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Abstract: 
Some problems relative to the use of three lasers beams of different colours and colour 
image detectors for real-time electronic speckle interferometry (ESPI) are discussed. A 
simple ESPI setup is proposed, allowing non-contact real time mapping of displacements 
and strain of a surface, simultaneously in the three directions. 
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1. Introduction

Interferometry of random wavefronts is largely used in order to study the 
displacements and strains of rough surfaces. In some cases the interference 
between two wavefronts reflected (scattered) from the same rough surface is 
recorded, in other cases one of the light beams is reflected from the rough 
surface under study and the other (called reference wave) is reflected from a 
mirror. The first method is usually called  “Electronic Speckle Pattern 
Interferometry” (ESPI), while the latter is “(Digital) Holographic 
Interferometry”. However in the literature this distinction is not clear, and 
digital holographic interferometry is often called “ESPI” (for example in the 
usual setup for out-of-plane deformations). A textbook on the subject is [1], 
and a more recent review is [2].

After extensive developments and refinements after the '70s, in the recent 
decade attention has been oriented towards real-time and 3-dimensional 
(3D) recording (see references below). This is made possible as compact 
solid-state powerful laser sources are now available on the whole visible 
spectrum, and colour image detectors are standard and cheap, and desktop 
computers have increased their computing power, 

In order to realise a real-time 3-D mapping, two problems have to be 
addressed: to avoid the need of multiple phase-shifted images for each 
deformation step, and to measure the three dimensions at the same time. 



For each of these problems, a solution has somehow been found in the 
literature. A simple setup is suggested here. 

2. Real time

The traditional method for ESPI implies the recording of 3 or more patterns 
for each deformation step, introducing suitable phase shifts. This does not 
allow following the deformation in real time.
Several methods have been proposed instead of phase shifting. One is a 
video recording of the image and a time analysis of each pixel, provided 
there are enough points during the movement of a fringe [3].  Then the 
history of the individual pixel allows to follow the phase evolution. Hilbert 
transform can be used to filter the time sequences for each pixel [4]. 
Another method implies analysing the image and determining maxima and 
minima  [5].
Phase information can also be obtained by correlation among different pixel 
intensities, with an initial phase determined by a phase shift sequence before 
beginning the deformation. For a continuous and smooth deformation, a 
simple method has been introduced [6]. 

3. Colour detector

In colour image detectors, each sensor has a broad sensitivity curve, with 
overlap with the other two. Each laser beam will be detected by more than 
one colour sensor. Therefore, in order to map each of the three laser 
intensities we need to process the three colours of the image in the following 
way: let us take for example one blue laser (B), one green (G) and one red 
(R). Let Rr, Rg, Rb be the intensity detected by the red sensor for a unit 
intensity of the red, green and blue laser respectively, and analogously for 
Gr, Gg, Gb, Br, Bg, Bb.
The three readings of each detector pixel are then
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Where I is the intensity of each laser at the corresponding point of the 
surface, that can be easily obtained by inverting the matrix.
If the surface is not white, it is convenient to take into account for each laser 
wavelength the corresponding reflectivity (possibly function of position), 
obtained beforehand by measuring the intensity with one laser at a time. 



4. Simultaneous 3 dimensional recording

For the real-time recording of the three components of displacement, a 
holographic setup has been used to record a 3-D deformation where each 
component is spatially displaced in the Fourier image, which is then 
analysed locally and re-transformed [7]. Another system has used two 
detectors, one for each direction [8,9]. Images can also be superimposed and 
separated by Fourier transform [10,11].
An ESPI system with three pairs of mirrors determining three non co-planar 
wavevector differences,  has been proposed by Martinez et al. [12,13]. This 
arrangement has been recently implemented in a 3D version of holographic 
interferometry [14]. Here we show that in an ESPI setup the arrangement 
can be simpler (either with mirrors or with optical fibres). 

 Figure 1: Perspective view of a possible setup with three colours laser (or 3 lasers) 3L, 
three beams (RL,GL,BL) (represented with different linetypes), separated by the beam 
splitter BS and reflected by the three mirrors M on the specimen S. Instead of mirrors, 
optical single-mode fibres can direct the three beams onto the specimen. 

Figure 1 represents an ESPI 3D system allowing to tune also the 
perpendicular sensitivity, as follows:
one of each couple of beams is sent perpendicularly to the surface, while the 
other three are sent at an angle α from it (or, in general, each at a different 
angle, αi with i=1,2,3), and with the projections on the surface forming an 
angle of 2π/3 with each other. If we take a coordinate system with x and y in 
the plane and z orthogonal, and indicate with K the wavevectors of the 6 
beams,



      

K0i=−k i ẑ
K 1=−k1 cos (α1) ẑ+k1 sin(α1) ŷ

K2=−k2cos (α2) ẑ−k2/2sin (α2) ŷ+k2/2√2sin(α2) x̂
K3=−k3 cos (α3) ẑ−k 3/2sin (α3) ŷ−k 3/2√2sin(α3) x̂

where i=1..3,   k i=2π/λi     are the three wavevector moduli
As a consequence, the x,y,z components of the wavevector differences

K0i−K i       will be given by this relation:
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The 3 displacements Δx, Δy and Δz are then obtained by the corresponding 
phase shifts divided by the corresponding component of K.
In order to have the same sensitivity on the two in-plane components, one 
can choose for each colour an angle α such that the in-plane components of 
K, Ki=ki sin(αi) (i=1,2,3) are the same.   The out-of-plane sensitivity can 
then be tuned by changing the angles  α by the same proportion. 
In the version with mirrors in free air, this setup introduces a path difference 
between interfering beams, therefore the coherence length of the lasers must 
be longer than this path difference, which depends on the area to be studied 
and the angles α, and in practical cases could be of the order of 10 or 20 
cm. In the version with optical fibres, however, the (average) path 
difference can be reduced to zero (we speak of “average” path difference 
because in practice the beams will be diverging). 

Figure 2: a possible simple apparatus using optical fibres: D detector, R,G,B tips (usually 
GRIN lenses) of the optical fibres, shortdashed line is the observed surface. (left) seen 
from above, (right) seen from a side (the pillar behind is in longdashed line). 



Moreover, with optical fibres, setups where both wavefronts of each colour 
are directed at some angle with respect to the normal to the surface (as in 
Fig.2) are possible without further complications, and this adds some 
flexibility in tuning the sensitivities in the three directions. 

5. Scale
It seems that there is a fact that is usually overlooked: the difference 
wavevector ΔK, and then the spatial scale corresponding to a fringe, is not 
constant over the surface of the specimen, as it is often impractical to have 
plane waves (it implies using large lenses, or have a small sample far from 
the sources), so in practice we have spherical waves, whose wavevectors on 
the surface depend on position.
In case the fibre tips are on vertical pillars (on axis z) as in fig. 3a, the three 
components of wavevector differences at the position x,y in the plane z=0 
are functions of x and y: 
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while if the pillars form an angle β with respect to the vertical, the relations 
are a bit more complicated, as we understand from fig. 3b.   

Figure 3: Scheme to calculate the wavevector differences for a couple of spherical waves. 
(left) the two sources on a vertical pillar, at average height h and distance a, (right) the 
pillar forming an angle β with respect to the vertical

6. Conclusion

In conclusion, real-time three-dimensional displacement maps (and 
consequently strain data) are obtainable in a simple way with present colour 
detectors and a 3-colour laser (or 3 lasers of different colours), and a pure 
ESPI apparatus can be simpler than other systems recently realised. 
This is useful in order to carry out laboratory tests, when very high accuracy 
non-contact measurements of the three displacement and/or strain 
components are required at the same time and without interruptions.
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