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Abstract

Maria Axelsson.Image Analysis for Volumetric Characterisation of Microstructure.
Doctoral Thesis.

ISSN 1652-6880, ISBN 978-91-86195-66-3.

Digital image analysis provides methods for automatic, fast, and reproducible analys-
is of images. The main contribution of this thesis is new image analysis methods for
volumetric characterisation of microstructure with application in the field of mate-
rial science. The methods can be used as tools to characterise material microstruc-
ture, in particular the structure of fibre-based materials,such as paper, wood fibre
composites, and press felts. More information about the material microstructure
enables design of new materials with more specialised properties.

Volume images have recently become available to characterise material mi-
crostructure. Manual inspection of material properties using volume images is both
non-reproducible and expensive. The methods presented in this thesis are developed
to meet the growing need for automated analysis. The focus has been on 3D meth-
ods for high-resolution volume images, such as X-ray microtomography images.

New methods for characterisation of both the fibre structureand pore structure
in fibre-based materials are presented. The fibre structure can be characterised by
measuring either individual fibres or the local structure ofthe material. A method for
tracking individual fibres in volume images is presented. The method is designed
for wood fibres, but can also be applied to other types or fibresor in other areas
where tubular or elongated structures are analysed in volume images. A method
for estimating 3D fibre orientation of both tubular and solidfibres is also presented.
Both methods have been evaluated on real volume images acquired using X-ray
microtomography with good results. Two new pore structure representations and
corresponding measurements are introduced. The usefulness of the methods is il-
lustrated on real data. A method for estimating the pore volume at the interface
between press felt and fibre web is presented. It has been applied in a case study of
press felts under load using confocal microscopy images.

In addition to the methods for fibre-based materials, a general method for re-
ducing ring artifacts in X-ray microtomography images is presented. The method is
evaluated on real data with good results. It is also applied as a preprocessing step
before further analysis of the X-ray microtomography images.

Keywords: image analysis, volume images, 3D, microstructure, segmentation,
orientation, material characterisation, fibre, pore structure, X-ray microtomography
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1 Introduction

The availability of high resolution three-dimensional (3D) imaging devices is in-
creasing and volume images are more frequently used in characterisation of ma-
terial microstructure. The amount of data that needs to be processed in a single
volume image is large, which makes manual inspection of the volume images both
time consuming and expensive. In addition, results from manual inspection are of-
ten non-reproducible. Volume images can be efficiently processed and analysed
without manual inspection using digital image analysis.

This thesis presents new image analysis methods for characterisation of mi-
crostructure of fibre-based materials using high resolution volume images. The
focus of the research has been to develop fully automated 3D segmentation and
analysis methods for both fibres and pores in volume images offibre-based materi-
als, in particular for paper, wood fibre composites, and press felts. Most fibre-based
materials are designed to have specific structural properties. They are state of the
art and well suited for their respective applications. However, little is known about
the 3D microstructure of many of our most common materials. The main objective
of this thesis is to present new image analysis tools that canbe used to increase
the knowledge about the relationship between the 3D microstructure and the macro-
scopic properties of fibre-based materials. This knowledgeenables design of new
materials with more specialised properties.

The work has been focused on 3D methods which utilise more of the available
information in the volume images than in previous methods. It has also been fo-
cused on development of methods suitable to analyse large amounts of data. The
methods are developed to meet the growing need for automatedanalysis in the field
of material science. They are developed in collaboration with paper scientists and
other material experts. The methods that are presented in this thesis for analysis of
fibre-based materials are new methods for pore structure characterisation of paper,
estimation of the interface volume between paper and press felt, individual fibre
tracking, and fibre orientation estimation. The methods aregeneral and can also be
applied to segment and characterise other porous, elongated, or tubular structures,
for example in medical applications. In addition, a generalmethod for ring arti-
fact reduction is presented. The contributions of this thesis aim at fully automatic
analysis of the microstructure of fibre-based materials, where any desired structure
measurement is available.

1.1 Outline of the thesis

The outline of the thesis is as follows:

• Chapter 2 contains a brief description of the fibre-based materials that have
been used during the development of the presented methods.

• Chapter 3 presents an overview of the available imaging techniques for ac-
quiring 2D and 3D images of the microstructure of fibre-basedmaterials. Five
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different imaging devices for 3D imaging of paper are compared and the mi-
crostructure of some example materials is illustrated in 2Dand 3D.

• Chapter 4 describes the preprocessing steps that must be applied to the volume
images before they can be analysed. This chapter presents the first contribu-
tion of this work: a method for ring artifact reduction of X-ray microtomog-
raphy images (Paper I).

• Chapter 5 presents methods for pore structure characterisation of paper using
volume images (Paper II and Paper III) and a method for estimating the inter-
face pore volume between paper and press felt using confocalimages of press
felt (Paper IV).

• Chapter 6 presents a method for fibre tracking in volume images intended for
segmentation of individual fibres (Paper V).

• Chapter 7 presents a method for estimating fibre orientation in volume images
(Paper VI and Paper VII).

• Chapter 8 concludes the thesis with a summary of the scientific contributions
and suggestions for future work.
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2 Fibre-based materials

There are many different types of fibre-based materials. Some examples are glass
fibre reinforced plastics, carbon fibre reinforced plastics, paper, wood fibre compos-
ites, textiles, and felts. The methods in this thesis are developed mainly for materials
based on wood fibres, such as paper and wood fibre composites, and for press felts.
These materials are briefly described in this chapter. Theirmicrostructure is illus-
trated in Chapter 3.

2.1 Paper

Paper is used in many areas of our everyday life. Some important applications are
transportation and protection of goods (bags, sacks, and packaging), communicating
and storing information (newspaper, books, and copy paper), and personal hygiene
(tissues and napkins). Papermaking is a big industry, especially in the Nordic coun-
tries where the raw material is abundant.

Papermaking has been around for a long time. Already the ancient Egyptians
used papyrus to make writing material around 3500 BC. In 105 AD the Chinese
made paper from rags and other fibres, using the first known method for pulping.
This technology spread westwards and paper was produced in Europe in the early
12th century. The usage of wood in papermaking is a more recent innovation that
began with mechanical pulping in the 1840s. The breakthrough innovation in pa-
permaking was the Fourdrinier machine that was patented in 1799. It takes pulp as
input and outputs a final paper product. Today, paper machines follow the general
layout of this machine with a wet end, press section, dryer section, and calender
section.

In the wet end the pulp is distributed from the headbox of the machine onto
a wide screen, the wire, which moves with high speed. The direction in which
the wire moves is called the Machine Direction (MD). Paper produced in a paper
machine always has more fibres oriented in this direction dueto the high speed and
flow in the machine. The direction across the machine is called the Cross Machine
Direction (CMD) and the direction out of the paper plane is called the Z-direction.

The water content is reduced in a number of steps after the fibre network has
been formed on the wire. First, vacuum is used in the wet end, then press felts and
press rolls are used in the press section, and last steam-heated rollers are used in the
dryer section. After the dryer section the paper can also be calendered or coated to
make the surface smoother using heated rollers.

The fibres are bound together by hydrogen bonds. The surface of the fibres is
often roughened by beating the fibres in a refinement step. This increases the area
with available hydroxyl groups that can form bonds, and consequently makes the
paper stronger. However, too much refinement makes the fibresweaker and the
strength decreases again.

The final product is a complex 3D fibre network which is highly porous. Both
the fibre network and the pore structure govern important material properties. The
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fibre orientation and the amount of fibre-fibre bonds in the fibre network determine,
for example, strength and stiffness and the pore structure determines, for example,
print and transport properties. The structure is designed to fit the specific needs for
each application using different wood fibre types, pulping methods, filling materials,
forming methods, or other process parameters.

2.2 Wood fibre composite materials

In wood fibre composite materials, wood fibres are used as reinforcement of poly-
mers. The base material, the matrix, is reinforced to improve properties such as
stiffness and strength. Wood fibre composites have many potential uses in new ap-
plications, for example, in automotive applications or in the building sector. As the
materials improve, new application areas become available.

The properties of wood fibre composite materials depend on the microstructure
of both the matrix and the reinforcement material. It is important to characterise the
stress transfer properties of the matrix-fibre interface and properties such as fibre
orientation to be able to design new materials with improvedproperties.

2.3 Press felt

Press felts are used in the production of paper to press out water from the wet fibre
web in a series of press nips. This process takes place in the press section and is
called wet pressing. Some water is sucked back into the paperafter the press nip.
However, mechanical pressing is still far more efficient than drying the web directly
after the forming step in the wet end.

Press felts consist of synthetic fibres of different sizes. The fibres are usually
made of polyamide. The largest fibres form the base weave, which is a woven regu-
lar network. Batt fibres with smaller diameter are needled onto this structure using
fibres with even smaller diameter. The batt fibres create a porous structure on each
side of the base weave. The microstructure of the press felt,in particular the pore
structure, is important, since it determines the water holding capacity. This, in turn,
determines the efficiency of the dewatering. The structure is designed for differ-
ent dewatering situations, to remove large or small amountsof water. Increased
knowledge about the microstructure of the felt under compression is important in
the design of new felts.
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3 Imaging fibre-based materials

Microscopy techniques can be used to gain information aboutthe microstructure of
a material. This chapter presents an overview of the available techniques to acquire
2D and 3D images of paper and other fibre-based materials. Five different imaging
devices for imaging volume images of paper are compared. Themicrostructure of
different fibre-based materials is illustrated using 3D surface renderings.

In structure analysis of paper, both the surface structure and the internal structure
are important. For wood fibre composites the internal structure is most interesting.
High resolution microscopy techniques are needed to resolve individual wood fi-
bres. Wood fibres are long tubular structures. The void interior is called lumen.
Softwood fibres have diameters of 30–50µm and are 3–5mm long and hardwood
fibres have diameters of 10–20µm and are 1–3mm long. A resolution below
1 µm is preferable for measurements of individual fibre properties. When analysing
volume images, this high resolution adds to storage, memory, and processing time
requirements, since large images must be acquired to gatherinformation about a
representative part of the material. Even higher resolution is needed to characterise
small pores that influence, for example, print quality. For other measurements it
is possible to obtain good estimates using lower resolution. See, for example, the
3D fibre orientation estimation in Chapter 7. The desired structure measurement
determines which imaging technique that is most suitable for the analysis.

3.1 2D imaging

Fibre-based materials such as paper, wood fibre composites,and press felts can be
imaged in 2D using light microscopy, scanning electron microscopy, and confocal
laser scanning microscopy. Each of these imaging techniques can provide high
resolution images of the surface or of the internal structure in cross sections of
materials and are commonly used to characterise the 2D structure. The following
sections describe these modalities briefly.

Cross sectional images can be used to measure many material properties. How-
ever, the materials often have a large structure variation and the local structure may
not be representative. Often, many 2D images must be acquired to obtain good
statistics. For paper, 2D images provide measurements on paper cross sections such
as the material density distribution in the Z-direction or the coating layer thickness.

3.1.1 Light microscopy

In a Light Microscope (LM) 2D images are acquired using visible light. It is com-
mon to use a digital camera as detector to capture a 2D image directly. Thin slices
of the material can be imaged using a number of microscopy techniques, such as
bright field, phase contrast, and fluorescence. The LM is suited to view the surface
or cross sections of paper samples. Cross sections are imaged by embedding the
sample in epoxy resin and cutting slices with a thickness of about 1µm using a
microtome. There are often problems with cutting artifactsor geometric distortions
caused by the sample preparation. The samples are stained toincrease contrast in
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Figure 1: LM image of a three layered cardboard. (The image was provided by
STFI-Packforsk, Stockholm, Sweden.)

the images. Figure 1 shows an example of a three layered cardboard imaged in a
LM using 10x magnification. The sample consists of chemical pulp and mechanical
pulp. The dye used in the staining is absorbed to a greater degree by the mechanical
pulp in the central part of the cardboard.

3.1.2 Scanning electron microscopy

In a Scanning Electron Microscope (SEM) 2D images are collected by raster scan-
ning the surface of the sample with a focused electron beam. The collected signal
can provide information about the topography of the surface, the material density,
or other properties. When imaging paper it is usually the signal from the so called
secondary electrons that is collected. The SEM has a large depth of field which
gives the imaged structure a 3D appearance. See for example Figure 2(a) that shows
details of wood fibres. Note the small holes in the fibres that are used for fluid trans-
port in the wood. Figure 2(b) shows an overview of the more porous middle section
of a layered cardboard after freezing the sample and splitting it open.

The surface of different paper grades can easily be imaged directly or after ap-
plying a gold coating. To image the internal structure of paper, it is common to
embed the material in epoxy resin and image polished cross sections (Walbaum and
Zak, 1976). Since the material needs to be sliced to image theinternal structure,
there are sometimes cutting artifacts. Figure 8 shows an example of a SEM image
of a paper cross section.

Figure 3 and 4 show example images of the surface of differentpaper grades.
The difference in surface structure is clearly visible in the images. Figure 5 illus-
trates laser print on copy paper. The paper structure, in particular the paper surface,
is important in printing applications.
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(a)

(b)

Figure 2: SEM images showing the middle section of a layered cardboard. (a) Detail
of wood fibres. (b) Overview of the fibre structure.
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(a)

(b)

Figure 3: SEM images showing the surface structure of two paper grades. (a) Card-
board. (b) Copy paper with detail of the filling material.
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(a)

(b)

Figure 4: SEM images showing the surface structure of two paper grades. (a) Coffee
filter. (b) Tissue (toilet paper).
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(a)

(b)

Figure 5: SEM images showing print from a laser printer on copy paper. (a) Detail
of the serifs for the letters IT. (b) Detail of the print on thepaper surface.
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(a) (b)

Figure 6: CLSM images showing cross sections of a layered cardboard embedded
in epoxy resin. (a) Sample with stained fibres. (b) Sample with stained epoxy resin,
which gives an image with negative contrast.

3.1.3 Confocal laser scanning microscopy

In a Confocal Laser Scanning Microscope (CLSM) 2D images arecollected by
raster scanning the sample with a focused laser beam. The collected signal is
fluorescent light emitted from the sample at the point that isexcited by the laser.
Normally, the sample is stained with fluorochrome dye to increase the fluorescent
signal.

The CLSM can provide volume images of samples using optical sectioning by
focusing on points at different depths in the sample. However, this technique is
not very effective for wood fibres, since the attenuation of the light is rapid in the
material. Only the surface of the sample can be imaged with good quality. The
CLSM is commonly used to image the surface and cross sectionsof paper (Moss
et al., 1993; Dickson, 2000). For embedded samples, the focus can be set just below
the surface of the embedding to reduce the impact of cutting artifacts in the images.

Figure 6 shows two example images of paper cross sections. The samples were
embedded in epoxy resin and polished. In Figure 6(a) the fibrenetwork is stained
and imaged using a 63x oil immersion objective with a voxel size of 0.31µm paral-
lel to the objective and 0.12µm in the depth direction. The staining varies between
the different layers of the cardboard, since they consist ofdifferent pulp types. The
fluorescent signal from the less stained pulp type is weaker,which makes it difficult
to obtain optimal contrast everywhere by adjusting the intensity of the incoming
light. In Figure 6(b) the epoxy resin is stained to create negative contrast. The sam-
ple is imaged using a 100x oil immersion objective with a voxel size of 0.20µm
parallel to the objective and 0.20µm in the depth direction.
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3.2 3D imaging

None of the imaging devices described in Section 3.1 can directly provide volume
images suitable for 3D microstructure characterisation. Two approaches have been
used to image paper and other fibre-based materials in 3D. Oneapproach is slice
based methods, where successive cuts of the material are imaged and registered
to a volume image. Another approach is X-ray microtomography, which provides
volume images by non-destructive scanning of the material.

3.2.1 Slice based methods

The first reconstruction of a volume image of paper using a slice based method was
presented by Hasuike et al. (1992). A paper sample was embedded in epoxy resin
and sliced using a microtome. The cut-off slices were imagedin a differential inter-
ference microscope. Aronsson et al. (2002) reconstructed avolume image of a five
layered cardboard embedded in epoxy. The surface of the embedding was imaged
using SEM and a slice of the embedding was cut off using a microtome between
successive images. Imaging the embedding instead of the cut-off slices reduced
cutting artifacts in the images. Another slicing method waspresented by Wiltsche
(2005) where the sample was both sliced using a microtome andimaged directly
using a light microscope in an automated process. An alternative to microtome slic-
ing is controlled serial grinding. Chinga et al. (2004) presented a method where the
grinding depth can be determined by adding mono-disperse beads close to the paper
surface. An advantage of the slice based methods is that the imaging devices are
common in regular labs. The volumes produced by the slice based methods often
have non-cubic voxels, since the resolution usually is higher in the collected 2D
images than the step length between successive slices. It isalso time consuming
to collect the images and there are problems with registration, cutting artifacts, and
uneven staining in the reconstruction and analysis of the volumes.

3.2.2 X-ray microtomography

Volume images can be obtained without physical sectioning using X-ray microto-
mography. The technique is the same as for Computed Tomography (CT) devices
used for medical applications, but the voxel size is in the micrometer range.

The sample is placed in an X-ray beam and the attenuation of the beam is cap-
tured on a 2D detector array. The registered pixel value is the attenuation of the
incoming beam along a ray through the sample. The attenuation can be described as

I = I0 exp

(

−

∫

µ(x, y, z)ds

)

(1)

whereI is the recorded pixel value,I0 is the incoming beam intensity andµ(x, y, z)
is the attenuation coefficient. The sample is rotated over 180 degrees and 2D projec-
tions are captured at approximately 1200 positions. A volume image can be recon-
structed from the projections using, for example, filtered back projection (Bracewell
and Riddle, 1967).

20



There are two main types of microtomographydevices available; synchrotron ra-
diation X-ray microtomographs and desktop X-ray microtomographs. Synchrotrons
can produce a high intensity, monochromatic parallel beam,which provides high
resolution images that are suitable for detailed structurecharacterisation of wood
fibre-based materials (Samuelsen et al., 2001). Desktop X-ray microtomography
scanners, such as Skyscan1 or Xradia2 devices, can produce a lower intensity, poly-
chromatic fan beam, which provides images with lower resolution (Goel et al., 2001;
Huang et al., 2002). Both types of imaging devices are constantly improving and in
recent years desktop scanners have become more common.

There are no cutting artifacts in X-ray microtomography images, since the imag-
ing method is non-destructive. Also, the voxels are cubic and the contrast is even
throughout the volume. However, there are other deficits in X-ray microtomography
images. As for all measured images, noise is always present in the images, since
the available integration time for the detected signal is limited. Another problem in
tomography and other rotating imaging techniques is ring artifacts, which is further
described in Chapter 4.

Typical reconstructured volumes are 1024× 1024× 1024 voxels or 2048×
2048× 2048 voxels with 8, 16, or 32 bit precision. The Field of View (FoV) is a
cylinder, due to the rotation during the scan. At synchrotron facilities a common
diameter is 1.4mm for the FoV, when using a voxel size of 0.7µm and a detector
width of 2048 pixels. If the full height is used for a 2048× 2048 pixel detector
the cylinder height is 1.4mm for the same resolution. If the samples fit into FoV,
the Hounsfield scale can be used for comparing the absolute values between the
volume images. Only the sample width is restricted to fit intothe FoV for optimal
contrast. If a large part of the sample is outside the FoV it iscalled local tomography.
This data can also be analysed, but contrast and absolute image values may change
considerably between images.

As the sample rotates during the acquisition the samples must be fixed to the
sample holder. This introduces a problem for paper, since adhesives can change the
structure. Post-it notes have been used since their glue does not penetrate the paper
structure. However, the glue and wood fibres have similar density, which results in
poor contrast between them. Developing automatic methods for removing the glue
has proven to be difficult. This is not a problem for wood fibre composite materials,
since only the internal structure is of interest.

Figure 7 shows two slices from an X-ray microtomography image. The slice in
(a) is perpendicular to the rotation axis of the sample and shows the circular cross
section of the FoV. The slice in (b) is perpendicular to the slice in (a) and shows the
sample, the sample holder, and the fixture.

Different modes are available in X-ray microtomography. Inabsorption mode
the densities of the sample are directly imaged using beam absorption (Rolland du
Roscoat et al., 2005a). In phase contrast mode the sample-to-detector distance is
increased. This gives an edge enhancement of the interface between different den-

1Skyscan: http://www.skyscan.be/
2Xradia: http://www.xradia.com/
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(a)

(b)

Figure 7: X-ray microtomography image of a cardboard sample. (a) A slice perpen-
dicular to the rotation axis of the sample. The slice is 2048× 2048 pixels. (b) A
slice perpendicular to the slice in (a).
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Table 1: Comparison of the voxel sizes and image sizes for fiveimaging devices
used to image paper in 3D.

Imaging device Beamline Voxel size Image size
XY (µm) Z (µm) (voxels)

SEM - 0.7 5 3072× 768× 102
Skyscan 1172 - 0.78 0.78 1900× 1800× 870
ESRF ID 19 0.70 0.70 2048× 2048× 2048
PSI Tomcat 0.70 0.70 2048× 2048× 1024
HASYLAB BW2 1.44 1.44 1135× 1135× 1022

sities (Samuelsen et al., 2001; Antoine et al., 2002). Both phase contrast and ab-
sorption contrast may be present in the same image, see for example Figure 7. The
phase contrast is visible as bright and dark voxels at the interface between fibre
and void. It is also possible to obtain other types of phase contrast using different
reconstruction methods.

3.3 Comparison between different imaging devices

In this section, a comparison between SEM and four differentX-ray microtomo-
graphy setups is presented. The same type of five layered cardboard (duplex board)
was imaged in all devices, which makes the images directly comparable. The struc-
ture of the middle layers of the cardboard and the surface as seen by SEM are shown
in Figure 2 and Figure 3(a), respectively.

The SEM volume used in the comparison is the sample acquired by Aronsson
et al. (2002); Aronsson (2002b). The X-ray microtomograpy images were acquired
on beamline ID 19 at European Synchrotron Radiation Facility (ESRF) in Grenoble,
on beamline Tomcat at Paul Scherrer Institut (PSI) in Villigen, on beamline BW2 at
Hamburger Sychrotronstrahlungslabor (HASYLAB) at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, and using a Skyscan 1172 at the Department of
Physics at the University of Jyväskylä.

Each of the imaging devices can be used to image other materials or samples
using different parameters. Here, the imaging parameters were optimised for paper
to image as large part of the material as possible with a resolution sufficient to char-
acterise the individual fibres and fibre cross sections. Table 1 shows the voxel sizes
and image sizes for the imaging devices used in the comparison. All volumes were
imaged using the largest possible FoV for the given resolution. In the imaging of
the SEM volume, multiple images were captured between the successive microtome
cuts to enlarge the FoV of the microscope.

Figure 8 shows a part of a slice from the reconstructed SEM volume and a 200×
200 pixel detail of the slice. Figure 9 shows slices from the four X-ray microtomog-
raphy images and a 200× 200 pixel detail of each slice. Note that the images in the
figures are cropped to show only the parts which contain the sample. The X-ray mi-
crotomography images from ESRF and PSI have high resolutionin all dimensions,
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Figure 8: Image from a SEM volume of a layered cardboard and a 200× 200 pixel
detail of the image.

the SEM volume has high resolution in two of the three dimensions, and the other
volumes have lower resolution. The volume from ESRF contains both absorption
contrast and phase contrast. This effect is not as visible inthe volumes from the
other X-ray microtomography devices.

Figure 10 shows the histograms for the central part of the fivevolume images.
The minimum and maximum values are not shown in the figure since the image
intensities are clipped to 8 or 16 bits. The SEM volume and thevolume from PSI
have the best separation between fibre and void of the three high resolution volumes.
The lower resolution volume from HASYLAB also has good separation between
fibre and void.

The voxel size is cubic for the X-ray microtomography imagesand non-cubic
for the SEM volume. Most conventional image analysis methods are designed for
cubic voxels, which means that either the methods have to be adapted to non-cubic
voxels or the volume has to be interpolated to cubic voxels.

The SEM volume is the most time consuming volume to acquire. First the sam-
ple needs to be prepared by embedding it in epoxy resin. Then the sample is moved
between the microtome and the SEM between each imaging step.As the imag-
ing in the SEM requires vacuum, additional time is added to mount and unmount
the sample. The scanning time for the X-ray microtomographydevices depends on
the scanning parameters. Parameters such as integration time, number of scanning
steps, size of the FoV, and number of correction images determine the final scan-
ning time. The scanning time was about 20 minutes for the sample imaged at ESRF
ID 19, 30 minutes for the sample imaged at PSI Tomcat, a coupleof hours for the
sample imaged at HASYLAB BW2, and 8 hours for the sample imaged using the
Skyscan 1172. The samples also need to be reconstructed. This can usually be
done using batch jobs in parallel to the imaging and does not affect the required
beam time. Sample preparation is straightforward for the X-ray microtomography
images. The sample is placed in an environment with the same temperature and
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(a)

(b)

(c)

(d)

Figure 9: Images from four X-ray microtomography images of alayered cardboard
with a 200× 200 pixel detail of each image. (a) HASYLAB BW2 (b) PSI Tomcat
(c) ESRF ID19 (d) Skyscan 1172
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Figure 10: Histograms for the five volume images. (a) SEM volume (b) HASYLAB
BW2 (c) PSI Tomcat (d) ESRF ID19 (e) Skyscan 1172
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relative humidity as in the scanner before the image is acquired to avoid structure
changes during the scan. The sample is mounted on a sample holder using glue or
other adhesives. No embedding is required. As stated before, the X-ray microto-
mography imaging is non-destructive. This enables repeated scanning of the same
sample under different conditions such as varying compression and moisture.

The required resolution depends on the desired measurements. Desktop scan-
ners are more common and provide sufficient resolution for many measurements.
For such measurements it is not necessary to spend valuable beam time at the syn-
chrotron facilities. Synchrotron X-ray microtomography scanners provide high res-
olution images suitable for characterising details of individual fibres.

3.4 Visualising the 3D structure

Visualisation is important for understanding the 3D structure. This section describes
how volume images of fibre-based materials can be visualisedand some example
structures are illustrated. The visualised volumes are X-ray microtomography im-
ages from the ESRF beamline ID19, the PSI beamline Tomcat, and a Skyscan 1172
desktop scanner. The voxel size is 0.7× 0.7× 0.7µm for the synchrotron volumes
and 3.2× 3.2× 3.2 µm for the Skyscan volume. The volumes are preprocessed
and binarised according to Section 4 and 5.1.1. The binary volume images are con-
verted to 3D meshes using marching cubes, as presented by Lorensen and Cline
(1987), using The Visualization Toolkit.3 The samples are surface rendered using
ambient occlusion shading, presented by Landis (2002). Ambient occlusion makes
the rendered objects appear as if it were a cloudy day. The appearance is similar to
SEM images, which facilitates interpretation and comparison of the images.

Figure 11 shows the 3D structure of the same type of five layered cardboard
that was used in the comparison between the imaging devices in Section 3.3. In
the figure, the layered structure of the cardboard is clearlyvisible. The top and
bottom layers are denser than the middle part. Figure 12 shows the 3D structure of
a newsprint sample. Newsprint is a thin 3D structure with strongly oriented fibres
for strength in the machine direction. The surface is ratherrough, which puts a
limit on the print sharpness. There is a large amount of fine material that gives
high light scattering and thus high opacity. Figure 13 showsthe 3D structure of
a wood fibre composite material with an epoxy vinyl ester matrix and lab made
softwood Kraft fibre. The matrix is made transparent in the surface rendering. The
cardboard, the newsprint, and the composite material were imaged at the ESRF
beamline ID 19. Some wood fibre composite materials are not asdense as the paper
materials. However, the fibre networks are still complex. Figure 14 shows a wood
fibre composite material based on a polypropylene matrix where the fibres have
been pelletised before they are mixed with the matrix. Also in this case the matrix
is made transparent in the surface rendering. The compositematerial was imaged
at PSI beamline Tomcat. Figure 15 shows the 3D structure of a press felt. Note the
layered structure with large fibres in the base weave and smaller batt fibres on each
side. The volume image was acquired using a Skyscan 1172 at Albany International
AB in Halmstad.

3The Visualization Toolkit: http://www.vtk.org/
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(a)

(b)

Figure 11: Five layered cardboard. (a) Surface rendering ofthe fibre network.
(b) Original X-ray microtomography data showing the front slice of the volume.
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(a)

(b)

Figure 12: Newsprint. (a) Surface rendering of the fibre network. (b) Original X-ray
microtomography data showing the front slice of the volume.
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(a)

(b)

Figure 13: Wood fibre composite material. (a) Surface rendering of the fibres in the
material. The matrix is made transparent. (b) Original X-ray microtomography data
showing the front slice of the volume.
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(a)

(b)

Figure 14: Wood fibre composite material. (a) Surface rendering of the fibres in the
material. The matrix is made transparent. (b) Original X-ray microtomography data
showing the front slice of the volume.
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(a)

(b)

Figure 15: Press felt. (a) Surface rendering of the fibres in the material. (b) Original
X-ray microtomography data showing the front slice of the volume.
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4 Preprocessing

The first step in many image analysis methods is noise and artifact reduction. Im-
ages always contain noise and often other artifacts as well.These are caused by
imperfections in the measurement equipment. There are manyways to suppress
noise and artifacts, both during the image acquisition and afterwards in the digital
images. It is always best to reduce noise and artifacts as early in the process as
possible.

In this thesis, most image analysis methods are exemplified using X-ray micro-
tomography images. Both noise and artifacts are present in the reconstructed images
and need to be reduced before further analysis of the images.Noise and artifacts are
more common in synchrotron X-ray microtomography images than in images ac-
quired by commercial tomography systems. This may be due to the fact that most
synchrotron facilities conduct research on the beamline itself whereas commercial
systems needs to be competitive on the market and hence more time is spent on
processing the acquired data. One specific type of artifact is ring artifacts, which
is a problem in most tomography systems. Methods suitable for reducing both ring
artifacts and noise are presented in this chapter.

4.1 Ring artifact reduction

Ring artifacts occur in reconstructed images from X-ray microtomography as full or
partial circles centred on the rotation axis of the scanningsystem. The ring artifacts
are additively superimposed on the images as constant higher or lower pixel values
on equal radius from the centre of rotation. Figure 16(a) shows an image with
a strong ring artifact in the left half of the image. The main cause for the ring
artifacts is that pixel values in the collected radiographs(projections) have an offset
and do not correspond directly to the attenuation of the incoming X-ray beam. In
the reconstruction of the volume images the offset of a single pixel which is not
calibrated traces a circle or a half circle in the volume in the plane perpendicular to
the rotation axis. If the offset is large there is no information about the attenuation
of the beam. This results in saturated ring artifacts in the reconstructed images.

Offset values in the radiographs and the resulting ring artifacts, can occur due to
variations in the incoming beam such as intensity variations or imperfections (An-
toine et al., 2002), differences in detector element gain (Vidal et al., 2005), or vari-
ations in the beam together with effects of the point spread function of the detector
elements (Cloetens, 1999). Some ring artifacts can be reduced by calibrating the
tomography system using for example flat-field correction (Cloetens, 1999). An
image of only the detector and the beam, called a bright image, and an image with-
out the beam, called a dark image, are used to correct the recorded radiographs.
Some tomography systems use translations of the detector toreduce ring artifacts
that are due to defective detector elements (Jenneson et al., 2003). Filtering meth-
ods applied to the radiographs have also been used to reduce ring artifacts before
the reconstruction, see for example Raven (1998); Tang et al. (2001).
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It is always better to reduce artifacts before the images arereconstructed. How-
ever, in some cases there are still artifacts in the reconstructed images that need to
be removed before further processing. One method for reducing ring artifacts in the
reconstructed images was presented by Sijbers and Postnov (2004). In their method
the reconstructed images are transformed to polar coordinates, where the ring arti-
facts occur as line artifacts. The artifacts are reduced in polar coordinates and the
images are transformed back to Cartesian coordinates. It isassumed that the rings
are full circles and no distinction is made between pixels with and without artifacts.

Paper I presents a new method for reducing ring artifacts in reconstructed high
resolution X-ray microtomography images. It is a 2D method which is applied to
slices perpendicular to the rotation axis, since the artifacts occur as rings in these
slices. The ring artifacts are best reduced before noise reduction is applied to the
images, since the properties of the ring artifacts are distorted by the noise reduction.

The presented method is based on local orientation estimation of the image
structures (Granlund and Knutsson, 1995). First, a local structure tensor is esti-
mated in each pixel neighbourhood using four quadrature filters. The structure
tensor can be represented by a 2× 2 symmetric matrix in 2D. The eigenvectors
and eigenvalues of each tensor contain information about the local orientation and
the tensor anisotropy. The local orientation is obtained from the eigenvector that
corresponds to the largest eigenvalue. The vector is oriented parallel to the largest
signal variation. Figure 17(a) shows the estimated local orientation for the image in
Figure 16(a) using varying colours for the different orientations. Each orientation
estimate can be associated with a corresponding certainty value,c1, calculated from
the eigenvalues of the tensor as

c1 =
λ1 − λ2

λ1

(2)

whereλ1 andλ2 are the largest and second largest eigenvalues. In neighbourhoods
wherec1 is large,λ1 is large relative toλ2, which corresponds to signal variation in
one dominant orientation and an anisotropic tensor.

Local orientations in the image that correspond to circularpatterns around the
rotation axis are identified. The scalar product between thenormalised first eigen-
vector of each tensor,̂e1, and a normalised vector from the centre of rotation,r̂, is
used as

cr = |r̂ ·ê1|
n (3)

where the absolute value of the scalar product is sharpened by an exponent,n, since
the cosine function is too wide in most cases. Thecr value is pixel-wise scaled by
thec1 value and the image is resampled to polar coordinates, whereit is smoothed
along the radii to create a certainty image for the artifacts. Figure 17(b) shows
the certainty image for the original image in Figure 16(a). The original image is
also resampled to polar coordinates and used together with the certainty image to
calculate a correction image, using normalised convolution by Knutsson and Westin
(1993). Normalised convolution is a method for filtering images with uncertain
measurements by associating each pixel with a certainty value. It is calculated as

Ie =
a ∗ cI

a ∗ c
(4)
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(a)

(b)

Figure 16: Ring artifact reduction in an X-ray microtomography image. (a) Original
image. (b) Corrected image.
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(a)

(b) (c)

Figure 17: Intermediate steps of the ring artifact reduction method. (a) Estimated
orientations in the image illustrated using varying colours. (b) Certainty image.
(c) Correction image.
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whereI is the input image,c is the certainty image, anda is called an applicability
function. Normalised convolution is applied to only take pixels that are affected by
the artifacts in account in the averaging. In this case the applicability function is a
one pixel wide kernel in the radial direction and has a fixed length in the angular
direction, except close to the origin where shorter filters are used. The correction
image is resampled to Cartesian coordinates. See Figure 17(c) for an example of a
correction image. The correction image is adjusted to have values that vary around
zero by subtracting a constant, which can usually be set to the centre value of the
dynamic range of the image. The artifacts in the input image are reduced by sub-
tracting the correction image in all pixels proportionallyto the values in the certainty
image. Figure 16(b) shows the corrected image.

The images used for evaluation of the method were 2D images from a set of
X-ray microtomography images of paper imaged at beamline ID19 at ESRF. Both
images with and without artifacts were present in the evaluation set. Figure 18
shows results for non-saturated ring artifacts. As can be seen in the figures, the
method can reduce both full and partial ring artifacts. In Figure 19 the result for a
partly saturated ring artifact is shown. It is not possible to recover all pixel values
for saturated artifacts, since the information about the underlying densities is lost.

One of the main features of the presented method is that the original image res-
olution is not altered by resampling the image, since the image is corrected directly
in Cartesian coordinates. Another of the main features is that the artifacts are esti-
mated and corrected locally for reduction of both full and partial rings. In addition,
only the pixels estimated to contain artifacts are changed in the correction step.

In future work it may be interesting to investigate the applicability of the method
to other types of tomography images. Another topic for future work is possible
correction methods of the completely saturated pixel values using 3D information.

The ring artifact reduction was applied to all volume imagesfrom the ESRF
ID19 before further processing of the images using the methods presented in this
thesis. The ring artifacts in the volume images from PSI Tomcat were reduced
before the reconstruction of the images using a method applied directly on the ra-
diographs.

4.2 Noise reduction

Noise is undesired distortion of a measurement. All measured images contain noise,
and therefore noise reduction is a common preprocessing step in automated image
analysis.

Noise in X-ray microtomography images can be reduced in manyways. Noise
can be reduced in the imaging, by selecting a longer integration time when scanning
the sample. However, the scanning time is limited and some noise in the images
must be accepted. Noise can also be reduced after the reconstruction of the images.
One of the simplest approaches to reduce noise is Gaussian filtering of the image
using an isotropic filter mask. The Gaussian filter reduces high frequency content in
the image. Thereby noise in the image is reduced. However, edges are blurred since
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(a) (b)

(c) (d)

(e) (f)

Figure 18: (Left) Reconstructed X-ray microtomography images with ring artifacts.
Note that these images are cropped. (Right) After ring artifact reduction using the
presented method.
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(a)

(b)

Figure 19: (a) A partly saturated ring artifact. (b) Corrected image. Note that the
saturation of some pixel values limits the reduction of the artifact since the pixels
do not contain information about the underlying densities.
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(a) (b)

Figure 20: (a) Original image. (b) Noise reduction using 3D SUSAN filtering.

they contain high frequencies. Other approaches, which reduce noise but preserve
edges, are preferable. Non-linear smoothing techniques, where a filter kernel is
adapted to the image structures in a local neighbourhood, can be used.

Some of the most common methods for non-linear noise reduction are anisotropic
diffusion (Perona and Malik, 1990), bilateral filtering (Tomasi and Manduchi, 1998),
SUSAN filtering (Smith and Brady, 1997), and adaptive filtering (Granlund and
Knutsson, 1995). 3D versions of these methods can be appliedto reduce noise in
X-ray microtomography images. 3D filtering methods producebetter results than
2D filtering for volume images, since the available information about edges and im-
age structures is better used in the 3D filtering and more datapoints are used when
averaging. The suitability of the 3D versions of all of the mentioned filtering meth-
ods has been investigated for X-ray microtomography imagesof paper by Fransson
(2007), who concluded that the all the tested methods can be tuned to give satisfac-
tory results for the volume images.

In Paper III noise is reduced in the volume images using 3D SUSAN filtering
prior to binarisation (Section 5.1.1). In SUSAN filtering two Gaussian filter kernels,
a spatial filter and a range filter, are combined to select weights for the voxels that
should be used in the averaging. The spatial filter is based onspatial distance and
the range filter is based on difference in image intensity. This is similar to bilateral
filtering with the difference that the centre element is not used in the filtering, which
reduces impulse noise. An example of 3D SUSAN filtering applied to an X-ray
microtomography image is shown in Figure 20.

The noise level in the X-ray microtomography images dependson the beam
quality and the imaged material. The parameters for noise reduction often have to
be adjusted using manual inspection of each volume, which makes noise reduction
difficult to automate in a robust way.
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5 Pore structure characterisation

This chapter presents new methods for pore structure characterisation of paper and
press felts. Section 5.1 describes methods for characterisation of the 3D pore struc-
ture in paper using volume images. Section 5.2 presents a method for estimation of
the interface pore volume between paper and press felt underload using confocal
microscopy images of press felts.

5.1 3D Pore structure characterisation of paper

The pore structure in paper and other porous materials governs important material
properties such as print properties and transport properties for fluids. These are de-
termined both by the surface pore structure and the pore network. The properties of
the pore structure can be determined by characterising the material microstructure.

The 3D pore structure of paper has predominantly been studied using X-ray
microtomography images. Different approaches have been used depending on the
desired measurements. Methods for characterisation of thepore structure of pa-
per using X-ray microtomography images have been proposed for example in Ra-
maswamy et al. (2001, 2004); Huang et al. (2002); Holmstad etal. (2005, 2006);
Goel et al. (2006).

Paper II and Paper III present new 3D image analysis methods for pore structure
characterisation of paper, with new pore structure representations and corresponding
measurements. The methods are intended for large volume images, such as data sets
from X-ray microtomograpy. The methods are outlined in the following sections.

5.1.1 Binarisation

The pore structure is characterised by analysing the void space in the material. The
voxels in the void space in X-ray microtomography images have even intensity and
the variation of the values does not add information about the structure or shape.
See for example the X-ray microtomography image in Figure 7.Due to this fact, we
analyse the pore structure using binary images.

Binarisation is classification of the elements in an image into object and back-
ground (fibre and void). Sometimes binarisation is also referred to as segmentation.
Ideally, a threshold is applied to an image where the histogram shows a clear sep-
aration between object and background. However, in practice this is often difficult
due to lack of separation between object and background withrespect to pixel val-
ues, low contrast, or noise in the images. Binarisation is animportant step, since all
measurements on the binary image depend on the segmentationinto fibre and void.

Different methods have been suggested for binarising X-raymicrotomography
images of paper and other wood fibre-based materials. Antoine et al. (2002) pre-
sented the first method for binarisation of phase contrast images. A more advanced
method based on graph-cuts was proposed by Malmberg (2008).In Rolland du
Roscoat et al. (2005b) absorption mode images were binarised using seeded region
growing.
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In many of the X-ray microtomography images that are used to exemplify the
methods presented in this thesis there is only a small difference between the values
of the background and object voxels and the images contain noise. For an example,
see the histograms of the four X-ray microtomography imagesin Figure 10. Noise
can be reduced using the methods discussed in Section 4.2.

In Paper III we propose SUSAN smoothing (Smith and Brady, 1997) and hys-
teresis thresholding (Canny, 1986) for binarisation of absorption X-ray microto-
mography images. In hysteresis thresholding one high and one low threshold are
used. The voxels classified as object in the higher thresholded image are used as
seed points, from which region growing is allowed where there are connected vox-
els classified as object in the lower thresholded image. Thisproduces a result where
all final object voxels are connected to voxels from the higher thresholded image.
After binarisation the object regions are labelled. All regions, except the largest,
are considered as background, since the fibre network in paper is assumed to be one
connected component.

5.1.2 Finding the paper surface

The surface structure of paper is porous. The surface pores are important, for ex-
ample, for printing and optic properties. However, the paper surface is not easily
defined. One method for estimating the paper surface, which takes the surface pores
into account, is the rolling ball method that was originallyintroduced by Sternberg
(1983). It was suggested for estimation of paper surfaces inAronsson (2002b);
Svensson and Aronsson (2003).

In the rolling ball method, the surface of the paper is outlined by simulating
a ball rolling over the material. The radius of the ball determines the smoothness
of the estimated surface. An infinite radius generates planar surfaces. A suitable
radius must be selected depending on the intended application and the desired mea-
surement. Figure 21 shows an example where the pore space of paper has been
defined using the rolling ball method to estimate the top and bottom surface of a
cardboard sample. The fibres are shown in grey, the pore structure in black and the
outside void space in white.

The rolling ball method was applied in Paper II and Paper III to estimate the
paper surface and in Paper IV to estimate the indentation of the paper surface into
surface pores of press felt. The rolling ball can be efficiently implemented using
distance transforms, as proposed in Svensson and Aronsson (2003).

5.1.3 Segmentation of individual pores

Paper II presents a new pore space representation, the individual pore based repre-
sentation, where the pore space in volume images of paper is divided into separate
regions called individual pores. Characterisation of the pore structure can be per-
formed by measuring individual pores and their interrelations.

The presented method takes a binary volume image of the identified pore space
as input. A distance transform is applied to the image. The distance transform
calculates the shortest distance from the background to each object voxel. We apply
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Figure 21: Identified pore space, where the rolling ball method has been used to
outline the surface of a binary fibre network. The fibre network is shown in grey,
the identified pore space in black, and the estimated surfaceis the interface between
the white (outside) and the black or grey voxels (inside).

a weighted distance transform, where the distance to a face neighbour is weighted
3, an edge neighbour 4, and a vertex neighbour 5, as proposed by Borgefors (1996).
For non-cubic voxels, which are common in images from many imaging devices,
the method proposed by Sintorn and Borgefors (2004) is used.In Paper II this was
applied to the volume image reconstructed by Aronsson et al.(2002).

The watershed algorithm (Beucher and Lantuéjoul, 1979; Vincent and Soille,
1991) is a general segmentation method that divides an imageinto separate regions
based on, for example, image intensity, distance information, or gradient magnitude.
Each local maximum is the seed of one region and a regionalisation of the image is
created using region growing from the seeds. In Paper II the watershed algorithm
is applied to the distance transform of the pore space. Each local maximum in
the distance transform generates one region. This usually gives an over-segmented
image. Figure 22(a) shows an example of the watershed segmentation applied to the
distance transform of the pore space.

Pairs of regions from the watershed segmentation can be merged to reduce the
over-segmentation and obtain a final regionalisation of theimage. In Paper II, the
regions are merged using two criteria. The distance maximumin each region and the
distance maximum on the interface between the regions are used in the merge crite-
ria. The first criterion merges regions where the smaller of the two region maxima
is only slightly larger than the maximum on the connecting interface. This merges
regions where only a small contraction of the structure, or noise, creates two sepa-
rate maxima in the distance transform. Figure 22(b) shows the regionalisation after
the first merge of the regions in (a). The second criterion merges regions where the
maximum on the connecting interface is larger than a threshold value. This gives
regions, individual pores, in the final segmentation which are separated by narrow-
ings, throats, with a maximal throat size. Figure 22(c) shows the final segmentation
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(a)

(b)

(c)

Figure 22: Segmentation of individual pores in an X-ray microtomography image
of a cardboard sample. (a) Watershed segmentation of the identified pore space in
Figure 21. (b) Regionalisation after the first merge. (c) Final segmentation of the
individual pores.
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into individual pores using the presented method. Figure 23(a) shows a volume
rendering of the segmented pore space in a part of the sample.

The segmentation of individual pores does not provide a segmentation of spe-
cific entities in the pore structure, but provides statistics about the pore structure of
a sample. Different parameter setups result in different pore space divisions. The
variation between different materials or samples can be studied by using the same
parameters for all images.

In Chinga et al. (2008) the segmentation of individual poreswas applied in a
study of print-through in newsprint samples and in Turpeinen et al. (2008) it was
used to estimate the pore size distribution by simulating mercury intrusion porisime-
try.

5.1.4 Individual pore based skeleton

In Paper III we introduce a new pore space representation, the individual pore based
skeleton, which is suitable to characterise the pore network. Measurements such as
permeability or flow through the material can be studied as a function of path length.

The individual pore based skeleton is based on the individual pore representa-
tion of the pore space described above. Each individual poreis represented by the
corresponding maximum in the distance transform. Each pairof pores that share
an interface is connected by a path passing through the maximum on the connect-
ing interface. The path is obtained by computing the constrained distance trans-
form (Piper and Granum, 1987) from the maximum on the connecting interface
onto the two pores. The path is found by path growing from the two distance max-
ima in the pores in the direction of the steepest gradient. This results in a simple
curve representation of the pore space. In contrast to the more complex distance
based skeleton (Lindquist et al., 1996; Lindquist and Venkatarangan, 1999; Bald-
win et al., 1996) this new pore space representation contains fewer curves and no
surfaces. Because of the simpler structure, it is more suited for measurements on
the pore structure. Figure 23(b) shows a volume rendering ofthe individual pore
based skeleton obtained using the individual pore segmentation in (a).

5.1.5 Measurements on the pore structure

Characterisation of the pore structure in paper can be performed using different rep-
resentations of the pore space. In Paper III measurements for the binary pore space
representation, the individual pore representation, and the individual pore based
skeleton are presented. The binary pore space representation is the simplest rep-
resentation of the pore space. Figure 21 shows an example of the binary pore space
after the paper surfaces have been estimated using the rolling ball method.

Measurements such as porosity and surface area of the pore network can be
measured on the binary pore space representation. For the individual pores more
measurements are available, such as volume, surface area, interface area, connectiv-
ity, orientation, and anisotropy. Also distributions of the pores are available, such as
pore frequency and pore size distributions. The measurements can be averaged over
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(a) (b)

Figure 23: Volume renderings of the presented pore space representations for a part
of a cardboard sample. (a) Individual pore based representation. (b) Individual pore
based skeleton.

different layers of the sheet or other divisions of the sample. One particularly inter-
esting measurement is the orientation and anisotropy of theindividual pores. This
can be measured using Principal Component Analysis (PCA) ofeach individual
pore, as described in Paper III. The pore orientation gives an insight to the physical
sample orientation as the fibres tend to be oriented in the machine direction. The
anisotropy provides an estimate of the elongation of the pores. For the individual
pore based skeleton the same measurements as for the distance based skeleton can
be obtained. For example, different pore size distributions based on the values in
the skeletal voxels can be measured. In Paper III we compare the results obtained
using the different representation and show that the new representation can be used
equivalently to the more common distance based skeleton. Wealso show that the
new representation is suited to estimate tortuosity.

The presented pore space representations and the corresponding pore measure-
ments are general and may also be used to characterise the pore structure in other
porous materials. Evaluation of the applicability of the methods to other materials
is left for future work.
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5.2 Estimation of the pore volume between paper and press felt

In addition to the pores in paper, the pore structure is also important in the design of
other porous materials. The pore structure of press felt determines its water holding
capacity and subsequently the efficiency of the dewatering.Different surface char-
acteristics are needed for different dewatering situations. Better understanding of
how the pore structure affects the dewatering can be gained by characterisation of
the pore structure.

Paper IV presents a new image analysis method for estimationof the pore vol-
ume at the interface between paper web and press felt. The method is intended
for application to volume images of press felts under load. The volume images are
acquired in a CLSM using a compression device, where a glass plate is pressed
against the sample using different loads. Figure 24 shows a slice of an example
volume image parallel to the surface of the sample and two perpendicular slices. It
is clearly visible that the attenuation of the fluorescent signal in the fibres is large.
Thus, only the topography of the sample can be obtained in thevolume image using
this technique.

A topography map is calculated from each volume image. The surface of the
fibres is identified as voxels with high intensity. For each line of voxels in the depth
direction, the position of the surface is calculated as the centre of mass for voxels
above a noise threshold with the voxel intensities as weights. For lines where no
voxels have values above the noise threshold, the background depth is set. The zero
level of the topography map is adjusted by identifying the first slice with fibres in
the input volume. As the felt is compressed against the glass, the first slice with
fibres can be easily detected using a threshold. Figure 25(b)shows the topography
map for the volume in (a).

Two types of artifacts are common in the volume images. Theseaffect the esti-
mated topography map, which needs to be corrected. One problem is a self shadow-
ing effect on the fibre edges. This causes low intensities in the volume image even
if a fibre is crossing underneath. Another problem is stains on the fibre surface that
also cause low intensities in the input volume. Figure 25(a)shows a sum projection
of a volume image. The two types of artifacts are visible in the sum projection as
pixels with low intensity. The artifacts can be efficiently removed from the topogra-
phy maps using normalised convolution presented by Knutsson and Westin (1993),
where a certainty map with a value for each depth measurementis used together with
a small Gaussian filter as the applicability function. See also Section 4.1. The appli-
cability function should be smaller than the fibre radius andlarge enough to smooth
stains and dark areas between the fibres. The certainty map contains ones for all
values in the topography map that were calculated using at least one voxel. Other-
wise the map is set to zero. Figure 25(c) shows the certainty map. Here, the map
is binary, but all values in the range between zero and one maybe used if needed.
The normalised convolution also removes some imaging noiseby smoothing. Fig-
ure 25(d) shows the topography map after it has been corrected using normalised
convolution.

To estimate the pore volume at the interface between the feltand the fibre web
the indentation of the fibre web also needs to be estimated. The indentation is ob-
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Figure 24: Press felt under a load of 2MPa imaged using CLSM. The top left image
shows a slice of the volume image parallel to the surface of the sample. The other
two images show perpendicular slices at the positions marked by the lines.

tained by applying the rolling ball method (Section 5.1.2) to the topography map
after it is converted to a binary volume. The weights of the distance transform used
in the rolling ball method are optimised for the non-cubic voxels in the CLSM im-
ages (Sintorn and Borgefors, 2004). The radius of the rolling ball is set to the radius
of curvature of the indented fibre web.

The pore volume at the interface is obtained by subtracting the indentation of the
fibre web from the topography map of the felt. Figure 26 shows asurface rendering
of the spatial distribution of the estimated interface porevolume. The presented
method was used in a case study of four press felts in Paper IV.

More detailed measurements of the interface pore volume canbe obtained using
X-ray microtomography images of press felts (Thibault et al., 2002). Volume im-
ages of felt and web together under load can be used to estimate the true interface
pores. The methods for pore structure characterisation of paper in Section 5.1 are
expected to be directly applicable to press felts in volume images or images of the
interface between felt and web under load. This may be interesting to study in future
work.
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Figure 25: Press felt under a load of 2MPa imaged using CLSM. (a) Sum projec-
tion of the entire volume in the Z-direction. (b) Topographymap of the estimated
surface without correction of artifacts. (c) Certainty map. (d) Topography map of
the estimated surface corrected using normalised convolution.

Figure 26: Surface rendering of the spatial distribution ofthe estimated interface
pore volume for a load of 2MPa.
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6 Fibre segmentation

In order to measure properties such as length, fibre wall thickness, slenderness ra-
tio, curl, twist, degree of collapse, and relative bonded area of individual wood fibres
each fibre must be segmented individually. If all fibres are individually labelled in
a volume image, many measurements on the fibres or the fibre network can be ob-
tained. In addition, it is possible to use the measurements to model fibre network
properties such as strength, optical properties, and transport properties. This, in turn,
makes it possible to engineer paper sheets and fibre reinforced composite materials
with improved properties. A complete segmentation of individual fibres in volume
images is a main goal in the development of new methods for analysis of fibre-based
materials. However, there are no fully automatic methods available for segmenta-
tion and labelling of individual fibres. Segmentation is difficult, since all fibres are
connected and the network can be very compact. See examples of different fibre
network structures in Chapter 3.

Some efforts have been made to solve the problem of automaticsegmentation
of individual fibres. Aronsson and Borgefors (2001) presented a method for auto-
matic detection of ring shaped objects. The method was also adapted to non-cubic
voxels in Aronsson and Sintorn (2002). The results from individual slices were
combined to parts of individual fibres, see Aronsson (2002b). Measurements for in-
dividual fibres were presented in Aronsson (2002a); Svensson and Aronsson (2001,
2003). The volume image that was used in their studies was thesample described
in Aronsson et al. (2002). A similar approach to that of Aronsson (2002b) was first
proposed by Holen and Hagen (2004) and then refined by Bache-Wiig and Henden
(2005). X-ray microtomography images were used in both studies. A method based
on morphological lumen segmentation and seeded region growing was proposed
by Walther et al. (2006). A method using Maximally Stable Extremal Regions
was proposed by Donoser and Bischof (2006) for volume imagesfrom light mi-
croscopy (Wiltsche, 2005). Recently, Donoser et al. (2008)also proposed a method
using particle filters for tracking fibres.

All previously proposed methods except for Walther et al. (2006) use slice based
approaches for segmenting the individual fibres in image cross sections. See Fig-
ure 27(a) for an example of an image cross section. The variation of fibre shapes
and sizes is large in the image cross sections and many of the previously proposed
methods have problems with cracked or collapsed fibres. These problems must be
handled explicitly in each method. In Walther et al. (2006) cracked and collapsed
fibres also affect the applied lumen segmentation.

Paper V introduces a new approach to segmentation of individual wood fibres,
where 3D information in a neighbourhood around each point isused to track tubular
structures through the volume. The idea in Paper V is to use local sum projections
of the volume around each fibre and identify the fibre wall as two lines with higher
intensity in each sum projection. This can be used to track individual fibres in vol-
ume images. Problems with cracked or collapsed fibres are then handled implicitly.
Even almost completely collapsed fibres can be tracked usingthe new approach.
The variation between different fibres is also smaller in thesum projections than in
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(a) (b)

Figure 27: (a) Image cross section from a binary volume image. (b) Sum projection
of a part of the same volume image. (Image from Paper V.)

the cross sections. Figure 27(b) shows an example of a sum projection. Note that
this is the projection of a larger part of the volume than the local projections that are
used in the method.

The tracking starts in manually placed seed points. A seed consists of a point,
m0, inside the fibre lumen and a vector,v0, which is oriented approximately in
the local fibre direction. A fibre is tracked using a local coordinate system that
follows the local fibre directionv. The origin of the coordinate system is placed
at the current tracking positionm. The coordinate system that is used in the fibre
tracking is illustrated in Figure 28(a), wherex, y, andz defines the image coordinate
system andv, x′, andz′ defines the local coordinate system used for calculating sum
projections of the volume around the fibre. The local coordinate system is derived
from the global coordinate system asx

′ = z× v andz
′ = v × x

′.

First N evenly distributed local sum projections of the volume are calculated
perpendicular tov. Four sum projections have shown to be suitable for wood fibres.
Projections are calculated in thex′ andz′ directions. Then, the local coordinate sys-
tem is rotatedπ/4 radians around thev axis and two more projections are calculated
along the same coordinate axes. Figure 29(a) and (f) show theslice perpendicular
to v at the current tracking positionm for two examples. Figure 29(b–c) and (g–h)
show the two sum projected images in the two directions parallel to v.

The size of the projected volume in thex′ andz
′ directions is either determined

by information from previous tracking steps or from the initialisation values at the
first step. In the projection direction only the interior of the fibre is used to calculate
the sum projection. In the other direction perpendicular tov the volume is padded
to include a part outside the fibre wall in the sum projection.Position estimates of
the fibre wall and fibre cross sectional dimensions from previous tracking steps are
used to make the volume size adaptive to changes of the fibre dimension. A fixed
volume size is used in thev direction. Additional projections can be used to avoid
problems with occlusion for almost collapsed fibres.
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Figure 28: (a) The coordinate system used in the fibre tracking. (b) Illustration of
the calculation of a newv direction using the intersection between two planes.

The fibre wall appears as two lines with higher intensity in each sum projected
image. To obtain better images for further processing, the lowest intensities in the
image are set to zero since they correspond to objects which only cover part of the
volume. The fibre is assumed to cover most of the volume since only the volume
inside the fibre wall is used for tracking. Figure 29(d–e) and(i–j) show the masked
sum projections.

The sum projections are radon transformed to find the position and orientation
of the fibre wall by identifying local maxima. Figure 30 showsthe radon transforms
of each of the masked sum projections in Figure 29. Each pointin the radon trans-
formed image corresponds to a line integral in the input image, which is the sum of
all pixels along a ray in the image for a given angle,θ, and radius,r. The origin
is located in the centre pixel of the image. The radon transform is pixel-wise nor-
malised to remove the impact of shorter rays near the image edges. All rays equal
or longer than the image size in thev direction are normalised by the length of each
ray. For shorter rays the image size in thev direction is used for normalisation.

Local maxima are identified in the radon transformed images.If one local max-
imum can be found in each of the two halves, corresponding to the top and bottom
part of the tracked fibre, a good estimate of the fibre wall locations and the next
tracking position can be obtained from that projection. Themaxima should be lo-
cated approximately at the same angle. Some variation should be allowed if the fibre
dimensions change. The radon transform radius that corresponds to the fibre dimen-
sions should also be close to that calculated in previous tracking steps. In cases with
multiple or missing maxima in each of the two halves, the existing maxima can be
used to select maxima with information about fibre dimensions from previous track-
ing steps. Identified maxima from at least two of the projection images are needed
to continue the tracking. If more than two projections have identified maxima the
two best projections are selected. First projections with single maxima are used.
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(d) (e)
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(i) (j)

Figure 29: (a) Slice perpendicular to thev direction at the current tracking position.
(b–c) Sum projections of a local volume parallel to the rows and columns in (a).
(d–e) Masked sum projections with lowest values set to zero.(f–j) Second example.
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Figure 30: Radon transforms of the masked sum projections inFigure29.
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Estimates of the position and orientation of the fibre wall iscalculated from
each maximum in the projections. The current tracking point, m, is corrected in the
plane perpendicular to the fibre direction,v, using the centre point between the two
estimated fibre walls. This is the starting point for the nexttracking step. A new
estimate ofv is calculated by finding the mean orientation of the two fibre walls
in each of the two projection images and finding the intersection between the two
planes that these orientations describe in 3D together withthe respective projection
direction, see Figure 28(b). The tracking continues by taking a stepL from the point
m in the newv direction. The tracking ends if not enough maxima can be identified
or the edge of the volume is hit.

In Paper V the method was evaluated on synchrotron X-ray microtomography
images of wood fibre composite materials. Figure 13 shows a surface rendering
of one of the materials. Good results are obtained for fibres with holes, cracks, ir-
regular shape and partially collapsed fibres. See examples of the tracking results in
Figure 31. These fibres are tracked through the main part of the volume image. Note
that the tracking passes the collapsed part of the fibre in (a)without problems. The
volumes used for the surface renderings in Figure 31(b), (d), and (f) are automat-
ically extracted using information about the fibre cross sections from the tracking.
This information can be used in complete segmentation and labelling of the fibre
wall.

The method provides an approximation of the fibre centreline. In addition, the
local fibre orientation and the fibre dimensions in each pointare available for fur-
ther segmentation steps or for estimation of the fibre orientation in the material. The
sum projections are automatically adjusted to be approximately perpendicular to
the local fibre direction. Problems with holes, cracks or partial collapse are handled
implicitly. The tracking does not require the fibres to be aligned along the image co-
ordinate axes as in the previously proposed methods. All fibres which fit the tubular
fibre model can be tracked using the new approach. Completelycollapsed fibres in
binary images do not fit the model since no edges are visible. The method can be
used both on binary data and on grey scale data with good contrast. Other types of
input data may also be used to track fibres. Examples that havebeen tested include
fuzzy input or distance transformed fibres of almost completely collapsed fibres
where the distance values are used to enhance the tubular structure. The method can
also be adapted to tubular structures in other applications, such as volume images
of blood vessels.

In future work the result from the method can be used as input to full fibre
segmentation with labelling of individual fibres. One possible way is to use re-
gion growing to label the voxels that belong to the closest fibre. In addition, the
information about the location of the fibre wall may be used toobtain better fibre
segmentation. It is also left for future work to add an automatic seeding step. Possi-
ble starting points can be evaluated automatically to test if they are inside the fibre
lumen.

The success of methods for segmentation and labelling of individual fibres in
volume images will strongly depend on the material properties. If the fibres can be
individually segmented manually, it will be possible to finda method for automatic
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Figure 31: Tracking results for three individual fibres. (a)Tracking result for the
first fibre overlaid on a sum projection of a subvolume defined by the tracking pa-
rameters. (b) Surface rendering of the subvolume in (a). (c–d) Tracking result for
the second fibre. (e–f) Tracking result for the third fibre.
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segmentation. If it is hard to determine if a given part belongs to a certain fibre
or not, it will be a difficult problem to automate. Also, some paper grades will be
easier to segment than others, such as materials with less collapsed and cracked
fibres, less fine material, and less fibres per volume. Different approaches for fibre
segmentation may be successful for different paper grades and different types of
fibre-based materials.
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7 Fibre orientation estimation

Fibre orientation is an important structural property of fibre-based materials. In pa-
per, the fibre orientation is determined by the flow of the suspension when the fibre
web is formed on the wire screen. The fibre orientation affects physical properties
such as strength, stiffness, elasticity, and hygroexpansion. For example, if the fibre
orientation is different on the top and bottom side of the sheet, moisture changes
makes the sheet curl or twist during printing.

Fibre orientation is not measured online in paper manufacturing. Offline, it is
common to estimate the fibre orientation in 2D using both indirect methods, such
as light scattering, and direct methods, such as sheet splitting (Erkkilä et al., 1998).
Sheet splitting has been further developed and is now the predominant direct method
for analysing fibre orientation in paper. A summary of sheet splitting methods can
be found in Hirn and Bauer (2007). In sheet splitting, the sheet is divided into layers
parallel to the plane of the sheet by hand after lamination using a heat seal laminator.
The layers of the sheet are scanned in a flat bed scanner and thefibre orientation is
measured using gradient image analysis. It is common to analyse A4 or A3 sheet
sizes with an orientation estimate for each 2× 2 mm. This gives an overview of the
fibre orientation. However, the method only provides large scale estimates and the
out-of-plane orientation can not be measured.

More knowledge about the 3D structure can be gained by analysing the 3D fi-
bre orientation in volume images. For fibre-based materialswith straight regularly
shaped fibres, such as some synthetic fibres, stereological methods can be applied.
This type of methods is not suitable for natural fibres, such as wood fibres, due to
the large natural variability and large deformations of thefibres in the paper making
process. A direct 3D method for fibres in volume images was proposed by Robb
et al. (2007). They used anisotropic Gaussian filters with varying orientation. How-
ever, as the orientation estimate is given by the orientation of the filter with the
largest response, many filters are needed to obtain good angular resolution in 3D.

In Paper VI, a new method for estimating 3D fibre orientation in volume im-
ages is presented. The method can be applied directly to greyscale volume images
and does not require a segmentation of fibre and void. The result is an orientation
estimate for each voxel neighbourhood, which provides estimates of the 3D fibre
orientation and fibre orientation anisotropy for parts of orthe whole sheet. In con-
trast to previous methods, any orientation in 3D can be estimated. The method is
demonstrated on a wood fibre composite material. In Paper VIIscale and noise sen-
sitivity of the presented method is investigated for both tubular and solid fibres and
the method is demonstrated on a volume image of press felt. Inaddition, a method
for selecting scale using an estimate of the fibre radius in each voxel is presented for
solid fibres.

The fibre orientation in a material is assumed to correlate directly with the local
signal orientation in the image. There are different approaches for estimation of lo-
cal orientation using structure tensors (Kass and Witkin, 1987; Bigun and Granlund,
1987; Bigun et al., 1991; Granlund and Knutsson, 1995). Here, the framework for
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local orientation estimation described in Granlund and Knutsson (1995) is used, but
the other approaches are expected to provide similar results.

At least six evenly spread phase invariant quadrature filters are needed for es-
timating local orientation in 3D (Granlund and Knutsson, 1995). The centre fre-
quency of the radial part of the filters is selected to correspond to the size of the
edges of the fibres. The input image is convolved with the filters and a structure ten-
sor is calculated from the filter responses. The structure tensor can be represented
by a 3× 3 symmetric matrix. The tensor field is smoothed using a smallGaussian
mask for each of the six independent component images. This reduces local errors
and improves the fibre orientation estimate. The fibre orientation is assumed to vary
slower than the small scale variations that are suppressed by the smoothing.

The local orientation and the local structure anisotropy ina voxel neighbourhood
can be obtained from the eigenvalues and eigenvectors of thestructure tensor. The
eigenvalues of the tensor are sorted in descending order. The sorted eigenvalues are
denotedλ1, λ2, andλ3 and the corresponding eigenvectors are denotede1, e2, and
e3. The relative tensor anisotropy can be calculated from the eigenvalues as

c1 =
λ1 − λ2

λ1

, c2 =
λ2 − λ3

λ1

, c3 =
λ3

λ1

(5)

The fibre orientation is estimated as the local orientation with the least signal
variation, which is described by the eigenvectore3. A certainty estimate for the
estimated orientation is provided by thec2 value from the relative tensor anisotropy.
c2 is large in neighbourhoods where the eigenvaluesλ1 andλ2 are large andλ3 is
small. This corresponds to a case where there are large signal variations in thee1

ande2 orientations, relative to thee3 orientation. Ifc2 is small, the signal variation
can either have one main orientation, indicated by a largec1 value, or be almost
equal in all three orientations, indicated by a largec3 value.

The method provides an orientation estimate with a corresponding certainty
measurement for each voxel neighbourhood. The estimates can be averaged for
parts of or the whole sample depending on the desired output.In particular, av-
eraging can be used to evaluate the orientation in differentlayers of a paper sheet.
The 3D distribution of fibre orientation and the corresponding orientation anisotropy
can be calculated from the estimated orientations. Anisotropy is calculated using the
sum of outer products of the orientation estimates. The ratios between the eigen-
values of the resulting matrix describe the anisotropy of the fibre orientation. When
calculating anisotropy and fibre orientation distributions the certainty estimatec2 is
used as weights for the estimates. The image intensity or a mapping of the intensity
is also used to only include voxels that contain fibres in the measurement.

The presented method has been evaluated using synthetic volume images with
known fibre orientation. The mean error for the estimation iscalculated as

En =

∑

I
wc2 arccos(|vgt ·e3|)

∑

I
wc2

(6)

wherew is a weight based on the image intensity,c2 is the certainty value,vgt is
the ground truth orientation, ande3 is the estimated orientation.
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Figure 32: Colour map for the estimated orientations. Hue varies with theX andY
coordinates and saturation with theZ coordinate.

In Paper VI the method is evaluated using a test set with straight tubular fi-
bres. The evaluation shows that smoothing the tensor field prior to calculation of
the eigenvalues and eigenvectors decreases the estimationerror. It is also shown
that the estimation error can be further decreased by weighing each estimate with
the corresponding certainty value. The largest errors occur close to the fibre ends
where the signal variation may not be smallest in the true fibre orientation.

In Paper VII the method is further evaluated using a larger test set and the sen-
sitivity to scale and noise is investigated. Synthetic testvolumes with either solid
or tubular fibres were generated. Two volumes with the same positions and orienta-
tions for the fibres were used for the two cases. Six differentfibre diameters were
investigated. These correspond to different fibre dimensions in the same volume
or different resolutions of the volume. Ten volumes for eachfibre dimension were
used in the test set to obtain good statistics. Gaussian noise was also added to the
test images. The evaluation shows that the presented methodis applicable to both
tubular and solid fibres. The error is generally larger for solid fibres of the same di-
ameter as the tubular fibres, except for the smallest fibre diameters. The evaluation
also shows that the method is robust to noise and performs well at different scales.
The results can be used as a guide to select scale and parameters when the method
is applied to real data.

Figure 33 shows volume renderings of a part of a synthetic volume for both
the ground truth estimates and the estimated orientations.The fibres are coloured
according to the orientation vector in each voxel using the colour map presented
in Paper VI. The colour map is illustrated in Figure 32. Hue varies with theX
andY coordinates and saturation varies with theZ coordinate. This colour map is
suitable for highly layered materials such as paper. As can be seen in Figure 33 there
is good correspondence between the ground truth orientations and the estimated
orientations. Figure 34 shows the fibre orientation distribution for the ground truth
and the orientation estimates projected on theY Z andZX planes for the synthetic
test image in Figure 33.
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(a) (b)

Figure 33: Volume renderings of the fibre orientations in a part of a synthetic test
image. (a) Ground truth orientations. (b) Estimated 3D fibreorientations.
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Figure 34: (a) Fibre orientation distribution in theY Z plane. (b) Fibre orientation
distribution in theZX plane.

In Paper VI the method is evaluated using synchrotron X-ray microtomography
images of wood fibre composites and paper and appears to provide good results.
Figure 35 shows volume renderings of the fibre network and theestimated orienta-
tions in a wood fibre composite material. The matrix is made transparent to show
the fibres in the material. In Paper VII the method is demonstrated on a desktop
X-ray microtomography image of press felt. Figure 36 shows volume renderings of
the fibre network and the estimated orientations in the felt.The orientation of the
fibres in the base weave is not estimated.
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(a)

(b)

Figure 35: (a) Volume rendering of the fibres in a wood fibre composite material.
(b) Estimated fibre orientations.
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(a)

(b)

Figure 36: (a) Volume rendering of the fibres in a press felt. (b) Estimated fibre
orientations.
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Paper VII also presents a new method for weighting estimatesfrom different
parameter setups for volume images with solid fibres of different diameters. A seg-
mented image, where each voxel contains the approximate fibre radius, is obtained
using a binary image of the fibres. The image is binarised using bilaterial filter-
ing (Tomasi and Manduchi, 1998) and hysteresis thresholding (Canny, 1986). The
fibres are distance transformed (Borgefors, 1996) and the watershed algorithm (Vin-
cent and Soille, 1991) is applied to the distance transform.The distance transform is
smoothed to reduce the number of regions that are caused by small shape variations
and noise. Regions from the watershed are labelled with the corresponding distance
maximum in the distance transform. This gives a weight image, which is suitable to
use in analysis of solid fibres. In Paper VII it is demonstrated how the weight image
can be used to select orientation estimates from three results obtained using differ-
ent parameter setups. In addition to weighting estimates the segmentation provides
an approximate distribution of the fibre dimensions.

The results in Paper VI and Paper VII show that 3D fibre orientation can be well
estimated using the presented method. The method is applicable to both tubular
and solid fibres, such as wood fibres and synthetic fibres. It can be used directly in
grey scale images without initial segmentation of fibre and void. All orientations
in 3D can be estimated with good accuracy using six quadrature filters. A certainty
measurement is available for each orientation estimate andweighting the orientation
estimates by the certainty estimates improves the results.

The results indicate that it is possible to use lower resolution of the volume
images when measuring orientation than for other measurements. Larger physical
size of the samples can be imaged and the resolution obtainedusing desktop X-ray
microtomography scanners is sufficient to estimate 3D fibre orientation.

With the presented method it is possible to estimate the out-of-plane orientation
of fibres. This is not possible using for example sheet splitting. The method can
also be used to estimate the 2D fibre orientation in images from, for example, sheet
splitting to obtain increased spatial resolution of the 2D estimates. This needs to
be further investigated in future studies. Another topic for future work is further
investigation of possibilities for automatic scale selection to decrease the overall
estimation error. This may be particularly interesting formaterials with different
fibre dimensions such as press felts.
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8 Conclusion and future work

In this chapter, the contributions of this thesis are summarised and suggestions for
future work are given.

8.1 Summary of contributions

The main contributions of this thesis are image analysis methods for analysing the
microstructure of fibre-based materials in volume images. Another contribution of
this work is a general method for ring artifact reduction.

Several methods for analysing the microstructure of fibre-based materials have
been presented. All methods have been developed with the aimto utilise the full 3D
information in the volume images. In addition, they have been developed to be ap-
plicable to volume images from different modalities and with different resolutions.
The methods have been designed for characterisation of fibre-based materials based
on both wood fibres and synthetic fibres. They have also been designed to be gen-
eral and are intended for use also in other fields where automated image analysis is
used as a tool for structure characterisation.

A method for reducing ring artifacts in high resolution X-ray microtomography
images has been developed. The method has been evaluated on real images and has
been shown to provide good reduction performance for both full and partial rings.
It has been used as a preprocessing step before the other methods presented in this
thesis have been applied to the X-ray microtomography images. The method is
general and is expected to provide artifact reduction also in images acquired using
other tomography systems than synchrotron X-ray microtomography.

A number of methods for characterising pores in volume images have been de-
veloped, both for pores in paper and pores in press felts. A work flow for analysing
the pore structure in volume images of paper and two new pore structure represen-
tations with corresponding measurements have been presented. The methods have
been applied to real paper samples to show their suitabilityfor pore structure char-
acterisation. For press felts, a method to estimate the interface pore volume between
paper web and press felt has been developed. The method has been used in a case
study with four press felts.

Two methods for analysing fibres and the fibre network in volume images have
been presented. One of these methods tracks individual fibres, by estimating the
fibre centreline, the local fibre orientation, and the fibre dimensions. In an evaluation
using real data the method provided good tracking results for different fibre shapes,
even for almost collapsed fibres and fibres with irregular shape. The other method
estimates 3D fibre orientation in volume images. This methodestimates the fibre
orientation directly in grey scale images and does not require an initial segmentation
of individual fibres. The estimation error for different scales and noise levels has
been studied using synthetic data. The method has proven applicable to both tubular
and solid fibres, such as wood fibres and synthetic fibres. The method has also been
evaluated in experiments on real data where it appears to provide good results.
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8.2 Future work

All presented methods have been evaluated using real data with good results. How-
ever, larger studies of materials with known properties would provide better insight
into the applicability of the presented methods to different problem settings. The
image material needed for such studies is large and the available beam time at syn-
chrotron facilities is limited. Volume images from desktopX-ray microtomography
scanners may be used instead, since the availability of scanners with sufficient res-
olution is increasing.

In addition to large scale evaluation of the presented methods using real data,
further development of methods for structure characterisation is needed. There are
many interesting paths to follow for future work. One of the main goals in image
analysis of material microstructure is completely automated analysis of volume im-
ages. For fibre-based materials this may be enabled by a complete segmentation of
individual fibres. Fibre tracking and fibre segmentation methods, such as the fibre
tracking method presented here, is a possible path to followfor future work in this
area. A suggested addition to the presented method is automated seeding of the fi-
bres using, for example, lumen segmentation. The focus of further developments in
this field should also lie on development of 3D methods for segmentation, to make
use of the information that is available in volume images.

Another approach is to follow the path where measurements ofthe structure can
be obtained without segmentation of individual fibres. Since material properties
often depend on the average properties of the subparts, it may be possible to esti-
mate many important properties well enough using local low-level measurements.
One such measurement presented here is the 3D fibre orientation estimation. Other
measurements that may be obtained in this way are local material density and size
distributions. Area estimates may also be interesting to study in this way. Two ex-
amples are the area of the fibre-void interface in paper and the fibre-matrix interface
in wood fibre composites.

Also for pore structure characterisation there are future paths to follow. Investi-
gation of the pore structure in press felts using volume images is an interesting topic
where the methods for pore structure characterisation of paper can be applied. It is
also left for future work to investigate the applicability of the pore structure repre-
sentations to other porous materials or to characterisation of other hollow structures.
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