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ABSTRACT

When a material is mechanically loaded or experience environmental changes 
such as for example thermal or pressure variations it is affected, in some way, 
due to these new conditions. In order to measure engineering properties 
related to these structural changes, such as for example deformation and strain,
we need to gain information about them that are precise and reliable. There 
exist many different methods for such measurements. However, most often 
these methods measure the pure surface response due to the deforming
mechanism, since this is what can be observed directly by use of cameras and 
various sensors. We therefore know a lot about how the material surface
behaves but not much about how the structure beneath the surface behaves.
As long as the material structure is reasonably homogeneous this may be 
enough but as the complexity of the material structure increase it gets more 
important to obtain information from the inside of the material.

In this thesis two techniques with the ability to measure internal deformations 
in optically non-transparent materials are presented. The fundamental 
principle of both the techniques is the same. The techniques utilize a 
correlation based routine to estimate deformations from two and three 
dimensional image data collected with x-ray-based methods. The first 
technique, called Digital Speckle Radiography (DSR), measures two-
dimensional deformation fields, in a single plane within the examined 
material. The deformations are estimated by the use of image correlation
applied to two-dimensional digital x-ray images. The second technique, called
Tomographic 3D-DSP, measures the three-dimensional unrestricted 
deformation, in every point of the examined object. Here the correlation 
procedure is carried out on volumetric object data collected with computed
tomography (CT). 

Three separate experiments have been carried out, to investigate the 
behaviour of the two techniques.  In two of the experiments the two-
dimensional technique is applied. In the first of these the flow profile of an 
alumina powder is measured as it flows through a silo configuration. In the
second experiment the motion in a thin film of glue, sandwiched between 
two wooden plates, exposed to shear, is measured. Finally in the third 
experiment the three-dimensional technique is used to measure the
deformations in bone tissue when being exposed to a mechanical load. In this 
case two measurements have been carried out, and compared. These differ 
through a small damage that has been introduced to the bone tissue in the 
second measurement.
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1. INTRODUCTION

Engineering properties such as deformation, velocity and strain is today mainly 
measured through use of surface methods. In cases where the material is rather
homogeneous the results of using these methods may be sufficient. However, 
as the structural complexity of the material increase the agreement of these 
approximations decrease. In these cases it would be desirable to use techniques 
with the ability to measure the deformations in each point throughout the 
investigated material.

In this thesis we present two techniques that both are capable of measuring
internal deformation in a non-transparent material, one in two dimensions and 
the other in three dimensions. The fundamental principle for both these
techniques is the same. Image data is collected during deformation, with x-ray 
based imaging methods. Then by applying correlation based techniques to
these data sets the internal deformation field can be estimated.

The two-dimensional correlation technique, called Digital Speckle Photography
(DSP), was initially implemented to measure surface displacements. But since
this image correlation technique can be applied to any image set containing 
unique and randomly distributed features, called speckles, it is easy to adopt it
and use it for other applications. 

1.1 Optical measurements
Many of the traditional techniques used to measure engineering properties 
require contact with the test sample. The probe or sensor itself may therefore
give rise to perturbations and unwanted effects in the measured data. Also, 
these methods usually only allow one point, on the surface of the test sample,
to be measured at the time. In order to obtain data from more than one point
it’s required to either use multiple sensors simultaneously or scan the region of
interest with one sensor. In the latter case there must however be assumed
that the state of the measured quantity remains constant during the 
measurements.   Examples of such point wise contact methods are the use of 
strain gauges and pressure sensors. In perspective of these facts one can easily
see the advantages of using a method that’s capable of doing full field 
measurements without touching the test sample. 

Optical metrology is growing in importance in industry as well as at clinical
facilities. The use of techniques such as speckle metrology, holographic
interferometry, moiré-techniques and projected fringes - to mention a few - 
makes it possible to do these non-contact full field measurements mentioned
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above. Detailed information about these techniques and other related methods
can be found in a book written by Gåsvik1.

The techniques used in this thesis are optical in that sense that the measured
data is coded in two- and three-dimensional images. The difference from 
conventional optical techniques is that we here use x-rays as information
carrier, instead of visible light. The measurements are however carried out 
with no contact to the examined object and produces two- and three-
dimensional field data. The correlation method is based on the presence of 
features, called speckles. It can therefore be categorised as a technique within
the branch of optical methods called speckle metrology.

1.2 Speckle patterns
The granular pattern shown in Figure 1.1 (b) is called a speckle pattern. What
characterises a speckle pattern is a high spatial frequency distribution within a 
given bandwidth and that it’s random. Each region of the pattern is therefore
unique. There are two classes of speckle patterns that usually are referred to as 
speckle patterns.

Laser speckles are created when light from a coherent laser is reflected diffusely 
by a rough surface, see Figure 1.1 (a). Each point in space senses a unique
optical wave due to the diffuse scattering at the surface. The speckle pattern
will therefore be different for different points in space.

(a) (b)

Figure 1.1.  (a) Light of wavelength  is diffusely scattered by an optically rough 
surface.  (b) A typical speckle pattern. 

Another type of speckle formation is white light speckles. In this case the speckle 
pattern comes as the natural relief of the surface - the speckles behave as if
they were glued onto the surface. 
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Figure 1.2. The speckle formation using an x-ray system is based on the differential 
absorption of x-rays within the object structure. 

In this thesis we use speckle patterns generated with the use of an x-ray
system.  The speckles occur as intensity variations due to differential 
absorption within the material, which is illustrated in Figure 1.2. Variations in 
the object structure therefore imply variations in the recorded speckle patterns 
and the speckles may therefore be categorised as white light speckles. A more 
profound description of the image formation when using x-rays is given in the 
next chapter. 

1.3 Objective of this thesis 
The objective of this thesis is to develop techniques for measuring two- and 
three dimensional internal deformation fields inside optically opaque objects.
The two- and three-dimensional technique is called Digital Speckle Radiography
(DSR) and Tomographic 3D-DSP, respectively. 

The fundamental principle of both these techniques is the same. The two- or 
three-dimensional deformation field is calculated by use of image/volume
correlation of 2D or 3D image data, collected with x-ray imaging methods. 

In Chapter 2 we’ll look at the imaging methods. In two dimensions we use
digital radiography – a digital version of conventional radiography, which 
clinically most often is referred to as just x-ray. In the tree-dimensional case 
we use computed tomography to reconstruct the volumetric data of the 
examined object. 

In Chapter 3 we will look at the correlation techniques. First, the two-
dimensional technique called Digital Speckle Photography (DSP) and secondly
the corresponding three-dimensional technique called 3D-DSP. In this 
chapter we will go through the fundamental principle and look at the most 
important aspects of each of the two algorithms. 

In Chapter 4 we’ll look at the result when combining the techniques 
described in chapters two and three – in other words, we look at 
measurements carried out with DSR and Tomographic 3D-DSP.
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In the 2D case, which is described in Section 4.1 and Paper A and B, the 
measurements are carried out in a plane within the examined objects. In the 
first of two experiments we investigate the flow behaviour of an alumina-
powder in a silo. The measurements are carried out in a plane, positioned
through the centre of the silo. In the second 2D-experiment we look at the
motion in a thin layer of glue, sandwiched between two plates of wood. In
this case, we measure the response in the glue when shearing the plates.

One measurement has been carried out with the 3D-technique – 
Tomographic 3D-DSP – and this is described in Section 4.2 and Paper C. We 
here look at how bone tissue with porous micro-architecture, so called
trabecular bone tissue, reacts when being mechanically loaded. The experiment 
consists of two measurements. These differ through a small damage that has 
been introduced to the bone tissue in the second measurement.



2. IMAGING METHODS 

We will now take a closer look at the procedure where we capture the image
data. The obvious first step is to capture images that can be analyzed with the 
existing image correlation algorithm, which we’ll take a closer look at in 
Section 3.1. Initially we’ll therefore use a technique based on conventional
radiography – called digital radiography. Although there are several advantages 
with the two-dimensional method it still suffers from the fact that there is a 
lack of information, about the object, along the depth-direction. We can 
therefore only make our measurement in a limited region of the object. In 
order to avoid this restriction we need a technique with the ability to resolve
and describe the full 3D geometry of the object. The solution is to modify our
system to also cover the third dimension. The modified imaging system can be
categorized as a computed tomography (CT) system, although it deviates at a 
few points from the systems that are in clinical use. The basic principle is 
however the same. 

2.1 In two dimensions: Digital Radiography 

2.1.1 Image formation
Digital Radiography is based on conventional radiography, or X-ray imaging,
an imaging method that can be found at every hospital around the world. The 
discovery of x-rays was presented by Röntgen2 in 1895 and for this he was
awarded the first Nobel Prize in Physics, in 1901.

A short introduction to conventional radiography is given below. However 
for a more profound description of this and related techniques please take a 
look in a text book that treats translucent imaging, such for example Ref.[3].

In conventional radiography the object to be investigated is placed in a beam 
of x-rays. The image formation is based upon the differential absorption of the
x-rays in the object. The x-rays travelling along a path through dense matter 
will attenuate more than those along a path through light matter. Let’s take a 
look at a practical example. Bone tissue in our body mainly consists of
Calcium, which is a fairly heavy element compared to Hydrogen, Carbon and 
Oxygen, which is the main constituents in the soft tissue (fat and muscles
etc.). The bone tissue will thus attenuate more x-rays than the soft tissue and
we’ll obtain high contrast between these two tissues. In a radiographic image, 
Figure 2.1 (a), we see a grayscale map corresponding to the attenuation values
in the object. The intensity in the image is inversely proportional to the
transmitted intensity at the detector. Bright areas therefore correspond to high
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Figure 2.1. A radiographic image of a bone (a) . The attenuation values are mapped to 
256 grayscale values, from 0 to 255.  The two-dimensional attenuation profile is
shown in (b). 

attenuation. The two-dimensional attenuation profile is shown in Figure 2.1 
(b). The attenuation values can then be related to density values of the imaged
constituents. However the radiographic image only shows the projection of
the true three-dimensional attenuation distribution of the object. Since we
don’t have any spatial resolution in the depth-direction we can’t determine
the exact position of an object along the optical axis, nor its size. This 
uncertainty behaviour is shown in Figure 2.2. Two objects A and B with 
different size and location along the optical axis give rise to images of equal
size. The reversed situation may also 
happen. Two images B and C of
different size are projections of object B 
and C - two objects of equal size but 
situated at different positions along the
optical axis. The objects A and C 
however produce images that can be 
related to each other, since these two
objects both lie in the same plane,
orthogonal to the optical axis. So by 
making sure that the image information 
originates from objects confined to the
same plane, orthogonal to the optical 
axis, we can reduce the uncertainty
effect. This can be done by use of a 
contrast agent. For example by 
introducing a sheet of small x-ray

Figure 2.2. The geometrical
relationship between three objects A, B 
and C and their projections at the 
detector. From the images it is 
impossible to determine the exact size 
and location of the objects. 

(b)(a)



9

opaque particles, see Figure 2.3. This 
gives us a simple geometrical
relationship between the imaged 
structure and the corresponding object
points. This relationship is given by, 

os

ds

o

i

D
D

S
S

M ,    (2.1)

where M is the magnification, Si and So

the sizes of the image and object, 
respectively, and Ds-d and Ds-o the 
source-to-detector distance and source-
to-object distance, respectively. 

This method is used in the DSR-
experiments and will be explained in 
further detail in Section 4.1. 

Figure 2.3. A sheet of small x-ray
opaque particles has been introduced to 
the imaged object. There exist a simple 
geometrical relationship between 
features in the object and features in the 
projection.

2.1.2 Going digital
Conventional x-ray images are captured by use of x-ray film or x-ray plates as 
recording media. These analogue recordings have an advantage in good spatial
resolution but, apart from that, the area of use for these hard copy images is
quite limited. If the radiographic images instead are captured digitally it will 
open up for more sophisticated image processing and analysis. The digital
format also allows us to do video frequency recordings, where the frame rate 
typically is in the order 25 frames/s. High temporal resolution is required when 
for example investigating objects that either move or transform in a rapid 
pace.

The digital radiography system that is used in this work can be seen in
Figure 2.4. It consists of a micro-focus x-ray source, a digital detector, an 
external image processor and a host computer to which the image sequences 
are captured. The micro-focus x-ray source have a spot size or focus of only 5
microns, which is about 200 times smaller than the spot sizes used in clinical
systems. A small spot size results in images of high spatial resolution. The
output of x-ray radiation is controlled by choosing the tube voltage and tube 
current to be applied. The range for the voltage is 20-100 kV and for the
current 0-250 µA. The digital detector consists of an image intensifier and a 
17 mm CCD-camera, with 0.48 Mpixel. The image processor is used for 
filtration purposes. It can for example be used for multi-frame-averaging, in 
order to reduce the image noise. Another possibility is to subtract the 
background, in order to either compensate for uneven illumination or remove 
static objects that we don’t want in the image. The image processor is 
controlled either directly or through software, from the host computer. The 
host computer, finally, is used to collect individual images or image sequences. 
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Figure 2.4. The digital radiography system used in the experiments. 

The most concrete difference in a digital radiographic image from an image
collected with a conventional system is that they have inversed grayscale
values, as we can see in Figure 2.5. In the digital detector the image is created
when the photons are summed up for each individual pixel and bright areas 
therefore correspond to high transmission of x-rays.

Figure 2.5.  Digital radiographic image showing the same bone as earlier. The grayscale 
of the digital image is inversed. It thus shows the transmission of x-rays. 
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2.2 In three dimensions: Computed Tomography 
Now, we want to image the object in all three spatial dimensions. We use 
Computed Tomography (CT), to retrieve the object information along the
depth-direction that was lost in ordinary radiography. The term 
“tomography” is derived from the Greek word “tomos”, meaning “section”.
Tomography is, from that point of view, equivalent with “slice imaging”. 

We will here go through the basic principles behind computed tomography. 
A detailed presentation of this subject can be found in a book by Kak and 
Slaney4, which have come to be something of a milestone in this field.

We will start by deriving a relationship for one single slice through the 
investigated object. Then, from that point we will derive a relationship for the 
whole volume. 

First we need to take a closer look at the data we had in the last section, i.e.
projection data. 

2.2.1 Projections and line integrals 

The basic idea is to, from a number of 
measured projection profiles, retain the 
full geometrical information about the 
object. The projections are reversely
projected back to the object space, and 
the combined result is the searched
two-dimensional object function (in a 
slice). Figure 2.6 shows the relation 
between two objects and their 
projections, seen from three different 
angles. The more projections that are 
collected and backprojected the more
exact solution for the object function is 
obtained. In the simplest case where we 
have parallel beams of x-rays passing 
through the object, as in the figure, we
can realize that only projections from a 
180° trajectory are required since
projections from opposite directions will
contain equal information. Although, in 
the practical case where the x-ray beam
is divergent there will be differences in 
magnification between projections
collected from opposite directions since
the source-to-object distances now

Figure 2.6. The relation between two
objects and their projections, seen from
three different angles. 
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varies (see Equation (2.1)). The exact solution is therefore attained when 
projections from the full circular trajectory is collected.

We have an x-ray tube that radiates x-rays with a total intensity I0. These 
x-rays all enters the object. If we assume the object to be homogenous, the 
transmitted intensity of x-rays that reaches the detector, ID, along one path or 
line can be written, 

x
D eII 0 ,     (2.2)

where µ is the linear attenuation coefficient and x is the length the rays
travelled inside the object. The linear attenuation is closely related to the 
density of the object – as already mentioned. 

If the object instead consists of n regions with different attenuation coefficients 
we can write,

.                    (2.3) 

n

i
ii x

D eII 1
0

Furthermore we assume that a cross-section of the object lies in the xy-plane,
as in Figure 2.7. The attenuation coefficient is now a function of x and y, and 
we can write,

 (2.4) ray

dsyx

D eII
),(

0

where ds is a length increment, and the integration is carried out along the 
path from the source to the detector. From Equation (2.4) we can write,

Dray I
Idsyx 0ln),( .                    (2.5) 

So the measured intensities at the detector can be seen – if they are written on 
the form ln(I0/ID) – as the  line integration values of the attenuation
coefficient. The line integral on the left hand side of Equation (2.5) is called 
the Radon transform of the function µ(x,y),

. (2.6)
ray

dsyxtP ),(,

The parameters  and t are the projection angle and the radial position of the 
ray (see Figure 2.7). These are the line integration parameters. Each ray can be 
represented with the equation 

tyx sincos  (2.7) 

The expressions above are however only valid under the assumption that we
use a monochromatic source, i.e. all our x-rays have the same wavelength. In 
the practical case, where we have a polychromatic source emitting x-rays with
a number of different wavelengths, Equation (2.4) will also include an 
integration over the energy spectrum. 
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Figure 2.7. A beam of x-rays propagating through a cross-section of the object. 

This last assumption is important since µ(x,y) in general is a function of
photon energy. This give rise to an effect called beam hardening, where soft or
less dense tissue preferentially absorbs lower energies of the beam. The 
resulting x-ray spectrum, after transmission through the object, is therefore 
shifted toward higher energies. If the object contain many regions of both low
and high density, it’s necessary to compensate for this beam hardening effect. 

Note that we have rotated our coordinate system, relative to that we used in 
the last section. Here we have the source and detector in the xy-plane, instead 
of in the z-direction.

2.2.2 Fan-beam imaging
In order to solve µ(x,y) for all values of x and y it is necessary to collect 
projection data from a number of  different orientations, as already mentioned,
all within one particular cross-section or slice. For every orientation an 
attenuation profile is collected covering all values of t along that direction. 

The most common beam geometry used in computed tomography is the fan
shaped one, which is shown in Figure 2.8. This geometry is obtained by 
collimating the cone shaped divergent x-ray beam so that it becomes one-
dimensional, and fan shaped. A single-row-detector-array is then placed on 
the opposite side of the object.
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Figure 2.8.Collecting projections with fan shaped beams. 

The source and detector are rotated around the object (z-axis) and projection 
data, for all values of  and t, is collected. This gives us projection data from
one slice of the object.

One factor that decides the quality of the reconstructed image is the number
of projections collected from a 360° rotation. If the sampling is too sparse the
reconstruction will be of poor quality and contain artifacts. A method to 
control the projection data before reconstruction is to plot a sinogram, see 
Figure 2.9. In a sinogram the projections collected from one rotation are
plotted side-by-side. The obtained distribution therefore shows the 
projections as a function of projection angle. In Figure 2.9, 364 projections
have been captured equiangular during one rotation, so that the angular step
between two projections captured sequentially approximately is 1°.  If too few 
projections have been collected there will be discontinues jumps between the
separate projections, and the smooth appearance will be lost. By studying the 
sinogram one can also detect if the studied object have moved during 
scanning, which clinically is referred to as patient motion. This unwanted
motion results in unsharpness in the reconstructed slice. In the sinogram the 
object movement is visible as a discontinuous jump of the features, for a 
limited number of angles. If the sinogram looks fine we are ready to take the 
next step. 
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Figure 2.9.  In a sinogram the projections are plotted as a function of the projection
angle, .

Here, the projections are backprojected so that µ(x,y) is retrieved for all object 
points within the slice. The most common algorithm used to retrieve the 
object data is the filtered backprojection algorithm. It contains two steps, first 
filtering of the projection data and then backprojection of this filtered data.
The backprojection procedure is, as already mentioned, a reversed projection 
process. The data is in this case smeared out, over the image points along the 
ray. If this is done without first filtering the data the resulting image will get 
very blurry. The filtration can be visualised as a weighting of each projection
in the frequency domain. The reason to do this in the frequency domain is of
pure efficiency reasons. The filtration in the spatial domain is a convolution,
which in the frequency domain is equal with a simple multiplication. 

Filtered backprojection in its simplest form can only be applied when we have 
parallel projections, but we will look at this case of pedagogic reasons.  Here,
the searched attenuation distribution is achieved by taking the inverse Radon 
transform given by,

,             (2.8) 
2

0

,, dtgtPyx

where  denotes convolution and g(t) is the filter.

In the practical case where we have a fan-beam geometry, instead of parallel 
beams, the complexity of the expression for µ(x,y) will increase dramatically.
There is a lot of literature covering this subject. Additional reading can be
found in ref.[4-6]. 

A slice has a spatial extension along the z-axis, which together with the 
reconstructed image in the xy-plane constitutes a three dimensional volume, 
although the third dimension is much smaller than the other two. The
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reconstructed slice is therefore divided in small volume elements, voxels,
which is the three-dimensional version of pixels.

When the reconstruction is completed in the first slice a new slice is scanned
and reconstructed. This is done by either moving the object or the source-
detector system a small amount along the rotational axis. The whole volume 
of the object can in this manner be reconstructed - slice-by-slice – and 
represented as a stack of individual slices. In Figure 2.10 a visualisation of 5 
reconstructed slices is shown. In our discussion earlier each slice is confined to 
the xy-plane. The full volumetric representation of the object would therefore
be obtained if the total number of slices where placed in a stack, along the z-
direction. Once this volume is formed it is however possible, with digital
methods, to visualise arbitrary slices along any direction. The reconstructed
object is in this case a thigh bone of a chicken. The dimensions of the full
reconstructed volume in this case are 400×400×500 voxels.

Figure 2.10.  Visualisation of 5 reconstructed slices along the x-direction. The 
examined object is a thigh bone of a chicken. 

2.2.3 Cone-beam imaging
In recent times, clinical CT-systems have multiple row detector arrays, where 
the projections in several slices are collected simultaneously. This implies that 
the number of steps it takes to scan the whole volume is reduced, which 
results in lower patient doses. The number of slices that can be captured from
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one single rotation varies, but typically detectors with 2, 4, 8 or 16 rows are 
used. However, these multislice CT-systems still use the two-dimensional 
filtered backprojection algorithm to reconstruct each slice, individually. 

The reconstruction technique used in this work is a so called cone-beam
technique. As the name tells, the geometry now is cone-shaped. This 
geometry is the natural shape of the beam as it leaves the x-ray source. In 
other words, we no longer collimate the beam and can therefore make full use 
of the emitted energy. The geometry is exactly the same as for radiographic 
imaging. The projections that are collected are therefore standard two-
dimensional radiographic images. These will serve as in-data for the
tomographic reconstruction routine. These projections typically have the 
dimensions 640×500 pixels.

If we look at it from a slice-point of view this would be equivalent with 
having a multi row detector array with 500 rows that each contains 640 
detector cells. So instead of collecting 500 slices from the same number of 
rotations we now collect the whole amount of projection data during one
single rotation.

In order to reconstruct three-dimensional volume data from two-dimensional 
projections we use a three-dimensional filtered backprojection algorithm.
There exist several different techniques for cone-beam reconstruction. The
one that is used here is based on the pioneer work by Feldkamp, Davis and 
Kress7. It is most often referred to as the Feldkamp-algorithm or FDK-
method. For detailed information about this algorithm and other cone-beam
techniques please read the work by Turbell8, who also is the author of the 
implementation that we use in this work.

2.2.4 The cone-beam system used here 
The imaging system that is used for computed tomography is a modification 
of the digital radiography system that we looked upon in the preceding
section. This system is shown in Figure 2.11. The main difference is that a
motorised rotation stage has been inserted beneath the object. Instead of
rotating the source-detector system when collecting our projections, as we did 
in the preceding subsections, we now rotate the object. The effect of these 
two procedures is the same since the relative motion between object and
source-detector system is unchanged. The projections that are captured have a 
very high spatial resolution, due to the use of the micro-focus x-ray source in
combination with a detector system of high quality. This in combination with 
a dense sampling results in reconstructed volumes of very high spatial 
resolution. Depending on the magnification used when the projections are
captured, see Equation (2.1), the actual value for the resolution will vary. If 
we for example have equal source-to-object and object-to-detector distances,
which correspond to a magnification equal to 2, then each voxel within the 
reconstructed volume will represent a cube with the sides 0.41 µm.
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Figure 2.11. The system used for computed tomography. 

Typically the reconstructed volumes have the dimensions 640×640×500
voxels. The objects that are investigated must be relatively small in order to fit
into the system. The limitation in this case is the size of the detector, which 
have an effective field of view of 72×54 mm.

Another important aspect in order no minimise reconstruction errors is to 
have full control over the rotation procedure. The rotation stage must have an 
exact positioning, so that we collect our projections with exact equiangular
distances.

The computer that is used to reconstruct the volumes is a standard PC with 
Pentium4 dual Xeon 2.2 GHz processors and 2 GB of RAM. For this
particular system it takes about 1 minute to collect all projection data and
approximately 1 hour to reconstruct the object volume data. 



3. METHODS USED TO DETERMINE THE 
DEFORMATION

3.1 In two dimensions: Speckle Photography
Speckle Photography (SP) is the great ancestor of all correlation based
methods used to measure surface deformations. It is profoundly discussed in 
both text books and review articles9-12.

Speckle Photography uses information coded in the bulk movement of a 
speckle pattern as the object deforms. Traditionally a photographic double
exposure is collected where two speckle patterns, collected before and after 
deformation, are registered on top of each other. The result when developing
this double exposure is called a specklegram. It can be seen as two images, 
which are overlapped and slightly displaced. When a narrow laser beam shines 
through the specklegram a diffraction halo is produced on an image screen,
placed behind the specklegram. The diffraction halo is modulated with
Young’s fringes and by measuring the pitch and orientation of these fringes
the local object displacement is determined. However since the displacement 
is coded in fringes there will be a 180° directional ambiguity of the 
displacement. The total deformation field is obtained by probing the 
specklegram for an arbitrary number of positions. It is a quite neat and
straight-forward method that has gained a lot of attention and found
numerous applications through the years – ever since the first pioneering 
works in the late sixties and early seventies13-15.

However, there are several non-optimised and time-consuming steps along 
the way to obtain a full deformation field. One is processing the photographic
film and another is the laser scanning procedure that needs to be carried out in
order to get a field measurement. Therefore the technique has slowly but 
surely evolved and found automated solutions for these tiresome steps. The 
first full automation of the method, where all the steps are performed digitally 
in a computer was taken in the early 1980’s, by Peters and Ranson16 - Digital 
Speckle Photography (DSP) was born. 

3.2 In two dimensions: DSP/Image correlation
Digital images, collected with solid state detectors, permit a more efficient 
data management. A large number of images can be captured sequentially with 
an appropriate frame rate which results in measurements of better time
resolution. This together with the tremendous increase in computational 
power during the last decades has resulted in deformation field measurements 

19



20

that can be carried almost instantaneously. In the literature, a number of DSP-
systems have been presented by many researchers, including Sjödahl et al.17,18,
Chen and Chiang19-21, Noh and Yamaguchi22, and Sutton et al.23,24. In 
experimental mechanics it is most often used to investigate material behaviour
and to test constitutive models25,26. It is also in regular use within the field of 
fluid mechanics, under the name Particle Image Velocimetry (PIV)27.

3.2.1 The DSP-algorithm
Now we will look at the correlation procedure used in Digital Speckle 
Photography. The method is discussed step-by-step, however sometimes more 
briefly. A much more extensive description is given in the chapter “Digital 
Speckle Photography” by Sjödahl in a book on speckle related techniques 
edited by Rastogi28.

In order to measure the deformation field of a deforming surface with DSP
two images of the surface has to be collected, one before and one after 
deformation. The images are then first stored in two arrays, h1 (the reference 
image) and h2 (the displaced image) and later divided into smaller elements, 
subimages. One image can now be seen as a grid of such subimages and an 
image with n subimages can be written as 

iniiii hhhhh ,...,,, 321 .     (3.1) 

The algorithm requires that the images have a random speckle pattern since 
the idea is that each subimage shall be a carrier of entirely unique information.
In each of these subimages the deformation can be approximated to be 
constant in size and direction. 

By looking at how much the pattern in one specific subimage in h2 has been 
translated relative the pattern in the corresponding subimage in h1 the 
displacement of this subimage is achieved. By iterating this procedure for all 
subimages a grid of displacements is created, where each individual 
displacement is connected to a specific subimage. This grid describes the 
whole deformation field. The displacement calculation is done with a cross-
covariance routine which, in mathematical terms, is the inverse Fourier
transform of the spectrum from one of the subimages complex conjugated 
multiplied with the spectrum of the other subimage. This is written as 

ssHHFqpc 21
1, ,

ss hFH 11 ,                  (3.2) 

ss hFH 22 ,

where p and q are matrix indices, the F indicates a Fourier transform and h1s

and h2s are subimages from the reference image and the displaced image,
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Figure 3.1. The principle of the DSP-algorithm. Two subimages, h1s and h2s, from
the reference image and deformed image, respectively, are cross-correlated. The position 
of the peak value in the resulting correlation function gives the deformation in the 
corresponding subimage, to size and direction. By repeating the procedure for all 
subimages the full deformation field is obtained. The displacement vector inside the 
circle corresponds to the calculations made on the two subimages above.
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respectively. In the spatial domain c(p,q) is the convolution between the two 
subimages. The principle of DSP is shown in Figure 3.1.If the two 
corresponding subimages contain a certain degree of overlap the function 
c(p,q) will contain a peak value. The height of this correlation peak gives the 
statistical resemblance between the two subimages while the position gives the
mean displacement of the features, to size and direction. By repeating this 
correlation procedure for all of the subimages the full deformation field is 
obtained. The deformation field shown in Figure 3.1 describes a shrinking of
the imaged surface. If the speckle movement is too large, we’ll get a zero 
overlap between the subimages and they are said to be decorrelated. In this 
case there won’t be a correlation peak at all and c(p,q) will be uniformly zero.
On the other hand, if the speckles remain still between the two subimages 
we’ll get a perfect match, and the correlation value will be 1. The 
displacement is in units of pixels and is denoted u and v for the x- and 
y-direction, respectively. A large displacement will give rise to a poor overlap 
of the subimages, as already mentioned, which will result in a low signal to 
noise ratio in the correlation surface. It is therefore important to limit the 
displacement between the subimages by choosing an appropriate time interval
between the captures. If the cross-correlation procedure is repeated with a 
new choice of the displaced subimage that corresponds to the previous
calculated displacement, while the reference subimage remains fixed, the
degree of correlation will be better. So the algorithm includes an iterative 
process where the procedure above is repeated until a maximum overlap and 
correlation is obtained. 

So far the displacement is restricted to integer pixel values since the 
calculations depends on images captured with a solid state detector, where
everything is represented in discrete pixels. Therefore is the described solution 
only correct in the special case where the real displacements happen to 
coincide with the discrete detection points. To avoid this problem and 
achieve better resolution in the correlation an interpolation routine is applied 
on the current solution. This routine is based on the fact that c(p,q) can be 
considered as a harmonic function since it has been Fourier transformed. The
continuous cross-correlation surface is written as 
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where P is chosen to be odd. The higher order of P and the more terms that 
are included in the series the better the resolution will be in the correlation 
surface. The peak position in ccont(x, y) describes a more exact, non integer
pixel valued, displacement. 
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The algorithm is now almost optimized for its task but still it suffers from the 
fact that the two subimages have been collected at different locations, and as a 
result of that a perfect overlap can’t be obtained. By using the Fourier shift 
theorem to shift the deformed subimage by non-integer pixel values a 
maximum overlap is obtained. This can only be done if the images have been 
properly sampled so that all the information is retained. Applying the pixel-
shift algorithm therefore cancels the problem occurring from the fact that the
sampling has taken place at different locations. The pixel-shift algorithm is 
written as 

Mvqupi
shift eqpHqpH /2,, ,

qpHFjih shiftshift ,, 1 ,         (3.4) 

1,...,2,1,0, mqp ,

where H is the Fourier transform of the subimage h, and u and v are the 
displacements calculated from Equation (3.3). hshift is the new displaced 
subimage that have a perfect overlap with the reference image. For perfectly 
correlated images the use of the pixel-shift algorithm will result in the
equivalence of an auto-correlation, which cancels the noise problem due to
non-overlapping parts of the subimages.

3.2.2 Errors in DSP 
When using DSP there are two different types of errors involved - random 
errors and systematic errors. The random errors originate from difficulties in 
determining the exact position of the correlation peak. Sjödahl29 have made an 
extensive investigation of the accuracy in DSP. He proposes an expression for
empirical estimation of the random error. This expression is written as 
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B

ke ,         (3.5)

where e is the random error, k is a constant,  is the average speckle size,  is 
the mean correlation value and B is the subimage size. It is assumed that the 
average speckle size remains constant throughout each of the two speckle
patterns. The parameter k depends on the subimage size and is therefore 
constant during a correlation procedure, but may alter between different
measurements.

The second type of error is the systematic error, which most common is the
result of bad sampling. In order to obtain reliable results it is important that 
the Nyquist sampling criterion is fulfilled. If we fail to resolve all the spatial
frequencies in the speckle pattern we’ll encounter aliasing-problems.  When 
using speckle metrology with a digital detector and a circular aperture, it is 
stated that30 problems caused by undersampling can be prevented by using 
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mean speckle sizes above 2 pixles. This value is an optimum since it minimises 
the random error at the same time as systematic errors are prevented. 

3.3 In three dimensions: 3D-DSP/Volume correlation
Its now time to move up one dimension. The two-dimensional algorithm is 
powerful as long as the deformations are confined to a plane so that we can
resolve them with ordinary two-dimensional imaging methods. However if 
they are unrestricted and propagate throughout a three-dimensional structure
we can’t describe them with standard-DSP. Therefore, we need to extend the 
algorithm so that it also covers the third spatial dimension, and this is exactly 
what is done in 3D-DSP.

3D-DSP correlates three-dimensional data - it can therefore be called a volume
correlation method. Although the fundamental principle here is the same as for 
the two-dimensional technique, the practical cause of action is somewhat 
different. We will take a look at how the algorithm works and at some of its 
features. A more profound description of the algorithm is given in Paper C. 

The algorithm calculates a three-dimensional deformation field describing the 
unrestricted motion of the internal structures of the object. The calculations
are based upon two sets of volumetric data collected from the object before
and after deformation. These two volumes are referred to as the reference
volume and deformed volume, and are denoted V1 and V2, respectively. 

Just as for the two-dimensional algorithm we divide the initial data sets into
smaller regimes. In the 2D case these were called subimages and here we take 
the rather radical decision to call them subvolumes. These subvolumes each 
contain three-dimensional randomly distributed features - analogue with the
speckle patterns in the 2D case - we therefore choose to call them 3D-
speckles. Within these subvolumes we calculate the three-dimensional
displacement by finding the position and orientation of the same pattern of
features in the deformed volume. Then by repeating the procedure for the 
whole volume we achieve the full three-dimensional deformation field. 

3.3.1 The 3D-DSP algorithm 
Figure 3.2 shows the flow chart of the algorithm. At the top we can see how 
the two sets of volume data are fed into the algorithm. Now we go directly to
the heart of the algorithm, which are the steps within the gray rectangle in
Figure 3.2. For more information about the intermediate steps please take a 
look in Paper C. 
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 Figure 3.2. Flow chart of the 3D-DSP algorithm. 
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First of all we consider one of the significant features of the algorithm, namely 
the rescaling procedure. With rescaling means that the correlation procedure 
takes place at different spatial scales, where the size of our subvolumes 
decreases exponentially for each new scale. The rescaling principle is shown in
Figure 3.3. Initially, at the coarsest scale, the reference and deformed volume
is not divided at all. At the 1st refined scale each of the two volumes are
divided into eight subvolumes - each with the sides of the initial volume 
halved. Each time the scale is refined the accuracy of the measured 
deformation field is increased exponentially. 

Figure 3.3. The rescaling principle. The size of the subvolumes decreases exponentially
for each scale step. 

When we have subvolumes of the right size we are ready for the crucial step – 
to estimate the deformations. This is performed by minimisation of the three-
dimensional discrete covariance function given by 
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where xijk =[x,y,z] is the position vector and uijk =[u(x,y,z), v(x,y,z), w(x,y,z)]
is the local deformation vector in the correlation box of size M1×M2×M3.
S1 and S2 are the subvolumes which at the initial scale, as already mentioned, 
correspond to the features within the entire V1 and V2, respectively.

In order to perform the minimisation of Equation (3.6) it is sufficient to 
obtain an approximation of the deformation in the correlation box. Here the 
deformations are approximated with Chebyshev polynomials up to a given 
order n, giving 
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for the deformation components along the u-, v- and w-direction,
respectively, where apqr, bpqr and cpqr are Chebyshev components and Tp(x),
Tq(y) and Tr(z) are Chebyshev base functions of order p, q and r, respectively.

It is convenient for many reasons to use this approach for the approximation
of the deformations. First, Chebyshev polynomials are known to be so called
minimax functions, i.e. they have the property of being the polynomial of a 
given order with least maximum deviation from the true function. Second, 
because they are orthogonal, the Chebyshev polynomials can be truncated to 
lower orders without significantly deteriorating the approximation. Finally, 
the fact that Chebyshev polynomials are defined in the region [-1,1] makes 
the minimisation procedure numerically stable.

The minimisation procedure used here is a large-scale algorithm based on an 
interior-reflective Newton method31. The result when using this routine is a 
set of Chebychev component, which best fits the features in S1 with the 
features in S2. From these Chebyshev components a correlation value, which
is an estimate of the significance of the fit, can be calculated as, 

),,,,,(1),,,,,( zyxwvufzyxwvu .     (3.8) 

This measure of significance can therefore be compared to the estimation of 
the maximum value of c(p,q) in the two-dimensional case. 
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After minimisation at a coarser scale the resulting set of optimised Chebyshev 
components are used to make a good initial estimate of subvolume specific 
Chebyshev components, which will serve as in-data in the minimisation at the 
finer scale. When the calculations at all scales have been completed a number 
of different sets of Chebyshev component vectors and correlation values have
been collected – one for each subvolume. These results describe partly the 
same regions in the imaged volume so the next step is to choose at what scale 
the deformations in a specific region shall be represented. Here, this selection 
is based on the correlation value given in Equation (3.8). As long as at least 
one of the eight subvolumes (children) at a finer scale provides a higher  than
the parent-subvolume, at the coarser scale, the finer scale is chosen. Then, to 
make full use of the spatial resolution in the volumes the final calculations is
always performed at the finest scale with subvolumes sizes chosen from the
highest correlation value. Finally, from the final set of Chebyshev components
the definitive set of displacements are determined from Equation (3.7) and the 
full three-dimensional deformation field is obtained. Figure 3.4 shows a so 
called cone-plot were each cone gives the size and direction of the estimated
displacement of the features in that region of the object. In this case the
displacement field describes a rotation of the object. The object is a box-
shaped region of trabecular bone tissue from a chicken femur.

It should however be pointed out that so far have no error estimation been 
carried out for 3D-DSP. This belongs to the work that will be looked into in 
the immediate future. 

Figure 3.4.  A deformation field measured with 3D-DSP. The deformation field 
describes a rotation of the object (trabecular bone tissue in chicken thigh bone). 
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3.3.2 Positive effects from subvolume scalability 
The first concrete positive effect due to the rescaling procedure is, as already
mentioned, that the accuracy of the estimated deformations increases 
exponentially when our scale gets finer and finer. Apart from improved
accuracy the rescaling also results in other positive effects. A restriction for
correlation based techniques, which we also mentioned in the last section, is 
that in order to resolve the deformation the speckles mustn’t decorrelate. In 
the two-dimensional case we could prevent the speckle patterns from 
decorrelating through adjusting the temporal resolution when collecting the 
images, so that the displacements never exceeded a certain critical value. In 
three dimensions, however, this is generally not possible since the volume
reconstruction procedure is a rather time-consuming process. 

We can’t generally resolve the deformations in the same way as with the two-
dimensional technique. However, performing the correlations at different 
scales eliminates this problem. The number of scales, ns, in which the volumes 
will be analysed, sets the limit of the convergence of the minimisation routine. 
With the multiple scale calculations the size of the allowed deformations is ns

times larger than in former single scale algorithms. Thus by choosing an
appropriate number of scales in the computations any given deformation can 
be measured.

Another effect obtained by introducing subvolume scalability is that we now 
can build in adaptivity into our measurements - this would make our
algorithm more efficient. In regions of less deformation it would use a larger 
scale while in regions of more deformations it uses smaller subvolumes – 
sufficiently small to resolve the deformations. Figure 3.5 shows an illustration 
of how the adaptive system would work. 

  Figure 3.5. The principle behind adaptive correlation measurements. 
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4. MEASUREMENTS OF INTERNAL 
DEFORMATIONS

We have now come to the moment where we bind the techniques, discussed
in the former chapters, together. In the two-dimensional case Digital 
Radiography (Section 2.1) is combined with Digital Speckle Photography 
(Section 3.2) and results in the technique called Digital Speckle Radiography
(DSR). In three dimensions Computed Tomography (Section 2.2) is 
combined with 3D-DSP (Section 3.3) and result in a technique called 
Tomographic 3D-DSP.

4.1 In two dimensions: Digital Speckle Radiography 
In two dimensions, we are restricted to measure the deformation field in a 
single plane within the deforming object, in order to get accurate quantitative 
results. This is carried out by using various so called seedings or contrast agents
during the imaging procedure. The seeding typically consists of small x-ray 
opaque particles - normally Tungsten – spread out in a thin sheet within the 
examined material.  The speckles in the x-ray images are therefore directly 
related to the seeding particles. This implies that our measured deformation 
field describes the deformation of the seeded layer. However, we assume that
the particles behave just like the object material. 

Displacement field analysis of this kind is also regularly used in Particle Image 
Velocimetry (PIV)27, with which DSR shares similarities. In PIV a transparent 
fluid has a random distribution of particles introduced into it, then using laser 
light, a single sheet of these particles are illuminated and imaged digitally. This 
allows the flow in the illuminated sheet to be measured. In DSR, a similar 
single plane is imaged within the specimen, but this time the specimen may be 
optically opaque. 

The idea of combining radiographic images with Digital Speckle Radiography 
is not entirely new. In the late eighties, Russel and Sutton32 carried out an 
experiment where they measured the strain in fiber-reinforced composite
laminate with use of this method. They however based there measurements
on speckle patterns generated from x-ray opaque markers attached on the
object surface. So from that point of view, the strain fields measured were not 
obtained from the internal structure.

The method has also been applied in the medical sciences when Bay33

measured two-dimensional strain fields in trabecular bone tissue. However it is 
more often used for image registration to match features found in images
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collected with different imaging techniques - for example match CT-data
with MRI-data34. Another medical research field is to localise lesions within
the body, mainly tumours by use of a techniques that shares similarities with 
image correlation35.

DSR has also been used to study internal displacements of opaque specimens 
in ballistic events, using flash X-rays36-39.

A drawback of using a contrast agent is that the technique no longer is a non-
contact method in the sense that the object must be prepared before doing the 
actual measurements. The preparation with a seeding material also puts some
restrictions on possible applications of the technique.

In order to determine the actual length scale in the measurements, a 
calibration routine is necessary. The calibration routine used in these 
measurements was performed by placing a very fine metal grid in the defined 
object plane and capturing a radiographic image of it. The period of the grid 
can be calculated using an automated fine grid analysis40. The calibration 
routine takes the 2-dimensional Fourier transform of the grid pattern to 
separate the horizontal and vertical components of the grid. The phase can 
then be calculated and unwrapped to give a measure of the number of pixels
per period of the grid to sub-pixel accuracy. The pitch of the grid is measured
accurately with a microscope, allowing a conversion factor from pixels to 
millimetres to be calculated. 

In this thesis, Digital Speckle Radiography has been applied on two 
completely different types of objects. First the granular flow behaviour in a bin 
and hopper configuration is investigated. These measurements are described in 
both Paper A and B, although more extensively in Paper A. In the second 
experiment the technique is used to measure the displacements in a glue joint
sandwiched between two plates of wood exposed to a shearing load.

4.1.1 Investigation of the granular flow in a silo 
The silo used consists of a bin and hopper configuration, as shown in 
Figure 4.1. During the experiment, measurements were carried out for two 
different outlet diameters - 2.5 mm and 5.0 mm. However, here we’ll only 
look at the results from the latter one. See Paper A for results from the entire 
experiment. The material of interest is an Al3O2-powder (Alumina) of average 
grain size 50 µm. This material is seeded with a thin sheet of Tungsten
particles, also with the average grain size 50 µm. We assume that the flow
behaviour of the two materials is equivalent. The seeding is inserted in a plane 
through the centre of the bin, orthogonal to the optical axis.

The measurements are carried out in a region within the bin, marked out
with a rectangle in Figure 4.1. The physical dimensions of this region are
11.25 by 8.79 mm. The field of view may however be chosen freely.
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Figure 4.1. Dimensions of silo. Investigated region is marked out with rectangle. 

The x-ray tube voltage and current is set to 43 kV and 30 µA, respectively, 
which result in images of optimum contrast. 

The measurements begin as the outlet is opened and the powder starts to 
flow. Sequential images are captured with a frame rate of 20 frames/s, which 
yield that the time period between two successive frames is 0.05 s. In total a 
number of 230 images are collected within a sequence, thus covering
11.5 seconds of flow.

Figure 4.2 shows the measured velocity field at three different times during 
the initial stages of release. In Figure 4.2 (a) the velocity field 0.05 s after
release is presented, with an initial motion in the lower central part of the
image clearly evident. Figure 4.2 (b) shows the velocity field after 0.10 s. In 
this instance, the flow in the lower central region is so rapid that the speckles 
become blurred, causing a region of de-correlation to arise in which no 
measurements can be obtained. In Figure 4.2 (c) the velocity field after 0.35 s
is presented. The flow in the central region has now slowed, enabling the full 
field to be measured. A distinct column of flow is occurring by this time, 
suggesting the presence of plug flow behaviour. Further into the flow process 
the top region begins to collapse and a “cone of flow” arises.

Using the calibration method, discussed earlier, a scaling factor of 18 µm/pixel
is obtained. From the measured displacements we then get the velocities since
we know the time elapsed between two successive frames. We obtain a 
velocity-scaling where 1 mm of displacement corresponds to a velocity of
20 mm/s. The vectors in Figure 4.2 are however scaled a factor 6 in order to
enhance the appearance. A vector of length 1 mm therefore corresponds to a 
velocity of 3.33 mm/s.
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Figure 4.2.  The velocity field at the time 0.05 s (a), 0.10 s (b) and 0.35 s (c) after
release.
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The results contain random errors that originate from the correlation 
procedure, as we know from Section 3.2. These are given by Equation (3.5).
In this case we use subimages of the size 32×32 pixels (B=32). The average
correlation value is estimated to 0.82 and the average speckle size is 
approximately 3 pixels, which results29 in k=0.5. With these values we get an 
random displacement error of 0.07 pixels, which corresponds to a physical 
displacement error of 1.2 µm.

With regard from what we know about systematic errors, also discussed in 
Section 3.2, we can conclude that with average speckle sizes of 3 pixels we
manage to prevent such undersampling-related errors. 

4.1.2 Measurement of the displacements in glue joint sandwiched 
between two plates of wood exposed to shear 

Two plates of wood are glued together with ordinary wood cement. We then
want to measure the deformation field within the thin glue film as the plates 
are pulled apart. An illustration of this configuration is shown in Figure 4.3. 

Figure 4.3. Two plates of wood glued together with wood cement. A thin sheet of 
Tungsten particles is spread out in the glue. The plates are pulled apart with a force F. 

A sheet of homogeneously distributed Tungsten particles, with an average
grain size of 50 m, is spread out in the adhesive. The motion of the Tungsten
particles is assumed to be equivalent to the motion of the glue.

The measurements are performed before the glue is entirely set and the force 
acting on the system is chosen so that it eventually pulls the plates apart.
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The glued region is rectangular in shape, with dimensions of 20 by 16 mm.
The imaged region has the dimensions of 17.8 by 15.5 mm.

This time, maximum image contrast is reached when the tube voltage and
current is set to 20 kV and 30 µA, respectively. 

A sequence of radiographic images is collected as the system is gradually 
loaded until collapse. The frame rate of which the images are captured is 
25 frames/s, which yield a time period between successive frames of 0.04 s.

Figure 4.4 (a) to (c) shows the displacement field in the glue film 0.36, 
0.12 and 0.04 seconds before collapse, respectively. In Figure 4.4 (a), the initial
stages of motion can be seen on the left hand side of the imaged region.  In 
Figure 4.4 (b) this motion is dispersed to the whole image, although larger
displacements occur in an arc-shaped region on the left hand side.  The
displacements mainly appear to be a rotation around a midpoint at the right 
hand border. Finally in Figure 4.4 (c), immediately before collapse, the 
displacements increase further and reach a maximum. The speckles in the 
region along the arc, where the largest movements take place, are slightly 
blurred. These speckles would probably decorrelate if an imaging frame rate
less than 25 frames/s were to be used. The features within the triangular
shaped region in the upper left corner remain still during the whole pre-
collapse process. This region was probably the first to harden. 

The calibration routine this time results in a scaling factor of 29 µm/pixel.
When estimating the velocity we get 25 mm/s for a 1 mm displacement, by 
using a frame period of 0.04 s. The displacement vectors in Figure 4.4 are
once again scaled a factor 6 in order to enhance the appearance. This yields 
that a vector of length 1 mm corresponds to a velocity of 4.17 mm/s.

The random displacement error is estimated to 1.4 µm. This value is based on 
a subimage size of 32 by 32 pixel (B=32), average speckle size of 3 pixels,
k=0.5 and an average correlation value of 0.89. 

The fact that we once again have an average speckle size larger than 2 pixels
makes us certain that we can neglect systematic errors. 
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Figure 4.4. The displacement field 0.36 s (a), 0.12 s (b) and 0.04 s (c) before the 
system collapses.
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4.2 In three dimensions: Tomographic 3D-DSP 
With a three-dimensional technique, we are no longer obliged of making our
measurements within a plane. The measured deformation field describes the 
unrestricted displacement in each point, throughout the three-dimensional
object structure. 

The first truly three-dimensional correlation method, where volumetric data is 
correlated rather than images, was presented by Bay et al. 41. Measurements
were performed on volumes reconstructed from µCT scans of trabecular bone
tissue. Here, limited degrees of freedom are measured and thus only 
translational displacements are resolved. Later, the algorithm was extended to 
also cover rotational degrees of freedom42. The algorithm used by Bay and co-
workers is based on minimisation of a sum-of-squares function rather than of a 
cross-correlation (or cross-covariance) function that normally is the case in 
image correlation techniques, and which is used in Tomographic 3D-DSP. 
A similar approach is used by Verhulp et al.43. Here they introduce a 
volumetric FE-mesh (finite element mesh) with tetrahedral elements and
measure the strain locally, within single cell formations of trabecular bone
tissue.

In this thesis, the investigated object consists of trabecular bone tissue. One 
reason for choosing this kind of object is that it contains a very complex 
micro-architecture. The natural structure of this tissue constitutes an almost
ideal three-dimensional speckle pattern. Another motivation of using such 
bone tissue is to increase the understanding for how it behaves when being 
exposed to load. In the long term these kinds of investigations could be a 
valuable aid for studies of bone related diseases, such as for example 
Osteoporosis.

4.2.1 Measurements of deformations within bone tissue exposed to 
axial load 

Two different measurements have been performed. The deformation field is 
measured when bone tissue is exposed to an axial load. The second
experiment differs from the first one through a small crack that has been 
introduced to the bone tissue. Apart from this the two examinations are
identical.

The measurements take place in the upper region of a chicken femur, see
Figure 4.5, where we have a high concentration of trabecular bone tissue. 

The specimen is loaded with an axial force of 10 N. Projection data is 
collected from the object. First when not loaded and then in loaded state.
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Figure 4.5. Illustration of the investigated bone. The upper half of the bone (solid line) 
is isolated.  The measurements take place in the upper region (rectangle). 

The tomographic reconstruction is based on 364 projections collected evenly 
from a 360 degree rotation of the sample. The reconstruction is made with 
use of the Cone-beam method described in Section 2.2. The reconstructed
volumes have the dimensions 640×640×500 voxels.  The projections are 
captured with a factor 2 magnification and an 8-bit grayscale depth is used, 
i.e. there are 256 grayscale levels within each projection. With these settings
each voxel is a cube with the sides 0.41 µm. The 3D-DSP algorithm is in its
present state only implemented in MATLAB. This program is, however, not 
optimised for such large data sets. To account for this each volume was first 
reduced by a factor of 2 along each dimension and thereafter divided in data 
sets with dimensions 64×64×64 voxels. After correlation the corresponding 
deformation fields was put together again.

Figure 4.6. A volume rendering from bone tissue data (a). The size of the volume is 
128×128×64 voxels (b). 
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Since there is a problem visualising large vector-based three dimensional data 
sets, as deformations fields, we decided to limit the measurement volumes to 
128×128×64 voxels. Figure 4.6 shows a volume rendering of bone tissue data 
with dimensions corresponding to the measurement volume. The physical 
dimension of this region is 10.5×10.5×5.25 mm3.

At lowest scale the correlation procedure is carried out in subvolumes with 
dimensions 32×32×32 voxels. Figure 4.7 shows rendered data from a region
with these dimensions. This cube has the physical dimensions 
2.625×2.625×2.625 mm3. The measurement volume, from Figure 4.6, is also 
shown – as comparison. The dimensions of the white box correspond to the 
size of the subvolume.

Figure 4.7. Rendering of volumetric data, collected from a region with the dimensions 
32×32×32 voxels. This corresponds to the size of the subvolumes at the finest scale. 
As a comparison the volume from the previous figure is shown as well. The white box 
corresponds to the size of the subvolumes. 

4.2.2 Measurements in undamaged bone
Figure 4.8 shows the details for the measurement, it consists of two
renderings, (a) and (b), together with the measured deformation field (c). In 
Figure 4.8 (a) we see the rendered bone. The region in which we carry out
the measurement is marked out with a red box. A rendering of the volumetric 
data from this region is shown in Figure 4.8 (b). Finally the measured
deformation field is shown in Figure 4.8 (c) in form of a cone plot where the
size and direction of each cone describe the displacement in that specific
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Figure 4.8. Bone tissue loaded with a 1 kg weight.  In (a) a volume rendering of the 
bone is shown. The measurements are performed in a volume with the position and size 
corresponding to the box. A rendering of this volume data is shown in (b). The size of 
the volume is 128×128×64 voxels – corresponding to the physical dimensions
10.5×10.5×5.25 mm3. In (c) the deformation field caused by the appended load is 
shown.

region. Since every cone demand some amount of space not every
displacement can be visualised. To optimise the appearance of the plotted 
deformation field a cone representation is performed for every 8th u-, v- and
w-value.

From the results in Figure 4.8 (c) it is visible that the deformations are roughly
of the same size and pointing downwards, as expected, through out the 
volume, apart from in a region at the right hand side. Here, upward pointing 
displacements describe a bending of the bone. From this bending it can be 
concluded that the applied load is not acting entirely along the principal axis. 
Here the over-all-average for u, v and w are 0.216 µm, 0.961 µm and
-5.96 µm, respectively, where the minus sign represent downward
displacements.

4.2.3 Measurements in damaged bone 
In the second measurement a small crack has been introduced to the bone. In 
Figure 4.9 (a) a rendering of the bone is shown. The region in which the
measurement is performed has been removed and is instead shown in 
Figure 4.9 (b). The location of the crack is here at the far end side of the
bone, visible through the gap in (a). In Figure 4.9 (c) the deformation field is
shown and it is clearly visible that larger deformations now have occurred, 
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concentrated to the centre of the bone. In this case the over-all-average for 
u, v and w are 2.57 µm, 0.498 µm and -7.54 µm respectively. The 
displacements along the w-direction constitute the main part of the
deformation. However if we look at how the displacements along each 
direction varies between the two measurements we see that the w-
displacement is the least varying component. The u-displacements on the 
other hand increase by a factor 12 - almost, from 0.22 µm to 2.57 µm. These
are the ones pointing towards the crack. 
The bending that was detected in the previous experiment can be seen here as 
well, but here other deformations are more dominant.

Figure 4.9. Damaged bone loaded with a 1 kg weight.  In (a) a  volume rendering of
the bone is shown. The measurements are performed in the region excluded in the
rendering. A rendering of the volumetric data from this region is instead shown in (b). – 
corresponding to the physical dimensions 10.5×10.5×5.25 mm3. In (c) the 
displacement field caused by the appended load is shown. 



5. CONCLUSIONS AND FUTURE WORK 

Two techniques called Digital Speckle Radiography (DSR) and Tomographic 3D-
DSP are presented. These techniques are capable of measuring deformation 
fields within optically non-transparent materials in two and three dimensions, 
respectively. The fundamental principle behind these two techniques is the
same. The full field deformation is obtained from a correlation procedure
applied on object data gathered by x-ray based imaging techniques (both two-
and three-dimensional).

DSR is powerful of estimating deformations and flows restricted to planes,
with high accuracy. It can be applied to large image sequences and therefore 
produce deformation fields that, when placed in successive order, describe an
entire dynamical process. However, the measurements are restricted to two 
dimensions and require that the plane in which the measurements are carried 
out is defined by use of an x-ray opaque particle seeding. These facts put some
restrictions to the possible applications. It is required that the object to be
examined either naturally contain two-dimensional features that generate
speckles on the radiographic images or that it can be modified so that an 
artificial speckle pattern is created. In this thesis the technique has been used
for measuring two different quantities in two entirely different objects – flow 
behaviour in silo and deformations in glue joint. We can conclude that it is
well suited for these kinds of measurements, and that the obtained results 
show good agreement with what can be expected. 

If, however, the phenomena we want to investigate is three-dimensional to its 
nature DSR won’t be sufficient, since it’s based on projection data.
Tomographic 3D-DSP on the other hand is capable of resolving all three
spatial dimensions. The result from a measurement is a full three-dimensional 
deformation field describing unrestricted displacements in each point 
throughout the three-dimensional object. This technique has been applied on 
trabecular bone tissue, from a chicken femur, for measurements of 
deformations due to axial loading. Two such measurements have been carried 
out. The second measurement differs from the first one through a crack that
has been introduced to the bone tissue. The results show that the damaged 
bone contains higher concentrations of displacements. In per cent, the largest 
variations take place along the u-direction – the direction pointing towards 
the crack. 

No error estimation has yet been carried out for the 3D-DSP technique. This
is what the work within this project will be focused on in the immediate 
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future. This error estimation will include recognition of possible error sources 
related to both the volume reconstruction and volume correlation procedure.

Another aim is to re-implement the 3D-DSP algorithm in C in order to 
improve the efficiency and allow larger data sets to be used, and thus increase 
the resolution of the measurements.



6. SUMMARY OF APPENDED PAPERS 

The appended papers are listed according to there content in Table 6.1 below.
Thereafter follows a brief summary, conclusions and division of work for each
paper.

        Table 6.1. Content of appended papers. 

Paper 2D 3D
Deform. field 
measurements

Velocity field 
measurements

A

B

C

Paper A: Measurements of granular flow in a silo using Digital Speckle 
Radiography

By: S. G. Grantham and F. Forsberg 

Summary: The flow behaviour of an opaque powder contained in a 
silo was investigated with DSR. The powder that was
studied is an alumina powder, with an average particle 
size of 50 µm. The measurements were performed in a 
plane located in the centre of the silo, defined by
Tungsten particles, with the same grain size as the
alumina. Radiographic image sequences were digitally 
captured and sequentially correlated with use of DSP.
Flow rate and strain measurements were carried out for
two different sizes of outlet.

Conclusions: The experimental results show the applicability of DSR 
to the study of flow behaviour in opaque materials.
A clear difference in flow behaviour, for the two 
different outlets, is observed. A dynamical velocity field 
describing the flow, from release and onwards, is 
obtained by placing the measured velocity fields in
subsequent order. 

Division of work: Forsberg and Grantham performed the experiments. 
Grantham wrote the paper. 
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Paper B: Internal deformation and velocity field measurements by use of 
digital speckle radiography 

By: F. Forsberg and S. G. Grantham 

Summary: Three different applications on DSR were presented. 
The first experiment was the silo flow measurements –
from Paper A. In the second experiment the motion in a 
thin layer of glue sandwiched between two plates of
wood, exposed to shear, was investigated. In order to 
define the plane in which the measurements were 
carried out a thin sheet of evenly distributed Tungsten 
particles were spread out in the glue. The image
sequences that were collected in both of these
experiments cover the whole course of events. In the 
third experiment DSR was used to measure 
deformations in trabecular bone structure (in chicken
femur) due to bending. The aim with this experiment 
was to investigate whether it was possible to use the
technique on a biological sample without use of a 
seeding material. 

Conclusions: The first of three experiments presented in this paper 
have already been covered in Paper A. The results from 
the second measurement describe how the glue joint
deforms as the shear force successively increases - and
finally collapse. DSR is capable to resolve and measure 
the relative high speed motions that occur in these two 
measurements. This is possible due to an imaging frame
rate of 20-25 frames/s. The measurements carried out on 
biological tissue showed that the internal deformation
field could be estimated, although not quantitatively.

Division of work: Forsberg and Grantham performed the silo experiment. 
Forsberg performed the rest of the experiments.
Forsberg wrote the paper and presented it at a 
conference in Munich, Germany, 2003. 
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Paper C: Tomographic 3D-DSP: Measurement of internal deformations 

By: F. Forsberg and M. Sjödahl 

Summary: The three-dimensional deformation in bone tissue due
to axial compression was measured with Tomographic
3D-DSP. Two measurements were carried out. The 
second measurement differed from the first one through
a small crack that had been introduced to the examined
bone tissue. Apart from this bone damage the two 
measurements were identical.  The aim was to 
investigate how the new 3D-DSP algorithm behaves
when being applied to real three-dimensional data sets 
collected with computed tomography. 

Conclusions: The results show that Tomographic 3D-DSP could be 
applied on volumetric data of trabecular bone tissue. It 
was possible to resolve and measure the deformations 
that arise when the bone is loaded axially with a 1 kg
weight. We can see differences in the two measured
deformation fields. The average displacement along the 
direction that is pointing towards the crack increases by 
a factor 12 – almost. Tomographic 3D-DSP is a 
promising technique for measurements of three-
dimensional deformation fields. However, a profound
investigation of possible error sources needs to be done. 

Division of work: Forsberg performed the experiments. Sjödahl 
implemented the 3D-DSP algorithm.  Forsberg wrote 
the paper and presented it at a conference in Bari, Italy, 
2004.
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Abstract

In this paper, the flow of a powder through a silo is investigated using Digital Speckle Radiography (DSR). This technique allows

displacement measurements to be made on the sub-mm scale to an accuracy of 0.06 Am and a spatial resolution of 26 Am. The method

performs an image cross-correlation on a random seeding of X-ray opaque material as it flows out of the silo with the powder. The flow is

captured digitally using a continuous X-ray source and an image intensifier and Charge Coupled Device (CCD) camera to give real time

measurements. The powder used is Al2O3 with an average particle size of 50 Am and the seeding material is tungsten powder, also with an

average particle size of 50 Am. Clear flow behaviour is observed for two different sizes of outlet and the flow rate and strains occurring during

the flow are also investigated.

D 2004 Published by Elsevier B.V.

Keywords: Radiography; Image correlation; Displacement measurements; Silo

1. Introduction

The field of particulate flow in bins and hoppers is

vast and spans several decades of research, both

experimentally and theoretically. The study of particulate

flow in these types of system is of direct relevance to the

food, chemical and pharmaceutical industries. Under-

standing the characteristics of the flow and avoiding

blockages and excessive strains on the walls are of

obvious importance [1]. A great deal of theoretical work

has been performed on such problems, although this will

not be discussed here [2,3]. Experimental methods of

measuring the flow in a hopper have traditionally been

based on radiographic studies, where the flow is stopped,

an X-ray taken, and then the flow is allowed to continue

before being stopped again [4]. This method allows a

qualitative study of the changes in powder density, and

hence slip-directions to be established. A further improve-

ment on this technique is to place a regular grid of X-ray

opaque markers in a plane in the silo. This allows a

crude quantitative measure of the displacements during

the flow [5]. Displacement measurements can also be

made using photography to track a number of particles as

they flow through the system [6–8]. This is restricted

however to a silo with transparent walls. Continuous

measurement of the displacements in an opaque silo

during a discharge, without disruption to the flow and to

sub-mm accuracy and spatial resolution can be achieved

using DSR. This is a new technique that utilises an X-ray

system and the computer analysis traditionally used in

speckle metrology. The granular material in the hopper

must be seeded with a flat plane of X-ray opaque grains

of a similar particulate size, and then using a continuous

X-ray source and X-ray Charge Coupled Device (CCD)

camera, a digital image can be captured as the material is

released from the silo under the force of gravity. A

sequence of 220 frames is obtained from a single

experiment at a framing rate of 20 frames/s and an

0032-5910/$ - see front matter D 2004 Published by Elsevier B.V.

doi:10.1016/j.powtec.2004.07.009
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image cross-correlation can be applied to successive

images. The image correlation technique was developed

to study the surface displacements of a sample with a

random pattern on the surface. The random pattern is

traditionally produced by shining a laser onto the surface

to create a laser speckle pattern [9], or by using the

natural relief or features of the surface as in white light

speckle photography [10]. This type of analysis is also

regularly used in Particle Image Velocity (PIV) [11] with

which DSR shares similarities. In PIV a transparent fluid

has a random distribution of particles within it, using

laser light a single sheet of these particles are illuminated

and imaged digitally to allow the flow to be measured. In

DSR a similar single plane is imaged within the

specimen, but this time the specimen can be opaque.

The technique was developed to study the internal

displacements of opaque specimens in ballistic events

using flash X-rays [12,13,14,15].

2. Theory

The algorithm used for the image correlation was

devised by Sjfdahl [16] and calculates the digital cross

covariance between the features in sub-images from a

reference and deformed random pattern. The position of

the peak within the covariance surface gives the mean

relative translation between the two sub-images to size

and direction. By further reconstructing the peak using

Fourier components and performing a shift routine, the

noise is reduced and sub-pixel accuracy can be measured

in the displacements [17]. The normalised height of the

cross-covariance peak, the so-called correlation value, will

range between �1 and 1 where 1 represents perfect

correlation and zero no correlation. The correlation value

is intimately linked to the accuracy of the algorithm and

will be high for a direct translation, but will decrease for

distortions and rotations. Random noise will also decrease

the correlation value. Repeating the calculations for a

large number of sub-images gives the complete deforma-

tion (velocity) field at a spatial resolution limited by the

size of the sub-images used and the pitch between the

sub-images.

3. Experimental

The X-ray source used in these experiments was a

microfocus X-ray tube, which possesses high spatial

coherence, compared to a conventional X-ray tube. This

is achieved by having an extremely small source spot size

of the order 5 Am in diameter. The tube has a voltage

range of 20–100 kV and the tube current ranges from 0 to

250 AA. The anode material is Tungsten and the photon

energy of the characteristic X-rays is 59.3 keV, although

these experiments were performed at approximately 43.0

kV so only bremsstrahlung X-rays are contributing to the

measurements.

The detector consisted of an image intensifier and a CCD

camera to enable digital, real-time imaging. The input

window of the detector is made from the low Z element

Beryllium whose scattering factor is very favourable, with

high transmittance coefficient and low absorption coefficient,

especially in the soft X-ray region. The effective field of view

of the detector is 72�54 mm and the camera used is a 17 mm

CCD with 0.48 Mpixel. The silo used consists of a bin and

hopper configuration as shown in Fig. 1 and is placed

between the source and detector. The hopper outlet had two

different sizes in these experiments of 5 mm and 2.5 mm and

the powder used was 50 Am Al2O3 with 50 Am particle size

tungsten distributed in a flat plane vertically through the

central axis, orthogonal to the optical axis. The images are

only captured in the bin region, the flow through the hopper

section is not in the field of view, although it could be if

desired.

The degree of error involved in these measurements can

be estimated using Eq. (1), which is the expression for the

error of the algorithm used [18]. This is an empirical

estimation based on the ingoing parameters and the random

error has not been specifically evaluated in this paper.

e ¼ kr2
1� d
d

� �1=2
; ð1Þ

When using a sub-image of 32�32 pixels, the valid

expression for k is 0.030r�1/3. The speckle size is given

by r, so for an average speckle size of approximately 3

pixels, the average correlation factor for an experiment is

Fig. 1. Dimensions of silo.
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0.82, therefore a typical random error in a measurement

of this type is therefore 0.04 pixels of displacement.

3.1. Scaling factor

The measurements calculated are in pixels, so to

convert to millimetres an accurate scaling factor must

be obtained. This is obtained by placing a metal grid in

the plane of the lead filings and calculating the period of

the grid using an automated fine grid analysis [19]. This

allows the horizontal and vertical components of the grid

to be separated using a two-dimensional Fourier trans-

form. The phase can then be calculated and unwrapped to

give a gradient in pixels/radian and an accurate measure

of the number of pixels per period of the grid to sub-

pixel accuracy. Using a microscope, the pitch of the grid

can be accurately measured in millimetres and hence a

scaling factor in pixels/mm can be calculated.

Fig. 2. 0.10 s after powder release.

Fig. 3. 0.15 s after powder release.

S.G. Grantham, F. Forsberg / Powder Technology 146 (2004) 56–6558



Using this method, a scaling factor of 1 pixel=1.63 Am
has been calculated. Applying this to the above error in

pixels gives an error corresponding to 0.06 Am.

3.2. Strain calculations

The strain can subsequently be calculated from the

displacement measurements. To do this, the components of

the Langrangian strain tensor given in Eqs. (2a)–(2c) [20]

must be considered.

cxx ¼
Bu

Bx
þ 1

2

��
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þ
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�2�
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Fig. 4. 0.20 s after powder release.

Fig. 5. 0.25 s after powder release.
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The partial differential components of the u and v

displacements need to be calculated. A direct differentiation

of u and v will amplify the errors in the measurements, so a

better approach is to treat each set of 4 nearest neighbours as

an array and average the displacement gradients in these

arrays [21]. This is demonstrated in Eqs. (3a)–(3d).

Bu

Bx
i; jð Þ ¼ u i; jþ 1ð Þþu iþ1; jþ1ð Þ � u i; jð Þ � u iþ 1; jð Þ

2n
;

ð3aÞ

Bu

By
i; jð Þ ¼ u i; jð Þþu i; jþ 1ð Þ�u iþ 1; jð Þ�u iþ 1; jþ 1ð Þ

2n
;

ð3bÞ
Bv

By
i; jð Þ ¼ v i; jð Þþv i; jþ 1ð Þ � v iþ 1; jð Þ � v iþ 1; þ 1ð Þ

2n
;

ð3cÞ
Bv

Bx
i; jð Þ ¼ v i; jþ 1ð Þþv iþ 1; jþ 1ð Þ � v i; jð Þ � v iþ 1; jð Þ

2n
:

ð3dÞ

Fig. 6. 0.30 s after powder release.

Fig. 7. 0.35 s after powder release.
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The principle strains and maximal shear strains can then

be calculated from the data.

4. Results

The results from the first eight successive correlations

from the 5 mm funnel can be seen in Figs. 2–9. The

arrows represent displacement and are scaled by a factor

of 6 to make the movement more visible. The displace-

ments measured are those occurring in the 0.05 s between

successive frames.

From these results it can be seen that initially the

flow is very localised near the hopper region where the

opening is located. After 0.15 s the flow in this region

has become so rapid that the speckles in the image have

Fig. 8. 0.40 s after powder release.

Fig. 9. 0.45 s after powder release.

S.G. Grantham, F. Forsberg / Powder Technology 146 (2004) 56–65 61



become too blurred and there is a region of de-

correlation so measurements cannot be made. Above

this region, in the main bin, the flow can be seen

beginning higher than in the first image. By the third

image, 0.20 s into the flow, the same behaviour is

visible, but with the displacements beginning higher still

and the sides are also beginning to collapse into the

central region. In the fourth image the formation of a

plug flow is clearly visible and this continues through

the subsequent images until a steady state of plug flow

is achieved with an apparently constant rate of flow. The

localised shearing and principle strains due to this plug

flow can also be seen and are illustrated in Figs. 10 and

11. The example shown here is for the correlation

Fig. 10. Principle strains 0.30 s after powder release.

Fig. 11. Maximal shear strains 0.30 s after powder release.
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between images 5 and 6 of the sequence, that is 0.30 s

into the flow. The shearing, as located, is very localised

to the boundary between the flow and the relatively

stationary powder. The strains within the plug flow are

effectively zero, which also suggests that there is

continuous steady flow in this region. The large areas

of strain across the base of the two figures occur

because the random pattern has flowed out through the

hopper causing de-correlation in this region between the

two images in this region.

Fig. 12 shows the displacements at 8.50 s into the flow.

In this figure, there is de-correlation down the central

section. This is due to the rapid flow rate and loss of most of

the markers from the hopper. The sides can now clearly be

seen slipping as well and beginning to flow from the hopper

as well in a funnel flow.

A smaller 2.5 mm outlet can also be placed at the base

of the hopper causing a slower rate of flow. The mean

displacement in the central vertical section can now be

measured and plotted and is illustrated in Fig. 13. Since

the time between correlated frames is always 0.05 s, the

degree of displacement is directly proportional to the

velocity and hence the rate of flow.

From Fig. 13 it can be seen that the displacements are

much greater between successive frames for the 5 mm

outlet, which is expected given the faster rate of flow. It

can be seen that the maximum displacement, and hence

velocity, reached for the larger diameter outlet begins to

decrease after at approximately 0.75 s after release. This

is in agreement with the observed displacement fields

since the flow begins to widen at this time reducing the

flow rate. For 2.5 mm outlet the maximum rate of flow

does not reach the same magnitude as the 5 mm case as

expected. Similar plug flow behaviour dominates the

majority of the flow, which is restricted to 11 s in both

cases, except for the latter part of the flow. At 5.50 s into

the flow, the displacements deviate from plug flow. This

is slightly more pronounced at 10.00 s and can be seen in

Fig. 14.

This suggests that there is an area around the hopper

allowing faster flow than in the main bin and there is

clearly a symmetrical boundary occurring between the

two different regions of flow. This appears to be the

onset of arching which will occur if the outlet diameter is

Fig. 12. 8.50 s after powder release.

Fig. 13. Vertical displacements along central axis.
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below a critical size for the height of bin, angle of

hopper and frictions between the powder and the silo

walls [22].

5. Conclusions

The experimental results shown here demonstrate the

applicability of Digital Speckle Radiography to the study

of granular flows in opaque powders in silos. These

experiments are performed on a small scale with accuracy

of the order of 0.06 Am. The scale of these experiments

was determined by the nature of the microfocus X-ray

source and the size of the electronic detector. The image

correlation process could easily be carried out on a larger

scale given larger detection system. The flow behaviour

can be observed from these displacement measurements,

as can the flow rate and the strains. The method is

limited to looking a single plane through the silo,

although this plane could be moved in subsequent

experiments. By applying two different sizes of outlet at

the base of the hopper, a clear difference in the flow

behaviour has been observed.
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ABSTRACT 

Using X-rays as information carriers it is possible to obtain data about motion inside an object that is opaque to visible 

light. An image correlation algorithm can be applied to a set of two X-ray images taken sequentially during a process, 

where the interior of the object is in motion. A displacement field describing the projected intermediate motion is thus 

obtained to sub-pixel accuracy. If this image set is expanded to contain several pictures separated in time, together 

describing the whole process, the images can be sequentially correlated to obtain a dynamic displacement field. In this 

paper, dynamical displacement field measurements have been carried out on two different objects, the first being a silo, 

where the motion of the flowing material in the centre plane is investigated. In the second case, the motion in a layer of 

glue between two wooden plates is examined during a process where a shearing force acts on the system. The plane in 

which the measurements are carried out is defined by the use of a contrast agent, usually a tungsten powder seeding. 

The obtained displacement field, together with the known intermediate time interval between exposures, gives the 

velocity field in the seeded plane. The results show good agreement with the expected motion in the respective 

processes, but also provide evidence of behaviour that would be undetectable using other existing techniques. A third 

experiment has also been carried out on a material requiring no contrast enhancing media. These measurements were 

performed on a chicken thigh being deformed by an external force. The results will be discussed in relation to their 

reliability and applicability. Further, the direction of future research will be indicated. 

Keywords: X-ray, Digital Speckle Radiography, Image Correlation, Internal Deformation, Silo 

1. INTRODUCTION 

The ability to quantitatively measure displacements and deformations in materials is always of great interest. For 

obvious reasons the measurements are often restricted to the surface of the material. A photograph taken of a certain 

surface under illumination can yield a speckle pattern in which information about the surface texture is coded. There 

exist many methods for measuring surface deformations, but commonly they are all based on the presence of this 

speckle information. One such method is speckle photography, proposed by Archbold et al.1 in the early seventies. 

Here, the motion between two subsequent super-positioned exposures of a speckle pattern can determine the 

displacement field using auto-correlation.  The technique of speckle photography and its varied applications has since 

seen development at a rapid pace. A natural progression of the technique during the last two decades has come through 

digitisation by replacing the photographic plate with a CCD-camera. The advantage of electronic detection in 

comparison to conventional film is the ability to store individual frames directly into a computer. Large image 

sequences describing a certain deformation process, or motion, may therefore easily be captured. The ability to process 

the images and perform the calculations in a computer makes the whole-field displacement measurement much more 

efficient.

The first Digital Speckle Photography (DSP) technique was devised by Peters and Ranson2, in the early eighties, and 

since then a number of similar approaches have been presented. The DSP technique used here is devised by Sjödahl3.

The main difference between the digital version of speckle photography and the original technique is the use cross-

correlation between separate frames to find the displacements, rather than the auto correlation approach. With the entry 

of DSP, the number of different applications has increased tremendously. The technique can be applied to any set of 



images containing a speckled texture to measure deformations. The measurements are only limited by the size and 

resolution of the detection system. 

A natural expansion of the DSP technique is its application to radiographic images. This procedure, entitled Digital 

Speckle Radiography (DSR), enables internal displacement fields within an optically opaque object to be measured. In 

order to get an accurate description of the motion from an X-ray, it is required that the measurements are performed on 

a single plane within the specimen, since no information about depth can be resolved from an X-ray.  

Displacement field analysis of this kind is also regularly used in Particle Image Velocimetry (PIV)4, which DSR shares 

similarities. In PIV a transparent fluid has a random distribution of particles introduced into it, then using laser light a 

single sheet of these particles are illuminated and imaged digitally. This allows the flow in the illuminated sheet to be 

measured.  In DSR, a similar single plane is imaged within the specimen, but this time the specimen can be opaque. 

The technique was originally developed to study the internal displacements of opaque specimens in ballistic events 

using flash X-rays5,6,7,8.

In these studies, internal displacement field measurements are performed using a continuous micro-focus X-ray source 

with high spatial coherence compared to conventional X-ray sources. This, combined with a high performance detector 

unit, results in images of high spatial resolution. Another difference from the ballistic experiments is the smaller scale in 

which these experiments are performed, which is determined by the size of the detector. The size of a typical 

measurement region is a few square centimetres.  

The purpose of these studies is to illustrate the potential of DSR as a technique for measuring internal displacement 

fields in opaque materials. In this paper, the technique is applied to three separate experiments, where both sample 

object and the process of interest vary.  

The first two experiments are continuous dynamical measurements of internal displacement fields, whilst the third is a 

measurement with lower temporal resolution.  The final experiment is, however, performed without the use of a contrast 

agent, instead using the natural texture of the specimen. 

In the first experiment the flow pattern of a granular material inside an opaque silo is investigated. Experimental 

methods of measuring the flow in a hopper have traditionally been based on radiographic studies, although no image 

correlation techniques have been utilised. In these original X-ray studies the flow in the silo is stopped, an X-ray taken, 

and then the flow is allowed to continue before being stopped again9. This method allows a qualitative study of the 

changes in powder density, and hence slip-directions to be established.  A further improvement in this technique is to 

place a regular grid of X-ray opaque markers in a plane in the silo.  This provides a crude quantitative measure of the 

displacements during the flow10.  Displacement measurements can also be made using photography to track a number of 

particles as they flow through the system11,12,13, but this is restricted to a silo with transparent walls. With the use of 

DSR, continuous qualitative measurements of the flow in a silo during discharge can be made to sub-millimetre 

accuracy and spatial resolution, without disruption to the flow. In order to get a quantitative measure it is required that 

the granular material in the hopper is seeded with a flat plane of X-ray opaque grains of a similar particulate size.  

In the second experiment the motion in an adhesive between two wooden plates is investigated. The measurements are 

performed as the glue joint is exposed to a shearing force. Experimental strain analysis and creep measurements on glue 

joints have traditionally been dominated by conventional tensile tests14,15. This has also been the case for ductility and 

fatigue tests on laminated wood16. Russell and Sutton did the first measurements with use of image correlation of X-ray 

radiographs on these kinds of materials when they investigated the strain in composite laminates17. These measurements 

were performed using information given by X-ray opaque markers attached to the surface of the specimen. No internal 

measurements were thus carried out. The behaviour inside the hidden glue film has thus been out of reach in these 

experiments. Using DSR a dynamical displacement field describing the motion in this layer of glue can be measured as 

the glue joint is exposed to a longitudinal loading to failure. The adhesive is seeded with a sheet of X-ray opaque 

particles that defines the plane in which the measurements are performed. 

In the final experiment, DSR is used to measure the deformation field inside a biological material that is being exposed 

to torque. Many radiographic studies have been carried out on biological samples, such as trabecular bone, in order to 

qualitatively measure different mechanical properties18,19. Bay took the next step and applied an image correlation 

technique to such radiographic images20. In this case texture correlation was used to measure displacements and strain 

patterns within cancellous bone, exposed to a load. A similar experiment has been carried out here with DSR. The 

difference, however, is that DSR perform the displacement calculations with a higher degree of accuracy.  



2. EXPERIMENTAL PROCEDURE 

2.1 X-ray imaging 

The measurements that have been carried out are divided in two different types. The first is carried out in a plane, inside 

the sample, determined by the use of a tungsten powder seeding working as a contrast agent.  

The tungsten seeding, with its high mass density, not only defines the plane in which the measurements are performed 

but also ensures images with a high contrast. Figure 1 shows how seed material particles absorb incident X-rays and 

produce speckles on the image plane. As long as the particles stay in the seeded plane, a simple geometrical relationship 

exists between the speckle motion on the detector and the plane within the specimen.

Figure 1. Schematic figure showing how a speckle pattern is created from a seeding of x-ray opaque particles. 

In the second case there is no seeded layer within the sample and the speckles in the image plane originate from 

differential absorption of the materials throughout the sample. If the densities of the different materials are similar, the 

speckle pattern will have poor contrast making the cross-correlation difficult. 

There will also be a problem with materials along the same optical path overshadowing each other, which is illustrated 

in figure 2. A small movement of the particle in the plane P2 will generate a new speckle in the image plane. If that 

pattern is cross-correlated with the original pattern, where only one speckle is visible, a problem will occur since there 

is no clear one-to-one map between the two patterns. The size of the speckles in the image plane depends on the size of 

the absorbing material as well as on the absorbing material’s position along the optical axis. These uncertainties make it 

hard to draw any unambiguous conclusions from a calculated displacement field when no contrast agent is used. Instead 

the measurements only provide a suggestion of the general internal motion. The main advantage of this method is, 

however, that no preparation of the sample is required, which may influence and change its properties in some way. As 

the specimen gets thinner, the accuracy in this type of measurement will increase. 



Figure 2. The speckle S1 in the image plane is generated when the particle C1 absorbs incident X-rays, but also C2’s absorption 

contributes to S1. A small movement of C2 will generate a new speckle in the image plane, which would occur as noise in the 

measurements. 

      
2.2 Image correlation 

A set of two radiographic images are taken sequentially during a process where the sample interior is in differential 

motion, both translation and rotation. The first image shows the reference speckle pattern and the second the deformed 

speckle pattern. Applying image correlation to the image set, a displacement field describing the projected intermediate 

motion can be calculated. 

The image correlation technique used is called Digital Speckle Photography (DSP). This works in the spectral domain, 

where it calculates the digital cross-covariance of the features in smaller partitions (sub-images) of the reference and 

deformed pattern. The position of the maximum covariance peak within the covariance surface determines the mean 

translation of a specific sub-image in the reference and deformed. A Fourier series expansion of the covariance function 

and the application of a shift routine allows the covariance peak to be further reconstructed. In this way the signal-to-

noise is enhanced and sub-pixel accuracy can be obtained in the displacement calculations. The procedure is repeated 

throughout the whole pattern to yield a full displacement field. 

If the image set is expanded to contain several images, together describing the entire deformation process, the images 

can be sequentially correlated and a dynamical displacement field obtained. 

The maximum value of the normalized covariance function, i.e. the height of the peak, is called the correlation value. A 

correlation value of 1 is equivalent to a perfect match of the features in the sub-images, while zero indicates no 

correlation between the two patterns. 

In general, the correlation value is high for a direct translation, but will decrease for distortions and rotations.   

Further, the size distribution and contrast of the speckles are of great importance to the correlation value. A pattern with 

a greater number of small, evenly distributed speckles is preferable. High contrast in the pattern is also preferred as this 

is equivalent to having a large number of spatial frequencies in the spectral domain, resulting in a more distinct 

covariance peak and more accurate results. 

In the case of measurements being carried out on a sample prepared with a seeded layer, it is easier to fulfill these 

conditions. If all of the seeded particles are assumed to be of approximately the same size, it is easy to obtain a pattern 

of small speckles by placing the sample at an appropriate distance between the source and detector. Since all of the 

particles are confined to one plane orthogonal to the optical axis, the speckles will maintain their mutual sizes. In 

addition, it is easy to control the density and contrast of the speckle pattern.  The contrast is controlled since the seed

material is very dense relative the other materials and the photon energy can be chosen to produce a high contrast. 



3. EXPERIMENTS AND RESULTS 

3.1 General experimental set-up 

The DSR-technique has been used in three different experiments. In the first experiment the granular flow inside an 

opaque silo is investigated. In the second, the motion in a layer of glue between two wooden plates is studied during a 

process where a shearing force acts on the system. Common to both of these experiments is the use of a layer of 

tungsten seeding to produce a well-defined measurement plane within the sample. Also, the displacement fields are 

determined dynamically during the entire processes. 

In the third experiment the technique is applied to a biological sample in its natural state without a contrast enhancing 

media. The sample used was a chicken thigh that was loaded at one end to produce a torque.  The measurements were 

made in the bone region of the thigh.   

All of the measurements are performed with a micro-focus X-ray system, which possesses high spatial coherence 

compared to a conventional X-ray tube. This is achieved using an extremely small source spot size of the order   5 µm. 

The spatial coherence obtained by the source, together with the resolution of the detector determines the spatial 

resolution of the images. 

The principal set-up of the experiments is shown in figure 3.

     

Figure 3. A schematic diagram of the set-up used in the experiments. 

The X-ray source has a tube voltage ranging from 20 kV to 100 kV and the anode material is tungsten, which yields 

characteristic radiation with an energy of 59.3 keV.  

The maximum tube voltage used in these measurements is 43 kV and thus the wavelength distribution of the X-rays is 

purely continuous in all the experiments. 

The detector consists of an image intensifier and a 17 mm CCD-camera, with 0.48 Mpixel, enabling digital real-time 

imaging. The effective field of view of the detector is 72 x 54 mm and image sequences can be recorded with a framing 

rate of 25 frames/s.  

The geometrical properties of the set-up determines the magnification in the image plane (detector), as can be seen in 

figure 3. If the object plane is close to the source, the magnification in the image plane will be high, while an object 

plane close to the image plane induces low magnification. 

In order to determine the actual length scale in the measurements, a calibration routine is necessary. The calibration is 

also essential in order to determine, and compensate for, spatial fluctuations of the intensity distribution in the directions 

transverse to the optical axis. The calibration routines used for these experiments are based on capturing an image of a 

regular grid to determine the number of pixels per millimeter.  This routine provides an accurate individual scaling 

factor for every grid point throughout the whole displacement field, with all of the pixel-valued displacements 

converted to millimeters. The calibration procedure varies somewhat in the different experiments although the purpose 

is the same. 



Common for all experiments is that the displacement field calculations have been carried out with sub-images of the 

size 32×32 pixels and a pitch of the grid of 16 pixels.

3.2 Investigation of the granular flow in a silo 

In this experiment the displacement field in the central vertical plane of a granular material is continuously measured as 

it is discharged from a silo. The material is Al2O3 powder with an average particle size of 50 µm. The silo consists of a 

bin and hopper configuration as shown in figure 4, with an outlet diameter of 5.0 mm. A flat layer of evenly distributed 

tungsten particles, also with an average particle size of 50 µm, was seeded in the Al2O3 powder. The plane of tungsten 

powder defines the object plane and is positioned vertically through the central axis, orthogonal to the optical axis. The 

size and shape of the tungsten particles are similar to the size and shape of the Al2O3 particles and the flow behaviour is 

thus assumed to be equivalent in the two materials.  The X-ray tube voltage and current was 43.0 kV and 30 µA,

respectively. The images are captured in a region inside the bin, 

illustrated by the black rectangle in figure 4. The flow through 

the hopper region is not covered in this experiment.  

Figure 4. The cross-section of the silo and the silo dimensions is here 

shown together with the tungsten seeding. The black frame in the 

centre of the silo denotes the imaged area. 

The calibration routine was performed by placing a very fine 

metal grid in the defined object plane and capturing a 

radiographic image of it. The period of the grid can be 

calculated using an automated fine grid analysis21. The 

calibration routine takes the 2-dimensional Fourier transform of 

the grid pattern to separate the horizontal and vertical 

components of the grid. The phase can then be calculated and 

unwrapped to give a measure of the number of pixels per period 

of the grid to sub-pixel accuracy. The pitch of the grid is 

measured accurately with a microscope, allowing a conversion 

factor from pixels to millimetres to be calculated. Using this 

method, the scaling factor of 0.018 mm/pixel is estimated.  

In an experiment, a sequence of 230 frames taken with a 

framing rate of 20 frames/s is obtained. The individual images 

are then correlated with the DSP-algorithm successively. The 

entire sequence thus covers 11.5 s of flow, with the time interval 

Figure 5.The displacement fields at the time 0.05 s (a), 

0.10 s (b) and 0.35 s (c) after release. 



between two successive frames being 0.05 s. Figure 5 shows the velocity fields at three different times during the initial 

stages of release. The length and direction of a given displacement vector represents the average velocity of the 

corresponding sub-image. The vectors are, however, scaled by a factor 6 in order to be more visible in the images.  

In figure 5(a) the velocity field 0.05 s after release is presented, with an initial motion in the lower central part of the 

image clearly evident. Figure 5(b) shows the velocity field after 0.10 s. In this instance, the flow in the lower central 

region is sufficiently rapid that the speckles become blurred, causing a region of de-correlation to arise in which no 

measurements can be obtained. In figure 5(c) the velocity field after 0.35 s is presented. The flow in the central region 

has now slowed, enabling the full field to be measured. A distinct column of flow is occurring by this time, suggesting 

the presence of plug flow behaviour. Further into the flow process the top region begins to collapse and a “cone of 

flow” arises. 

The time interval between successive frames in these experiments is 0.05 s, corresponding to a velocity of 20 mm/s for 

a displacement vector 1 mm in length.

Colour images and animated sequences of the velocity field can be found at the project web page22.

3.3 Measurements of the motion in a glue film between two plates of wood when affected by a shearing force 

In this experiment the motion in a glue film between two plates of wood being subjected to a shearing force is 

examined. The system and the forces acting on it are illustrated in figure 6. A sheet of homogeneously distributed 

tungsten particles, with an average grain size of 50 µm, is spread out in the adhesive. This seeding defines the object 

plane and assures images with high contrast. The motion of the tungsten particles is assumed to be equivalent to the 

motion of the glue.  

The measurements are performed before the glue is entirely set and the force acting on the system is chosen so that it 

eventually pulls the plates apart.  

The glued region is rectangular in shape, with dimensions of 20 by 16 mm. The imaged region is also rectangular, but 

with the dimensions of 17.8 by 15.5 mm.

Figure 6. The specimen consists of two wooden plates with an intermediate layer of glue. A seeding of tungsten particles is spread

out in the coating. The system is exposed to a shearing force, F.

In order to have optimal contrast in the radiographic images, the X-ray tube voltage and current used was 20 kV and 30 

µA, respectively. 

The calibration routine used in this experiment is the same as that used for the silo measurements. A fine metal grid is 

placed in the object plane and a fine grid analysis21 performed on the imaged pattern. The result of the calibration is a 

full-field scaling factor in mm/pixel. The result of this procedure is a scaling factor of 0.029 mm/pixel. 

A sequence of radiographic images is collected as the system is gradually loaded until collapse. The sequence contains 

230 images collected with a framing rate of 25 frames/s. 

In figure 7 the calculated dynamical displacement field is visualized. The separate images, figures7(a) to (d), shows the 

displacement field in the glue film 0.36, 0.12, 0.08 and 0.04 seconds before collapse, respectively. In figure 7(a), the 

initial stages of motion can be seen on the left hand side of the imaged region.  In figure 7(b) this motion is dispersed to 



the whole image. The displacements mainly appear to be a rotation 

around a midpoint at the right hand border. In figure 7(c) the rotational 

behaviour is further enhanced. The largest displacements are situated 

along an arc on the left hand  

side.  Finally in figure 7(d), immediately before collapse, the 

displacements increase further and reach a maximum. It can also be 

seen that the speckle pattern in the region along the arc, where the 

largest movements take place, is slightly blurred. Note also that this 

dynamical displacement field information reports that there is a 

triangular shaped region in the glue in the upper left corner of each 

frame, where no motion takes place. 

The time interval between successive frames is 0.04 s, giving a velocity 

of 25 mm/s for a 1 mm displacement.  

Colour images and animated sequences of the displacement field can be 

found at the project web page22.

3.4 DSR on a biological sample without the use of a contrast agent  

In this final experiment, the displacement field is measured in the bone 

inside a chicken thigh due to a torque. No contrast agent is used, so it is 

the natural structure of the bone that produces the speckle pattern. The 

thickness of the thigh in the imaged region varies slightly, but is 

approximately 20 mm. The bone is approximately cylindrical with a 

diameter of 10 mm and the imaged region is a square, with sides 20 mm 

in length. 

Since the imaged texture is a projection of the specimen, it contains 

information from the entire range of depths. This limits the 

displacement field to only providing a suggestion of the motion inside 

the specimen. No quantitative measurements can be done in this case. 

The tube voltage was held at 30.6 kV and the current at 100 µA in order 

to give optimal contrast in the bone region of the specimen. 

The experiment is calibrated using a routine in which images are 

captured during a controlled motion.  The specimen was translated a 

known distance in both directions orthogonal to the optical axis. 

Knowledge of the size of this movement, coupled with the measured 

displacement field enables a full-field scale factor to be calculated.  

During the deformation measurement two images are captured, one 

before and one after deformation.  

The two images are both taken as the sampled mean of 32 images in 

order to reduce the noise and enhance the static texture. 

Figure 8 shows the calculated displacement field measured when the 

bone is exposed to a torque. The vector grid clearly shows a differential 

rotational behavior in the imaged region. 

The arrows close to the left border are relatively small in comparison to 

those close to the right border. In figure 8, only a quarter of the 

calculated displacements are plotted in order to simplify the 

interpretation of the results. Also, the arrows are scaled by a factor 4 in 

order to appear more visible.  

Figure 7. The displacement field 0.36 s (a), 0.12 

s (b), 0.08 s (c) and 0.04 s before the system 

collapses. 



Figure 8. The displacement field in the thighbone of a chicken exposed to a torque. 

4. ERROR ESTIMATION 

The errors in these measurements are a product of both random errors and systematic errors. The random errors affect 

the DSP measurements and originate from the difficulties in locating the covariance peak23. This error is estimated 

empirically using the expression 

2

1
2 1−=

δ
δσ

B
ke ,     (1) 

where σ  is the average speckle size, B is the sub-image size, δ  is the obtained mean correlation value and k is a 

constant. It is assumed that the average speckle size is constant throughout the image field. The use of sub-images of the 

size 32×32 pixels means that k =0.5 in all experiments. The random error will therefore only depend on the average 

speckle size and the correlation value.  

In the silo flow measurements the average speckle size is approximately 3 pixels, with the average correlation value 

being 0.82. Using equation 1, this results in a random displacement error of 0.07 pixels, corresponding to a physical 

displacement error of 1.2 µm.  

The average speckle size and correlation value from the measurements in the glue film is 3 pixels and 0.89, 

respectively. This yields a random displacement error of approximately 1.4 µm. 

In the measurements performed on the biological sample, the average speckle size is approximately 5 pixels and the 

average correlation value 0.76, giving a random displacement error of 17 µm. The random error estimated here is 

therefore almost a factor of ten larger than those estimated for the previous two experiments. This is due to the contrast 

of the imaged texture being poor in comparison to the artificial tungsten seeding. This results in that the algorithm uses 

a less number of spatial frequencies in the displacement calculations. The degree of accuracy in the results is thus lower, 

in this case. 

Apart from random errors, systematic errors might also occur in DSR measurements. One such systematic error, also 

known as aliasing, arises when the spatial frequencies cannot be resolved in the imaged patterns24. In order to avoid 

these systematic errors it is required that the Nyquist sampling criterion is fulfilled. In these experiments this is achieved 

if the average speckle size in the imaged patterns is larger than 2 pixels25.

Since the average speckle size in the textures is 3 pixels in the first two cases, and 5 pixels in the third case, it is 

assumed that no systematic errors due to aliasing exist in these measurements.  



Other types of systematic errors might also occur, such as errors originating from out-of-plane motion. These occur in 

all measurements performed, especially in the one carried out on a chicken thigh. In the present set-up there are 

however no possibility to correct for such systematic errors. 

5. DISCUSSION AND CONCLUSIONS 

The experimental results shown here demonstrate the applicability of DSR to three different types of measurement.

DSR is unique in its ability to measure internal two-dimensional whole-field displacements within optically opaque 

specimens to a high degree of accuracy. In the first two cases a dynamical displacement field was measured, while in 

the third a single displacement field from an entire deformation process was calculated. 

In the first experiment the flow pattern within a granular material being released from a silo was measured. This was 

carried out in the transverse central plane of the silo, defined by a seeding of tungsten particles. 

The formation of plug flow is clearly visible as a vertical column of larger displacements.  

Eventually a v-shaped area of displacements is formed when the sides of the tubular region collapses. 

Another effect that can be detected in the measurements is “breathing”, where the flow periodically slows down, almost 

stopping, and then speeds up again. The method is limited to looking at a single plane through the silo, although this 

plane could be moved in subsequent experiments. The silo used was very limited in size in order to fit to the X-ray 

system. The technique could, however, easily be performed on a larger scale with a larger detector. 

In the second experiment the motion inside a thin glue film sandwiched between two wooden plates subjected to a 

shearing force was investigated. The result showed that a rotational motion appeared around a point at the centre of the 

left border. This behaviour probably arises from an uneven hardening process in the glue. The centre point of the 

rotation would then be a region in the glue where the most effective hardening occurs. It is also clear from the results 

that the top left corner of the glued region does not follow in this rotational motion. This occurs because two separate 

planes of glue have arose, one stuck to the clamped plate and one stuck to the plate that is being pulled. The triangular 

shaped area at the top left corner lie in the first of these planes on which the other is gliding on, in a rotational motion. 

The displacement field of a glue film measurement depends on the thickness of the layer. In this case, where two planes 

of glue are gliding over each other, the film was relatively thick. 

In the third experiment performed, a deformation field was measured in a chicken thighbone surrounded by soft tissue. 

The deformation of the thigh arose from torque acting on it. The measurements were in this case performed without the 

use of a contrast agent. The measured displacement field was therefore the actual displacement field integrated over the 

depth of the sample.  This means that no quantitative result is obtained. The purpose was, however, to show that the 

technique is applicable in a case where the natural structure of the sample alone generates the speckle pattern.  

6. FUTURE WORK 

From these displacement field measurements it is possible to do subsequent strain field calculations. How to perform 

this in practice will be investigated further in the immediate future. 

A limitation of the present technique is that measurements must be performed on a single plane of the specimen in order 

to get quantitative results. For this reason, the present experimental in-line set-up will be replaced with a tomographic 

apparatus.  

In a tomographic DSR experiments, a three-dimensional reconstruction of the imaged specimen would be performed. 

The specimen can be reconstructed in its normal state from reference images collected during a rotation of the 

specimen. In a similar way, a reconstruction is made based on images collected of the sample during deformation. The 

next stage will then be the modification of the DSP algorithm to correlate volumes, rather than areas in sub-images. The 

application of this procedure will make it possible to do quantitative measurements of the internal three-dimensional 

displacement fields in opaque specimens with unrestricted motion. This is mainly the subject for future research.
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ABSTRACT

A method for measurements of full-field deformations within optically opaque materials is 
presented. This method called Tomographic 3D-DSP is based on volume correlation (three-
dimensional digital speckle photography/image correlation) of data obtained from 
tomographic reconstructions. A detailed description of the technique with focus on the 
correlation algorithm is given and results from two experiments are presented. The full three- 
dimensional deformation field is measured in a bone exposed to an axial load. The second 
experiment differs from the first one through a small crack that has been introduced to the 
bone tissue. 

1. INTRODUCTION 

The world is mostly three-dimensional. Our knowledge about deforming material on the other 
hand is mostly coming from measurements of the surface response of a test sample due to a 
given change in the environment, and from simulations. As long as the material is reasonably 
homogeneous this is often enough, but in materials where the three-dimensional state of stress 
locally plays a crucial role for the fracture behaviour of the material the complete three-
dimensional deformation field needs to be measured. The purpose of this paper is to present a 
method we call Tomographic 3D-DSP (three-dimensional digital speckle photography/image 
correlation) for measurement of full three-dimensional displacement fields in optically 
opaque deforming materials by correlation of volumetric data obtained from tomographic 
reconstruction.
The principle of Digital Speckle Photography (DSP) or Image correlation is to find the 
deformation between a pair of images that contain a unique pattern (speckles) that is being 
deformed or distorted. This is done by dividing the first image in smaller regions that all 
contain their unique pattern of features. Then, by detecting the position and orientation of 
each of these patterns in the second image the deformation field can be found.  
In two dimensions, DSP/Image correlation is a widely spread technique with great 
applicability in many different research areas. In experimental mechanics image correlation is 
commonly used to investigate material behaviour and to test constitutive models [1]-[6]. In 
fluid mechanics it is used under the name Particle Image Velocimetry (PIV) [7].   
Image correlation combined with radiography (and other translucent imaging techniques) is 
another approach that has been explored during the last decade [8]-[10]. In medical sciences 
the technique has been used to measure deformations and strains in bone tissue [10],[11] 



however it is more often used for image registration to match features found in images
collected with different methods such for example CT and MRI [12]-[13]. Another medical
research field is to localise lesions within the body, mainly tumours by use of a techniques 
that shares similarities with image correlation [14]-[15].
The first truly three-dimensional correlation method, where volumetric data is correlated 
rather than images, was presented by Bay et al. [16]. Measurements were performed on 
volumes reconstructed from µCT scans of trabecular bone tissue. Here, limited degrees of 
freedom are measured and thus only translational displacements are resolved. Later, the 
algorithm was extended to also cover rotational degrees of freedom [17]. The algorithm used 
by Bay and co-workers is based on minimisation of a sum-of-squares function rather than of a 
cross-correlation (or cross-covariance) function that normally is the case in image correlation 
techniques.
Tomographic 3D-DSP, the method presented in this paper is based on minimisation of the 
discrete three-dimensional cross-covariance function. It includes features as subvolume
scalability and generalisation of the allowed deformation within each subvolume. The 
volumes that are correlated are collected with a CT-system based on a micro-focus X-ray 
source. The investigations made here are performed on trabecular bone tissue coming from a 
chicken thigh bone. The trabecular bone tissue is an excellent example of where the internal 
features constitute a natural speckle pattern. Two different measurements have been 
performed. First, the deformation field is measured when bone tissue is exposed to an axial 
load. In the second experiment the bone has been damaged. This damage consists of a crack 
that imitates an authentic injury. Otherwise the load case is identical with the first one. 

2. COLLECTION OF VOLUME DATA 

2.1 Experimental set-up 
The experiments are performed with use of a computer tomography system which mainly
consists of a micro-focus X-ray source with a spot size of 5 µm, a detector that allows digital 
video stream caption, a motorised rotation stage and a PC to which the video sequences are 
grabbed and stored. The set-up of the experimental equipment is principally shown in Fig.1. 
The specimen is placed on the rotation stage and X-ray images are captured typically every 
degree of rotation. 

Fig.1. The experimental set-up.



The examined specimen is a part of a chicken thigh bone, shown in Fig.2. In the narrow 
regions it is about 10 mm in diameter while approximately 20 mm in the broad regions. The 
piece is 34 mm high. The measurements are performed in regions of trabecular bone tissue, 
which naturally contain very fine randomly distributed features, which the 3D-DSP program
can use to determine the deformation field. A volume rendering of the trabecular bone tissue 
and its micro-architecture is shown in Fig.3. Two examinations are carried out on the same
piece of bone. The difference is that in the second case the bone suffers from a small injury 
where a crack has been introduced. Apart from this the two examinations are identical. 

Fig.2. Part of thigh bone exposed to axial load, FL. A 
pair of screws, to which the load is appended, has been 

attached at each end of the bone. 

Fig.3. Volume rendering from bone tissue data. The 
size of the volume is 128×128×64 voxels.

The specimen is loaded with an axial force, FL, achieved by applying a 1 kg weight that act on 
the entire upper surface. Each end of the bone have a screw attached to it so that it can be 
mounted to the rotational stage and to the load in a way that minimises unwanted motions that 
may arise when the not entirely symmetric body is rotated. The screws are attached to the 
bone by use of a very strong 2-component adhesive (X60), normally used to attach strain 
gages. The loaded specimen is shown in Fig.2. 

2.2 Reconstruction of volume data from imaged specimen
The tomographic reconstruction is based on 364 projections collected evenly from a 360 
degree rotation of the sample. The reconstruction is made with use of a Cone-beam method,
proposed by Feldkamp et al. [18]. It use projection images (ordinary radiographs) as in-data 
rather than one-dimensional projection data, which is the case in most computer tomography
systems. For this particular system it takes approximately one minute to scan a specimen and 
approximately one hour to reconstruct the volume data. The PC on which the tomographic
reconstruction is carried out is a Pentium4 with dual Xeon 2.2 GHz processors and 2 GB of 
RAM. The imaging system reconstructs volumes with the dimensions 640×640×500 voxels, 
when used to achieve maximum spatial resolution.  The magnification in the two experiments
was set to 2 and an 8-bit greyscale depth was used. With these settings each voxel is a cube 
with the sides 0.41 µm. The 3D-DSP algorithm is in its present state only implemented in 
MATLAB. This program is not optimised for such large data sets. To account for this each 
volume was first reduced by a factor of 2 along each dimension and thereafter divided in data 
sets with dimensions 64×64×64 voxels. After correlation the corresponding deformation
fields was put together again. Since there is a problem visualising large vector-based three 
dimensional data sets, as deformations fields, we decided to limit the measurement volumes
to 128×128×64 voxels. 



3. CORRELATION OF VOLUME DATA 

The 3D-DSP algorithm is as its 2D cousins based on a correlation routine. In addition it 
includes features as subvolume scalability and generalisation of the allowed deformation
within each subvolume. Fig.4 a) shows the basic idea of this particular method. Two volume
data sets V1 and V2 of size N1×N2×N3, representing the object in unloaded and loaded state 
respectively, are applied to the algorithm. The result of the 3D-DSP calculations is a 
deformation field describing the general unrestricted motion in every point of the imaged
specimen. The principle of subvolume scalability is shown for the first three scale levels in 
Fig.4 b).The correlation starts at a large scale and is then refined exponentially and the 
deformation field can be determined at a higher and higher degree of accuracy.
To calculate the local deformation field the three-dimensional discrete covariance function, 
expressed in equation (1), is minimised.
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In this expression xijk =[x,y,z] is the position vector and uijk =[u(x,y,z), v(x,y,z), w(x,y,z)] is the 
local deformation vector in the correlation box of size M1×M2×M3. S1 and S2 are the 
subvolumes which at the initial stage, the coarsest scale, correspond to the features within the 
entire V1 and V2, respectively. In order to perform the minimisation of equation (1) it is 
sufficient to obtain an approximation of the deformation in the correlation box. Here the 
deformations are approximated with Chebyshev polynomials up to a given order n, giving 
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for the deformation component along the u-direction, where apqr are Chebyshev components
and Tp(x),Tq(y) and Tr(z) are Chebyshev base functions of order p, q and r, respectively. In the 
v- and w-directions the Chebyshev components are represented by bpqr and cpqr, respectively. 
It is convenient for many reasons to use this approach for the approximation of the 
deformations. First, Chebyshev polynomials are known to have the property of being the 
polynomial of a given order with least maximum deviation from the true function. Second, the 
Chebyshev polynomials can be truncated to lower orders without significantly deteriorating 
the approximation. Finally, the fact that Chebyshev polynomials are defined in the region 
[-1,1] makes the minimisation procedure numerically stable. The deformations u, v and w in 
equation (1) are all represented continuously which sets a requirement that S1, the reference 
subvolume, also is represented continuously. Thus the discrete data of S1 is used to form a
continuous spline representation that can be used in the covariance function calculations.
The minimisation procedure used here is a large-scale algorithm based on an interior-
reflective Newton method [19]. To perform the minimisation this algorithm requires 
knowledge about the gradient vector, f/ xj , and the Hessian matrix, 2f/ xi xj where f is the 



covariance function and xi and xj each represent one of the Chebyshev component vectors, apqr,

bpqr or cpqr. The minimisation routine result in a set of Chebychev component vectors, which 
best fits the features in S1 with the features in S2. From these Chebyshev components a 
correlation value, which is an estimate of the significance of the fit, can be calculated as, 

),,,,,(1),,,,,( zyxwvufzyxwvu . (4)

Fig.4. a) shows the correlation procedure in principle.
b) Shows a sketch of how the subvolumes are rescaled

during the correlation process. 

Fig.5. Flow chart of the 3D-DSP algorithm.

A criterion for the minimisation routine to converge is that the deformation falls within the 
covariance peak. This normally restricts the deformations to be measured and must be 
considered during the measurements. One solution is to improve the temporal resolution 
during the measurements in order to keep the deformations within the allowed domain. In 
three dimensions, however, this is inconvenient since the tomographic scanning from one 
rotation of the specimen is a rather time-consuming process, in comparison.
In the present algorithm we have chosen to introduce rescaling to cope with the restriction 
above. The number of scales, ns, in which the volumes will be analysed, sets the limit of the 
convergence of the minimisation routine. With the multiple scale calculations the size of the 
allowed deformations is ns times larger than in former single scale algorithms. Thus by 
choosing an appropriate number of scales in the computations any given deformation can be 
measured. Fig.5 shows the calculation flow of the algorithm. After minimisation at a coarser 
scale the resulting set of optimised Chebyshev components are used to make a good initial 
estimate of subvolume specific Chebyshev components, which will serve as in-data in the 
minimisation at the finer scale. When the calculations at all scales have been completed a 



number of different sets of Chebyshev component vectors and correlation values have been 
collected – one for each subvolume. These results describe partly the same regions in the 
imaged volume so the next step is to choose at what scale the deformations in a specific 
region shall be represented. Here, this selection is based on the correlation value given in 
equation (4). As long as at least one of the eight subvolumes (children) at a finer scale provide 
a higher  than the parent-subvolume at the coarser scale the finer scale is chosen. Then, to 
make full use of the spatial resolution in the volumes the final calculations is always 
performed at the finest scale with subvolumes sizes chosen from the highest correlation value. 
Finally, from the final set of Chebyshev components the definitive set of displacements are 
determined from equation (2). 

4. RESULTS AND DISCUSSIONS 

4.1 Deformations in undamaged bone due to axial load 
A rendering of the bone where the analysed region is marked out with a rectangle is shown in 
Fig.6 a). Fig.6 b) shows a rendering of this specific region. Last but not least, the calculated 
deformation field is shown in Fig.6 c) in form of a cone plot where the size and direction of 
each cone describe the displacement in that specific region. Since every cone demand some
amount of space not every displacement can be visualised. To optimise the appearance of the 
plotted deformation field a cone representation is performed for every 8:th u-, v- and w-value.

Fig.6. Bone tissue loaded with a 1 kg weight.  In a) a volume rendering of the bone is shown. The measurements
are performed in a volume with the position and size corresponding to the rectangle. A rendering of this volume

data is shown in b). The size of the volume is 128×128×64 voxels. In c) the deformation field caused by the
appended load is shown.

From the results in Fig.6 c) it is visible that the deformations are roughly of the same size and 
pointing down-wards, as expected, through out the volume, apart from in a region at the right 
hand side. Here, up-ward pointing displacements describe a bending of the bone. From this 
bending it can be concluded that the applied load is not acting entirely along the principal 
axis. Here the over-all-average for u, v and w are 0.216 µm, 0.961 µm and -5.96 µm
respectively, where the minus sign represent down-ward displacements.



4.2 Deformations in damaged bone due to axial load 
A small crack has been introduced to the bone used in the previous experiment. A rendering 
of the bone is shown in Fig.7 a). The region in which the measurement is performed has been 
removed and is instead shown in Fig.7 b). The location of the crack is here at the far end side 
of the bone, in a) visible through the gap. In Fig.7 c) the deformation field is shown and it is 
clearly visible that larger deformations now have occurred, concentrated to the centre of the 
bone. In this case the over-all-average for u, v and w are 2.57 µm, 0.498 µm and -7.54 µm
respectively. w-displacements constitute the main part of the deformation, however also 
proportionally large u-displacements are present. The bending that was detected in the 
previous experiment can be seen here as well, but here other deformations are more dominant.

Fig.7. Injured bone loaded with a 1 kg weight.  In a) a volume rendering of the bone is shown. The 
measurements are performed in a volume excluded in the rendering. This missing volume is instead shown in b). 

The size of the volume is 128×128×64 voxels. In c) the displacement field caused by the appended load is 
shown.
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