
UPTEC F12016

Examensarbete 30 hp
Maj 2012

Fibre Network Generation and 
Analysis 
Method for simulation of inhomogeneous static 

fibre networks 

Abdellah Mesquine



 



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Method for simulation of inhomogeneous static fiber
networks

Abdellah Mesquine

In paper optics, advanced modeling of the interaction of light with complex structures
are required for optimization of the optical properties of paper. Monte Carlo
simulation routines have been developed in an Open Source project, PaperOpt, in
order to simulate light scattering in paper. The goal of the project is to make the tool
more modular and extensible so that researchers within the paper optics field can
make their own contributions to the model. This thesis is a part of Open PaperOpt
project and its goal is to generate paper structures that resemble real paper sheets. 
This Master’s thesis describes the design and implementation of a model for
generation of virtual fiber networks with controlled fiber distribution within the paper
sheet. A C++ written program that generates a fiber network according to a fiber
mass distribution table has been developed. A qualitative and quantitative comparison
between simulated paper structures and real paper obtained from beta-scan
measurements is also described. 
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Sammanfattning 

Inom pappersoptik är avancerade ljusspridningsmodeller ett krav för 

optimering av pappers optiska egenskaper. Monte Carlo rutiner har 

utvecklats i ett Open Source projekt som heter Open PaperOpt, med 

syftet att simulera ljusspridning i papper. Projektets mål är skapa ett 

programverktyg som finns tillgängligt för alla forskare inom området 

pappersoptik så att samtliga kan bidra till verktygets utveckling. Detta 

ex-jobb är en del av Open PaperOpt projektet och målet som 

eftersträvats är att simulera papper som liknar verkligt papper. 

Denna rapport beskriver design och implementering av en modell för att 

generera virtuella fibernätverk genom en kontrollerad fiberdistribution 

inuti pappersstrukturen. Ett program skrivet i C++ har utvecklats, dess 

funktion är att generera ett fibernätverk utifrån en 

massfördelningstabell av fibrer. I rapporten presenteras en kvalitativ 

och kvantitativ jämförelse mellan simulerat och verkligt papper. 
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CChhaapptteerr   11 

Introduction 

1.1          Background 

The aim of papermaking is the manufacturing of high quality paper. 

Parameters that specify this quality is defined by the papers own 

properties such as mechanical strength, opacity and printability. Many 

mathematical models have been developed to predict papers properties. 

For instance, models based on the Kubelka-Munk theory are widely used in 

the field of paper optics as a tool for studying paper optical properties 

[1][5]. Despite their simplicity, such models have limited explanations of 

power in some area, and they prove little connection between the physical 

structure of paper and its optical properties [1]. To better understand how 

paper structure affects its optical properties, a Monte Carlo based 

simulation tool, Open PaperOpt, was developed, by INNVENTIA AB, a 

Swedish company performing research on papers among other fields is in 

the same area such as bio refining and packaging [12]. Roughly speaking, 

this software generates both digital paper and virtual light, and then 

simulates the interaction between them. In a previous thesis work, a 

simple fiber network generator was implemented as a part of Open 

PaperOpt, to generate paper structures.  

Simulated paper is described as a three-dimensional layered structure 

made of fibers. The network generator allows the spatial distribution of 

fibers in simulated paper to be specified randomly or, in most general case, 

by a statistical distribution. A random distribution is not the perfect tool to 

describe fibers in the real paper. As it turned out could only those 

generated by randomly distributed fibers be used in scattering simulations 

[2]. No investigations to implement and generate inhomogeneous paper 
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structures have been done. Figure 1-1 shows an example of randomly 

generated fiber network. This thesis work deals with simulation of paper 

structures where fibers can be described by any statistical distribution.  

1.2          Thesis Objective 

The aim of the thesis is to design, implement and test a method for 

simulation of controlled static fiber networks. This includes: 

1) Starting with a 2D lookup table that may be used to describe any 

fiber spatial distribution, the first project objective is to define and 

implement a method that generate virtual 3D fiber networks as 

stated in the fiber distribution table.  

2) Apply the defined method to a lookup table specifying real paper in 

order to simulate a paper structure.  

3) Compare objectively generated paper structure to measurements 

from real paper. Map fiber generation input parameters to the 

defined characterization outputs and suggest optimization 

algorithm. 

4) Improvement of fiber network generation algorithm for control of 

lateral and vertical fiber distributions and fiber geometry. 

5)  Implementation of the required XML In-Output features. 

6) Test fiber network model for comparison with a real paper sample. 

The fiber network generator needs to be controlled by a lookup table 

describing fibers mass distribution. The focus of this thesis is to implement 

algorithm that controls the placing of fibers.  

1.3          Previous Work 

Open PaperOpt is simulation software designed for calculating light 

scattering in paper and board. Open PaperOpt routines have been 

developed in previous projects; the source code is written in C++ and 

developed on the Windows platform Visual Studio [2]. A simulation, in this 

tool, can be described as the following: once started, the program enters 

an initialization phase, where it starts by generating the paper structure, 
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light sources and detectors. The program creates these objects according 

to input data defined by the user. Generated objects are then placed in a 

container called SimVolume. Thereafter, wave packets, that are simulating 

light, are sent one at a time onto the generated paper which is described as 

a three-dimensional layered structure made of paper components such as 

fibers or filler aggregates. The interaction between wave packet and 

simulated paper components is controlled by chosen physical laws. As a 

result of this interaction, a single wave packet can be transmitted, 

absorbed or reflected. Finally, simulated transmittance and reflectance are 

updated and the wave packet is send to the different detectors defined in 

the SimVolume [4]. When using Monte Carlo model the complexity of the 

paper structure is not limited, but enough computer power is required to 

sufficiently minimize the statistical errors [7]. The source code and a 

detailed description are available on the project website [19]. 

A previous Master’s Thesis *3] made it possible to use XML files to handle 

input and output data. A prototype of a database for storing simulation 

specifications measurement data and results was also developed. Large 

volume data are stored in binary files or in the HDF standard whose format 

is widely supported. Matlab is used to visualize measurement data and 

process the results of simulations. A Documentation generator tool, 

Doxygen, is used to generate an on-line documentation HTML browser and 

a reference manual from documented source files [6]. Open PaperOpt 

source code, documentation and running examples could be fetched at 

website 

http://openpaperopt.sourceforge.net/Doxygen/index.html 

http://openpaperopt.sourceforge.net/Doxygen/index.html
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Figure. 1 Random Generated Network Structure 

 

1.4          Organization of this thesis 

Chapter2 gives a short introduction to paper making process. This chapter 

explains why the stochastic approach is used when building the paper 
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models. This Chapter also includes some definitions used later in this 

thesis.  

In Chapter 3 the proposed method for simulating inhomogeneous static 

fiber network is presented. 

Chapter 4 describes how a fiber network with all its components is 

generated 

In Chapter 5 the implementation of the model is investigated. A suggested 

optimization algorithm is presented. Some problems encountered during 

the simulation and the suggest solutions are discussed. 

In Chapter 6 Simulation results are presented and discussed. 

Chapter 7 presents a conclusion of the work. This chapter deals with 

suggestion for future work 
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Fibers in natural paper 

Describing fiber network models as stochastic structures requires an 

understanding of making paper process. In this chapter, we start by 

presenting a brief discussion of paper as row material. We describe paper 

making process with focus on the operations that influence the properties 

of fibers in real paper. Such description is very important to understand 

why the stochastic approach is used, as mathematical tool, when building 

the paper model.  This will explain why some terms like distributions or 

cumulative density functions, are used later to describe some properties of 

fiber network.  

2.1          Paper making 

Most commonly paper is made of fibers that can be acquired from wood. 

Making paper process is called pulping.  Fibers must be extracted from 

wood and this is done in several ways. This extraction is done by using heat 

to free the fibers, in the case of mechanical pulping. Fibers can also be 

extracted, in more lenient way, by using chemicals in the case of chemical 

pulping.  The choice of the pulping process impacts the fiber properties. 

Pulp is the result of pulping operation. Pulp may be refined or additives 

may be added to form, what is commonly called, the stock, which is 

pumped into a head tank where it is prepared before getting processed by 

the paper machine. On the way to the head tank, or headbox, the pulp may 

pass through centrifugal cleaner, which remove heavy contaminants like 

sand. This operation causes more fibers to be oriented in the z-direction 

[2]. From the headbox and through a rectangular opening of adjustable 

height, paper web, called also white water at this point, is pressurized on 

high speed machines so as to land gently on the moving fabric loop, or wire 

at a speed typically between plus or minus 3% of the wire speed. This 

operation may cause more orientation of fibers in the machine direction. 

On slower machines where sufficient liquid remains in the stock before 

draining out, the wire can be driven back and forth. This operation provides 
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some measure of randomizing the direction of fibers to give the sheet 

more uniform in both the machine and cross-machine directions. Different 

main sections on the paper machine perform a series of operations on the 

paper web. The first operation is the wet pressing and after that the drying 

by heat operation. Drying process makes the fiber to shrink in the radial 

direction. The second operation is calendaring, or pressing the paper very 

hard, which give the paper a flatter surface [13] 

2.2          Flocculation 

During the making paper process, wood fibers, in water, have strong 

tendency to form clusters, called flocks. This happens when fiber 

concentration in the diluted pulp exceeds the sediment concentration, 

which is the lowest concentration at which a single connected flock can be 

created. One of the most contributing factors to the formation is the 

difference in the speed between the wire and jet leaving the head tank, 

(see section making paper). For instance, if the speed difference is zero the 

fiber distribution in the head tank remain the same onto the wire and that 

is why it is important to make sure that the distribution and orientation are 

high already in the headbox. [14] 

2.3          Fibers  

 Paper consists predominantly of natural cellulose fibers.  The lengths of 

wood fibers vary from about 0.5 mm to 5 mm depending on the type of the 

wood. Fibers are glued together by the middle lamella as shown in figure. 

2-1. During some operations like pressing and drying, weak fibers with thin 

walls tend to collapse. [6]  

The thickness of the fiber walls varies a lot with season. Fibers with large 

cavities are formed in the spring, however, in late summer; fibers with 

thicker walls are created.  
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Figure. 2.3-1. Figure illustrating a schematic view of a natural fiber. 
Sections S1, S2 and S3 present different walls. [6] 

2.4          Random paper 

Random paper is the simplest fibrous structure to be considered when 

introducing statistical description of paper structures. Random paper is 

defined through the following conditions [17]: 

1. Fibers are deposited independently of one another. 

2. The probability of falling at a random point of the paper sheet is the 

same for all fibers i.e. that over the entire sheet area the centers of 

mass are randomly distributed. 

3. Given an arbitrary chosen fixed axis, fibers have an equal 

probability of forming all possible angles with that axis. 

The investigation of random paper has shown that the number of fibers 

covering any given point in the plane of the sheet follows a Poisson 

distribution [16]. 
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2.5          Paper formation 

The need for a scientifically well-defined description of paper smoothness 

brought to the introduction of the concept of “formation” as a measure of 

the distribution of local basis weight over the plane of the sheet. Formation 

is the degree of uniformity of the in-plane distribution of fibers [17]. Paper 

formation can also be defined as the local grammage distribution of a 

sheet. The grammage is simply the weight of the paper per a defined area.  

2.6          Formation number and formation 

spectrum 

Paper Formation definition leads to a more powerful concept that uses to 

measure the non-uniformity of the structure, the formation number.  

Formation number (or more properly “mass formation number”) is defined 

as the ratio of local grammage variance in paper to that for a random 

network of the same fibers. Formation number can be defined also, in 

terms of local mass density, as the variance of local density of fibrous 

material in ratio to that expected for a random suspension of the same 

sheet. Generally speaking, formation number, of fibers that have a certain 

length, is the number of fibers in clumps that if dropped at random would 

give approximately the same variance as the given real paper. It follows 

that low values of formation number correspond to low degree of 

variability in the structure. [16]. 

To get a more complete characterization of the formation one use the 

formation spectrum which can roughly be said that it shows the total 

grammage variance of the paper divided into independent wavelength 

components from 0.25 to 32 mm.  

As we will see later, this definition is an issue of central importance to the 

understanding of the evaluation of our simulated fibers networks  
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Figure. 2.6-1 Illuminated pictures of two sheets. To the left, a sheet with 
small flocks, and to the right, a sheet with larger flocks. Where the 
grammage is high the gray color is darker, while a low grammage results in 
a brighter gray.  

2.7          Measuring formation   

Formation is measured through β-radiation absorption. . When exposed to 

β-radiation, paper has practically a constant absorption coefficient which 

leads to an accurate determination of the local grammage distribution [14]. 

The sample is exposed to a β-ray source and the transmitted radiation is 

captured on an X-ray film. The developed film is scanned with a flat-bed 

scanner, and the grey levels of the image are transformed to actual 

grammage values through a calibration scale. The result is a 2D image 

which can be analyzed. The result is a wavelength spectrum that describes 

occurrence of flocks of different sizes. Small-scale flocks are described to 

be in the wavelength 0.3-3 mm while flocks in the range 3-30 mm are 

large-scaled. [15] 

2.8          Statistical approximation  

The series of operations that wood fibers are exposed to during the making 

paper process have not only an important effect on geometrical properties 
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of fibers but on the way those fibers are distributed in space as well. Fibers 

extracted from paper are kinked and curled. When dried, wood fibers 

collapse and show a cross-section that have a more rectangular, flat box 

shape. Paper becomes a complex material to study.  A couple of simple 

tests show this complexity. For instance, when holding a sheet of paper up 

to a light and view its uniformity, it shows inhomogeneity in the mass 

distribution within the structure. When trying to tear a sheet of a letter 

paper, one release that it is easier to tear it in its long direction than in its 

short direction, so there is evidently planar anisotropy in the orientation of 

the fibers. [16]. In addition, there is a considerable coupling between 

different fiber properties. For instance, it has been proved that width 

distribution varies with length distribution [2]. The study of paper has not 

only revealed several links between different measurements and statistical 

properties but also has made evidence that some   distributions are 

suitable for some fiber properties. 

Fiber length can be approximated by the lognormal distribution, according 

to [16]. However the normal distribution is used to approximate fiber 

width.  

Fiber orientation, which is not uniform over all angles in the plane paper, is 

approximated by the Von Mises distribution function [9]. 
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Method  

This chapter describes the method we developed to simulate 

inhomogeneous static paper. The process that we developed is presented 

and discussed in detail in chapters 4 and 5.   

3.1          Method description 

Network structure generator implemented in Open PaperOpt module uses 

a number of Input parameters that can be divided in two categories: 

1. Input data that specify fibers, this includes fibers properties like 

length, width, curl, fiber orientation, but also includes fiber 

segments properties as well like, length, width and angle between 

segments.  

2. The second category of input data is related to the fiber network 

properties such as numbers of fibers, fibers distribution and a pre-

defined topography of the bottom surface layer.  

Making virtual paper similar to the real one is a process that consists, 

firstly, of generating a primary virtual network, then, mapping it onto the 

real fiber network. Finally, try to make the primary generated virtual 

network more realistic by fine tuning some selected input data. This 

process is described as follows: 
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a) Generation of a primary fiber network: 

 A Fiber is modeled as one or more fiber segments that are 

continuously joined together. Due to the fact that fiber physical 

properties such as length, width and curl characterize it’s physical 

nature. There is no reason to modify them, they are considered as 

constant Input parameters in the model.  

Fibers are generated one by one according to the input properties 

defined by the user. Once a fiber is completely generated it is 

inserted into the network. The simulator generates a position for 

that fiber according to a distribution table given as input. 

Input: 
1. Fibre physical properties: 

length, width, curl.
3. Fibre segment properties
4. Fibre Network properties

Comparing generated
fibre network to the real 
bord:
1. Visual comparison
2. Mean distribution in 
formation number

Make small corrections
if comparison gives big
differences
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Thereafter, the simulator let the fiber fall on the bottom surface 

layer so that the middle fiber segment is assigned the generated 

position.  

 

b) Comparison between simulated and real fiber network: 

Real paper is specified by its proper fiber mass distribution. 

Simulated fiber network can be compared to the real one by using 

one of the following approaches: 

1. A visual comparison based on the observation and examination of 

the mass distribution of fibers both in the simulated network and 

the real paper. Fiber positions and their accumulations in different 

regions should agree with their distribution in the lookup table used 

in the input. This method is great and works fine if fibers are 

distributed in the space according to a well known geometry. In the 

case of this paper, this method may not be quite enough in some 

cases because fibers distribution may be complex and is not trivial.  

2. To take into account the size distribution of fibers and other basis 

weight irregularities, another approach, that involves statistical 

tools, is used. The central parameter that is used for such 

comparison is the formation number. It is defined as the ratio of 

local grammage variance in the paper to that for a random network 

of the same fibers [16].  Differences are pointed out by comparing 

virtual network’s formation number to the one corresponding to 

real paper and which is calculated from measurement data. 

 

c) Making small-steps corrections during  the  fiber network 

generation process: 

Instead of generating the whole fiber network at once, we decided 

to divide the process in many steps. During the first step a certain 

amount of fibers are placed on the simulation volume to build the 

first generated network. Deviations of this first simulated network 

from the real paper are calculated and taken into account in the 

next step. This procedure is repeated in every step until all fibers 

are placed in the simulation volume. Generated network continue 

growing until it takes its final appearance in the end of the last step.  
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3.2          Method implementation 

 The method for simulation of inhomogeneous static fiber networks is a 

code that is written in C++ programming language. The code is integrated 

within a network fiber generator that is running inside Open PaperOpt. 

Input /output data management was a part of this thesis. Output data such 

as fibers generated positions, fibers distribution tables and other large 

volume data files are managed to be stored in binary file format. One of 

the reasons for that is to facilitate processing of this data with Matlab 

toolbox. Features that specify XML Input and output data are implemented 

in this project.   The code is available in the following link: 

http://openpaperopt.sourceforge.net/Doxygen/index.html 

 

http://openpaperopt.sourceforge.net/Doxygen/index.html
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Fiber network model 

4.1          Overview 

The Monte Carlo- light scattering simulation tool uses an integrated 

implementation of a static fiber network model. The simulation tool 

requires that the static fiber network to be generated before the light 

scattering process get started. After it has been generated, the network 

can then be used in simulation. Some previous Master’s Thesis [2] [6] was 

working on integrating a simple fiber network generator, which allow the 

generation of only random static fiber network. Here, we will break up this 

random approach by implementing a 2D controlled fiber generation as it is 

described in this chapter. 

In this section we introduce the fiber network model as it is implemented 

in the current Open PaperOpt. Only fibers are used in this model and no 

other raw materials such as fillers and fines are included in the generated 

paper. We assume also that no mechanical interaction between fibers 

exists. Fiber network generator consists of three procedures when 

generating fiber networks. The first step is to model the fiber segment 

which is the basic unit in the fiber network. The second step is generation 

of the fiber according to the desired fiber properties given as input data in 

the XML file. The last step is to determine the position for the fiber and 

place it in the paper volume. This placing is done randomly or according to 

a predefined lookup table.  

4.2          Fiber Network in Paper OpenOpt 

44..22..11            Fiber segment generation 

Fiber segments are used as base elements to represent real fibers.  A Fiber 

segment model should meet certain requirements [2]: 
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1.  A fiber element has different shape and curvature compared to 

other fibers. The base element model should represent the fiber as 

general as possible, regardless which configuration the fiber has. 

2. It should be easy to do calculations and data should be stored in 

small amount of memory. 

3. As a fiber should not cross itself, this implies an additional 

restriction that two elements may not intersect.  

In the model, fiber segments with flat surfaces are used. This choice is 

reasonable because flat surfaces make the implementation of most used 

algorithms easier and intersection testing rapid.  

 Properties that are assigned to the fiber segment are: length, width, 

orientation angle and position of the segment. 

Length and width are implicitly computed. Segment length is considered as 

a constant value and the number of segments can be derived by dividing 

the whole fiber length by the segment length. Segment width is also the 

same as fiber width which is given as input. Orientation angle is the 

segment-to-segment orientation. This parameter depends on the fiber 

form factor which is given by measurements and on the fiber length. A 

definition of curl factor is given in fiber generation section. The Segment in 

the middle of the fiber is calculated according to input lookup table and is 

important because it determines the fiber position in paper volume. Other 

segment positions are computed relatively to the position in the middle by 

simple translations using the constant segment length and orientation 

angle. The only input data that specify fiber segments in the XML-file are 

Curl factor and the segment length. An example of XML-fragment where 

some input segment and fiber properties are given is shown in figure 4-1. 
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Figure. 4.2-1 Segment length=20. Fiber has width=20, length=100, form 
factor=0.95, total number of fibers =1000 

44..22..22            Fiber generation  

 The wood fiber is modeled as an object characterized by a set of individual 

properties that are defined when the fiber is created. These properties are 

fiber length, fiber width, fiber orientation and curl factor.  

Fiber length and width are specified as input data in XML file. Fiber 

orientation is generated from Von Mises distribution.  

For readers that are not familiar with paper industry, curl is a measure of 

the amount of bending of the fiber. It is defined as the relationship 

between length of the fiber and its maximum extent which is the diameter 

of the smallest sphere that the fiber can fit into, as shown in the figure. 4-2 

The curl can be expressed as: 
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Figure. 4.2-2 L is the total length of fiber; D is the diameter of the smallest 
circle circumscribing the fiber. 

44..22..33            Fiber position generation and placing 

The total number of fibers used in generated network is given as input in 

XML-file. At this point, the fiber is created and, as object, is waiting in 

memory to get a position. That position is controlled by a lookup table that 

is given as in the input XML-file.  The algorithm that is used to generate a 

fiber network can be described by a couple of steps. The first step is 

generating the fiber and placing it in 2D surface. The second step consists 

to make 3D paper structure and determine the position of each fiber in this 

volume.  

44..22..44            Fiber placing in 2D 

The desired fiber is generated from fiber segments according to its physical 

properties given as input. The constraints of the fiber are length, width, 

curl and rotational orientation in the XY-plan of the paper. The fiber is 

generated so that its bending matches the curl factor. The rotational 

orientation in the plan is generated using Von Mises distribution. The 

location where the fiber is placed is generated by a distribution that 

control fiber’s positions. Figure.4-3 shows an example of non uniform fiber 

population that was used for fiber network simulation routines. 
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Figure. 4.2-3.  A 2D input table that was imported from beta-scan of real 
paper to be used in simulating virtual paper. Paper used for measurements 
is typical 80 g/m2 office paper with dimension of 145 x 86 mm.  

44..22..55            Fiber placing in 3D 

Making 2D part of the simulated sheet was the focus in this thesis. 3D-fiber 

placing was developed in previous works. 

 When all fibers are completely placed in the XY-plane of the paper, the 

depth of each fiber is determined. Fibers are placed in Z-plan one at time 

and one segment at a time starting in one end of the fiber being placed. 

Fiber segment should be placed as low as possible on surface generated by 

previously placed fiber segments. Segments that are placed outside the 

simulation volume are cut. 
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Figure 4.2-4. Placing algorithm that allows a deposition of N fibers in a 3D-
simulation volume. Fibers positions are generated according to the lookup 
table L given in the input. 
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Model Implementation and 

optimization 

During the course of this thesis work some new methods were developed 

for creating a controlled fiber generation and placing these generated 

fibers according to a given distribution. In order to adapt the new code to 

the existing one, some modifications were made.  

5.1          Controlled Fiber Deposition 

55..11..11            Controlled Fiber Distribution 

Under the namespace called Distributions, the class Distribution2D was 

implemented to generate random positions for a given number of fibers, 

according to any desired fibers population. The desired fibers lateral 

distribution is described, in mathematical terms, by the probability density 

function (PDF) that is represented by a 2D lookup table.  In a typical 

simulation, when an instance of Class Distribution2D is created, a random 

member function can be called once to generate a random position (x,y) 

for a single fiber. When processing many fibers, the random member 

function is called for every single fiber and generates a random position for 

that fiber.  At the end, the distribution of all random generated positions 

should be similar, but not exact, to the original lookup table. 

55..11..22            Class Distribution2D algorithm and code 

Fibers are placed on a 2D simulation surface of sizeX rows and sizeY 

columns. On the other hand, fibers should be placed according to the 

lookup table with nrRows and nrColumns. The generated structure is 

divided into a nrRows by nrColumns sub-regions. In figure. 5-1 (C) is a 

superposition of two layers, the first is the simulation surface and the other 
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layer is the lookup table. The result of this superposition is nrRows by 

nrColumns domains, called D(x,y). Each domain D(x,y) is a matrix which is 

(sizeX/nrRows) rows by (sizeY/nrColumns) columns. Values on each 

Domain D(x,y) are constant and equal to the value of local fibers density 

given by the lookup table at that sub-region. 

 

Figure. 5.1-1. (C ) is a superposition of two layers, the first layer (A) which 
corresponds to the simulation surface defined by its size equal to SizeX by 
SizeY,  and the second  layer(B) which is the nrRows by nrColumns lookup 
table . The result of this superposition is nrRows by nrColumns domains that 
define the structure (C) corresponding to the XY-plan of the simulated 
volume. In (C) All points (x,y) inside the domain D(x,y) are considered to 
have the same fiber density value D(m,n) given by the lookup table. 
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The constructor of the Class Distribution2D takes the lookup table and the 

size of the desired generated surface as input, and performs the random 

generation of a fiber position in three steps using at the same time Inverse 

Cumulative density function (ICDF) approach. The steps are: 

1. Normalizing the lookup table so that the integral over all data 

values in the table is equal to one, this is done by firstly computing 

the sum over the whole table and, after that, dividing each term by 

that sum. All terms in the lookup table are assumed to be non-

negative 

2. Calculating the Cumulative density function (CDF) corresponding to 

the normalized probability distribution function in step one. 

3. A random value U between zero and one is generated. The domain 

where CDF just exceed U is located first, then choosing a random 

point within that domain gives us the desired random fiber position. 

 

 A random position in 2D-plan is generated by this method is called A 

random position in 2D-plan is generated 

The main implementation code that performs the third step is illustrated in 

figure 5-2 

  



25 

 

 

Figure. 5.1-2 Part of code that uses Inverse Cumulative Density Function to 
generate a random position according to a predefined lookup table. 

In most general case, Distribution2D class is designed to take any table of 

sample data as input and then create new samples using that table. To get 

a simplified and clear visualization, we use as input a simple lookup table 

that has the sign “+” image. See Figure 5-3. Input data is a 100 by 100 

matrix where both the column and the row in the middle are set to one. 

The rest of elements are set to zero. The generated Fiber network surface 

is 5cm by 5cm and the number of generated fiber is 600. The result is 

shown in Figure 5-3.  
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Figure. 5.1-3 Placing 600 fiber according to a lookup table that has the 
"plus sign" form.  

5.2          Controlled 2D-Placing  

StaticSheet is the name of the class where the simulated fiber network and 

its properties are implemented. This class was written in a previous work 

and it contains several member functions that perform the necessary steps 

to create a fiber network. These steps include adding fibers into the 

simulation volume, calculating the curl for each fiber, shuffling the fibers 

that have been already added to the simulation volume and other member 

functions. Once the simulation program gets started, an instance of 

StaticSheet is created. Fibers are generated and placed in memory as a part 

of StaticSheet.  To be placed in the simulation volume, fibers need to get 

each a position in 2D-plan first. Two placing scenarios are proposed for this 

task. The first is a simple fiber placing approach and the other one is a 
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controlled fiber placing. The description of these two placing scenarios 

implemented as member functions in the StaticSheet class is presented in 

sections 5.2.1 and 5.3.1. 

55..22..11            2D-SimplePlacing: 

 A method called 2D-Simpleplace () was implemented especially for this 

purpose. 2D-Simpleplace () takes as input the lookup table and the size of 

the desired simulated fiber network. The method works as it is explained in 

the following steps: 

1. An instance of Class Distribution2D is created and a random 

position according to the 2D look-up table is generated.  

2. Position in step 1 is assigned to the segment in the middle of the 

fiber. Positions of other segments are calculated by translation 

using the segment length and segments orientation. See Chapter 4 

for more details about fiber and segments properties. 

3. Step 1 and 2 are repeated for each fiber until the end of fibers.   

5.3          Improvement and Optimization 

In this section we discuss improvements that we needed to carry out to the 

placing mechanism. Controlled fiber placing is the process resulting from 

these improvements. A schematic diagram describing the controlled 

placing process is presented. In order to run the controlled placing method 

properly, an example with the required XML IN/output parameters is 

presented and discussed in detailed.  

55..33..11            2D Controlled Fiber placing  

In order to get a much closer generated fiber network to the desired 

network, that can be real paper, and which is specified by the input fiber 

distribution table. We decided to improve the placing mechanism in order 

to regulate the amount of placed fibers along the process. Instead of 

letting the placing method making its job and place all fibers at the same 
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time, we decided to divide the process into many iterations. After each 

iteration a control is made to check if the whole placing process is 

converging to a simulated network that resembles the real one.  During 

each iteration, only a certain percentage of fibers are generated and 

placed. Let’s assume that the first fiber bundle, i.e. a certain percent of 

fibers is placed according to the original lookup table.  After that iteration 

the program prepares itself to place another fiber bundle. Since a certain 

number of fibers have already been placed, the original lookup table 

doesn’t need to be reused for the generation of the next fiber bundle 

because it corresponds to the distribution of the total number of used 

fibers in the simulated network. The main idea here is that the original 

lookup table has to be updated, before it gets used again. This updating is 

done by eliminating from the original lookup table the contribution, in 

term of distribution, of the already placed fibers after the first iteration. 

Once updated, the lookup-table can be used in another iteration to 

generate and place new percentage of fibers and get updated after that 

and so on. This procedure is repeated until all fibers are placed.  During 

2D–Controlled placing process the fiber network grows more and more 

after each iteration and when all fibers are placed the network appears in 

its final 2D-form 

5.3.1.1. Input parameters 

Controlled placing of fibers process requires, as input, a lookup table, that 

we call dist2D and the size of generated surface. Moreover, two other 

parameters are given as input, the start number of fibers that should be 

placed first, and the relative amount of fibers (in %) that are placed during 

each iteration.  We will explain the functionality of such parameters when 

we discuss the algorithm of this method in the following paragraph. These 

parameters are initially given by the user in the XML file which is parsed by 

the XML parser. Figure 5.3-1. Illustrates a case where the simulation starts 

with placing 300 fibers the first time and deposing 10% of fibers each time 

until all fiber number is reached. 

 

Figure. 5.3-1 Start number of fibers “sf=300” and percentage fibers “pf=10” 
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5.3.1.2 Optimization Algorithm  

The algorithm involves many steps and can be described by the following: 

1.  A start number of fibers are generated and placed first on the 2D 

surface using simple 2D-Simpleplacing method. This method was 

described in section 4.2.4. This placing uses lookup table as 

distribution, dist2D. (See Figure 5.3-2). Once all fibers are placed, 

their probability density function, called pdf0, is calculated. 

2. The difference delta=dist2D-pdf0 is calculated. Values in the matrix 

pdf0 increase as the number of placed fibers increases. It can 

happen that, locally, in some sub-regions, some computed pdf0‘s 

values exceed dist2D’s values. Thus, delta can get negative values 

and such result can be explained by the random nature of the 

process.   

3. The difference delta is used as input distribution to generate and 

place a certain percentage number of fibers, pf, which is well 

determined by a specific parameter given as input in the XML file. 

As shown in figure 5.3-1. Using delta as input distribution imposes 

the restriction that all deltas’ values should be non-negative. To 

avoid this case we set all non-positive values of delta to zero. 

4. Once the fiber bundle is generated and deposed in the simulation 

volume, the probability density function, pdf1, for all fibers that are 

present now in the 2D-surface, is computed. Then the difference 

delta=pdf0-pdf1 is calculated. 

5. Delta is used as input distribution to produce another fiber bundle 

specified by the same input parameter that characterizes the 

percent of fibers that should be placed after a single iteration. Thus, 

the same restrictions concerning the non-positivity of delta’s term 

are imposed. 

6. Step 4 and step 5 are repeated until the total number of fibers that 

should be deposed is reached.   

Steps 1-6 are presented in the following schematic diagram: 
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Figure. 5.3-2  Figure illustrating the Optimization algorithm. This algorithm 
describes the 2D-Controlled fiber placing process.  

5.3.1.3 Implementation: 

2D-Controlled fiber placing algorithm is implemented as a method in the 

Class staticSheet. This characterization has for functionality to place the 
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generated fibers according to a lookup table that specify the probability 

density function of fibers in the network. The method 2DControlledPlace 

declaration is shown in the following figure. 

void 2DControlledPlacing(Array2D<double> *dist2D,const int 
nrRows,const int nrColumns,float SizeX,float SizeY,int startFibers,int 
pf); 

2DControlledPlace () method takes as input parameters the following: 

1. 2D-distribution table specified by a matrix *dist2D which has a 

number of rows (resp. columns) equal to nrRows (resp. nrColumns). 

2.  The size of the 2D-simulation volume given by two parameters, 

SizeX and SizeY. 

3. The initial number of fibers we wish to place initially, StartFibers. 

4.  The percentage of fibers that are placed in each iteration indicated 

by an integer pf.  

5.3.1.4 Performing simulations 

In this section we describe an example of XML file used to generate static 

fiber networks in our work. The XML file specifies all input /output data 

Input parameters and files: 

Example in Figure 5.3-3 illustrates parameters and files used for generating 

a static fiber network with size of 1000 by 1000, there are 5000 fibers in 

the fiber network. Values corresponding to the length, width, form factor 

and radius of each fiber are given.  Number of segments used per each 

fiber is 50. Parameters that are used for controlled placing are: 

a) StartFibers: this parameter, with the value 1000 in this case, 

specifies the amount of fibers placed in the beginning, by the fiber 

generator.  

b) PercentFibers: this parameter the amount of fibers (in %) placed 

during each iteration. In this case 10% of the total number of fibers 

(equal to5000) is placed  each iteration. 



32 

 

c) FilePath: this tag gives the path to the file containing the lookup 

table, which is a matrix with size of nrColumns (equal to 100) and 

nrRows (=100).  Data in lookup table is saved as text form. 

When generated the fiber network data will be stored in the file specified 

by the tag outputFilenameXML.  The surface on the top of the fiber 

network is saved in the XML file in the tag topSurfacFilenameXML.  To 

visualize the fiber network with VRML tool, output data stored in the VRML 

file outputFileNameVRML can be used.  

Output data that is processed by Matlab or other tools is saved in a binary 

file specified by the tag Output2DdistributionBIN. 
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Figure. 5.3-3 illustrates parameters and files used for generating a static 
fiber network.  Input includes fiber properties such as length, width, form 
factor and the total fiber number. Lookup table is specified with its location 
path and its dimension. Data corresponding to the simulated network is 
stored in different file format because it is processed with different tools. 
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5.3.2 Discussion 

The choice of the appropriate scenario when placing fibers depends on 

many parameters. For instance, parameters like the number of fibers that 

should be placed, the start number of fibers, StartFibers, that should be 

placed first and the choice of the number of iterations are example of 

parameters that impact not only the total execution time of the program 

but on the final result as well. A large starting number of fibers (StartFibers) 

can give rise to an undesirable local accumulation of fibers in a sub-region. 

(See next section 5.4). At the same time a large number of iterations is time 

consuming if number of bundles exceed certain limits.   

5.4          Local fiber accumulation problem 

During the implementation of 2D-Controlled fiber placing algorithm some 

problems was encountered due to a deficiency in the algorithm. The 

simulated image was not as similar as it was expected to be in some cases. 

The variation calculation method used gave rise to an accumulated high 

fiber density in some regions inside the simulated network. In this section 

we investigate this problem and we describe the way to solve it. We use 

simple lookup tables in some examples for clearer understanding of the 

concept and better visualization of the problem. 

5.4.1 Local fibers accumulation 

As described in the optimization algorithm, during each step the probability 

density function corresponding to the simulated fiber network is 

calculated. The difference between it and that corresponding to the step 

before is calculated to be used as input for the next step. After a given 

number of iterations, some values of delta vanish, and it results in that the 

matrix delta may contain some positive values that are totally surrounded 

by only zeros as shown in figure. 5-7. (a). When used as input, fibers are 

generated and placed just on the domain corresponding to the positive 

values. These patterns, consisting of a non-zero value surrounded by zeros, 

has the interesting property that they can survive even after many 

iterations. This is due to the fact that vanishing values remain zeros after all 

the following iterations, but non-zero values may vanish after several 
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iterations or, in worst case, never turn to be zero. Thus, these patterns may 

persist in causing fibers to be locally placed and accumulated one on each 

other. These patterns are identified inside the matrix delta. Another type 

of patterns that can be generated on one of the four sides of the matrix 

delta has been identified to have the same impact on the fiber generation 

and placing process. Figure.5-7.(b) illustrates an example.   

 

Figure. 5-7.(a) First type of patterns that consist of one or many non-zeros 
values surrounded by only zeros. Placed inside delta which is used as lookup 
table, such patterns causes a generation of local accumulation of fibers.  

 

 

Figure 5-7.(b)  An other type of patterns that can appear on the borders of 

the matrix delta, and that led to generation of local accumulation of fibers 
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5.4.2 Solving the problem of the local fibers 

accumulation 

An approach to solve this problem is to search for a “safe” table that has 

been used previously as input and was not infected by those patterns. Such 

trusted table can only be estimated in advance, i.e. some experiments 

need to be made especially for that 

Another approach to keep input matrices away from the negative impact 

of those patterns is to track them once they appear and modify them. This 

modification is accomplished by reducing the contribution of the non-zeros 

values with an arbitrary percentage and assigning it to the vanishing ones. 

This will eliminate all zeros values as shown in figure 5-7(c) 

 

Figure. 5-7 (c). Reducing the contribution of non-zero values in order to 
eliminate zero values 

Figure. 5-7 (d) illustrates fiber local accumulation at the left (A), when 

placing 1000 fiber and trying to place them according to a “+” lookup table.  

Figure (B) illustrates result of the same simulation using a safe input table.    
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Figure. 5-7 (d).  Image at the left shows a simulated network with a local 
fiber accumulation. Image at the right shows the same simulation using a 
safe table. 
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Tests and Results  

In this chapter we will demonstrate some results of the developed material 

by showing various examples. We start by presenting some simulated 

network that were generated by using  2D-placing and 2D-Controlled 

placing algorithms, then we investigate and discuss test results of paper 

fiber network. 

6.1          Examples of 2D placing 

We present some examples where 2D-placing and 2D-Controlled placing 

processes are tested. (See sections 4.2.4 and 5.2 for more detail). Examples 

in this section are using simple and trivial lookup tables because we want 

to get trivial simulated network with simple fiber distribution geometry. 

66..11..11            Sinus lookup 

In this example we use a sinus lookup table as input just for simplicity. In 

order to avoid negative values, the sinus function was translated with +1 to 

vary between 0 and 2 (instead of [-1,1]). The sinus is specified with three 

top values (+2) and two bottoms (zero value) as shown in Figure.6.1-1 (b). 

The generated fiber network uses 3000 fibers. There is 20 segments in each 

fiber and fiber length is 0.25mm. Fibers were placed on a flat surface. The 

final result is shown in figure 6.1-1. (a).  

This investigation test shows that the simulated network geometry follows 

geometry specified in the lookup table. All generated fiber positions, by the 

network generator, are done according to the surface defined by the 

lookup table.  
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Figure 6.1-1. Image at the left is the simulated fiber network produced by 
using a sinus lookup as input. The sinus lookup at the right presents 3 top-
values and all its values are positives.  

66..11..22            Controlled Placing process 

In this example, we use a 100 by 100 lookup table presenting the letter 

“A”. Figure. 6.1-4 shows a small prototype for this input matrix. We 

illustrate a sequence of images that shows the evolution of a controlled 

fiber network generation in the simulation box in figure.6.1.2. Image (a) is 

taken when 50 fibers were placed; image (b) is taken with 400 fibers and 

image (c) with 1000 fibers.  Size of the network is 5mm x 5mm and the 

number of segments per fiber is 50. 

A brief analysis of figure 6.1-2.(c) shows that  that fibers  that are 

generated according to the first column in the table are deposed in the first 

column in the simulation volume. All fiber segments that cross the first 

column to the left are removed. Figure 6.1-2 illustrates this fact. Another 

important point that should be mentioned from figure.6.1-2.(c) is about 

fibers in the right side of the image. If we take a look at the lookup table in 

figure.16, the column corresponding to the right side of letter “A”, i.e. 

column 7 in the prototype, is not the last one in the lookup table. There are 

still three other columns that are filled only with zeros.  During the placing 

process, some Fibers that are deposed on column 7 may have a fraction of 

their segments placed in column 8, this is due to the fact that when a 

position is generated the fiber centre is deposed at that position, which 

means that the fiber can cross column 7 boundaries if the position 
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generated is close these boundaries. We discuss this in more detail in the 

next section. 

Using the same lookup table in a volume of size 5mm by 5mm and a 
number of fibers equal to 3000, we got a fiber network as shown in Figure. 
6.1-3  

 

Figure. 6.1-2  Sequence of images that shows the evolution of a controlled 
fiber network generation in the simulation box. Image (a) is taken when 50 
fibers were placed. Image (b) is taken with 400 fibers. Image (c) with 1000 
fibers. In the first column of the simulation volume (left side of the image) 
fiber segments are cut if they are deposed outside the simulation volume. 
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Figure. 6.1-3 Simulated fiber network using 3000 fiber in a volume of size 
5mm by 5mm.  

 

Figure. 6.1-4 Prototype of the letter "A". The real input used in the 

simulation is this matrix but enlarged to 100 by 100. 
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6.2          Example for paper fiber network  

In this section we present a qualitative and a quantitative comparison 

between simulated paper and real one. Lookup table described in figure 4-

3. was used for simulating paper in this test.   

66..22..11            Qualitative comparison 

The degree of uniformity of the generated structure can be judge by the 

eye from images presenting the mass distribution of fibers in the fiber 

network. To test the 2D-controlled fiber placing algorithm we use a fibers 

mass density table that was produced by beta- scan of a sample sheet. 

After having been normalized, this table is used as input lookup table for 

our test. We generate a 1cm x 1cm network using 8000 fibers. Fibers that 

we used in these simulations have 1mm length.  Figure. 6.2-1 image in the 

left side, illustrate the mass density table given from beta-scan 

measurements.  The calculated mass density of fibers in our generated 

network is shown in the right side of the figure. A brief visual comparison 

shows that there is a resemblance between the two tables. Regions with 

top mass density are the same in the two tables and there is not a big 

difference between their mean values.  
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Figure.  6.2-1 (A) Input mass density used as lookup table. (B) is the output 
mass density of the simulated network.  Generated structure is of size 
10mm x10mm. 8000 fiber was used for this simulation, 

66..22..22            Quantitative comparison 

Qualitative comparison doesn’t give so much information about the 

microscopic world in the fiber network.  Information about the occurrence 

of flocks, where fibers mass density is higher, and about other basis weight 

irregularities is given by spectral density method. This method is based on 

two steps. First, dividing the paper sheet into different wavelength 

components from 0.5 to 32mm, every wavelength range correspond to a 

double flock size. The second step is to evaluate the total grammage 

variance between the different length scales defined in step one. [17]. the 

formation spectrum gives a more complete characterization of the 

formation. 
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Figure 6.2-2 shows a formation spectrum for the real paper measured 

formation, in blue, compared to the formation for the simulated network 

 

Figure 6.2-2 Formation Spectrum. Comparison between measured 
formation and simulated network formation 

Formation spectrum figure shows a similarity between the real and the 

simulated formation numbers in the wavelength range (2,5mm-32mm). 

But in the small-scale range (0.25-2mm) the difference is very clear 

between the two plots. 

 To explain This difference in the range (0.25-2mm), we have to understand 

the placing process at the microscopic level. We start with a cell, 

surrounded by other cells in the lookup table. See figure.6.2-2-1. When a 

fiber is placed on the surface corresponding to the cell C, it will be deposed 

randomly and anywhere inside the cell C.  That means that many fibers 

may have a fraction of their segments placed on the surrounding cells. 

When calculating the mass density table, these fractions of fiber segments 
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will contribute with their weight to the table but they contribute “at the 

wrong place”.  On the other side, the cell C get contributions in mass from  

segments belonging to fibers that are placed in other cells. These 

contributions result in small differences in the mass density. Such 

variations occur at the fiber length scale level. 

 

Figure. 6.2-2-1. Cell C in the middle. Fibers in red are those which contribute 
to other surrounding cells in mass.  Cell C get contribution in mass from the 
fiber placed in other cells (green fibers) 

 

66..22..33            Conclusion  

Qualitatively, the formation of simulated paper varies in the same way as 

the real paper. But quantitative prediction is difficult to obtain and 

quantitatively it’s impossible to get an exact result of formation in as 

micro-scale wavelength intervals. 
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Figure 6.2-3 shows a simulated fiber network using 12000 fibers in 

5cmx5cm simulation volume. Lookup table described in figure 4-3. was used 

for this simulation. 
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Conclusions and suggestions for 

further work 

A Method for simulation and quantitative characterization of 
inhomogeneous static fiber networks has been proposed and 
implemented. The whole thesis work can be divided in two parts. The 
first part is the design and implementation of a method that generates 
fiber positions according to a lookup table. The second part consists of 
using the developed and optimized method in the first part to produce 
a fiber paper network. The tests and results part of this thesis has 
shown that the likeness of the simulated network to the real one is 
good in large wavelength scales. Despite its potential ability to predict 
fiber networks that looks qualitatively similar to existing fiber 
materials, the model has limited predictive power of mass density at 
the fiber length level.  

7.1          Further work 

in order to get a closer mass density distribution to the real one, fibers 
deposition inside each cell, as shown in Figure. 6.2-2-1, has to be 
optimal so that the number of fiber segments are living outside their 
own cell is minimal. One way to do that is to cut off those segments , 
save them in a table to reuse them  later in generating new fibers at the 
same cell  This procedure preserve the local  mass density and optimize 
its variations in the wavelength scales between 0.25 and 2.5mm.  

Some difficulties was encountered during the development of the method 

and was solved partially.  Some local fibers accumulation patterns are 

identified as soon as they appear, and are handled implicitly, but still left 

the identification of other patterns. To get a paper more close to the 

reality, other paper making process operations such calendaring should be 

modeled and implemented. Fiber collapse and filler material should be 

taken into account in the simulation.  
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The only fibers that have been used in our tests were those described by a 

set of geometrical properties derived from natural fibers in paper, but the 

method as it is implemented, is independent of the nature of the fibers. 

That means that the method can be adapted, with small modifications, to 

be used with other natural fibers or even manmade fibers such as glass-

fibers or polymeric fibers.    
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