
INVESTIGACIÓN Revista Mexicana de Fı́sica57 (2011) 518–523 DICIEMBRE 2011

Comparative measurement of in plane strain by shearography and electronic
speckle pattern interferometry
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In this work, an optical setup that gives the possibility of using either ESPI or ESPSI has been implemented to assess in-plane strains induced
on a composite sample. First, in-plane ESPI was used to measure displacement fields, which later allowed us to evaluate the corresponding
strain fields. Next, we applied ESPSI to measure the derivative of in-plane surface displacements (the strains). The experimental results
obtained by applying both techniques (ESPI and ESPSI) were compared. We found that the difference between the strain fields obtained by
ESPSI and ESPI was roughly a constant. This result was expected since, although ESPI allows computing absolute strain values, the strains
measured by ESPSI are relative to a reference that must be measured using an additional method. Once calibrated the system ESPSI, the
ESPI could no longer be used. The strain field obtained in ESPSI is corrected by the sum of constant value calculated.
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1. Introduction

Over recent decades, many new composites have been de-
veloped, some with very valuable properties. By carefully
choosing the reinforcement, the matrix and the manufactur-
ing process that brings them together, engineers can tailor
the properties of the material to meet specific requirements.
They can, for example, make the composite sheet very strong
in one direction by aligning the fibers that way, but weaker
in another direction where strength is not so important. They
can also select properties such as resistance to heat, chemicals
and weathering by choosing an appropriate matrix material.
The greatest advantage of composite materials is strength and
stiffness combined with lightness.

The demand for higher quality and structural reliability
calls for better techniques for nondestructive evaluation of
stresses in a structure. Optical methods such as Electronic
Speckle Pattern Shearing Interferometry (ESPSI, also known
as shearography) [1] and electronic speckle pattern interfer-
ometry (ESPI) [2] are of considerable interest because of
their full-field and noncontact features. Among them, ESPSI
allows direct measurement of surface displacement deriva-
tives, and is a practical method that has received wide indus-
trial acceptance for nondestructive testing.

Electronic Speckle Pattern Shearing Interferometry is
very similar to electronic speckle pattern interferometry, and
it is typically used for nondestructive testing in material anal-

ysis and strain measurement [3]. The shearography method
is less susceptible to environmental noise, and operating the
equipment typically requires less technical understanding. It
is generally used qualitatively because additional information
and processing are required to determine the absolute value
of the deformation.

This technique has been extended to measure larger dis-
placement values [4] (about 216µm), and also used to study
periodically induced deformations [5].

ESPSI can be divided into out-of-plane displacement gra-
dient measurement and in-plane displacement gradient mea-
surement. A combination of system ESPI and ESPSI to out-
of-plane displacement gradient measurement has been imple-
mented but the values found from both techniques have not
been compared [6-8].

The determination of the reference value (constant) was
measurement too by using a square grid printed by serigraphy
over the illuminated surface of the specimen [3].

This work describes the above mentioned inspection tech-
niques and examines the strain map results obtained from
phase stepped ESPSI and ESPI techniques applied to com-
posite material samples that had a hole in the sample center.
In particular, the results from the ESPSI are compared with
the reference ESPI results to determine how well they corre-
late, which ultimately attempts to determine the suitability of
the ESPSI technique as an alternative ESPI inspection tech-
nique. By applying appropriate phase stepping techniques
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FIGURE 1. Arrangement of ESPI interferometer to measure dis-
placement in the direction of the y-axis.

during the process, followed by suitable phase unwrapping
algorithms and reconstruction processes, captured fringe pat-
terns can be reconstructed to represent quantifiable whole
field surface strain.

2. Theory

2.1. Electronic speckle pattern interferometry

In ESPI, a speckle pattern is formed by illuminating the sur-
face of the test object with two collimated wave fronts formed
by an interferometer which has laser light as its source. A
schematic of the system is shown in Fig. 1. Wave fronts1
and2 are symmetrically inclined at an angleθ to the surface
normal to the test object on theyz-plane. The unloaded test
object is imaged by a CCD video camera directed along the
z-axisand on the plane of the collimated wave fronts. These
wave fronts are scattered at the surface of the object and form
two separate speckle patterns that interfere on the film plane
of the CCD camera. The CCD camera captures this interfer-
ence pattern, which is then processed by the ESPI test soft-
ware and is stored as a reference pattern on the computer.
When the object is subsequently loaded, the test area under-
goes deformation and the collimated wave fronts are again
scattered, resulting in a change in the speckle patterns. This,
in turn, causes a change in the interference pattern, which is
again imaged on the faceplate of the CCD camera and stored
in memory. The ESPI test software is then used to process the
two stored interference patterns so as to display the resulting
interferogram of alternate light and dark fringes on a video
monitor. The interferogram is representative of the displace-
ment of the test object. Then the displacement field is given
by [9]:

v (x, y) = ϕ (x, y)
λ

4π sin θ
, (1)

whereλ is the wavelength of the laser light,θ the angle of
inclination of the coherent wave front with respect to the
surface normal on theyz-plane, andϕ is the relative phase
change between the two states.

FIGURE 2. Principle of digital speckle shearography, a schematic
setup.

2.2. Electronic Speckle Pattern Shearing Interferome-
try

A schematic diagram of an optical arrangement of oblique
illumination and normal observation is shown in Fig. 2. A
collimated beam lying on they-z planeand making an an-
gleθ with respect to the observation direction illuminates the
object. A zoom video lens and a Michelson interferometric
setup are used for imaging and shearing. To simplify the anal-
ysis, we assume that the illumination beam is collimated and
the zoom lens is close to telecentric. In the setup, phase step-
ping is provided by one of the mirrors (PZM) in the Michel-
son interferometer. A small tilt to mirror M4 introduces a lat-
eral shift∆y perpendicular to the observation direction. The
two laterally sheared wave fronts interfere with each other
on the target of the CCD camera and produce the resultant
speckle pattern

I (x, y) = |A (x, y) + A (x, y + ∆y)|2 , (2)

whereA is the complex amplitude at the detecting plane.
Hence, the acquired irradiance depends on the scattering
properties of two small areas centered atp (q) andp (q + ∆q)
on the object, where∆q is the shear vector on the object [1].
When the object deforms, a new speckle patternI ′(x, y) is
acquired. If it is assumed that only small deformations are
present, the phase change∆ϕy(x, y) betweenI(x, y) and
I ′(x, y) is given by [10]

∆ϕ1
y =

2π

λ

[
sin θ

∂v

∂y
+ (1 + cos θ)

∂w

∂y

]
·∆y , (3)

whereλ is the wavelength of the light,v is the in-plane dis-
placement generated by the deformation,θ is the angle be-
tween the direction of illumination and the direction of ob-
servation,w is the out-of-plane displacement, and∆yis the
magnitude of the shear along the y direction (Fig. 3, beam 1).

Similarly, one can write the equation of relative phase
difference when laser illumination is supplied by beam 2
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FIGURE 3. Optical setup: M1 through M5: mirrors; C: camera; S:
specimen; BS1 and BS2: Beam splitters; L: laser; I: expanded laser
beam;θ: incident angle. The pulling direction was y.

(Fig. 3). The phase change introduced by the displacement
of the object is expressed by [10]:

∆ϕ2
y =

2π

λ

[
− sin θ

∂v

∂y
+ (1 + cos θ)

∂w

∂y

]
·∆y (4)

The relative phase change between the phase contours
represented by Eqs. 3 and 4 is given by

∆ϕ1
y −∆ϕ2

y =
4π

λ

(
sin θ

∂v

∂y

)
·∆y (5)

3. Experimental part

A system that provides a way of combining both ESPI and
ESPSI is shown in Fig. 3. The surface is illuminated by two
collimated beams placed symmetrically and making an angle
θ = 28.74◦ with respect to the surface normal. In the case
of ESPI, the light path to M4 was blocked. Using an Instron
machine, a uniaxial load along they−direction was applied.
Each wrapped phase pattern in Fig. 4 was obtained by the
digital subtraction of the phase maps measured at instants

FIGURE 4. Force F–elongation d sequence of the test corresponding to sample 4. Wrapped phase patterns obtained by using an interferometer
shown in figure 3. The time intervals used to generate the patterns were 30 s (patterns A1 through A9), and 5 s (pattern A10). In order to
minimize the de-correlation problem due to large deformations, short time intervals were selected.
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FIGURE 5. ESPI: a) Fringe pattern; b) Wrapped phase pattern; c) Unwrapped phase; d) Displacement map obtained from the unwrapped
phase map shown in c); e) Strain map obtained by differentiating the displacement map shown in d) alongy.

FIGURE 6. ESPSI, beam 1: a) Fringe pattern; b) Wrapped phase pattern; c) Unwrapped phase.
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FIGURE 7. ESPSI, beam 2: a) Fringe pattern; b) Wrapped phase pattern; c) Unwrapped phase.

separated in time by an interval∆t. The first of these phase
maps was measured at the load stage indicated in the plot; for
example, the first phase map that allowed us to generate the
wrapped phase pattern A4 was captured when sample elon-
gationd was equal to 1 mm (see Fig. 4). The second speckle
pattern was recorded 30 s later. The elongation corresponding
to the second speckle pattern cannot be indicated separately
in Fig. 4 because the time interval used to generate the phase
pattern was relatively small (the testing machine worked at a
speed of 40µm min−1). Except A10, all the other wrapped
phase patterns were generated using the same time interval.

Figure 5 shows an example of data exploitation which is
after A9 and before A10. To get the strain field from the dis-
placement fields, the next evaluation step is the determination
of the displacements derivatives. Deriving v in they direc-
tion yields the strain (unit elongation)εy directly. In Fig 5e,
this strain distribution is shown. The strain fields are obtained
by numerical differentiation, where the length of the deriva-
tive interval∆y is 416µm. It is a well known fact that noise
in the data is severely amplified by differentiation. Therefore,
a low-pass filter (mean filter) was applied to smooth the sur-
faces of Fig. 5c) before performing numerical differentiation
to get the strains. The direct approach to numerical differen-
tiation is to compute finite differences by:

εy =
∂v(x, y)

∂y
≈ v(xi, yj+1)− v(xi, yj)

yj+1 − yj
. (6)

The displacement mapsv exhibit a circular hole at the
central region of the plate (Fig. 5d)). To avoid these discon-
tinuities across the boundary of the hole, the derivative was
not calculated in the central circular region of the sample. In
this case, the derivative values were substituted by derivative
values obtained near to the hole’s neighbourhood.

The use of ESPI and ESPSI was achieved by switching
on the appropriate illumination beams. The frames relative to
the deformed object state are subsequently recorded and sub-
tracted from their corresponding initial patterns. The images
resulting from ESPI and ESPSI were then digitally processed.
Fringe patterns were captured by means of a CCD camera of

640×480 pixels and 8 bits. In this work, the four phase shift
algorithm [2] was used to calculate the phase. Figures 6 and
7 show the experimental results rendered by the ESPSI con-
figuration in the cases of illumination with beams 1 and 2
respectively. The fringes pattern is showed in Figs. 6a) y
7a). Figs. 6b) and 7b) show wrapped phase maps which
are between values of (-π, π). These values are scaled be-
tween(0, 255) gray levels to visualize like an image. The
white areas correspond to high values of the wrapper (near
values toπ which corresponds to255 or white area). The
unwrapped phase maps were obtained by the classical tech-
nique [11] which are showed in Figs. 6c) and 7c).

FIGURE 8. In-plane strain∂v/∂y obtained through ESPSI.
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Figure 8 shows the strain derivative distribution obtained
by applying Eq. (5).

When comparing Fig. 8 and 5e), we found that the differ-
ence between the strain fields obtained by ESPSI and ESPI
was roughly a constant. This result was expected since, al-
though ESPI allows computing absolute strain values, the
strains measured by ESPSI are relative to a reference that
must be measured using an additional method (see [3] for
details).

4. Conclusions

A stable and reliable dual-function system is proposed; it
allows combining both ESPI and ESPSI into a single unit,
and is an inexpensive alternative to available commercial sys-
tems. The primary advantages are the possibility of obtaining
information both about an object’s displacement and about its
gradient as well as ESPI permits to calibrate the shearography
system. From the resulting images generated by using both
ESPI and ESPSI, the strain fields can be efficiently measured.
In the case of ESPI, the strains are computed by differenti-
ating the displacement fields retrieved from fringe patterns
generated by interferometry when applying load to a sample;
errors affecting ESPI measurements may result from both the
presence of rigid body displacements resulting from excita-

tion, and also from sensitivity to external disturbances such
as vibrations. In the case of ESPSI the strains are directly
retrieved from the fringe patterns, which carry information
on the gradients of the relative displacement induced by the
deformation of the sample; ESPSI has less sensitivity to dis-
turbances linked to rigid body displacements and vibration,
and therefore, it can be usedin situ to detect defects in non-
destructive inspections.

The experimental results obtained by applying both tech-
niques (ESPI and ESPSI) were compared. As expected, we
found that the difference between the strain fields obtained
by ESPSI and ESPI was roughly a constant.
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