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ABSTRACT  

In this work, the issue of applying water or a homogeneous aqueous suspension with a uniform size of 
(nano)particles (e.g., ink) to the surface of SBSK (southern bleached softwood kraft) paper with randomly 
arranged local hydrophobic treatment is investigated and then simulated. Based on the two investigated 
models, various simulation approaches were compared, an own simulation model was created, and its 
validity was subsequently demonstrated on the experiments performed. 
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INTRODUCTION 

There are a lot of reasons for studying and simulating 
the absorption of water into hydrophobically treated 
paper. Some possible reasons include: to understand 
the mechanisms by which hydrophobic treatment 
affects the absorption of liquids into paper; to predict 
the rate and extent of liquid absorption into different 
types of paper with different hydrophobic treatments; 
to optimize the hydrophobic treatment of paper for 
specific applications, such as in packaging or in 
sanitary products; to investigate the potential of using 
hydrophobic treatment as a way to improve the 
strength, durability, and other properties of paper; to 
compare the performance of different hydrophobic 
treatments in terms of their ability to reduce liquid 
absorption in paper, and more. 

The professional literature on simulations using a 
cellular automaton is mostly focused on the 
interaction of inks, colors, and pigments with paper 
fibers [1-4]. These simulations are partially applicable 
to textiles and composites containing fibers. The 
creation of other simulation programs describing the 
behavior of fluids in contact with textiles and fibrous 
formations is desirable regarding the development of 
medical materials, hygiene supplies, agrotextiles, 
geotextiles, etc. 
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CONCEPTS AND APPROACHES 

Paper 

Paper is a material made from cellulose fibers, 
typically derived from wood, rags, or grasses. Paper 
is made by mechanically or chemically separating the 
fibers from the raw material, and then forming the 
fibers into a mat or sheet. The mat is then pressed 
and dried to remove any remaining moisture, 
resulting in a sheet of paper. Paper can be treated in 
various ways to improve its strength, durability, and 
other properties, such as by adding chemicals or 
other treatments to make it water-resistant or 
hydrophobic. Paper is commonly used for writing, 
printing, and packaging, it can also be used for artistic 
purposes (painting, origami), to produce hygiene 
items, disposable dishes for fast food and even for 
building purposes. The specific conditions of the 
paper production vary depending on its desired 
properties and use. 

SBSK paper 

Southern bleached softwood kraft (SBSK) is a type of 
paper that is made from pulp obtained from southern 
bleached softwood trees. The production of SBSK 
paper involves several steps, including logging, 
pulping, bleaching, and drying. The pulp obtained 
from the kraft pulping process is typically bleached 
using chlorine-based chemicals to produce a bright 
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white color. The pulp is then formed into sheets of 
paper, which are dried and pressed to remove excess 
moisture. 

The pressing conditions for SBSK paper typically 
involve the application of heat, pressure, and time. 
The specific conditions used can vary depending on 
the desired properties of the paper and the type of 
equipment being used. In general, SBSK paper is 
pressed at temperatures of around 120-180 degrees 
Celsius [5]. The paper is typically pressed for a period 
of 5-10 minutes, although longer pressing times may 
be used for certain applications. The pressure applied 
to the paper during pressing can range from 1-3 bars 
[6], depending on the specific equipment being used. 
These pressing conditions are designed to remove 
excess moisture from the paper and to compact the 
fibers, which helps to give the paper its strength and 
durability. The specific conditions used can be 
adjusted to achieve the desired properties of the 
finished paper, such as its thickness, density, and 
smoothness. 

The length and thickness of SBSK paper fibers, as 
well as their distribution, are important factors in 
determining the properties of the paper. In general, 
the fibers used to make SBSK paper are obtained 
from softwood trees, such as pine or spruce. These 
fibers are typically long and thin, with an average 
length of 1-3 millimeters and an average thickness of 
0.01-0.02 millimeters [6] [7]. The distribution of fibers 
in SBSK paper is typically uniform, with the fibers 
evenly distributed throughout the sheet of paper. This 
helps to give the paper its strength and durability, and 
it allows it to withstand high levels of stress without 
tearing or breaking. 

Cellular automaton 

A two-dimensional cellular automaton is a type of 
mathematical model that is made up of a grid of cells 
(lattice), each of which is represented by a set of 
numerical parameters or simple state from a set of 
finite number of states (such as "on" or "off", or "1" or 
"0") [8].  

The neighborhood of a cell is the set of cells that are 
neighboring to that cell, and it is a key factor in 
determining how the cell will behave and it can have 
a significant impact on the overall behavior of the 
system. For example, a cell's neighbors can include 
cells that are diagonal to the cell, or cells that are a 
certain distance away from the cell.  

The rules of a cellular automaton specify how each 
cell should behave at each time step. These rules 
typically depend on the current state of the cell and 
the states of its neighbors, and they determine how 
the state of the cell should change at the next time 
step. The cells interact with each other based on a set 
of rules, and the resulting patterns that emerge over 
time can be used to model studied phenomena. 

 

C++ programming language 

C++ is a general-purpose programming language. It 
was designed to be an extension of the C 
programming language, and it adds support for 
object-oriented programming, generic programming, 
and other features. C++ is often used for building 
large-scale applications, such as operating systems, 
web browsers, and games. It is also commonly used 
in the development of high-performance systems, 
such as those found in the fields of finance, 
engineering, and scientific computing [9]. 

C++ is a compiled language, which means that it 
needs to be converted into machine code before it 
can be executed. This typically involves using a 
compiler to translate the C++ code into an executable 
program. One of the main advantages of C++ is that 
it is a statically typed language, which means that 
most errors can be caught at compile time rather than 
runtime. This can make it easier to debug and 
maintain large code bases. Additionally, C++ is a 
highly efficient language, which makes it well suited 
for applications that need to run quickly and 
efficiently, such as those that require real-time 
performance [10]. 

General simulation procedure 

The simulation process included these main steps 
[11] [12]:  

• Experiments to obtain the data from which the 
simulation is based. 
• Analysis, evaluation, and processing of the 
conceptual design of two published models to point 
out the possible risks and pitfalls of simulation 
process. 
• Creation of an abstract model: Formation of a 
simplified description of the investigated system. 
• Creation of a simulation model: Writing an 
abstract model in the form of a program. 
• Verification and validation: Verification of the 
correctness of the model. 
• Simulation: Experimenting with a simulation 
model. 
• Analysis and interpretation of the results: gaining 
new knowledge about the investigated system. 

Description of the applied procedures 

In this study, a 2D cellular automaton is used for 
computer simulation because it allows to see how the 
system behaves over time [13]. The von Neumann 
neighborhood was used [14], that means a cell's 
neighbors are the cells that are directly above, below, 
to the left, and to the right of the cell. 

The program was implemented in the C++20 
language using the functions of the standard library 
without the use of third-party libraries, due to the 
possibility of a higher degree of customization and 
optimization of the program. CMake tools were used 
to translate the source files. 
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The structure of the program was designed in such a 
way that it was possible to change the used cell 
classes, their fields, and the rules for them with 
minimal intervention in the structure of the program. 
The principles of designing a cellular automaton were 
freely taken from [15] but were modified due to the 
use of the C++ language and own experience with the 
design of cellular automata. 

Theoretical analysis of physical 
processes influencing the water 
absorption into paper 

Paper is a thin, smooth material made by compacting 
fibers. The fibers used are cellulose-based, and their 
length, thickness, and placement usually define the 
structure and other physical properties of the paper 
[6]. Liquids deposited on such a surface are subject 
to several physical processes, which are mostly 
caused by capillary phenomena [1]. Specifically, 
these are: 

• Soaking of liquids into the surface (influenced by 
the degree of hydrophobicity) 
• Particle movement caused by capillary pressure 
equalization and non-zero particle velocity 
• Sedimentation of solids (for example in the case 
of fine ink, it is affected by the size of the particles) 
• Evaporation (depends on the temperature and 
relative atmospheric humidity around the paper) 
• Capillary diffusion of liquids below the surface of 
the paper 
 

ANALYSIS OF PUBLISHED MODELS 

Model 1   

The first tested conceptual model (Fig. 1) was based 
on a study investigating the application of Japanese 
Nijimi ink on traditional paper [2]. The paper is 
described as a 2D lattice of cells, each cell is a 
quadruplet of parameters [𝐵, 𝐶, 𝑊, 𝐼], where 𝐵 is the 
thickness of the paper, 𝐶 is the maximum height of 
the trapped water column, 𝑊 is the number of virtual 
water particles in that cell, and 𝐼 is the number of 
virtual particles of ink in the cell. At each discrete time 
step, the height difference of neighboring water 
columns is calculated for all cells and the proportional 
part of the water column without ink deposition is 
moved.  

The advantage of this model is the structure of the 
paper, which is simulated by creating random lines 
representing individual cellulose fibers. These fibers 
affect the thickness of the paper and the maximum 
amount of water trapped in the water column. 

Problem of the model 1 

The model does not work with real quantities, the 
structure of the paper is not well defined, and the main 
function of the automaton (spreading water) does not 
even remotely match the experiments carried out.  

 

 
Figure 1. Visualization of the Model 1 [2]. 

 

 
Figure 2. Problem of the Model 1. 

 

When "laying" a circular seed representing a drop of 
water, after several iterations the state of the 
automaton is very far from reality (Fig. 2). At the same 
time, the model does not allow the extension of 
hydrophobic surface treatment, which was a 
fundamental problem for our study. 

Model 2   

The second conceptual model tested [1] was based 
on a published article on the use of cellular automata 
for simulating the diffusion of watercolors for 
computer-generated paintings. In this model, the 
paper is also described as a 2D lattice of cells, but in 
contrast to Model 1, each cell is represented as more 
complex tens [ℎ𝑥, ℎ𝑦, 𝑐, 𝑢, 𝑣, 𝑝, 𝑔𝑘, 𝑑𝑘, 𝑠, 𝑚], where 
ℎ𝑥 is the direction of paper height between 
neighboring cells on x-axis, ℎ𝑦 is direction of paper 
height between neighboring cells on y-axis, 𝑐 is 
maximum holding capacity of fluid in cell, 𝑢 is the 
velocity of fluid flow on x-axis, 𝑣 is the velocity of fluid 
flow on y-axis, 𝑝 is the water pressure in the cell, 𝑔𝑘 
is the amount of pigment in the upper layer of water, 
𝑑𝑘 is the amount of deposited pigment, 𝑠 is the 
quantity indicating the saturation level of the paper 
and 𝑚 is the mask delimiting the wet part of the paper. 
Pseudocode describing the behavior of the cellular 
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Figure 4. Pseudocode of the UpdateVelocities procedure.

automaton is described in Fig. 3. (Note: all 
pseudocodes in this paper are framed.) 

The advantage of Model 2 is that the system works 
with velocities, pressure and constants describing the 
viscosity of fluids. Due to the complex concept of 
capillary phenomena, this model is probably very 
close to reality with a small degree of abstraction. 

Problem of the model 2 

During the application of the Model 2, several 
calculation errors were discovered already in the 
MoveWater procedure, specifically in its 
UpdateVelocities sub procedure (Fig. 4). 

The error lies in the concept of fluid propagation 
speed with a quadratic dependence of its slope on the 
current difference of neighboring cells. In addition, the 
formulas incorrectly favor calculating the pressure in 
only two quadrants ([+x, +y] and [-x, -y]). This leads 
to the errors shown in Figures 5 and 6. 

 

 
Figure 3. Pseudocode describing the behavior of the Model 2 [1]. 

 
Figure 5. Non-uniform velocity distribution (u = purple, v = blue), 
state after 10 iterations. 

 

 
Figure 6. Non-uniform capillary pressure distribution, state after 10 
iterations. 

 

  proc UpdateVelocities(M, u, v, p): 
  (u,v)    (u,v)  –  h 
  Δt  1/[maxi,j {|u|,|v|}] 
  for t  0 to 1 by Δt do 

  for all cells (i,j) do 
A u2

i,j – u2
i+1,j + (uv) i+5,j-5 – (uv) i+5,j+5 

B (ui+1.5,j + ui-5,j + ui+5,j+1 + ui+5,j-1 – 4ui+5,j) 
u´

i+5,j ui+5,j + Δt(A – μB + pi,j – pi+1,j  – κui+5,j) 
A v2

i,j – v2
i,j+1 + (uv) i-5,j+5 – (uv) i+5,j+5 

B (vi+1,j+5 + vi-1,j+5 + vi,j+1.5 + vi,j-5 – 4vi,j+5) 
v´

i,j+5 vi,j+5 + Δt(A – μB + pi,j – pi,j+1  – κvi,j+5) 
 end for 
 (u,v) (u´,v´) 
 EnforceBoundaryConditions(M,u,v) 

  end for 
  end proc 
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Figure 7. Softwood pulp before papermaking. 

CREATION OF ABSTRACT MODEL 

Experimental data and observations 

The paper used corresponds to the SBSK (southern 
bleached softwood kraft) type with surface weight 82 
g/m2, average fiber length 2.8 mm and, average fiber 
diameter 20 µm (Fig. 7). 

The paper was experimentally coated with 
hydrophobic spots of mean size of 300 μm. The 
surface was hydrophobized using polypropylene 
dissolved in toluene. This gel solution was applied by 
spraying, and after evaporation of the solvent and 
thermal fixation, randomly distributed hydrophobic 
porous structures resembling aerogel were formed. 
Water soaks into the paper through these spots at a 
minimum, but after a certain time the upper wet layer 
connects with the paper base without 
hydrophobization. As soon as this happens, the 
canals formed in this way subsequently absorb more 
water thanks to capillary phenomena and thus 
effectively bypass the hydrophobic protection in the 

upper layer of the paper. At the same time, the water 
spreads in the bottom layer of the paper due to 
capillary phenomena and this causes further water 
seepage. 

An aqueous suspension of pink ink with a uniform 
particle size of approximately 165 nm was used to 
visualize the spreading (absorption) of a drop of water 
into paper with randomly distributed hydrophobic 
spots (Fig. 8). 

Hypothesis: after flowing through the hydrophobic 
layer and creating continuous canals through which 
the water seeps into the paper, the entire area under 
the hydrophobic spot gets wet. 

Paper model design 

The paper represents the basic state of a 2D cellular 
automaton. The cells are arranged in a square grid, 
where the size of one cell corresponds to 20 μm. This 
size was chosen based on [2] to accurately create the 
corresponding paper structure. The second 
component simulating the structure of the paper are 
surface irregularities, which simply describe the 
geometric curvature of the surface. 

Bresenham's algorithm [16] for rasterized drawing of 
lines was used to generate paper fibers. The length 
of the angle is chosen randomly; the length of the 
lines corresponds to 2 mm of the real size. In the cells 
through which the fiber passes, its virtual thickness is 
increased. 

The geometric curvature is like fiber generation 
simplified by a random process as a depth function of 
2D Perlin noise [17]. This depth is an abstract quantity 
in the range <0, 1> and determines the maximum 
amount of water trapped in the cell. Real values are 
greatly simplified by this concept. A graphical 
visualization of the paper surface is shown in Figure 
9. 

 
Figure 8. Particle size distribution of the test pink ink as measured by the Zetasizer.
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Figure 9. Graphic representation of the h parameter on the 
generated paper 

 

Figure 10. Graphic representation of hydrophobic spots added to 
paper. 

Hydrophobic paper treatment 

For the random distribution of hydrophobic spots, the 
depth function of 2D Perlin noise [17] was again used. 
As hydrophobically marked islands, noise values with 
a value of 0.5 were marked and subsequently scaled 
so that their size corresponded to the mean value of 
the spots from the measurement (Fig. 10). 

Applying a drop of water 

The final step in cell preparation was to place an initial 
drop of water on the paper. Since the applied droplet 
has a spherical shape, the initial amount of water in 
the water columns of the cells was determined as the 
depth of the spherical canopy of the virtual sphere 
placed below the surface of the paper. For a sphere 
centered at the point ሺ𝒙𝟎, 𝒚𝟎ሻ this function has the 
prescription (1): 

𝒘 ൌ ඥ𝒓𝟐 െ ሺ𝒙 െ 𝒙𝟎ሻ𝟐 െ ሺ𝒚 െ 𝒚𝟎ሻ𝟐 െ
𝒓
𝟐

 (1)

This simplification was created by the authors of the 
work using an analytical method. 

Cell definition 

With respect to the parameters specified above, the 
cell in this model is described as a quintuple [h, a, p, 
ws, wa], where: 

h is the "height" of the paper, describing its surface 
structure and the maximum amount of captured water 
(dimensionless), a is the mask bounding the wet part 
of the paper, p is the degree of hydrophobicity 
belonging to the given cell (dimensionless), ws is the 
amount of water in the upper part of the paper (µg) 
and wa is the amount of water absorbed in the paper 
(µg). 

Transition function 

In each discrete time step 𝜟𝒕, the following transition 
function (2) is performed for all active cells o to state 
𝑺𝒐: 

𝑺𝒐ሺ𝒕 ൅ 𝜟𝒕ሻ ൌ 𝒇ሺ𝑺𝒐ሺ𝒕ሻ, 𝑺𝒌ሺ𝒕ሻ | 𝒌
∈ 𝑵𝒆𝒊𝒈𝒉𝒃𝒐𝒖𝒓ሻ 

(2)

Where 𝑺𝒐ሺ𝒕ሻ is the state of the cell at time t, given as 
(3): 

𝑺𝒐ሺ𝒕ሻ
ൌ ሺ𝒂𝒄𝒕𝒊𝒗𝒂𝒕𝒆𝑵𝒆𝒂𝒓𝒃𝒚 ○ 𝒂𝒃𝒔𝒐𝒓𝒃𝑾𝒂𝒕𝒆𝒓
○ 𝒔𝒑𝒓𝒆𝒂𝒅𝑾𝒂𝒕𝒆𝒓 ○ 𝒇𝒍𝒐𝒘𝑾𝒂𝒕𝒆𝒓
○ 𝒗𝒂𝒑𝒐𝒓𝒊𝒛𝒆𝑾𝒂𝒕𝒆𝒓ሻሺ𝑺𝒐, 𝑺𝒌ሻ 

(3)

Step 1: activation of neighboring cells 

To save computing time, processes are calculated 
only in active cells. In the initial state, the active cells 
are under a drop of water, see Fig. 11. 

Step 2: absorption of water into the paper 

Following capillary phenomena, the water absorption 
process was approximated by a curve composed of 
two graphs, as can be seen in Fig. 12. The graph in 
Fig. 12 is realized by pseudocode shown in Fig. 13. 
Coefficients [A, B, C] were chosen based on 
experiments as [50,0.05,0.001]. This function is 
intended to simulate the slow "onset" of absorbed 
water, which accelerates exponentially with its 
amount, dampens at higher saturation, and at the 
same time the overall process is delayed due to the 
hydrophobicity value in the given cell. 

𝒑𝒓𝒐𝒄 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑁𝑒𝑎𝑟𝑏𝑦ሺ𝒂ሻ: 
𝒇𝒐𝒓 𝑐𝑒𝑙𝑙 𝒊𝒏 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠: 

𝑎 ← 𝑎 𝑜𝑟 𝑎௖௘௟௟ 
𝒆𝒏𝒅 𝒇𝒐𝒓 

𝒆𝒏𝒅 𝒑𝒓𝒐𝒄 
Figure 11. Pseudocode extending the active simulation zone to 
neighbouring cells. 
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Figure 12. Approximation of the process of absorption of water into 
paper in time. 

𝒑𝒓𝒐𝒄 𝑎𝑏𝑠𝑜𝑟𝑏𝑊𝑎𝑡𝑒𝑟ሺ𝒉, 𝒑, 𝒘𝒔, 𝒘𝒂ሻ: 

𝑎𝑏𝑠_𝑓𝑜𝑟𝑐𝑒 ← 0.01 ൅
𝑤௦

𝐴
 

𝒊𝒇 ሺ𝑤௔ ൏ 𝑝ሻ 𝒕𝒉𝒆𝒏 
𝑎𝑏𝑠𝑜𝑟𝑏𝑒 ← 𝑚𝑖𝑛 ሺ𝐵

⋅ sin ቀ
𝜋
2

⋅
𝑤௔

ℎ
ቁ ൅ 𝐶, 𝑤௦ሻ

⋅ 𝑎𝑏𝑠_𝑓𝑜𝑟𝑐𝑒 
𝒆𝒍𝒔𝒆 𝒕𝒉𝒆𝒏 

𝑎𝑏𝑠𝑜𝑟𝑏𝑒 ← 𝑚𝑖𝑛 ሺ𝐵

⋅ sin ቆ
𝜋
2

⋅ ቀℎ െ
𝑤௔

ℎ
ቁቇ

൅ 𝐶, 𝑤௦ሻ ⋅ 𝑎𝑏𝑠_𝑓𝑜𝑟𝑐𝑒 
𝒆𝒏𝒅 𝒊𝒇 
𝑤௦ ← 𝑤௦ െ 𝑎𝑏𝑠𝑜𝑟𝑏𝑒 
𝑤௔ ← 𝑤௔ ൅ 𝑎𝑏𝑠𝑜𝑟𝑏𝑒 

𝒆𝒏𝒅 𝒑𝒓𝒐𝒄 
Figure 13. Pseudocode for calculation of the amount of absorbed 
water. 

𝒑𝒓𝒐𝒄 𝑠𝑝𝑟𝑒𝑎𝑑𝑊𝑎𝑡𝑒𝑟ሺ𝒉, 𝒘𝒂ሻ: 

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ←
𝑤௔

ℎ
 

𝑤௢௨௧ ← 0 
𝒇𝒐𝒓 𝑐𝑒𝑙𝑙 𝒊𝒏 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠: 

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛௖௘௟௟ ←
𝑤௔௖௘௟௟

ℎ௖௘௟௟
 

𝑤௢௨௧
← 𝑤௢௨௧

൅ ൬
𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 െ 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛௖௘௟௟

2
െ 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛௖௘௟௟൰ ⋅ ℎ ⋅ 𝐷 

𝒆𝒏𝒅 𝒇𝒐𝒓 
𝑤௔ ← 𝑤௔ െ 𝑤௢௨௧ 

𝒆𝒏𝒅 𝒑𝒓𝒐𝒄 
Figure 14. Pseudocode for the calculation of the amount of water 
transferred to other cells by capillary diffusion.  

 

𝒑𝒓𝒐𝒄 𝑓𝑙𝑜𝑤𝑊𝑎𝑡𝑒𝑟ሺ𝒉, 𝒘𝒔ሻ: 
𝑤௢௨௧ ← 0 
𝒇𝒐𝒓 𝑐𝑒𝑙𝑙 𝒊𝒏 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠: 

𝑓𝑙𝑜𝑤௖௘௟௟ ←
𝑤௦ െ 𝑤௦௖௘௟௟

2
⋅ 𝐸 ⋅ ሺ1

൅ ሺ𝑝 െ 𝑝௖௘௟௟ሻሻ 
𝑤௢௨௧ ← 𝑤௢௨௧ ൅ 𝑓𝑙𝑜𝑤௖௘௟௟ 

𝒆𝒏𝒅 𝒇𝒐𝒓 
𝑤௦ ← 𝑤௦ െ 𝑤௢௨௧ 

𝒆𝒏𝒅 𝒑𝒓𝒐𝒄 

Figure 15. Pseudocode for the calculation of the amount of water 
transferred to other cells based on hydrophobicity and water 
column balancing.  

Step 3: water diffusion in the bottom layer 

The diffusion of water in the lower layer, which is 
otherwise caused by capillary attractiveness, was 
simplified in the proposed model to the process of 
gradually equalizing the degree of saturation of the 
lower layer with other cells, see Fig. 14. 

The amount of water that moves between the cells 
through this process is not affected by the surface 
treatment of the paper because it no longer extends 
to this depth. 

Based on testing, the value of 0.1 was chosen as the 
D coefficient. 

Step 4: water diffusion in the top layer 

This step in which the error was found in Model 2 is 
essentially the same as in Model 1. The amount of 
water moved in each step corresponds to equalizing 
the water columns of neighboring cells, as described 
in the pseudocode in Fig. 15. 

During this process, the hydrophobicity of the cells is 
considered (water prefers to flow into a cell with a 
lower p-value). Based on testing, the coefficient E 
was set to 0.25. 

Step 5: water evaporation 

This process removes water from the system with the 
assumption that the water in the upper layers 
evaporates faster than the absorbed water. Based on 
testing, the values [0.001,0.01] were chosen for the 
[F, G] coefficients, see Fig. 16. 

IMPLEMENTATION DETAILS 

Multithreading 

Computer programs are composed of instructions, 
which are run sequentially. A thread is a flow of 
execution of such instructions. However, modern 
computers can run multiple threads (hence the term 
Multithreading) at the same time, which allows for a 
faster parallel execution. 

The simulation is divided into horizontal rectangles. 
Each rectangle is processed by one thread. During 
processing, the edge of the image (2 cells) and 
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𝒑𝒓𝒐𝒄 𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑒𝑊𝑎𝑡𝑒𝑟ሺ𝒘𝒂, 𝒘𝒔ሻ: 

𝑣 ← 𝐹 
𝒊𝒇 ሺ𝑤௦ ൐ 𝑣ሻ 𝒕𝒉𝒆𝒏 

𝑤௦ ← 𝑤௦ െ 𝑣 
𝑣 ← 0 

𝒆𝒍𝒔𝒆 𝒕𝒉𝒆𝒏 
𝑤௦ ← 0 
𝑣 ← 𝑣 െ 𝑤௦ 

𝒆𝒏𝒅 𝒊𝒇 
𝑣 ← 𝑣 ⋅ 𝐺 
𝒊𝒇 ሺ𝑤௔ ൐ 𝑣ሻ 𝒕𝒉𝒆𝒏 

𝑤௔ ← 𝑤௔ െ 𝑣 
𝒆𝒍𝒔𝒆 𝒕𝒉𝒆𝒏 

𝑤௔ ← 0 
𝒆𝒏𝒅 𝒊𝒇 

𝒆𝒏𝒅 𝒑𝒓𝒐𝒄 
Figure 16. Pseudocode for the calculation of the amount of 
evaporated water. 

inactive cells are omitted to maintain fast processing 
and correct memory access. At each time step, 
logical functions that provide the cell simulation logic 
will execute for all cells in the cellular automaton and 
wait for all threads to complete. This way, the 
program can utilize the full processing power of given 
program environment and thus causing the simulation 
to run quickly even for sizes of millions of cells. 

Implementation 

The cellular automaton uses the 2D field abstraction 
for simulation. In the source code, the 2D field is 
implemented as a 1D field indexed by [x + y * W], 
where W is the width of the field. The field itself does 
not contain specific elements, but pointers to the 
given cells to enable caching. 

The simulation itself uses two of these fields, which it 
switches between during the simulation. The 1st field 
is read-only and contains the old state, which is used 
to calculate the new state. The 2nd field is intended 
for storing the new state of the simulation. Two 
functions are implemented to manipulate these fields: 
the flip function, which swaps pointers to these fields, 
and the mirror function, which creates a deep copy of 
the new field into the old one. 

Pointer swapping is fast but cannot be used in all 
cases. If only parts of the model are updated (for 
example speed of water movement, amount of water 
after transfer), data inconsistency may arise. 
Therefore, this method should only be used after 
completing the entire simulation step. 

Creating a deep copy provides a safe way to 
manipulate data without possible inconsistency but 
creating a copy of the data itself is very time 
consuming compared to changing two pointers. 

The implementation of individual models is separated 
into individual components according to the given 
model. 

VERIFICATION AND VALIDATION OF 
THE MODEL 

The validity of the model could be verified visually by 
comparison with laboratory results. The output of the 
simulation is an animated .gif file, which shows the 
time course of water spreading in the bottom layer of 
paper. The key points of this simulation are shown in 
Figure 17. 

We managed to verify the main researched 
hypothesis through simulation. Figure 11 shows how 
the water gradually spread to the lower layer through 
the created channels and within a few seconds of 
their introduction, it was fully saturated. This result, 
after the optimal determination of the parameters A-
G, corresponds to the physical results with which the 
output of the model was compared (Fig. 18). 

CONCLUSION 

We managed to detect errors and inaccuracies in two 
published simulation models and successfully design 
our own simplified model, thanks to which it is 
possible to parameterize and visualize water 
absorption on specially treated paper. 

Such a simulation can be used, for example, for 
artistic needs, but also for simulating the absorption 
behavior of various liquids and the rate of paper 
seepage depending on the change of some 
parameters, especially the thickness of the paper 
(parameter h), the distribution of hydrophobic areas 
(parameter p) or specific behavior of the liquid 
(parameters w), etc.  

As non-woven fabrics, for example, have a similar 
structure and fiber arrangement to paper, this model 
is also suitable for textile structures where wetting 
processes, liquid distribution, etc. are very important, 
e.g., for hygiene products. 

 
Figure 17. Degree of paper saturation with water at times 3 s,  
12 s, 18 s, 26 s.
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Figure 18. Three samples made at a time interval of 10 s on paper with surface hydrophobization using a spray-applied hydrophobic 
varnish: left with incipient surface absorption, middle with visible hydrophobic defects, right almost absorbed.
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