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Abstract

Maria Axelssonlmage Analysis for Volumetric Characterisation of Micrastture
Doctoral Thesis.

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

Digital image analysis provides methods for automatid, tasd reproducible analys-
is of images. The main contribution of this thesis is new imagalysis methods for
volumetric characterisation of microstructure with apption in the field of mate-
rial science. The methods can be used as tools to charactesiterial microstruc-
ture, in particular the structure of fibre-based materisigh as paper, wood fibre
composites, and press felts. More information about theeristmicrostructure
enables design of new materials with more specialised ptiepe

Volume images have recently become available to charaetenaterial mi-
crostructure. Manual inspection of material propertigagisolume images is both
non-reproducible and expensive. The methods presentbi$ithesis are developed
to meet the growing need for automated analysis. The focsi®&an on 3D meth-
ods for high-resolution volume images, such as X-ray mamaigraphy images.

New methods for characterisation of both the fibre strucan@ pore structure
in fibre-based materials are presented. The fibre strucamebe characterised by
measuring either individual fibres or the local structuréhefmaterial. A method for
tracking individual fibres in volume images is presentede Tiethod is designed
for wood fibres, but can also be applied to other types or fibreis other areas
where tubular or elongated structures are analysed in velunages. A method
for estimating 3D fibre orientation of both tubular and sdilifes is also presented.
Both methods have been evaluated on real volume imagesradqusing X-ray
microtomography with good results. Two new pore struct@eresentations and
corresponding measurements are introduced. The usefulrfidbe methods is il-
lustrated on real data. A method for estimating the pore malat the interface
between press felt and fibre web is presented. It has beeiedjipl case study of
press felts under load using confocal microscopy images.

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

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

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

This thesis presents new image analysis methods for clesisatton of mi-
crostructure of fibre-based materials using high resatutiolume images. The
focus of the research has been to develop fully automatedegimentation and
analysis methods for both fibres and pores in volume imagébretbased materi-
als, in particular for paper, wood fibre composites, andpfels. Most fibre-based
materials are designed to have specific structural pragerfrhey are state of the
art and well suited for their respective applications. Heerelittle is known about
the 3D microstructure of many of our most common materialge ain objective
of this thesis is to present new image analysis tools thatbeansed to increase
the knowledge about the relationship between the 3D miarostre and the macro-
scopic properties of fibre-based materials. This knowleslggbles design of new
materials with more specialised properties.

The work has been focused on 3D methods which utilise morke&vailable
information in the volume images than in previous methodsak also been fo-
cused on development of methods suitable to analyse largeramof data. The
methods are developed to meet the growing need for autoraatdgsis in the field
of material science. They are developed in collaboratiah waper scientists and
other material experts. The methods that are presentedsithigsis for analysis of
fibre-based materials are new methods for pore structunecteisation of paper,
estimation of the interface volume between paper and pedssiridividual fibre
tracking, and fibre orientation estimation. The methodg@meral and can also be
applied to segment and characterise other porous, elahgatéubular structures,
for example in medical applications. In addition, a genenathod for ring arti-
fact reduction is presented. The contributions of thisighagn at fully automatic
analysis of the microstructure of fibre-based materialenetany desired structure
measurement is available.

1.1 Ouitline of the thesis
The outline of the thesis is as follows:
« Chapter 2 contains a brief description of the fibre-basetkrias that have
been used during the development of the presented methods.

e Chapter 3 presents an overview of the available imagingrtigies for ac-
quiring 2D and 3D images of the microstructure of fibre-basaterials. Five
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different imaging devices for 3D imaging of paper are coregand the mi-
crostructure of some example materials is illustrated ire2D 3D.

Chapter 4 describes the preprocessing steps that musphedio the volume
images before they can be analysed. This chapter presenfissthcontribu-
tion of this work: a method for ring artifact reduction of Xy microtomog-
raphy images (Paper ).

Chapter 5 presents methods for pore structure charaatiemnsof paper using
volume images (Paper Il and Paper Ill) and a method for esitigp¢he inter-
face pore volume between paper and press felt using corifoagks of press
felt (Paper IV).

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

Chapter 7 presents a method for estimating fibre oriem@tioolume images
(Paper VI and Paper VII).

Chapter 8 concludes the thesis with a summary of the sfiratintributions
and suggestions for future work.



2 Fibre-based materials

There are many different types of fibre-based materials. eSexamples are glass
fibre reinforced plastics, carbon fibre reinforced plastiegper, wood fibre compos-
ites, textiles, and felts. The methods in this thesis areldged mainly for materials
based on wood fibres, such as paper and wood fibre compositegrgress felts.
These materials are briefly described in this chapter. Tin@rostructure is illus-
trated in Chapter 3.

2.1 Paper

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

Papermaking has been around for a long time. Already theeah&gyptians
used papyrus to make writing material around 3500 BC. In 106te Chinese
made paper from rags and other fibres, using the first knowhadefor pulping.
This technology spread westwards and paper was producedropg in the early
12th century. The usage of wood in papermaking is a more téeeavation that
began with mechanical pulping in the 1840s. The breakttrangovation in pa-
permaking was the Fourdrinier machine that was patented®9 1t takes pulp as
input and outputs a final paper product. Today, paper masHuilew the general
layout of this machine with a wet end, press section, dryeti@e, and calender
section.

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

The water content is reduced in a humber of steps after the fietwork has
been formed on the wire. First, vacuum is used in the wet dmah press felts and
press rolls are used in the press section, and last stearedhedlers are used in the
dryer section. After the dryer section the paper can alscatendered or coated to
make the surface smoother using heated rollers.

The fibres are bound together by hydrogen bonds. The surfatte dibres is
often roughened by beating the fibres in a refinement steps ilbieases the area
with available hydroxyl groups that can form bonds, and egoently makes the
paper stronger. However, too much refinement makes the fibeaker and the
strength decreases again.

The final product is a complex 3D fibre network which is hightyrgus. Both
the fibre network and the pore structure govern importanenwgdtproperties. The
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fibre orientation and the amount of fibre-fibre bonds in thesfigtwork determine,
for example, strength and stiffness and the pore structeterchines, for example,
print and transport properties. The structure is desigodi the specific needs for
each application using different wood fibre types, pulpiregimods, filling materials,
forming methods, or other process parameters.

2.2 Wood fibre composite materials

In wood fibre composite materials, wood fibres are used a$oreiement of poly-
mers. The base material, the matrix, is reinforced to imprpkoperties such as
stiffness and strength. Wood fibre composites have manypateses in new ap-
plications, for example, in automotive applications ortie building sector. As the
materials improve, new application areas become available

The properties of wood fibre composite materials depend emrticrostructure
of both the matrix and the reinforcement material. It is intpot to characterise the
stress transfer properties of the matrix-fibre interfacd properties such as fibre
orientation to be able to design new materials with improwexgperties.

2.3 Press felt

Press felts are used in the production of paper to press det 'vam the wet fibre

web in a series of press nips. This process takes place inréss gection and is
called wet pressing. Some water is sucked back into the pfperthe press nip.
However, mechanical pressing is still far more efficientitdaying the web directly

after the forming step in the wet end.

Press felts consist of synthetic fibres of different sizeke Tibres are usually
made of polyamide. The largest fibres form the base weavehafia woven regu-
lar network. Batt fibres with smaller diameter are needletb ¢inis structure using
fibres with even smaller diameter. The batt fibres create aysstructure on each
side of the base weave. The microstructure of the presdrigiarticular the pore
structure, is important, since it determines the water ingldapacity. This, in turn,
determines the efficiency of the dewatering. The structsréeisigned for differ-
ent dewatering situations, to remove large or small amoahtsater. Increased
knowledge about the microstructure of the felt under corsgitmn is important in
the design of new felts.

12



3 Imaging fibre-based materials

Microscopy techniques can be used to gain information ath@umicrostructure of
a material. This chapter presents an overview of the aVeil@ghniques to acquire
2D and 3D images of paper and other fibre-based materials.dtfferent imaging

devices for imaging volume images of paper are compared.niibestructure of

different fibre-based materials is illustrated using 3Cface renderings.

In structure analysis of paper, both the surface structuddlze internal structure
are important. For wood fibre composites the internal stmgcts most interesting.
High resolution microscopy techniques are needed to resaldividual wood fi-
bres. Wood fibres are long tubular structures. The void iotes called lumen.
Softwood fibres have diameters of 30—+oh and are 3—5nm long and hardwood
fibres have diameters of 10-20n and are 1-3nm long. A resolution below
1 um is preferable for measurements of individual fibre progsrtWhen analysing
volume images, this high resolution adds to storage, menaoiy processing time
requirements, since large images must be acquired to gatfoemation about a
representative part of the material. Even higher resatugmeeded to characterise
small pores that influence, for example, print quality. Ftres measurements it
is possible to obtain good estimates using lower resoluti®ee, for example, the
3D fibre orientation estimation in Chapter 7. The desiredcitire measurement
determines which imaging technique that is most suitabléhi® analysis.

3.1 2D imaging

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

Cross sectional images can be used to measure many matepales. How-
ever, the materials often have a large structure variatimhthe local structure may
not be representative. Often, many 2D images must be achtdrebtain good
statistics. For paper, 2D images provide measurementsjer peoss sections such
as the material density distribution in the Z-directiontoe toating layer thickness.

3.1.1 Light microscopy

In a Light Microscope (LM) 2D images are acquired using Msilght. It is com-
mon to use a digital camera as detector to capture a 2D imagetlgi Thin slices
of the material can be imaged using a number of microscogynigoes, such as
bright field, phase contrast, and fluorescence. The LM igdui view the surface
or cross sections of paper samples. Cross sections are dniggembedding the
sample in epoxy resin and cutting slices with a thicknessbofud 1 um using a
microtome. There are often problems with cutting artifamtgeometric distortions
caused by the sample preparation. The samples are stainecteéase contrast in
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Figure 1: LM image of a three layered cardboard. (The image pravided by
STFI-Packforsk, Stockholm, Sweden.)

the images. Figure 1 shows an example of a three layered @amdimaged in a
LM using 10x magnification. The sample consists of chemiod pnd mechanical
pulp. The dye used in the staining is absorbed to a greateeddy 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 calteby raster scan-
ning the surface of the sample with a focused electron bedm.cbllected signal
can provide information about the topography of the surféte material density,
or other properties. When imaging paper it is usually th@aidgrom the so called
secondary electrons that is collected. The SEM has a largth a¢ field which
gives the imaged structure a 3D appearance. See for exampieR2(a) that shows
details of wood fibres. Note the small holes in the fibres thataed for fluid trans-
port in the wood. Figure 2(b) shows an overview of the morepemiddle section
of a layered cardboard after freezing the sample and syittiopen.

The surface of different paper grades can easily be imagedttji or after ap-
plying a gold coating. To image the internal structure ofgrajit is common to
embed the material in epoxy resin and image polished cras®ee (Walbaum and
Zak, 1976). Since the material needs to be sliced to imag@thmal structure,
there are sometimes cutting artifacts. Figure 8 shows ampbeaof a SEM image
of a paper cross section.

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

Figure 2: SEM images showing the middle section of a layeaedlmard. (a) Detalil
of wood fibres. (b) Overview of the fibre structure.
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Figure 3: SEM images showing the surface structure of twepgpades. (a) Card-
board. (b) Copy paper with detail of the filling material.

16



(b)

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

Figure 5: SEM images showing print from a laser printer onycpaper. (a) Detail
of the serifs for the letters IT. (b) Detail of the print on tbaper surface.
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Figure 6: CLSM images showing cross sections of a layeredbceard embedded
in epoxy resin. (a) Sample with stained fibres. (b) Samplh stidined epoxy resin,
which gives an image with negative contrast.

3.1.3 Confocal laser scanning microscopy

In a Confocal Laser Scanning Microscope (CLSM) 2D imagescatkected by
raster scanning the sample with a focused laser beam. Thectdl signal is
fluorescent light emitted from the sample at the point thabdisited by the laser.
Normally, the sample is stained with fluorochrome dye toéase the fluorescent
signal.

The CLSM can provide volume images of samples using opteetiening by
focusing on points at different depths in the sample. Howeths technique is
not very effective for wood fibres, since the attenuationhef light is rapid in the
material. Only the surface of the sample can be imaged witidgpality. The
CLSM is commonly used to image the surface and cross seatiopaper (Moss
et al., 1993; Dickson, 2000). For embedded samples, the foamu be set just below
the surface of the embedding to reduce the impact of cuttitifgets in the images.

Figure 6 shows two example images of paper cross sectioressdinples were
embedded in epoxy resin and polished. In Figure 6(a) the fibteork is stained
and imaged using a 63x oil immersion objective with a voxet gif 0.31um paral-
lel to the objective and 0.12m in the depth direction. The staining varies between
the different layers of the cardboard, since they consislifeérent pulp types. The
fluorescent signal from the less stained pulp type is weakdch makes it difficult
to obtain optimal contrast everywhere by adjusting thensity of the incoming
light. In Figure 6(b) the epoxy resin is stained to createatieg contrast. The sam-
ple is imaged using a 100x oil immersion objective with a Umize of 0.20um
parallel to the objective and 0.20n in the depth direction.
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3.2 3D imaging

None of the imaging devices described in Section 3.1 carttijrprovide volume
images suitable for 3D microstructure characterisatiomo &pproaches have been
used to image paper and other fibre-based materials in 3D .aPpeach is slice
based methods, where successive cuts of the material ageiheand registered
to a volume image. Another approach is X-ray microtomogyaplhich 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@dlased method was
presented by Hasuike et al. (1992). A paper sample was eradedapoxy resin
and sliced using a microtome. The cut-off slices were imageddifferential inter-
ference microscope. Aronsson et al. (2002) reconstructedieme image of a five
layered cardboard embedded in epoxy. The surface of the @diripwas imaged
using SEM and a slice of the embedding was cut off using a ndore between
successive images. Imaging the embedding instead of theffcslices reduced
cutting artifacts in the images. Another slicing method wessented by Wiltsche
(2005) where the sample was both sliced using a microtoméraaded directly
using a light microscope in an automated process. An aliiggi® microtome slic-
ing is controlled serial grinding. Chinga et al. (2004) eneted a method where the
grinding depth can be determined by adding mono-dispeadeose to the paper
surface. An advantage of the slice based methods is thatrthgifg devices are
common in regular labs. The volumes produced by the slicedasethods often
have non-cubic voxels, since the resolution usually is &éigh the collected 2D
images than the step length between successive slicesalddgime consuming
to collect the images and there are problems with regismatiutting artifacts, and
uneven staining in the reconstruction and analysis of themwes.

3.2.2 X-ray microtomography

Volume images can be obtained without physical sectionsigguX-ray microto-
mography. The technique is the same as for Computed Tomlog(&J) devices
used for medical applications, but the voxel size is in theromheter range.

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

I =1Iyexp ( / w(z,y, z)ds) 1)

wherel! is the recorded pixel valudy is the incoming beam intensity apdz, y, z)

is the attenuation coefficient. The sample is rotated ov@rdEgjrees and 2D projec-
tions are captured at approximately 1200 positions. A v@umage can be recon-
structed from the projections using, for example, filteradlibprojection (Bracewell
and Riddle, 1967).
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There are two main types of microtomography devices avigijaynchrotron ra-
diation X-ray microtomographs and desktop X-ray microtgraphs. Synchrotrons
can produce a high intensity, monochromatic parallel beahich provides high
resolution images that are suitable for detailed structin@racterisation of wood
fibre-based materials (Samuelsen et al., 2001). DesktogyXwicrotomography
scanners, such as Skyséam Xradig devices, can produce a lower intensity, poly-
chromatic fan beam, which provides images with lower retsof(Goel et al., 2001;
Huang et al., 2002). Both types of imaging devices are catlgtamproving and in
recent years desktop scanners have become more common.

There are no cutting artifacts in X-ray microtomographydres, since the imag-
ing method is non-destructive. Also, the voxels are cubit #ye contrast is even
throughout the volume. However, there are other deficits-tayXmicrotomography
images. As for all measured images, noise is always preseheiimages, since
the available integration time for the detected signalnstid. Another problem in
tomography and other rotating imaging techniques is ritifgats, which is further
described in Chapter 4.

Typical reconstructured volumes are 1041024 x 1024 voxels or 2048«
2048 x 2048 voxels with 8, 16, or 32 bit precision. The Field of VieloY) is a
cylinder, due to the rotation during the scan. At synchnotfacilities a common
diameter is 1.4nm for the FoV, when using a voxel size of Qufn and a detector
width of 2048 pixels. If the full height is used for a 20482048 pixel detector
the cylinder height is 1.4nm for the same resolution. If the samples fit into FoV,
the Hounsfield scale can be used for comparing the absollies/aetween the
volume images. Only the sample width is restricted to fit e FoV for optimal
contrast. If a large part of the sample is outside the FoVdalked local tomography.
This data can also be analysed, but contrast and absoluge insdues may change
considerably between images.

As the sample rotates during the acquisition the samples brufixed to the
sample holder. This introduces a problem for paper, sinbesides can change the
structure. Post-it notes have been used since their gluerdiigenetrate the paper
structure. However, the glue and wood fibres have similasidgrwhich results in
poor contrast between them. Developing automatic methmd®moving the glue
has proven to be difficult. This is not a problem for wood fiboenposite materials,
since only the internal structure is of interest.

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

Different modes are available in X-ray microtomography.alvsorption mode
the densities of the sample are directly imaged using beaworption (Rolland du
Roscoat et al., 2005a). In phase contrast mode the samypletéotor distance is
increased. This gives an edge enhancement of the inter&egén different den-

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

Figure 7: X-ray microtomography image of a cardboard sam(algA slice perpen-
dicular to the rotation axis of the sample. The slice is 2648048 pixels. (b) A

slice perpendicular to the slice in (a).
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Table 1: Comparison of the voxel sizes and image sizes forirfiaging devices
used to image paper in 3D.

Imaging device Beamline Voxel size Image size

XY (um)  Z(um) (voxels)
SEM - 0.7 5 3072« 768 x 102
Skyscan 1172 - 0.78 0.78 19601800 870
ESRF ID 19 0.70 0.70 2048 2048x 2048
PSI Tomcat 0.70 0.70 2048 2048 x 1024
HASYLAB BW2 1.44 1.44 1135 1135x 1022

sities (Samuelsen et al., 2001; Antoine et al., 2002). Bdidsp contrast and ab-
sorption contrast may be present in the same image, seedor@g Figure 7. The

phase contrast is visible as bright and dark voxels at therfade between fibre
and void. It is also possible to obtain other types of phaserast using different

reconstruction methods.

3.3 Comparison between different imaging devices

In this section, a comparison between SEM and four diffekenay microtomo-
graphy setups is presented. The same type of five layeretaamd (duplex board)
was imaged in all devices, which makes the images directiyparable. The struc-
ture of the middle layers of the cardboard and the surfaceaslsy SEM are shown
in Figure 2 and Figure 3(a), respectively.

The SEM volume used in the comparison is the sample acquyréstdnsson
et al. (2002); Aronsson (2002b). The X-ray microtomograpgges were acquired
on beamline ID 19 at European Synchrotron Radiation Fa¢liSRF) in Grenoble,
on beamline Tomcat at Paul Scherrer Institut (PSI) in \igon beamline BW2 at
Hamburger Sychrotronstrahlungslabor (HASYLAB) at the Behes Elektronen-
Synchrotron (DESY) in Hamburg, and using a Skyscan 1172eabDipartment of
Physics at the University of Jyvaskyla.

Each of the imaging devices can be used to image other mlaterizamples
using different parameters. Here, the imaging parameters wptimised for paper
to image as large part of the material as possible with a uéisal sufficient to char-
acterise the individual fibres and fibre cross sections.eraldhows the voxel sizes
and image sizes for the imaging devices used in the comparfdbvolumes were
imaged using the largest possible FoV for the given resmtutin the imaging of
the SEM volume, multiple images were captured between tbeessive microtome
cuts to enlarge the FoV of the microscope.

Figure 8 shows a part of a slice from the reconstructed SEMmieland a 20&
200 pixel detail of the slice. Figure 9 shows slices from therX-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 thgta The X-ray mi-
crotomography images from ESRF and PSI have high resolirtial dimensions,
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Figure 8: Image from a SEM volume of a layered cardboard ar@a<2200 pixel
detail of the image.

the SEM volume has high resolution in two of the three dimamsj and the other
volumes have lower resolution. The volume from ESRF costaioth absorption
contrast and phase contrast. This effect is not as visibteeénvolumes from the
other X-ray microtomography devices.

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

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

The SEM volume is the most time consuming volume to acquirst the sam-
ple needs to be prepared by embedding it in epoxy resin. Ttesample is moved
between the microtome and the SEM between each imaging gteghe imag-
ing in the SEM requires vacuum, additional time is added tambi@nd unmount
the sample. The scanning time for the X-ray microtomogragewices depends on
the scanning parameters. Parameters such as integratienrtumber of scanning
steps, size of the FoV, and number of correction images éterthe final scan-
ning time. The scanning time was about 20 minutes for the Eaimaged at ESRF
ID 19, 30 minutes for the sample imaged at PSI Tomcat, a caffeurs for the
sample imaged at HASYLAB BW2, and 8 hours for the sample irdaggng the
Skyscan 1172. The samples also need to be reconstructed.camhiusually be
done using batch jobs in parallel to the imaging and does fiiettathe required
beam time. Sample preparation is straightforward for thea)Xmicrotomography
images. The sample is placed in an environment with the sampdrature and
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(d)

Figure 9: Images from four X-ray microtomography images tfygered cardboard
with a 200x 200 pixel detail of each image. (a) HASYLAB BW?2 (b) PSI Tomcat
(c) ESRF ID19 (d) Skyscan 1172
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Figure 10: Histograms for the five volume images. (a) SEM nyb) HASYLAB

BW?2 (c) PSI Tomcat (d) ESRF ID19 (e) Skyscan 1172
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relative humidity as in the scanner before the image is aedub avoid structure
changes during the scan. The sample is mounted on a samgkr lusing glue or
other adhesives. No embedding is required. As stated hefoeexX-ray microto-
mography imaging is non-destructive. This enables regestanning of the same
sample under different conditions such as varying compresmd moisture.

The required resolution depends on the desired measuremBesktop scan-
ners are more common and provide sufficient resolution fonymaeasurements.
For such measurements it is not necessary to spend valusdnte time at the syn-
chrotron facilities. Synchrotron X-ray microtomograptoaaners provide high res-
olution images suitable for characterising details ofwidlial fibres.

3.4 Visualising the 3D structure

Visualisation is important for understanding the 3D staset This section describes
how volume images of fibre-based materials can be visuaiisedsome example
structures are illustrated. The visualised volumes ar@aymicrotomography im-
ages from the ESRF beamline ID19, the PSI beamline Tomocaia &kyscan 1172
desktop scanner. The voxel size is &.D.7 x 0.7 um for the synchrotron volumes
and 3.2x 3.2 x 3.2 um for the Skyscan volume. The volumes are preprocessed
and binarised according to Section 4 and 5.1.1. The bindgymeimages are con-
verted to 3D meshes using marching cubes, as presented leypdenr and Cline
(1987), using The Visualization Toolkit.The samples are surface rendered using
ambient occlusion shading, presented by Landis (2002). i&mlocclusion makes
the rendered objects appear as if it were a cloudy day. Theaappce is similar to
SEM images, which facilitates interpretation and compmarisf the images.

Figure 11 shows the 3D structure of the same type of five layeszdboard
that was used in the comparison between the imaging devic8gdtion 3.3. In
the figure, the layered structure of the cardboard is cleadible. The top and
bottom layers are denser than the middle part. Figure 12 shio&3D structure of
a newsprint sample. Newsprint is a thin 3D structure witbragly oriented fibres
for strength in the machine direction. The surface is ratioeigh, which puts a
limit on the print sharpness. There is a large amount of fingera that gives
high light scattering and thus high opacity. Figure 13 shtwes3D structure of
a wood fibre composite material with an epoxy vinyl ester irand lab made
softwood Kraft fibre. The matrix is made transparent in théasie rendering. The
cardboard, the newsprint, and the composite material waeegéd at the ESRF
beamline ID 19. Some wood fibre composite materials are ndéase as the paper
materials. However, the fibre networks are still complexgufé 14 shows a wood
fibore composite material based on a polypropylene matrixrevtiiee fibres have
been pelletised before they are mixed with the matrix. Afsthis case the matrix
is made transparent in the surface rendering. The compwsiterial was imaged
at PSI beamline Tomcat. Figure 15 shows the 3D structure ofssgdelt. Note the
layered structure with large fibres in the base weave andentxlit fibres on each
side. The volume image was acquired using a Skyscan 117banplnternational
AB in Halmstad.

3The Visualization Toolkit: http://www.vtk.org/
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Figure 11: Five layered cardboard. (@) Surface renderintheffibre network.
(b) Original X-ray microtomography data showing the frolite of the volume.

28



(b)

Figure 12: Newsprint. (a) Surface rendering of the fibre mekw(b) Original X-ray
microtomography data showing the front slice of the volume.
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Figure 13: Wood fibre composite material. (a) Surface reindesf the fibres in the
material. The matrix is made transparent. (b) Original }+rd@crotomography data
showing the front slice of the volume.
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Figure 14: Wood fibre composite material. (a) Surface reindesf the fibres in the
material. The matrix is made transparent. (b) Original }+rd@crotomography data
showing the front slice of the volume.
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Figure 15: Press felt. (a) Surface rendering of the fibreeémhaterial. (b) Original
X-ray microtomography data showing the front slice of théuwee.
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4 Preprocessing

The first step in many image analysis methods is noise arfd@rteduction. Im-
ages always contain noise and often other artifacts as Wéleése are caused by
imperfections in the measurement equipment. There are mayg to suppress
noise and artifacts, both during the image acquisition dtehaards in the digital
images. It is always best to reduce noise and artifacts dg i@athe process as
possible.

In this thesis, most image analysis methods are exemplifigdyX-ray micro-
tomography images. Both noise and artifacts are presen¢ireconstructed images
and need to be reduced before further analysis of the im&ysse and artifacts are
more common in synchrotron X-ray microtomography imagestim images ac-
quired by commercial tomography systems. This may be dueedetct that most
synchrotron facilities conduct research on the beamligefitvhereas commercial
systems needs to be competitive on the market and hence im@rast spent on
processing the acquired data. One specific type of artifadhg artifacts, which
is a problem in most tomography systems. Methods suitableethucing both ring
artifacts and noise are presented in this chapter.

4.1 Ring artifact reduction

Ring artifacts occur in reconstructed images from X-raynmtiemography as full or
partial circles centred on the rotation axis of the scansigiem. The ring artifacts
are additively superimposed on the images as constantiighaver pixel values
on equal radius from the centre of rotation. Figure 16(amshan image with
a strong ring artifact in the left half of the image. The maause for the ring
artifacts is that pixel values in the collected radiografgisjections) have an offset
and do not correspond directly to the attenuation of thenmiog X-ray beam. In
the reconstruction of the volume images the offset of a sifikel which is not
calibrated traces a circle or a half circle in the volume ia gilane perpendicular to
the rotation axis. If the offset is large there is no inforioatabout the attenuation
of the beam. This results in saturated ring artifacts in #eonstructed images.

Offset values in the radiographs and the resulting rindeants$, can occur due to
variations in the incoming beam such as intensity variaionimperfections (An-
toine et al., 2002), differences in detector element gaidgMet al., 2005), or vari-
ations in the beam together with effects of the point spreadtion of the detector
elements (Cloetens, 1999). Some ring artifacts can be estlbg calibrating the
tomography system using for example flat-field correctioloétens, 1999). An
image of only the detector and the beam, called a bright image an image with-
out the beam, called a dark image, are used to correct thedetoadiographs.
Some tomography systems use translations of the detectedtme ring artifacts
that are due to defective detector elements (Jenneson 208B). Filtering meth-
ods applied to the radiographs have also been used to reithgcartifacts before
the reconstruction, see for example Raven (1998); Tang €@01).
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It is always better to reduce artifacts before the imagesewenstructed. How-
ever, in some cases there are still artifacts in the recocistd images that need to
be removed before further processing. One method for reduaig artifacts in the
reconstructed images was presented by Sijbers and Po2004) In their method
the reconstructed images are transformed to polar coadefinehere the ring arti-
facts occur as line artifacts. The artifacts are reducediancoordinates and the
images are transformed back to Cartesian coordinatesafissmed that the rings
are full circles and no distinction is made between pixekhwaind without artifacts.

Paper | presents a new method for reducing ring artifacte@mstructed high
resolution X-ray microtomography images. It is a 2D methddoh is applied to
slices perpendicular to the rotation axis, since the atifaccur as rings in these
slices. The ring artifacts are best reduced before noisectexh is applied to the
images, since the properties of the ring artifacts are distidy the noise reduction.

The presented method is based on local orientation estmati the image
structures (Granlund and Knutsson, 1995). First, a locakgire tensor is esti-
mated in each pixel neighbourhood using four quadraturerdilt The structure
tensor can be represented by ax22 symmetric matrix in 2D. The eigenvectors
and eigenvalues of each tensor contain information abeulottal orientation and
the tensor anisotropy. The local orientation is obtaineinfthe eigenvector that
corresponds to the largest eigenvalue. The vector is @teparallel to the largest
signal variation. Figure 17(a) shows the estimated lodahtation for the image in
Figure 16(a) using varying colours for the different oriiins. Each orientation
estimate can be associated with a corresponding certahig ¢, calculated from
the eigenvalues of the tensor as

A1 — A
1 = 1)\12 (2)

where)\; and ), are the largest and second largest eigenvalues. In neiginbods
wherec; is large,\; is large relative to\s, which corresponds to signal variation in
one dominant orientation and an anisotropic tensor.

Local orientations in the image that correspond to circplaterns around the
rotation axis are identified. The scalar product betweemtrenalised first eigen-
vector of each tensog;, and a normalised vector from the centre of rotatigns
used as

e = [F-61|" (3)
where the absolute value of the scalar product is sharpenad bxponenty, since
the cosine function is too wide in most cases. Thealue is pixel-wise scaled by
thec; value and the image is resampled to polar coordinates, whisremoothed
along the radii to create a certainty image for the artifad&gure 17(b) shows
the certainty image for the original image in Figure 16(aheToriginal image is
also resampled to polar coordinates and used together étledrtainty image to
calculate a correction image, using normalised convahutipKnutsson and Westin
(1993). Normalised convolution is a method for filtering mes with uncertain
measurements by associating each pixel with a certaintyevét is calculated as

1
L= (4)

a x C
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Figure 16: Ring artifact reduction in an X-ray microtomoging image. (a) Original
image. (b) Corrected image.
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(b) (©

Figure 17: Intermediate steps of the ring artifact reductivethod. (a) Estimated
orientations in the image illustrated using varying co®uKb) Certainty image.
(c) Correction image.
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wherel is the input imageg is the certainty image, andis called an applicability
function. Normalised convolution is applied to only tak&gds that are affected by
the artifacts in account in the averaging. In this case thicgbility function is a
one pixel wide kernel in the radial direction and has a fixewté in the angular
direction, except close to the origin where shorter filtews ased. The correction
image is resampled to Cartesian coordinates. See Figucg fbr@n example of a
correction image. The correction image is adjusted to halees that vary around
zero by subtracting a constant, which can usually be sete@dintre value of the
dynamic range of the image. The artifacts in the input imagereaduced by sub-
tracting the correctionimage in all pixels proportiondththe values in the certainty
image. Figure 16(b) shows the corrected image.

The images used for evaluation of the method were 2D images & set of
X-ray microtomography images of paper imaged at beamlinkSIBt ESRF. Both
images with and without artifacts were present in the evalnaset. Figure 18
shows results for non-saturated ring artifacts. As can les $e the figures, the
method can reduce both full and partial ring artifacts. lgufe 19 the result for a
partly saturated ring artifact is shown. It is not possildedcover all pixel values
for saturated artifacts, since the information about theeulying densities is lost.

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

In future work it may be interesting to investigate the apgltiility of the method
to other types of tomography images. Another topic for faturork is possible
correction methods of the completely saturated pixel v&@ligng 3D information.

The ring artifact reduction was applied to all volume imadiesn the ESRF
ID19 before further processing of the images using the nuthwesented in this
thesis. The ring artifacts in the volume images from PSI Tanwere reduced
before the reconstruction of the images using a method egbplirectly on the ra-
diographs.

4.2 Noise reduction

Noise is undesired distortion of a measurement. All meakimages contain noise,
and therefore noise reduction is a common preprocessipgrst@utomated image
analysis.

Noise in X-ray microtomography images can be reduced in nveays. Noise
can be reduced in the imaging, by selecting a longer integrétme when scanning
the sample. However, the scanning time is limited and sonigerio the images
must be accepted. Noise can also be reduced after the ragditst of the images.
One of the simplest approaches to reduce noise is Gaussamiil of the image
using an isotropic filter mask. The Gaussian filter reducghk fiequency contentin
the image. Thereby noise in the image is reduced. Howevgesare blurred since
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Figure 18: (Left) Reconstructed X-ray microtomographygeswith ring artifacts.
Note that these images are cropped. (Right) After ringactifeduction using the
presented method.
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Figure 19: (a) A partly saturated ring artifact. (b) Coretimage. Note that the
saturation of some pixel values limits the reduction of thidat since the pixels
do not contain information about the underlying densities.
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Figure 20: (a) Original image. (b) Noise reduction using 3D8AN filtering.

they contain high frequencies. Other approaches, whichaedoise but preserve
edges, are preferable. Non-linear smoothing techniquésyava filter kernel is
adapted to the image structures in a local neighbourhoadyeaised.

Some of the most common methods for non-linear noise reatuatie anisotropic
diffusion (Perona and Malik, 1990), bilateral filtering (hasi and Manduchi, 1998),
SUSAN filtering (Smith and Brady, 1997), and adaptive filtgriGranlund and
Knutsson, 1995). 3D versions of these methods can be appliediuce noise in
X-ray microtomography images. 3D filtering methods prodbeger results than
2D filtering for volume images, since the available inforioatabout edges and im-
age structures is better used in the 3D filtering and more plaitéts are used when
averaging. The suitability of the 3D versions of all of thentiened filtering meth-
ods has been investigated for X-ray microtomography imafesper by Fransson
(2007), who concluded that the all the tested methods canrtssltto give satisfac-
tory results for the volume images.

In Paper Il noise is reduced in the volume images using 3D AU Sltering
prior to binarisation (Section 5.1.1). In SUSAN filteringdv@aussian filter kernels,
a spatial filter and a range filter, are combined to select mtsifpr the voxels that
should be used in the averaging. The spatial filter is basespatial distance and
the range filter is based on difference in image intensitys Thsimilar to bilateral
filtering with the difference that the centre element is regdiin the filtering, which
reduces impulse noise. An example of 3D SUSAN filtering aaplio an X-ray
microtomography image is shown in Figure 20.

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

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

5.1 3D Pore structure characterisation of paper

The pore structure in paper and other porous materials geverportant material
properties such as print properties and transport progeeftir fluids. These are de-
termined both by the surface pore structure and the poreanktwhe properties of
the pore structure can be determined by characterising #terral microstructure.

The 3D pore structure of paper has predominantly been stugiing X-ray
microtomography images. Different approaches have beed depending on the
desired measurements. Methods for characterisation opahe structure of pa-
per using X-ray microtomography images have been propaseeiimple in Ra-
maswamy et al. (2001, 2004); Huang et al. (2002); Holmstaal. 2005, 2006);
Goel et al. (2006).

Paper Il and Paper Il present new 3D image analysis metluog®fe structure
characterisation of paper, with new pore structure repregi®ns and corresponding
measurements. The methods are intended for large volunmgesnauch as data sets
from X-ray microtomograpy. The methods are outlined in thikofving sections.

5.1.1 Binarisation

The pore structure is characterised by analysing the vadespn the material. The
voxels in the void space in X-ray microtomography imagesehexen intensity and
the variation of the values does not add information aboaitstihucture or shape.
See for example the X-ray microtomography image in Figui@e to this fact, we

analyse the pore structure using binary images.

Binarisation is classification of the elements in an image object and back-
ground (fibre and void). Sometimes binarisation is alsorreteto as segmentation.
Ideally, a threshold is applied to an image where the histmgshows a clear sep-
aration between object and background. However, in prattiis is often difficult
due to lack of separation between object and backgroundregbect to pixel val-
ues, low contrast, or noise in the images. Binarisation igrgrortant step, since all
measurements on the binary image depend on the segmeritatiditore and void.

Different methods have been suggested for binarising Xanayotomography
images of paper and other wood fibre-based materials. Aateiral. (2002) pre-
sented the first method for binarisation of phase contraaggs. A more advanced
method based on graph-cuts was proposed by Malmberg (2088Rolland du
Roscoat et al. (2005b) absorption mode images were binkuisiag seeded region
growing.
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In many of the X-ray microtomography images that are usedcéplify the
methods presented in this thesis there is only a small diffeg between the values
of the background and object voxels and the images contase nBor an example,
see the histograms of the four X-ray microtomography imagésgure 10. Noise
can be reduced using the methods discussed in Section 4.2.

In Paper Il we propose SUSAN smoothing (Smith and Brady,7}@hd hys-
teresis thresholding (Canny, 1986) for binarisation ofcapgon X-ray microto-
mography images. In hysteresis thresholding one high ardaw threshold are
used. The voxels classified as object in the higher thresholthage are used as
seed points, from which region growing is allowed where ¢haie connected vox-
els classified as object in the lower thresholded image. fiileiduces a result where
all final object voxels are connected to voxels from the higheesholded image.
After binarisation the object regions are labelled. Allimts, except the largest,
are considered as background, since the fibre network inripssumed to be one
connected component.

5.1.2 Finding the paper surface

The surface structure of paper is porous. The surface poesisngortant, for ex-
ample, for printing and optic properties. However, the papaface is not easily
defined. One method for estimating the paper surface, whlastthe surface pores
into account, is the rolling ball method that was originatifroduced by Sternberg
(1983). It was suggested for estimation of paper surfacesrimsson (2002b);
Svensson and Aronsson (2003).

In the rolling ball method, the surface of the paper is oetlirby simulating
a ball rolling over the material. The radius of the ball detares the smoothness
of the estimated surface. An infinite radius generates plandaces. A suitable
radius must be selected depending on the intended apphicartid the desired mea-
surement. Figure 21 shows an example where the pore spacpef pas been
defined using the rolling ball method to estimate the top amitbin surface of a
cardboard sample. The fibres are shown in grey, the poretsteuin black and the
outside void space in white.

The rolling ball method was applied in Paper Il and Paperdlestimate the
paper surface and in Paper IV to estimate the indentatioheopaper surface into
surface pores of press felt. The rolling ball can be effidieimplemented using
distance transforms, as proposed in Svensson and Aron2808)(

5.1.3 Segmentation of individual pores

Paper Il presents a new pore space representation, theédadipore based repre-
sentation, where the pore space in volume images of paperided into separate
regions called individual pores. Characterisation of theepstructure can be per-
formed by measuring individual pores and their interrelas.

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

a weighted distance transform, where the distance to a feighinour is weighted
3, an edge neighbour 4, and a vertex neighbour 5, as propgdgdrgefors (1996).
For non-cubic voxels, which are common in images from manggimg devices,
the method proposed by Sintorn and Borgefors (2004) is uselaper Il this was
applied to the volume image reconstructed by Aronsson ¢2@02).

The watershed algorithm (Beucher and Lantuéjoul, 1979¢c&fi and Soille,
1991) is a general segmentation method that divides an iinégeeparate regions
based on, for example, image intensity, distance informnatr gradient magnitude.
Each local maximum is the seed of one region and a regiotialisaf the image is
created using region growing from the seeds. In Paper Il thiershed algorithm
is applied to the distance transform of the pore space. Eacdl maximum in
the distance transform generates one region. This usuialyg @n over-segmented
image. Figure 22(a) shows an example of the watershed segtioerapplied to the
distance transform of the pore space.

Pairs of regions from the watershed segmentation can beeuéogreduce the
over-segmentation and obtain a final regionalisation ofithege. In Paper Il, the
regions are merged using two criteria. The distance maxiinueach region and the
distance maximum on the interface between the regions agtinghe merge crite-
ria. The first criterion merges regions where the smalleheftivo region maxima
is only slightly larger than the maximum on the connectintgiface. This merges
regions where only a small contraction of the structure,@s®, creates two sepa-
rate maxima in the distance transform. Figure 22(b) shoeselhionalisation after
the first merge of the regions in (a). The second criteriongegregions where the
maximum on the connecting interface is larger than a thidstalue. This gives
regions, individual pores, in the final segmentation whighseparated by narrow-
ings, throats, with a maximal throat size. Figure 22(c) shtive final segmentation
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Figure 22: Segmentation of individual pores in an X-ray miomography image
of a cardboard sample. (a) Watershed segmentation of tinéifidd pore space in
Figure 21. (b) Regionalisation after the first merge. (c)aFsegmentation of the
individual pores.
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into individual pores using the presented method. Figu@@P8hows a volume
rendering of the segmented pore space in a part of the sample.

The segmentation of individual pores does not provide a segation of spe-
cific entities in the pore structure, but provides statstibout the pore structure of
a sample. Different parameter setups result in differemé gpace divisions. The
variation between different materials or samples can beiestiiby using the same
parameters for all images.

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

try.

5.1.4 Individual pore based skeleton

In Paper Il we introduce a new pore space representatiennthividual pore based
skeleton, which is suitable to characterise the pore ndtwdeasurements such as
permeability or flow through the material can be studied amation of path length.

The individual pore based skeleton is based on the indiVidoie representa-
tion of the pore space described above. Each individual igaepresented by the
corresponding maximum in the distance transform. Each gfgores that share
an interface is connected by a path passing through the nuaxiom the connect-
ing interface. The path is obtained by computing the comshdistance trans-
form (Piper and Granum, 1987) from the maximum on the coringdhterface
onto the two pores. The path is found by path growing from the distance max-
ima in the pores in the direction of the steepest gradients fésults in a simple
curve representation of the pore space. In contrast to the emmplex distance
based skeleton (Lindquist et al., 1996; Lindquist and Vésneangan, 1999; Bald-
win et al., 1996) this new pore space representation canfaimer curves and no
surfaces. Because of the simpler structure, it is more ddite measurements on
the pore structure. Figure 23(b) shows a volume renderinf@individual pore
based skeleton obtained using the individual pore segrienia (a).

5.1.5 Measurements on the pore structure

Characterisation of the pore structure in paper can be padd using different rep-
resentations of the pore space. In Paper |l measuremarttsefdvinary pore space
representation, the individual pore representation, dadindividual pore based
skeleton are presented. The binary pore space represenistihe simplest rep-
resentation of the pore space. Figure 21 shows an examghie binary pore space
after the paper surfaces have been estimated using thagrobill method.

Measurements such as porosity and surface area of the ptwerkecan be
measured on the binary pore space representation. For dhedinal pores more
measurements are available, such as volume, surface mexéace area, connectiv-
ity, orientation, and anisotropy. Also distributions oéthores are available, such as
pore frequency and pore size distributions. The measurenean be averaged over
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Figure 23: Volume renderings of the presented pore spaceseptations for a part
of a cardboard sample. (a) Individual pore based representdb) Individual pore
based skeleton.

different layers of the sheet or other divisions of the samflne particularly inter-
esting measurement is the orientation and anisotropy ofifigidual pores. This
can be measured using Principal Component Analysis (PCA8ach individual
pore, as described in Paper Ill. The pore orientation givessight to the physical
sample orientation as the fibres tend to be oriented in thenmadirection. The
anisotropy provides an estimate of the elongation of the@goFor the individual
pore based skeleton the same measurements as for the dibtsed skeleton can
be obtained. For example, different pore size distribigibased on the values in
the skeletal voxels can be measured. In Paper Ill we compareesults obtained
using the different representation and show that the nevesgmtation can be used
equivalently to the more common distance based skeletonal¥geshow that the
new representation is suited to estimate tortuosity.

The presented pore space representations and the cordasg@ore measure-
ments are general and may also be used to characterise thstpacture in other
porous materials. Evaluation of the applicability of thethmels to other materials
is left for future work.
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5.2 Estimation of the pore volume between paper and press ftel

In addition to the pores in paper, the pore structure is agmortant in the design of
other porous materials. The pore structure of press fedtrdehes its water holding
capacity and subsequently the efficiency of the dewateiifferent surface char-
acteristics are needed for different dewatering situatioBetter understanding of
how the pore structure affects the dewatering can be gaipedharacterisation of
the pore structure.

Paper IV presents a new image analysis method for estimafitre pore vol-
ume at the interface between paper web and press felt. Theoohét intended
for application to volume images of press felts under loale Volume images are
acquired in a CLSM using a compression device, where a glass i3 pressed
against the sample using different loads. Figure 24 showea af an example
volume image parallel to the surface of the sample and twpepeticular slices. It
is clearly visible that the attenuation of the fluoresceghal in the fibres is large.
Thus, only the topography of the sample can be obtained imdlugne image using
this technique.

A topography map is calculated from each volume image. Thiacel of the
fibres is identified as voxels with high intensity. For eactelof voxels in the depth
direction, the position of the surface is calculated as #&re of mass for voxels
above a noise threshold with the voxel intensities as weighbr lines where no
voxels have values above the noise threshold, the backdaepth is set. The zero
level of the topography map is adjusted by identifying thstfalice with fibres in
the input volume. As the felt is compressed against the gtassfirst slice with
fibres can be easily detected using a threshold. Figure 2&(s the topography
map for the volume in (a).

Two types of artifacts are common in the volume images. Théfeet the esti-
mated topography map, which needs to be corrected. Onegundbla self shadow-
ing effect on the fibre edges. This causes low intensitieeénvblume image even
if a fibre is crossing underneath. Another problem is stamghe fibre surface that
also cause low intensities in the input volume. Figure 25(@ws a sum projection
of a volume image. The two types of artifacts are visible ia $tim projection as
pixels with low intensity. The artifacts can be efficientgmoved from the topogra-
phy maps using normalised convolution presented by Knotasd Westin (1993),
where a certainty map with a value for each depth measurasastd together with
a small Gaussian filter as the applicability function. See &8ection 4.1. The appli-
cability function should be smaller than the fibre radius lmge enough to smooth
stains and dark areas between the fibres. The certainty mdpins ones for all
values in the topography map that were calculated usingaat ne voxel. Other-
wise the map is set to zero. Figure 25(c) shows the certaity. ilere, the map
is binary, but all values in the range between zero and onebwaysed if needed.
The normalised convolution also removes some imaging rimisemoothing. Fig-
ure 25(d) shows the topography map after it has been coderstieg normalised
convolution.

To estimate the pore volume at the interface between tharfeltthe fibre web
the indentation of the fibre web also needs to be estimated.ifidentation is ob-
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Figure 24: Press felt under a load ofPPa imaged using CLSM. The top leftimage
shows a slice of the volume image parallel to the surface@ttimple. The other
two images show perpendicular slices at the positions naidvigethe lines.

tained by applying the rolling ball method (Section 5.1@}he topography map
after it is converted to a binary volume. The weights of th&atice transform used
in the rolling ball method are optimised for the non-cubixets in the CLSM im-
ages (Sintorn and Borgefors, 2004). The radius of the hiall is set to the radius
of curvature of the indented fibre web.

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

More detailed measurements of the interface pore voluméeartained using
X-ray microtomography images of press felts (Thibault et 2002). Volume im-
ages of felt and web together under load can be used to estiimatrue interface
pores. The methods for pore structure characterisatiorapépin Section 5.1 are
expected to be directly applicable to press felts in volumages or images of the
interface between felt and web under load. This may be istexgto study in future
work.
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Figure 25: Press felt under a load ofVPPa imaged using CLSM. (a) Sum projec-
tion of the entire volume in the Z-direction. (b) Topographgp of the estimated

surface without correction of artifacts. (c) Certainty m&gd) Topography map of

the estimated surface corrected using normalised conwalut

Figure 26: Surface rendering of the spatial distributiorthe estimated interface
pore volume for a load of 21Pa.
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6 Fibre segmentation

In order to measure properties such as length, fibre walktigss, slenderness ra-
tio, curl, twist, degree of collapse, and relative bondeshanf individual wood fibres
each fibre must be segmented individually. If all fibres adiitdually labelled in
a volume image, many measurements on the fibres or the fibnretan be ob-
tained. In addition, it is possible to use the measurementsddel fibre network
properties such as strength, optical properties, andp@bproperties. This, in turn,
makes it possible to engineer paper sheets and fibre reed@emposite materials
with improved properties. A complete segmentation of ifdlial fibres in volume
images is a main goal in the development of new methods fdysinaf fibre-based
materials. However, there are no fully automatic methodslable for segmenta-
tion and labelling of individual fibres. Segmentation ifidiflt, since all fibres are
connected and the network can be very compact. See exanfpliffecent fibre
network structures in Chapter 3.

Some efforts have been made to solve the problem of autosegimentation
of individual fibres. Aronsson and Borgefors (2001) presdrd method for auto-
matic detection of ring shaped objects. The method was aaptad to non-cubic
voxels in Aronsson and Sintorn (2002). The results fromvitlial slices were
combined to parts of individual fibres, see Aronsson (200Rt8asurements for in-
dividual fibres were presented in Aronsson (2002a); Svenaad Aronsson (2001,
2003). The volume image that was used in their studies wasaimple described
in Aronsson et al. (2002). A similar approach to that of Arems (2002b) was first
proposed by Holen and Hagen (2004) and then refined by BadlgeaWd Henden
(2005). X-ray microtomography images were used in bothistid\ method based
on morphological lumen segmentation and seeded regioniggowas proposed
by Walther et al. (2006). A method using Maximally Stable rértal Regions
was proposed by Donoser and Bischof (2006) for volume imdges light mi-
croscopy (Wiltsche, 2005). Recently, Donoser et al. (2@08) proposed a method
using particle filters for tracking fibres.

All previously proposed methods except for Walther et 200&) use slice based
approaches for segmenting the individual fibres in imageseections. See Fig-
ure 27(a) for an example of an image cross section. The i@miaf fibre shapes
and sizes is large in the image cross sections and many oféw@psly proposed
methods have problems with cracked or collapsed fibres. erpesblems must be
handled explicitly in each method. In Walther et al. (200@)cked and collapsed
fibres also affect the applied lumen segmentation.

Paper V introduces a new approach to segmentation of ingidood fibres,
where 3D information in a neighbourhood around each poinsél to track tubular
structures through the volume. The idea in Paper V is to usa kum projections
of the volume around each fibre and identify the fibre wall as liwes with higher
intensity in each sum projection. This can be used to tradiidual fibres in vol-
ume images. Problems with cracked or collapsed fibres arefthedled implicitly.
Even almost completely collapsed fibres can be tracked ubkimgnew approach.
The variation between different fibres is also smaller inghm projections than in
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Figure 27: (a) Image cross section from a binary volume imégeSum projection
of a part of the same volume image. (Image from Paper V.)

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

The tracking starts in manually placed seed points. A seedists of a point,
my, inside the fibre lumen and a vecterg, which is oriented approximately in
the local fibre direction. A fibre is tracked using a local atinate system that
follows the local fibre directiorv. The origin of the coordinate system is placed
at the current tracking positiom. The coordinate system that is used in the fibre
tracking is illustrated in Figure 28(a), whexey, andz defines the image coordinate
system and, x’, andz’ defines the local coordinate system used for calculating sum
projections of the volume around the fibre. The local cocatirsystem is derived
from the global coordinate system®&s= z x v andz’ = v x x'.

First N evenly distributed local sum projections of the volume aatcwlated
perpendicular tor. Four sum projections have shown to be suitable for wooddibre
Projections are calculated in tikéandz’ directions. Then, the local coordinate sys-
tem is rotatedr /4 radians around the axis and two more projections are calculated
along the same coordinate axes. Figure 29(a) and (f) shosliteeperpendicular
to v at the current tracking positiam for two examples. Figure 29(b—c) and (g—h)
show the two sum projected images in the two directions [etalv.

The size of the projected volume in tkéandz’ directions is either determined
by information from previous tracking steps or from the igisation values at the
first step. In the projection direction only the interior bEtfibre is used to calculate
the sum projection. In the other direction perpendiculav tine volume is padded
to include a part outside the fibre wall in the sum projectiBosition estimates of
the fibre wall and fibre cross sectional dimensions from mesitracking steps are
used to make the volume size adaptive to changes of the fibrengdion. A fixed
volume size is used in the 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 trackih) lllustration of
the calculation of a new direction using the intersection between two planes.

The fibre wall appears as two lines with higher intensity infesum projected
image. To obtain better images for further processing, theebt intensities in the
image are set to zero since they correspond to objects winighcover part of the
volume. The fibre is assumed to cover most of the volume sintetbe volume
inside the fibre wall is used for tracking. Figure 29(d—e) ér{) show the masked
sum projections.

The sum projections are radon transformed to find the poséitd orientation
of the fibre wall by identifying local maxima. Figure 30 shothe radon transforms
of each of the masked sum projections in Figure 29. Each jpoihte radon trans-
formed image corresponds to a line integral in the input imyaghich is the sum of
all pixels along a ray in the image for a given angleand radiusy. The origin
is located in the centre pixel of the image. The radon transfis pixel-wise nor-
malised to remove the impact of shorter rays near the imagesdAll rays equal
or longer than the image size in thelirection are normalised by the length of each
ray. For shorter rays the image size in shdirection is used for normalisation.

Local maxima are identified in the radon transformed imatfeme local max-
imum can be found in each of the two halves, correspondingeddp and bottom
part of the tracked fibre, a good estimate of the fibre wall ioces and the next
tracking position can be obtained from that projection. Tiexima should be lo-
cated approximately at the same angle. Some variationgdlbewllowed if the fibre
dimensions change. The radon transform radius that cayrelgxo the fibre dimen-
sions should also be close to that calculated in previogkitrg steps. In cases with
multiple or missing maxima in each of the two halves, thetegsmaxima can be
used to select maxima with information about fibre dimensifoom previous track-
ing steps. Identified maxima from at least two of the prof@timages are needed
to continue the tracking. If more than two projections halentified maxima the
two best projections are selected. First projections witgle maxima are used.
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Figure 29: (a) Slice perpendicular to thedirection at the current tracking position.
(b—c) Sum projections of a local volume parallel to the rowd aolumns in (a).
(d—e) Masked sum projections with lowest values set to Z&r).Second example.
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Figure 30: Radon transforms of the masked sum projectioRgjure29.
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Estimates of the position and orientation of the fibre waltéculated from
each maximum in the projections. The current tracking peintis corrected in the
plane perpendicular to the fibre direction,using the centre point between the two
estimated fibre walls. This is the starting point for the neatking step. A new
estimate ofv is calculated by finding the mean orientation of the two fibiedlsv
in each of the two projection images and finding the intefsadbetween the two
planes that these orientations describe in 3D togethertivitliespective projection
direction, see Figure 28(b). The tracking continues bygla step from the point
m in the newv direction. The tracking ends if not enough maxima can betitied
or the edge of the volume is hit.

In Paper V the method was evaluated on synchrotron X-rayataonography
images of wood fibre composite materials. Figure 13 showsrfacairendering
of one of the materials. Good results are obtained for fibriéis laoles, cracks, ir-
regular shape and partially collapsed fibres. See examptbe eracking results in
Figure 31. These fibres are tracked through the main pareofalume image. Note
that the tracking passes the collapsed part of the fibre iwitaput problems. The
volumes used for the surface renderings in Figure 31(b),add (f) are automat-
ically extracted using information about the fibre crosdises from the tracking.
This information can be used in complete segmentation dnelliag of the fibre
wall.

The method provides an approximation of the fibre centrelineaddition, the
local fibre orientation and the fibre dimensions in each paretavailable for fur-
ther segmentation steps or for estimation of the fibre ositgor in the material. The
sum projections are automatically adjusted to be approbeingerpendicular to
the local fibre direction. Problems with holes, cracks otiphcollapse are handled
implicitly. The tracking does not require the fibres to bga&d along the image co-
ordinate axes as in the previously proposed methods. Aldilarhich fit the tubular
fibre model can be tracked using the new approach. Compleddigpsed fibres in
binary images do not fit the model since no edges are visibe rfiethod can be
used both on binary data and on grey scale data with goodasintdther types of
input data may also be used to track fibres. Examples thatlhee tested include
fuzzy input or distance transformed fibres of almost conghjetollapsed fibres
where the distance values are used to enhance the tubuletuse. The method can
also be adapted to tubular structures in other applicatisunsh as volume images
of blood vessels.

In future work the result from the method can be used as inpdtilt fibre
segmentation with labelling of individual fibres. One pb#siway is to use re-
gion growing to label the voxels that belong to the closesefidn addition, the
information about the location of the fibre wall may be useadltain better fibre
segmentation. Itis also left for future work to add an autboseeding step. Possi-
ble starting points can be evaluated automatically to fekely are inside the fibre
lumen.

The success of methods for segmentation and labelling dfichdal fibres in
volume images will strongly depend on the material propertif the fibres can be
individually segmented manually, it will be possible to fiadnethod for automatic
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Figure 31: Tracking results for three individual fibres. Taacking result for the
first fibre overlaid on a sum projection of a subvolume defingdhe tracking pa-
rameters. (b) Surface rendering of the subvolume in (a)d)(@racking 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 bg®ito a certain fibre
or not, it will be a difficult problem to automate. Also, somaper grades will be
easier to segment than others, such as materials with Iéispsed and cracked
fibres, less fine material, and less fibres per volume. Diffeapproaches for fibre
segmentation may be successful for different paper graddddferent types of
fibre-based materials.
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7 Fibre orientation estimation

Fibre orientation is an important structural property oféitbased materials. In pa-
per, the fibre orientation is determined by the flow of the sispon when the fibre
web is formed on the wire screen. The fibre orientation af@ttysical properties
such as strength, stiffness, elasticity, and hygroexpansgior example, if the fibre
orientation is different on the top and bottom side of theethmoisture changes
makes the sheet curl or twist during printing.

Fibre orientation is not measured online in paper manufagju Offline, it is
common to estimate the fibre orientation in 2D using bothreatimethods, such
as light scattering, and direct methods, such as shedirsplfErkkila et al., 1998).
Sheet splitting has been further developed and is now thaopmaant direct method
for analysing fibre orientation in paper. A summary of shgdittthng methods can
be found in Hirn and Bauer (2007). In sheet splitting, theesieedivided into layers
parallel to the plane of the sheet by hand after laminatiamyus heat seal laminator.
The layers of the sheet are scanned in a flat bed scanner afidrtherientation is
measured using gradient image analysis. It is common toy/s@#4 or A3 sheet
sizes with an orientation estimate for eack 2 mm. This gives an overview of the
fibre orientation. However, the method only provides largale estimates and the
out-of-plane orientation can not be measured.

More knowledge about the 3D structure can be gained by anglyse 3D fi-
bre orientation in volume images. For fibre-based matewiétls straight regularly
shaped fibres, such as some synthetic fibres, stereologéthbiis can be applied.
This type of methods is not suitable for natural fibres, suckvaod fibres, due to
the large natural variability and large deformations offibees in the paper making
process. A direct 3D method for fibres in volume images wap@sed by Robb
et al. (2007). They used anisotropic Gaussian filters witlgiag orientation. How-
ever, as the orientation estimate is given by the oriemadibthe filter with the
largest response, many filters are needed to obtain goodaamgsolution in 3D.

In Paper VI, a new method for estimating 3D fibre orientatiorvélume im-
ages is presented. The method can be applied directly tosgedg volume images
and does not require a segmentation of fibre and void. Thdtiiesan orientation
estimate for each voxel neighbourhood, which providesresdts of the 3D fibre
orientation and fibre orientation anisotropy for parts oftue whole sheet. In con-
trast to previous methods, any orientation in 3D can be eséith The method is
demonstrated on a wood fibre composite material. In Papesdéle and noise sen-
sitivity of the presented method is investigated for bothutar and solid fibres and
the method is demonstrated on a volume image of press fediddition, a method
for selecting scale using an estimate of the fibre radiuséh gaxel is presented for
solid fibres.

The fibre orientation in a material is assumed to correlatectly with the local
signal orientation in the image. There are different apphea for estimation of lo-
cal orientation using structure tensors (Kass and Witk 7t Bigun and Granlund,
1987; Bigun et al., 1991; Granlund and Knutsson, 1995). Haeeframework for
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local orientation estimation described in Granlund andt€soin (1995) is used, but
the other approaches are expected to provide similar eesult

At least six evenly spread phase invariant quadraturedilkee needed for es-
timating local orientation in 3D (Granlund and Knutsson949p The centre fre-
quency of the radial part of the filters is selected to comashto the size of the
edges of the fibres. The inputimage is convolved with theréiland a structure ten-
sor is calculated from the filter responses. The structursdecan be represented
by a 3 x 3 symmetric matrix. The tensor field is smoothed using a s@allssian
mask for each of the six independent component images. &disces local errors
and improves the fibre orientation estimate. The fibre oaiéon is assumed to vary
slower than the small scale variations that are suppress#telsmoothing.

The local orientation and the local structure anisotropywoxel neighbourhood
can be obtained from the eigenvalues and eigenvectors afitheture tensor. The
eigenvalues of the tensor are sorted in descending ordersaditted eigenvalues are
denoted\1, A2, and\3 and the corresponding eigenvectors are deneieé-, and
es. The relative tensor anisotropy can be calculated from ifpenzalues as
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The fibre orientation is estimated as the local orientatidgth the least signal
variation, which is described by the eigenveatgr A certainty estimate for the
estimated orientation is provided by thevalue from the relative tensor anisotropy.
co is large in neighbourhoods where the eigenvaliigand )\, are large and\s is
small. This corresponds to a case where there are largel sigriations in thee;
andes orientations, relative to thes orientation. Ifcs is small, the signal variation
can either have one main orientation, indicated by a laigealue, or be almost
equal in all three orientations, indicated by a largealue.

The method provides an orientation estimate with a cornedipg certainty
measurement for each voxel neighbourhood. The estimatebeaveraged for
parts of or the whole sample depending on the desired outipuparticular, av-
eraging can be used to evaluate the orientation in diffdegtetrs of a paper sheet.
The 3D distribution of fibre orientation and the correspagdbrientation anisotropy
can be calculated from the estimated orientations. Aroggtis calculated using the
sum of outer products of the orientation estimates. Thesdietween the eigen-
values of the resulting matrix describe the anisotropy efftbre orientation. When
calculating anisotropy and fibre orientation distribugdhe certainty estimatg is
used as weights for the estimates. The image intensity orgimg of the intensity
is also used to only include voxels that contain fibres in tie@asarement.

The presented method has been evaluated using synthatim@amages with
known fibre orientation. The mean error for the estimatiocaksulated as

£ >  wea arccos(|vge -eg))
n Z[ U}CQ

wherew is a weight based on the image intensity,is the certainty valueyg is
the ground truth orientation, areg is the estimated orientation.

(6)

60



-1 -1

Figure 32: Colour map for the estimated orientations. Hugesavith theX andY
coordinates and saturation with tWecoordinate.

In Paper VI the method is evaluated using a test set withgsttaubular fi-
bres. The evaluation shows that smoothing the tensor fietdt fir calculation of
the eigenvalues and eigenvectors decreases the estineatarn It is also shown
that the estimation error can be further decreased by waigbach estimate with
the corresponding certainty value. The largest errors oclase to the fibre ends
where the signal variation may not be smallest in the true filsientation.

In Paper VII the method is further evaluated using a largstrdet and the sen-
sitivity to scale and noise is investigated. Synthetic W@dtimes with either solid
or tubular fibres were generated. Two volumes with the sanséipos and orienta-
tions for the fibres were used for the two cases. Six diffefioné diameters were
investigated. These correspond to different fibre dimersia the same volume
or different resolutions of the volume. Ten volumes for efible dimension were
used in the test set to obtain good statistics. Gaussiae m@s also added to the
test images. The evaluation shows that the presented mitlagglicable to both
tubular and solid fibres. The error is generally larger fdidsfibres of the same di-
ameter as the tubular fibres, except for the smallest fibmaekiers. The evaluation
also shows that the method is robust to noise and perfornsatwdifferent scales.
The results can be used as a guide to select scale and parmmlesn the method
is applied to real data.

Figure 33 shows volume renderings of a part of a synthetiamel for both
the ground truth estimates and the estimated orientatidhe.fibres are coloured
according to the orientation vector in each voxel using thlwr map presented
in Paper VI. The colour map is illustrated in Figure 32. Hueies with the X
andY coordinates and saturation varies with theoordinate. This colour map is
suitable for highly layered materials such as paper. As esselen in Figure 33 there
is good correspondence between the ground truth orientatimd the estimated
orientations. Figure 34 shows the fibre orientation distiin for the ground truth
and the orientation estimates projected on¥te and Z X planes for the synthetic
testimage in Figure 33.
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Figure 33: Volume renderings of the fibre orientations in & p&a synthetic test
image. (a) Ground truth orientations. (b) Estimated 3D fidaientations.
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Figure 34: (a) Fibre orientation distribution in théZ plane. (b) Fibre orientation
distribution in theZ X plane.

In Paper VI the method is evaluated using synchrotron X-rayatomography
images of wood fibre composites and paper and appears todgrgaiod results.
Figure 35 shows volume renderings of the fibre network anc#tienated orienta-
tions in a wood fibre composite material. The matrix is madedparent to show
the fibres in the material. In Paper VII the method is demastt on a desktop
X-ray microtomography image of press felt. Figure 36 shoalsme renderings of
the fibre network and the estimated orientations in the fEfte orientation of the
fibres in the base weave is not estimated.
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Figure 35: (a) Volume rendering of the fibres in a wood fibre posite material.
(b) Estimated fibre orientations.
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Figure 36: (a) Volume rendering of the fibres in a press fdif) Estimated fibre
orientations.
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Paper VIl also presents a new method for weighting estimfates different
parameter setups for volume images with solid fibres of difiediameters. A seg-
mented image, where each voxel contains the approximaterfilgiius, is obtained
using a binary image of the fibres. The image is binarisedgubilaterial filter-
ing (Tomasi and Manduchi, 1998) and hysteresis threshgl@anny, 1986). The
fibres are distance transformed (Borgefors, 1996) and therslzed algorithm (Vin-
centand Soille, 1991) is applied to the distance transfditme. distance transform is
smoothed to reduce the number of regions that are causeddlysrape variations
and noise. Regions from the watershed are labelled withdlregponding distance
maximum in the distance transform. This gives a weight imadech is suitable to
use in analysis of solid fibres. In Paper VIl it is demonstldtew the weight image
can be used to select orientation estimates from threetsesfained using differ-
ent parameter setups. In addition to weighting estimates¢gmentation provides
an approximate distribution of the fibre dimensions.

The results in Paper VI and Paper VII show that 3D fibre origéoiecan be well
estimated using the presented method. The method is ablglita both tubular
and solid fibres, such as wood fibres and synthetic fibresnibeaused directly in
grey scale images without initial segmentation of fibre aaitlv All orientations
in 3D can be estimated with good accuracy using six quadgdilters. A certainty
measurement is available for each orientation estimatevaighting the orientation
estimates by the certainty estimates improves the results.

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

With the presented method it is possible to estimate theo&plane orientation
of fibres. This is not possible using for example sheet gmijit The method can
also be used to estimate the 2D fibre orientation in images,ffor example, sheet
splitting to obtain increased spatial resolution of the Aiireates. This needs to
be further investigated in future studies. Another topicficure work is further
investigation of possibilities for automatic scale selattto decrease the overall
estimation error. This may be particularly interesting foaterials 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 sunigedrand suggestions for
future work are given.

8.1 Summary of contributions

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

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

A method for reducing ring artifacts in high resolution Xynaicrotomography
images has been developed. The method has been evaluatsl onages and has
been shown to provide good reduction performance for bdtrafd partial rings.
It has been used as a preprocessing step before the otheydagtiesented in this
thesis have been applied to the X-ray microtomography imadgehe method is
general and is expected to provide artifact reduction alsmages acquired using
other tomography systems than synchrotron X-ray microtgpraphy.

A number of methods for characterising pores in volume insdggve been de-
veloped, both for pores in paper and pores in press felts. &k flow for analysing
the pore structure in volume images of paper and two new fasetare represen-
tations with corresponding measurements have been pegsefihe methods have
been applied to real paper samples to show their suitalfditpore structure char-
acterisation. For press felts, a method to estimate theaue pore volume between
paper web and press felt has been developed. The method érasi$ed in a case
study with four press felts.

Two methods for analysing fibres and the fibre network in vadumages have
been presented. One of these methods tracks individuakfibseestimating the
fibre centreline, the local fibre orientation, and the fibraelhsions. In an evaluation
using real data the method provided good tracking resuitdifterent fibre shapes,
even for almost collapsed fibres and fibres with irregulapshahe other method
estimates 3D fibre orientation in volume images. This metbstinates the fibre
orientation directly in grey scale images and does not recri initial segmentation
of individual fibres. The estimation error for different &&mand noise levels has
been studied using synthetic data. The method has provéinagp to both tubular
and solid fibres, such as wood fibres and synthetic fibres. Téthad has also been
evaluated in experiments on real data where it appears tadergood results.
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8.2 Future work

All presented methods have been evaluated using real ddtagyadod results. How-
ever, larger studies of materials with known properties Mtqurovide better insight
into the applicability of the presented methods to difféneroblem settings. The
image material needed for such studies is large and theal@ibeam time at syn-
chrotron facilities is limited. Volume images from deski§gay microtomography
scanners may be used instead, since the availability ohgecanvith sufficient res-
olution is increasing.

In addition to large scale evaluation of the presented nukthusing real data,
further development of methods for structure charactéoras needed. There are
many interesting paths to follow for future work. One of thaimgoals in image
analysis of material microstructure is completely autadatnalysis of volume im-
ages. For fibre-based materials this may be enabled by a etargggmentation of
individual fibres. Fibre tracking and fibre segmentationtmet, such as the fibre
tracking method presented here, is a possible path to fdboviuture work in this
area. A suggested addition to the presented method is atédre@eding of the fi-
bres using, for example, lumen segmentation. The focusrtfdudevelopments in
this field should also lie on development of 3D methods forsegtation, to make
use of the information that is available in volume images.

Another approach is to follow the path where measuremerttgeadtructure can
be obtained without segmentation of individual fibres. Sincaterial properties
often depend on the average properties of the subparts,yitrgossible to esti-
mate many important properties well enough using local level measurements.
One such measurement presented here is the 3D fibre ornéatiimation. Other
measurements that may be obtained in this way are local imladensity and size
distributions. Area estimates may also be interestingudysin this way. Two ex-
amples are the area of the fibre-void interface in paper améltire-matrix interface
in wood fibre composites.

Also for pore structure characterisation there are fut@athgto follow. Investi-
gation of the pore structure in press felts using volume iesdg an interesting topic
where the methods for pore structure characterisation pépean be applied. Itis
also left for future work to investigate the applicabilitf’the pore structure repre-
sentations to other porous materials or to characterisafiother hollow structures.
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