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Abstract We propose a new technique for electronic
speckle pattern interferometry (ESPI) for measuring stat-
ic deformation under environmental disturbances. In this
technique, a number of laser speckle images of the ini-
tial and deformed states are captured, and images appro-
priate for making interference fringes are extracted using
the optimum image extraction method. The phase of the
interference fringe pattern is evaluated from the extract-
ed images using a random phase-stepping method. In
this study, translation amounts by random vibration are
used as the phase stepping amounts. To validate the
effectiveness of the proposed technique, an in-plane ro-
tation of a flat plate and a strain distribution around a
weld line of a compressor tank are measured. A com-
pact speckle interferometer constructed on a tripod is
used for the measurement. As a result, an interference
fringe can be obtained, and the subsequent phase anal-
ysis can be performed under the proposed method with-
out a vibration isolator. It is expected that ESPI mea-
surements under environmental disturbance will be pos-
sible using the proposed technique.
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Introduction

Electronic speckle pattern interferometry (ESPI) [1-3] is an
optical interferometric technique for studying the mechanical
deformation of solids. Interferometric techniques are very sen-
sitive, do not involve contact, and are applicable to whole-
field measurements. Thus, ESPI has been widely applied to
static deformation measurement [4—6], dynamic deformation
measurement [7-9], vibration mode analysis [10-12], and
nondestructive testing [13—15]. Moreover, shape measure-
ment techniques [16, 17] and a hybrid technique [18] with
the digital image correlation method [19, 20] have been
researched.

In general, interferometric measurements are performed on
vibration isolators because of their sensitivity. This problem
has led to increased measurement system sizes and has imped-
ed their application to various fields, such as the inspection of
factories or plants. However, some techniques for time varia-
tion phenomena can be applied to measurements without vi-
bration isolators. In interferometric measurements for such
phenomena, phase analysis by conventional phase-stepping
methods is difficult. Therefore, many phase analysis tech-
niques for dynamic phenomena have been proposed. For ex-
ample, instantaneous capture of multiple phase-stepped im-
ages by a special charge-coupled device (CCD) camera with
a micro-polarizer array [21-24], and a technique called the
subtraction-addition method [25, 26] without phase stepping
have been proposed. In phase analyses using spatial informa-
tion about interference fringes, some methods using Fourier or
wavelet transforms have been proposed [27-29].
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Furthermore, techniques using time series information at a
single coordinate [7, 30, 31] and one-step phase analysis
[32] using the spatiotemporal information have been devel-
oped. However, to obtain phase information, it is necessary for
the exposure time to be sufficiently short compared to the
phase fluctuation at the same moment. If the velocity of the
object increases, the use of a high-power laser is needed to
ensure that the light intensity captured by the camera is suffi-
ciently high. This results in high costs and large measurement
system sizes. To apply ESPI measurements in various fields, it
is advantageous for the measurement system to be compact,
functional without a vibration isolator, and capable of operat-
ing under environmental disturbances such as random
vibrations.

Conversely, an optimum image extraction method
[33] for static deformation measurements under distur-
bance has been proposed. By this method, optimal im-
ages for producing interference fringes are extracted
from a large number of images captured at the initial
and deformed states. The extraction is based on the
evaluation of the speckle contrast on time series values.
The merit of this method is that an ordinary camera and
a laser can be used for measurements without a vibra-
tion isolator, and a compact interferometer can be con-
structed on a tripod. However, applications of general
phase-stepping methods that require a state of rest for
the stepping are difficult for phase analysis.

In this study, we propose a new technique for ESPI
measurements of static deformations under environmental
disturbances. According to this technique, numerous laser
speckle images of the initial and deformed states are cap-
tured, and images that can make interference fringes are
extracted using the optimum image extraction method. For
phase analysis, a random phase-stepping method [34] is
applied using the extracted optimal images. Translation
amounts by random vibration are used as the phase
stepping amounts. To verify the applicability of this phase
analysis technique with optimal image extraction, a mea-
surement of a quantitative in-plane rotation is performed
under an environmental random vibration. Moreover, to
validate the effectiveness of the proposed technique, a
strain distribution around a weld line of a compressor
tank, resulting from a rise in pressure, is measured without
vibration isolators as an environmental random vibration
comes from the floor. A compact speckle interferometer
constructed on a tripod that includes a middle-power laser
is used for the measurement. The result shows that the
phase can be analyzed using the extracted optimal images.
In the deformation measurement, strain distributions
around the weld line of the compressor tank can be mea-
sured by the proposed technique. It is expected that ESPI
measurements should be possible in various environments
using the proposed technique.

SEM

Formation of Interference Fringes and Phase
Analysis

Outline of ESPI

Figure 1(a) shows a typical setup of a dual-beam interferom-
eter sensing in-plane displacement. Two expanded coherent
laser beams separated from a single light source illuminate
the rough surface of an object. The resulting laser speckle
pattern is captured by a digital camera placed in front of the
surface. Figure 1(b) shows a typical laser speckle pattern
formed on the image plane of the camera by random reflec-
tions of the coherent laser beams from the rough surface. The
average speckle size [1, 3] is given by

s = 2.44\F (1)

where A is the wavelength of the laser and F is the F-number
of the camera lens. Corresponding to the surface movement,
the intensities of each speckle are modulated because of the
interference of the beams. The interfered intensity / is written
as

I =A;+ Bicos @ (2)

where 4 is the average intensity, By is the modulation ampli-
tude, and ¢ is the phase difference between the two beams.
The interference fringe is obtained by subtraction of the

Object
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Laser source
Beam expander

Mirror
(a) Dual-beam interferometer

(b) Typical speckle pattern

Fig. 1 Schematic of ESPI: (a) dual-beam interferometer, (b) typical
resulting speckle pattern



Exp Mech (2016) 56:987-997

989

deformed state image from the initial state image. The inten-
sity, Iy, of the subtracted image [1, 3] is calculated as

A A
b = |Ip—Tv| = '231 sin <ch +T(p> sin (T“))‘ (3)

where the subscripts U and D correspond to the initial and
deformed states. @ is the initial phase, and A is the phase
difference of the deformed and initial states. The values of ¢
at each point of the image are random, resulting in the high-
frequency random noise seen in the random speckle pattern.
However, the values of A result in the low-frequency fringe
pattern due to surface deformation. The relationship between
A and the displacement component u, which lies in the
sensitive direction [1, 3], is given by

47usin©
Ap =TSm0 )

where 0 is the incident angle of the beams, as shown in Fig. 1.
Then, the displacement u, corresponding to one cycle (phase
change of 27) is

A
Uy =
%7 2sin0

(5)

The relationship between the displacement of one speckle and
the sensing displacement is schematically drawn in Fig. 2.
Each circle shows each state speckle position, and the hatched
area shows the region where the speckles overlap. Here u, and
u,, are the displacement components along the x and y direc-
tions, respectively. As the calculable region, the overlap re-
gion caries information about the phase difference because
image subtraction is performed at the same position in each
of two state images. When the sensitive direction lies on the y-
axis, only the y-component of the sensing displacement, u,, is
obtained from the information.

Speckle diameter

Sensitive direction

Deformed state
y

L.

Fig. 2 Relationship between the displacement of one speckle and the
sensing displacement

Optimal Image Extraction

If the profile of an instant vibration that comes from the floor
is assumed to be a sinusoidal wave, the vibration displace-
ment, u,, at a point on an object as a function of time is

uy = Ay + By sin (g + wi) (6)

Where 4, is the average displacement of the vibration, B, is its
modulation amplitude, 1 is its initial phase, and w is its
angular velocity. Taking into consideration the vibration pro-
file given in equation (6), the intensity given in equation (2)
can be rewritten as

47sin®
A

I = Ay + B; cos [cpo + {4, + By sin (P + wt)}] (7)

where @ is the initial phase. Then, the average intensity cap-
tured over the exposure time, 7, is

1
Io=—

eJi,

47 sin@
A

(AI + By cos {@0 + {4, + By sin (P + wt)}] >dt (8)

If B, is sufficiently smaller than one cycle of displacement u
in equation (5), or if #, is sufficiently smaller than 27t/w, the
unaveraged intensity value can be obtained. In general envi-
ronments, it is difficult to employ such a condition without a
vibration isolator. If B, and ¢, are large, the captured intensity,
1., approaches the average intensity, 4;, and the phase infor-
mation degrades. However, when the vibration phase of (\po+
wt) is a near multiple of 7t, the object velocity approaches
zero. Therefore, I, captured at such moments contains the
phase information. This means that images captured at mo-
ments with sufficiently low velocity are optimal images for
obtaining the interference fringes.

The optimum image extraction method [32] is based on the
assumption that the dominant type of object motion caused by
the disturbance is translation. The relationship between the
disturbance as a random vibration and time are shown in
Fig. 3(a). The curve shows the profile of a random vibration.
The left-hand vertical axis gives the vibration displacement of
a point on the surface, and the horizontal axis gives the time.
The right-hand vertical axis represents the phase in equation
(2) as the interfered intensity field, which is formed in the
superimposed region of two beams on the object surface
shown in Fig. 1(a). There are some high and low velocity
moments.

The profiles of the intensity values during the exposure
time 7, at moments of high and low velocity are considered.
The relationship between the intensity and time interval at a
high velocity moment is shown in Fig. 3(b). More than one
cycle of intensity modulation occurs. Only the mean intensity
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Fig.3 Relationship between the vibration displacement, time, and phase:

(a) vibration profile, (b) high-velocity intensity, and (¢) low-velocity
intensity

value is captured, and is obtained as Jj;. Here /iy is almost the
same as the average intensity 4; in equation (2). Therefore, in
such high-velocity moments, the captured intensities are al-
ways close to the average value, even if the displacement
changes. In contrast, in the low velocity moments labeled
“Low velocity-1” and “Low velocity-2” in Fig. 3(a), the cap-
tured intensities are not always close to the average because
the changes in the intensity profiles are smaller than one cycle,
as shown in Fig. 3(c). In the case of “Low velocity-1,” the
captured intensity, Iy , is the same as 4;. However, in the case
of “Low velocity-2,” the captured intensity, /;», is different
from A;. This means that the velocities are not distinguished
only by the intensity value at a single point, and it is therefore
necessary to evaluate differences between the captured inten-
sity values and the average value at many points in images
captured at various moments. For some pixels in each image,
the sum of the absolute deviations of the intensity around the
time average multiplied by n, E; are calculated as

Ei=3)
J=1

where i and j are the time series image index and pixel index of
each image, respectively, /;is the intensity value of the image i

1;T,| ©)
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at pixel j, and J; is the time average value at pixel j. The largest
resulting sum, £, indicates the optimal image. The evalua-
tion stability increases with an increasing number of evalua-
tion points, n. The required » number is investigated later in
this paper.

Phase Analysis

Many phase analysis methods have been researched [7,
21-32, 34-37]. In this study, applications of subtraction-
addition [25, 26] and random phase-stepping methods [34]
are investigated. In the subtraction-addition method, the object
is not required to be at a state of rest. The outline of the method
is as follows. The phase difference, A, is given as

e ()

(10)

where ‘<>’ indicates spatial averaging over a small region to
remove the high frequency spatial noise. Then, 7,44, the added
intensity is given as

Laa = |Ip + Iy — 24|
A A
= ’2B cos ((p +T(P> cos (T(P) ’

where 41 on each point is obtained by time-averaging, as with
[; in equation (9). In the phase map obtained using this meth-
od, the positive and negative signs of the phase values are
reversed at every interval of 7t.

The aim of the optimum image extraction method is to
measure deformation as a displacement gradient and not to
measure the translation amount of the object. In this situation,
it is reasonable to assume that the translation amounts are
equal to the phase-stepping amounts for the phase analysis
using the random phase-stepping method [34]. When numer-
ous speckle images are captured at both the initial and de-
formed states, the initial state intensities, /y;;, and the de-
formed state intensities, I, are written as

(11)

Iy;; = A;+ Bjcos ((pUj + A(pw-) (12)

(13)

where the subscript v indicates components influenced by
vibration, i and i’ are the initial and deformed state time series
image indices, respectively, A@,; and A@,; are the phase
difference components caused by the vibration of the initial
and deformed states, respectively, and j is the pixel index that
indicates the position in the image. Then, the relative displace-
ment distribution, u,;, is written as

Ipy;=A;+ Bjcos ((ij + A‘Pvi')

(14)

where C is a sensitivity constant related to the laser

Upj = C((PUj - (PDj)
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wavelength and the incident angle. The relative displacement,
uy;, includes an unknown translation amount caused by the
vibration. However, differentiation of u,; with respect to space
gives us a deformation term, the strain ¢;, as

d
&= gt (15)

In these phase analysis methods, the mathematical sign
cannot be distinguished. Accordingly, we have to choose a
reasonable sign for the phase change. In this study, these phase
analysis methods are applied, and their results are compared.

Validation of Phase Analysis
Experiment Setup and Procedure

For validation of the phase analysis, an experiment is per-
formed under the environmental disturbance coming from
the floor. The ESPI setup of a typical dual-beam interferome-
ter is arranged to perform the vertical displacement measure-
ment, as shown in Fig. 1(a). A 32 mW He—Ne laser (Melles
Griot, Model 05-LHP-928) with a wavelength of 632.8 nm is
used. The monochrome CCD camera (Sony, Model XCD-
X710) has a resolution of 1024 x 768 pixels, a cell size of
4.65 pm x4.65 um, and a maximum frame rate of 30
frames/s. The laser beam is separated by a beam splitter and
illuminates the object surface. The incident angle of the beams

is 45°. Then, the laser beams are expanded by beam expanders
and illuminate a larger area. The F-number of the camera lens
is set to 5.6. The exposure time is set to 10 ms. This is the
shortest exposure time necessary to capture an image with
sufficient intensity in this condition. The object is not connect-
ed with the ESPI setup. Hence, the relative position between
the interferometer and the object is modulated by the environ-
mental disturbance.

To obtain the details of the disturbance in the laboratory
located on the second floor of the building, vibration displace-
ments are measured using a vibration detector (Showa Sokki
Corporation, Model 2205). The measured vibration profiles
and the fast Fourier transform results are shown in Fig. 4(a)
and (b), respectively. The profiles show that the amplitudes
and the frequencies of the vibration are random. Moreover, in
addition to the low-frequency components, the high-
frequency components are detected in the vertical component
of'the vibration. The distance between the maximum and min-
imum positions is approximately 1.5 um. This distance is
larger than the u( of 447 nm, which is the displacement cor-
responding to one cycle of the phase in this experimental
condition. Therefore, when the exposure time for capturing
the image is long, the captured intensity value approaches
the average intensity. The average speckle size calculated by
equation (1) is approximately 8.6 wm under the conditions of
this study. This means that the overlapping region, indicated
by the hatched region in Fig. 2, is easily obtained, and thus, the
interference fringes can be made when optimal images are
extracted from images recorded at sufficiently low-velocity

Fig. 4 Vibration analysis results:
(a) vibration profiles, (b)
frequency spectra
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moments. In the frequency spectra, the major frequency com-
ponents are distributed under 5 Hz. Additionally, some minor
frequency components of the vertical vibration are distributed
around 18 Hz. This suggests that if the exposure time is longer
than 1/18 s, the quality of the captured phase information will
degrade into vertical-sensing speckle images.

In the experiment, to investigate the phase analysis, a rigid
body rotation measurement is performed on an aluminum
plate. To perform phase analysis by the subtraction-addition
method, the average intensity, 4;, in equations (2) and (11) is
calculated from both speckle image states for all images. To
obtain the phase value, the speckle images with the largest E;
values in each state are used. To perform phase analysis by the
random phase-stepping method, four speckle images with the
largest E; values are used to calculate the phase, ¢;, for each
state. The maps of the phase change, A, obtained from each
method are compared later on. Additionally, Phase-
unwrapping is performed using the phase change map obtain-
ed with the random phase-stepping method.

Result and Discussion

Before the phase analysis, the optimal number of evaluation
points indicated by » in equation (9), was investigated by
evaluating the relationship between the dispersion of the eval-
uation values of the extraction and the number of evaluation
points. For the evaluation, 100 speckle images were captured
using the unidirectional measurement setup under environ-
mental disturbance. The average evaluation values, E;/n, were
calculated from the captured speckle images. The evaluation
points, n, were taken by a pitch longer than five pixels as
discontinuous points on each speckle image. The pitch was
longer than the average speckle diameter of 1.85 pixels
(8.6 um). When a large number of speckle images of one state
were captured, the evaluation values, E;/n, were obtained for
each image. Then, the standard deviation, SD, of the disper-
sion of E;/n was evaluated for various numbers, 7. It is expect-
ed that SD should be high when there are not a sufficient
number of evaluation points. To compare the results under
various conditions, the standard deviation ratio SD’, the ratio
of such as SD value to the largest value, is evaluated.
Examples of distributions of the average evaluation values,
E;/n, at the two conditions #=500 and 8000 are shown in
Fig. 5(a). According to these results, the image with i=93
has a relatively high evaluation value, as shown in the figure.
When n=500, the values are distributed around the value of
20, whereas when n= 8000, the values are concentrated slight-
ly higher than 20. The relationship of the standard deviation
ratio, SD’, to the number of evaluation points, 7, is shown in
Fig. 5(b). The abscissa is 7 on a logarithmic scale. The results
show that SD’ decreases with increasing n. In the range of
small n, SD’ decreases drastically. In the range of large n,
SD’ converges to approximately 0.1. As the decrease of SD’
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Fig. 5 Evaluation results: (a) distributions of average evaluation values,
E/n, (b) relationship between standard deviation ratio, SD’, and number
of evaluation points, n

is very small in the range of 7> 1000, it is not necessary to use
more than 1000 evaluation points for image extraction. In this
study, the evaluation points are selected at discontinuous
points with pitches longer than the average speckle size of
the images. This means that 1000 speckles are evaluated.
Usually, the values of the initial phases, ¢, shown in equation
(2) are random. This suggests that it is not necessary to use
more than 1000 evaluation points representing speckles for
image extraction, even if the experimental conditions are dif-
ferent from those in this study.

For the phase analysis, the in-plane rotation is measured.
The given rotation angle is approximately 7.5 x 10> rad. 100
speckle images are captured for each of the rotated and initial
states. Examples of the speckle images of each state are shown
in Fig. 6(a) and (b). The rotation cannot be distinguished by
the naked eye because the rotation angle is very small.

Optimal image extraction is undertaken for the speckle
images of each state, and phase analyses are then performed.
Figure 6(c) and (d) show the wrapped phase-change A maps
obtained by the subtraction-addition and random phase-
stepping methods, respectively. The phase map obtained by
the subtraction-addition method looks like the fringe pattern
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(a) Initial state

(b) Rotated state

(d) By random phase stepping method

Fig. 6 Captured speckle images of the (a) initial and (b) rotated states;
phase difference maps obtained by the (¢) subtraction-addition and (d)
random phase-stepping methods

of a subtracted image because the positive and negative signs
of'the A values are reversed at every interval. By this meth-
od, the peak lines of the phase change distribution are ob-
scured because spatial averaging with a window size of
11 x 11 pixels is performed for the subtracted and added im-
ages. Conversely, the phase map obtained by the random
phase-stepping method shows a comparatively good result
in the ESPI measurement. In this analysis, the sign of the
phase change is chosen on the basis of the given rotation
direction. When in-plane rigid body rotation is observed by
vertical sensing, the y-axis-sensing ESPI, 0A@/0x is propor-
tional to the rotation angle of the object, and 0A /0y is zero.
In such cases, the fringe lines are parallel to the y-axis. Since
the fringe lines in Fig. 6(c) and (d) are slightly distorted, it is
expected that minor out-of-plane rotation around the x-axis
occurs. The value of 0A@/dy is calculated to be roughly
71/25 rad/mm and has a displacement gradient of approximate-
ly 9% 10°°. This value causes error in the measurement. The
error ratio is 12 % of the given angle, even though the given
angle is very small. The error ratio will decrease with an in-
crease in the given angle, because the error is independent of
this angle. Therefore, it is expected that deformation measure-
ments are possible by the proposed technique.

Wrapped phase-change A profiles along the dashed lines
on each A@ map are shown in Fig. 7. The region of the values
obtained by the subtraction-addition method is 0< Ag <,
because these values are obtained from the inverse tangent
using absolute values, as shown in equations (3), (10), and
(11). However, the upper and lower peaks are obscured. To
obtain an accurate phase change distribution using this meth-
od, investigations of the spatial filtering and unwrapping pro-
cesses are required. Conversely, the values obtained by the
random phase-stepping method range from—7t to 7t and are
easy to use in phase unwrapping, although the sign cannot be
distinguished. In this case, a reasonable sign of the phase
change is chosen according to the given rotation.

@ : by subtraction- addition method
O : by random phase stepping method

ge, A g, rad

Phase chan

300 350 400
Position, x, pixel

200 250

Fig. 7 Phase-difference profiles obtained using each method along the
white dashed lines shown in Fig. 6

The unwrapped phase change map obtained from the
wrapped phase in Fig. 6(d) is shown in Fig. 8(a). The phase-
change distribution indicating vertical displacement shows a
constant gradient. The displacement distribution is obtained
from the unwrapped phase change. The profile of the displace-
ment corresponding to the white dashed line is shown in

9r
-9
(a) Unwrapped -ip map
1.32
< @ Obtained data
— : Linear approximation
g 066
5
S §
@
o
K
o
2
O-o066}
-1828 200 400 600

Position, x, pixel
(b) Displacement profile
Fig. 8 Analysis results of (a) the unwrapped A¢ map obtained from the
phase using the random phase-stepping method, and (b) the displacement

profile obtained by the local least squares approach along the white
dashed line
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Fig. 8(b). The ordinate is the vertical displacement, u,. The
white diamonds indicate the displacements obtained by phase
analysis, and the line indicates the linear approximation. The
standard deviation of the error between the measured values
and the linear approximation is 27 nm, and the maximum
absolute error is 97 nm. The maximum error ratio is 3.7 %,
compared with the total measurement range of 2.64 pm.
Additionally, the R? value is 0.999. The results show very
good linearity. The rotation angle calculated from the linear
approximation is 7.16 x 10~ rad, which agrees well with the
given angle. The error ratio is about 4.5 % of the given value;
therefore, the random phase-stepping method is effective for
this technique, and static deformation measurements using
optimal image extraction in ESPI under environmental distur-
bances are possible.

Deformation Measurement of a Commpressor Tank
Experimental Setup and Procedure

The deformation around the weld line of a compressor tank is
measured to demonstrate the effectiveness of the proposed
technique. In this study, simultaneous bidirectional displace-
ment measurement is performed using the proposed technique
with the bidirectional optical setup reported by Moore et.al.
[38]. A schematic of the bidirectional measurement setup is
shown in Fig. 9. Each of the two beams illuminates an obser-
vation region from the horizontal x- and vertical y-axes. Then,
beam expanders are used on each laser beam, and they illumi-
nates the large area. For bidirectional measurement with si-
multaneous image capturing in each direction, the polariza-
tions of the laser beams for each sensitive direction are ar-
ranged orthogonally. A polarizing-beam splitter is set in front
of the cameras to separate each polarization component of the
laser beams with horizontal and vertical sensitivities. The
CCD camera arrangement angle is approximately 45° because
of the arrangement space in the compact interferometer. The
incident angles of the laser beams are set to 11° for each
direction. A constant-wave 300 mW diode-pumped solid state

LS : Laser source Observation region
DC1, 2 : Digital camera 1 and 2 !

M : Mirror :

BS : Beam splitter

PBS : Polarizing beam splitter
BE : Beam expander

ND : Neutral density filter

Fig. 9 Schematic of a compact interferometer for bidirectional
measurement

SEM

(DPSS) laser (Klastech, Scherzo) with a wavelength of
532 nm is used. The laser power is adjusted by a neutral
density (ND) filter. The monochrome CCD cameras (Allied
Vision Technologies, Guppy Pro F125B) each have a resolu-
tion of 1292 x 964 pixels, a cell size of 3.75 um x3.75 um,
and a maximum frame rate of 31 frames/s. The F-number of
the camera lens is set to 4. The exposure time is set to 1.7 ms.
Figure 10(a) shows the experimental setup. The compressor
including the welded tank, is put on a wooden desk without
vibration isolators. The interferometer attached to the tripod is
set in front of the compressor tank. In this experimental con-
dition, the disturbance is expected to be harder than that of the
previous condition, because both the object and the interfer-
ometer are not isolated from the disturbance. Thus, the expo-
sure time is set to six times shorter than that of the previous
condition. Figure 10(b) shows the surface around the weld line
of the tank. Aluminum powder is painted on the observation
region to optimize the diffuse reflection and to reduce the
disarrangement of the polarizations of the reflected laser
beams. Aluminum powder with a particle size of less than
74 pum is adhered on the surface using a conventional stick
spray. The analyzed region is indicated by the white dashed
line. For reference, the biaxial strain gauge, which is arranged
to measure ¢, and ¢,, is attached to the surface at a position
10 mm lower than the weld line. The deformation of the tank
is measured when the pressure increases from 0.1 MPa to
0.6 MPa.

Compressor tank

Strain gauge
(b) Observation region

Fig. 10 Views of (a) experimental setup and (b) observation region
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The data processing flow for deformation measurement is
as follows. First, numerous images for both the horizontal and
vertical sensitivities at both the initial and deformed states are
captured. Second, the optimal images for each image set are
extracted. Third, the phase-stepping method is applied for
phase analysis. Finally, the strain distributions are calculated
by the local least-squares method. By this process, strain maps
for each component can be obtained.

Results and Discussion

Examples of captured speckle images are shown in Fig. 11(a)
and (b). The image size is 500 x 600 pixels, and the length of
the region shown in a pixel is approximately 62 pum.
Intensities on the border of the weld line are relatively dark
because of the curvature of the weld surface. The phase anal-
ysis is performed using extracted speckle images for each state
and direction. The results are shown in Fig. 11(c) and (d). In
this case, reasonable signs of the phase changes are decided by
the measurement results of the strain gauge. Additionally, a
spatial filtering region size of 21 x 21 pixels is used to remove
some noise from the analyzed results. The phase change dis-
tribution of the vertical sensitivity is larger than that of the
horizontal sensitivity. The phase distribution around the center
of the vertical sensitive phase map is slightly disordered. It is

(d) Vertical sensitivity

(b) Vertical illumination

Fig. 11 Captured speckle images for each sensitive illumination: (a)
horizontal illumination, (b) vertical illumination; wrapped A¢ maps
obtained by a random phase-stepping method for each direction: (c)
horizontally sensitive A map, (d) vertically sensitive A map

expected that the intensity of the border of the weld line is not
sufficient for phase analysis.

Strain analyses are performed for the phase change maps
using the local least-squares method with a calculation area of
21 %21 pixels. The obtained strain components, ., €,, and v,
are shown in Fig. 12(a), (b), and (c). In the ¢, map, strain
values are relatively low and constant. In the ¢, map, a slightly
disordered region along the border of the weld line is ob-
served. However, the overall strain distribution can be obtain-
ed. High strain values are observed on the lower side, and
strain values drastically change on the weld line. The strain
distribution is unsymmetrical across the weld line. It is be-
lieved that this strain distribution occurs because the tank
shape is also unsymmetrical across the weld line. In the vy,
map, shear strain values show values near zero. The white
dashed lines are located at the same distance as the strain
gauge from the weld line. The average strain values along
the dashed lines are 3.7x 107 for ¢, and 2.81x 10™* for ¢,.
Strain values from the strain gauge are 2.7 x 10> for ¢, and
2.91x107* for €,. The error is +1 x 107°. Therefore, relatively
good results were obtained.

The above results validate that bidirectional displacement
measurements by ESPI under the environmental disturbance
are possible. To apply this technique in other environments,
such as industrial areas or plants, the amplitude of the envi-
ronmental vibration and the displacement of the object during
deformation should be considered, because the measurable
limit is affected by such displacements. However, if the dis-
placement is larger than the limit, ESPI measurements under

5x10+

-5x10+

.(b) €, ,

Fig. 12 Strain distributions around the weld line: (a) ¢, map, (b) €, map,
and (¢) Yy, map

SEM
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the proposed technique are still possible by applying a posi-
tion correction to the speckle pattern [39—41]. In this case, a
maker that can track the surface motion must be placed on the
object’s surface to apply a digital image correlation method
[19, 20]. Incidentally, the sign of the phase analyzed by the
random phase-stepping method must be decided. In many
cases, the sign can be determined on the basis of the given
conditions. If the sign cannot be determined, an additional
measurement such as a strain measurement by a strain gauge
at a point on the object surface is required. However, solving
such problems is not difficult. Therefore, it is expected that
ESPI measurements in various environments are possible
using the proposed technique.

Conclusion

A new technique for ESPI measurements of static deforma-
tions under environmental disturbances is proposed.
According to this technique, numerous laser speckle images
of'the initial and deformed states are captured, and images that
can be used to make interference fringes are then extracted
using the optimum image extraction method. The phase of
the interference fringe pattern is analyzed from the extracted
images using a random phase-stepping method. Translation
amounts by random vibration are used as the phase stepping
amounts. To validate the effectiveness of the proposed tech-
nique, an in-plane rotation of a flat plate and the strain distri-
bution around the weld line of a compressor tank, resulting
from an increase in pressure, are measured. A compact speck-
le interferometer constructed on a tripod that includes a middle
-power laser is used to obtain the measurements. Using this
method, an interference fringe can be obtained, and the phase
can be analyzed without a vibration isolator. Additionally, the
strain distribution around the weld line of a compressor tank
can be measured using the proposed technique. The obtained
strain measurement error of +1 x 10~ is very small. Therefore,
it is expected that ESPI measurements in various environ-
ments are possible using the proposed technique.
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