beam | is regarded as a reference for beam
2, or vice versa. Consider any displacements at a
point Q as in Fig. 3. Let 1, and L, be the changes
of the optical path length in beams 1 and 2 to the
viewing direction respectively. Then the change of
optical path length L, is given as follows;
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Li=u cos §+wsin 8
+wcos atusina (n

likewise for the path change [,

L:=w cos a+wu sin a
—u cos +wsin (2)
Since one illumination beam acts as a reference
beam for the other, the next path change between
the two beams due to the x-direction displace-
ment u is given by

Lo—L,=2u cos §=4L (3)

Set the fringe-order number 3, in whice case
the equation of the fringe field is

nA=2u cos 8 — u nA 4)

“2cos 0
2.2 Flectronic speckle pattern interfer-
ometry (ESPI)

The ESPI technique has been used in various
fields of optical tests and measurements since its
principle was demonstrated by Butters and Leen-
dertz (1672).

In the ESPI method, the lenses and films used
in speckle interferometry are replaced by a CCD
camera and a TV monitor, and electronic signal
processing is utilized to produce the interference
fringe patterns. The merit of the ESPI method is
that it gains real-time interferometric fringes by
displaying on a TV monitor without any photo-
graphic processes. A block diagram for the image

Laser Beam
lmerference
Fllter
Color Camera
Laser Beam

Image Processor
NEXUS QUBE

I Color Moniter

Personal Computer
NEC PC9801

Fig. 4 Block diagrams of image processing system.

processing system of this study is described in Fig.
4. As a reference image in 256 gray level, the
initial object image before deformation is record-
ed in the memory by the frame grabber. The
image processor then compares the reference
image with the live image under deformation as a
form of electronic subtraction process. About 1/
30 sec is needed to record a single speckle pattern
frame.

That is to say, the average product of two
speckle patterns may be performed by a CCD
camera and a frame grabber. The fringe changes
in relative phase or constant displacement of
object are then displayed on the monitor.

However, the displaying image is usually of
low quality. For this reason, these fringes are
treated by image processing with a series of en-
hancement, smoothing, thresholding and expan-
sion-contraction, thinning, labeling in sequence
for the reduction of speckle noise, and finally the
improvement of fringe contrast.

3. Experimental Apparatus
and Procedure

The type of image processor and the personal
computer used in this study are the NEXUS
QUBE and NEC PC-9801, respectively. The

Fig. 5 The experimental optical layout adopted in
this experiment for ESPI.
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main light source was an argon laser with 200
(mW) continuous-wave operating at a wave-
length of 514.5 (nm). Figure 5 shows the optical
arrangement based on the dual beam interfer-
ometer for measuring the in-plane displacement.

To measure the two dimensional in-plane
displacement, mirrors 10 and 11 as seen in Fig. 5
were illuminated toward the upward and the
downward surfaces of object, respectively. Mir-
rors 6 and 7 are employed to illuminate the right
and left side of the object, respectively. The speci-
mens used in an uniaxial tensile test consist of
three types of plates: a flat plate, cracked-plate,
and flat plate with a central hole of 12 mm in
diameter. In order to increase the degree of reflec-
tion, object surfaces are coated with a white color
coating material. To compare the reliability of the
ESPI method with the strain gage method, many
strain gages of P,_s, (G~ and (., were attached
on the front side of each specimen, as seen in Fig.
6.

To measure and visualize the in-plane displace-
ment of the specimen, a uniaxial tension is loaded
by the tension tester, which is composed of the
fixed upper part and the lower part with a worm

=Pl
Ps, P:a":[ ///
P4t =l o .
Baul
a7 i i_nu:m“

134

(a) A fat plate

Crack{10X0.1)

E] I8

B 17

(¢) A 12mm diameter holed plate

Fig. 6 The position of strain gage.

and a wormwheel to put the load upon the speci-
men in one direction. The given load upon a
specimen is detected by a loadcell.

Also, the specimen is attached to the grip with
epoxy, bolt and nut. It is important to make
uniform load on specimens. This problem is
solved by inspecting fringe patterns. If a specimen
is off center, by given load, the specimen will be
loaded partially. That is, a slanted specimen to
one side shows the fringe pattern which leans to
one side. Therefore, using bolts on a tension
tester, the specimen is adjusted until the fringe
pattern is in parallel.

4. Analysis of Interferometric Fringe

4.1 Image processing of original image

The fringe patterns produced on a flat plate, a
cracked-plate and a holed-plate by a uniaxial
tension are analyzed in both the horizontal and
vertical direction for the measurement of in-plane
displacement.

But the images of the fringe patterns by ESPI
are not clear of contrast and visibility compared
with those of the holographic interferometry
using smoothing reference beams.

To clear the fringe patterns and remove the
speckle noise, a series of image processing opera-
tions, such as the enhancement of fringe patterns,
smoothing, thresholding, expansion-contraction,
thinning, and labeling, are performed and the
enhanced fringe image is compared with the
original interferometric fringe image as shown in
Fig. 7. The distribution of image intensity after
enhancement is smoothed as shown in Fig. 8(a).

Fig. 7 Original fringe pattern produced by a uniax-
ial tension on a cracked specimen.
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Fig. 8 Digital image processing of smoothing, thre-
sholding, expansion and contraction and
thinning.

Although the original images may be shown
the black- and white-image, the data for the
image contains more than three colors. Therefore,
it is necessary to convert the multi-values of
image data to two values, that is, the white- and
black-image data.

For this procedure, a thresholding operation
was performed. Also, to remove the unnecessary
components of the thresholding image and to
detect the central line between fringes, the process-
ing of the expansion-contraction and thinning is
performed. Over these procedures, the fringe pat-
tern image was changed from Fig. 8(a) to Fig. 8

(b).

4.2 Strain measurement
Suppose there are two adjacent fringes of # and
n+1 order fringe, the displacements of each
fringes are given by
ur=nA/2 cos 0 (5)
1= (n+1)A/2 cos 8 (6)

The difference between two displacements of
the adjacent fringes Az is given to as follows:

du=4/2cos 0 (N

As the above equation is applied to a general
fringe pattern over the surface in Fig. 9, a normal
strain ¢, may be interpreted as follows:

_du A
&= =9 cos OF ()

where F is the fringe spacing.
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Fig. 9 Calculation of strain from the spacing of two

adjoining interference fringes.

4.3 Calculation of theoretical strain and
error ratio

In order to compare the experimental values
from ESPI with those from the strain gage, we
calculate the strain at the position of the gages. By
the measurement of strain values at the center of
between two fringes calculation point and the first
-order interpolation of their spacing, the theoreti-
cal strain for a flat plate g, is given as follows:

EL:P/AE (9)

where P is the difference of the load detected by
the loadcell, A is the cross area of a flat plate
specimen, and £, Young’s modulus of the speci-
men, is 73.88 (GPa). If g; is the strain measured
by the ESPI method and g, is that by the strain
gage, the error of ratio(%) between the two
methods is given as follows:

Error (%) =[(er —ec) /€c] X 100 (10)

5. Results

Table 1 and Fig. 10 show the experimental
results of a flat plate. In this table, the loading
value is the relative values measured by the load-
cell, which is the difference before and after load-
ing. In the case of a flat-plate specimen, the
measurement results of strain by the ESPI method
agree within the error ratio of 6.5% compared
with those measured by the strain gage method.
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Table 1 Experimental values of flat plate

(P;-Gage).
Strain (x 10-%)
Load (N) Error (%)
Theory | ESPI Gage
54.98 37.23 38.13 36 5.92
73.21 49.57 50.58 49 3.22
91.53 61.99 66.52 62 7.29
108.09 73.20 77.86 75 381
128.18 86.81 93.73 87 7.74
146.51 99.22 | 107.59 99 8.68
164.84 111.63 | 114.63 113 1.63
183.16 124.04 | 130.03 125 4.02

Table 2 Experimental values of a cracked plate

(G,-Gage).
Strain( X 107%)
Load (N) Error (%)
ESPI Gage
32.93 54.23 52 4.29
37.34 42.38 41 3.37
43.90 53.86 56 —3.82
45.77 55.32 53 438
47.63 55.15 51 8.14
51.25 58.65 58 1.12
60.47 70.28 73 —3.73
73.21 91.87 91 0.96
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Fig. 10 Comparison of the experimental results of
ESPI with those of strain gage and theoretical
values on a flat plate (P,-gage).
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Fig. 11 Comparison of the experimental results of
ESPI with those of strain gage on a cracked
plate (G,-gage).

Vit Tt
~a 4_1_7?‘:\2
——

RS

1L - -"J-‘_ E
¥ li'H —_— s
- S

Fig. 12 Strain distribution of a cracked plate sub-
jected to uniaxial tension (73.21 N).

Similarly, for a cracked-plate, the experimental
results measured by a Gl-gage is also presented
in Table 2 and Fig. 11.

For a cracked-plate, the error ratio was
within +5% in comparison with the measure-
ments of strain gages G,~G; attached on the
front side of the specimen.

Also, observed in the horizontal illumination,
the strain distribution for a cracked-specimen
under a uniaxial tension is shown in Fig. 12. In
this figure, the distribution line is described by
connecting each strain values (g,,) calculated at
each scanning directions. The results of the holed
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Table 3 Experimental values of a circular holed
plate (C,-Gage).
Strain (x 107%)
Load (N) Error (%)
ESPI Gage

78.09 70.43 68 3.57
91.63 90.66 86 5.41
109.97 108.56 105 339
128.31 126.71 121 4.71
146.66 154.58 151 2.34
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Fig. 13 Comparison of the experimental results of

ESPI with those of strain gage on a cracked

plate (C,-Gage).

Fig. 14 Strain distribution passed through the image
processing in subjection to uniaxial tension
(146.66 N).

-specimen are shown in Fig. 13 and Table 3.
Also, Fig. 14, showing the strain distribution as
predicted by the conventional theory, indicates
that the strain concentration occurs around the
hole. The fringe spacing is in inverse proportion
to the in-plane displacement (y) created by the
uniaxial tension, and the fringe orientation due to
the strain distribution is perpendicular to the
object displacement as shown in Figs. 12 and 14.

6. Conclusions

The in-plane strain and the strain distribution
on three types of specimens (a flat-plate, a
cracked-plate, and a holed-plate) were measured
using the ESPI technique under uniaxial tension.
The values of in-plane strains obtained by the
technique show high accuracy compared with
those measured by strain gages. It is suitable to
measure the in-plane displacements of an object
in real-time and possible to measure out-of
-plane displacements by modifying the speckle
interferometer configuration.

In a flat-plate, the errors of results measured by
the ESPI method are within an error ratio of 6.5%
compared with those measured by the strain
gages. For a cracked-plate, the error ratio was
within + 5% compared with the values measured
by the strain gages attached on the front side of
the specimen. The strain concentration in cracked
and holed specimens is shown to occur at the
edges of a crack or a hole.
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