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Morphological characterization of aggregates and agglomerates by image
analysis: A systematic literature review
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AMINES Saint-Etienne, CNRS, UMR 5307 LGF, Centre SPIN, Saint-Etienne, France.
b Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France.

Abstract

The morphological characterization of aggregates or agglomerates using image analysis is an increasingly active area of research, whether in the
chemical, environmental or civil engineering industries, in the food industry or in the medical and pharmaceutical fields. The final properties
of agglomerates are often related to their size and shape distribution, and the morphology of aggregates can in turn influence the efficiency of
industrial processes or their impact on health and the environment. Since the morphology of aggregates has such a considerable influence, tools are
needed to measure, characterize and quantify it, in particular by image analysis. Therefore, this article proposes to apply the method of Systematic
Literature Review (SLR) to answer a series of questions, such as which are the most popular imaging devices, the size and type of aggregates
studied, the most active research fields, the most popular image analysis techniques, the most represented authors and journals and, above all,
the main morphological characteristics measured, with their definition given in the supplementary m aterial. For this purpose, the SLR method
is described in detail, as well as the research questions and the protocol followed. A total of 145 articles were selected based on the inclusion
and exclusion criteria, and the data collected are presented. All morphological characteristics measured and reported are presented, described,
and defined for a total of more than 45 different morphological characteristics and more than 110 de finitions. Techniques for image analysis,
aggregate characterization, and the full range of imaging devices used are listed. Finally, other reviews on the study of aggregates or agglomerates
are mentioned, and the main points of this article are summarized in a conclusion with some guidelines for future authors.

Keywords: aggregate, agglomerate, morphological characterization, image analysis

1. Introduction to mention other limitations (Fewster [[15]]). Thus, it is some-
times necessary to directly observe the aggregates or agglomer-
ates to get a more precise idea of their morphology.

For many years, image analysis techniques have been devel-
oped to study the morphological properties of aggregates and
agglomerates. These techniques can be based on electronic
imaging (SEM or TEM), optical imaging, or tomographic imag-
ing, to name a few. Depending on the field of research and the
nature of the aggregate, several morphological descriptors are
then calculated. The objective of this paper is to propose a liter-
ature review of the different techniques of morphological char-
acterization of aggregates and agglomerates by image analysis,
in the form of a Systematic Literature Review (SLR). It will an-
swer several questions, such as the determination of the most
frequently used morphological descriptors to characterize ag-
—_— gregates and agglomerates, the most represented journals and

g;rar?;szzg;?i j}ltltlf):heo dontemse. £x (L. Théodon), autl}ors among the selected' papers, or the most popular imaging
debayle@emse.fr (J. Debayle), carole.saudejaud@toulouse-inp.fr devices. As the morphological characterization of aggregates or
(C. Coufort-Saudejaud) agglomerates is an extremely broad field, this literature review

The phenomena of aggregation and agglomeration of objects
or particles are at the heart of many fields of research, ranging
from biomedicine to civil engineering, including the food and
chemical industries. In particular, the morphology of aggre-
gates or agglomerates is usually of critical importance as it has
a significant influence on the structural properties of materials
and their quality. There are many techniques to characterize the
size and morphology of these objects, such as X-ray diffraction
(XRD) [1H3], dynamic laser scattering (DLS) [4H6l], optical mi-
croscopy ([6H10]) or electronic microscopy ([11-14]]) to name
a few. They provide very accurate data, especially regarding the
size of the objects. However, they often require strong assump-
tions about their shape (sphericity or regularity hypothesis), not



will focus only on articles using experimental data.

The principle of an SLR is to apply the scientific method
to a literature review. A set of rules must be defined to min-
imize bias and subjectivity. The following section describes
these principles and defines some research questions and cri-
teria. Then, the main results are presented and the data col-
lected are commented. The next part proposes the creation of
an ontology of the morphological characteristics encountered
during this literature review. Finally, the imaging devices are
presented, as well as different techniques for the characteriza-
tion of aggregates and agglomerates. The last part proposes a
conclusion and a broader view of the subject, with the men-
tion of other literature reviews on the subject of aggregation
and agglomeration phenomena. The supplementary material in-
cluded with this paper contains an exhaustive list of all the defi-
nitions of morphological characteristics encountered, as well as
the imaging devices used.

2. The principle of an SLR and how to use it

2.1. Definition

A systematic literature review is one of many specific forms
of literature review [16] that provide a framework for iden-
tifying, evaluating, and interpreting the entire body of exist-
ing research in the most accurate and unbiased way possible.
The analogy is often drawn to the application of the scientific
method to literature reviews. Indeed, anyone applying the same
method should get the same results. The idea is to answer a set
of questions by following a set of rules. Following the guide-
lines provided by Kitchenham and Charters [[17], we can define
six steps (Fig.[I): formulation of the research questions, litera-
ture search, initial selection of articles, extraction of data to ad-
dress the research questions, quality assessment of the selected
articles, and data synthesis.

Research questions g Data Extraction

v v

Research Quality
Assessment

\
| S— ¥
Primary Studies
Selection

Litterature Search

— Data Synthesis

Figure 1: Systematic literature review protocol.

However, although the SLR is theoretically a way to limit
bias through the adoption of clear rules and objective selection
criteria, the definition of these criteria remains subjective. Thus,
one of the complaints that can be raised against this method is
the fact that it is possible to miss high quality articles that do
not perfectly meet the various selection criteria. In order to
overcome this problem, the last part of this paper will propose
some references to articles that did not meet the different selec-
tion criteria, but are nevertheless of great interest for the study
of aggregation or agglomeration phenomena. In the following

section, the rules for carrying out a SLR of articles dealing with
the morphological characterization of aggregates or agglomer-
ates by image analysis are established.

2.2. Application

2.2.1. Research Questions

The first step in the protocol is to define a set of research
questions to be answered by the SLR. Table |I| summarizes
these. In particular, there are questions regarding the most im-
portant journals and the most influential authors, but also the
core of the topic: what are the most commonly used morpho-
logical characteristics to characterize the morphology of aggre-
gates or agglomerates by image analysis?

Table 1: Set of research questions formulated in the context of the SLR. All
questions are related to the characterization of aggregates or agglomerates by
image analysis.

ID Research Question

RQ1  Which international journals are the most significant?

RQ2  Who are the most significant and influential researchers?

RQ3  What are the most commonly used morphological characteris-
tics?

RQ4  What are the most commonly used image analysis techniques?

RQ5  What type of aggregates or agglomerates are the most studied?

RQ6  What is the average size of the most studied aggregates or ag-
glomerates?

RQ7  What are the most commonly used imaging devices?

RQ8 In which research fields are aggregates or agglomerates most
studied?

2.2.2. Literature Search

The article search was performed using Scopus
(https://www.scopus.com/) as well as Google Scholar
(https://scholar.google.com/). Scopus is a database, mainly
of peer-reviewed literature, that includes many publishers
and journals with a high impact factor, such as IEEE Journal,
ScienceDirect, and Springer. Google Scholar was used to
further extend the search to other sources that may not have
been referenced in Scopus.

Since the SLR deals with both aggregates and agglomerates
(sometimes also called clumps, see Nichols et al. [18]]), the
string used in the literature search is the following:

(Aggregate OR Agglomerate OR Clump) AND
OR Morphology) AND Image Analysis

(Morphological

Titles, abstracts and keywords were searched. Only conference
or journal articles written in English were included. Although
very field-specific, the word Floc was tried out, but in the end
was not used, as it did not increase the number of selected re-
search papers. Finally, only articles published before March
2023 are considered.

A complementary way of searching for research papers when
writing a literature review is through reference analysis. This
analysis was performed as a preliminary step and showed that


https://www.scopus.com/
https://scholar.google.com/

its main effect was to increase the size of the initial list of re-
search papers without significantly increasing the size of the
final list of selected research papers. For the sake of simplicity
and to make the research paper selectixon protocol more fluid,
it was decided to limit the selection process to that described
above.

2.2.3. Primary Studies Selection

The selection of papers to be included in the SLR is based
on the criteria defined in Table[2] These are journal or confer-
ence papers dealing with the morphological characterization of
aggregates or agglomerates by image analysis, written in En-
glish and supported by experimental data. Review articles or
compilations of abstracts are excluded. Fig. [2] illustrates the
process of article collection and selection. The initial list ob-
tained from the search string contained 393 articles. An initial
selection based on the inclusion and exclusion criteria in Table[2]
reduced this number to 221 articles. A final selection based on
full text analysis resulted in a final list of 145 articles. This last
analysis eliminates articles that have not been peer-reviewed,
are not published in international journals, are not considered
of sufficient quality, or whose experimental data have not been
obtained by image analysis, for example. Criterion C8 is nec-
essary for the sake of clarity, to set a deadline beyond which no
more research papers will be considered.

Table 2: List of different selection criteria for the composition of the corpus of
articles to be reviewed.

ID Selection Criteria

C1  Papers with full text available

C2  Papers written in English

C3  Papers published in a scientific journal or conference
C4  Applied research papers (no theoretical articles)

CS5  Papers that deal with morphological characterization of aggre-

gates or agglomerates (or clumps)

C6  Morphological characterization with image analysis (at least

partly)
C7  No review articles, surveys, or abstract compilations
C8  Papers published before March 2023

2.2.4. Data Extraction

Data extraction is performed on the final list of 145 articles.
The data extraction is designed to answer the research questions
in Table [Tl Table 3] shows some of the data extracted from the
articles to answer the research questions. The Sysrev online
application (https://sysrev.com/) was used to store the collected
data.

2.2.5. Research Quality Assessment and Data Synthesis

The data extraction allows both qualitative and quantitative
analysis. The qualitative data include the conclusions of the ar-
ticles and the quality of the performance of the developed mor-
phological characterization methods by image analysis. These
data can sometimes be quite subjective. Quantitative data in-
clude the most commonly used morphological characterization
and image analysis devices and techniques, as well as the most

Initial article list based on the
search string
(393 articles)

v

Reduction of the initial list using
the inclusion/exclusion criteria
(221 articles)

‘ /

Reduction based on full text

analysis
(145 articles)

; /
N

Final list of primary studies
A\ /

Figure 2: Primary studies selection protocol.

Table 3: Some properties extracted from the articles in order to answer the
research questions.

Properties Research Questions
Researcher and Journal Publication RQI1, RQ2
Morphological characteristics RQ3
Image analysis technique RQ4
Size and type RQ5, RQ6
Imaging device RQ7
Research field RQ8

popular journals or the most represented research fields. These
data are more objective because of the SLR framework. In
the following, the SLR is presented using the narrative syn-
thesis method. In particular, the following section proposes an
overview of the quantitative data collected.

3. Data analysis

3.1. RQI — Journal Publications

In this SLR, 145 articles were analyzed. These 145 articles
were published in 101 different journals. The most represented
journal is Powder Technology with 21 citations. Fig. [3al shows
the journals with at least 3 articles in the final list. Fig.[3b|shows
the trend of papers proposing to characterize the morphology
of aggregates or agglomerates by image analysis. The trend is
clearly upward for the last 10-15 years, with the exception of
2023, the current year. It should also be noted that selection
criterion C1 specifies that only full-text articles are included,
which may explain why some interesting articles are not in-
cluded in the final list.

3.2. RQ2 — Researchers

Of the 145 selected articles, there are 626 different authors
and co-authors. Fig.[da]shows the most represented researchers,
with more than 4 publications, and Fig. [4b] shows the re-
searchers who published most papers as first author, with at
least 2 publications. No particular names stand out among the
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Figure 3: Most represented journals and years of publication with trend line.
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Figure 4: Researchers who published the most papers in total and as first author.
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Figure 5: The most common morphological characteristics for aggregates and agglomerates of average size within various ranges.

authors of the selected set of research articles. In fact, although
the field of research is extremely broad, the selection criteria
are quite restrictive, in particular the need to rely on experi-
mental data. As a result, some highly productive authors in the

field of aggregates or agglomerates may not stand out in this
literature review. For Fig. b} first authors have been preferred
to corresponding authors, as is common practice in systematic
literature reviews.
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Figure 6: Most common morphological characteristics.

3.3. RQ3 — Morphological Characteristics

The full-text analysis resulted in the identification of over
50 different morphological characteristics, which are defined in
Section [ Fig. [f] shows the 16 most common morphological
characteristics among the 145 articles reviewed. Characteris-
tics such as projected area, perimeter or convex hull are not
listed here because they are mostly not used as such to charac-
terize the morphology of aggregates, but allow to define other
characteristics such as circularity, sphericity or equivalent cir-
cle diameter (ECD). The most represented morphological char-
acteristic is the fractal dimension (23% of the cases), very of-
ten calculated for soot particle aggregates, for instance, and of-
ten associated with the radius of gyration. Then come two size
characteristics: the equivalent circle diameter or ECD (almost
20% of the cases), which is a characteristic calculated indepen-
dently of the size of the object and used as a size criterion for
both the aggregate itself and the primary particles, and the Feret
diameter in almost 16% of the cases. Then come some shape
characteristics commonly used to characterize the morphology
of crystalline agglomerates or coarse aggregates, such as circu-
larity, aspect ratio, or elongation.

Nevertheless, the morphological characteristics measured
depend strongly on the size of the aggregates or agglomerates
considered. Indeed, Fig. [5] shows which morphological charac-
teristics are most frequently represented for objects of average
size within the intervals [173 pm; 1 pm(, [1 um; 10 um([ and
[10° um; +oo[. It is then clear that the fractal dimension and
the radius of gyration are the most represented morphological
characteristics at small scales (Fig. @), as well as the number of
primary particles, which is itself a morphological characteristic
correlated with the fractal dimension and is often used to char-
acterize the aggregates of soot particles or titanium dioxide, for
example. On the other hand, the fractal dimension is no longer
one of the most common morphological characteristics at large
scales (Fig. [5c), where rocks or coarse aggregates are found.
Instead, other shape or texture characteristics, such as angu-
larity or roundness, or other structural characteristics, such as
porosity, appear, as well as 3D morphological characteristics,
such as sphericity, which can be obtained, for example, from
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Figure 7: Most common morphological characterization techniques by image
analysis.

CT scans (X-Ray Computed Tomography). Finally, at interme-
diate scales (Fig.[5b), most of the morphological characteristics
are represented in fairly equal amounts. In fact, many differ-
ent types of aggregates are present at these scales, with quasi-
spherical particle aggregates, where the fractal dimension plays
an important role, or crystalline agglomerates, for which the
study of morphology will be similar to that of rocks and coarse
aggregates.

3.4. RQ4 — Image analysis techniques

Fig.[7]shows which image analysis techniques are most com-
monly used to characterize the morphology of aggregates or ag-
glomerates. ImagelJ is the most commonly used software, men-
tioned 26 times. The MATLAB® language and its image pro-
cessing ToolBox are then the most frequently used, far ahead
of Python packages such as scikit-image (only 3 references).
Other techniques are mentioned, including the use of machine
learning techniques, usually coded in Python, with custom Con-
volutional Neural Networks (CNN), U-Net networks, Genera-
tive Adversarial Networks (GAN), and finally a competitor of
Imagel: Image-Pro. It should be noted, however, that only 40%
of the 145 articles explicitly state how the images were ana-
lyzed, so the information collected is not complete.
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Figure 8: Number of publications per year for various image analysis tech-
niques.
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Figure 9: Type of aggregates or agglomerates most studied by image analysis.

Fig. [§ shows the evolution over time of the number of publi-
cations claiming to use a software (ImageJ or Image-Pro), the
MATLAB language, or machine learning techniques. All three
trends are clearly increasing, with a very recent start for ma-
chine learning techniques (average year of publications using
machine learning: 2020).

3.5. RQS5 — Type of aggregate or agglomerate

The fifth research question concerns the most commonly
studied type of aggregate and agglomerate (Fig.[9). The most
common aggregates are grouped under the term rock, with a
frequency of occurrence of about 12%. These are the rock ag-
gregates or coarse aggregates found in asphalt mixtures, cement
and concrete, and are particularly studied in the field of civil
engineering because of the influence of the morphology of the
aggregates on the physical properties of the materials [[19436].

In the second place there are aggregates of soot type, which
are especially studied in environmental engineering, because
of their very significant impact on the environment and health.
The morphology of these aggregates has an impact on their op-
tical properties [37]], and ultimately on global warming [38-H42].
It also affects the ability of these aggregates to cause lung dis-
ease [42H49].

Many articles (about 5%) also focus on the case of titanium
dioxide. These aggregates are widely used in the food [S0] and
pharmaceutical industries [S1], and their morphology can have
a significant influence on their toxicity [52} 53]. Gold nanopar-
ticle aggregates are also being investigated, not only because of
their potential toxicity [54] or their use in forensic science [55]],
but also because their morphology has a strong potential for
surface-enhanced Raman scattering [56H58)]].

Latex nanoparticle aggregates are also strongly represented
(about 4%), either as part of the study of the aggregation pro-
cess itself [59,160], or because of the influence of the aggregate
morphology on the quality and physical properties of the pow-
der obtained at the end of the process [6} 8] 61}, 162]. The study
of latex aggregates is very important because they can be used
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Figure 10: Average size of aggregates or agglomerates studied among the se-
lected research papers.

as model particles, just like maltodextrin aggregates [63H60]], to
test experimental devices, new characterization techniques or
models.

Protein aggregates such as amyloid have been extensively
studied by atomic force microscopy (AFM) because their mor-
phology has a strong influence on the risk of neurodegenerative
diseases [67], such as Parkinson’s [68l [69], Alzheimer’s [70]
711, Creutzfeldt-Jakob [72]] or Huntington’s [73].

In total, nearly 50 types of aggregates or agglomerates are
represented within the corpus of 145 selected articles, but
slightly more than 60% of the articles focus on less than 20
different types of aggregates or agglomerates.

3.6. RQ6 — Average size

For each of the selected articles, the average size of the
aggregates or agglomerates studied was determined from the
data provided. The results are shown in Fig.[T0} The interval
[100 nm; 100 um] corresponds to more than 50% of the articles,
and the interval [100 nm; 1 mm] to almost 75% of the articles.

Overall, the size of the studied objects varies widely, from a
few nanometers for the smallest (gold nanoparticles, Dai et al.
[55]) to several centimeters for the largest (coarse aggregates,
Kuo et al. [20]).

3.7. RQ7 — Imaging device

The seventh research question concerns the most common
devices used to capture images of aggregates or agglomer-
ates. These may be optical devices such as optical micro-
scopes (OM), high-resolution or high-speed cameras (hereafter
referred to as cameras), or the use of multiple cameras. Other
techniques include scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), atomic force microscopy
(AFM), and X-ray computed tomography (CT scan). Fig. [T]]
shows the most commonly used imaging devices, with some
articles using more than one.

Electron microscopy technologies such as SEM and TEM are
clearly the most represented. Optical microscopy appears in
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Figure 11: The most commonly used equipment for capturing images of ag-
gregates or agglomerates.

just over 25% of the publications studied, and the use of cam-
eras (single or multiple) accounts for only 18% of the publica-
tions. Cameras as such are mainly used for the characteriza-
tion of rocks or coarse aggregates. In such cases, CT scanning
is sometimes also used to determine the internal structure and
quality of the material [24} 26} 28]]. Confocal laser scanning flu-
orescence microscopy (CLSFM) is used in two papers to obtain
better contrasts [[74] and to detect aggregates at very low con-
centrations [61]]. Other techniques are discussed in more detail
in the following sections.

3.8. RQOS8 — Research fields

Fig. [12) shows the most common research fields in the cor-
pus of selected research papers, noting that a single paper may
belong to more than one research field. For example, the field
Chemical Engineering is the most common. A certain balance
is maintained among the research fields, ranging from chemical
engineering to environmental engineering, and from materials
science and civil engineering to medicine and pharmaceuticals.

Just over 10 publications focus primarily on image analysis
techniques for the morphological characterization of aggregates
or agglomerates and therefore belong to the research area enti-

tled Image Analysis [62} [75H83].

Chemical Engineering

Environmental Engineering ‘

Material Science ‘

Civil Engineering ‘
Pharma. & Medical Sciences :l
Image Analysis
Food Engineering

Biomedical Engineering

Propellants
Applied Physics

Fuel Cells Engineering

10 15 20 25 30 35 40
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Figure 12: The most active research areas in the morphological characteriza-
tion of aggregates or agglomerates using image analysis.

In the field of food engineering, the morphological charac-
terization of aggregates is useful for controlling the visual ap-
pearance [64] and taste of products [65} 66], as well as their
solubility [87H89], especially in the case of food powders.

Biomedical engineering is represented with almost 10 papers
on fiber-like protein aggregates, whose morphology is respon-
sible for many neurodegenerative diseases [67-73],90].

In the field of propellant research (5 papers selected), the
morphology of aggregates can have an impact on both health
and the environment, as in the case of biodiesel fuels [91]], but
also on performance [92] 03], as in the case of rocket propel-
lants [94} 03]

Three articles have been categorized as Applied Physics be-
cause they deal with topics such as the calculation of the
breakup energy of the agglomerate [96]], the influence of the
morphology of an aggregate of superparamagnetic particles on
its behavior in an anisotropic liquid [97], or the phenomena of
nonlinear agglomeration of colloids under microgravity [98].

Finally, three articles fall within the research field of fuel
cell engineering, where the morphology of aggregates within
the microstructure of fuel cells has an impact on the perfor-

mance [99H101].

4. Morphological characteristics

This section lists the morphological characteristics used by
the selected research articles. These morphological characteris-
tics can be divided into five main categories: size, shape, angu-
larity, texture, and structure. Fig.[I3]is an attempt to illustrate
the differences between four of these categories.

~~

~—

Angularity

Figure 13: Morphological characterization of an aggregate: size, shape, angu-
larity and texture.

Clearly, while this classification makes sense for rocks and
coarse aggregates, it is much less relevant for characterizing ag-
gregates that resemble clusters of spherical nanoparticles, such
as titanium dioxide aggregates. Nevertheless, it can be observed
that as the size of the aggregate decreases, certain categories are
used less frequently, starting with texture descriptors and then
angularity. They are usually simply omitted and very often,
when the average size of the aggregate drops to less than a mi-
crometer, the radius of gyration acts as the only size character-
istic and the fractal dimension as the only shape characteristic,
as shown in Fig.[5]- which shows the most frequently used mor-
phological characteristics with respect to the average size of the
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Radius of Gyration R, 4 16 . u ” .
10?2 10t 10° 10! 10° 10° 10* 10°
. -
Diameter d 2 9 . 1 u I H
102 10t 10° 10 10 10° 10° 10°
. [ ]
Height H 1 8 . . L . I H
102 10t 10° 10! 102 10° 10* 10
. . . [ 1
Equivalent Spherical Diameter ESD 1 8 . 1 u ‘I l_
102 10t 10° 10t 10? 10° 10* 10°
[
Surface Area S 1 5 . D
10?2 10t 10° 10 107 10° 10* 10°
. -
Width w 2 4 . . L n n n L .

10?2 w0t 10° 10t 10* 10° 10* 10°

Table 4: List of the 12 size characteristics, along with their associated symbol, the number of occurrences in the set of selected research papers, the number of
different definitions, and the distribution of the average size of the aggregates or agglomerates on which they are measured. The red marker on the box plots

represents the median.

aggregates studied — and Tables[]and 5] which list the size and
shape characteristics mentioned in the 145 articles studied.

In order not to overload the present article with the many dif-
ferent definitions of each of the morphological characteristics,
the reader can find more detailed information in the supplemen-
tary material attached to this paper, which contains all the def-
initions for each of the characteristics, the size of the objects
studied and their nature, as well as the corresponding biblio-
graphical references.

Size

Shape
Angularity
Texture

Structure

. . . . )
0 50 100 150 200 250
Number of occurrences of characteristic types

Figure 14: Average size of aggregates or agglomerates studied among the se-
lected research papers.

Fig. [T4] shows the number of occurrences of each type of
characteristic mentioned in the 145 research articles. On aver-
age, there were just over 3 characteristics per article. Size char-
acteristics are the most frequently measured, not only because
they are significant on their own, but also because they can be
used to define other types of characteristics, such as shape and

angularity. However, image analysis measurements are sensi-
tive to resolution and noise, making it more difficult to make
certain measurements robust. Fig. [T4] illustrates a correlation
between the number of occurrences of characteristic types and
the difficulty of measuring them. In fact, it’s easier to mea-
sure the overall size of an object than to assess its angularity or
qualify the texture of its contour. In fact, by analyzing Tables 6]
and [7} it can be seen that the measurement of angularity and
texture characteristics mainly concerns aggregates and agglom-
erates whose size exceeds several hundred micrometers or even
a few tens of millimeters. This can be explained not only by the
nature of the objects studied, but also by the precision of the
imaging devices used to obtain an image of sufficient quality to
make such measurements.

4.1. Size characteristics

Size characteristics are of particular interest when character-
izing an object. Not only do they provide information about the
actual size of the object (length, diameter, area, volume) or its
contour (perimeter, surface area), but they can also be used to
define shape characteristics (circularity, elongation) or angular-
ity characteristics (convexity, concavity).

TableMlists all 12 size characteristics identified in the 145 se-
lected research articles, sorted in descending order by number
of occurrences. The two most frequently measured size char-
acteristics are projected area and perimeter, which makes sense
because although the raw value of these characteristics is gen-
erally not used as such to characterize the size of an aggregate
or agglomerate, they do allow other size characteristics to be
defined, such as equivalent circle diameter (ECD) or radius of
gyration (R,) according to certain definitions.

In particular, 73 out of 145 articles (just over 50%) propose
PSD (particle size distribution), where the size characteristic is



Shape Characteristics

Characteristic Symbol  Nb. of definitions  Nb. of occurrences Size repartition (um)
Fractal Dimension Dy 7 33 . . EI:I . .

10? 10! 10° 10" 10 10° 10 10°
Circularity C 5 26 . . I:IZI .

10?2 10t 10° 10! 10% 10° 10 10
Aspect Ratio AR 7 17 . . . I:I:I . )

10? 10t 10° 10" 10 10° 10* 10°
Elongation E 8 15 . D:

10?2 10! 10° 10! 10? 10° 10* 10
Sphericity Dy 10 12 . . I:[l .

10?2 10! 10° 10t 10 10° 10* 10°
Flatness Sitat 2 4 . . . . |]:|

10?2 10! 10° 10! 10? 10° 10* 10°
Compactness (6] 2 3 . . . . C .

10?2 10t 10° 10" 10 10° 10 10°
Anisotropy X 1 3 . . D:| . . .

10? 10t 10° 10" 10? 10° 10* 10°
Shape Factor SF 2 3 . . I:I .

102 10t 10° 10! 10? 10° 10* 10°
Complexity Y 1 2 . . D] . . .

10? 10! 10° 10" 10 10° 10* 10°
Section Aspect Ratio SAR 1 1 . l .

10?2 10! 10° 10! 10? 10° 10* 10°
Plane Geometry Factor PGF 1 1 . . l

10?2 10t 10° 10t 10 10° 10* 10°
Axial Coefficient - 1 1 . . . . l

10? 10t 10° 10" 10? 10° 10* 10°
Eccentricity Ec 1 1 . I .

10?2 10! 10° 10t 10 10° 10 10
Fractal Area Af 1 1 . . l . . .

10?2 10! 10° 10" 10 10° 10* 10°
Robustness Q 1 1 l

Table 5: List of the 16 shape characteristics, along with their associated symbol, the number of occurrences in the set of selected research papers, the number of
different definitions, and the distribution of the average size of the aggregates or agglomerates on which they are measured.

usually either the equivalent circle diameter, the Feret diame-
ter, the length or the radius of gyration. Table [4] confirms that
the radius of gyration is the most popular criterion for ”small”
aggregates (below a micrometer), while the Feret diameter is
widely used for “large” aggregates (above 100 micrometers),
and the ECD is used fairly consistently at virtually all scales,
and is generally replaced by the equivalent spherical diameter
(ESD) when objects are “larger” (above a millimeter) and it is
possible to obtain 3D information, usually using a multi-view
imaging device.

4.2. Shape characteristics

Shape characteristics are the most diverse and show the great-
est disparity according to the size of the objects studied. In
fact, Table 3] lists all 16 shape characteristics mentioned by the
145 selected research articles, and it is clear that the fractal di-
mension is not only the most frequently measured characteristic
(33 occurrences), but also virtually the only characteristic used
to characterize the shape of sub-micron objects. For medium-
sized objects (from a few tens to a few hundred microns), circu-
larity and aspect ratio are the most common, although there are
no less than 15 different definitions for these two quantities. Fi-
nally, for larger objects, elongation is favored, again with a large
number of different definitions, with sphericity taking over at
larger scales (above 10 millimeters) where 3D information can
be recovered.

A notable difference that is not visible in Table [5 regarding
the use of one property over another, beyond the size of the

measured object, is the nature of the latter, and a fortiori the
scientific field or community involved in the corresponding ar-
ticle. For example, strain is widely used to characterize large
objects such as rocks and coarse aggregates [23| 34H36]. Nev-
ertheless, several definitions of elongation (out of a total of 8)
are used to talk about the ratio aspect (7 different definitions)
in the characterization of smaller aggregates (silver [102] and
silica [103]] nanoparticles, lactose crystals [104] , ...), studied
by other communities.

In addition, shape characteristics are particularly studied, as
they have at least as great an impact as size characteristics on
the physicochemical or mechanical properties of the studied ob-
jects, such as their toxicity [12] 150, 51], taste [7} 166]], environ-
mental impact [39} 140} 143|144} 48], mechanical strength [24} 25|
105]], etc.

4.3. Angularity characteristics

Angularity characteristics are used to quantify the asperities
present on the contour of an object more precisely than shape
characteristics, which are more general in nature but do not deal
with the micro-variations reserved for texture characteristics.
Table [@] lists all the angularity characteristics mentioned in the
145 research articles.

While shape characteristics are generally fast and easy to
evaluate (e.g., as a ratio of size characteristics), and therefore
particularly well suited for real-time applications, angularity
characteristics can be computationally intensive, sometimes re-
quiring analysis of the entire contour of an object, with possible



Angularity Characteristics

Characteristic Symbol  Nb. of definitions  Nb. of occurrences Size repartition (um)
4 ol
Concavity CAV 6 14 . . . . . . . .
107 10t 10° 10" 10% 10°* 10* 10°
. b= = = - - -
Convexity CO 4 9 . . . . . ! . .
10?2 10t 10° 10t 10% 10° 10° 10°
S —
Roughness RO 4 8 . . . . . n T )
107 10t 10° 10" 10* 10° 10* 10°
. - -
Angularity AF/AIL 6 8 . . . . . . u .
10?7 10" 10° 10! 10% 10° 10 10°
[
Roundness R 4 7 . . . . . : : )
102 0t 10° 10t 10 10° 10* 10°
5 = - -
Solidity SLD 2 5 . . . . u n . )
107 10! 10° 10! 10% 10* 10* 10°
Coverage Ratio z 1 2 . . lII . . . . . .
10?7 10t 10° 10" 10% 10° 10* 10°
Extent - 1 1 . . ! . . . . .

107 10t 10° 10" 10 10°* 10* 10°

Table 6: List of the 8 angularity characteristics, along with their associated symbol, the number of occurrences in the set of selected research papers, the number of
different definitions, and the distribution of the average size of the aggregates or agglomerates on which they are measured.

Texture Characteristics

Characteristic  Symbol  Nb. of definitions  Nb. of occurrences Size repartition (um)
[
Texture TX/TF 3 6 . . . . . :I ,
102 10t 10° 10 10? 10° 10% 10°
Simplicity Si 1 1 . . . . ! . . .
102 10t 10° 10 107 10° 10* 10°
Heterogeneity - 1 1 . . . . . | . . .
10?2 10t 10° 10 10% 10° 10* 10°
Clumpiness - 1 1 . . . . . l . . )
102 10t 10° 10 107 10° 10 10°
Lacunarity A 1 1 . . | . . . . .
102 10t 10° 10 10% 10° 10* 10°
Signature - 1 1 l

10?2 10t 10t 10? 10° 10* 10°

Table 7: List of the 6 texture characteristics, along with their associated symbol, number of occurrences in the set of selected research papers, number of different
definitions and distribution of the average size of the aggregates or agglomerates on which they are measured.

Structure Characteristics

Characteristic Symbol  Nb. of definitions ~ Nb. of occurrences Size repartition (um)

Porosity & 5 11 . . |_‘ R :D . .
10?2 10! 10° 10t 10% 10° 10* 10°

Agglomeration Degree AD 3 5 . |_ . - : . .
102 10t 10° 10t 10? 10° 10* 10°

L |

Coordination Number - 1 4 . . . . . : . .
10?2 10t 10° 10" 10% 10° 10* 10°

Packing Density n 1 1 l

10? w0t 10° 10" 10% 10* 10°

Table 8: List of the 4 structure characteristics, along with their associated symbol, the number of occurrences in the set of selected research papers, the number of
different definitions, and the distribution of the average size of the aggregates or agglomerates on which they are measured.

resolution of small optimization problems. On the other hand,
they provide a more precise understanding of the morphology
of the object under study.

4.4. Texture characteristics

Texture characteristics are mainly used for very fine contour
characterization of the "largest” objects (a few hundred microns
to a few millimeters minimum), as shown in the table[/| In par-
ticular, many texture characteristics (texture factor — TF, texture
index — TX) are based on a combination of Fourier descrip-
tors [23), 136, [81]] or a wavelet transform [22] 25]. Most of the
texture characteristics are used for rocks and coarse aggregates,
as well as some crystalline aggregates.
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4.5. Structure characteristics

In terms of structure characteristics, porosity accounts for
over 50% of the measurements of this type within the 145 ar-
ticles selected. Measurements of porosity, coordination num-
ber, or packing density are performed on rather “large” objects
(several hundred micrometers to several millimeters) as shown
in Table [ and require special imaging techniques to probe the
internal structure of the objects, such as computed tomography
(CT).

Because of the difficulty of implementation, structure char-
acteristics, as well as texture characteristics, are the least used,
even though they provide invaluable data.



Imaging device

Nb. of occurrences

Size repartition (um)

Electronic Microscopy 82
TEM 47
HR-TEM 1
Cryo-TEM 1
SEM 35
FE-SEM 2
ESEM: Wet-SEM 2
Optical Microscopy 40
High Speed Camera 5
Multiple Cameras 4
Stereomicroscopy 1
Shadowgraph Imaging 1
Particle Tracking Analysis 2
Atomic Force Microscopy 13
Tomography 13
Laser Confocal Fluorescence Microscopy (LCFM) 2
Helium Ion Microscopy 1
Fourier Transform Interferometry 1
Digital Inline Holography 1

Table 9: List of imaging devices used by the 145 selected research papers.

5. Imaging Devices

A variety of imaging devices are used to capture and produce
the images examined in all of the selected research articles. A
brief overview of these different imaging devices and the aver-
age size range of the objects for which they are used is provided
in Table For more information on the scientific context in
which these imaging devices are used, as well as the size and
nature of the objects studied, readers are invited to consult the
supplementary materials that accompany this paper.

In general, it can be observed that electronic imaging tech-
niques are used for the smallest objects (less than 100 microm-
eters), with transmission electron microscopy being widely
used for small aggregates such as soot [39) 40, 46l 49] and
aerosol particle aggregates [75, 106} [107] as well as nanopar-
ticle aggregates such as silver [102] [108]], gold [55} [109} [110]]
or titanium [50} 52| [85], and the scanning electron micro-
scope for slightly larger objects, such as crystalline aggre-
gates [[77, [79, 111} [112]]. At smaller scales, atomic force mi-
croscopy is also well represented and is particularly used in the
biomedical field, especially for its ability to provide data in a
non-destructive way 68470, [72] [73]90].

Optical microscopy, on the other hand, is mainly used for ob-
jects from a few tens of microns to a few centimeters in size. In
particular, it offers great flexibility of use over a very wide range
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of size scales and has the advantage of being relatively easy to
set up compared to electron microscopy techniques. Finally, to-
mography techniques are mainly used to probe the structure of
’large” objects, i.e. from a few hundred micrometers to tens of
millimeters.

6. Image Analysis Techniques & Characterization

Among the selected research articles, numerous techniques
and indicators are proposed to measure and/or quantify the way
elementary particles agglomerate, to classify aggregates within
a population, or simply to calculate the various morphologi-
cal characteristics of aggregates or agglomerates. This section
gives a brief overview of the different techniques used to char-
acterize the morphology of aggregates through their morpho-
logical properties. In general, optical and/or electronic imaging
devices account for the vast majority of cases (over 90%), while
others, such as X-ray tomography, represent only a tiny minor-
ity of cases, due to their cost, but also to the difficulty of setting
them up and the fact that they are not always suitable.

6.1. Image Analysis and Pattern Recognition

The measurement of morphological features by image anal-
ysis sometimes requires the development of new techniques.



Deep-Learning & Machine-Learning

Reference Year  Model Accuracy Avg. size (um)  Type Imaging Device Research Field

Frei and Kruis [83] 2020  Mask R-CNN 0.96 - Nano-material powders ~ SEM Image Analysis

Frei and Kruis [82] 2018  ANN 0.62 - - TEM, Simulation Image Analysis

Monchot et al. [84] 2021 Mask R-CNN 0.95 5.107! Titanium dioxide SEM Image Analysis

Riihle et al. [85] 2021 GAN & U-Net 0.73-0.90 2 Titanium dioxide TEM, SEM Image Analysis, Material Engineering
Lins et al. [113] 2022  Mask R-CNN 0.84 102 L-alanine crystals Optical microscope ~ Chemical Engineering

Mehle et al. [7] 2017 DBSCAN & CNN 093 103 Pharmaceutical pellets Optical microscope ~ Pharmaceutical and Medical Engineering

Table 10: List of papers using deep-earning or machine-learning techniques for pattern recognition and classification.

This section gives a brief overview of the most original and/or
widely used methods.

6.1.1. Image Segmentation

One of the most important steps in image analysis is the seg-
mentation or binarization of images to isolate regions of inter-
est, which can then be measured and characterized. In the vast
majority of cases (as in Tohno and Takahashi [73]]), segmen-
tation is performed by global thresholding based on the Otsu
method [114]]. However, a global threshold does not capture
all the subtleties of certain contours, nor the slight differences
in brightness that may exist within an image. For this reason,
local thresholding is generally preferable, with the drawbacks
of increased computation time and the importance of the pa-
rameters to be adjusted [115]. For example, to segment im-
ages of coke aggregates, Ershov et al. [80] proposes a local and
adaptive segmentation method based on dividing the image ac-
cording to a grid of variable size. Another method proposed
by Pons et al. [[78], which does not require the definition of a
local or global threshold, is the watershed segmentation, which
allows the detection of contact points between different objects.
Finally, since the ImageJ software allows the use of local and
global thresholds, as do Matlab and most Python libraries, it
may be advisable to always test the use of a local threshold be-
fore choosing the Otsu method.

6.1.2. Sparse Hough Transform

To obtain the size distribution of aerosol particle aggregates,
Einar Kruis et al. [[L06] proposes the use of the Sparse Hough
Transform, which is very effective when the particles to be de-
tected are quasi-spherical, as is often the case at the nanometer
scale. Although this circle detection technique is quite old, it is
still widely used, including by software such as Image].

6.1.3. Deep Learning & Machine Learning

With the ever-increasing computing power of computers,
more and more papers are proposing the use of not only ma-
chine learning techniques for object classification, but also deep
learning techniques for image processing and pattern recogni-
tion, as shown in Table [10}

These methods are almost exclusively based on convolu-
tional neural networks (CNN), with the Mask R-CNN architec-
ture being by far the most popular (Frei and Kruis [83], Mon-
chot et al. [84], Lins et al. [113]). It is a particularly effective
model for instance-based object detection and segmentation.
Other popular class-based (or semantic) segmentation models
based on U-Net are also studied (Riihle et al. [85]), as their
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effectiveness and robustness in detecting contours and texture
differences is well established (Bals and Epple [116]). These
are compared in the same article with models based on GANs
(Generative Adversarial Network), and are shown to perform
slightly better.

For its part, Mehle et al. [/]] proposes a workflow in which the
areas of interest in an image are determined using the DBSCAN
algorithm (Ester et al. [117]). A convolutional neural network
(CNN) is then trained to detect primary particles and classify
pharmaceutical pellet aggregates by size and morphology.

Image analysis and classification techniques based on ma-
chine learning and/or deep learning have many applications in
the medical, pharmaceutical, and food industries, where quality
control, non-invasive and non-destructive techniques, and real-
time applications are particularly sought after.

6.2. Classification

Object classification is a particularly fertile field, and with the
advent of machine learning and deep learning in recent years,
a wide range of techniques are available. Since image analysis
allows the determination of numerous numerical values by cal-
culating morphological features, Principal Component Analy-
sis (PCA) is a technique that is particularly and very often used
in the literature to classify aggregates or agglomerates within a
heterogeneous population.

6.2.1. Principal Component Analysis (PCA)

For example, Alander et al. [11] applies PCA to a set of mor-
phological descriptors of paracetamol crystal agglomerates to
classify the samples according to the different solvents used,
and concludes that only two descriptors (one 2D and one 3D)
are needed to distinguish them accurately. Meanwhile, Huo
et al. [118]] uses PCA to control the process of KDP crystal ag-
glomeration from two consecutive images, combined with the
approximate nearest neighbor search algorithm to match the re-
sults obtained from one image to the next. Finally, De Temmer-
man et al. [103]] uses PCA to reduce 23 morphological features
to a set of three classes (size, shape, and surface topology) to
differentiate amorphous silica aggregates according to their pro-
duction process. Unlike all machine learning techniques, PCA
has the advantage of not requiring a learning process. On the
other hand, it can sometimes be too slow to be used directly in
real-time applications.

6.2.2. Discriminant Factorial Analysis (DFA)
Faria et al. [86] combines image analysis and discriminant
factorial analysis (DFA) techniques to automatically classify



sucrose crystal agglomerates according to their shape and other
morphological characteristics, such as their degree of agglom-
eration. The results obtained are quite good, with an agreement
of about 90% between automatically and manually classified
data. This technique does not require a learning phase and can
be easily adapted to quality control in the food and pharmaceu-
tical industries.

6.2.3. Neural Network

Neural networks have been used for many years to classify
aggregates or agglomerates based on their morphological char-
acteristics (Ros et al. [[L19]]). Bernard-Michel et al. [76] uses a
neural network to classify potassium chloride crystals accord-
ing to their morphology, using Fourier descriptors and morpho-
logical concavity descriptors as the main features. In particular,
the classification distinguishes crystals of different shapes as
well as crystal agglomerates. For its part, Frei and Kruis [82]]
proposes to train neural networks to classify TEM images ac-
cording to the morphology of particle aggregates with different
PSD (particle size distribution), transmission coefficients or de-
formations, with rather promising results.

6.2.4. Support Vector Machine (SVM)

Ochsenbein et al. [120] proposes to use classification tech-
niques based on morphological characteristics of L-glutamic
acid crystal aggregates to detect them and to measure the ag-
glomeration process automatically. The implemented classifi-
cation is based on the machine learning technique called Sup-
port Vector Machine (SVM) and allows to characterize the ag-
glomerates by estimating their volume. The method seems to
be particularly effective due to the non-linear nature of the data
separation possible with an SVM.

Huo et al. [121] uses spectral regression kernel discrimi-
nant analysis (SRKDA), linear minimum distance classification
(LMDS) and a PCA to define a classification model for agglom-
erates of L-glutamic acid crystals. Numerous morphological
features and Fourier descriptors are computed and PCA is ap-
plied to reduce the dimensionality of the problem. The model
used to classify the agglomerates according to their shape is an
SVM, with a 96% accuracy rate for agglomerate recognition,
which is in the high average range, and a processing time of
about 8 s on a personal machine, which is relatively fast.

6.2.5. Decision Tree

Fernandez Martinez et al. [81]] proposes an original method
to classify carbon black nanoparticle aggregates by image anal-
ysis, based on their morphological characteristics. Many size
and shape characteristics are measured, as well as Fourier de-
scriptors. A PCA is performed to reduce the dimensionality of
the problem, and the aggregates are then classified using deci-
sion trees based on evolutionary algorithms. The accuracy of
the results is on the order of 75%, which is quite good for auto-
matic classification.

In the very specific case of carbon black nanoparticle aggre-
gates, ASTM standard D3849-07 identifies a number of charac-
teristics that have a significant effect on the physical properties
of the aggregates. Carbon black nanoparticle aggregates are
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then generally classified into four different groups according to
their morphology (spheroidal, ellipsoidal, linear and branched).
Fernandez Martinez et al. [81]] also adopts this classification
from Lépez-de Uralde et al. [122], which proposes an automatic
machine learning categorization of carbon black nanoparticle
aggregates with an accuracy ranging from 49% to 84%.

6.3. Agglomeration Characterization & Measurement

6.3.1. Complex Network

Machado et al. [54] proposes a complex network approach
to analyze the agglomeration process of gold nanoparticle ag-
gregates. Complex networks are represented by graphs, where
each vertex is a primary particle and two vertices are connected
if they are part of the same aggregate. The structure of the ag-
gregates is thus closely related to the topology of the graphs,
and numerous indicators of structure are defined, such as the
silhouette, which is calculated as a function of the number of
adjacent vertices, and the distance to neighboring graphs. A
measure of the internal cohesion of the aggregates and their
separation in space is thus defined. The method is robust to
large numbers of primary particles, a common limitation of
more conventional methods.

6.3.2. Agglomeration Index

Although theoretical and not part of the selected set of re-
search articles, Matsutani and Shimosako [135] proposes a new
geometric index called v, related to the Euler number and ob-
tained by image analysis, to estimate the degree of agglomera-
tion of a set of primary particles. The advantage of this method
is that it can be carried out entirely by global measurements
obtained by image analysis and does not require the determina-
tion of particle centers, as is the case for the Clark-Evans index
(Petrere [136l]), which is also associated with the degree of ag-
glomeration.

6.4. 3D Modeling

Sometimes the use of a model allows us to gain a better un-
derstanding of the geometry and morphology of the objects un-
der study. For example, the use of a model can provide more
information about the internal structure of aggregates, or allow
3D properties to be predicted from knowledge of 2D properties.

6.4.1. Stochastic Modeling

The use of a stochastic geometric model can be used to pre-
dict the 3D properties of an aggregate from 2D properties mea-
sured on projected images. Theodon et al. [62] suggests a para-
metric geometric model for compact aggregates. The model
parameters are adjusted to match the 2D properties to those
measured on projected images of latex nanoparticle aggregates.
The 3D properties such as volume, surface area, and equivalent
sphere diameter (ESD) are then obtained with an error on the
order of 5%.

Stochastic modeling is also popular when dealing with the
porosity and internal structure of aggregates, as in [3]] for meso-
porous alumina microstructure or [137] which attempts to sim-
ulate spray fluidized bed agglomeration.



Review list

Year  Reference Title

2002 Nichols et al. [18] A Review of the Terms Agglomerate and Aggregate with a Recommendation for Nomenclature Used in Powder and Particle Characterization
2004  Lee and Kramer [123] Prediction of three-dimensional fractal dimensions using the two-dimensional properties of fractal aggregates

2009  Philo [124] A critical review of methods for size characterization of non-particulate protein aggregates

2011 Sorensen [[125] The Mobility of Fractal Aggregates: A Review

2013 Komba et al. [126] Analytical and Laser Scanning Techniques to Determine Shape Properties of Aggregates

2014  Amin et al. [127] Protein aggregation, particle formation, characterization & rheology

2018  Jeldres et al. [128] Population balance modeling to describe the particle aggregation process: A review

2019  Ruggeri et al. [129] Atomic force microscopy for single molecule characterization of protein aggregation

2019  Zhang et al. [130] Evaluation methods and indexes of morphological characteristics of coarse aggregates for road materials: A comprehensive review
2020  Thaker and Arora [131] Measurement of aggregate size and shape using image analysis

2020  Lotito and Zambelli [132] Pattern detection in colloidal assembly: A mosaic of analysis techniques

2020  Watanabe-Nakayama et al. [133] High-Speed Atomic Force Microscopy Reveals the Structural Dynamics of the Amyloid-3 and Amylin Aggregation Pathways
2021  Gongetal. [134] Characterization and evaluation of morphological features for aggregate in asphalt mixture: A review

Table 11: Non-exhaustive list of reviews dealing with aggregation or agglomeration phenomena, in chronological order of publication.

6.4.2. Discrete Element Method (DEM)

Discrete Element Method is a very popular modeling
method, but it takes a lot of computing time to implement. Ding
et al. [25] is using it to model rocks and coarse aggregates from
information gathered using an optical microscope, with the aim
of characterizing their morphology in more detail, as this has a
major influence on the structure and mechanical behavior of the
mixture.

Meanwhile, Spettl et al. [63] uses the discrete element
method to model maltodextrin aggregates. In particular, this
modeling allows a better understanding of the internal structure
of the aggregates, including the coordination number and coor-
dination angle of the primary particles, as well as the porosity
of the object. The results are analyzed and compared with real
data collected by X-ray tomography, with a relatively small er-
TOf.

7. Reviews

One of the selection criteria (C7) states that review articles
are not to be considered when compiling the set of research
articles to be studied for the systematic literature review. How-
ever, the subject is so broad and rich that many articles do not
meet condition C7, although they are of great interest. In this
section, a selection of review articles dealing with aggregates
and/or agglomerates are presented and listed in Table [T T]

8. Conclusion & Recommendations

The morphological characterization of aggregates or agglom-
erates using image analysis is a vast and increasingly active
field, thanks to the considerable increase in computer process-
ing power over the last 20 years. It is a multidisciplinary sub-
ject, ranging from the food industry to the oil industry, from
the biomedical field to the chemical industry. In fact, the mor-
phology of the aggregates studied has a great influence on their
physico-chemical properties and on the quality of the compos-
ite materials that use them.

The method chosen for this review, namely SLR, highlighted
several points. First, although virtually all research fields are
represented, the chemical industry and environmental engineer-
ing seem to be the most active fields when it comes to character-
izing the morphology of aggregates or agglomerates by image
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analysis. Second, many image analysis techniques can be ap-
plied regardless of the type and size of the objects being stud-
ied. The largest objects are typically rocks and coarse aggre-
gates, for example, in civil engineering and materials science.
For the smallest aggregates, soot and aerosol aggregates are the
most studied, mainly because of their impact on health and the
environment. The fourth point relates to imaging devices and
the fact that electron microscopy is over-represented compared
to light microscopy. However, again, many of the image anal-
ysis techniques and characteristics studied are independent of
the type of imaging device used.

The next point concerns the morphological characteristics
themselves. It’s quite clear that the choice of characteristics
studied is correlated with the field of research, the size of the
objects, and their nature. In fact, it has become clear that certain
characteristics, such as fractal dimension and radius of gyration,
only concern very small aggregates and are rarely considered at
millimeter scales. Conversely, many morphological properties,
such as texture and structure, are generally only mentioned at
the highest scales. An important point, however, is the cruel
lack of coherence and consistency in the choice of definitions
and naming of morphological properties. In fact, there are no
less than five definitions of total length, seven definitions of
elongation, which seem to be rather simple concepts, at least
six definitions of fractal dimension, ten definitions of spheric-
ity, and six definitions of concavity. Not to mention the fact
that some definitions are used to describe different properties
depending on the author and vice versa. Thus, without being
able to define a standard or a norm, it seems appropriate to rec-
ommend that each author define the terms to which he refers
when mentioning a morphological property.

In the same vein, and despite the fact that all the articles stud-
ied deal with image analysis, it’s actually quite rare for authors
to explain how the various morphological characteristics have
been measured. In fact, while imaging devices are often men-
tioned in detail, the way in which images are processed, seg-
mented and/or binarized is often overlooked. This is very un-
fortunate, because in order to make the results reproducible, it
would be a good idea to always mention at least the program,
language or technique used to transform the raw image into one
on which it is possible to perform measurements of morpholog-
ical characteristics.



Another point concerns the emergence of machine learning
and deep learning techniques, either for automatic segmenta-
tion of images or for their processing with the aim of automatic
classification or prediction of morphological characteristics, for
example. These techniques generally allow real-time process-
ing, despite a training phase that can be very long and costly
in terms of computing power, and are therefore particularly
well suited to quality control in the food and pharmaceutical
industries. Moreover, just as machine learning or deep learn-
ing techniques require large data sets for training, it’s worth re-
membering that a significant amount of data is needed to obtain
reliable statistics when calculating averages or standard devi-
ations. In fact, many studies are based on less than a dozen
images, usually from electron microscopy, and the observation
of a few dozen aggregates or agglomerates to calculate size or
shape densities and corresponding means. At the very least,
it would be relevant to discuss the validity of the approach on
such a small volume of data.

A final point concerns the increasing use of non-destructive
techniques (AFM, HIM, etc.) among imaging devices, which
not only preserve the physical integrity of the sample under
study, but above all ensure that the measuring device does not
influence the measurements themselves. It is also noteworthy
that while image analysis has often been used as a complement
to other techniques, such as laser or X-ray scattering, the imag-
ing devices and techniques used are now proving to be accurate
enough to stand on their own when it comes to characterizing
the morphology of aggregates or agglomerates.

9. Acknowledgment

The author(s) acknowledge(s) the support of the French
Agence Nationale de la Recherche (ANR), under grant ANR-
20-CE07-0025 (MORPHING project).

10. Nomenclature

Name Definition

Q Robustness

Dy Sphericity

& Porosity

Ay Fractal area

AF Angularity factor

AFM Atomic force microscope

Al Angularity index

ANN Artificial neural network

A, Projected area

a, Mean projected area of the primary particles
AR Aspect ratio

C Circularity

CAV Concavity

CNN Convolutional neural network

CO Convexity

Cryo-TEM Cryogenic transmission electron microscope
CT X-ray computed tomography

d Diameter of the primary particles

Name Definition

D, Euclidean dimension

DEM Discrete element method

Deq Equivalent circle diameter

Ds ¢q Equivalent spherical diameter

Dy Fractal dimension

DFA Discriminant factorial analysis

E Elongation

Ec Eccentricity

ECD Equivalent circle diameter

EM Electron microscopy

ESD Equivalent spherical diameter
ESEM Environmental scanning electron microscope
F Feret diameter

Shat Flatness

FE-SEM  Field emission scanning electron microscope
FTI Fourier transform interferometry
GAN Generative adversarial networks
H Height

HR-TEM  High-resolution transmission electron microscope
k Prefactor

L Length

LCFM Laser confocal fluorescence Microscope
N, Number of primary particles

@) Compactness

oM Optical microscopy

P Perimeter

PCA Principal component analysis
PGF Plane geometry factor

PSD Particle size distribution

PTA Particle tracking analysis

R Roundness

Reire Circumscribed circle radius

R, Inscribed circle radius

R, Radius of gyration

RO Roughness

S Surface area

Sp Sphericity

SAR Section aspect ratio

SEM Scanning electron microscope

SF Shape factor

Si Simplicity

SLD Solidity

S, Specific surface area

SVM Support vector machine

T Thickness

TEM Transmission electron microscope
TF Texture Factor

Tx Texture

Vv Volume

w Width

Wet-SEM  Environmental scanning electron microscope
X Anisotropy

XMT X-ray micro-tomography

Y Complexity

Z Coverage ratio
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Complete list of selected research papers

Year  Reference Title

1988  Tohno and Takahashi Shape Analysis of Particles by an Image Scanner and a Microcomputer: Application to Agglomerated Aerosol Particles

1994 Einar Kruis et al. [T06] Characterization of Agglomerated and Aggregated Aerosol Particles Using Image Analysis

1995  Ramachandran and Reist Characterization of Morphological Changes in Agglomerates Subject to Condensation and Evaporation Using Multiple Fractal Dimen-
sions

1995  Tai and Chen [T1T] Nucleation, agglomeration and crystal morphology of calcium carbonate

1996  Stine et al. The nanometer-scale structure of amyloid-beta visualized by atomic force

1997 Bower et al. [T04] The use of image analysis to characterize aggregates in a shear field

1997  Bernard-Michel et al. Classification of Crystal Shape Using Fourier Descriptors and Mathematical Morphology

1998 Ortega-Vinuesa et al. | Aggregation of HSA, IgG, and Fibrinogen on Methylated Silicon Surfaces

1998  Vulak et al. [77] Effect of precipitation conditions on the morphology of calcium carbonate: quantification of crystal shapes using image analysis

1998 Kuo et al. [20] Morphological Study of Coarse Aggregates Using Image Analysis

1998 Persson Image analysis of shape and size of fine aggregates

1999 Tangetal. [59] Characterising latex particles and fractal aggregates using image analysis

2000  Blandin et al. [138] Using In Situ Image Analysis to Study the Kinetics of Agglomeration in Suspension

2000  Liaoetal. Brownian Dynamics Simulation of Film Formation of Mixed Polymer Latex in the Water Evaporation Stage

2000  Machinski et al. An Image Analysis Technique for Assessing Particle Size and Agglomeration Tendency of Slurries

2000  Liuetal. [21] Evaluating Angularity of Coarse Aggregates Using the Virtual Cutting Method Based on 3D Point Cloud Images

2001 Frances et al. Particle morphology of ground gibbsite in different grinding environments

2001 da Motta et al. Automated monitoring of activated sludge in a pilot plant using image

2001 Yazicioglu et al. [43] Measurement of fractal properties of soot agglomerates in laminar coflow diffusion flames using thermophoretic sampling in conjunction
with transmission electron microscopy and image processing

2002  Weinbruch et al. The heterogeneous composition of working place aerosols in a nickel refinery: a transmission and scanning electron microscope study

2002  Pons et al. [78] Morphological analysis of pharmaceutical powders

2003  Alander et al. Characterization of paracetamol agglomerates by image analysis and strength measurement

2003  Wentzel et al. [37] Transmission electron microscopical and aerosol dynamical characterization of soot aerosols

2003  Tanaka et al. Direct observation of aggregates and agglomerates in alumina granules

2003 i . Quantification of the morphology of sucrose crystals by image analysis

2003  Blandin et al. Agglomeration in suspension of salicylic acid fine particles: influence of some process parameters on kinetics and agglomerate final
size

2004  Liuetal. [71] Residues 17-20 and 30-35 of beta-amyloid play critical roles in aggregation

2004  Hoyeretal. Rapid Self-assembly of a-Synuclein Observed by In Situ Atomic Force Microscopy

2005  Jansen et al. Amyloidogenic Self-Assembly of Insulin Aggregates Probed by High Resolution Atomic Force Microscopy

2005  Pons et al. [79] Comparison of methods for the characterisation by image analysis of crystalline agglomerates: The case of gibbsite

2005  Blandin et al. [142] Modelling of agglomeration in suspension: Application to salicylic acid microparticles

2006  Lapuerta et al. [39] A method to determine the fractal dimension of diesel soot agglomerates

2006  Neer and Koylu [44] Effect of operating conditions on the size, morphology, and concentration of submicrometer particulates emitted from a diesel engine

2006  Zhang et al. Optical trapping and light-induced agglomeration of gold nanoparticle aggregates

2006  Apetri et al. Secondary Structure of @-Synuclein Oligomers: Characterization by Raman and Atomic Force Microscopy

2006  Jenneson and Gundogdu In situ x-ray imaging of nanoparticle agglomeration in fluidized beds

2006  Subero-Couroyer et al. [T43] Agglomeration in suspension of salicylic acid fine particles: Analysis of the wetting period and effect of the binder injection mode on
the final agglomerate size

2007  Daietal. [53] Vacuum metal deposition: visualisation of gold agglomerates using TEM imaging

2007  Martinez-Pedrero et al. Structure and stability of aggregates formed by electrical double-layered magnetic particles

2007 Manno et al. Kinetics of Different Processes in Human Insulin Amyloid Formation

2008  Huang et al. [144] Substrate morphology induced self-organization into carbon nanotube arrays, ropes, and agglomerates

2008  Cameirdo et al. [4] Effect of precipitation conditions on the morphology of strontium molybdate agglomerates

2008  Lietal. Measurement of drug agglomerates in powder blending simulation samples by near infrared chemical imaging

2009  Shenetal. [146] Nanospheres of silver nanoparticles: agglomeration, surface morphology control and application as SERS substrates

2009  Luo etal. [45] Morphological and semi-quantitative characteristics of diesel soot agglomerates emitted from commercial vehicles and a dynamometer

2009  Ershov et al. Methods of handling of in-bulk agglomeration layer image representation for granulometric composition assessment

2009  Turchiuli and Castillo-Castaneda Agglomerates Structure Characterization Using 3D-Image Reconstruction

2010  Shinetal. The effect of particle morphology on unipolar diffusion charging of nanoparticle agglomerates in the transition regime

2010  Horst et al. [52] Dispersion of TiO2 Nanoparticle Agglomerates by Pseudomonas aeruginosa

2010  Kierys etal. [T] The porosity and morphology of mesoporous silica agglomerates

2010  Adamcik et al. Understanding amyloid aggregation by statistical analysis of atomic force microscopy images

2011 Maggi et al. Agglomeration in solid rocket propellants: novel experimental and modeling methods

2011 Menzer et al. [147] Percolation behaviour of multiwalled carbon nanotubes of altered length and primary agglomerate morphology in melt mixed isotactic
polypropylene-based composites

2012 Longetal. Novel issues of morphology, size, and structure of Pt nanoparticles in chemical engineering: surface attachment, aggregation or agglom-
eration, assembly, and structural changes

2012 De Temmerman et al. Quantitative characterization of agglomerates and aggregates of pyrogenic and precipitated amorphous silica nanomaterials by trans-
mission electron microscopy

2012 De luliis et al. Effect of hydrogen addition on soot formation in an ethylene/air premixed flame

2012 Lakshminarasimhan et al. Effect of Agglomerated State in Mesoporous TiO2 on the Morphology of Photodeposited Pt and Photocatalytic Activity

2012 Ono et al. [148] Influence of furnace temperature and residence time on configurations of carbon black

2012 Caietal. Morphology evolution of immiscible polymer blends as directed by nanoparticle self-agglomeration

2012 Dadkhah et al. [150] Characterization of the internal morphology of agglomerates produced in a spray fluidized bed by X-ray tomography

2013 Neefetal. [99] Morphology and Agglomeration Control of LiMnPO4 Micro- and Nanocrystals

2013 Born and Kraus [109] Ligand-dominated temperature dependence of agglomeration kinetics and morphology in alkyl-thiol-coated gold nanoparticles

2013 Ono et al. [T31] Effect of benzene—acetylene compositions on carbon black configurations produced by benzene pyrolysis

2013 Schenk et al. Imaging Nanocarbon Materials: Soot Particles in Flames are Not Structurally Homogeneous

2013 Dacanal et al. Fluid dynamics and morphological characterization of soy protein isolate particles obtained by agglomeration in pulsed-fluid bed

2014  Hgydalsvik et al. In situ X-ray ptychography imaging of high-temperature CO2 acceptor particle agglomerates

2014  Dadkhah and Tsotsas [153] Study of the morphology of solidified binder in spray fluidized bed agglomerates by X-ray tomography

2014 Vissotto et al. Morphological characterization with image analysis of cocoa beverage powder agglomerated with steam

2014  Fernandez Martinez et al. [81]] Use of decision tree models based on evolutionary algorithms for the morphological classification of reinforcing nano-particle aggregates

2015  Frieke Kuper et al. [12] Toxicity assessment of aggregated/agglomerated cerium oxide nanoparticles in an in vitro 3D airway model: The influence of mucocil-

iary clearance

16



Year  Reference Title

2015 Yang et al. Morphology of Hydrophobic Agglomerates of Molybdenite Fines in Aqueous Suspensions

2015 Ochsenbein et al. [120] Agglomeration of Needle-like Crystals in Suspension: I. Measurements

2015 Ghabchi et al. [22]] Effect of Shape Parameters and Gradation on Laboratory-Measured Permeability of Aggregate Bases

2016  Baietal. Tailoring film agglomeration for preparation of silver nanoparticles with controlled morphology

2016  Razavi-Nouri et al. [14] Effect of Organoclay Ordering and Agglomeration on Morphology and Mechanical Properties of Uncured and Dynamically Cured Ethylene-
Octene Copolymer Nanocomposites

2016  Razavi-Nouri et al. Effect of Organoclay Ordering and Agglomeration on Morphology and Mechanical Properties of Uncured and Dynamically Cured Ethylene-
Octene Copolymer Nanocomposites

2016  Kong et al. Morphological changes of nano-Al agglomerates during reaction and its effect on combustion

2016  Abdellatif et al. Fractal analysis of inter-particle interaction forces in gold nanoparticle aggregates

2016 ~ Pashminehazar et al. Three dimensional characterization of morphology and internal structure of soft material agglomerates produced in spray fluidized bed by X-ray
tomography

2016 Chenetal. Agglomeration process of surfactant-dispersed carbon nanotubes in unstable dispersion: A two-stage agglomeration model and experimental
evidence

2016  Huo et al. [121] In-situ crystal morphology identification using imaging analysis with application to the L-glutamic acid crystallization

2016  Spettl et al. [63] Bonded-particle extraction and stochastic modeling of internal agglomerate structures

2016  Liuetal. Quantification of Aggregate Morphologic Characteristics as Related to Mechanical Properties of Asphalt Concrete with Improved FTI System

2016  Freyre-Fonseca et al. [50] Morphological and Physicochemical Characterization of Agglomerates of Titanium Dioxide Nanoparticles in Cell Culture Media

2017  Machado et al. [54] A complex network approach for nanoparticle agglomeration analysis in nanoscale images

2017  Vasicek et al. [T10] Thermoresponsive nanoparticle agglomeration/aggregation in salt solutions: Dependence on graft density

2017 Kim et al. Solvent effect on the Nafion agglomerate morphology in the catalyst layer of the proton exchange membrane fuel cells

2017  Lapuerta et al. Morphological analysis of soot agglomerates from biodiesel surrogates in a coflow burner

2017  Guérin et al. [8] Dynamics of aggregate size and shape properties under sequenced flocculation in a turbulent Taylor-Couette reactor

2017  Yangetal. [157] Shear-Assisted Fabrication of Block Copolymer Agglomerates with Various Morphologies in Viscous Medium

2017  Dongetal. Nanostructure characterization of asphalt-aggregate interface through molecular dynamics simulation and atomic force microscopy

2017  Huoetal. Online Detection of Particle Agglomeration during Solution Crystallization by Microscopic Double-View Image Analysis

2017 Guarieiro Investigation on Morphology and Fractal Dimension of Diesel and Diesel-Biodiesel Soot Agglomerates

2017  van Beers et al. [3] Micro-Flow Imaging as a quantitative tool to assess size and agglomeration of PLGA microparticles

2017  Zouetal. Image analysis for in-situ detection of agglomeration for needle-like crystals

2017  Mehle et al. [[7] In-line recognition of agglomerated pharmaceutical pellets with density-based clustering and convolutional neural network

2017  Liuetal. [24] Modelling and evaluation of aggregate morphology on asphalt compression behavior

2017  Dingetal. [25] Morphological characterization and mechanical analysis for coarse aggregate skeleton of asphalt mixture based on discrete-element modeling

2018  Bartczak et al. Changes in silica nanoparticles upon internalisation by cells: size, aggregation/agglomeration state, mass- and number-based concentrations

2018  Engelmann et al. Magnetic Relaxation of Agglomerated and Immobilized Iron Oxide Nanoparticles for Hyperthermia and Imaging Applications

2018  Reyes-Salgado [103] Study of complex morphology of agglomerations formed by graphite nanoinclusions and its effect on the mechanical properties of the composite
materials

2018  Zhangetal. A new multiple-time-step three-dimensional discrete element modeling of aerosol acoustic agglomeration

2018  Frei and Kruis Fully automated primary particle size analysis of agglomerates on transmission electron microscopy images via artificial neural networks

2018  Pashminehazar et al. Spatial morphology of maltodextrin agglomerates from X-ray microtomographic data: Real structure evaluation vs. spherical primary particle
model

2018  Mehle et al. In-line agglomeration degree estimation in fluidized bed pellet coating processes using visual imaging

2018  Jinetal. Aggregate Shape Characterization Using Virtual Measurement of Three-Dimensional Solid Models Constructed from X-Ray CT Images of Ag-
gregates

2019  Gigone et al. [48] Soot aggregate morphology in coflow laminar ethylene diffusion flames at elevated pressures

2019  Cetinbas et al. [TOT]| Effects of Porous Carbon Morphology, Agglomerate Structure and Relative Humidity on Local Oxygen Transport Resistance

2019  Koutny et al. Packing density modelling of non-spherical aggreg ates for particle composite design

2019  Guérin et al. [6] Fractal dimensions and morphological characteristics of aggregates formed in different physico-chemical and mechanical flocculation environ-
ments

2019  Atalar and Yazici Effect of different binders on reconstitution behaviors and physical, structural, and morphological properties of fluidized bed agglomerated yoghurt
powder

2019  Barustan and Jung Morphology of Iron and Agglomeration Behaviour During Reduction of Iron Oxide Fines

2019  Lietal. Three-Dimensional Simulation of Aggregate and Asphalt Mixture Using Parameterized Shape and Size Gradation

2019  Jinetal. [28] 3D Quantification for Aggregate Morphology Using Surface Discretization Based on Solid Modeling

2019  Le Barbenchon et al. Multi-scale foam : 3D structure/compressive behaviour relationship of agglomerated cork

2020  Weston et al. Connecting Particle Interactions to Agglomerate Morphology and Rheology of Boehmite Nanocrystal Suspensions

2020  Murugadoss et al. [51] Agglomeration of titanium dioxide nanoparticles increases toxicological responses in vitro and in vivo

2020  Patifio et al. Soot primary particle sizing in a n-heptane doped methane/air laminar coflow diffusion flame by planar two-color TiRe-LII and TEM image
analysis

2020  Cortés et al. Effect of Fuels and Oxygen Indices on the Morphology of Soot Generated in Laminar Coflow Diffusion Flames

2020  Huyan et al. [31] Image-Based Coarse-Aggregate Angularity Analysis and Evaluation

2020  Jinetal. [03] Three-dimensional spatial distributions of agglomerated particles on and near the burning surface of aluminized solid propellant using morpho-
logical digital in-line holography

2020 Luetal. Crystal texture recognition system based on image analysis for the analysis of agglomerates

2020  Omar [10] Experimental investigations of adipic acid agglomeration behavior under different operating conditions using image analysis technique QICPIC
software

2020  Frei and Kruis [83] Image-based size analysis of agglomerated and partially sintered particles via convolutional neural networks

2020  Zhalehrajabi et al. [167] Modelling of urea aggregation efficiency via particle tracking velocimetry in fluidized bed granulation

2020  Lietal. [30] Morphology-based indices and recommended sampling sizes for using image-based methods to quantify degradations of compacted aggregate
materials

2020  Zhao et al. [32] A digitalized 2D particle database for statistical shape analysis and discrete modeling of rock aggregate

2021 McCallister et al. Influence of agglomerate morphology on micro cold spray of Ag nanopowders

2021 Wang et al. [168] Experimental investigation on the microstructure of fluidized nanoparticle agglomerates by TEM image analysis

2021 Lowe et al. Fragmentation dynamics of single agglomerate-to-wall impaction

2021 Sung and Abelmann Agglomeration structure of superparamagnetic nanoparticles in a nematic liquid crystal medium: Image analysis datasets based on cryo-electron
microscopy and polarised optical microscopy techniques

2021 Romphophak et al. [I70] Analysis of flocculation in a jet clarifier. Part 2 - Analysis of aggregate size distribution versus Camp number

2021 Kelesidis and Pratsinis Determination of the volume fraction of soot accounting for its composition and morphology

2021 Wang et al. [33] Determining the specific surface area of coarse aggregate based on sieving curve via image-analysis approach

2021 Zheleznyakova [34] A cost-effective computational approach based on molecular dynamics for generating 3D packs of irregularly-shaped grains in a container of

complex geometry
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2021 Monchot et al. [84] Deep Learning Based Instance Segmentation of Titanium Dioxide Particles in the Form of Agglomerates in Scanning Electron Microscopy

2021 Liu et al. [35] Study on Quantitative Characterization of Morphological Characteristics and High Temperature Performance Evaluation of Coarse Aggregate
Based on Computer Vision

2021 Riihle et al. [85] Workflow towards automated segmentation of agglomerated, non-spherical particles from electron microscopy images using artificial neural
networks

2022 Cecil et al. [98] Nonlinear Agglomeration of Bimodal Colloids under Microgravity

2022 Shen and Zhang [171] Hydrophobic agglomeration behavior of rhodochrosite fines Co-induced by oleic acid and shearing

2022 Cohen et al. [93] Agglomeration in Composite Propellants Containing Different Nano-Aluminum Powders

2022 Linsetal. [L13] Potential of Deep Learning Methods for Deep Level Particle Characterization in Crystallization

2022 Miiller et al. [172] From spores to fungal pellets: A new high-throughput image analysis highlights the structural development of Aspergillus niger

2022  Kamani and Ajalloeian [36] Investigation of the changes in aggregate morphology during different aggregate abrasion/degradation tests using image analysis

2023 Zhang et al. [173] Liquid Cohesion Induced Particle Agglomeration Enhances Clogging in Rock Fractures

2023  Theodon et al. [62] GRAPE: A Stochastic Geometrical 3D Model for Aggregates of Particles With Tunable 2D Morphological Projected Properties
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