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ABSTRACT 

A common problem in experimental mechanics is that when a sample is 
studied in, e.g. a tensile test machine, the sample is often simultaneously 
exposed to rigid body motions as small deformations occur. These two 
movements, the rigid body motion and the deformation, are often talked 
about as displacement fields. The sought deformation field is often in the 
micrometer range, while rigid body motions often are of millimetre or 
centimetre size. Therefore, resolving the deformation field is often a problem 
since it is drowned by the larger movement of the object. The displacement 
field can be measured with methods like speckle correlation, but the results 
might lack accuracy to resolve the deformation field. However, 
interferometric methods might measure the deformation field, though the 
rigid body motion makes the fringes disappear. 

This thesis presents two methods that make it possible to master such 
measuring situations: a combination of speckle interferometry/speckle 
correlation and a method where the reference image is frequently updated 
during the experiment. Both theory and experiments are presented. 

For combined speckle interferometry/speckle correlation, the information 
necessary to apply the speckle correlation method is already available in 
interferometric recordings. With only minor changes in the calculation 
procedures, the speckle motion in the recordings can be determined. 
Interference fringes, which have disappeared due to large speckle motions, are 
retrieved by digital compensation for this motion. The speckle correlation 
technique gives the motion of the object’s whole surface so that different areas 
of the object can move different amounts and in different directions, while it 
is still possible to retrieve the fringes describing the deformation field. 

Updating the reference image during the experiment is another method used. 
As soon as the specimen has moved 1/10th of a speckle, the reference image is 
updated to avoid speckle decorrelation. In this way, the total movement of the 
surface is added up during the experiment and a phase map describing the 
displacement of the object is achieved. 

Finally, the magnitude of the shear in shearography is measured using speckle 
correlation, allowing quantitative measurements of the spatial derivative of the 
deformation field in shearography. 
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1. INTRODUCTION 

In the development of new products like cars, it is important that the material 
used in all parts satisfies its purpose, e.g. that it does not break or deform 
under normal loads. To ensure this, all materials used are tested in various 
ways before the car is put in production. Some of these tests concern how the 
material deforms during loading in, e.g. a tensile test machine. It is often 
preferred that the measuring methods used are field methods (in contrast to 
point measuring methods like strain gauge) and that they are non-destructive. 
Optical measuring methods are often both non-contacting and non-
destructive and might therefore be a good choice. 

One obstacle in using optical methods in tensile tests is that the test specimen 
is often subjected to relatively large rigid body motions as it deforms while 
being loaded. Reasons for this effect are, e.g., difficulties with aligning the test 
specimen with the tensile forces, looseness in the fixtures of the test specimen, 
and in applying the load. 

The wanted deformation field tends to be hidden by the larger, rigid body 
motion and is difficult to separate afterwards. This effect has prevented 
interferometric methods from measuring deformation fields in tensile tests, 
since the large rigid body motion makes the interference fringes disappear. 
However, there are speckle correlation methods (also called speckle 
photography) that can measure the rigid body motion, though they are often 
of unsatisfactory accuracy to be used to measure the deformation field. 

The aim of this thesis is to investigate if and how speckle interferometry and 
speckle correlation can be applied simultaneously to overcome the problem of 
detecting deformation fields overlapped by large motions. Another method 
tested to overcome the same problem is the re-reference technique, where the 
reference image is updated during the experiment. It is shown that both these 
techniques make it possible to determine small deformations even with 
overlaying large, rigid body motions. Speckle correlation is also used to 
calibrate the shearography set-up. 

This thesis consists of this summary and six appended papers. The summary 
gives the background and objective of the thesis. Further, the measuring 
techniques used and why speckle decorrelation appears are described. How 
lost fringes can be retrieved by the combined technique as well as with the re-
reference method are shown, and how the fringes from an in-plane 
interferometer are understood. Also shown is how the magnitude of the shear 
in a shearography set-up is determined. Conclusions and future work are 
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presented and finally, a brief summary and conclusion of the appended papers 
are given.  

For more detailed information about the combined technique the reader is 
referred to the appended papers, and for more background information on 
speckle metrology, books by Rastogi,1, 2 Sirohi,3 and Gåsvik4 are 
recommended. 

 

 



 

2. SPECKLE METROLOGY 

Speckle metrology is an important and growing part of optical measuring 
techniques in experimental mechanics. Speckle techniques use the random 
pattern of dark and bright spots (speckles) that are formed in space when a 
diffusely reflecting object is illuminated by coherent laser light (laser speckles), 
or when a random pattern exists naturally at the object’s surface (white light 
speckles). 

A noisy, random granular pattern called a speckle pattern is observed when 
looking at or imaging a laser illuminated, diffusely reflecting surface with the 
eye or with a camera (see Figures 2.1a and b). Fully developed speckles appear 
only if the height variations of the surface are greater than the wavelength, λ, 
of the light. Such surfaces are said to be optically rough. If the object is 
imaged, each point P on the detector will gain contribution of light coming 
from a coherence volume, determined by at least the airy spot and the 
roughness of the surface. A summation of these wave packages that illuminates 
point P is illustrated in Figure 2.1c, describing a so-called random walk. As 
long as the complex amplitude A follows the statistics indicated in the figure, 
the speckle field is fully developed. 
 

λ 

Aperture  

P 

Airy spot  

Roughness of 
the surface  

Im 

Re 

A 

c)a) b)
 

Figure 2.1: a) Schematic description of how speckles appear in a detector, b) 
a typical speckle pattern, and c) a random walk in the complex 
plane. 

The observed speckle pattern could be thought of as a “fingerprint” of the 
illuminated area in the sense that the observed pattern is unique for the 
microstructure of the specific surface area. Another area will give rise to a 
totally different random speckle pattern. When the surface area is moved or 
deformed, the observed speckles in the image plane will also move 
accordingly. This is the reason why speckle correlation techniques are so good 
at determining in-plane motions of an object.  

5 
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The size of the speckles will affect how sensitive the system is to decorrelation 
due to large movements of the object (further discussed in Chapter 4). If the 
aperture is circular, the speckle size in the x- and y-directions (perpendicular 
to the propagation direction), σx,y, is given by: 

#, 22.1 fyx λσ = , (2.1) 

where f# is the effective f number of the imaging system. The speckle size 
gives the magnitude of the detector plane areas that can be expected to have 
coherent properties. The fact that the speckle pattern is coherent within these 
limits is necessary for speckle interferometry to work. 

The speckle size along the propagation direction is found by: 
2

#8 fz λσ = , (2.2) 

meaning that the speckle size is much larger in the z-direction than in the x-
,y-directions and has the shape of a cigar. 

In speckle correlation techniques, it is the movement of the speckle pattern in 
the image plane that is studied, i.e. the movement of the surface. By following 
the speckle pattern the displacement field in the x- and y-directions can be 
obtained (shown in Chapter 3.1). 

Speckle interferometry systems on the other hand study the phase information 
of the speckles. As opposed to classical interferometry where optically smooth 
surfaces are studied and no speckle pattern appears, speckle interferometry uses 
the phase information carried by the speckles to determine the deformation of 
the object. Classical interferometry obtain the shape of a polished part by 
comparing the deformed reflected wave with a plane reference wave, no 
speckles are present. The difference between the waves will give rise to 
interference fringes describing the shape of the object, i.e. only one 
interferogram is needed. In speckle interferometry optically rough surfaces are 
studied and therefore the interference pattern obtain when the reflected wave 
and the reference wave interfere will be a random speckle pattern with 
varying phase and amplitude. Therefore, in speckle interferometry a second 
interferogram after the object has deformed in some way is captured. The 
fringes obtained when these two interferograms are compared describe the 
deformation of the object. The reference wave can be either a smooth wave 
(as in out-of-plane set-ups) or a speckle pattern (used in shearography and in-
plane set-ups), as long as it is constant in time.  

For a speckle interferometer, a motion or a deformation of the object’s surface 
will introduce a change in the intensity (or phase) of the individual speckles. 
This change can be measured and is often visualised as interference fringes 
(Figure 2.2a) forming black lines covering the surface of the object. These 
lines connect points on the object’s surface that were given an equal amount 
of deformation or rigid body motion, according to certain rules concerning 
illumination and observation directions. The fringe pattern can be transformed 
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to a wrapped phase map (Figure 2.2b), where the phase is between zero 
(black) and 2π (white). The phase along a line perpendicular to the phase 
jumps across such a map varies between zero and 2π as a saw tooth. If 2π is 
added or subtracted correctly every time a discontinuous jump of 2π appears, 
an unwrapped phase map (Figure 2.2c) with a continuous greyscale is 
obtained. 

a)  b)  c)  
Figure 2.2: a) Interference fringes describing an in-plane rotation, b) a 

wrapped phase map, and c) the unwrapped phase map 
describing the same rotation. 

If the deformation is too large, the fringes become too dense and may vanish 
due to speckle decorrelation (further described in Chapter 4). Interferometric 
methods are therefore well suited to measure small deformations, i.e. smaller 
than a laser speckle. One could say that speckle correlation and speckle 
interferometry methods complement each other in this respect, explaining 
why the combined speckle interferometry/speckle correlation technique is 
investigated. 
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3. MEASURING TECHNIQUES 

In this chapter, three different optical measuring methods will be described 
briefly, namely speckle correlation, in-plane speckle interferometry, and 
shearography. Combinations of these methods are used in the appended 
papers and will be described further in Chapters 5 and 6. 

3.1 Speckle Correlation (SC) 
Speckle correlation (SC), also called electronic speckle photography (ESP),5-8 
digital speckle photography (DSP),9-10 or digital image correlation (DIC),11 is a 
technique used to determine displacement fields. Before computers were used 
to record images, photographic plates were exposed by two speckle fields (one 
before and one after the object was loaded). The obtained specklegram is 
illuminated by a narrow laser beam and a diffraction halo where Young’s 
fringes appear. The frequency of these fringes carries information about the 
displacement between the two exposures.  

The first computer based speckle photography system was presented in the 
early 1980’s by Peters and Ranson.12 The images are now recorded by a 
CCD-detector and are stored on separate frames in the computer. Since 
images before and after loading are on different frames, it is possible to use a 
cross-correlation algorithm to determine the displacement field. The result is 
obtained much faster since no film processing or reconstruction with laser 
light is needed.  

In this section, the method described uses laser light as illumination source, is 
based on a cross-correlation algorithm, and detects only speckle displacements 
in the plane of the detector. 

3.1.1 Principles of Speckle Correlation 
Speckle correlation requires that the surface has a random texture of some 
kind, obtained by using a laser light to illuminate the surface (as long as the 
surface is optically rough). The algorithm does not follow the movement of 
each speckle, but rather the movement of a number of speckles acting 
together as a sub-image. Since the pattern over the surface is totally random, 
every sub-image can be considered to be unique.  

9 
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I1 

h2 

Cross-correlation 

I2 

h1 

c 

Displacement field 
 

Figure 3.1: The principle of the speckle correlation technique. Two sub 
images from the reference and displaced image are cross-
correlated and the position of the correlation peak gives the 
displacement of each sub-image. 

The technique uses two images of the object, one taken before and one taken 
after the object is deformed or moved in some way. The two images are 
referred to as the reference image, I1, and the displaced image, I2, see Figure 
3.1. The images are recorded by a CCD camera and divided into small sub-
images. The size of these sub-images determines the spatial resolution of the 
final result, making it important to not choose too large sub-images. 
However, if too small sub images are chosen, there will be difficulties in 
finding the corresponding sub-image and the correlation value will drop. The 
cross-correlation algorithm evaluates the statistical similarity between sub-
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image h1 from the reference image and the different sub-images from the 
displaced image. Actually, a sub-image is let to sweep over the displaced 
image, when an area is found where the statistical similarity is the highest, this 
area is taken as sub-image h2 and is considered as the corresponding sub-image 
of h1. The movement over the surface from the position of h1 to h2 is found 
by the position of the correlation peak and gives the displacement vector of 
the midpoint of sub-image h1. These calculations are done for all sub-images 
of I1 until a displacement field of the whole surface is obtained (also seen in 
Figure 3.1) meaning that the movement is determined in two directions, x 
and y. The height of the correlation peak gives how similar the cross-
correlated sub-images are and hence a value of the accuracy of the 
measurement. 

A parallel can be drawn to the stars in the sky, described as randomly 
distributed bright dots against a darker background, just as a speckle pattern. 
Humans have learned to look for certain configurations of stars and find them 
in the sky. About the same happens in the cross-correlation algorithm. A small 
speckled area from the first recording is moved around, relative to the other 
recording, to find a location where the same speckle configuration (or the 
closest match) is found. Similarly, we can study the sky and find a particular 
combination of stars that will form, for example, Orion. 

The limitation of the size of the studied object depends mainly on the 
magnification of the imaging optical system. The accuracy of the correlation 
technique is about 1% of a pixel pitch, i.e. it is dependent of the size of the 
studied area, the magnification, and the number of pixels of the detector. If a 
small object is studied, smaller displacements can be determined than if the 
same detector is used to study a larger object. A drawback with this method is 
that the images are divided up into sub-images, thereby lowering the spatial 
resolution. The larger the sub-images, the lower the resolution. 

3.2 Speckle Interferometry (SI) 
In holographic interferometry, invented by Stetson and Powell in 1965,13-14 
two holographic recordings were made on the same photographic plate, one 
obtained before object deformation and one after. In reconstructing the 
hologram, the difference between the object fields is seen as interference 
fringes covering the object. Drawbacks of the technique were the time-
consuming wet processing of photographic plates and due to the 
interferograms being sometimes difficult to interpret, specialists were often 
needed. 

In the 1970’s, electronic recording media started to replace photographic 
plates; today, the CCD-detector is in common use. The spatial resolution of 
electronic recording media was, however, not nearly as high as for 
holographic plates. Electronic techniques were initially named Electronic 
Speckle Pattern Interferometry (ESPI), which was an analogue technique. To 
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improve the fringe contrast and enable phase to be measured a temporal 
phase-stepping technique was introduced. Reconstruction of the object fields 
is now made numerically in the computer and displayed on a TV monitor, 
meaning that optical reconstruction is not longer necessary. This way, both 
the recording and processing of the measured data could all be done digital 
and the technique was also named: Digital Speckle Pattern Interferometry 
(DSPI), TV holography and simply speckle interferometry (SI). 

In speckle interferometry the phase change of each speckle before and after 
deformation is recorded, instead of the position of the speckle as in speckle 
correlation. This change in phase depends upon the change in optical path 
length between the exposures and contains information of, for instance, the 
wanted deformation field. To be able to extract phase information, one of the 
two illuminating beams is phase-stepped. When temporal phase stepping is 
used, several images are taken before and after the object is deformed, a typical 
set-up uses four phase-stepped images. It is assumed that the measuring 
situation does not change during the time it takes to capture the four images. 
The detected irradiance for the eight images captured are expressed as: 

( )2cos0 πφγ nIII Mn ++=  (3.1) 

( )φπφγ ∆+++= 2'cos''' 0 nIII Mn  (3.2) 

3,2,1,0=n  

where In is the irradiance for the images before deformation and I’n after 
deformation, in this case four images (n=0, 1, 2, and 3) are captured before 
and after deformation. I0 is the background irradiance, IM the modulation 
irradiance, and φ is the random speckle phase. The correlation value γ is 
related to the fringe contrast and will be between zero and one, depending on 
the coherence of the interfering beams. ∆φ is the sought phase change and can 
be obtained by combining the eight phase-stepped images above as: 

( )( ) ( )( )
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wφ . (3.3) 

This provides a wrapped phase map of the deformation. Depending on what is 
studied, methods exist using everything from three to sixty-four phase-stepped 
images, though one of the most common is the four phase-stepped algorithm 
described above.  

Phase information is found by this phase stepping technique even if the fringe 
contrast drops, as long as γ is not zero since that would mean that there is no 
interference. 

More information about speckle interferometry is found in the books, 
Holographic Interferometry, by Kreis15 and, Digital speckle pattern 
interferometry and related techniques, edited by Rastogi.2
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3.2.1 Principles of In-plane Interferometry 
To be able to measure deformations occurring in a direction perpendicular to 
the line of sight, the in-plane direction, a set-up as seen in Figure 3.2, is used. 
This set-up was first presented by Leendertz16 in 1970.  

BC 

BC 
M 

M 

BS 

PZM 

Object 

θ
θ

x 

z CCD 

Front view 

x 

y 

Laser 

 
Figure 3.2: Illustration of the set-up for in-plane measurements. M – 

mirror, BS – beam splitter, BC – beam collimator and PZM 
– piezo mounted mirror. 

The light is divided into two equally intense beams that both illuminate the 
object. One beam is phase stepped by a piezo-mounted mirror before it 
reaches the object. The two beams illuminate the object at equal angles, θ, 
and the interference between them is detected by a CCD camera. The piezo 
mirror is used to phase step one of the beams so that typically four phase-
shifted images can be captured before and four after the object is loaded, as 
mentioned above. The background irradiance and the random phase of the 
speckles (i.e. the noise) can be cancelled out according to equation 3.3. The 
deformation field is determined by the following relation between the phase 
change ∆φ and the deformation u: 

θ
λ
πφ sin)(4 xu=∆ . (3.4) 

where λ is the wavelength of the laser light and θ is half the angle between 
the two illumination beams. 

In other words, deformation is measured by determining the difference in the 
optical path length of the two beams before and after the load is applied, i.e. 
the phase change of the speckles. If the object is deformed in the x-direction 
of Figure 3.2, the path length of the two beams will change, one becomes 
shorter and the other longer, with the difference indicating how much the 
object has deformed in-plane. If the object is moved in the z-direction 
instead, the two beams are changed equally, the difference between them is 
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zero, and no deformation is therefore detected. Hence, this set-up is only 
sensitive to deformations in the in-plane direction and only in one direction, x 
or y, depending on the illumination.  

A phase map is obtained due to the interference between the two states 
(before and after loading). The phase jumps of 2π show lines of constant 
deformation, i.e. the more fringes, the larger the deformation. The change of 
deformation between two fringes is achieved by  

( )
θ

λ
sin2

=xu , (3.5) 

where θ is the illumination angle seen in Figure 3.2 (0<θ<π/2) and λ is the 
wavelength of the light. It is seen from equation 3.5 that the set-up will have 
a higher sensitivity with a larger angle than with a smaller angle. I.e. the 
sensitivity is only dependent on the angle and the wavelength, not of the 
magnification of the imaging system that was the case for speckle correlation. 
If the object is rotated round the z-axis, the appearing fringes will be 
horizontal, and if a deformation in the x-direction is present, the fringes will 
be vertical. This is discussed further in Chapter 7.  

Advantages of this set-up are that small deformation fields can be determined 
with a high accuracy and that it is a whole field measuring method. It is also 
an electronic real time instrument, making it fast to use. Disadvantages include 
the system being sensitive to disturbances in the environment and if the object 
moves more than one speckle diameter, the fringes will be lost.  

With our interferometric set-up, with a laser of wavelength 532 nm, 
measurable deformations are from a few hundredths of a µm up to several µm. 
The object size depends on the lenses used in the imaging process. Currently, 
objects between a few mm2 up to a few dm2 can be studied in our laboratory. 

3.2.2 Principles of Shearography 
Shearography17, also called speckle shear interferometry, is a method used to 
measure the slope of the deformation field rather than the deformation field. 
The system is generally set up such that it is sensitive for displacement 
gradients in the direction towards the camera (i.e. out-of plane).  

The object is illuminated by laser light and the reflected light passes through a 
lens and is divided into two equal beams in, e.g., a Michelson interferometer 
(see Figure 3.4). One of the beams hits a piezo-mounted mirror and enters the 
CCD detector. The other beam is reflected by a tilted mirror and interferes 
with the other beam on the detector. 
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Figure 3.4: Shearography set-up, M – mirror, BE – beam expander and 

PZM-piezo mounted mirror. 

The tilted mirror makes two nearby points at the object surface, to interfere at 
one single point at the detector. The detected interferometric phase is hence 
the difference in optical path between these two points and is described by: 

( ) 0cos1sin2 x
x
w

x
u

∆⎥⎦
⎤

⎢⎣
⎡

∂
∂

++
∂
∂

=∆ θθ
λ
πφ , (3.6) 

where θ is the angle between the illumination beam and observation 
direction, u and w are the deformations in the x- and z-directions, 
respectively, and ∆x0 is the introduced shear. This means that it is the slope of 
the surface deformation that is studied, in other words the derivative of the 
deformation field. The fact that it is the spatial derivative that is measured 
makes this technique very useful for detecting local variations round, e.g., a 
crack tip. Depending on how much the mirror is tilted and in which 
direction, the magnitude and direction of the detected slope field can be 
controlled. It is the derivative of the deformation that is studied and the 
magnitude of the shear needs to be known to determine the gradient of the 
deformation properly. 

The fringe maps achieved with this method are slightly more difficult to 
analyse since it is the derivative that is studied instead of the deformation field 
itself. Therefore, two “circular” fringe patterns will be obtained instead of 
only one, which is the case for the speckle interferometer configuration for 
the same experiment (see Figure 3.5).  
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Figure 3.5: a) An interferogram from a shearography measurement of a 

vibrating plate, b) the same plate measured with out-of-plane 
speckle interferometry, c) the gradient of the vibration amplitude 
along the horizontal line in the centre of the plate, and d) the 
vibration amplitude are plotted. (The figure is made by Dr. 
Anna Runnemalm18) 

Advantages with this method are that shearography is highly sensitive to local 
variations in the deformation field and is not as sensitive as speckle 
interferometers to disturbances in the environment. Disadvantages are that the 
interferograms are more difficult to interpret and that it is difficult to calibrate 
for quantitative results. One method to overcome the latter is presented in 
Chapter 6. 

 

 

 



 

4. SPECKLE DECORRELATION 

When the fringes disappear in speckle interferometry or when the correlation 
peak drops in speckle correlation, it is due to speckle decorrelation. 
Decorrelation of speckle fields in optical set-ups is described by the correlation 
coefficient, γ: 
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k is the wave number, q is the correlation parameter, P is the pupil function, 
p is a pupil plane co-ordinate, Ap and A are speckle displacements in the pupil 
and the image plane, respectively and L’ is the distance from the exit pupil to 
the imaging detector. Further, α and AZ are components of q and A 
respectively along the optical axis. 

The first term in the denominator describes decorrelation due to speckle 
movements across the aperture (further discussed in Section 4.2). The first and 
second exponential terms are related to decorrelations due to in-plane and 
out-of-plane speckle movements in the image plane, respectively (Section 
4.1). Different measuring systems will experience different correlations 
depending on their principle of work. For example, with speckle correlation 
techniques, the first exponential term is cancelled and a higher correlation is 
thereby possible for speckle correlation than for speckle interferometry 
systems, where all three terms in the denominator are present. For the 
combined speckle interferometry/speckle correlation, the in-plane movement 
is compensated for and the combined technique therefore results in the same 
correlation coefficient as for the speckle correlation case. 

4.1 Speckle Movements in the Image Plane 
To obtain fringes in interferometric systems the same speckles have to 
interfere on the detector before and after the object is deformed. If the speckle 
movement in the image plane is too large, either in-plane or out-of-plane, the 
fringes will be lost due to speckle decorrelation. Since the speckles have the 
shape of a cigar, they are about a magnitude larger in the z-direction than in 
the x-direction (see Chapter 2). Therefore, the interferometric set-up is much 
more sensitive to speckle movements in the in-plane direction than in the 
out-of-plane direction.  
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Alternatively, in speckle correlation techniques, interference of the speckles is 
not studied, just the movement. Therefore, this system is insensitive to 
displacements across the image plane. If the speckles move too much out-of-
plane, a different pattern will follow and the correlation will drop also in this 
set-up. 

A combination of speckle interferometry and speckle correlation will therefore 
compensate for speckle displacement across the image plane and the speckles 
will interfere again on the detector after the compensation is done. All this is 
computerised resulting in a phase map of the deformation. 

4.2 Speckle Movements in the Aperture Plane 
Depending on the imaging system and the movement of the object, the 
speckle field will move in the aperture plane. If this movement is large, it 
means that many new speckles will be simultaneously introduced in the 
displaced field, as many other speckles from the reference field will have 
moved out of the aperture. Therefore, decorrelation increases with movement 
across the aperture. For a given speckle movement in the aperture plane, a 
larger pupil will result in a higher correlation, hence higher fringe visibility. 
Speckle interferometry systems are therefore run with as large apertures as 
possible. Burke19 has shown that it is possible to improve decorrelation due to 
movements across the aperture plane by filtering out the speckles occurring in 
just one of the exposures. The width of the filter will depend on the measured 
displacement of the speckles in the aperture plane. This displacement can be 
measured by the speckle correlation technique (see Paper D for an example of 
a spatial phase stepped simulation). 

The decorrelation is inversely proportional to the magnification. If an area is 
studied with a small magnification, there will be large speckle movements 
across the aperture, while for a microscopic objective e.g., the magnification is 
larger and hence the system is less sensitive to this type of decorrelations. 

4.3 Microstructural Changes of the Surface 
Another reason for decorrelation of speckle patterns is of course if the 
microstructure of the studied surface changes. A microstructural surface 
change may give a completely new speckle pattern from that area, since the 
light will be reflected differently when the surface changes. If the 
microstructure of the surface changes, but the object is otherwise static, the 
correlation coefficient γ is described by: 

2δγ = , (4.2) 

where δ is the part of the original wave still present after the surface change, 
meaning that the correlation coefficient will decrease as the square of the 
original field. In interferometric set-ups, this is seen as areas where the fringes 
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will disappear (seen in Figure 7.4b). In speckle correlation methods, there will 
also be areas not found in the deformed image and hence areas where no 
displacement information is obtained.  

Speckle fields are very sensitive to microstructural changes. This phenomenon 
can however be used to study, e.g., environmental influence on different 
ceramic and metallic surfaces and dynamic moisture response in paper.20
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5. FRINGE RETRIEVAL FOR LARGE IN-
PLANE MOVEMENTS 

The methods described in the prior chapters are very useful in experimental 
mechanics. However, they all have their advantages and disadvantages. 
Speckle correlation does not have enough accuracy to resolve the deformation 
field while speckle interferometry methods cannot measure deformations if the 
object moves too much during loading. If the object moves or rotates so that 
the speckles move more than one speckle diameter, the fringes obtained with 
the interferometric method will disappear or become too dense to be useful.  

A first attempt at compensating for rigid body motions in hologram 
interferometry was done by Abramson in 197421. He made sandwich 
holograms, i.e. used two different photographic plates to record the reference 
and deformed image instead of one double exposed hologram. By separating 
the plates during reconstruction, it was possible to introduce shear or 
compensate for rigid body motions. Disadvantages with this technique are the 
difficulties in placing the photographic plates in the very same position, the 
plates being rarely identical introduces errors due to inhomogeneities in the 
plates, the method is very time consuming since the plates have to be 
processed, etc. The methods described in the following subsections are all 
digitalized, having the advantages of sandwich holography, but have overcome 
the disadvantages.  

5.1 Combined SI/ SC 
With this technique, used in Papers A, B, D, and F, the speckle correlation 
algorithm determines the displacement field to compensate for rigid body 
motions so as to obtain the phase map of the deformation. The first attempt to 
use this combined method was by Sjödahl and Saldner.22

As mentioned earlier, four phase-stepped images are captured before and after 
deformation with the speckle interferometry set-up. In these images, 
information about both the amplitude and the phase of the speckle pattern is 
present. Therefore, those images might be used in the speckle correlation 
algorithm to determine the displacement field of the speckles, after which the 
speckle field in the displaced image can be restored to retrieve the interference 
fringes.  

An example (from Paper A) where two perplex plates with rounded tips are 
studied is shown in Figure 5.1. The plates are mounted approximately 0.1 mm 
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(about 3 speckle diameters) from each other and are moved towards each 
other and pressed together.  

a) b) 

c)  
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Figure 5.1: Deformation of two perplex plates pressed together. a) Without 

compensating for the large movement, b) one of the components 
of the in-plane movement of the plates in pixels, and c) a phase 
map showing the resulting deformation field obtained when the 
large movement is subtracted. Field of view is 2x2 cm and the 
sensitivity direction along the x-axis. 

Using speckle interferometry to study this experiment gives the phase map in 
figure Figure 5.1a without any fringes. Figure 5.1b shows one of the 
components of the in-plane displacement obtained by the speckle correlation 
technique. When the in-plane displacement is compensated for, a retrieved 
phase map is obtained as in Figure 5.1c, showing how the plates deformed 
during contact. The denser the fringes, the larger the deformation (higher 
stress), i.e. the highest deformation occurs at the contact area between the 
plates. 

 



23 

Another example is seen in Figure 5.2, where an adhesive composite is tested 
in a tensile test machine (Paper F). The unwrapped phase map shows the 
absolute displacement field in micrometers that occurred during 12 seconds of 
loading.  

 
Figure 5.2: Unwrapped phase map of the deformation obtained on the 

adhesive of the composite. The greyscale gives the deformation 
in micrometers and the sensitivity direction is along the x-axis. 

An algorithm using the estimated displacement achieved from the correlation 
algorithm is utilized to unwrap the phase map: 
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where ∆φw is the wrapped phase map and φest is: 
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θ
λ
πφ sin4

correst u= . (5.2) 

Where ucorr is the displacement component in the sensitivity direction 
determined by the speckle correlation technique, λ is the wavelength of the 
laser, and θ is half the angle between the illumination beams. This 
unwrapping algorithm has the same advantages as temporal phase unwrapping, 
e.g., spatial errors do not spread in the resulting image (which might be the 
case for spatial phase unwrapping). However, rather large speckles (1 speckle 
> 2 pixels) are important to avoid systematic errors. This is further discussed 
in Paper F. 

The results shown here and in the appended papers prove that using the 
combined speckle interferometry/speckle correlation method is recommended 
when displacements larger than a few micrometers are studied or when a rigid 
body motion is overlaying the searched deformation field. 

5.2 Updating the Reference Image 
Another way to compensate for movements is to continuously update the 
reference image during the whole experiment, necessitating the capture of a 
large amount of images. In the following example, a high-speed camera is 
used to capture 250 images per second to update the reference image 
frequently enough. Therefore, the studied experiment cannot last more than 
about 6 seconds, since computer capacity limits the number of recorded 
images to 1 600.  

Paper E concludes that when the object moves 1/10th of a speckle the 
reference image must be updated to avoid loss of fringes and reduce the errors. 
The detected phase change in each pixel is added up during the experiment 
with every new update. When the experiment finishes, the resulting phase is 
known and the absolute displacement field can be obtained. 

As an example, the unwrapped phase map of a compressed wheat grain is 
shown in Figure 5.3, describing the displacement field in the x-direction and 
the greyscale is coded in micrometers. A crack due to compression is seen to 
the left of the phase map.  
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Crack 

 
Figure 5.3: An unwrapped phase map of a compressed wheat grain where 

an induced crack is seen to the left. The sensitivity direction is 
along the x-axis. 

Since this technique continuously captures images during the experiment, 
using a temporal phase unwrapping algorithm to obtain the absolute phase of 
the displacement is evident. This also means that the spreading of spatial 
unwrapping errors in the image is avoided.  

These results as well as the one presented in Papers E and F shows that this 
method is well suited to measure larger displacement fields than normally 
possible with ordinary speckle interferometry. 

A comparison between the combined speckle interferometry/speckle 
correlation and the re-referencing method is found in Paper F. 

 



26 

 

 

 



 

6. CALIBRATING SHEAROGRAPHY BY 
SPECKLE CORRELATION 

In the shearography set-up described earlier, the most common way of 
determining the shear is to hold a ruler to the object and read the result on the 
monitor, a rather inaccurate method. This means that the obtained phase map 
will only give a qualitative result since the magnitude of the shear must be 
used to determine the gradient of the deformation, see equation 3.6. To get 
quantitative results, the magnitude of the shear must be determined more 
accurately. This can be done by using the speckle correlation technique 
described in Section 3.1. 

(a) (b) (c) 
 

Figure 6.1: Speckle correlation used to determine the magnitude of the 
shear in the shearography set-up. a) and b) are speckle images 
obtained when one or the other of the two arms in the 
Michelson interferometer is blocked and c) shows the speckle 
correlation result, in this case an average horizontal shear of 
4.89mm. 

If one of the arms in the Michelson interferometer in the shearography set-up 
(Figure 3.4) is blocked, no interference between the two beams is present at 
the detector. If this image is captured it is solely a photograph of the speckle 
pattern (Figure 6.1a). If the other arm is blocked instead, a new image appears 
at the detector (Figure 6.1b) that is shifted (sheared) due to the tilted mirror in 
the set-up. This image is also captured and is cross- correlated with the first 
one. The result from the correlation is seen in Figure 6.1c with the arrows 
showing us how much and in which direction the images are changed. 
Therefore, the magnitude of the shear can be determined with great accuracy 
in every point on the object and a quantitative measure of the deformation’s 
slope can be achieved. This method is described further in Paper C. 
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Since the shear is determined in many points over the surface, this calibration 
technique is very well suited to calibrate the system when an object of a non-
flat surface is studied. In that case, the shear will be different in different 
points, and in order to achieve quantitative results the shear in all points must 
be known. 

 

 



 

7. INTERPRETATION OF 
INTERFEROMETRIC PHASE MAPS 

The in-plane interferometric set-up is only sensitive to displacements in one 
direction, signifying that only one component of the in-plane motion is 
detected and possibly complicating the interpretation of the obtained phase 
maps. This chapter tries to explain how the fringes should be understood. 

Vertical fringes appear due to deformations in the sensitivity direction (along 
the x-axis in this chapter’s figures). Each fringe represents a line where all 
points along it undergo the same amount of deformation, i.e. the fringes are 
contour lines of constant displacement in the x-direction. The difference in 
deformation of the points along two neighbouring fringes is described by 
equation 3.5 in Section 3.2.1. This means that the closer the fringes are to 
each other, the bigger change in deformation has occurred, i.e. there is a 
higher strain in that area. Figure 7.1a shows how the fringe pattern will appear 
as equal distant fringes when the strain is constant, i.e. the deformation is 
linear. If the strain varies as 1/x, the fringes will appear closer together where 
the strain rate is high, as illustrated in Figure 7.1b.  

a) b)  
Figure 7.1: Examples of how the fringes will appear when different types of 

deformation/stresses are present. Constant strain, i.e. linearly 
increasing deformation gives rise to equally spaced fringes (a) 
while a high strain rate will give fringes that are closer together 
(b). 

Figure 7.2a illustrates a phase map where there is pure deformation. If a 
rotation of the sample is present, it will give rise to horizontal fringes as seen 
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in Figure 7.2b. When a sample is rotated around a certain point and only the 
x-component of the rotation is detected, points on the object along horizontal 
lines will move the same distance in the x-direction; hence, the fringe pattern 
will be equally spaced horizontal fringes.  

b) a) x 
 

Figure 7.2: Fringes describing a) deformation in the x-direction and b) 
rotation about the z-axis in the in-plane interferometry set-up. 
The sensitivity direction is along the x-axis. 

When a composite with a machined notch in the centre is tested in a tensile 
test machine (see Figure 7.3), the phase map seen in Figure 7.4a might be 
obtained (Paper B). 

x 
 

Figure 7.3: A composite studied in a tensile test machine. The shadowed 
square is the studied area and the specimen is pulled in the x-
direction. 
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x
b) 

y 

a) 
 

Figure 7.4: Wrapped phase map of a loaded composite with a crack in the 
middle. The horizontal fringes show a rotational deformation 
and the vertical fringes show deformations in the x-direction. 
The fringes link together points that have moved an equal 
amount in the x-direction. The highlighted areas are discussed 
in the text. 

The blue marked area in Figure 7.4a shows that the fringes are almost 
horizontal, i.e. the specimen is undergoing a rotational movement in this area. 
The centre of the rotation is most likely near the crack tip. In the red area, the 
fringes are somewhere between being horizontal and vertical. This implies 
that the specimen is suppressed to both deformation and rotation, but it is still 
only the deformation and rotation component in the x-direction that is 
measured. The highest strain is found in the yellow area where the fringes are 
closest to each other. It is also seen that along the edge of the composite (the 
green area) the strain is constant since the fringes appear at equal proximity to 
each other. All this means that the composite moves more easily in the centre 
than along the edges. Therefore, there appears to be a rotating movement 
from the centre towards the edge, indicating that there will be a higher strain 
between the crack tip and the edge with the highest strain found closest to the 
crack tip. These deformation fields correspond very well to the results Melin 
et.al.23 achieved by moiré interferometry. 

There is an area near the crack tip (highlighted in Figure 7.4b) where there 
are no resolved fringes. This is due to micro structural changes in the surface 
that might be an indication of a damage zone where the crack tip is 
proceeding in the material. This area has to be studied further before any 
more conclusions can be drawn. 

If a third illumination beam is added to the in-plane set-up, it would be 
possible to measure both in-plane components (x and y) of the deformation as 
well as the out-of-plane component. This would probably make the system 
more interesting to the market, since you often want to know exactly how 
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the sample is moving. Interferometric systems such as this are on the market 
and are sold by, for example, Ettermyer. 

 

 

 



 

8. CONCLUSIONS AND FUTURE WORK 

It has been shown that in digital set-ups for speckle interferometry, the 
captured data provides all the information needed to be analysed by both 
speckle interferometry as well as speckle correlation. Different computer 
numerical calculations will extract speckle interferometry or speckle 
correlation data. With the combined speckle interferometry/speckle 
correlation technique, more information is therefore obtained from the 
experimental data than with each technique separately. This process is vital for 
the future success of speckle metrology. 

Various displacement and deformation fields have been determined in the 
appended papers, with the combined techniques presented.  

 Deformation field in two perplex plates pressed towards each other. 

 Rotation of an aluminium plate. 

 Deformation field in a composite with a machined crack pulled in a 
tensile test machine. 

 Displacement field of the adhesive in an adhesive joint composite pulled 
in a tensile test machine. 

 Deformation field in a plastic plate with a hole in the middle. 

It is shown that the combined speckle interferometry/speckle correlation as 
well as the re-reference method are suitable methods to use when the 
specimen is exposed to larger displacement fields.  

These displacement fields might either be deformation fields overlaid by rigid 
body motions or just displacements that are too large to be detectable with 
interferometric systems. Here, the larger displacement fields can be 
determined through interferometric accuracy i.e., these techniques increase 
the measuring range for an interferometric set-up from the micrometer scale 
to the millimetre scale. In all experiments where interference fringes start to 
decorrelate or disappear, these combined techniques may offer a solution. 

Speckle correlation can also be used to calibrate the magnitude of the shear in 
shearography to obtain quantitative results even if the object is of random 
shape. 

In this thesis, speckle correlation is only combined with in-plane 
interferometry and shearography. However, it is suitable to combine with all 
interferometric set-ups and has successfully been combined with out-of-plane 
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interferometry22, 24-25 as well as pulsed holography26 and particle image 
velocimetry (PIV). Another application is digital holography. 

In-plane deformation measurements like the mm-sized wheat grain in Figure 
5.3 show an example of extensions towards biological (or medical) 
applications where the validation of material models are feasible. It has to be 
realised that especially for objects of mm- or µm-size, the speckle motion 
might be too large across the image plane and ruin the interferometric data. 
Therefore, the combined technique will be of interest in micro-scale 
experiments. 

 

 

 



 

9. SUMMARY OF APPENDED PAPERS 

The appended papers are listed according to their content in table 9.1 below, 
thereafter follows a short summary, conclusion and my contribution to each 
paper. A complete list of the author’s international publications is given by 
Ref [27-35] 

Table 9.1 Contents of appended papers 

Paper In-plane 
SI 

Combined 
SI/SC 

Updating the 
reference image 

Shearography 

A     

B     

C     

D     

E     

F     

Paper A: Digital speckle-pattern interferometry: fringe retrieval for large 
in-plane deformations with digital speckle photography 

By: A. Andersson∗, A. Runnemalm and M. Sjödahl 

Summary: This paper deals with the following question. Is it 
possible to combine speckle correlation with speckle 
interferometry in order to measure large deformations 
with interferometric accuracy without having to take 
intermediate images? Results from speckle correlation 
are used to compensate for the rigid body motion of the 
object in order to retrieve the phase map of the 
deformation lost due to speckle decorrelation. The 
technique is demonstrated with two experiments, a 
rotated aluminium plate and two rounded perplex plates 
pressed towards each other.  

                                      
∗ My maiden name was Angelica Andersson 
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Conclusions: The same images that are used in the speckle 
interferometry system are used in this combined 
technique, i.e. all information we need is present in the 
images already captured. From the theory and 
experiment, it is shown that speckle correlation can be 
used to determine which speckles to compare in order 
to retrieve the fringes with the interferometric 
algorithm.  

Division of work: Andersson, Runnemalm and Sjödahl performed the 
experiments. Andersson and Sjödahl summarized the 
results, conclusions and wrote the paper. 

Paper B: Optical methods to study fracture of notched glass mat 
composites 

By: A. Andersson∗, P. Fernberg and M. Sjödahl 

Summary: In this paper, a composite is studied during the loading 
in a tensile test machine. During the loading, different 
parts of the composite are moving different amounts and 
the correlation technique is used to determine that 
movement. This makes it possible to retrieve the fringes 
if the sample moves too much between two different 
exposures, but also to determine how much the 
composite is moving during the whole test. 

Conclusions: It is possible to determine the movement of the different 
areas of the specimen and “move back” the image in 
order to retrieve the fringes. In addition, the total 
amount of movement of the different areas of the 
specimen is found. 

Division of work: Andersson and Fernberg performed the experiments and 
wrote the paper. The summarization and conclusion of 
the work was done by Andersson and Fernberg in 
discussion with Sjödahl. Fernberg had the knowledge 
about the composite material used and Andersson the 
knowledge about the optical measurements. Andersson 
presented the paper at the conference. 

Paper C: TV shearography: quantitative measurement of shear-
magnitude fields by use of digital speckle photography 

                                      
∗ My maiden name was Angelica Andersson 
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By: A. Andersson*, N. K. Mohan, M. Sjödahl and N.-E. Molin 

Summary: This paper describes a technique to determine the 
amount of shear in the shearography set-up. Ordinary 
the magnitude of the shear is determined by holding a 
ruler at the object surface and read it on the monitor. 
Now the shear magnitude can be determined by the 
correlation technique with an accuracy of 1% of the 
pixel spacing. As an application, the method is 
implemented to determine the slope change variations of 
a three-dimensional object with TV shearography. 

Conclusions: The proposed method evaluates the translational 
mismatch between the speckle patterns that appear when 
first one and then the other arm of a Michelson 
interferometer is blocked, which give us the amount of 
shear in the set-up. 

Division of work: Andersson and Mohan performed the experiments. The 
summarization of the results and the conclusions was 
done by Andersson, Mohan and Sjödahl. Mohan wrote 
the paper. 

Paper D: Speckle photography combined with speckle interferometry 

By: N.-E. Molin, M. Sjödahl, P. Gren and A. Svanbro 

Summary: This paper shows different techniques where the fringes 
in interferometric set-ups are retrieved when they are 
lost due to large displacements.  

Conclusions: By combining speckle correlation with speckle 
interferometry methods, fringe visibility may be restored 
and quantitative measures of deformation fields in 
interferometry or shear in shearography are obtained. 

Division of work: A survey paper where all authors wrote different parts. 

Paper E: Optimal re-referencing rate for in-plane dynamic speckle 
interferometry  

By: A. Svanbro, J. M. Huntley and A. Davila  

Summary: To avoid losing the fringes in speckle interferometry, it 
is possible to update the reference image frequently in 
order to never have displacements larger than a speckle 

                                      
* My maiden name was Angelica Andersson 
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diameter. The optimal rate to update the reference 
image is investigated experimentally in this paper. The 
technique is applied to measurements of micro scale 
deformation fields within an adhesive joint in a 
composite. 

Conclusions: The optimal re-referencing rate is found to be when the 
image has moved 1/10 of a speckle diameter (or 1/10 of 
the pixel pitch in the case of small speckles). This 
technique allows detection of large displacement fields 
where complete speckle decorrelation otherwise would 
have occurred. 

Division of work: Svanbro performed the experiments with some 
laboratory help from Davila. The summarization of the 
results and conclusions were done by Svanbro and 
Huntley. Svanbro wrote the paper. 

Paper F: In-plane dynamic speckle interferometry: A comparison between 
combined speckle interferometry/speckle correlation and 
updating the reference image 

By: A. Svanbro 

Summary: Two techniques to overcome the problem with large 
displacement fields are compared. Namely, the 
combined speckle interferometry/speckle correlation 
and the re-referencing technique.  

Conclusions: It is clear that both methods can describe the 
displacement fields of objects undergoing both rigid 
body motions as well as deformations. Each method has 
its advantages and disadvantages and a possible solution 
to get even better is to make a combination of the two. 

Division of work: Svanbro performed all the work for the paper. 
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