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Abstract
Tuomas Sormunen
Measuring the contact area in cellulose fibre bonds using X-ray nanotomography
Master’s thesis
Department of Physics, University of Jyväskylä, 2018, 74 pages
Paper is a stochastic network of cellulose fibres that bond together by different
interactions, most importantly hydrogen bonding. The strength of paper depends on
the strength and the bonded area of individual fibre bonds. Since the bonding occurs
in the molecular range, the actual bonded area is difficult to measure accurately.
In geographic areas with distinct seasonal changes, cellulose fibres obtained from
wood have different properties depending on whether they developed early or late in
the growth season. The fibres are usually divided into two categories: springwood and
summerwood fibres. As such, three fibre bond types exist: springwood, summerwood,
and spring-to-summerwood bonds. Summerwood bonds are the strongest in bearing
load but have the lowest optically bonded area, while springwood bonds conversely
have the greatest optically bonded area but are the weakest. Spring-to-summerwood
bonds have intermediate values in both the strength and the bond area.
X-ray nanotomography is a non-invasive imaging method that uses X-rays penetrating a body to produce a 3D representation of the sample. The sample is imaged
from a number of directions, upon which the attenuation of each X-ray beam’s
intensity through the sample is recorded. Filtered backprojection algorithm can then
be used to create a reconstruction of the sample based on the acquired shadowgraphs.
In total, 26 softwood kraft pulp cellulose fibre bonds were prepared and imaged,
13 of which were spring-to-summerwood, 7 summerwood, and 6 springwood fibre
bonds. According to the results, the average relative contact area, as could be
resolved with the imaging apparatus, did not seem to significantly differ between
bond types. These findings suggest that the observed strength differences between
bond types might not be explained by differences in relative contact area.
Keywords: X-ray nanotomography, cellulose fibre, bond area
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Tiivistelmä
Tuomas Sormunen
Sellukuitusidosten kontaktipinta-alan mittaaminen röntgennanotomografiaa käyttäen
Pro gradu -tutkielma
Fysiikan laitos, Jyväskylän yliopisto, 2018, 74 sivua
Paperi on stokastinen verkosto toisiinsa eri vuorovaikutusten, tärkeimpänä vetysidosten, avulla sitoutuneita sellukuituja. Paperin lujuus riippuu yksittäisten kuitusidosten lujuudesta ja sidospinta-alasta. Todellista sidospinta-alaa on vaikea määrittää
tarkasti, sillä sitoutuminen tapahtuu molekulaarisessa mittakaavassa.
Maantieteellisillä alueilla, joilla havaitaan selkeitä vuodenaikojen muutoksia, puun
sellukuiduilla on erilaisia ominaisuuksia riippuen siitä, syntyvätkö kuidut kasvukauden alku- vai loppuvaiheessa. Kuidut jaetaan yleensä kahteen luokkaan: kesä- ja
kevätpuukuituihin. Näin ollen voidaan muodostaa kolmea erilaista sidostyyppiä:
kevätpuukuidut, kesäpuukuidut sekä kevät-kesäpuusidokset. Kesäpuusidokset ovat
lujimpia, mutta niillä on pienin optisesti sitoutunut ala, kun taas kevätpuusidoksilla on suurin optisesti sitoutunut ala mutta pienin lujuus. Kevät-kesäpuusidosten
sidosalan ja lujuuden arvot ovat näiden välimaastossa.
Röntgennanotomografia on kuvantamismenetelmä, jossa käytetään kappaleen
läpäiseviä röntgensäteitä näytteen 3D-mallin muodostamiseksi. Näyte kuvataan
useista eri suunnista, ja jokaisen röntgensäteen intensiteetin vaimeneminen rekisteröidään. Otettujen varjokuvien perusteella näytteestä voidaan muodostaa rekonstruktio
esimerkiksi suodatettua takaisinprojektiota käyttäen.
Sulfaattimenetelmällä valmistetusta havusellumassasta muodostettiin ja kuvattiin 26 kuitusidosnäytettä: 13 kevät-kesäpuusidosta, 7 kesäpuusidosta sekä 6 kevätpuusidosta. Kuvausten perusteella keskimääräinen suhteellinen kontaktiala, joka
kuvausmenetelmällä pystyttiin erottamaan, ei vaikuttanut merkittävästi vaihtelevan
sidostyyppien välillä. Tulokset viittaavat siihen, että erot suhteellisessa kontaktialassa
eivät kenties selitä havaittuja lujuuseroja sidostyyppien välillä.
Avainsanat: röntgennanotomografia, sellukuitu, sidosala
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Introduction

The basic structure of paper is that of interconnected cellulose fibres that are usually
acquired from wood through multiple stages of processing. Paper products are
ubiquitous items that find their use in manifold situations all over the world. These
include commodities such as containerboard of shipping packages, tissues, wallboard,
and perhaps most notably the regular printing and writing paper [1]. Indeed, paper
has played a major role in both communication and storage of information throughout
history.
The earliest relic of a paper-like product, a papyrus roll, dates back around 5 000
years to an Egyptian tomb. However, the origins of actual papermaking are in 73 – 49
B.C. China. In the beginning, paper was made by hand, but swiftly, via development
of technology, paper mills were established, utilising e.g. horse and water power as
well as manual human labour. As the craft spread around Europe in the 11th century,
the paper mill technology remained in stasis for centuries. Eventually in the late
18th and early 19th centuries, the increase in demand for paper led to innovations
around Europe that resulted, finally, in the invention of the paper machine, whose
principles are still in use today. [2]
The connection between fibres is a result of different kinds of molecular interactions.
It is this fibre bonding that is responsible for the paper network. Fibre bonds also
play an important role in the strength of paper, since individual fibres are capable
of bearing a load 20 times that of the bond made from these fibres [3]. Thus, the
bonds, instead of the single fibres, are the weak link and usually the ones to give
when straining paper.
Fibre bond strength has been studied abundantly throughout the 20th and 21st
centuries. Fibre bond area has been of interest as well since it has an influence on
the mechanical, optical and strength properties of paper. However, studying the
actual bond area is challenging, since the relevant length scales are in the molecular
magnitude. Thus, the used methods contain certain restrictions. Studying the bonded
area in whole papers via optical scattering experiments lacks an exact reference value
[4]. Viewing individual fibre bonds in visible light is limited in terms of resolution
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by the used wavelength [4]. Polarisation microscopy is only applicable to bonds of
thin-walled fibres [5]. Fluorescence resonance energy transfer yields nanometre-scale
resolution, but is as of yet only a comparative tool [6]. As such, there is demand for
a method capable of surpassing the resolution of optical tools and producing relevant
quantitative data.
X-ray tomography is an imaging modality applicable in the study of a wide variety
of materials. The principle is that X-rays attenuate as they penetrate through a
sample, the extent of which depends on the density of the sample and the distance
traveled inside it. As such, recording the attenuation of each path through a sample
generates a map of its density variations. As the sample is imaged in discrete steps
around a semi-circle, a 3D reconstruction can be made from the individual images,
allowing non-invasive access to information inside the sample through image analysis.
The advancement of X-ray optics has enabled imaging devices to reach resolutions in
the sub-micrometre scale, which is apt for investigating individual fibre bonds.
X-ray nanotomography has previously been used to study fibre bonds at the
University of Jyväskylä and VTT Technical Research Centre of Finland [7]. The
research found that there was wide variation in the bond area between samples. As
the sample preparation is challenging, imaging time lengthy and the probability of
undesirable movement during imaging high, only 6 data points could be obtained,
due to which no statistically significant generalisations could be made.
The purpose of this thesis is to generate a greater data set from bonds made
of different kinds of fibres using X-ray nanotomography, and to investigate if there
exist correlations between the intersection area, relative contact area, i.e. degree of
bonding, and other dimensions of the bonded fibres. If such correlations exist, they
may provide valuable information on how to improve the papermaking process so
that the required paper strength can be obtained using less raw material, generating
ecological and economical benefits. Since few studies have focused on quantitative
differences in contact area between bond types, the present study may provide
relatively novel information.
The exact research questions to be addressed are: Are there significant differences
in the relative contact area between different fibre bond types? Can these differences
explain the strength differences observed in different bond types? Are there differences
in drying stress development and exerted pressure between fibre and bond types, as
manifested by necking (see Section 2.4.2 for definition)? Do the correlations between
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various fibre properties and bond strength as described in the lap joint model apply
to relative contact area as well? The details to these questions are addressed in
relevant chapters.
The structure of the work is as follows: Chapter 2 introduces the background of
fibres as raw material, the structure of fibres, fibre bonds and paper, fibre bonding
mechanisms, and shortly outlines relevant papermaking processes. Chapter 3 concerns
the physics of X-rays, and the algorithm for tomographic reconstruction. Chapter
4 describes the experimental setup, sample preparation, the imaging device and
image analysis techniques utilised for determination of fibre bond area. Chapter 5
contains the obtained results and calculations. Chapter 6 discusses the implications
of the results, including comparison to values in literature. Finally, Chapter 7 is the
conclusion that also discusses the work as a whole, and future research topics.

4
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2

Theoretical background

The main ingredient of paper, cellulose fibres, is obtained from wood. In order to
produce the end product, the fibres undergo several stages of processing, which
eventually lead to bonding between fibres, generating a network of inter-connected
elements we call paper. It is this fibre bonding that enables papermaking in the
first place, and is arguably the most important factor affecting the strength of paper.
The degree and strength of fibre bonding is determined by many factors, including
properties of the used fibres and the degree of processing involved in each stage of
papermaking. The actual paper strength is influenced accordingly, but there are
other factors contributing to sheet strength as well.

2.1

Wood

Trees are generally divided into two main categories, gymnosperms and angiosperms,
according to the structure of their seeds. In commercial use, the terms “softwood”
(or evergreen) and “hardwood” (or deciduous) are often used as synonyms for
these categories interchangeably, even though there generally is large overlap in
the respective “hardnesses” throughout species [8]. The most obvious difference
between the two is that softwoods have thick needles that are retained throughout
the year, whilst hardwoods have broader leaves that are shed before the winter in
colder regions. Nevertheless, their macro- and microstructures are very similar. For
the purpose of this thesis, only softwood is considered more closely.
Wood (or xylem) is the biological material located inside the protective outer
bark layer of the tree. Between the two lies the inner bark (or phloem), which is
further separated from the xylem by a thin layer of tissue called the cambium (see
Fig. 1). In the cambium, cell divisions occur, and new wood is produced coaxially
around the older wood. The produced cells are categorised into two: prosenchyma
and parenchyma cells. Parenchyma cells are generally rectangular in shape, whilst
prosenchyma cells are very thin and long. Tracheids are a type of prosenchyma
cells characterized by fibrous form and generally longitudinal orientation inside the
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tree. Other cells in the tree include ray tracheids and parenchyma cells, which are
predominantly oriented radially. Tracheid cells conduct water and act as supporting
elements inside the tree, whilst parenchyma cells store and transport photosynthetic
assimilates. [8]
Since tracheid cells constitute over 90 % of softwood and about 50 % of the
hardwood volume [9], they are the main constituents of paper and paper products.
Generally the terms wood, pulp, and cellulose fibre are used interchangeably for
tracheid in papermaking, even though they are not exactly synonymous.
Cambium
Phloem
Sapwood
Outer bark

Heartwood

Figure 1: A tree cross-section with relevant structures labelled. The xylem
is separated into physiologically active and inactive regions (sapwood and
heartwood, respectively). Adapted from [10].

2.2

Cellulose fibre

As the name suggests, wood fibres mainly consist of cellulose, which is a linear
chain of glucose units, i.e. a homopolysaccharide. Its degree of polymerization in
wood is around 104 , meaning that it contains roughly 10 000 units of glucose in each
molecule [8, 11]. The glucose units contain hydroxyl (-OH) and carboxyl groups
(-COOH), which have a propensity for hydrogen bonding. Hydrogen bonding is a
type of interaction in which an electronegative atom, covalently bonded to hydrogen,
induces an electric dipole via the former attracting the lone electron of the latter
towards itself. This induced dipole, with the H-atom acting effectively as a positive
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pole, attracts and bonds to another electronegative atom. In the case of cellulose,
the hydroxyl by itself or as a part of a carboxyl group bonds to an oxygen atom.
As such, since the cellulose molecule contains thousands of such polar groups, the
molecules tend to coalesce, creating a crystal lattice. As enough of these molecules
aggregate, an elementary fibril with a width of a few nanometres is formed. These
can further hydrogen bond side by side as well as end-to-end, forming a microfibril
with a width distribution of about 5 – 30 nm [8, 9]. In this form, regions of high and
low crystallinity appear, with the amorphous regions giving rise to flexibility and
crystalline regions to rigidity. As well as intermolecular bonding, also intramolecular
bonding can occur, giving further rise to high rigidity of singular cellulose molecules.
Fig. 2 shows a schematic of intermolecular hydrogen bonding between two cellulose
molecules.

Figure 2: A schematic of a proposed hydrogen bonding network between two
cellulose molecules. The dotted lines show the hydrogen bonds. Adapted from
[12].

Cellulose fibres are in a sense the elementary component of the paper network.
The cell structure is reminiscent of that of a hollow tube, with the walls structured
in several distinct layers, or lamellae. Fig. 3 shows the structure of a cellulose fibre.
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The hollow interior, called lumen, is surrounded by 3 secondary walls (S1 – S3), a
primary wall (P), and an exterior called the middle lamella (ML) which separates
individual fibres from each other in the wood. The lumen acts as a transport module
for water. The layers in essence consist of microfibrils curled around the lumen in
different angles. In the P layer, the orientation of the fibrils is random, while the
S layers each have a different angle in which the fibrils curl helically around the
lumen or the layer below it. The different layers also contain different amounts
of microfibrils, giving rise to varying thicknesses. As in the case of intermolecular
bonding, the microfibrils are attached to one another through hydrogen bonds.
Cellulose fibres exhibit wide dimensional variations between species. Softwood
fibres have average estimated length and width variations of 2.5 – 7 mm and 25 –
60 µm respectively [13], whilst the same dimensional variations for hardwood fibres
are, roughly, 0.9 – 1.5 mm and 15 – 40 µm respectively [3, 9]. Some softwood species
exhibit lengths and widths up to 9.3 mm and 88 µm respectively [11]. As well as
interspecies variation, there exists large intraspecies and intraspecimen variation,
the latter depending upon various factors, such as the fibre’s position in the tree,
age, and growth season. Indeed, in regions where there are distinct temperature
changes between seasons, fibres formed early in the growth season are quite different
from the late season fibres. Two main categories exist: early or springwood, and
late or summerwood fibre. The former have generally thin walls and large lumina,
while the latter are thick-walled, have a smaller diameter, and the lumina may be
almost non-existent. These differences are readily seen in annual growth rings in
wood cross-sections as light and dark segments, respectively.
In addition to cellulose, fibres contain two other primary chemical components,
namely hemicelluloses and lignin. The former are a group of branched heteropolysaccharides that are hydrophilic, while the latter, often called the “glue” that keeps the
fibres together in the wood, is a polyphenolic material structured irregularly, giving
rise to hydrophobicity. Hemicelluloses are located between microfibrils in the fibre
wall [15]. The distribution of these chemicals varies inside the softwood fibres: in the
ML and P layers about two thirds of the total mass is lignin, while in the S layers
lignin constitutes about one fourth of the total mass. The rest of the mass comes
from polysaccharides. These distributions have relevance in papermaking and fibre
bonding. [8, 11]
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Lumen
S3
S2
S = secondary wall

S1

P = primary wall
ML = middle lamella

P
ML

Figure 3: Schematic illustration of the fibre cell structure. Adapted from [14].

2.3

Paper and papermaking

The processing of wood into paper requires several stages. First, the wood material
naturally has to be cut into chips. Then, the fibres have to be separated from each
other through pulping. Various bleaching chemicals are added for certain paper
grades after pulping. Often the pulp needs to be refined (beaten), which strips layers
away from the fibres. In the paper machine, processed pulp goes through a former
section, where a stream of pulp is laid in the form of a mat on a conveyor belt known
as the wire. The laid pulp is pressed in the wet press sections, and finally dried
and calendered, which makes the surface of the formed paper smooth. Additional
surfactants and coating agents can be added to the finalised product.
Pulping can be done either chemically, mechanically or as varying combinations
of both. As the name implies, mechanical pulping involves only mechanical action on
wood chips submerged in water. This can be accomplished e.g. via grinding with disk
refiners, which results in fibres separated from each other in a suspension. Chemical
pulping involves the use of acids or bases which dissolve lignin in the ML, liberating
fibres in the process. For example, the kraft process, which has gained popularity
due to its energy efficiency and applicability to all wood species [11], utilises sodium
hydroxide with sodium sulfide. Chemical pulping also removes some lignin from the
fibres themselves, which improves its hydrophilicity. The remaining lignin can be
almost totally removed by further bleaching. [3, 13]
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Refining involves mechanical treatment of fibres in order to improve their bonding
properties. A common method involves pressing submerged fibres between the very
narrow gaps of moving rotor and fixed stator bars, both of rectangular shape. The
fibre bundles are collected by the rotor and pressed throughout their length against
the stator. This results in various changes in the fibre structure: fibres are shortened,
have collapsed lumina, are internally and externally fibrillated, and often the P
and S3 layers are removed. Internal fibrillation means the fibre walls are loosened
structurally, whilst external fibrillation concerns the fibre surface: microfibrils become
protruded from the fibre surface. As a result, the fibres gain flexibility, are able to
swell more, i.e. absorb water, have a ruffled surface and are stronger mechanically.
The degree of refining is quantified by water retention tests. [3, 16]
Refining and pulping produce fines, which are small particles including fibre
fragments in addition to ray and parenchyma cells, generated by the mechanical
and chemical rupturing of wood material. These may or may not be screened away,
depending on the purpose of use.
The wet pressing stage involves applying mechanical compressive stress on the
preprocessed pulp from the former section using e.g. press felts and rolls. The purpose
of wet pressing is to expel water from the mat and bring the fibres closer together,
so that interfibre bonding can occur. Naturally, the fibres also deform in the process,
often leading to the collapse of the lumen particularly in springwood fibres, producing
a ribbonlike structure. After wet pressing, the generated fibre network has to be
dried before finishing treatments are conducted. [17]

2.4

Fibre bonds

Fibre bonding is a complex physical and chemical phenomenon. Several interactions
and mechanisms are identified to play a part in it, but no consensus has been reached
regarding which is the strongest or most prevalent one. Fibre morphology, dimensions
and mechanics, as well as the aforementioned papermaking processes, influence the
degree and strength of the bonding between fibres. The concept of fibre bond is
also non-trivial. For the purpose of this thesis, a fibre bond is defined as a junction
of two fibres. The area of overlap between them is called the intersection area and
the actual bonded area is the subsection of this region upon which the two fibres
actually are in molecular contact. However, since the bond area can not feasibly be
resolved to the molecular scale as a whole, the term contact area is used instead to

11

differentiate between them. The relative contact area, then, is the subsection of the
intersection area which is measured to be in contact, i.e. the distance of the fibres is
less than the resolution of the observer.

2.4.1

The mechanisms involved in fibre bonding

The development of a fibre bond involves many different forces and interactions. When
the pulp is wet pressed, a meniscus of water is formed between the intersection area
of the fibres due to each cellulose surface hydrogen bonding to the water molecules.
As such, a capillary bridge is formed between the fibres, generating an attractive
surface tension force (see Fig. 4). As the fibres are dried, water evaporates, generating
ever greater force of surface tension, pulling the fibres closer and closer together
[4]. External fibrils aid in this attraction, since opposing fibrils may mechanically
interlock. These phenomena are known as the Campbell effect [3]. As the solids
content, i.e. the proportion of dry fibre mass to the total suspension mass, gets higher
and higher, the distance between the fibres approaches molecular range, upon which
hydrogen bonding, Coulomb forces and van der Waals’ interaction can occur. At
this distance, diffusion of molecules, i.e. polymers, from one fibre surface to another
can occur, also influencing the bond strength [18].
Fibre 1
Fibre 2
Fibre 1
Water
meniscus

Intersection area
Fibre 2

Figure 4: An illustration of fibre bond development: a water meniscus, seen in
the cross-sectional view on the right, is formed upon wet pressing between the
intersection area of two fibres, seen in the top-view on the left.
Generating strong fibre bonds requires a polar solvent, since hydrogen bonding is
required between cellulose molecules and the solvent. Fibre bonds are also readily
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dissolved when submerged in such a solvent, rendering it a highly reversible process
that can be utilised in paper recycling. [4]
The earliest theories of fibre bonding attributed the strength of the fibre bond
almost exclusively to hydrogen bonding, which is perhaps the most relevant in
the development of the bond. In recent studies Hirn and Schennach [18] have
evaluated the specific binding energies of each individual mechanism in the bond
area, indicating that van der Waals forces, i.e. attractive electric dipole moments
generated by quantum fluctuations, and Coulombic interaction may be even ten
times more energetic than hydrogen bonding. Mechanical interlocking of fibrils is
claimed to be as strong as hydrogen bonding. In addition, surface tension induced
by capillary bridging plays a part in the bond strength as well, since the relative
humidity of the environment dictates the amount of water retained in the bond area
and the fibres themselves. As such, hydrogen bonding may not be the most relevant
factor affecting the strength of the bond.
2.4.2

Drying and the structure of the fibre bond

The simple model of Fig. 4 predicts that the actual bonded area is identical to that of
the intersection area, determined by the width of the involved fibres and the angle at
which they cross each other. However, the stresses generated by drying complicates
the matter. Cellulose fibres swell when submerged in water. As the fibres are dried,
they shrink both in the longitudinal and the radial direction in degrees related to
their swelling ability. The contraction in the radial direction is much higher [3]. In
the fibre bond area the fibres are in essence attached together in a near 90 degree
angle. As such, the radial shrinkage of one fibre is inhibited by the other, and vice
versa. Due to this, the phenomenon of necking is observed [19]: the bonded fibre
segments are wider than the free segments. However, the stresses generated in the
bond area can also lead to rupture, particularly in the fringes, which experience the
strongest shrinkage forces [20]. Large unbonded sections can sometimes be observed
in the middle sections as well [21, 22].
Nanko and Ohsawa have provided a model for the structure of the fibre bond
based on empirical observations [23]. As seen in Fig. 5, there are 4 structural elements
involved. The most relevant is the bonding layer, which is amorphous and consists
of external fibrils and fines. When wet, the external fibrils of free fibres can float
around. When water is removed, hydrogen bonding forces them to collapse to the
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fibre surface. In the intersection area, the fibrils of opposing fibres may interlock
when wet pressed. As the fibres are dried, the fibrils and fines hydrogen bond to
each other and to their respective fibre surfaces, creating a film between the fibres.
In the bonding layer, wrinkles can often be observed, even though they are much
more prevalent in the free fibre segments [23]. These are formed in the drying phase,
as individual fibrils shrink in the radial direction. The skirt is seen in refined fibres.
It is formed in the wet pressing stage, when the S1 layer is squeezed out of the
intersection area. This creates bulging in the neck. Finally, the covering layer is
formed by external fibrils and fines on the skirt [24].

Figure 5: General structure of the fibre bond, as illustrated by Nanko and
Ohsawa. [23] Note the collapsed lumina of both fibres.

2.4.3

Lap joint model

The fibre bond can be modeled as a lap joint, i.e. two beams joined together by an
adhesive, as shown in Fig. 6. This kind of model is often used in strain analyses in
engineering, specifically utilising linear elastic theory. Button [25] showed that this
model is applicable to cellophane (regenerated cellulose) fibres as well, using different
lap configurations and straining modes. He found three main features that increase
the failure load of the bond: fibre thickness, elastic modulus, and the symmetry
in these variables between the bonding fibres. Thickness and axial modulus affect
failure load, i.e. force required to detach the fibres, in proportion to the square root
of these parameters. Bond length, implying bond area as well, seems to have a
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slight effect. Bond length is the distance of fibre overlap in the horizontal direction.
However, Button also ran preliminary tests with wood fibre bonds as well, and a
positive correlation was found between bond length per fibre thickness and failure
strength of the bond. The preliminary tests did nonetheless show unusually high
bond strengths for the wood fibres, which makes these results debatable [24]. As
such, the linear elastic model should be appled only as a first approximation for fibre
bonds.
Beam 1
Adhesive

Beam 2

Figure 6: A simple lap joint. Shearing stress is induced by pulling the beams
horizontally apart, giving a measure for failure load.
Button was inconclusive about the effect of fibre width on the failure load of the
bond. Another study [26], utilising aluminium alloy beams adhered in a simple lap
joint formation found that joints with identical total adhesive area but with different
width-length ratios have failure load differences as high as 28 percent in favour of
the high-width joints. As such, the direction of loading affects the obtained results,
and this must be taken into consideration.
2.4.4

Factors influencing fibre bonding

The two main physical parameters characterising fibre bonding are bond area and the
strength of the bond. The exact relation between the two is not clear: most factors
affecting bond strength affect bond area as well. Nonetheless, a third parameter,
known as the specific bond strength, i.e. breaking load per bond area, is often used
in scientific articles as a characterization of fibre bonding.
Fibre bonding is influenced by many factors. As seen in the previous section,
thickness and elastic modulus as well as the symmetry in these parameters between the
fibres affect bonding. Other variables affecting bonding include fibre conformability,
swellability, coarseness, chemical composition, internal and external fibrillation,
humidity, additives and fines content. These are dependent on fibre dimensions and
morphology, and also relevant papermaking processes.
Internal fibrillation is the detachment of layers (delamination) inside the fibre.
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This increases its flexibility and collapsibility, making it better able to conform to
uneven surfaces, and thus enhances fibre bonding [4]. Dislocations also increase
conformability. External fibrillation further increases fibre bonding, generating fibrils
capable of fitting into surface irregularities [4, 27]. Both external and internal
fibrillation is increased via refining, making it an important phase in papermaking.
Springwood fibres seem generally more morphologically apt for fibre bonding.
They are thin-walled, yielding better flexibility and conformability, and they are
more collapsible due to large lumen volume and upon collapsing end up with greater
width. Indeed, springwood fibres generate higher bond areas than summerwood
fibres, but they have markedly lower breaking strengths [28–30]. These studies found
that the specific bond strength of summerwood loblolly pine’s fibre bonds is about 2
to 3 times that of springwood ones. The numerical values for breaking load and bond
area for springwood and summerwood fibres from a lightly beaten bleached kraft
pulp were 0.47 g and 2410 µm2 , and 0.87 g and 1500 µm2 , respectively, in Stratton
and Colson’s study [28]. According to Schniewind et al. [31], spring-to-summerwood
bonds have strength and area values intermediate to exclusively summerwood or
springwood bonds.
Relative contact area is defined as the ratio of the actual contact area of the
bond, and the intersection area covered by the two fibres. In a recent study [32],
the relative contact area of unbeaten and beaten unbleached kraft softwood fibre
bonds were found to be 86 % and 98 %, respectively. The results were obtained via
microtome sectioning and optical microscopy. These values seem relatively high, as
compared to the previous study in University of Jyväskylä [7], where the respective
relative contact areas were 33 % and 58 %. The resolution between the methods vary
as well: for the former, pixel size was 161 nm, while for the latter, 65 nm, and as
such the latter results may be closer to the actual contact area. However, care has
to be taken in comparing to the latter case, since only 3 of each bond sample were
studied, whereas in the former the sample sizes were around 70. Another study [22]
utilised bleached sulphite spruce pulp, and the relative contact areas for unrefined
and lightly refined fibre bonds were found to be, via optical microscopy, 46.6 % and
71.6 %, respectively. As such, it is unclear in which range the actual values lie.
The differences between springwood and summerwood fibre bonds can be explained by the lap joint model and perhaps in part by the differences in chemical
composition. Surface lignin content has been found to markedly affect fibre bond
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strength but not significantly the bonded area [33]. Since springwood fibres have a
higher relative surface lignin content particularly after refining [34], this may explain
some of the differences. As seen by the lap joint model, a higher elastic modulus
and thickness contribute positively to fibre bond strength, with the bond area not
having a significant effect. These features seem to suggest that summerwood fibres
are better for fibre bonding, since they have a higher thickness and collapse little
compared to springwood fibres, and have about 40 % greater elastic modulus [35].

2.5

Paper strength

Paper strength is dependent on the strength of the individual fibres, and the strength
and number of bonds between them [28]. In addition, fibre segment activation in
the paper network influences the ability of the unbonded fibre segments to carry
load [36]. Activation means that as the paper is dried, particularly under strain, the
originally curved and therefore relaxed unbonded fibre segments are straightened and
stressed, yielding better load carrying properties due to increased tensile stiffness,
which makes the distribution of stress in the sheet more even. As activation is highly
dependent on the fibre bond area, it influences the strength of the paper sheet, even
if on an individual fibre bond level the area may not play an important part.
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3

Methodology

X-ray nanotomography is a relatively new invention and thus a novel method in the
study of individual fibre bonds. As the name suggests, the imaging process involves
X-rays, which consist of quanta of electromagnetic radiation in the wavelength range
0.001 to 10 nanometres. Tomography, or more specifically computed tomography,
is a sectioned imaging technique that utilises radiation capable of penetrating a
body under observation. The sectioned images, gathered at different sample rotation
angles, can be used to reconstruct a 3D model of the sample via various computer
algorithms, one of which will be discussed more closely.

3.1

X-rays

The probing capability of X-rays is based upon their high energy. When an X-ray
photon interacts with matter, some of its energy is lost to the atomic electrons of
the material it penetrates. The most relevant interactions in the X-ray energy range
are Rayleigh scattering, the photoelectric effect and Compton scattering. Rayleigh
scattering effectively changes the angle of the incoming photon: an electron absorbs
the photon, inducing a vibration that leads to photon emission of the same energy at
a different angle. This is relevant at low X-ray energies. In the photoelectric effect,
an electron absorbs a photon and is ejected from its shell, with a kinetic energy equal
to the difference of the photon energy and the electron binding energy. Similarly to
the photoelectric effect, in Compton scattering an electron absorbs a photon and is
expelled from its shell, but some energy is retained by the photon, which is deflected
at an angle. The energy difference is related to the deflection angle by conservation
of energy and momentum.
X-rays are in most cases generated via electrical interaction between a negatively
charged filament and a positively charged target attached to an anode material. The
filament is typically made of tungsten, but there are various target materials that
can be used depending on the application. The system of the anode and cathode is
enclosed in vacuum. When the potential difference between the two is high enough
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(often in the kilovolt range) and the filament sufficiently heated, electrons in the
tungsten cathode are energetic enough to strike the target material and produce
X-rays. Two relevant interactions can be observed: the accelerated electrons are
decelerated by the nuclei of the target atoms or they transfer their energy to an
electron. The former, called bremsstrahlung, or braking radiation, happens in varying
degrees. The excess energy is released as X-rays in a continuous spectrum. In the
latter case, the transferred energy leads to an atomic electron being expelled from the
atom. This vacancy is rapidly filled by an electron in a higher energy level, releasing
radiation with a different energy. If there exist electrons on even higher levels, a
chain reaction can be observed, each vacancy being filled by a more energetic electron.
These transitions generate the so called characteristic peaks in the spectrum. In
addition to these interactions, the energy released in a discrete transition can be
carried by Auger electrons that are expelled from the highest energy levels due to the
absorbed kinetic energy. However, the most frequent interaction (over 99 %) happens
with the outer atomic electrons, which releases heat.
Fig. 7 illustrates an X-ray spectrum produced by colliding electrons to a tungsten
target with an acceleration voltage of 100 kV. The acceleration voltage naturally
dictates the highest energy available for the X-ray: in this case, 100 keV. Low energy
X-rays produced by the bremsstrahlung dissipate partly or totally in air, producing
the observed spectrum. The characteristic radiation peaks (K-peaks) are observed
at 59.32, 57.99, 67.15 and 69.13 keV [37], which are determined by the electronic
configuration of the target material.
For purely monochromatic radiation, the photons penetrating a material obey
the Beer-Lambert law, as they lose energy via the interactions mentioned above.
Assuming totally linear attenuation and a homogeneous material, an electromagnetic
beam moving straight in the x-direction attenuates by the formula
dI
= −µdx,
I

(1)

where I is the intensity of the beam and dI its change, µ the linear attenuation
coefficient of the material and dx the depth it penetrates. Integrating both sides
gives
I = I0 e−

R

µdx

,

(2)

where I0 is the intensity of the incoming radiation. For a heterogeneous material,
the attenuation coefficient becomes a function of x.
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In the case of polychromatic radiation and heterogeneous material, as is often
the case for X-ray imaging, the equation has to be modified. Since beams of each
energy have different intensities, the incoming intensity is a function of energy. It is
also known that the linear attenuation coefficient is energy dependent. As such, the
formula becomes
dI0 (E) − R µ(x,E)dx
e
dE.
(3)
dE
Using this formula, if one records the intensity of the radiation before and after the
I=

Z

sample, the linear attenuation coefficient of a single ray path can be exactly deduced.
Recording the intensity–energy spectrum cannot be sensibly conducted in practice. As such, Eq. (2) is used, but instead of the linear attenuation coefficient we
use the effective linear attenuation coefficient. Effective in this case means the
linear attenuation of the total intensity of the given (incoming) spectrum. In this
simplification, since I0 is the incoming intensity that is known (or measured), and
I the recorded intensity after the sample, deducing the effective linear attenuation
coefficient through each path becomes simple in the 3D case as well.

Figure 7: X-ray spectrum of a tungsten anode, data from [37]. Amount of
photons are normalised to the Kα1 -peak at 59.32 keV.

20

3.2

Computed tomography

The most common X-ray tomography modality relies on absorption of radiation in a
sample, imaging the sample in discrete steps around a circle or a semicircle, and a
reconstruction algorithm that generates a 3D model from the recorded projection
images, i.e. radiographs. There are generally two beam geometries that are used in
3D X-ray tomography: cone beam and parallel beam. For the purpose of this thesis,
only the latter is addressed.

3.2.1

Parallel beam geometry

The principle of X-ray tomography in parallel beam geometry can be explained via a
simplified example. Consider a sample on a 3 by 3 grid (see Fig. 8). The elements in
the grid are absorption coefficient values of the sample in that section, which are
unknown in the beginning. The total attenuation of an X-ray penetrating the sample
along a line can be obtained by summing the coefficients in the elements of the grid
intersecting the line. This sum is detected after the sample.
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Figure 8: A simple illustration of parallel beam geometry. The sample is
shown on the left, the imaging process on the right. The values in the grid are
absorption coefficient values, with each X-ray path visualised with arrows, and
the sums of the absorption coefficients at their tip.
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In parallel beam geometry, the X-rays travel from the source to the detector
through the sample in a straight line, i.e. parallel to a central line. When enough
images in different angles are obtained, a system of linear equations can be formed
that, when solved, reconstructs the original sample. The equation can be expressed
in the matrix form, with the grid elements notated with xi values:
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(4)

0 0 1 0 0 1 0 0 1
10
√
The diagonal ray paths can be multiplied by 2 for precision.

Solving the equation above yields the reconstruction of the original sample. This
is known as the algebraic reconstruction technique. In a very simple case, it can
easily be solved. However, as the sample size and number of unknown values grow,
the algorithm becomes computationally demanding and consequently very slow to
perform. Due to this drawback, other methods have been developed, most common
of which is the filtered backprojection algorithm.

22

3.2.2

Filtered backprojection

In 2D, rotation of Cartesian coordinates can be easily conducted via a rotation
matrix. A clockwise rotation about the origin on the xy-plane is given by
 

s

 

t



cos θ

sin θ

 



x

x cos θ + y sin θ



  = 
,
=
− sin θ cos θ y
−x sin θ + y cos θ

(5)

where θ is the angle of rotation, and s and t the coordinates in the rotated system.
Fig. 9 shows the coordinate rotation in parallel beam geometry.
The sample can be thought of as a target function in the xy-plane. As such, a
projection of any single X-ray through the sample can be thought of as a line integral
p(x) =

Z

f (x, y)dy.

(6)

line

In the rotated coordinate system, the formula is

pθ (s) =

Z

Z∞

f (x, y)dt =

f (s, t)dt,

(7)

−∞

line

where t is parallel to the X-ray paths and s denotes the detector pixel. This is known
as the Radon transform. Fourier transforming this equation gives
Z∞

Pθ (ω) =

−i2πωs

pθ (s)e

−∞

ds =

Z∞ Z∞

f (s, t)e−i2πωs dtds.

(8)

−∞ −∞

Substituting the coordinate transformation, whose Jacobian is



J(s,t) =



∂s ∂s
 ∂x ∂y 
∂t ∂t
∂x ∂y



=



∂(x cos θ+y sin θ) ∂(x cos θ+y sin θ)
∂x
∂y


∂(−x sin θ+y cos θ) ∂(−x sin θ+y cos θ)
∂x
∂y



cos θ

=
− sin θ

sin θ



cos θ



(9)

with a determinant 1, gives

Pθ (ω) =

Z∞ Z∞

f (x, y)e−i2πω(x cos θ+y sin θ) dydx.

(10)

−∞ −∞

Making a change of variables
u = ω cos θ,
v = ω sin θ,

(11)
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we obtain
Pθ (ω) =

Z∞ Z∞

f (x, y)e−i2π(xu+vy) dydx = F (u, v),

(12)

−∞ −∞

where F (u, v) is the 2D Fourier transform of f (x, y). The inverse Fourier transform
thus gives

f (x, y) =

Z∞ Z∞

F (u, v)e

i2π(xu+yv)

−∞ −∞

dvdu =

Z∞ Z∞

Pθ (ω)ei2π(xu+yv) dvdu.

(13)

−∞ −∞

Now, u and v and their differentials can be changed back. The Jacobian is


J(u,v) =

∂u
 ∂ω
∂v
∂ω



∂u
∂θ 
∂v
∂θ



=



∂(ω cos θ) ∂(ω cos θ)
∂θ
 ∂ω

∂(ω sin θ) ∂(ω sin θ)
∂ω
∂θ



cos θ

−ω sin θ

sin θ

ω cos θ

=


,

(14)

whose determinant equals ω, and so dvdu = ωdωdθ. Thus,

f (x, y) =

Z2πZ∞

Pθ (ω)ei2πω(x cos θ+y sin θ) ωdωdθ

0 0

=

Zπ Z∞

(15)
|ω|Pθ (ω)ei2πω(x cos θ+y sin θ) dωdθ,

0 −∞

since Pθ (ω) is an odd periodic function. This is the formula of the filtered backprojection algorithm. Backprojection means that the detected projection at each
angle (i.e. radiograph) is in essence smeared back through the coordinate system at
that angle, yielding a reconstruction of the original sample. Each projection (in 2D)
represents a line (or a slice) through the origin in the transformed space: the angle of
the projection determines the angle at which it intersects the origin of Fourier-space
(see Fig. 10). This is the Fourier slice theorem, represented by Eq. (8): a 1D Fourier
transform of a projection is a slice of 2D Fourier transform of the object function.
Since each slice intersects the ω or frequency space at the origin, much more
information is obtained of the low frequencies and less of the higher ones. This is
visualised in Fig. 11. In xy-space this means that areas of low absorption difference
are amplified, while regions of high variation, e.g. edges, are suppressed. This leads
to very poor resolutions in the areas of perhaps most interest. To counter this, a
filter is applied when conducting the inverse Fourier transform. The term |ω| in
Eq. (15) is the filter in question. The absolute value function amplifies the signal
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linearly, leading to a more balanced reconstruction in terms of resolution, as the
higher frequencies gain more relevance due to higher amplification.
In the case of X-ray tomography, the target function f (x, y) is the effective linear
attenuation coefficient µeff (x, y) of the sample. This value is determined by the ratio
of the detected and incoming intensities through the X-ray paths. X-ray intensities
correspond to photon counts on the detector, which manifest themselves as grey
values in the reconstruction.
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Figure 9: An illustration of parallel beam X-ray tomography. In this case, the
sample is stationary and the source and the camera system rotate about an axis.
The xy-coordinates thus remain the same. In a), the coordinate system with 0◦
rotation, and b) 90◦ clockwise rotation.
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Figure 10: An illustration of the Fourier slice theorem. A radiograph obtained
on rotation angle θ corresponds to a single slice, intersecting the origin at the
same angle θ in the Fourier space.

Figure 11: An illustration of the sampling problem. As each projection is
sampled in discrete intervals (marked by red squares), the lower frequencies near
the origin are sampled more densely than the higher ones.
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3.3

X-ray nanotomography

A common X-ray tomography apparatus consists of an X-ray source, a sample holder
and a camera system coupled to a scintillator. However, in order to record features
in the sub-micron scale, focusing and magnifying optics have to be applied. Since
X-rays have a refractive index near 1 for all materials [38], simple optical components
applicable to visible light such as concave or convex lenses are often not practical.
The original patent of parallel X-ray nanotomography [39] used an ellipsoid
capillary lens system for focusing the X-ray beam toward the sample, and plural
Fresnel zone plates for focusing the attenuated beam to the camera system. The
capillary lens is in essence a system of mirrors that redirect the X-ray beam via total
external reflection. Using near 0◦ grazing angles, the reflectivity of all materials is
close to 100 %, resulting in high efficiency for X-rays. The elliptical shape directs
X-rays to a single focus. The zone plate consists of alternating concentric opaque and
open rings, called Fresnel zones. When X-rays come into contact with the opaque
rings, diffraction occurs. The spacing of the Fresnel zones, i.e. period, determines
at which point after the zone plate constructive interference occurs. The zone plate
thus acts as a diffractive lens for X-rays, with a single focal point.
A more detailed description of the realisation of an X-ray tomography apparatus
is given in Chapter 4.

3.4

Factors affecting reconstruction quality

As can be expected, the parameters used in the imaging process affect quality of
reconstruction: the higher the exposure time of each radiograph and the greater the
contrast between the sample and background, the better the image. The number of
acquired radiographs is important as well. Fig. 12 shows the effect of increasing the
number of images, i.e. decreasing rotation step size: the greater the number of images,
the more accurate the reconstruction (under vs. oversampling). Imperfections in
either the imaging setup or the reconstruction algorithm result in artifacts in the
reconstruction slices. Those relevant for the present study are evaluated next.
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Figure 12: A sample imaged around a semi-circle reconstructed with different
number of images: 3, 6, 21 and 181 images in a), b), c) and d), respectively.
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3.4.1

Motion artifacts and centre of rotation error

Every reconstruction algorithm depends upon the sample being static during imaging.
If this is not the case, motion artifacts appear in the reconstruction, manifesting
themselves e.g. as blurring, especially of sharp details. Moreover, it is assumed
that the rotation axis of the sample is exactly normal to and lies upon the optical
axis of the imaging system. In the case of nanotomographic imaging, every optical
component is aligned in a straight line with respect to the centre of the capillary
lens. If the sample rotates on an axis outside of this optical axis, the reconstruction
is not accurate. This can be corrected post-imaging by applying a centre shift, which
displaces each radiograph a certain length horizontally to virtually move the sample
such that its rotation axis intersects the optical axis. If the rotation axis is normal
but not exactly vertically to the optical axis, centre shift is a function of position as
well.
3.4.2

Beam hardening

In the case of high-absorption samples, low energy X-rays penetrating the material
may be totally absorbed, resulting in only the high energy X-rays penetrating the
whole sample. This is known as beam hardening. In effect, the inner portions of
the reconstruction have a grey value lower than the edges due to it, resulting in
inaccurate representation of the interior of the sample. This effect is most visible in
very dense materials.
3.4.3

Ring artifacts

Dead pixels and significant inconsistencies between the sensitivities of camera pixels
result in ring artifacts in the reconstruction. If the response to X-rays is not exactly
similar between pixels, some of them will systematically yield greater or lower values
than normal. Since the camera pixels do not move, the fault is present in exactly
the same position throughout the rotation steps. This results in the formation of
dark or light rings in the reconstruction; dead pixels lead to dark rings.
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3.4.4

Streak artifacts

Streak artifacts appear, when there exist high-absorption particles in an otherwise
low-absorption sample. They appear as dark and light streaks around the particle in
the reconstruction. This seems to be a consequence of undersampling: considering a
single X-ray penetrating the object, a single radiograph reveals not whether there is
a single particle or a homogeneous line through the sample causing the point in the
image. Imaging in different rotation angles provides more data, but the discrete step
size does not yield a resolution high enough to accurately represent a singular point.
Even though this phenomenon is present even in computer generated reconstructions
[40], beam hardening and X-ray scattering from the dense objects may exacerbate
the problem in real imaging.
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4

Experimental setup

The purpose of this thesis is to provide statistically significant data of actual fibre bond
contact area with a greater resolution than most other studies have obtained. Moreover, the exact research questions are concerned with how do exclusively springwood
(i.e. spring-to-springwood), exclusively summerwood (i.e. summer-to-summerwood),
and spring-to-summerwood fibre bonds differ in terms of contact area, and whether
there exist correlations between individual fibre dimensions and bond area, as described in the lap joint model [25]. In order to do this, a large amount of fibre
bond samples were prepared, imaged, and inspected using elaborate image analysis
techniques.
In addition to relative contact area, the bond strength was a feature of interest
as well. However, it was established in the previous study [7] that X-rays seem to
fracture the cellulose molecules, rendering the fibres very vulnerable to mechanical
stress. As such, bond strength measurement could not be conducted for imaged
samples.

4.1

Sample preparation

The raw material used for the study was bleached softwood (pine and birch) kraft
pulp fibres, refined to Schopper-Riegler value 25◦ , and stained with acridine orange.
Acridine orange was used as a stain to facilitate laser absorption in the cutting phase
(see [41] for exact method). In order to manufacture fibre bonds, 150 µl of diluted
and dyed fibre suspension was placed between two polystyrene plates. Wet pressing
was simulated by placing a 10 kg weight on top of the plates, generating a nominal
pressure of 0.5 bar, for 5 minutes. The actual pressure on the fibres, and particularly
the fibre intersections, was probably considerably higher. Afterwards, the plates were
dried in an 80 ◦ C oven for 90 minutes. Suitable fibre bonds, i.e. ones intersecting at
close to a 90◦ angle, were selected for further processing. Since the fibres easily stick
to the polystyrene plates, care was taken not to strain the fibres as they were picked
up.
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The samples were glued to a needle with the help of micromanipulators and
a gripper so that the bond area was located well above the tip. Since only the
bond area and its proximity is of interest, redundant fibre segments were cut with
an ultraviolet laser (see Fig. 13). This also reduces the artifacts present in the
tomographic reconstruction. Finally, a gold marker particle of size 1.5 – 3.0 µm was
placed above the bond area with a hair glued to a needle. The marker placement was
done with as little mechanical contact as possible. After each phase of processing, a
photograph of the sample was acquired using an optical microscope.
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Figure 13: Optical microscope images taken in the sample preparation stage. A
typical manufactured fibre bond (top) is cut with a laser (bottom) to get rid of
redundant fibre segments. The size scale is shown for each image.
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4.2

Imaging

For each fibre bond sample, 1081 radiographs were obtained at angles ranging from
–90◦ to +90◦ , with an exposure time of 160 seconds and camera binning 1. Binning
determines how many adjacent camera cells are merged to form a single image pixel.
The highest resolution is obtained with binning 1, i.e. each cell corresponds to its
own image pixel.

4.2.1

The imaging device

Imaging was conducted using the Xradia nanoXCT-100 device, which utilises the
aforementioned (approximately) parallel beam geometry. The device consists of a
high-resolution detector, various optical components and a rotating anode. The
anode can be fitted with either copper or chromium target. The device has two modes
of operation: absorption and phase contrast, of which the former is used for this
study. The optics can be aligned for high-resolution or large field of view operation
(LFOV), of which the latter is used. In LFOV, the pixel size is 65 nanometres, with
a field of view of 1024 × 1024 pixels and 130 nm spatial resolution (MTF 12 %,
determined empirically, see Appendix G).
The anode in the present study was made of copper, with a Kα-peak at 8.0 keV.
Electrons are accelerated to the target with 1.2 kW power and 40 kV voltage, interacting with the surface of the material on a 70 µm spot. The rotating anode is
also cooled by water circulation in order to account for excess heat production. The
generated X-rays enter an elliptical condenser lens (filled with helium), which has a
golden stop at the exact centre on the end of the lens. Directly after the condenser
is a pinhole (100 µm size in LFOV). The stop and the pinhole together in effect
only allow 1st order reflections from the condenser lens to pass through the sample,
disregarding higher order reflections and X-rays passing straight through (0th order
reflections). This is to generate a single-ordered beam with a single focus point.
The pinhole is followed by a rotation stage on top of an X-Y table, a zone plate,
a phase ring, a Bertrand lens, a flight tube, and finally the transmission detector
system (TDS). The phase ring and Bertrand lens are used for phase contrast imaging,
and thus are not relevant for this thesis. The flight tube is a straight cylinder filled
with helium, coupled to the TDS. Since X-rays readily dissipate in air, helium is
used in order to counter this, as in the condenser lens. The TDS consists of two
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scintillating lenses, with 2x and 20x magnification, the latter of which is used for
imaging, a tubelens and a CCD detector which is Peltier cooled to –70 ◦ C in order
to reduce thermal noise.
The ambient temperature and relative humidity inside the device during imaging
were 25 ◦ C and 30 %, respectively. The samples were allowed to stabilise to the
conditions prior to imaging by placing them in the imaging apparatus one to two
days prior to imaging, outside the X-ray beam.
4.2.2

Pre-imaging alignment

Before imaging can occur, reference images of the background, without the sample,
are obtained. In total, 45 images were taken, and the last 40 are used to calculate an
average of the background. The first five are discarded due to the beam stabilising
during their acquisition. The average corresponds to the I0 term in Eq. (3). This is
known as flat-field correction; it also smooths out the sensitivity differences between
the camera pixels.
In addition, the sample has to be pre-aligned, which takes several steps. First,
the sample is placed onto the sample holder. Then, a pre-alignment microscope, with
a digital micrometre caliper for each dimension, is used to determine the position
of the centre of the sample. The motor controllers inside the imaging device are
calibrated to the same coordinates. The sample is then placed into the device, and
the calipers’ coordinates entered into the device controller software. The sample is
finally aligned such that the centre of the FOV and the centre of the bond coincide.
In order to ensure that the sample is as close to the focus as possible, a focal series
is conducted, i.e. the sample is imaged with varying z values around the pre-aligned
position. The z-axis is parallel to the optical axis. Of the radiographs, the one in
which the marker particle seems the sharpest is chosen, and its z-coordinate used.
In order to have quantitative reassurance, a focus function can be drawn of the
radiographs, which reveals the optimal position. The exact algorithm used for the
focus function is not revealed by the software, but most likely a sharpness indicator
such as the variance of Laplacian is used.
Since the sample and FOV are very small, a rotation by even small angles can
drive the sample out of the FOV. In order to prevent this, an in-built stage calibration
correction is applied. In essence, the sample is first rotated and imaged about the 0◦
angle to the negative and positive directions using small steps. The displacement of
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the marker particle is recorded, and an interpolative fit is calculated to determine
how much the sample has to be moved between angles and to which direction. The
step size is then increased and the above repeated, until ±90◦ is reached.
When the above is done, the stage is in such alignment that the sample seems to
rotate around the marker particle. An additional correction is applied by measuring
the distance of the marker to the vertical centre line of the FOV and correcting the
x-position accordingly. Afterwards, the marker particle is at the centre line at ±90◦ .
Finally, z-correction is applied after measuring the distance from the FOV centre to
the centre of the sample. After this, the centre of the sample is at the vertical centre
of the FOV in every angle, and thus the sample rotation axis is located as close to
the optical axis of the imaging system as possible.

4.3

Reconstruction

After imaging, post-alignment has to be conducted to the acquired images. This is
known as registering. Since the resolution and pixel size of the images exceed the
accuracy of the actuators of the X-Y table and the rotation stage, the sample will
not make a perfect rotation about the aligned interpolation curve. Instead, there
is wobble in the rotation stage between each step, resulting in the sample drifting
spatially between consequent images. Since an accurate reconstruction requires that
the sample rotates smoothly about a single axis, registering is necessary.
The marker particle is helpful in the image registering process due to its high
absorbance and thus high contrast compared to the background and the fibre. In
the registering, the xy-coordinates of the marker particle are recorded in each image.
Afterwards, an interpolative fit is calculated, and the images aligned according to
it. This can be done via the controller software manually by clicking on the marker
particle on each image, which is cumbersome work. Thus, an automatic registering
script was developed beforehand, which proved to be as accurate as manual labour.
After registering and alignment, the radiographs can be used to produce a 3D
reconstruction with a program developed by Ph.D. Arttu Miettinen of the University
of Jyväskylä. The program is able to e.g. rotate the slices in the reconstruction
stack, conduct centre shift, remove dead pixels and apply beam hardening correction.
Beam hardening correction is not needed for fibre bond samples due to their low
absorbance. Centre shift is applied if deemed necessary by evaluation of preview
reconstruction slices. Dead pixels are always removed. The reconstruction images
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are also rotated about the rotation axis such that the fibres are as close to 0◦ as
possible (i.e. horizontally aligned).

4.4

Image processing

The reconstruction produces a so-called reconstruction stack, which consists of crosssection images of the whole field of view. Essentially, the stack is in the form of a
cube that is separated into slices of pixel width. As such, the 2D cross-sections can
be viewed individually, with the 3rd dimension corresponding to scrolling through
the slices.
The image processing and analysis methods for relative contact area measurement
were developed during the previous study [7]. As such, the same method was used
in order to generate data that could be compared to the results in said study.
Obtaining quantitative data directly from the grey value images is difficult, and
often only a qualitative indication of the sample is seen. In order to gather more
tangible data, the reconstruction stack has to be binarised and segmented into two
components, separating the area of interest. In this case, the fibre sections need to
be separated both from the background and from the areas of non-contact in the
bond area. Image processing was conducted with ImageJ version 1.50g.
The reconstruction program natively orients the image stack as shown in Fig.
14: a cross-section in the xz-plane is shown, with slices in the y-direction. For
brevity, this is called the y-cross-section. Reslicing is an operation that shifts these
coordinates. Thus, x- and z-cross-sections (cross-sections in the zy and xy-plane)
can be analysed as well.
First, the stack was resliced from the left so that we are looking at x-cross-sections.
Since the sample was often not oriented parallel to the y-axis, the stack was rotated
to facilitate this, simplifying the image analysis process done later. The degree of
rotation depended upon the sample preparing phase. Afterwards, the stack was
resliced back to the original coordinates, and cropped. Then, the stack was denoised
with Gaussian filter with radius 2 in all directions. Different radii were tested for
several samples, and radius of 2 was deemed the best in terms of reducing noise in
the images while retaining the most data in the region of interest, i.e. the actual
bond area.
Otsu’s method [42] was used to segment the denoised stack into two classes: the
fibre and the background. The method is iterative and uses certain criteria for the
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goodness of the threshold in question. Threshold is the value of the image histogram
below of which the values belong to class 0 and above of which to class 1. The
criterion pre-built into ImageJ is the within-class variance, defined as
2
σW
= ω02 σ02 + ω12 σ12 ,

(16)

where σi2 is the variance in class i, and ω0 and ω1 the probabilities of class occurrence,
defined as

ω0 =
ω1 =

k
X

pi ,

i=1
L
X

(17)
pi ,

i=k+1

where L is the number of bins on the histogram and pi the relative occurrence (i.e.
probability) of value i. The method essentially minimizes the within-class variance
via multiple iterations, rendering it a parameterless image segmentation method.
Since it is parameterless, only the data in the image stack determines the segmented
classes. As such, it generates highly comparable data for fibre bond samples, where
the contrast variation between samples was relatively high.
After Otsu’s method, there may still exist noise in the binary image due to the
low contrast of the fibre sample and low signal-to-noise ratio in the imaging process.
Thus, a region removal method was conducted to get rid of spurious speckles in the
fibre area and the background (see Fig. 15c). Here, volume parameters 100 000 and
1 000 were used, respectively. The method fills the holes and traces whose size are
below the given parameter using a flood fill algorithm. In essence, flood fill starts by
scanning for a pixel with a grey value differing from the target value, which is 255
in this case. Then, the algorithm finds the next non-target value pixel by scanning
in all directions (26 pixels in total), and repeats. This recursively finds a volume
bordered by target value pixels. If this volume satisfies the above criterion, the pixels
are set to the target value. [43]
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Figure 14: An illustration of the coordinate system in the reconstruction. An
individual slice is shown on the left: natively, a y-cross-section is seen. A
3D-representation of the coordinate system is shown on the right. In the ideal
case the sample is perfectly aligned such that the horizontal and vertical fibres
are aligned parallel to the x and y-axes, respectively.
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Figure 15: Illustration of the image processing steps using a single reconstruction
slice: a) The cropped and straightened image, b) image filtered by Gaussian
filter with radius 2, c) image segmented with Otsu’s method, and d) the final
image after region removal.
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4.5

Image analysis

Image analysis was conducted with the aforementioned ImageJ program, and most
calculations with MATLAB. Image analysis was done in two parts. First, map of the
actual contact area was evaluated. Then, dimensional measurements were done for
both the horizontal and vertical fibres. Finally, the intersection and actual contact
area values were calculated, as well as correlations between relevant fibre properties.

4.5.1

Contact area evaluation

From the processed stack, the fibre intersection was estimated. The stack was resliced
such that a z-cross-section is seen. Then, a sum projection was conducted: the
binary values of each slice are summed to form an individual z-projection image.
This is shown in Fig. 16. The image resembles a regular optical microscopy picture.
The intersection area of the two fibres was evaluated from this image. This area was
selected in the z-cross-section stack, its outside area filled with white, and the stack
resliced back to the original coordinates. A mask was made from the projection image
by filling the intersection area with value 1 and the area outside the intersection with
value 0. This was saved for later calculations.

Figure 16: A sum projection in the z-direction. The image is used in estimating
the intersection area (red line).
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In this stage, an image stack containing only the intersection area had been
acquired (see Fig. 17a). From this stack, “air”, i.e. the background and remaining
holes (if any) in the fibres were removed so that only the openings in the bond
area remained. This is shown in Fig. 17b. The image was then inverted and added
to the original image for final evaluation of its accuracy (Fig. 17c). If accurate,
the air-removed stack was resliced to z-cross-sections and sum-projected. Finally,
the projection image was divided by value 255. Consequently, each pixel value
corresponds to the length of the opening between the fibres. This is the map of the
actual contact area, with zero values (black) corresponding to contact and non-zero
values (grey) to non-contact in each pixel. This is called the “opening thickness”
image, shown in Fig. 18.

Figure 17: Illustration of the air-removal process: a) The sides of the fibres are
filled with the help of estimating the intersection area, b) air is removed, and c)
the binary stack is pasted on top of the cropped stack for final evaluation.
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Figure 18: Image of the opening thickness. The pixel colour values in the
intersection area correspond to distance between fibres.

4.5.2

Dimension measurements

For measuring fibre dimensions, similar image processing as discussed in the previous
section was conducted. However, radius 3 was used instead of 2 in the Gaussian
filtering stage. This was to ensure no noise remained in the background. After the
final stage, all pixels were further divided with 255.
From the processed stack, a sum projection image was obtained after reslicing to
yield a z-cross-section. Since each pixel containing fibre segments had grey value 1,
the projection yields a thickness map of the fibre. This image was saved for later use.
From the thickness map, fibre wall thickness was evaluated by selecting as much fibre
area outside the intersection area as possible and calculating the mean of the pixel
values (see Fig. 19). For both fibres, the edges of both the fibre and the image FOV
were excluded. For the vertical fibre, the gold particles cause artifacts, so the rows
containing them were excluded. Since the mean pixel value corresponds to two times
the wall thickness, this value was divided by two and converted to micrometres.
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According to the measured wall thicknesses, the fibres were divided into summerwood and springwood fibres according to a value obtained from [44]: In the study,
the average cell wall thickness of early or springwood Scots pine fibres were 2.0 µm,
with a standard deviation of 0.31 µm. These data were used as a criterion: fibres
with cell wall thicknesses below 2.31 µm were deemed springwood fibres, and those
at 2.31 µm or above deemed summerwood fibres. Consequently, the fibre bonds were
categorised as springwood, summerwood or spring-to-summerwood bonds according
to the wall thicknesses of the fibres in the sample.
Furthermore, the necking of each fibre was evaluated from the thickness image
by measuring the width of the fibre inside and outside the bond area. The ratio of
the widths yields the necking percentage. Fig. 20 shows an example of horizontal
fibre measurement. The inside and outside segments were analysed separately. First,
the sample was rotated such that the horizontal fibre is parallel to the x-axis. The
area inside the intersection was selected where the horizontal fibre is at its full width,
i.e. corner areas are excluded. For the outside segment, 10 µm from the intersection
edge was measured, and then as much fibre area selected. These sections were then
filled with white, and the outside filled with black. Then, the image was cropped
to the selections one by one, and resliced to see the y-cross-section. This stack was
sum-projected. Finally, the mean width was measured. For the outside segments, an
average was taken of the two means. Similar measurements were done for the vertical
fibre, with the exception that the reslicing is done such that the x-cross-section was
seen.
Since fibre cross-sectional area was of interest as well, an average of 4 measurements of slices inside and 4 measurements outside the intersection area was done for
each fibre in the bonds (see Fig. 21). The mean total thickness of the two fibres in
the intersection area is also calculated from the thickness map. Finally, the angle at
which the fibres cross each other, i.e. the crossing angle, is determined with ImageJ
angle tool.
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Figure 19: The thickness image. Selected areas are used to measure the mean
wall diameter. The artifacts resulting from the gold particle in the top of the
vertical fibre are excluded as well as the left side of the bottom due to folding
of the fibre wall.
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Figure 20: Rotated thickness image. The mean vertical lengths of the inside
and outside selections are measured separately.

Figure 21: Cross-section measurements of the vertical fibre both inside and
outside the bond area (top and bottom respectively). Evaluation is done for the
top image to measure only the vertical fibre segment.
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5

Results

In total, 26 samples were successfully imaged. The samples included 13 spring-tosummerwood, 7 summerwood and 6 springwood fibre bonds. The identification of
fibre and bond types were done after imaging, based on wall thickness measurements.
Often the visual categorisation of bond types before imaging did not correspond to
the classification done after imaging. As such, most imaged samples turned out to
be spring-to-summerwood fibre bonds, upon quantitative inspection. The imaging
success rate for the samples was 59 %; in 41 % of the cases, motion artifacts were
present in the reconstruction, which prohibited accurate analysis of the samples. Of
the imaged samples, the first 2 were stained with CsI (see Appendix J for details),
while the rest were stained with acridine orange.

5.1

Individual fibres

Individual fibre properties that were measured were necking, wall thickness and
cross-sectional area. Average necking values for springwood and summerwood fibres
in different bond types are shown in Table I.
Table I: Necking values of individual fibres in each bond type. A total average
value of individual fibres in all bond types is given as well. The uncertainties
are below ± 0.011 for each population.
Fibre and bond type

Average necking

Springwood in spring-to-springwood bonds

1.081

Springwood in spring-to-summerwood bonds

1.161

Springwood in all bonds

1.122

Summerwood in spring-to-summerwood bonds

1.217

Summerwood in summer-to-summerwood bonds

1.101

Summerwood in all bonds

1.162

The cross-sectional areas varied in the range 55.9 – 263.5 µm2 for springwood
fibres, and between 42.5 – 195.7 µm2 for springwood fibres (see Appendix D). The
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respective averages were 186.9 ± 1.3 µm2 and 91.3 ± 1.3 µm2 . The wall thicknesses
for springwood fibres varied in the range 0.649 – 2.255 µm with an average of 1.287
± 0.015 µm, and for summerwood fibres in the range 2.344 – 4.647 µm with an
average of 3.324 ± 0.015 µm (see Appendix B).

5.2

Fibre bonds

Calculated properties for the fibre bonds can be found in Table II; intersection and
contact areas are visualised in Fig. 22. The values in the table are separated into
bond types. Necking ratio is the ratio of the neckings of the two fibres involved in
the bond. The ratios are calculated such that a value greater than or equal to 1 is
obtained in each case.
In order to roughly quantify how many separate regions the bonded area consisted
of, ImageJ plugin “Analyze Particles” was used. First, the opening thickness image
was binarised such that the regions outside the intersection and non-contact regions
inside the intersection had grey value 255, and contact regions value 0. Then, the
plugin was used to measure all 0-valued regions that have an area above 199. This
was to avoid the regions generated exclusively by noise. As a result, a table of all the
separate regions and their area values were produced. Appendix F lists the contact
region connectedness data for all samples.
Table II: Intersection areas, both normalised and un-normalised, relative (RCA)
and absolute contact areas, and necking ratios of the different bond types.
Angle-normalised intersection area is calculated by multiplying each area with
the sine of the crossing angle.
Spring-to-

Summer-to-

Spring-to-

summerwood

summerwood

springwood

Intersection area [µm2 ]

1180 ± 20

1300 ± 30

1610 ± 30

Normalised intersection area [µm2 ]

1140 ± 20

1190 ± 30

1470 ± 30

RCA [%]

58.1 ± 1.1

56 ± 6

58.3 ± 1.1

Contact area [µm2 ]

690 ± 10

750 ± 30

960 ± 20

1.072 ± 0.014

1.08 ± 0.02

1.07 ± 0.02

3.4

2.4

6.5

Property (average)

Necking ratio
No. contact regions
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Figure 22: Intersection and actual contact areas of spring-to-summerwood,
summerwood, and springwood fibre bonds. Error bars are marked in red.
As can be seen, the relative contact area and necking do not seem to significantly
vary between bond types, while there are differences in the intersection and actual
contact area. The relative contact areas of the whole population varied considerably:
the range was 6.4 – 85 %, with a mean value of 57.7 % and standard deviation of 23.6
% (see Appendix A). The rather high average uncertainty of summerwood bonds is
due to sample 1208 (see Appendix J), where gold particles caused many artifacts on
the intersection area.
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5.3

Correlations between variables

Since the fibre bonding process is a complex one, many of the dimensional properties
are interconnected in a complicated manner. As such, controlling one variable
independent of each other is not feasible. Since the purpose of the thesis was to find
out whether other fibre bond properties have an effect on the relative contact area
(RCA), Pearson product-moment correlation was used as a measure. The formula
used is
P

r = r

m

P

m

P

n (Amn

− A)(Bmn − B)

2
n (Amn − A)

P

 P

m

2
n (Bmn − B)

P

,

(18)

where r is the correlation coefficient, A and B are matrices and A and B their means.
In the case of correlation between RCA and other properties, the said matrices are
vectors containing the samples’ RCA and the other dimension of interest, respectively.
In addition to interspecimen correlations, intraspecimen correlation was calculated
between the individual pixels in the thickness and opening thickness images in the
intersection area. Since the intersection area for each sample contained tens of
thousands of pixels, the amount of data was huge. Moreover, for both thickness and
opening thickness images, a correlation was calculated between the distance of the
pixels from the centre of the intersection area, and the thickness or opening thickness
value of the pixels. The centre of the intersection area was calculated via centre of
mass of the contact mask. An illustration of correlation for thickness and opening
thickness are shown in Figs. 23 and 24.
The results of correlation calculations are shown in Table III. Certain abbreviations
are used: TOC stands for correlation between thickness and opening thickness, DOC
for correlation between distance from the intersection centre and opening thickness,
and DTC for correlation between distance from the intersection centre and thickness.
Relative contact area is also abbreviated as RCA. For the purpose of this thesis,
correlation coefficient above 0.7 corresponds to high correlation, between 0.5 and
0.7 to moderate correlation and between 0.3 and 0.5 to low correlation. Similar
ranges apply for negative coefficients as well. This categorisation has been suggested
elsewhere in the context of other fields [45], [46].
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Table III: Correlations between relevant properties of the different fibre bond
types.
Spring-to-

Summer-to-

Spring-to-

summerwood

summerwood

springwood

TOC

−0.481

−0.646

−0.142

DOC

0.406

0.391

0.363

DTC

−0.238

−0.463

0.207

Intersection area – RCA

0.085

0.178

0.259

Thickness symmetricity – RCA

0.322

−0.051

0.536

Necking symmetricity – RCA

0.173

0.581

0.864

-0.072

0.057

0.204

−0.469

−0.278

−0.850

Correlation between

Intersection area thickness - RCA
No. contact regions – RCA

Figure 23: Thickness vs. opening thickness of springwood fibre bond sample 1020.
Correlation fit is marked with red line. Correlation coefficient is approximately
0.050. Note that most data points are stacked on top of each other.
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Figure 24: Thickness vs. opening thickness of summerwood fibre bond sample 1108. Correlation fit is marked with red line. Correlation coefficient is
approximately −0.851. Note that most data points are stacked on top of each
other.
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5.4

Separation distributions

The separation between the fibres in the bond area is seen in the opening thickness images. From the image data, the so called cumulative separation distance
distribution can be obtained. The distribution visualises the relative amount of
the intersection area of which the fibres are separated at most by the value given
in the horizontal axis. The distribution is calculated in pixel-sized steps, starting
from 65 nm (the value of which corresponds to the relative contact area), up to the
maximum distance between fibres. The distributions for each bond type are shown
in Figs. 25 – 27.
The distributions all seem to resemble the shape of a sigmoid function with
varying slopes, except for an outlier case (Fig. 26, sample 1213). The distribution
values seem to saturate at 65 nm, the pixel size.
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Figure 25: Cumulative separation distance distribution of intersection area in
spring-to-summerwood fibre bonds. The samples are labelled according to the
date of imaging (legend).

54

1

Percentage of intersection area

0.9
0.8
0.7
0.6
0.5
0.4
0724
0824
1108
1127
1208
1211
1213

0.3
0.2
0.1
0
0

2

4
6
Separation [µm]

8

10

Figure 26: Cumulative separation distance distribution of intersection area in
summerwood fibre bonds. The samples are labelled according to the date of
imaging (legend).

5.5

Uncertainties

The uncertainty ranges associated in calculated results were done according to the
error propagation formula. The exact method for error evaluations in other cases
are outlined in Appendix I. Most of the uncertainty is due to the noise occurring
during imaging, and the filtering method used for the reconstruction stack. Shot
and thermal noise are present in the CCD cells of the camera, even if the latter
is reduced by cooling. Moreover, scattering of X-rays caused by the sample will
cause some rays to digress from the straight path and end up on a different cell.
The Gaussian filter used in image processing will de-noise the reconstruction stack,
but may simultaneously lead to erroneous segmenting of holes in the bond area as
belonging to the fibre instead of the background, and vice versa. Furthermore, visual
evaluation of fibre intersection area and relevant fibre properties cause some errors
as well. It is difficult to make an exact calculation of the errors, and as such a rough
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Figure 27: Cumulative separation distance distribution of intersection area in
springwood fibre bonds. The samples are labelled according to the date of
imaging (legend).
min-max method was conducted in order to account for all the inaccuracies.
In some cases, the samples were too large for the imaging field of view. In these
cases, for the relative contact area, some evaluation had to be done to account for the
invisible regions according to the obtained optical microscope images. Furthermore,
for free fibre segments outside the intersection and FOV, the microscope images
were used instead of the thickness map to measure the widths. These add to the
uncertainties as well.

56

57

6

Discussion

Since the results comprised of four distinct sections, namely the properties of individual fibres in the different bonds, the properties of the bonds themselves, correlation
between variables in the bond and the contact area separation distribution, the
discussion is divided into parts correspondingly.

6.1

Individual fibres

The fibres used in the present study were from softwood pulp mass, containing pine
and birch fibres. Since a study by Havimo et al. [44] surveyed the relative occurrence
of cell wall thicknesses of Scots pine in raw wood, a comparison was made between
the thicknesses of the fibres in the present study and the said study. The research
group also studied Norway spruce fibres in a similar fashion, and the distribution
was similar, but the average wall thicknesses were about 5 % higher [47].
From the graphs (Figs. 28 and 29), it can be seen that the distributions are
remarkably similar: both figures have two central peaks around which the cell wall
thicknesses spread. These peaks closely correspond to the average wall thicknesses:
in the present study, the average values for springwood and summerwood fibres were
1.287 and 3.324 µm, respectively, while in the other study, the respective values were
2.0 and 3.7 µm. What is clear is that the peak locations seem to be shifted. This is
explained by the pulping process: since the fibres used in the present study underwent
chemical treatment (kraft pulping, bleaching) and refining, some of the cell wall
is dissolved or ruptured away. The fibre treatment seems to affect the springwood
fibres more, as manifested by the difference in the average wall thicknesses being
higher, even as they are thinner and contain less mass than summerwood fibres. Due
to this, the categorisation of fibres should be adjusted in further studies. From the
figure, the used criterion of 2.31 µm should be adjusted to around 2 µm. As such, 4
of the identified fibres in the present study may have been erroneously categorised as
springwood fibres.
The average cross-sectional area of summerwood fibres is roughly two times that
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Figure 28: Histogram of the cell wall thicknesses of the softwood fibres in the
present study.
of springwood fibres. It was found that the correlation between wall thickness and
free segment cross-sectional area in springwood fibres was 0.708, indicating a high
correlation. In summerwood fibres, the correlation coefficient was small, only 0.192.
This seems to suggest that the pressing stage affects the fibres, as in a simple cylinder
geometry a greater thickness would correspond to greater cross-sectional area. Since
summerwood fibres are thicker, they most likely carry more of the weight in pressing
than the thinner springwood fibres, leading to greater deformation. However, this
is highly speculative, and more data, perhaps of summerwood fibre bonds made of
suspension containing only summerwood fibres, is needed.
Summerwood fibres bonded to each other seem to exhibit the most (1.217), and
springwood fibres bonded to each other the least (1.081) amount of necking. This
makes sense, since it has been found that summerwood fibres experience up to 80 %
greater radial shrinking during drying [48]. Indeed, a low correlation was found
between fibre wall thickness and necking in the whole population (0.326). However,
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Figure 29: Cell wall thicknesses of softwood fibres, adapted from [44].
in spring-to-summerwood bonds, the springwood fibre experiences more necking
(1.161) than the summerwood fibre (1.101). The interpretation of this result is
two-fold: it could be that summerwood fibres, being thicker than springwood ones,
carry more weight in the pressing stage, forcing the fibre surfaces closer together, or
that summerwood fibres are generally better able to suppress the radial shrinkage
of the other fibre involved in the bond, as evidenced by springwood fibres necking
more in spring-to-summerwood bonds, and that summerwood fibres bonding to a
springwood fibre experiencing almost the same amount of necking as springwood
fibres bonding to a springwood fibre. Perhaps the most correct interpretation is that
it is a combination of both.
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6.2

Fibre bonds

Relative contact area does not seem to vary significantly between bond types. The
average value of the whole population was 57.7 ± 0.8 %. Interestingly, this value is
almost identical to the value found in the previous study [7], in which refined softwood
springwood fibres, although refined differently, showed an average RCA of 58 %, even
if only 3 samples were successfully imaged. This value is quite different from values
found in other studies [22, 32]. However, the differences may be explained by the
sample preparation stage: in the two other studies, straining was done throughout
drying to a manufactured paper sheet, whereas in the present study, drying was
done without external stress. Furthermore, the nominal pressure used was 2.4 times
higher in the other two studies. Since increasing pressure increases the strength of
paper, and that restrained drying leads to greater bond strength than unrestrained
drying [36], the observed differences are probably due to these variables instead of
the resolution of the used imaging method.
The intersection and actual contact areas of the bond types varied, but not in
the ways expected. As explored in [28], springwood fibre bonds had roughly 60 %
higher contact area than summerwood bonds. Furthermore, spring-to-summerwood
bonds had area values in between the two other bond types [31]. In the present
study, spring-to-summerwood bonds had lower contact and intersection areas than
summerwood bonds, even when normalised with the crossing angle of the fibres
(Stratton and Colson’s study used 90◦ crossing angles for all samples). This seems
counter-intuitive, since springwood fibres are generally wider. However, the difference
is most probably explained by the degrees of necking in the two bond types: necking
of springwood fibres is 8 percentage points higher when bonded to a summerwood
fibre, as opposed to bonding to a springwood fibre. In addition, the summerwood
fibre experiences 2 % more necking than the springwood fibre. These differences
may account for the observed results, particularly when taking into account the
angle-normalisation of the intersection area, and that Stratton and Colson’s study
utilised polarisation microscopy, which is known to produce erratic results [5].
The average necking ratio seems to be quite low and close to one another in each
bond type. The fibres in springwood bonds seem to have the most uniform drying
stress distribution, indicated by a necking ratio of 1.07 and a standard deviation of
0.02.
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The numbers of contact regions found in the present study are quite different
than in an earlier study [22], where it was found via polarisation microscopy that
12 % of refined fibre bonds contained more than one bonding zone. In the present
study, the same number was 69 %, indicating that most of the fibre bonds are bonds
with multi-point contact. Furthermore, the highest number of bonding zones in
the earlier study was 4, while in the present study, a bond with 19 contact regions
was found. The result may, however, be influenced by noise and low contrast in
imaging. Nonetheless, this clearly illustrates the differences in the used methods:
with polarisation microscopy, the smallest regions may not be resolved. In any case,
springwood bonds have the largest number of contact regions, and summerwood
bonds the smallest. This indicates that summerwood fibres endure drying stress
better than springwood fibres, if the contact region separates into smaller discrete
areas due to the wrinkling of Nanko and Ohsawa’s model [23]. Wrinkling also happens
much more to free fibre segments, indicating that compression is inversely related to
the wrinkling phenomenon.

6.3

Correlations between variables

The correlation calculations showed a clear similarity between bond types in three
cases: DOC, correlation between RCA and intersection area, and correlation between
RCA and mean thickness of intersection area. A low positive correlation was found
for DOC: In each bond type, the unbonded regions tend to be located in the fringes
of the intersection area, as expected. This can be visually confirmed as well (see
Appendix J). The size of the intersection area or its total thickness does not seem to
have an effect on the RCA, as evidenced by small correlation coefficients.
For TOC, low and moderate negative correlations were found for spring-tosummerwood and summerwood bonds, respectively. This suggests that for these
bond types, the regions of high total thickness are the ones most likely to be bonded,
which may be due to areas of higher thickness carrying more weight in the pressing
stage. A negligible correlation was found for the springwood bonds. This suggests that
the higher total thickness seems to accumulate towards the fringes of the intersection
area for springwood fibres, while for summerwood fibres, the accumulation is towards
the centre. This is supported by DTC: a low negative correlation was found for the
summerwood bonds, while a positive (although negligible) correlation was found for
the springwood bonds. This is perhaps due to drying (and pressing): the springwood

62

fibres tend to collapse into a ribbon-like shape with thick edges, while summerwood
fibres retain their tubular form better [49].
Necking symmetricity, indicating the symmetricity of drying stress distribution,
has a high and moderate correlation to RCA for springwood and summerwood bonds,
respectively. This indicates that the more even the stress distribution, the better
the degree of contact, except in spring-to-summerwood bonds, where no correlation
was found. Thickness symmetricity seems to be correlated with RCA slightly and
moderately in spring-to-summerwood and springwood bonds, respectively.
A high correlation was found between the number of contact regions and RCA
for springwood bonds, a moderate for spring-to-summerwood bonds and slight to
negligible for summerwood bonds. This is the only correlation coefficient that shows
a moderate correlation in the sample population as a whole as well (–0.523). As
such, it is clear that the more uniform the contact region, the greater the degree of
contact (or vice versa)
The lap joint model predicted that bond area, beam thickness, beam axial elastic
modulus and symmetry in the latter two between beams affect the strength of the
joint. However, the same effects are not seen for RCA. The axial elastic modulus
and its symmetry, as manifested by different fibre and bond types, does not seem
to affect RCA. Moreover, the size of the intersection area or its thickness has no
effect on RCA. The case of thickness symmetry is, however, that there may exist a
correlation between it and RCA, but only in two of the three bond types. As such,
the lap joint model fails for RCA.

6.4

Separation distributions

As mentioned, the shapes of the separation distributions for the samples are quite
similar. However, the slope of each graph varies with respect to separation. It could
be speculated that the regions contributing to high slopes are segments that have
been in contact, but the drying stresses have torn the fibres apart, whereas the
regions that contribute to low derivative values (except the ones in the beginning of
the graphs) are segments that have not been in contact in the first place. The outlier
case supports this. Consider Fig. 26, sample 1213. This sample is not in very high
contact, and the slope begins to increase well after the “dent” in the beginning. The
sample was, according to pictures obtained by optical microscope, bonded to several
other fibres, and according to the reconstruction stack bonded exclusively at one
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side of the intersection area (see Appendix H). As such, in the pressing stage, the
distribution of forces may have been uneven, with only a small segment of the two
fibres being pressed together, leading to low relative contact area and low derivative
throughout the graph. It has been found that the adhesion between fibres happens
before final drying or shrinking of fibres [19], and that the bonded region shrinks
last in the drying stage [23]. These findings in other studies support the hypothesis
at hand.
If the above speculation is correct, the morphology of the fibre network in wet
pressing is a very relevant factor determining the relative contact area. The pressure
stage enables the contact by bringing together the regions that have the applicable
morphology and thus the potential to bond, while the drying phase realises this
potential in differing degrees, depending on the fibre network and individual fibre
morphology. However, more data acquired with different methods is needed to
validate this speculation.
In addition to revealing the cumulative percentages of intersection area of different
fibre separation values, the distributions can also be used to infer the relative contact
area that can be obtained via optical microscopy. Assuming 260 nm optical resolution,
the difference between the relative contact at that level and at 65 nm level can be as
high as 7 percentage points. This evaluation does not take into account the regions
that might not be observed with optical methods, such as unbonded areas enclosed
by bonded ones, and thus the actual difference may be even higher. Nonetheless,
X-ray nanotomography does enable resolutions well beyond the limitations of optical
microscopy.
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7

Conclusion

In this thesis, differences between spring-to-springwood, summer-to-summerwood,
and spring-to-summer-wood fibre bonds were studied via X-ray nanotomography. In
total, 26 fibre bond samples made of bleached softwood kraft pulp were successfully
imaged. As a continuation to the previous study [7], this is a huge improvement:
statistically more significant data between the bond types and the population as a
whole was generated.
For the relative contact area (RCA), no significant differences were found between
bond types. For the whole population, there was wide variation in RCA: the lowest
and highest values were 6.4 and 85 %, respectively. The average value was found
to be 57.7 ± 0.8 %, which was very close to the value found in the previous study
[7]. As the average value is much lower than values found in other studies [22, 32],
the differences are probably due to different sample preparation process: the other
studies utilised higher pressure and restrained drying. The present data, thus, is
applicable to the case of virtually unrestrained drying.
The necking ratio between bond types did not seem to vary much. In the case of
individual fibres, summerwood fibres in summerwood bonds exhibited as high as 13
percentage points greater average necking values than springwood fibres in springwood
bonds. However, springwood fibres experienced more necking than summerwood
fibres in spring-to-summerwood bonds. As such, it seems that summerwood fibres
are also better able to suppress the radial shrinkage of the accompanying fibre in
the bond during drying. This is also demonstrated in the number of contact regions:
summerwood bonds have the lowest and springwood bonds the highest number of
distinct areas of contact.
The correlations between fibre properties and bond strength, as described in the
lap joint model, do not seem to apply for RCA: there were no clear differences in
terms of RCA of bond types (axial modulus), thickness, or the symmetry in these
properties. Thus, it seems that the established strength differences between the bond
types are not due to RCA differences. The most probable explanation for the greater
strength of the summerwood bonds is the higher axial elastic modulus and thickness
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of summerwood fibres, which seems to be more important than relative or absolute
contact area.
According to the results, the size of the intersection between the fibres is not
correlated with RCA, and neither is the mean total thickness of the intersection
area. The correlation coefficients between other properties and RCA varied widely
between bond types. The unbonded areas tended to be located in the fringes of the
fibre intersections, as expected. Furthermore, the thickness distribution was such
that in spring-to-summerwood and summerwood bonds, the thickness accumulates
in the centre, while in springwood bonds more towards the edges. These are due to
the morphological differences between the fibre types after pressing and drying.
The shape of the cumulative separation distributions suggests no clear differences
between the different bond types. The outlier cases may reveal details about bonding
and factors affecting the relative contact area. If the proposed speculation is correct,
fibre network morphology may be a more relevant factor affecting the relative contact
area than expected. However, more data is needed to corroborate this.
The question of why there are no differences in average RCA between bond types
is a complex one. On one hand, springwood fibres are more conformable and flexible,
but, according to the results, seem less able to compress the contact area of the
partner fibre in the bond. Moreover, they carry less weight in pressing, and more
asymmetrically, in bonds due to being narrow. On the other hand, the thicker and
stiffer summerwood bonds have been found to experience more external fibrillation
in refining than springwood fibres [50], which increases bonding [27]. They also
seem to carry more of the weight in pressing and compress the accompanying fibre
more in the bonds, leading to more symmetric drying stress distribution, which is
correlated with greater RCA. The lower number of contact regions (indicating lower
wrinkling) supports this. Perhaps the lack of conformability of summerwood fibres
are compensated with these other factors in sample preparation, and conversely the
lower (and more asymmetric) pressure and compression forces of springwood fibres
mitigates their more favourable morphology. In order to confirm this, springwood
and summerwood bonds should be manufactured separately, perhaps by preparing
thin paper sheets from fibre suspension. Furthermore, studying the case of restrained
drying and its effect on RCA would be beneficial as well, since in different conditions,
RCA differences between bond types may well appear [22].
The categorisation of fibres (and thus bond types) was done according to measured
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wall thickness values. According to the results and comparison to literature, this
was justified: the distributions of fibre wall thicknesses of the samples were found
to closely correspond to distributions found in wood in another studies [44, 47].
However, the distribution was offset by the pulping and refining processes the fibres
were subjected to, and this offset should be taken into account in consecutive studies.
In addition, the pulp contained fibres from two different species, further adding
uncertainty in fibre categorisation.
The distinction between springwood and summerwood fibres is unclear, and not
a clear-cut quantitative measure exists for categorisation, even if the distributions
were found to agree with literature values. There is also overlap in the springwood
and summerwood wall thickness distributions, further complicating matters. The
qualitative measure of visual inspection did not always correspond to the quantitative
criterion for individual fibre wall thickness. Moreover, since only 6 and 7 samples of
springwood and summerwood bonds were studied, respectively, the generalisations
made for these bond types may not be as reliable as for spring-to-summerwood bonds,
of which 13 were imaged. It can also be argued that the fabrication of samples does
not simulate the papermaking process well enough, and that fibres in actual paper
may differ in terms of relative contact area from the presented results due to the
whole 3D fibre network. This could be a future research topic.
The effect of acridine orange on the fibres was tested by manufacturing paper
sheets with stained fibre suspension during the previous study. It was found that it
had no effect on paper strength (and probably no effect on fibre bond area either),
and as such its use was justified. Since the bond samples were picked up with
tweezers from the polystyrene plates, they may have been subjected to some stress
and consequently the bond area may have altered. In addition, some samples may
have been adhered to the plates, and the separation of the plates may have induced
rupture as well.
Certain uncertainty factors were present in the study. Even if the 65 nm pixel size
is a good improvement to the optical methods, it is unclear whether it is sufficiently
close to the molecular contact distance to draw conclusions about the actual bonded
area. Furthermore, the contrast between the sample and the background in the
images was not as good as desired due to the low density of the samples and the
highly energetic X-rays used for imaging. The imaging time was reduced to 2 days
from the previous study due to high probability of the sample moving during imaging,
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which ruined 41 % of the reconstructions. In addition to noise in imaging, the image
processing methods (filtering, segmenting) as well as visual measurement of the
sample properties further increase the inaccuracies. As such, the uncertainty ranges
of the results are still relatively high.
With regards to the device, the long imaging time makes the method rather
slow in producing large amounts of data. X-ray absorption enhancement via fibre
staining could increase the contrast and subsequently reduce imaging time accordingly.
However, the staining methods developed previously [41] did not reliably work for
the fibres in the present study due to unknown reasons. Another possibility for
decreasing the total imaging time is to utilise devices capable of generating X-rays
with lower energies, e.g. a synchrotron. In addition, the probability of sample
movement ruining the reconstruction is high, further increasing the work needed for
large data acquisition. As such, the used X-ray nanotomography device and methods
are feasible mostly as a benchmark or reference to other bond area research methods.
Nonetheless, X-ray nanotomography proved to be a competent although a tedious
tool in the study of various properties of cellulose fibre bond samples. A much
greater data set of imaged samples was generated compared to the previous research
[7], with greater accuracy and success rate due to the marker particle being placed
more carefully on top of the bond instead of on the intersection area. The measured
uncertainties take into account the errors made in the visual evaluations and the loss
of information in the filtering and segmenting stages. The long imaging time coupled
with low contrast in the shadowgraphs and high probability of sample movement
created additional challenges in the study. This being, contrast enhancement is
needed in order to generate a larger, more significant data set in reasonable time
frames. Further studies for fibre bonds using this method could include the effect of
different additives or the degree of refining on the relative contact area.
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Appendix A

Bonded area

In addition to intersection, relative contact and actual contact areas, the angles
on which the fibres cross each other were measured. All measured angles have an
uncertainty of ±1◦ .
Table IV: Intersection areas, and relative and actual contact areas of spring-tosummerwood fibre bonds.
Sample

Intersection area [µm2 ]

RCA [%]

Contact area [µm2 ]

Crossing angle [◦ ]

0717

1380 ± 60

77 ± 4

1060 ± 50

89

0822

1380 ± 60

71 ± 3

980 ± 40

90

0929

650 ± 50

74 ± 6

480 ± 40

63

1006

1000 ± 60

6.4 ± 0.4

64 ± 4

71

1009

930 ± 140

48 ± 8

450 ± 70

81

1011

400 ± 40

62 ± 4

250 ± 20

87

1013

1190 ± 60

82 ± 4

970 ± 50

82

1023

1100 ± 60

56 ± 3

620 ± 40

67

1106

2020 ± 70

68 ± 3

1370 ± 50

73

1110

1000 ± 50

79 ± 4

790 ± 40

88

1122

1930 ± 70

33.5 ± 1.1

650 ± 30

86

1124

870 ± 50

17.3 ± 0.9

150 ± 8

83

1206

1420 ± 70

83 ± 4

1170 ± 60

60

Average

1180 ± 20

58.1 ± 1.1

690 ± 10

78.6 ± 0.3
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Table V: Intersection areas, and relative and actual contact areas of summerwood
fibre bonds.
Sample

Intersection area [µm2 ]

RCA [%]

Contact area [µm2 ]

Crossing angle [◦ ]

0724

740 ± 50

35 ± 3

260 ± 20

63

0824

1340 ± 60

49 ± 3

670 ± 30

61

1108

1451 ± 60

85 ± 4

1230 ± 50

89

1127

1130 ± 60

69 ± 4

780 ± 40

60

1208

1320 ± 70

80 ± 13

1060 ± 170

57

1211

1670 ± 60

50 ± 2

780 ± 30

88

1213

1470 ± 80

31 ± 2

460 ± 30

61

Average

1300 ± 30

56 ± 6

750 ± 30

68.4 ± 0.4

Table VI: Intersection areas, and relative and actual contact areas of springwood
fibre bonds.
Sample

Intersection area [µm2 ]

RCA [%]

Contact area [µm2 ]

Crossing angle [◦ ]

1020

2080 ± 90

22.4 ± 0.9

460 ± 20

54

1025

850 ± 50

28.0 ± 1.5

240 ± 20

90

1028

1590 ± 80

83 ± 5

1330 ± 70

65

1115

1510 ± 60

63 ± 3

960 ± 40

85

1118

1980 ± 70

85 ± 3

1690 ± 60

86

1129

1640 ± 70

67 ± 13

1110 ± 50

58

Average

1610 ± 30

58.3 ± 1.1

960 ± 20

72.7 ± 0.5
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Appendix B

Wall thicknesses

Table VII: Wall thicknesses and respective errors of springwood fibres, involved
both in spring-to-summerwood and springwood bonds.
Sample

Vertical fibre

Horizontal fibre

0717

-

1.04 ± 0.05

0822

-

1.01 ± 0.10

0929

-

1.52 ± 0.07

1006

-

1.35 ± 0.06

1009

1.25 ± 0.08

-

1011

-

2.05 ± 0.06

1013

0.74 ± 0.09

-

1023

0.92 ± 0.09

-

1106

1.07 ± 0.08

-

1110

-

1.08 ± 0.11

1122

-

1.77 ± 0.06

1124

-

1.15 ± 0.06

1206

-

0.65 ± 0.05

1020

1.41 ± 0.09

0.92 ± 0.07

1025

1.20 ± 0.10

1.06 ± 0.07

1028

0.98 ± 0.07

1.07 ± 0.08

1115

2.14 ± 0.10

1.48 ± 0.11

1118

2.16 ± 0.05

2.26 ± 0.08

1129

0.82 ± 0.09

1.05 ± 0.04

Average

1.287 ± 0.015
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Table VIII: Wall thicknesses and respective errors of summerwood fibres, involved
both in spring-to-summerwood and summerwood bonds.
Wall thickness [µm]
Sample

Vertical fibre

Horizontal fibre

0717

3.60 ± 0.05

-

0822

3.45 ± 0.05

-

0929

2.54 ± 0.09

-

1006

3.47 ± 0.08

-

1009

-

4.29 ± 0.07

1011

4.17 ± 0.08

-

1013

-

3.18 ± 0.08

1023

-

2.61 ± 0.14

1106

-

3.43 ± 0.06

1110

2.72 ± 0.05

-

1122

2.79 ± 0.07

-

1124

3.66 ± 0.07

-

1206

2.57 ± 0.05

-

0724

4.14 ± 0.05

2.34 ± 0.05

0824

2.79 ± 0.11

2.88 ± 0.12

1108

4.29 ± 0.06

3.05 ± 0.06

1127

3.09 ± 0.08

3.03 ± 0.07

1208

4.65 ± 0.09

2.93 ± 0.13

1211

3.90 ± 0.09

3.63 ± 0.08

1213

3.63 ± 0.06

2.93 ± 0.09

Average

3.32 ± 0.015
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Appendix C

Necking and necking ratios

Table IX: Necking and necking ratios of spring-to-summerwood bonds. Underlined samples have a summerwood fibre as a vertical fibre and non-underlined
samples as a horizontal fibre. The errors in measured widths are between 0.4 –
1.1 µm for all fibres.
Vertical

Horizontal

width [µm]

width [µm]

Sample

Out

In

Necking

Out

In

Necking

Necking ratio

0717

33.5

35.1

1.05 ± 0.03

33.2

39.4

1.19 ± 0.03

1.13 ± 0.05

0822

35.3

38.5

1.09 ± 0.03

29.3

36.0

1.23 ± 0.03

1.13 ± 0.04

0929

25.0

26.1

1.04 ± 0.05

18.8

20.7

1.10 ± 0.05

1.06 ± 0.07

1006

31.1

31.5

1.01 ± 0.04

25.9

28.1

1.09 ± 0.04

1.07 ± 0.06

1009

27.9

31.8

1.14 ± 0.05

24.9

30.8

1.24 ± 0.05

1.09 ± 0.06

1011

16.4

19.7

1.20 ± 0.06

17.0

20.4

1.20 ± 0.06

1.00 ± 0.07

1013

34.8

38.8

1.12 ± 0.04

29.1

30.6

1.05 ± 0.04

1.06 ± 0.05

1023

31.0

33.1

1.07 ± 0.04

28.8

30.4

1.05 ± 0.04

1.01 ± 0.05

1106

44.8

50.4

1.12 ± 0.03

35.2

39.7

1.13 ± 0.03

1.00 ± 0.04

1110

26.9

31.9

1.18 ± 0.04

27.0

31.5

1.17 ± 0.04

1.02 ± 0.04

1122

39.8

45.3

1.14 ± 0.03

32.5

43.0

1.32 ± 0.03

1.16 ± 0.04

1124

27.0

27.6

1.02 ± 0.04

28.2

31.5

1.12 ± 0.04

1.09 ± 0.06

1206

35.3

39.1

1.10 ± 0.04

24.6

30.3

1.23 ± 0.04

1.22 ± 0.05

Average

1.072 ± 0.014
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Table X: Necking and necking ratios of summerwood bonds. The errors in
measured widths are between 0.4 – 1.1 µm for all fibres.
Vertical

Horizontal

width [µm]

width [µm]

Sample

Out

In

Necking

Out

In

Necking

Necking ratio

0724

28.5

33.5

1.18 ± 0.05

16.9

21.1

1.25 ± 0.05

1.06 ± 0.06

0824

34.2

41.2

1.20 ± 0.03

27.0

30.6

1.13 ± 0.04

1.06 ± 0.05

1108

29.6

36.1

1.22 ± 0.03

32.1

40.4

1.26 ± 0.03

1.03 ± 0.04

1127

19.4

27.6

1.42 ± 0.04

27.8

36.0

1.30 ± 0.05

1.09 ± 0.05

1208

26.7

34.6

1.30 ± 0.04

22.4

28.7

1.28 ± 0.04

1.01 ± 0.04

1211

31.2

40.2

1.29 ± 0.03

33.4

42.0

1.26 ± 0.03

1.03 ± 0.03

1213

26.7

29.1

1.09 ± 0.04

27.8

24.3

0.87 ± 0.04

1.25 ± 0.07
1.08 ± 0.02

Average

Table XI: Necking and necking ratios of springwood bonds. The errors in
measured widths are between 0.4 – 1.1 µm for all fibres.
Vertical

Horizontal

width [µm]

width [µm]

Sample

Out

In

Necking

Out

In

Necking

Necking ratio

1020

45.9

47.8

1.04 ± 0.04

39.9

38.3

0.96 ± 0.04

1.09 ± 0.05

1025

24.5

24.7

1.01 ± 0.04

31.2

34.4

1.10 ± 0.04

1.10 ± 0.06

1028

35.9

38.3

1.07 ± 0.04

37.2

37.3

1.00 ± 0.04

1.07 ± 0.06

1115

34.7

38.1

1.10 ± 0.03

33.2

39.3

1.18 ± 0.03

1.08 ± 0.04

1118

42.4

48.5

1.14 ± 0.03

34.5

41.0

1.19 ± 0.03

1.04 ± 0.03

1129

36.1

40.3

1.12 ± 0.04

33.3

35.0

1.05 ± 0.04

1.06 ± 0.05

Average

1.07 ± 0.02
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Appendix D

Cross-sectional areas

The average cross-sectional areas for spring and summerwood fibres studied were
91.3 and 186.9 µm2 respectively, with an uncertainty of ± 1.3 µm2 .
Table XII: Fibre cross-sectional areas of both fibres inside and outside the bond
area in spring-to-summerwood bonds. Underlined samples have a summerwood
fibre as a vertical fibre and non-underlined samples as a horizontal fibre. The
errors in cross-sectional areas are between 3 – 11 µm2 for all fibres.
Vertical fibre

Horizontal fibre
2

Cross-sectional area [µm ]

Cross-sectional area [µm2 ]

Sample

In

Out

In

Out

0717

216

237

82

73

0822

250

245

62

67

0929

134

131

68

61

1006

192

213

72

74

1009

71

81

191

192

1011

136

138

76

76

1013

52

57

180

185

1023

61

58

159

162

1106

101

98

216

250

1110

62

55

141

149

1122

203

222

121

126

1124

182

199

62

67

1206

178

190

57

42
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Table XIII: Fibre cross-sectional areas of both fibres inside and outside the bond
area in summerwood bonds. The errors in cross-sectional areas are between 3 –
11 µm2 for all fibres.
Vertical fibre

Horizontal fibre

Cross-sectional area [µm2 ]

Cross-sectional area [µm2 ]

Sample

In

Out

In

Out

0724

219

223

86

88

0824

190

225

157

187

1108

214

249

170

203

1127

126

134

163

176

1208

238

244

157

147

1211

218

227

226

264

1213

226

260

152

182

Table XIV: Fibre cross-sectional areas of both fibres inside and outside the bond
area in springwood bonds. The errors in cross-sectional areas are between 3 –
11 µm2 for all fibres.
Vertical fibre

Horizontal fibre

Cross-sectional area [µm2 ]

Cross-sectional area [µm2 ]

Sample

In

Out

In

Out

1020

168

146

53

61

1025

63

56

76

72

1028

77

70

73

81

1115

149

149

106

109

1118

195

188

116

166

1129

73

88

72

76

83

Appendix E

Correlations

Table XV: Correlations in spring-to-summerwood fibre bonds.
Sample

TOC

DOC

DTC

0822

−0.720

0.479 −0.372

0929

−0.405

0.361

1006

−0.106

0.360 −0.449

1009

−0.330

0.336 −0.481

1011

−0.632

0.535 −0.336

1013

−0.478

0.330 −0.056

1023

−0.295

0.315 −0.069

1106

−0.750

0.389 −0.411

1110

−0.532

0.464 −0.237

1122

−0.565

0.484 −0.647

1124

−0.463

0.399 −0.387

1206

−0.365

0.376

Average −0.481

0.087

0.233

0.406 −0.238
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Table XVI: Correlations in summerwood fibre bonds.
Sample

TOC

DOC

DTC

0724

−0.601

0.564 −0.768

0824

−0.746

0.454 −0.421

1108

−0.851

0.438 −0.476

1127

−0.803

0.556 −0.443

1208

−0.669

0.145 −0.134

1211

−0.784

0.540 −0.395

1213

−0.066

0.043 −0.603

Average −0.646

0.391 −0.463

Table XVII: Correlations in springwood fibre bonds.
Sample

TOC

DOC

DTC

1020

0.050

0.569

0.363

1025

−0.057

0.306

0.280

1028

−0.174

0.311

0.207

1115

−0.336

0.262 −0.402

1118

−0.428

0.357

0.263

1129

0.094

0.372

0.535

Average −0.142

0.363

0.207
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Appendix F

Contact regions

Table XVIII: Number of connected contact areas, the largest region and its
percentage of the contact area in spring-to-summerwood fibre bonds.
Sample

No. regions

Largest region [µm2 ]

Percentage of contact area [%]

0717

1

1060

100

0822

1

980

99.9

0929

2

473

99.1

1006

5

44

68.8

1009

1

447

99.1

1011

1

247

99.8

1013

2

969

99.4

1023

5

595

96.8

1106

5

1349

98.7

1110

1

791

99.9

1122

15

584

90.1

1124

3

142

94.1

1206

2

1165

99.6

Average

3.4

95.8
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Table XIX: Number of connected contact areas, the largest region and its
percentage of the contact area in summerwood fibre bonds.
Sample

No. regions

Largest region [µm2 ]

Percentage of contact area [%]

0724

1

255

99.2

0824

6

638

96.7

1108

1

1225

99.7

1127

1

778

99.7

1208

2

783

74.1

1211

4

749

96.0

1213

2

459

99.6

Average

2.4

95.0

Table XX: Number of connected contact areas, the largest region and its percentage of the contact area in springwood fibre bonds.
Sample

No. regions

Largest region [µm2 ]

Percentage of contact area [%]

1020

19

333

71.5

1025

8

167

70.1

1028

3

1320

99.3

1115

5

936

97.9

1118

2

1678

99.6

1129

2

949

85.7

Average

6.5

87.3
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Appendix G

Modulation transfer function

The modulation transfer function (MTF) of the imaging system at 130 nm was
determined empirically using a resolution target. The contrast was defined according
to Michelson contrast, i.e.
C≡

Imax − Imin
,
Imax + Imin

(19)

where Imax and Imin are the highest and lowest luminance (or in this case, grey value)
respectively. The contrast is frequency dependent: low spatial frequencies have a
higher contrast than higher ones. Thus, MTF at a given frequency is given by
MTF(ν) =

C(ν)
,
C(0)

where C(0) is the contrast at low (0) frequencies.

(20)
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Figure 30: Average of 40 shadowgraphs of the resolution target, with camera
binning 1 and 50 s exposure time. The image is flat-field corrected by averaging
80 images taken with camera binning 1 and 50 s exposure time.

89

Figure 31: Regions according to which the high and low frequency contrast
values were evaluated.

90

Figure 32: Graph of the grey values in the high-frequency region. The distance
value corresponding to 130 nm resolution in the target is marked with red line.
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Appendix H

Images of sample 1213

Figure 33: A slice of the reconstruction stack of sample 1213. The fibres are in
contact at only one side of the bond.

Figure 34: Optical microscopy image of sample 1213, before laser cutting. The
sample bond is marked with a red circle.
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Appendix I

Uncertainty calculations

All uncertainty calculations were done using the uncertainty propagation formula.
Considering function f (x1 , x2 , ..., xn ), the formula is
δf =

v
u n
uX
t
i=1

∂f
δxi
∂xi

!2

,

(21)

where δf and δx are the respective uncertainties of the variables. Consequently,
uncertainty of the mean is
v
u

n
1 uX
δx̄ = t (δxi )2
n i=1

(22)

The uncertainty evaluations, upon which the calculations were based, were done
using a simple min-max method. As an example, the uncertainty of the intersection
area, which was determined by hand with the aid of visual inspection of the sum
projection image, was found by eroding and dilating the contact mask image 5 times
(see Fig. 35). The difference of the erosion/dilation and the evaluated contact area is
calculated, and the greatest difference chosen as the uncertainty value.
In the cases where streak artifacts induced by gold particles were present in
the intersection area, the total area of the artifacts were measured and added to
the calculated relative uncertainty. In addition, in some cases the intersection area
reached outside the field of view, and thus that area was evaluated as accurately as
possible and added to the uncertainty values.
For the width evaluations, since the width inside the intersection area was
calculated using the aforementioned visual evaluation, half of the relative uncertainty
value obtained for the intersection area was used for the measured widths both inside
and outside the intersection, for both the vertical and horizontal fibre.
The uncertainties of the wall thickness values for both the vertical and the
horizontal fibre were evaluated by similar erosion/dilation. After reslicing the binary
stack, the stack was once eroded and dilated separately, and the wall thickness
values calculated. The greatest difference between measured wall thickness and
eroded/dilated thickness was chosen as the uncertainty.
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The cross-sectional uncertainty was evaluated by choosing the smallest crosssection inside the intersection area for both the vertical and the horizontal fibre, and
eroding/dilating once. The greatest difference was chosen as the uncertainty value.

Figure 35: Visualisation of the min-max evaluation of the intersection area. The
contact mask is separately dilated and eroded 5 times. The white segment is
the evaluated intersection area and the red outlines the perimeter of the area
after erosion and dilation.
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Appendix J

Images of samples

The following figures are thickness and opening thickness images of each imaged
sample.
The samples 0717 and 0724 were stained with CsI (cesium iodide), as described
in [41], but with additional alkali wash. The imaging times for these samples were
22.5 and 48 hours, respectively. The staining method failed for many other samples,
as the samples moved during imaging, and as such was discarded. Acridine orange
was used instead, as in the previous study [7].
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Figure 36: Thickness and opening thickness images of spring-to-summerwood
bond sample 0717 (top and bottom, respectively).
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Figure 37: Thickness and opening thickness images of summerwood bond sample
0724 (top and bottom, respectively).

98

Figure 38: Thickness and opening thickness images of spring-to-summerwood
bond sample 0822 (top and bottom, respectively).

99

Figure 39: Thickness and opening thickness images of summerwood bond sample
0824 (top and bottom, respectively).
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Figure 40: Thickness and opening thickness images of spring-to-summerwood
bond sample 0929 (top and bottom, respectively).
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Figure 41: Thickness and opening thickness images of spring-to-summerwood
bond sample 1006 (top and bottom, respectively).
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Figure 42: Thickness and opening thickness images of spring-to-summerwood
bond sample 1009 (top and bottom, respectively).
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Figure 43: Thickness and opening thickness images of spring-to-summerwood
bond sample 1011 (top and bottom, respectively).
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Figure 44: Thickness and opening thickness images of spring-to-summerwood
bond sample 1013 (top and bottom, respectively).
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Figure 45: Thickness and opening thickness images of springwood bond sample
1020 (top and bottom, respectively).
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Figure 46: Thickness and opening thickness images of spring-to-summerwood
bond sample 1023 (top and bottom, respectively).
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Figure 47: Thickness and opening thickness images of springwood bond sample
1025 (top and bottom, respectively).
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Figure 48: Thickness and opening thickness images of springwood bond sample
1028 (top and bottom, respectively).
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Figure 49: Thickness and opening thickness images of spring-to-summerwood
bond sample 1106 (top and bottom, respectively).
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Figure 50: Thickness and opening thickness images of summerwood bond sample
1108 (top and bottom, respectively).
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Figure 51: Thickness and opening thickness images of spring-to-summerwood
bond sample 1110 (top and bottom, respectively).
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Figure 52: Thickness and opening thickness images of springwood bond sample
1115 (top and bottom, respectively).
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Figure 53: Thickness and opening thickness images of springwood bond sample
1118 (top and bottom, respectively).
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Figure 54: Thickness and opening thickness images of spring-to-summerwood
bond sample 1122 (top and bottom, respectively).
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Figure 55: Thickness and opening thickness images of spring-to-summerwood
bond sample 1124 (top and bottom, respectively).
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Figure 56: Thickness and opening thickness images of summerwood bond sample
1127 (top and bottom, respectively).
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Figure 57: Thickness and opening thickness images of springwood bond sample
1129 (top and bottom, respectively).
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Figure 58: Thickness and opening thickness images of spring-to-summerwood
bond sample 1206 (top and bottom, respectively).
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Figure 59: Thickness and opening thickness images of summerwood bond sample
1208 (top and bottom, respectively). The artifacts caused by gold particles
accidentally placed on the intersection area are clearly seen in both images.

120

Figure 60: Thickness and opening thickness images of summerwood bond sample
1211 (top and bottom, respectively).

121

Figure 61: Thickness and opening thickness images of summerwood bond sample
1213 (top and bottom, respectively).

