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a b s t r a c t

This work introduces a digital holographic interferometer in a simultaneous 3D configuration to detect
superficial strains. The system uses a single monochrome sensor and three different lasers in a two
exposure method, which can successfully measure the superficial deformation during a controlled
deformation. An aluminum plate with a well-known geometry is used as a proof of principle. The
deformation and all physical variables are simulated with a finite element algorithm. The comparison
between the experimental and the simulated results helps to validate the system's measurements with
very good agreement. A description of the technique is presented.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, there are a wide range of optical metrology techni-
ques that offer high sensitivity and high resolution results. They
usually involve a light source, a beam-handling optics, a detector
and a data handling system. Recent advances in electronics result
in smaller and more powerful optical metrology systems, but a
constant among them is the illumination source used to modulate
and to obtain the measurements. A laser is widely used in these
fast whole field nondestructive tests [1,2].The optical nondestruc-
tive testing (NDT) techniques, or also called non-contact non-
invasive techniques, are used in science and industry to evaluate
the mechanical properties of a sample with no damage on the
sample. Many of the non-contact optical techniques such as fringe
projection, electronic speckle pattern interferometry (ESPI), shear-
ography, digital holographic interferometry (DHI), etc. [3–6], are in
continuous development. During the last couple of decades NDT
are increasingly replacing their mechanical counter-parts due to
their remote sensing and non-invasive features. DHI is a predo-
minant technique because it does not need any moving part
within the interferometer's path, as compared to for instance ESPI
that requires additional moving hardware for phase acquisition.
The optical phase when using DHI can be easily acquired and

transformed into a displacement [7–9]. The mechanical study of a
sample with DHI is achieved using one, two or three illumination
positions. The sample illumination can be done sequentially [10]
or simultaneously [11]. The last case gives the three orthogonal
displacement components u, v and w with just two images taken
at two different sample states [12]. An extension of this technique
was presented when three different lasers are used with a single
high resolution monochrome sensor [13]. This new configuration
gives the opportunity to use long coherence length lasers that can
be applied to measure large object areas.

In what follows a further analysis is carried out such that not
only the displacement information is obtained but also the strain
data is calculated from it. Strain gradient maps over an object's
surface helps to evaluate structural features such as in homogene-
ities and cracks which are directly related to material's failures, a
typical issue present in industrial environments [14,15]. Strain
measurements using other techniques besides DHI have been
widely reported [16–21]. However, in temporal phase shifting
techniques the use of piezoelectric translators introduces long
acquisition times considering the required number of images. This
makes impossible to record fast events even when a pulsed laser is
used and most of them are limited to smooth surfaces. The
processing advantages of DHI, which needs just two image
holograms for a measurement, made it possible to report fast
strain measurements even in a non-repeatable experiment
[22,23]. Therefore, a much more robust system is required to
inspect different objects under diverse type of deformations.
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A system like this needs to be validated under controlled condi-
tions in order to compare its measurements with a more conven-
tional measuring technique.

An aluminum plaque is used to gather the strain information to
be validated for the DHI system: this type of plaque's strain data
can be easily obtained using a finite element method (FEM),
instead of using another available optical technique. As is well
known, a FEM algorithm can simulate the material, the forces and
other parameters present in a real experiment [24]. The applica-
tion of FEM in mechanical studies helps to solve systems which
have complex strain and stress responses subject to even simple
deformation [25–27]. It is also used in studies which involve heat
transfer [28], flow [29], fluorescence tomography [30], and bio-
mechanics [31], among many more.

As proof of principle of the proposed DHI setup, the smooth
surface aluminum sample is deformed to create strain maps
during a mechanical compression, where all its physical para-
meters are introduced into the FEM algorithm. The experimental
results obtained with the DHI system will be described in Section
3, where details on how the sample is fixed and deformed and all
the optical parameters of the interferometer will be introduced. A
description of the recording and processing of the holograms will
be presented, considering the use of a single monochrome sensor
that captures three sample images simultaneously in one image.
Finally, the orthogonal displacement components along the x, y
and z axes are presented and compared with the FEM model. An
algorithm creates the experimental strain maps which are com-
pared with the strain numerical simulation, showing that the
results obtained with DHI are in quite good agreement with those
calculated with the FEM method.

2. Method

The conventional technique in Digital Holographic Interfero-
metry is the two-exposure method where an image hologram is
recorded at a particular object state (known or otherwise
unknown) and a second image hologram is acquired for an object
state different from the first. Each recorded hologram includes the
optical overlapping of a reference and an object beam on the
camera sensor [32], which registers a total intensity (I) in each
case, expressed by:

Iðx; yÞ ¼ jRðx; yÞ þ Oðx; yÞj2 ð1Þ
where R is the reference and O is the object beam, viz.,

Oðx; yÞ ¼ oðx; yÞexp½iφðx; yÞ� ð2Þ

Rðx; yÞ ¼ rðx; yÞexp½�2πiðf xxþ f yyÞ� ð3Þ

where, o and r represents the amplitude of the object and
reference beam respectively. The variable f is the reference wave
spatial frequency in the x and y direction, while φ is an optical
phase term representing the light scattered from the object sur-
face. Eq. (1) can be rewritten by substituting Eqs. (2) and (3) as:

Iðx; yÞ ¼ aðx; yÞ þ cðx; yÞexp½2πiðf xxþ f yyÞ�
þcnðx; yÞexp½�2πiðf xxþ f yyÞ� ð4Þ

where n denotes the complex conjugate and a and c are:

aðx; yÞ ¼ o2ðx; yÞ þ r2ðx; yÞ ð5Þ

cðx; yÞ ¼ oðx; yÞrðx; yÞexp½iφðx; yÞ� ð6Þ
In order to find the relative optical phase change due to the

undergone object deformation, the procedure is as follows. Eq. (4)
is Fourier transformed by means of a fast-Fourier-transform (fft)

algorithm, see for instance [33], which results in:

FTfIg ¼ Aðf x þ f yÞ þ Cðf�f x; f�f yÞ þ Cnðf�f x; f�f yÞ ð7Þ

Eq. (7) relates to the case when a single reference-object
illumination beam pair is used, but this can be easily rewritten
for the 3D-HI system [13] as follows,

FTfIkg ¼ ∑
3

k ¼ 1
½Akðf x þ f yÞ þ Ckðf�f kx; f�f kyÞ þ Cn

kðf�f kx; f�f kyÞ� ð8Þ

where k represents each of the three different lasers used and the
term Ak depicts the incoherent and/or the DC term present in the
system. The terms Ck and Ckn denote the lateral spectral lobes for
each illumination wavelength. Considering 3 illuminations, C1, C2
and C3, each one will have a complex conjugate termwhich is then
filtered in, to leave the complex conjugate one out. Next, the
remaining one is inverse Fourier transformed in order to obtain its
corresponding optical phase distribution by performing the calcu-
lation:

φkðx; yÞ ¼ arctan
Im½ckðx; yÞ�
Re½ckðx; yÞ�

ð9Þ

This procedure is repeated for the object in its deformed state
and the optical phase distribution is obtained for each illumination
as φ

0
k x; yð Þ, and finally the relative phase difference for each

illumination is calculated as:

Δφkðx; yÞ ¼ φ′
k�φk ð10Þ

This relative optical phase difference can be associated to a
physical displacement through the sensitivity vector found in the
experimental set up [12], which can be expressed as,

Δφk ¼
2π
λ

� �
d
!

⋅ s!k ð11Þ

that in turn may be rewritten as a matrix,

Δφ1

Δφ2

Δφ3

0
B@

1
CA¼ 2π

λ

s!1x s!1y s!1z

s!2x s!2y s!2z

s!3x s!3y s!3z

0
BBB@

1
CCCA

u

v

w

0
B@

1
CA ð12Þ

where u, v and w are the orthogonal displacement components
along the x, y and z axes respectively. With this information and
considering small deformations applied to the object, it is possible
to find the surface strain data. This strain is defined as the length
variation in a line segment of two points in the sample divided by
the length of the original line segment [34,35]. The in-plane strain
terms to be calculated may be expressed in their engineering
reduced form as:

εx ¼ δu
δx

ð13aÞ

εy ¼
δv
δy

ð13bÞ

γxy ¼
δu
δy

þ δv
δx

ð13cÞ

where εx and εy are the normal strain maps along the x and y
directions respectively, and γxy is the xy shear strain term. The
latter can be solved considering that 3D-DHI obtains the three
components of deformation u, v and w as function of x and y, i.e. u
(x,y). Certainly, this does not give enough data to evaluate all the
derivatives required for all the strain equations in a direct form
[36] without an approximation algorithm [37]. However, for the
validation process only three strain maps are presented as proof of
principle of 3D-DHI used in a simultaneous manner.
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