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Abstract 
Optimized fiber utilization is crucial to the process efficiency and profitability in paper and 
board making. The fibers can be developed in a refining process in order to reach a desired 
quality level. Refining causes a variety of simultaneous structural changes to the fibers such 
as internal fibrillation, external fibrillation and fines formation that contribute in different 
ways to improve the sheet consolidation and enforce bonding between fibers. This increases 
the strength, which is one of the quality parameters of paper. 

Three grades of refining are studied. Microscopy of the pulps shows that the fines are not a 
homogeneous fraction. However, in analyzing SEM images of the handsheet surfaces, fibrillar 
fines and their bundles are observed to form links between neighboring fibers which can 
reinforce the network and the bond regions. The fiber characterization method by FiberLab 
only captures trends in changed fines content in the pulps and these are underestimations 
since the instruments optical resolution is limited in characterizing fibrillar fines. 

SEM images of the cross sections of the sheets along with thickness measurements show that 
increased grade of refining causes a densification of the sheets. Tensile tests show that 
refining results in a significant increase in tensile strength and stiffness but a more modest 
increase in strain at break. 

A 3D fiber network model is built with a deposition technique according to experimental 
results. Introducing fines in the same way as fibers and increasing the amount of fibrillar fines 
does not affect the thickness significantly. The densification is instead captured either by 
changing the width-to-height ratio of the fiber cross sections or by changing the flexibility of 
the fibers through the so-called interface angle, both having a large impact on the thickness. 
But SEM images suggest that the width-height-ratio did not reveal a significant change 
between the three grades of refining. 

The effect of refining on the mechanical properties is studied numerically using 
micromechanical simulations which assist interpretation of experimental results. The FE 
network simulations show that the thickness change alone cannot explain the increased 
stiffness observed in physical experiments. The addition of fines fraction modelled to capture 
the fibrillar fines observed in SEM images proved to have a large impact on stiffness 
comparable to that of experiments. Thus the increased stiffness is partly due to increased 
number of contacts after densification and partly due to the addition of fines. 

Keywords: Refining, fibrillation, fines, SEM, 3D fiber network model, FE simulations 
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Sammanfattning 
Optimerad användning av fibrerna är avgörande för processeffektivitet och lönsamhet i 
tillverkningen av papper och kartong. Fibrerna kan vidareutvecklas genom ytterligare 
mekanisk malning för att nå önskad fiberkvalitet. Malning leder till en mängd simultana 
strukturförändringar av fibrerna såsom inre fibrillering, yttre fibrillering och bildning av så 
kallade fines, finare partiklar, som på olika sätt bidrar till att förbättra pappersarkens 
sammansättning och förstärka bindningen mellan fibrer. Detta förbättrar pappersstyrkan 
vilken är en av kvalitetsparametrarna hos papper. 

Tre malgrader har studerats. Mikroskopbilder av pappersmassan visar att de finare partiklarna 
inte är en homogen sammansättning. Men i analysen av SEM bilder av pappersarkens ytor så 
kan fibriller och grupper av fibriller observeras bilda länkar mellan angränsande fibrer vilka 
kan förstärka fibernätverket och fibrernas bindningsregioner. Fiberkarakteriseringsmetoden 
utförd av FiberLab kan bara fånga trender i mängden fines i pappersmassorna och dessa är 
underskattningar eftersom instrumentets optiska upplösning är begränsad i karakteriseringen 
av fibriller. 

SEM bilder av arkens tvärsnitt tillsammans med tjockleksmätningar visar på att ökad malgrad 
resulterar i en förtätning av arken. Dragprov visar att ökad malgrad leder till en märkbar ökad 
styrka och styvhet men en något blygsammare ökning i töjningsgräns. 

En 3D fibernätverksmodell skapas med en depositionsteknik enligt experimentella resultat. 
Genom att introducera fines på samma sätt som fibrer och öka antalet visade sig inte ha någon 
signifikant inverkan på nätverkets tjocklek. Istället fångas förtätningen av arken på två andra 
sätt i genereringen av fibernätverket, antingen genom ändring av bredd-höjd kvoten av 
fibrernas tvärsnitt eller genom förändring av fibrernas flexibilitet med användandet av den så 
kallade interfacevinkeln, vilka båda har stor inverkan på tjockleken. Men SEM bilder av 
tvärsnitten visade ingen stor skillnad hos bredd-höjd kvoten mellan de tre malgraderna. 

Malgradens påverkan på de mekaniska egenskaperna studeras numeriskt genom 
mikromekaniska simuleringar, vilka jämförs med experimentella resultat. Finita element 
simuleringarna visar att tjockleksändringen inte ensamt kan förklara den ökade styvheten som 
observerats i dragproven. Tillägget av fines modellerade att fånga fibrillernas egenskaper 
observerade i SEM bilder visade sig ha en stor inverkan på styvheten, jämförbar med 
dragproven. Alltså, den ökade styvheten beror dels på ökat antal kontaktpunkter efter 
förtätning av arken och dels på innehållet av fines. 

Nyckelord: Malning, fibrillering, fines, SEM, 3D fibernätverksmodell, FE simuleringar 
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1 Introduction 

1.1 Background 
Paper makes up a wide range of products commonly used in everyday life. In spite of the 
changed way of storing and communicating information, such as electronic reading devices 
and e-publications, the forest industry is still one of Sweden’s most important base industries 
[1]. However, developing new competitive paper products, such as paperboard used in many 
packaging solutions, with a high quality together with the fact that wood is a renewable and 
environmental friendly resource motivates research in the field of paper physics. 

The manufacturing of paper is a multidisciplinary process in which a wood base is prepared 
by chipping and the wood fibers separated by mechanical and/or chemical treatments to 
produce pulp. The fibers are mixed with water into furnish which is placed and formed on a 
draining wire. The furnish is pressed in the wet stage and the fibers spontaneously bond to 
each other to form a paper structure which is dried thereafter. Thus paper is essentially a 
network of pressed and dried fibers. 

Optimized fiber utilization is crucial to the process efficiency and profitability in paper and 
board making. The process of pulping is complex and the aim is to separate the fibers while 
maintaining the mechanical properties. The fibers can be developed further in a refining 
process, essentially applying controlled damage (beating) to the fibers in order to reach a 
desired quality level. 

Refining improves the sheet consolidation in the paper making process and enforces bonding 
between fibers [2]. More bonds principally mean stronger paper and therefore refining 
increases the strength, which is one of the quality parameters of paper. However, the nature of 
these bonds is still not well explored. Refining causes a variety of simultaneous structural 
changes to the fibers that affects the inter-fiber bonding in different ways. Therefore, it is of 
great interest to study these factors and their contribution to the mechanical properties of 
paper including increased strength. 

1.2 Project objective 
The main objective of the study is to examine the effect of refining on the mechanical 
properties on the middle ply of a paperboard using micromechanical simulations which assists 
interpretation of experimental results. An additional goal of the work is to introduce fines, 
small particles that break off from the fibers in the refining process, into simulations and to 
estimate the effect of fines on the mechanical properties. To use numerical methods enables 
the assessment of the contribution of separate factors to the mechanical properties. Thus 
information that is not possible to measure experimentally is possible to investigate by 
numerical simulations. 
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Another way to increase paper strength is to add strength additives to the pulp that improves 
the fiber-to-fiber bond strength. This was investigated by Azizoglu [3] and will be discussed 
in relation to the results from this investigation. However, a direct comparison of the effect of 
these two methods of increasing the paper strength, additives and mechanical beating, must be 
done carefully and with a critical evaluation of the mechanisms that contributes to the strength 
changes. 

The thesis work is carried out in the following steps: 

1) Experimental characterization of pulp and laboratory handsheets. 
2) Constructing a realistic 3D fiber network model by deposition technique. 
3) Reconstructing the 3D fiber network model with the presence of fines. 
4) Performing parametric studies on how refining affects network thickness. 
5) Utilizing the realistic 3D fiber network model in 3D FE network simulations. 
6) Performing 3D FE network simulations with the presence of fines. 
7) Performing parametric studies on the effect of refining on the network mechanical 

properties. 

1.3 Previous work 

1.3.1 Refining 

Refining is one of the practical ways of improving the mechanical properties of paper. The act 
of refining is exerting controlled damage to the fibers and a method to further develop the 
pulp fibers. However, refining causes several simultaneous structural changes to the fibers. 
Three of the effects are those of internal fibrillation, external fibrillation and fines formation, 
all of which are visualized in Figure 1. 

         

Figure 1: Internal fibrillation of a well beaten fiber (left), external fibrillation of freeze dried 
fibers (center) and fibers with fines formation (right), all from [2]. 

Internal fibrillation is partial delamination of the fiber wall, clearly visualized in Figure 1 
(left) which increases its flexibility and conformability [2]. Kang [4] emphasizes that internal 
fibrillation improves the flexibility and collapsibility of fibers, essential for inter-fiber 
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bonding. Lowe et al. [5] point out that fiber flexibility is used to describe the ability of pulp 
fibers to deform over another. Furthermore, Lowe et al. [5] concludes that the geometry of the 
intersection between the fibers is controlled by both the conformability of the overlying fiber 
and the deformability of the underlying fiber in their study of the effect of refining on the 
interface region between two fibers. 

In contrast to the damage to the fiber wall in internal fibrillation, external fibrillation is 
damage of the fiber surface, see Figure 1 (center). In this process the fibrils that mainly 
characterize the fiber’s structural stiffness, are peeled off from the fiber surface but still 
attached to the fiber. Niskanen [2] points out that external fibrillation improve sheet 
consolidation and bonding between fibers. 

External fibrillation also generates fines which are small particles, fine material that breaks 
off from the fibers in the refining process. Fines are usually defined as particles that pass 
through a 75 µm-diameter round hole or a 200-mesh screen of a fiber length classifier, Bauer-
McNett fractionator or similar [6]. The small-sized particles that constitute the fines are not a 
homogeneous fraction and as Sundberg et al. [7] claim, different types of fines affect the 
paper properties in different ways. For example, fibrils or parts of fibrils that have broken of 
the fiber surface increase the strength of the paper [7]. 

The study of the effect of refining in laboratory conditions is essentially capturing the full 
scale refining process in industry. However, Kerekes [8] concludes that the PFI mill is good 
for laboratory comparisons but not good predictions for industrial refining. Nevertheless, the 
PFI mill is the most widely used laboratory refiner today which beats pulp in laboratory 
conditions to simulate the commercial refining processes. Kerekes [8] points out that 
industrial refiners give heterogeneous treatment of pulp whereas the PFI mills results in a 
much more uniform treatment. The PFI mill subjects the fibers to more compressive than 
shear forces resulting in higher internal fibrillation and lower external fibrillation. 

1.3.2 Network model 

The first numerical studies were performed on 2D representations of fiber networks as 
described by Azizoglu [3]. Although computationally effective, 2D networks are unable to 
capture the important connectivity in the network. Heyden [9] modeled 3D fiber networks by 
depositing fibers randomly in a volume. 

In the present study FE simulations on a 3D fiber network model is performed. The model is 
originally developed by Kulachenko and Uesaka described in [10] and builds on the so-called 
PAKKA model described by Niskanen and Alava in [11]. Larykov et al. [13] presents 3D 
network simulations including a brief account of the inclusions of fines represented as 
individual cubic elements on the micro scale. 
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1.4 Thesis overview 
In Section 2 following the introduction, the experimental results from fiber characterization, 
SEM image analysis, microscopy and handsheet characterization including tensile test are 
presented. 

In Section 3, the 3D dry fiber network simulation is presented. First the building of the 3D 
fiber network model with the network generation algorithm is described including the 
presence of fines. Moreover, investigations of parameters that affect the network thickness are 
presented. Secondly, the FE network model is described and the results from FE simulations, 
including the presence of fines, presented. 

In Section 4, discussion and conclusions together with suggestions for future work are 
presented. 
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2 Experiments 

2.1 Pulps and handsheets 
The pulp is softwood chemi-thermomechanical pulp, CTMP, made from spruce. The CTMP 
pulping process is a hybrid between chemical and mechanical pulping in that the wood is 
treated with chemicals before mechanical treatment. However, the lignin that give the fibers 
their plastic behavior is preserved in CTMP in contrast to chemical pulping. 

The pulp is mechanically beaten between two rotating cylinders in a PFI mill. Increased 
number of PFI mill revolutions corresponds to a more refined pulp. Here, 0 PFI mill 
revolutions refer to unbeaten pulp and 1000 and 2000 PFI mill revolutions to two grades of 
refined pulp. The first has rotated 1000 revolutions in the PFI mill and the second 2000 
revolutions. 

The pulp is used in the manufacturing of laboratory handsheets. Since the structure of paper is 
a result of a multidisciplinary process, forming laboratory sheets in standardized conditions 
separates the furnish influence on the paper structure from the effect of the papermaking 
process [12]. Handsheets made from three different grades of refined pulp were provided by 
Stora Enso, see Table 1, where the refining data can be found. 

Table 1: Refining data for the three handsheets provided by Stora Enso. 
PFI mill revolutions Dewatering SR Dewatering CSF 

0 20.8 590 
1000 25.6 500 
2000 30.8 410 

Dewatering is a measurement of the pulp freeness or the drainability of the pulp suspension. 
In other words, it is a measure of the rate at which a dilute suspension of pulp may be drained. 
Two methods are represented in the table. The SR (Schopper-Riegler) method is common for 
chemical pulps and a higher number means slower draining. The CSF (Canadian Standard 
Freeness) is used for mechanical pulps and higher numbers means faster draining or more 
easily dewatered pulp [2]. 

2.2 Fiber characterization 
The fines content and the morphology of more than 3000 individual fibers for each grade of 
refining of the CTMP pulp was measured with the optical fiber length analyzer FiberLab by 
PTS (Papiertechnische Stiftung). The length, diameter and wall thickness of the fibers are of 
most interest since those parameters are used in the generation of the 3D fiber network model 
described in Section 3.1, Network generation. 

The CTMP pulp contains both fibers and fines. The fibers that have a length shorter than 0.2 
mm are according to the fiber characterization method considered as fines [14]. FiberLab only 
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provides information about the length of the fines. This means that no data for wall thickness 
and diameter exists for the fines in all of the three pulps. 

2.2.1 Fines content 

The fines contents in the three pulps are found in Table 2 where the percentage of fines are 
calculated in two ways, arithmetic and length weighted, according to Equations (1) and (2). 

𝐴𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 % =  
𝑠𝑢𝑚(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑛𝑒𝑠)

𝑠𝑢𝑚(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑛𝑒𝑠 𝑎𝑛𝑑 𝑓𝑖𝑏𝑒𝑟𝑠)
 (1) 

𝐿𝑒𝑛𝑔𝑡ℎ 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 % =  
𝑠𝑢𝑚(𝑙𝑒𝑛𝑔𝑡ℎ𝑠 𝑜𝑓 𝑓𝑖𝑛𝑒𝑠)

𝑠𝑢𝑚(𝑙𝑒𝑛𝑔𝑡ℎ𝑠 𝑜𝑓 𝑓𝑖𝑛𝑒𝑠 𝑎𝑛𝑑 𝑓𝑖𝑏𝑒𝑟𝑠)
 (2) 

Table 2: The arithmetic and length weighted fines percentages in the three pulps. 
PFI mill revolutions Arithmetic [%] Length weighted [%] 

0 25.5 4.0 
1000 27.2 4.7 
2000 28.7 4.9 

The fines content displayed in Table 2 are more or less the same for all grades of refining, 
showing a slight increase with refining. However, the unbeaten pulp, 0 PFI mill revolutions, 
also contains a percentage of fines comparable to the two refined pulps which reflects the fact 
that fines are already generated in the mechanical pulping process [2]. 

2.2.2 Morphology 

The mean values of the characterization results regarding length, shape factor, diameter and 
wall thickness can be found in Table 3 where the true length refers to the actual length of the 
fibers whereas the projected length is the projection of the fiber length, meaning the shortest 
distance between the fiber endpoints. The shape factor is a description of the curvature of the 
fiber and defined as the ratio between the projected length and the true length. 

Table 3: Mean values of the fiber morphology from fiber characterization, regarding true and 
projected length, shape factor, diameter and wall thickness. 

PFI mill 
revolutions 

True 
length 
[mm] 

Projected 
length 
[mm] 

Shape 
factor 

[-] 

Diameter 
[µm] 

Wall 
thickness 

[µm] 
0 0.7 0.7 1 29.9 9.2 

1000 0.7 0.6 0.9 29.3 8.9 
2000 0.7 0.6 0.9 29.1 8.6 
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The contents of Table 3, reveals that the mean values of the morphology of the three pulps are 
rather similar. This suggests that refining does not change the fiber mean values. Therefore, in 
addition to the fiber mean values, the distributions of the length, diameter, wall thickness and 
shape factor are studied. 

2.2.3 Length distribution 

The length distribution for fibers and fines are shown in Figure 2. 

 

Figure 2: Length distribution for fibers (left) and fines (right). 

Figure 2 reveals that the length distribution for both fibers and fines are similar for the three 
pulps. Moreover, it can be seen both in Table 3 and Figure 2, that the lengths of the fibers are 
rather short, many of them are shorter than 1 mm. Moreover, the fines length distribution 
displays a rather uniform distribution between 0.05-0.2 mm. However, the range is rather 
wide compared to literature values where the length of fibrils varies between 0.01-0.1 mm [7]. 
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2.2.4 Shape factor distribution 

The shape factor distribution for fibers and fines are found in Figure 3, where a shape factor 
of 1.0 corresponds to zero curvature, i.e. a completely straight fiber. 

 

Figure 3: Shape factor distribution for fibers (left) and fines (right). 

It can be observed in Figure 3 that the distribution of shape factor are similar for the three 
pulps and that many of the fibers show a small curvature i.e. shape factors close to 1.0. 
However, a fraction of the fibers show a significant curvature seen in the long tail of the 
distribution. But when it comes to the fines, it can be observed that most of them are more or 
less straight. 

2.2.5 Diameter and wall thickness distribution 

The diameter and wall thickness distribution for the fibers can be seen in Figure 4. 

  

Figure 4: Fiber diameter (left) and fiber wall thickness (right) distribution. 
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Figure 4 suggests that the diameter and wall thickness distribution also are similar for the 
three pulps, the same as could be observed for the length and shape factor distributions. Even 
though the distributions for the diameter and wall thickness are similar the actual numbers are 
viewed cautiously since the fibers were in a wet state in the fiber characterization. Azizoglu 
[3] concludes that the mean value of the fiber wall thickness is quite high compared to CTMP 
wall thickness values reported in literature. Therefore, the fiber diameter and wall thickness in 
their dry state are extracted from SEM images of the handsheet cross sections as performed in 
[3]. 
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2.3 SEM image analysis 

2.3.1 Fiber diameter and wall thickness 

SEM images of the handsheet cross sections were provided by the laboratory at Stora Enso, 
where both the samples were prepared and the SEM performed. The SEM images were 
filtered and post-processed in ImageJ image processing and analysis software in order to find 
the diameter and wall thickness distributions. Figure 5 shows one of the SEM images for 1000 
PFI mill revolutions together with the filtered image where the measured fibers are marked in 
red. 

 

 

Figure 5: SEM image of one of the cross sections of the 1000 PFI mill revolutions handsheet 
(top) and the filtered SEM image in ImageJ used to calculate the diameter and wall thickness 

distributions of the dry fibers, where the measured fibers are marked in red (bottom). 
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In the analysis with ImageJ the inner and outer diameter along with the wall thickness of 
more than 300 fiber cross sections of each grade of refining were measured. The diameter 
distribution and the wall thickness distribution from the SEM image analysis can be seen in 
Figure 6. 

 

Figure 6: Fiber diameter distribution (left) and fiber wall thickness distribution (right), both 
derived from SEM image analysis. 

It can be seen in Figure 6, that the distributions for diameter and wall thickness derived from 
SEM image analysis are similar. The mean values for the diameter and wall thickness are 
presented in Table 4 together with the rescaled mean values and the number of analyzed fibers 
for each grade of refining. 

Table 4: The number of analyzed fibers for each grade of refining and the mean values of fiber 
diameter and fiber wall thickness derived from SEM image analysis for each grade of refining 
together with the rescaled mean values. 

PFI mill 
revolutions 

Number of 
analysed 

fibers 

Diameter 
mean ± std 

[µm] 

Rescaled 
diameter 

[µm] 

Wall 
thickness 

[µm] 

Rescaled 
wall thickness 

[µm] 
0 340 25.0 ± 8.0 24.4 4.9 4.8 

1000 315 25.2 ± 7.7 23.9 5.7 4.5 
2000 316 24.4 ± 7.5 23.7 5.9 4.4 

The rescaled diameter and wall thickness values for the unrefined pulp match to the values 
derived by Azizoglu [3]. According to Table 4 the change in diameter for increased grade of 
refining is fairly small and no trend of increasing or decreasing can be observed for 1000 and 
2000 PFI mill revolutions. However, the wall thickness increases for increased grade of 
refining according to the fifth column in Table 4. This observation together with the diameter 
showing no specific trend suggests that the fiber wall is somehow affected internally. 
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2.3.2 Surfaces 

SEM images of the handsheet surfaces were taken for the purpose of studying the fibers more 
closely. Representative SEM images of the 0 and 1000 PFI mill handsheets can be seen in 
Figure 7. 

 

 

Figure 7: SEM images of the 0 PFI mill handsheet surface (top) and 1000 PFI mill handsheet 
surface (bottom), both with fibrillar fines marked with red boxes. 
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Figure 7 clearly shows that the fibers bond to each other and that they have been pressed in 
the sheet making. Also, Figure 7 reveals some of the fines of which a few is marked with red 
boxes. Many of the fines visible on the surface look like fibrils or bundles of fibrils. 
Moreover, the fibrillar fines seem to form what looks like links between the fibers. The SEM 
images of the surface of the most refined handsheet, 2000 PFI mill revolutions, show a similar 
behavior and a representative image can be found in Appendix A. However, the nature of the 
fines in the handsheets cannot be characterized solely from these images since they are 
limited in only showing the surfaces and not the insides of the handsheets. 

2.4 Microscopy 
In order to get a better understanding of the characteristics of the fines in the handsheets, 
microscopic images of the pulps were taken. The purpose of this experiment was to get an 
idea of the type of fibrillation and the type of fines in the pulps. Microscopy images of the 
pulps where taken with Olympus BX50 System Microscope in the laboratory at the 
Department of Solid Mechanics at the Royal Institute of Technology, KTH. A representative 
microscopic image of the 0 PFI mill pulp can be seen in Figure 8. 

 

Figure 8: A representative microscopic image of the 0 PFI mill pulp clearly showing that the 
fines are not a homogeneous fraction. 

It can be observed in Figure 8 that the fines in the pulp are not a homogeneous fraction. Thus, 
not just one type of fines is present in the pulps. Small particles such as fibrils, parts of fibers 
and other types of fines can be seen. Representative images of the two refined pulps can be 
found in Appendix B which also show this heterogeneous fines fraction. The images reveal 
little of the type of fibrillation and even though an increase of fines can be observed in the 
images one should view the results of this method carefully. 
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2.5 Handsheet characterization 
Handsheet characterization and tensile tests were performed in order to quantify the effect of 
refining on tensile strength, strain at break and stiffness. Furthermore, the laboratory 
experiment was performed in order to characterize the handsheets in terms of thickness and 
grammage to be used in the generation of the 3D fiber networks for FE simulations, described 
in Section 3.1, Network generation. 

2.5.1 Thickness and grammage 

The thickness of the handsheets was measured with the STFI Thickness Tester M201. The 
paper is fed with a constant speed of 20 mm/s into a nip to allow measurement over the length 
of the sheet. The method measures the structural thickness continuously as the distance 
between two non-rotating spherical probes with a radius of 2.0 mm [15]. The probes are in 
contact at a point and are touching each other with a constant force comparable to a weight of 
10 grams in which position the zero thickness is defined, see Figure 9 (left). 

Three measurements along the diameter and in different directions were performed for each 
handsheet to derive a mean value and a standard deviation. The measurement setup and a 
thickness profile of one of the 0 PFI mill handsheets can be seen in Figure 9. 

 

Figure 9: The principle of measuring the structural thickness (left) [15] and the structural 
thickness along the length of the 0 PFI-mill revolutions handsheet (right). 

In studying the thickness profile in Figure 9 it can be observed that the thickness varies over 
the length of the handsheet. The thickness of each sheet is taken as the mean value of the three 
measurements. The thickness value of each grade of refining is thereafter determined as the 
average of all the sheets, and can be found in Table 5. 

The weight of each handsheet was measured using a laboratory scale with an accuracy of 0.01 
grams. All sheets have a radius of 8 cm and this enables calculation of grammage and density 
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of the sheets. The mean values of weight, grammage and density derived as the average of all 
sheets, can be seen in Table 5. 

Table 5: Mean values of thickness, weight, grammage and density of the handsheets. 

PFI mill 
revolutions 

Thickness 
mean ± std 

[µm] 

Weight 
[g] 

Radius 
[m] 

Grammage
[g/m2] 

Density 
[kg/m3] 

0 509.7 ± 22.3 3.04 0.08 151.4 282.7 
1000 453.9 ± 16.1 3.14 0.08 156.0 325.0 
2000 392.3 ± 16.2 3.10 0.08 154.1 373.9 

In Table 5, it can be observed that the weight and also the grammage of the three grades of 
refining are similar. However, it can be seen that the thickness decreases and that results in an 
increased density for the refined sheets. Thus the density is not preserved with changed 
thickness. In other words, refining results in a densification of the sheets and this can clearly 
be seen in Appendix C where representative SEM images of the cross sections of the 
handsheets, one for each grade of refining, can be found. 

2.5.2 Tensile test 

Two handsheets of each grade of refining were tested. Each sheet was divided into six 100 x 
15 mm test pieces. Each test piece was tested in the tensile test machine Alwetron TH1 by 
Lorentzen & Wettre. This device measures force in Newtons and elongation in millimeters. 
The load-elongation curves were transformed into stress-strain curves with the aid of the cross 
sectional area and the length of each test piece, assuming a constant cross sectional area 
during loading. 

The six stress-strain curves for each handsheet can be found in Appendix D, where all of the 
36 stress-strain curves are presented. In studying the graphs, all have in common that the test 
pieces show similar behavior in the elastic region but that they fail at different strain and 
stress values. This reflects the stochastic nature of paper and this is also present in the way in 
which the test pieces fail. In observing the fractured test pieces in Appendix E it can be seen 
that they fail at different locations. This shows that there is no effect of the boundary 
conditions on the fracture. Some of the test pieces that originally were attached to each other 
side by side have fractured at completely different locations. However, the handsheet on the 
left in Figure 51 show a more homogeneous behavior. 

The average curve of the 12 stress-strain curves for each grade of refining was derived and 
can be found in Figure 10. 
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Figure 10: Average stress-strain curves of the three grades of refining, each curve representing 
12 tensile tests. 

In Figure 10, a significant increase in tensile strength with refining can clearly be observed. 
The increased strength from 0 to 1000 PFI mill revolutions is about 40% and from 0 to 2000 
PFI mill revolutions almost 100%. However, even though the strain at break is also increasing 
it is not as significant. Moreover, Figure 10 also shows a clear increase in stiffness with 
refining. Young’s modulus increases with about 30% from 0 to 1000 PFI mill revolutions and 
90% from 0 to 2000 PFI mill revolutions. 

2.5.2.1 Tensile strength and strain at break 
The tensile test results regarding tensile strength and strain at break of the handsheets are also 
illustrated in Figure 11. 

 

Figure 11: Average tensile strength (left) and strain at break (right) of the handsheets with max 
and min values in black. 

Figure 11 further enhances the fact that the tensile strength increases significantly with 
refining and that the strain at break shows a more modest increase. However, it can also be 
seen that the strain at break has a larger min and max value than the tensile strength. This can 
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be seen in Appendix D, where the stress-strain curves show more similarity in tensile strength 
than in strain at break between test pieces. 

2.5.2.2 Young’s modulus 
Young’s modulus, 𝐸, and the specific Young’s modulus, 𝐸𝑠, are presented in Figure 12. The 
specific Young’s modulus, 𝐸𝑠, which accounts for three dimensionality is defined according 
to Equation (3), where 𝜌𝑁 is the network density. 

𝐸𝑠 =
𝐸
𝜌𝑁

 (3) 
 

 

Figure 12: Young’s modulus, 𝑬, and specific Young’s modulus, 𝑬𝒔, of the handsheets with max 
and min values in black. 

In Figure 12 (left), the increase of Young’s modulus with increased refining can clearly be 
seen. Moreover, the specific Young’s modulus is also increasing with refining. Thus the 
observed densification of the sheets with refining cannot solely explain the increase in 
stiffness. 

Young’s modulus of 2D random sheets can be described by Equation (4) as by Seth and Page 
in [16] where ϕ is a function that describes the stress transfer in the fibers in a sheet. 

𝐸𝑝 =
1
3
ϕ𝐸𝑓 (4) 

For sheets with well-bonded fibers ϕ approaches a value of 1.0. Thus Young’s modulus for 
the sheet is approximately one third of the Young’s modulus of the fibers. 

Young’s modulus of spruce is around 12 GPa [20] and that would correspond to a Young’s 
modulus of approximately 400 MPa according to Equation (4). However, the unrefined 
network has a Young’s modulus of more than 600 MPa which shows the limitation of this 
equation to 3D fiber networks. But the literature value is solely for spruce and not the CTMP 
treated fibers which is an aspect that also has to be taken into account in the comparison. 
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For 3D networks, Young’s modulus is described by Equation (5) with a correction factor 
𝜌𝑝/𝜌𝑓, where 𝜌𝑝 and 𝜌𝑓 are the density of the paper and the fibers respectively [22]. 

𝐸𝑝 =
1
3
𝐸𝑓
𝜌𝑝
𝜌𝑓

 (5) 

The correction factor takes into account that the density of the paper network and the density 
of the fibers affect Young’s modulus of the paper structure. Refining has the effect of 
decreasing the fiber density, 𝜌𝑓, which results in a decrease in Young’s modulus of the fibers, 
𝐸𝑓. However, at the same time the paper density, 𝜌𝑝, increases which leads to the increase in 
Young’s modulus of the paper, 𝐸𝑝  and this is clearly seen in Figure 12. However, other 
aspects such as the fines content in the sheets have not been accounted for in the 3D 
description of Young’s modulus by Equation (5). 
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3 3D dry fiber network simulations 
The numerical investigations of the handsheets are performed in two steps. First, the geometry 
is built as a 3D network of fibers with a deposition technique. Second, the mechanical 
properties of the fiber network are investigated with FE simulations. 

3.1 Network generation 
The 3D fiber network model is generated to represent the in-plane fiber distribution and the 
target thickness of the corresponding handsheet. 

3.1.1 Fiber distribution 

A deposition technique developed by Kulachenko and Uesaka [15] following the model of 
Niskanen and Alava [16] is used in generating the 3D fiber network model. The network 
generation algorithm can be described as by Motamedian [13]: 

i) Generate a fiber 
ii) Put the fiber on the network (2D) 
iii) Deposit the fiber over the previously laid fibers 
iv) Repeat until the required grammage is reached 
v) Press the network 

3.1.1.1 Generating Fibers 
The fibers are generated according to the morphology from the fiber characterization, 
described in Section 2.2, Fiber characterization, ensuring an equivalent distribution of fibers 
in the network as in the fiber data. Thus, the fibers are assigned with length, diameter, wall 
thickness and fiber curl according to the data from FiberLab. However, the diameter and wall 
thickness values are rescaled according to the results from the SEM image analysis described 
in Section 2.3.1, Fiber diameter and wall thickness. 

The curl of each fiber is represented by a second order polynomial function. The function for 
each individual fiber is derived from the combination of Equation (6) and (7) below. 

𝑦 = 𝑎(𝑥2 − 1) (6) 
 

𝐿𝑡𝑟𝑢𝑒 = � �1 + �
𝑑𝑦
𝑑𝑥
�
2

𝐿𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑

0

 (7) 

Equation (6) describes the polynomial and (7) calculates the length of the polynomial where 
the true and projected lengths are taken from the fiber characterization data. This enables the 
coefficient 𝑎 in Equation (6) to be derived in a Newton Raphson iterative way. The mean and 
maximum values of the curl for the three pulps are visualized in Figure 13. 
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Figure 13: Visualization of the mean and maximum fiber curls for the three pulps. 

It can be observed in Figure 13 that all pulps have the same mean value of fiber curl whereas 
the maximum value decreases somewhat with increased grade of refining. However, all of the 
maximum values show very large and quite unrealistic curls. 

The orientation and the position of the fibers are random which ensures the in-plane isotropic 
fiber orientation present in the handsheets. The grammage of the network is adjusted to the 
target values of the handsheets, according to Section 2.5, Handsheet characterization. 

3.1.1.2 Introducing fines 
The modeling of the fines is not straightforward, neither their shape nor their location. As 
Thomsson [12] points out, the way in which small-sized particles are distributed in the paper 
structure is very complex. Thus, a simplified approach where the fines are generated and 
deposited over the network in the same way as the fibers is adopted here. Since the fiber 
characterization does not provide any cross sectional information about the fines, literature 
values are used. 

It was observed in the microscopic images in Section 2.4 that the fines in the pulps are not a 
homogeneous fraction. Studying literature such as [7] and [17] motivates modeling the fines 
as bundles of elementary fibrils. According to [7] the width of the fibrils in the mechanical 
pulp made from spruce is observed to be approximately 300 nm and this value is used as 
diameter for all of the fines in the 3D fiber network generation. 

3.1.2 Target thickness 

The fiber characterization, Section 2.2, showed that the fiber morphology as well as the fines 
content of the three pulps was very similar. Moreover, both the grammage and the results 
from the SEM image analysis of the fiber diameter and wall thickness are similar. Thus, in 
these aspects the generated fiber networks of the three pulps are more or less the same. 
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However, the thickness measurements of the handsheets indicated a thickness decrease with 
increased grade of refining. Thus, the 3D fiber networks are generated in order to capture the 
change in target thicknesses. 

These observations motivates the generation of one reference network representing the 
unrefined, 0 PFI mill revolutions handsheet and then using that network with the same 
morphology and grammage but modifying it in other aspects such as to match the target 
thicknesses of the two refined handsheets. This enables the study of the influence of separate 
parameters on the thickness since everything else is kept constant. 

3.1.2.1 Thickness measuring method 
The thickness of the network is measured with the same method as used by Azizoglu [3]. The 
thickness is thus calculated in such a way to account for the non-uniformity of the density 
profile in the network. Naturally, the density will be higher near the bottom of the network, 
where the fibers are compressed by the overlying fibers, and decrease towards the surface 
where individual fibers can be observed sticking up and out of the sheet. 

The variation in density of the network was observed by Azizoglu [3]. The density profile in 
the thickness direction of the unrefined network/no strength additives from can be seen in 
Figure 14. 

 

Figure 14: Density profile in the thickness direction of the unrefined network/no strength 
additives from [3]. 

The variation in density in the thickness direction can clearly be seen in Figure 14. The 
network structure is denser at the bottom and sparser towards the surface. 

3.1.2.2 Network structural thickness 
In the experimental measurements of the structural thickness, Section 2.5.1, it could clearly be 
seen that the thickness varies over the sheet. The structural thickness of the generated network 
is calculated using an averaging algorithm and plotted in Matlab, see Figure 15. 
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Figure 15: The structural thickness over the surface of the handsheet is captured by the network 
generation algorithm. 

The variation in thickness can clearly be seen in Figure 15. Three random measurements in 
the x- and y-direction of the network is made in order to mimic the experimental measurement 
technique performed in the thickness characterization of the handsheets, Section 2.5.1, and 
can be observed in Figure 16 (left). 

 

Figure 16: The structural thickness of the sheet is captured by the network generation algorithm 
(left) and the behavior is comparable to experimental measurements (right). 

Comparing the curves from the numerical sheets, Figure 16 (left) to the experimental curves 
over the same distance, Figure 16 (right), shows a somewhat rougher variation in thickness 
than found in the handsheets. But even though the numerical sheets are rougher the structural 
thickness of the generated networks is captured by the network generation algorithm. 
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3.1.2.3 Size dependency 
In order to ensure that the size of the network does not affect the thickness calculations a size 
dependency study is performed. The thickness sensitivity to network size can be observed in 
Figure 17. 

 

Figure 17: The network thickness of different network sizes together with the target thickness 
for the unrefined sheet, 0 PFI mill revolutions (blue dotted line), which reveals that the thickness 

converges to a stable value with a network size around 30x30 mm. 

From Figure 17 it can be determined that a network size of 30x30 mm ensures a reliable 
calculation of the network thickness since it converges to the target thickness of 510 µm, blue 
dotted line, of a generated network corresponding to the unrefined, 0 PFI mill revolutions 
sheet. 

3.1.2.4 Effect of fines 
By assigning the fines in the network with a diameter on the nanoscale, 300 nm, they are very 
small compared to the fibers. Thus the fines modeled like this and deposited in the same way 
as the fibers are not expected to affect the overall volume and thickness of the network. The 
thickness sensitivity to the fines content can be seen in Figure 18. 
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Figure 18: The network thickness of different fines content sizes together with the target 
thickness for the unrefined sheet, 0 PFI mill revolutions (blue dotted line), which reveals that the 

fines content does not affect the network thickness significantly. 

In the experimental measurements of the handsheets, the thickness decreased for increased 
grade of refining but as can be observed in Figure 18 increasing the arithmetic percentage of 
fines does not have a significant impact on the thickness of the network. To affect the network 
thickness even slightly, arithmetic fines percentages towards 60-70% needs to be added as can 
be seen in Figure 18. 

3.1.2.5 WH-ratio 
The SEM images of the handsheets cross sections, see Appendix C, suggest that many of the 
fibers have rectangular hollow cross sections instead of circular cross sections. Therefore, the 
same method used by Azizoglu [3] to represent fiber cross sections is adopted. The method 
ensures that the cross sectional area and wall thickness are preserved, see Figure 19. It also 
provides a way of adjusting the width-height ratio of the fiber, the so-called WH-ratio, which 
is a way to control the network thickness. 
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Figure 19: Transformation of circular cross section of the fibers to rectangular representations 
as described in [3]. 

In Figure 20 it can clearly be seen that increasing the WH-ratio, i.e. compressing the fiber 
cross section, results in a decrease in thickness. To ensure a target thickness of 510 µm for the 
reference network it can be seen in Figure 20 that this corresponds to a WH-ratio of about 1.7. 

 

Figure 20: The network thickness of different WH-ratio together with the target thickness for 
the unrefined sheet, 0 PFI mill revolutions (blue dotted line), which reveals that the thickness of 

the network decreases with increased WH-ratio. 

The present assumption in the network generation that all the fibers land on the network with 
the width parallel to the 2D plate and the height parallel to the thickness direction is not 
observed in the SEM images. In studying the SEM images of the cross sections, Appendix C, 
it can be seen that many of the fibers have another orientation. Moreover, no significant 
change of the cross sections with refining could be observed. Thus, the WH-ratio cannot be a 
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sole factor to explain the thickness change between the three networks and therefore the 
influence of the so-called interface angle is investigated. 

3.1.2.6 Interface angle 
Kerekes [8] concluded that the PFI mill is mainly causing internal fibrillation of the fibers. 
Internal fibrillation improves flexibility and collapsibility of the fibers and this mechanism is 
possible to capture in the network generation with the so called interface angle. 

When the fibers are deposited on the network they land on each other to mimic the handsheet 
making process. In reality the fibers conform to the neighboring fibers and form an angle, the 
so-called interface angle, with the underlying fiber. The interface angle can be seen as the 
angle between the free span, F, and the overlying fiber in Figure 21 from [19] where S, is the 
step height. 

 

Figure 21: The interface angle is the angle which the freespan, F, forms with the overlying fiber, 
image from [19]. 

An increase in the interface angle means that the fibers can be deposited more densely 
mimicking the flexibility and collapsibility of the fibers. Thus, this is another way to control 
the thickness of the network and to reach the target thickness of the refined handsheets. 
Therefore, the reference network is generated with different interface angles. The thickness as 
a function of the interface angle can be found in Figure 22. The angle used for the reference 
network is 15 degrees. In Figure 22 it cannot be mistaken that the thickness decreases with 
increased interface angle. 
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Figure 22: The network thickness of different interface angles together with the target thickness 
for the two refined sheets, 1000 and 2000 PFI mill revolutions (red and green dotted lines), 
which reveals that the thickness of the network decreases with increased interface angle. 

From Figure 22 it can be determined that an angle of 17º results in the target thickness of the 
1000 PFI mill handsheet, 454 µm, and that an interface angle of 21º results in the target 
thickness of the 2000 PFI mill handsheet 392 µm. 
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3.2 FE simulations 
FE simulations are performed in order to study the effect of refining on single parameters that 
affects the mechanical properties of the network. The effect of three such parameters is 
studied. First a fines study is performed to investigate the effect of the fines content on the 
mechanical properties of the network. Then, studies on both the interface angle and the WH-
ratio are performed. 

3.2.1 FE network model 

The model considered is a three dimensional network of fibers generated by the network 
generation algorithm, see Section 3.1, Network generation. The 3D fiber network structure is 
imported into the finite element solver FibNet, integrated into the commercial software 
ANSYS. 

To ensure that the chosen sample of the network is of sufficient size, the size effect is 
considered. Azizoglu [3] concluded that a network with a length of 7.5 mm and a width of 5 
mm eliminates any undesirable size effects. However, as a network with that size proves to be 
too computationally heavy a smaller network of size 5 mm by 3 mm is tested and the results 
compared to the larger network. The difference in results between the networks is negligible 
and it is determined that the smaller network is sufficient for the simulations. 

3.2.1.1 Fiber model 
Each fiber is represented as a series of quadratic Timoshenko beam elements with rectangular 
cross sections. The beams have three translational and three rotational degrees of freedom at 
each node. A 1 x 0.5 mm sample of the network can be seen in Figure 23 where the 
rectangular cross sections of the beam elements can be observed as well as the variation in 
density of fibers in the thickness direction as described in Section 3.1.2.1. 

 

Figure 23: A 1 x 0.5 mm sample of the network in the thickness direction showing the beam 
elements with rectangular fiber cross sections. 



44 
 

3.2.1.2 Introducing fines as links 
As could be observed in the SEM images of the handsheet surfaces, see Section 2.3.2 and 
Appendix A, the fines form what look like links between the fibers. Therefore, the fines are 
modeled with so-called link elements and they can be seen as the green components in Figure 
24 (left). The link elements have two nodes with three translational degrees of freedom at 
each node and transmits load solely axially in tension. 

The link elements have a cylindrical geometry with solid cross sections. The radius of the 
circular cross section is set to 300 nm, the same radius as they are assigned in the network 
generation, which literature value is taken from [7]. The lengths of the link elements are 
governed by a maximum reach radius of 100 µm also from [7], i.e. half of the maximum fines 
length as defined by FiberLab. In Figure 24 (right), the approach is visualized. The idea is that 
a node in the network is randomly picked. Then another node, within a sphere of a radius 
equal to the maximum reach radius with its center in the place of the first node, is randomly 
chosen. The link element attaches on these two nodes. This means that no additional degrees 
of freedom are added to the system. 

 

Figure 24: The link elements are visualized with a green color (left) and the way in which they 
attach to already existing nodes (right). 

In the study performed by Thomsson [12] where the fines are uniformly distributed onto the 
fiber network it is concluded that this assumption failed to reproduced the experimental 
results. In contrast to [12] the fines are randomly distributed over the network and because 
they attach to the existing nodes, more fines will accumulate at locations with a higher 
concentration of fibers, see Figure 24 (left). 

3.2.1.3 Contact model 
The contact between the fibers is described with beam-to-beam contact and the failure 
mechanism of the network is modeled as bond failure. The bonds between fibers are assumed 
to separate under a prescribed load. The behavior of an individual bond is described by the 
bilinear cohesive zone model, see Figure 25, as described by Borodulina et. al [18] where 𝐹𝑏𝑠 
is the bond strength and 𝑑𝑠 − 𝑑𝑓 the separation distance. 
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Figure 25: The contact debonding is described by a bilinear cohesive zone model as described in 
[18]. 

The fiber contact properties are assigned according to Azizoglu [3] and can be found in Table 
6. 

Table 6: Contact properties assigned to the fibers in the cohesive zone contact model in the FE 
simulations 

 Bond strength 
𝐹𝑏𝑠 

[mN] 

Bond stiffness 
𝐾𝑐 

[kN/m] 

Separation distance 
𝑑𝑠 − 𝑑𝑓 
[µm] 

Normal 160 14.5 13.6 
Tangential 32 5.57 7.1 

3.2.1.4 Material 
The constitutive relations at the fiber level are described by bilinear isotropic hardening 
plasticity material model, see Figure 26 (left). The model requires Young’s modulus, 𝐸 , 
tangent modulus, 𝐸𝑡  and yield stress σy , which can be found in Table 7. The fines are 
described by perfect plasticity material model, Figure 26 (right), which parameters also can be 
found in Table 7. 

 

Figure 26: Bilinear isotropic hardening plasticity is used for the fiber material model (left) and 
perfectly plastic material model is used for the fines (right). 
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Table 7: Material properties assigned to the fibers and fines. 
 Young’s modulus 

𝐸 
[GPa] 

Tangent modulus 
𝐸𝑡 

[GPa] 

Yield stress 
σy 

[MPa] 

Plastic strain 
εpl 

[%] 
Fibers 18 4.4 220 - 
Fines 70 - - 0.03 

3.2.1.5 Boundary conditions 
The applied boundary conditions are chosen so as to capture the conditions of the tensile test 
and can be seen in Figure 27. The network is constrained at boundary A in all directions, 
𝑢𝑥 = 𝑢𝑦 = 𝑢𝑧 = 0, and at boundary B in two directions, 𝑢𝑦 = 𝑢𝑧 = 0. The load is applied as 
a prescribed displacement, ∆, in increments at boundary B. 

 

Figure 27: The applied boundary conditions used in the FE simulations. 
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3.2.2 Parameter study 

Three parameter studies are performed; fines, interface angle and WH-ratio. All three studies 
share one and the same reference network. The network is generated to match the thickness of 
the unrefined sheet, which means 0% fines, an interface angle of 15º and a WH-ratio of 1.7, 
see Section 3.1, Network generation. 

In the fines study, three different mass percentages of fines, 1%, 2.5% and 5% is added to the 
reference network. For the interface angle study, two additional networks are generated to 
match the thicknesses of the refined sheets. This is done by increasing the interface angle but 
keeping all other parameters constant. The two networks resulted in interface angles of 17º 
and 21º respectively. In the WH-ratio study, two additional networks are generated to match 
the thicknesses of the refined handsheets. In this, all parameters are kept constant except for 
the WH-ratio. The two networks resulted in WH-ratios of 1.9 and 2.1 respectively. 

To appreciate the numerical size of the problem, statistics for the number of fibers, elements, 
nodes, contacts and link elements for the three parameter studies is collected in Table 8. 

Table 8: Statistics for the number of fibers, beam elements, link elements, nodes and contacts in 
the three studies demonstrating the numerical size of the problem. 

  Fibers  Beam 
elements 

Link 
elements 

Nodes Contacts 

Fines  
[%] 

0 9 084 155 631 0 320 346 68 245 
1 9 084 155 631 1 407 258 320 346 68 245 

2.5 9 084 155 631 3 518 145 320 346 68 245 
5 9 084 155 631 7 036 290 320 346 68 245 

Interface 
angle [º] 

15 9 084 155 631 0 320 346 68 245 
17 9 160 155 974 0 321 108 77 764 
21 9 246 156 278 0 321 802 90 056 

WH-ratio  
[-] 

1.7 9 084 155 631 0 320 346 68 245 
1.9 9 199 156 352 0 321 903 80 055 
2.1 9 246 156 529 0 322 304 90 654 

As can be observed in Table 8, the number of fibers is similar for all networks and therefore 
the number of elements and nodes are also similar. However, for both the interface angle and 
the WH-ratio study, the number of contacts is clearly increasing. Moreover, for the fines study 
it can be seen that the number of link elements increase greatly with increased mass 
percentage of fines. However, the number of nodes and therefore the number of degrees of 
freedom is indeed not changing as described in Section 3.1.1.2. 

3.2.3 Results 

The results from the three studies are presented as stress-strain curves and bar diagrams. 
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3.2.3.1 Fines study 
The stress-strain curves from the fines study together with the tensile test curves can be seen 
in Figure 28. 

 

Figure 28: Stress-strain curves for the fines study with 0%, 1%, 2.5% and 5% mass percentage 
of fines added to the reference network (left) and the tensile test results (right). 

In Figure 28 (left), it can be observed that both the tensile strength and the strain at break 
increases with increased mass percentage of fines as represented by link elements. Moreover, 
a significant stiffness increase can be observed. Thus Young’s modulus increases with 
increased mass percentage of fines as link elements. All of these trends can also be seen in the 
tensile test curves, Figure 28 (right). 

3.2.3.2 WH-ratio study 
The results from the WH-ratio study together with the tensile test curves can be seen in Figure 
29. 

 

Figure 29: Stress-strain curves from the WH-ratio study with WH-ratios of 1.7, 1.9 and 2.1 and 
the tensile test results (right). 
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In Figure 29 (left), an increase in tensile strength can be observed. However, the strain at 
break shows no trend of increasing. But the stiffness changes with increased WH-ratio. Thus, 
increasing the WH-ratio increases the Young’s modulus. Also, the number of contacts 
increases with 17% and 32% for the two networks respectively. The trend regarding tensile 
strength and stiffness is thus similar as in physical experiments, Figure 29 (right). 

3.2.3.3 Interface angle study 
The results from the interface angle study together with the tensile test curves can be seen in 
Figure 30. 

 

Figure 30: Stress-strain curve from the interface angle study with interface angles of 15º, 17º and 
21º and the tensile test results (right). 

In Figure 30, it can be observed that the tensile strength and strain at break increases. 
Moreover, the change in stiffness shows a minor increase. Thus, increasing the interface angle 
is not affecting Young’s modulus as significantly as in the other two studies. All of these 
trends are also seen in the tensile test curves Figure 30 (right). 

The results from the three studies are compared in terms of percentage changes where the 
corresponding unrefined, 0 PFI mill revolutions, networks are normalized as being 100%. The 
comparison of tensile strength, strain at break, Young’s modulus and number of contacts can 
be found in Figure 31 to Figure 34. In the comparisons regarding the fines study the networks 
with 1% and 2.5% mass percentage of link elements are used for 1000 and 2000 PFI mill 
revolutions respectively. But it should be noted that the fines contents in the refined networks 
are unknown. 
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3.2.3.4 Tensile strength 
The results regarding the tensile strength can be seen in Figure 31. 

 

Figure 31: The tensile strength in percent for the three parameter studies in addition to the 
experimental results. 

In Figure 31 it can be observed that the tensile strength is increased with more than 50% when 
adding 1% fines as link elements and with more than 100% with the addition of 2.5% link 
elements. The bars representing the fines study are overshooting the results from experiments. 
However, as pointed out, the real fines content in the sheets are unknown. Increasing the 
interface angle and the WH-ratio have more or less the same effect on the tensile strength for 
the networks representing the 1000 PFI mill revolutions, with an increase of about 20%. But 
for the network representing 2000 PFI mill revolutions, the WH-ratio has an approximately 
10% larger impact on the tensile strength than the interface angle of which the tensile strength 
has increased approximately 50%. 
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3.2.3.5 Strain at break 
The results in terms of strain at break can be seen in Figure 32. 

 

Figure 32: The strain at break in percent for the three parameter studies in addition to the 
experimental results. 

Figure 32 reveals that adding fines in the form of link elements to the network has the most 
effect on the strain at break of the three studies. The strain at break is increased with about 
25% and 50% for the two refined networks respectively, i.e. 1% and 2.5% fines. However, the 
interface angle show a similar trend but with about 10% and 20% respectively. The WH-ratio 
show decreased strain at break with about 10% for both refined networks. This is in contrast 
to the tensile test where the strain at break showed a minor increase of about 10% and 15% 
for the two refined handsheets. 
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3.2.3.6 Young’s modulus 
The results regarding Young’s modulus can be found in Figure 33. 

 

Figure 33: The Young’s modulus in percent for the three parameter studies in addition to the 
experimental results. 

When studying the change in Young’s modulus, Figure 33 shows that adding fines as links 
results in an increase of about 50% and 100% respectively. It can be observed that the WH-
ratio also affects the Young’s modulus by 30% for the network representing the 1000 PFI mill 
sheets but that it increases with about 60% for the 2000 PFI mill network. The change in 
interface angle also increases Young’s modulus but with 10% and 25% respectively. 
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3.2.3.7 Number of contacts 
The number of contacts in the three studies can be seen in Figure 34. 

 

Figure 34: The number of contacts in percent for the three parameter studies. 

It is important to mention that the fines as represented by link elements has no effect on the 
number of contacts since the selected procedure for adding fines does not change the network 
morphology. At the same time, fines obviously improve the connectivity and stress transfer 
between the fibers. The interface angle and WH-ratio have comparable effects on the number 
of contacts in the network. 
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4 Discussion  

4.1 Experiments 
The results from the fiber characterization performed with the FiberLab instrument are 
believed to not reflect reality and the fines measurements should be evaluated with care. It 
could be observed that the measurements of the fines content in the three pulps were more or 
less the same which is quite unlikely. Studies on different fiber length analyzers exist. In [21] 
it is concluded that measurement differences exists between different fiber length analyzers 
and in Figure 35 the differences in the percentage of fines on an arithmetic basis can be seen 
for 6 fiber types. The sample number 4 corresponds to a softwood CTMP pulp refined in a 
standard British Disintegrator instrument for 30 000 revolutions and the purple curve 
corresponds to the FiberLab instrument. 

 

Figure 35: The measurement differences between optical fiber length analyzers for fines on an 
arithmetic basis can clearly be seen where sample number 4 corresponds to softwood CTMP 

pulp and the purplu curve to FiberLab, from [21]. 

It can be observed that of the fiber length analyzers, FiberLab together with the Kajaani FS-
200 is the instrument that measures the lowest amount of fines for the CTMP pulp, sample 
number 4. However, it correlates fairly well with the other analyzers over the range of fiber 
types. The differences between the instruments are expected because of their differences in 
hardware and most likely software according to [21]. 
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Thus, the fiber characterization method by FiberLab is most probably incapable of 
quantifying the amount of real fines and not designed for this length scale. This observation is 
in line with [6] in which Seth points out that optical fiber length analyzers do not provide a 
correct measurement of fines content. The length weighted measurements of these 
instruments are large underestimations when compared to the Bauer-McNett fiber length 
classifier, see Figure 36 from [6]. 

 

Figure 36: The Kajaani FS-200 fiber length analyzer underestimates the fines fraction when 
compared to the Bauer-McNett fiber length classifier, from [6]. 

Moreover, the shape factor derived from the true and projected length should be carefully 
evaluated. In the network generation, the a-coefficient show very large curvature for the 
maximum shape factor derived from the ratio LC/LP for all three pulps, see Section 2.2.4, 
which is not very likely. Thus, the shape factor is not a representative measurement of the 
fibers’ curvature. Some fibers are very curved which is suspected to be an artefact arising 
from the flow in the fiber length analyzer in which the fibers will curl more. This is supported 
by the fact that the PFI mill is typically an operation in which pulp is straightened [8].  

The fibers are in a wet state in the fiber characterization. According to SEM image analysis 
the swelling of the fibers for the three grades of refining are similar in contrast to literature 
[2], where it is pointed out that internal fibrillation increases the swelling degree. However, a 
small increase in the wall thickness for increased refining could be an indication of this. But, 
the results should be viewed cautiously since the method is limited to two-dimensional 
images. In the images not all of the fiber cross sections are perfectly perpendicular to the 
plane of the handsheet cross section. Thus, two dimensional methods of determining fiber 
properties like these are much limited. Nevertheless, the SEM images of the handsheet cross 
sections are useful in studying the thickness and the increased refining clearly shows a 
densification, see Appendix C. 
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When it comes to the tensile test of the handsheets it was clearly observed that the mechanical 
properties of the handsheets, tensile strength, strain at break and stiffness, were improved. The 
comparison between the tensile test of refining and strength additives performed by Azizoglu 
[3] can be seen in Figure 37. 

  

Figure 37: Comparison of the tensile test curves for the present study of refining (left) and the 
effect of strength additives (right) from [3]. 

It is observed that both refining and strength additives affects the tensile strength and the 
strain at break. However, there is a noticeable difference between refining and strength 
additives in terms of Young’s modulus. Refining affects the stiffness and increases Young’s 
modulus. In the right of Figure 37, it can be observed that adding strength additives does not 
affect the stiffness. This reflects the fact that refining reduces Young’s modulus of the fibers 
but increases Young’s modulus of the sheet, as described in Section 2.5.2.2, Young’s 
modulus. 

4.2 Simulations 
In utilizing the 3D fiber network in FE simulations it is observed that the parameter that 
affects the tensile strength the most is adding fines in the form of link elements. However, the 
flexibility and changed cross sections in terms of interface angle and WH-ratio are also found 
to have an effect on the tensile strength. The strain at break is affected by adding fines as link 
elements and by changing the interface angle. However, changing the WH-ratio did not affect 
the strain at break. Moreover, all three studies proved to have an effect on the stiffness. 
However, the fines added as links and the WH-ratio had the most effect on the stiffness 
whereas the interface angle had a more modest effect. 

The stiffness is affected in all three studies but the curves show little plastic behavior. This 
can be due to that the assumed and the actual percentage of cellulose and lignin content of the 
fibers are different as concluded by Azizoglu [3]. Lignin shows a more plastic behavior than 
cellulose and not accounted for here and that could explain the fact that the curves from 
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simulations show a more elastic behavior. The simulation curves from the fines study show a 
more plastic behavior than the simulation curves for the WH-ratio and interface angle studies. 
This is due to the link elements being perfectly plastic. 

The increase in strength with increased grade of refining observed in the tensile tests is 
assumed to be due to an increased number of bonds. In the FE simulations it was found that 
the number of contacts increased with increased interface angle and WH-ratio. The number of 
contacts in the fines study is not increased. However, the link elements are in a way acting as 
contacts between fibers. The results are consistent with previous work done by Azizoglu [3] 
regarding the effect of the number of bonds on both stiffness and strength.  

 

Figure 38: The effect of number of bonds onto the stress-strain curves from [3]. 

In Figure 38, the number of bond is increased with 50% and in intervals up to 100% and it can 
clearly be seen that both the tensile strength and stiffness increases with increased number of 
bonds. Moreover, in the same work Azizoglu [3] observes that the strain to failure did not 
change significantly with increased number of bonds, clearly observed in Figure 38. 

In the study, Azizoglu [3] observed that strength additives improve bond strength and bond 
stiffness but not the number of bonds. Bond strength was found to affect the tensile strength 
but not the stiffness as could be observed in the experimental results, Figure 37 (right). 
Moreover, the strain at break was found to be affected by the bond stiffness, which is not 
studied here. Thus, both refining and strength additives affect the mechanical properties of the 
sheets but in different ways. 
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5 Conclusions 
It is found that the fiber characterization method by FiberLab is incapable of quantifying the 
amount of fibrillar fines and only captures the trends in changing the fines content. In general, 
however, the instrument underestimates the fines content due to limitation in optical 
resolution required for characterizing fibrillar content. 

By analyzing SEM images of the handsheet surfaces it is found that fibrillar fines are clearly 
present in the sheets including the one made of unrefined pulp. The fibrillar fines and their 
bundles form the links between neighboring fibers which can reinforce the network and in 
particular the bond regions. 

Increasing the amount of fines during the deposition procedures did not affect the thickness 
significantly. This means that the observed densification in the refined sheets cannot be 
explained by just introducing the fines fraction. At the same time, the densification can be 
captured by either changing the width-to-height ratio or by changing the flexibility of the 
fibers modelled through altered interface angle, which both have a large impact on the 
thickness. It is worth mentioning that the limited studies of the SEM images of the sheet 
cross-section did not reveal a significant change in the width-to-height ratio of the fibers. 

The effects that can be introduced by refining are studied with the 3D finite element 
simulations. It is found that the thickness change alone cannot explain the observed increase 
in stiffness in the physical experiments regardless how the thickness was changed: by 
interface angle or by the fibers’ width-to-height ratio. At the same time, the addition of fines 
fraction modelled through the links between fibers similar to that observed in SEM images 
has a large impact on stiffness comparable to that observed in the experiments. This suggests 
that the increase in stiffness in refined sheets is partly due to increased number of contacts 
after densification and partly due to the additions of fines.  
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6 Future Work 

6.1 Microtomography 
To reach a better understanding of papers’ mechanical properties from micromechanical 
numerical simulations requires a more detailed knowledge about the spatial arrangements of 
its constituent fibers. This would allow for a fiber network generation that is more true to the 
handsheets. Microtomography or CT scans offers better insights into the way in which the 
fibers are arranged. A three-dimensional CT image of a sample with 1.5 mm in diameter of 
the unrefined handsheet can be seen in Figure 39 (left) and a piece, consisting of 
500×500×598 voxels, where one voxel is 0.7 µm×0.7 µm×0.7 µm, of the sample can be seen 
to the right in Figure 39. 

 

Figure 39: Microtomography images of a sample, 1.5 mm in diameter, of the unrefined 
handsheet (left) and a cubic piece, 500×500×598 voxels, (right). 

Thus, in future work the questions to Micro CT would regard the actual number of contact 
points that are present in the sheets. Moreover, the fiber cross sections could be investigated 
in order to determine the WH-ratio for implementation in the fiber network generation. Also, 
the way in which the fibers conform to each other in the network in relation to the interface 
angle could be studied and quantified in order to get a better numerical representation of the 
sheets. In addition, the density profiles of the handsheets could also be retrieved and matched 
more closely in the numerical sheets.  

6.2 Fractionating the pulp 
In order to gain better control over the amount of fines in the sheets, fractionating of the pulp 
can be performed. Fractionating the pulp through for example a Celleco filter enables fines to 
be removed and recovered [11]. Thus, this offers a way to control the amount of fines fraction 
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in the pulp and consequently in the sheets. This would open up for numerical simulations 
closer to reality in terms of fines content. 

6.3 Hygroscopic measurements 
Refining also increases the hygroexpansion, contraction in drying, of the sheets. The greater 
the hygroexpansion the greater the dried-in stresses that arises from the constrained shrinkage 
during handsheet making. Thus further investigations are needed in the form of 
hygroexpansion tests to derive the hygroexpansion coefficient 𝛽 and to quantify the amount 
of dried-in strains. This is desirable in order to determine the sole effect of the 
hygroexpansion in measuring the stress-strain curve after the release of dried in stresses. 

The amount of dried-in strains and stresses accumulated in the bond regions can be quantified 
if the sheet is exposed to cyclic moisture as in Figure 40 (originally from D.H. Page (1980) 
presented at the Fundamental Research Symposium). 

 

Figure 40: Indication of dried-in strains (top), a) restrained drying b) free drying and 
illustration of the effect of different hygroexpansion (contraction in drying) in the length 

direction of fiber A and the width direction of fiber B (bottom). 

6.4 Dewatering 
The sheets are formed by drainage of the water from the furnish. In this process, fines are also 
washed out. Thus, including this dewatering effect in the modeling of the fiber network would 
add an additional step in the fiber generation algorithm that can assist in the construction of 
more realistic numerical fiber networks. 
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8 Appendix A – SEM images of handsheet surfaces 
 

 

Figure 41: SEM image of the surface of the 2000 PFI mill handsheet. 
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9 Appendix B – Microscopy images of the pulps 

 

Figure 42: Microscopic image of the 1000 PFI mill pulp. 

 

Figure 43: Microscopic image of the 2000 PFI mill pulp. 
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10 Appendix C – SEM images of handsheet cross sections 

 

Figure 44: SEM image of a cross section of the 0 PFI mill handsheet. 

 

Figure 45: SEM image of a cross section of the 1000 PFI mill handsheet. 

 

Figure 46: SEM image of a cross section of the 2000 PFI mill handsheet. 
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11 Appendix D – Tensile test curves 

 

Figure 47: The stress-strain curves of the two 0 PFI mill handsheets. 

 

Figure 48: The stress-strain curves of the two 1000 PFI mill handsheets. 

 

Figure 49: The stress-strain curves of the two 2000 PFI mill handsheets. 
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12 Appendix E – Fractured test pieces 

 

Figure 50: Tested and fractured test pieces of the 0 PFI mill handsheet. 

 

Figure 51: Tested and fractured test pieces of the 1000 PFI mill handsheet. 

 

Figure 52: Tested and fractured test pieces of the 2000 PFI mill handsheet. 
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