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ABSTRACT
Small particles tend to aggregate and create large fractal-like structures which can be analysed using microscopy
techniques. In this work we present an algorithm capable of measuring the basic morphological parameters
of two-dimensional polystyrene layers. Our study was divided into two separate parts. The goal of the first
one was to create high quality particle monolayers. Their purpose was to allow for monitoring of the twodimensional aggregation process by means of optical microscopy. In the next step microscopy images were
analysed in more detail. The size distribution function and the total number of particles were calculated. When
an aggregate was larger than a specified size its fractal dimension was approximated using the box-counting
technique. After retrieving the morphological parameters fractal-like aggregate models were created using the
most common tunable algorithms. Our study proved that real structures resemble to geometries generated with
CC (Cluster-Cluster) aggregation techniques. Initial clusters, i.e. those generated during early stages of the
aggregation process, are characterized by slightly larger fractal dimension. However, its value decreases along
with the aggregation time. The next step is to improve our algorithm even further and use it in a fully automatic
on-line monitoring process.
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1. INTRODUCTION
Aggregates of fine particles reveal fractal-like behaviour,1 and therefore, their complex geometry can be described
with the following equation:2
 Df
Rg
Np = k f
,
(1)
rp
where Np is the number of primary particles with the radius rp . The fractal dimension is denoted by Df and kf
is the fractal prefactor (a proportionality constant). The radius of gyration Rg can be calculated as follows:3
Rg2 =

Np
1 X
(~ri − ~rc )2 ,
Np i=1

(2)

where ~r is the position of the i-th primary particle and ~rc is the mass centre of the aggregate. Note, that this is only
an approximation which gives accurate results when the number of primary particles is large. Many algorithms
for generation of fractal-like aggregate models have been developed.4 Some of them, including e.g. DLCA
(Diffusion-Limited Cluster-Cluster Aggregation)5 and RLCA (Reaction-Limited Cluster-Cluster Aggregation)6
are described in more detail in a later section of this paper.
Various techniques for retrieving the morphological parameters of fractal-like aggregates are known.7–14 For
example, light scattering methods can be used to determine the shape of micro and nanostructures.15–20 Here,
we are interested in the analysis of two-dimensional microscopy images.21 This is one of the most commonly used
method. However, its largest drawback is the fact that the loss of one dimension may have a significant impact
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on the results. Although a few techniques for restoring the lost dimension can be found in the literature,22 they
cannot be considered exact. In this work we investigate two-dimensional fractal-like geometries. It is difficult to
place primary particles precisely on a liquid surface, and therefore, some inaccuracies are expected. For example,
primary particles positioned below the investigated aggregate are invisible to the microscope.
The main goal of this study was to develop an algorithm which can be used for analysis of microscopy images
and approximate the morphological parameters of two-dimensional fractal-like aggregates. This information will
improve the understanding of the aggregation phenomena, and therefore, enable us to create much more realistic
polystyrene aggregate models.23

2. POLYSTYRENE MONOLAYERS
Primary particles tend to accumulate on a liquid-gas interface. This phenomenon is caused by the fact that such
a position is energetically favourable, i.e. the free energy of the detachment into the liquid phase is much larger
than the thermal energy of the primary particle. To produce particle monolayers spreading techniques can be
used.24 A drop of the dispersion placed on the water surface is immediately spread. Next, the evaporation of the
spreading agent results in particles being well distributed along the surface. Nevertheless, this technique did not
provide satisfactory results. This might have been caused by the electrostatic stabilization of primary particles
or their small size, i.e. rp = 0.5µm. Primary particles remained dispersed in a 100µm thick layer and the
corresponding image is shown in Fig. 1A. Particles on the interface are in focus. However, particles positioned
behind the focal plane cause diffraction rings.
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Figure 1: A) A sample microscopy image of a particle layer spanning a thickness of 100µm. B) A
sample microscopy image of a high quality particle monolayer. C) A sample microscopy image of
two-dimensional particle networks.
After experimenting with a variety of methods and compositions, desired monolayers were generated. Primary
particles were dispersed in an ethanol solution. In the liquid layer a small amount of NaCl was dissolved. Next,
the particle dispersion was delivered to the surface in the form of a fine spray. Large droplets were removed by
a fine wire grid positioned above the liquid surface. A corresponding microscopy image is presented in Fig. 1B.
The almost regular spacing between particles was caused by the presence of repulsive stabilization forces which
disappeared after ca. 10 minutes. Next, primary particles started to aggregate what finally led to almost
continuous particle networks (see Fig. 1C).

3. IMAGE ANALYSIS
The
first
well
was

time interval between taking grayscale images with the resolution 2048px × 2048px was ca. 5min. The
step of our algorithm was to remove repetitive artifacts associated with the measurement conditions as
as our equipment. Fifteen images were selected at random and the median value Mi,j for each pixel
calculated. Additionally, this procedure allowed us to generate the background pattern which could be
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easily excluded from all investigated images (see Fig. 2B). Next, the value of every pixel was compared to the
previously calculated Mi,j . When the absolute difference between gray levels was not larger than the estimated
threshold, the investigated pixel was coloured in white (i.e. marked as non-existent). In the next step, a blackand-white image was generated. One of the most significant drawback of our measurement technique was the
characteristic, persistent glow visible on almost every primary particle. This phenomenon led to additional white
circles appearing in the resulting image. To remove this effect, small areas, which diameter was not greater than
d = 7px, were closed. The radius of a single primary particle was estimated as rp ≈ 0.5µm ≈ 6.5px. Therefore,
in the last step, separate elements smaller than rp were deleted. Although this procedure is relatively simple,
it turned out to be sufficient for our investigation. However, when real images are considered, some unexpected
phenomena might occur. For example, a submerged primary particle might cause interference rings which could
not be fully removed by the described procedure. For this reason, before starting the measurement process, some
additional, manual changes can be made and the supervising researcher can decide whether to keep or discard
the processed image. A variety of methods have been implemented in our code, including the basic morphological
transformations (e.g. opening and closing), convolution filters, edge and shape detection algorithms, adaptive
equalization algorithms, FFT transformations etc.
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Figure 2: A) A sample microscopy image used in our study. B) The background pattern generated
from 15 images selected at random, C) A sample processed image used in our study.
The number of primary particles Np was approximated from the total surface area. At every step of the size
measurement procedure geometries characterized by the smallest dimension were successively removed from the
image. A sample size distribution function is presented in Fig. 3. This technique gives accurate results providing
that shapes (circles or squares) circumscribing two geometries with similar size do not intersect. This kind of
situation can happen e.g. when two large fractal-like aggregates are positioned very close to each other. In this
study, geometries which were in contact with the image border were not investigated. In such cases a part of
data was missing, and therefore, the following measurements could give erroneous results.
The fractal dimension Df was calculated for the largest geometry visible in every image. The following
box-counting equation was used:25
Df = lim

→0

log N ()
log N ()
= lim
,
log(1/) →0 − log()

(3)

where log N () is the number of squares with the side length  needed to cover the structure. Note, that
investigated geometries are not infinite, and therefore, the minimum value of  (i.e. inner cut-off) cannot be
lower than min = 1px. Similarly, its maximum value (i.e. outer cut-off) cannot be greater than max = 2048px.
The diameter of fractal-like aggregates, which appear in investigated images, is usually much lower than max
(see Fig. 2 and Fig. 3). Therefore, some details are missing and, in some cases, small geometries might not reveal
any fractal properties. This is a common phenomenon caused by the fact that real aggregates are considered
fractals in a limited size range. They are also different from ”infinite” geometries in the strict mathematical
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Figure 3: The size distribution function associated with the image presented in Fig. 2C. All
geometries were smaller than 239px.
sense.26 Furthermore, the box-counting (also known as Minkowski) dimension Df is not always equivalent to the
classic, and more complex, Hausdorff dimension Df,H . To check whether our procedure gives accurate results
two geometries, namely the Sierpinski triangle and the Sierpinski gasket,1 were generated. They are presented
in Fig. 4. The value of Df was very similar to Df,H in both cases, and therefore, we consider our algorithm
accurate. A sample fractal-like aggregate derived from one of out images is presented in Fig. 5. Its fractal
A)

B)

Figure 4: Two fractal geometries and their Hausdorff dimension, namely: A) the Sierpinski gasket
(Df,H ≈ 1.89) B) the Sierpinski triangle (Df,H ≈ 1.59). Df (the box-counting dimension) calculated
with our algorithm was Df ≈ 1.90 and Df ≈ 1.59 respectively.
dimension was estimated as Df ≈ 1.56 what is in agreement with the theoretical value for aggregates created
with the RLCA aggregation method (Df ≈ 1.53).4 Additionally, Stankiewicz et at.27 estimated the dimension of
two-dimensional polystyrene aggregates as Df ≈ 1.48 which is similar to our results. The fractal dimension Df
is not an universal value. Every real aggregate is unique, and therefore, the morphological parameters cannot be
considered constant.28 A list of sample values of Df in a function of the aggregation time is presented in Tab. 1.
They are associated with the largest geometry visible in the image. The results show that Df slightly decreases
along with the aggregation time and finally reaches the value consistent with the RLCA aggregation process.4
This phenomenon might be caused by the fact the small geometries do not reveal enough details (like branches)
and some of their fractal properties are lost. Although some sources state that Df might increases along with
the aggregation time, e.g. due to the restructuration phenomenon, this effect was not observed in our study.27
Additionally, the total number of particles is shown in Tab. 1. In some cases it can exceed the value of 1000.
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This proves that algorithms for the automatic image analysis are necessary and the time needed for the same
work done manually could be excessive.
Table 1: The fractal dimension Df and the number of primary particles Np it is composed of in a
function of the aggregation time. Additionally, the total number of primary particles is presented.
Aggregation time [min]
5
10
15
20
25
30
35
40
45
50
Total number of particles 1474 2011 1958 1044 1704 1243 1377 1103 3129 1025
Np
24
78
42
31
105
60
95
153
911
143
Df
1.62 1.70 1.58 1.52 1.56 1.57 1.56 1.51 1.56 1.47

o

Figure 5: A sample fractal-like aggregate which appeared after ca. 45 minutes of the aggregation
process. The number of particles was estimated as Np ≈ 911 and the fractal dimension was Df ≈
1.56.

4. FRACTAL-LIKE AGGREGATES
Many algorithms for generation of fractal-like aggregates have been developed. They can be divided into two
main groups, namely PC (Particle-Cluster), where at every step of the aggregation process only a single particle
is added to the growing cluster, and CC (Cluster-Cluster), in which also large clusters can be merged together.4
The second group, i.e. CC, gives much more accurate models.29 However, it does not allow for generation of
fractal-like aggregates with very large values of the fractal dimension Df . In this work, the fractal equation,
i.e. Eq (3), was checked after every step of the aggregation process and when the radius of gyration differed
by more than ∆Rg > 0.5 · rp from the expected value, the whole step was repeated. Note, that the quality of
generated geometries increases along with their size. Here, the expected fractal dimension was Df ≈ 1.5 and
aggregates were two-dimensional. In our models the number of primary particles was Np = 1024. Although
different connections between primary particles may exist,30–32 we assumed that they are positioned in point
contact only, and therefore, no modifications to the following aggregation techniques were made.
One of the most intuitive aggregation algorithm is based on the ballistic model where particles (or clusters)
are projected at the growing structure via linear paths. Whenever a collision occurs the projected particle is
irreversibly added to the core aggregate.4 The DLA (Diffusion Limited Aggregation) model, in which single
particles move via trajectories of a random walk, was introduced by Witten and Sander in 1981.33 The CC
version of the algorithm, namely DLCA (Diffusion Limited Cluster-Cluster Aggregation), is currently one of the
most common techniques. The RLA (Reaction Limited Aggregation) model was developed by Eden in 1958.34 At
every step of the aggregation process a single primary particles is added at the boundary of the growing cluster.
A CC version of the method, namely RLCA (Reaction Limited Cluster-Cluster Aggregation), was introduced by
Jullien and Botet.6 Even without tuning, the fractal dimension Df of generated geometries is similar to the value
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of real polystyrene fractal-like aggregates. An alternative method was proposed by Filippov et al.35–37 It is based
on the fractal equation, i.e. Eq (3). At every step of the aggregation process the distance between the centre of
a new particle (or cluster) and the growing structure is calculated. This approach limits the range of possible
positions of the new particle, and therefore, significantly decreases the aggregation time. Sample polystyrene
aggregates are presented in Fig. 6. As expected, CC geometries are much more similar to real structures.

CC

,

ern
JAI,

-70be.

toil°

8
°

°117
a

°

°

&o
4g8

Figure 6: Polystyrene fractal-like aggregates generated with different methods: A) RLA, B) RLCA
(left) and the algorithm by Filippov et al. (right).

5. CONCLUSIONS AND OUTLOOK
In this work the two-dimensional polystyrene aggregation process was studied. The morphological parameters
of fractal-like aggregates were extracted from microscopy images using our algorithm. The study shows that
the fractal dimension Df decreases slightly with the increase of the aggregate size and finally reaches the value
related to the RLCA aggregation process. Finally, aggregate polystyrene models, which were based on our
measurements, were generated using different aggregation methods. Our algorithms enable us to monitor the
aggregation process and create realistic aggregate models, which will be used in our further studies.
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