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Abstract
The online real-time particle size analysis of the microencapsules manufacturing process using the
continuous solvent evaporation method was performed using focused beam re�ectance measurement
(FBRM). In this paper, we use FBRM measurements to investigate the effects of polymer type and
compare the size distributions to those obtained using other sizing methods such as optical microscope
and laser diffraction. FBRM was also utilized to measure the length-weighted chord length distribution
(CLD) and particle size distribution (PSD) online during particle solidi�cation, which could not be done
with laser diffraction or nested sieve analysis. The chord lengths and CLD data were taken at speci�c
times using an online FBRM probe mounted below the microparticle. The timing of the FBRM
determinations was coordinated with the selection of microparticle samples for particle size analysis by
optical microscope and laser diffraction calculation as a reference. For all three produced batches tested,
FBRM, laser diffraction, and sieve analysis yielded similar results. Hardening time for the transformation
of emulsion droplets into solid microparticles occurred within the �rst 10.5, 19, 25, 30, and 55 minutes,
according to FBRM results. The FBRM CLDs revealed that a larger particle size mean resulted in a longer
CLD and a lower peak of particle number. The FBRM data revealed that the polymer type had a signi�cant
impact on microparticle CLD and the transformation process.

Introduction
Microencapsulation is a typical unit operation used in the production of solid dosage types including
tablets, capsules, and sachets. Microparticle friability, microparticle �owability, tablet weight variance,
tabletability, microparticle bulk density, tablet porosity, and tablet dissolution rate are all important
parameters to consider.1–5 The requirement to ensure the manufacture of a repeatable product
necessitates the ability to produce microparticulate particle sizes and distributions within de�ned
limits.1–5

When using solvent evaporation techniques to prepare microparticles, the speed of microparticles is a
crucial factor that signi�cantly affects drug release.3 Slow hardening of droplets or emulsions causes
drug compound diffusion, resulting in poor encapsulation content.1,3,6−10 The hardening speed of
microparticles in the solvent evaporation cycle is affected by the solubility of the polymer in organic
solvents, which impact on microparticle properties such as particle size, volume of encapsulated drugs,
matrix porosity, solvent residues, and initial drug release.3 Polymers with various physical properties
(such as solubility, molecular weight, reactivity, viscosity, biodegradability, permeability, and so on) have
been applied to create microparticles.11–15

In the emulsi�cation phase of a heterogeneous polymerisation device, particle size and particle size
distribution are important.14–17 The laser light scattering method has been used extensively to measure
certain parameters. Optical miscroscopes were used in the traditional system. Dilution and sampling are
used in these processes, which can result in changes in the droplet/particle size distribution due to break-
up/coagulation or coalescence. Sampling techniques are often non-representative and can be used with
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caution. The Focused Beam Re�ectance Method (FBRM) technique allows for in-situ measurements to
monitor particle/droplet size in real time during the microencapsulation process.18 Lasentec invented the
FBRM process, which can quantify particle size in the range of 0.1–1000 m. This instrument provides
data from on-line and real-time measurements, allowing particle size data and suspension population
patterns to be observed. It's been largely applied to monitor crystallization processes. This device can
also visually track the transformation of emulsion droplets into stable microparticles, known as
hardening time. Crystallization, �occulation, sludge conversion, polymorphic transformation, particle
interference, microparticle solidi�cation, and solubilization are some of the other processes that can be
controlled using FBRM.

Microparticle particle size is measured using laser diffraction and sieve analysis during the solvent
evaporation process. Sieve measurement equipment is cheap, and it is still commonly applied on the
internet and for quality monitoring. While sieve analysis is the most common tool for microparticulate
particle size analysis in the pharmaceutical industry, it is time consuming and di�cult to conduct for oily
or cohesive powders, microparticulate, or granules with particle sizes less than 25 micrometers. The
process is not readily repeatable if the particles retained on some sieve are aggregates rather than single
particles. The second biggest particle dimension, as determined by analytical sieving, is affected by
particle structure. 18–25

Laser diffraction methods produce results rapidly, but they presume that the subject particle is a sphere,
which isn't always the case, particularly for aggregates and granules with irregular shapes. In comparison
to an analytical sieve apparatus, laser diffraction instrumentation is still comparatively costly. Inline real-
time particle size estimation and input control is an ideal method of microparticulate size analysis
because it reduces human error, reduces analytical time and expense, reduces manufacturing cycle time,
increases material throughput, and improves microparticulate size control. 23–25

Since emulsifying the organic phase into an external aqueous phase, the solvent evaporation process
causes particle size variations and compaction of the emulsion droplets. FBRM will monitor the
mechanism and see which parameters can be tweaked to improve drug release or encapsulation
performance. The calculation relies on the re�ection of microparticles and is highly reliant on the
particles' optical properties. 20–26

Without the necessity for a pre-dilution side-stream, FBRM allows for in-line estimation of the particle size
distribution of scattered particles within a moving �uid. It does not necessitate sampling, which could
alter the particle size distribution due to dissolution or aggregation. The FBRM signal is highly dependent
on the surface properties of the sample being measured, but it is a useful tool for monitoring the phase.
18,21,27−32

Crystallization control, �occulation process design, slurry transfer, polymorphic transition tracking,
particle disturbance control, microparticle solidi�cation, and solubility measurements are only a few of
the applications that have been identi�ed using FBRM.23,25,33−39 Despite the fact that several experiments
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on FBRM have been published in the literature, no online monitoring of the development of microparticles
using various polymers has ever been published using FBRM. In light of this, the aim of this study was to
examine the ability of FBRM to be used for online monitoring of the shift in the microparticle CLD and
detecting the transformation of emulsion droplets into solid microparticles during the solvent evaporation
process, as well as to measure the particle size of microparticles with results that are as accurate as
those measured by other methods. During the solvent evaporation process, the impact of polymer type on
the solidi�cation rate of polymeric microparticles/microparticle blends and particle size/ particle size
distribution of emulsion droplets/hardened polymeric microparticles was also investigated. Hardening
speed of microparticles, particle size and its distribution of emulsion droplets, and hard
microparticles/microparticle blends produced by O / W using different polymers were the parameters
examined.

Results And Discussion
Real-time particle size and particle size distribution analyses

For a quantitative study of microparticle particle size, FBRM was used. The �ndings of the FBRM
measurement relative to those obtained using an optical microscope and laser diffraction revealed that
there were no variations in particle size of microcapsules as compared to those obtained using an optical
microscope or laser diffraction (Table 1).

Table 1
Effect of polymer type on particle size mean of microparticles

Polymer Particle size mean (µm) (± SD)

FBRM Optical microscope Laser diffraction

Ethyl cellulose 4 cp 83.24 (± 5.28) 88.78 (± 7.64) 84.65 (± 6.11)

Eudragit RL 100 73.42 (± 6.44) 79.62 (± 9.17) 75.37 (± 5.75)

Eudragit RS 100 59.36 (± 5.21) 63.96 (± 8.92) 60.14 (± 6.44)

Polycaprolactone (Mw. 10000) 51.29 (± 4.09) 57.86 (± 8.12) 53.46 (± 5.32)

PLGA (RG503H) 64.08 (± 3.18) 68.15 (± 6.95) 65.75 (± 4.37)

Furthermore, FBRM can be applied to track the change in chord length distributions (CLD) at different
levels of microparticle ripening in real time. It can track the shape of microparticles, particle size changes,
hardening rate, particle properties, and chord length distribution.

In microparticulate systems, the solidi�cation rate of polymeric microparticles is a signi�cant parameter
that in�uences particle size, encapsulation strength, and the initial burst.12 Diffusion of the drug material
out of the droplets and precipitation in the exterior phase will result from a very slow hardening of the
emulsion droplets. The a�nity between the solvent and the exterior phase, as well as the phase ratio, can
in�uence the precipitation kinetics of the polymer solution droplets.
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The solubility of the polymer in organic solvents in�uences the hardening speed of microparticles during
the solvent evaporation process, which impacts on microparticle properties including particle size,
amount of encapsulated drugs, matrix porosity, solvent residues, and initial drug release.3 Microparticles
have been created using a variety of polymers with various physical properties (such as solubility,
molecular weight, reactivity, viscosity, biodegradability, permeability, and so on). Poly(-caprolactone),
poly(lactic-co-glycolic acid), Eudragit RS 100, Eudragit RL 100, and ethyl cellulose microparticles are only
a few of the materials accessible.4–10

Biocompatible and biodegradable polyesters include poly(-caprolactone) (PCL) and poly(lactic-co-glycolic
acid) (PLGA).4,5,9 Eudragit RS 100 and Eudragit RL 100 are methacrylic acid ester-free quaternary
ammonium copolymers of ethyl acrylate and methyl methacrylate.10 Eudragit RL 100 is more permeable
than Eudragit RS 100 since it incorporates more co-trimethylammonioethyl methacrylate chloride. Ethyl
cellulose is a non-biodegradable hydrophobic polymer.11–15 The microparticle hardening rate of these
polymers is unknown. As a result, it's important to understand how polymer properties affect the
hardening time of polymeric microparticles.

As a function of time, the square weighted mean chord length of polymeric microparticles is plotted
(Fig. 1a). All of the polymers formed small particles (less than 300 m).During solvent evaporation, various
types of polymers applied in the formulation of polymeric microparticles result in a different square
weighted mean (particle size). FBRM initially observed signi�cant droplet sizes of all types of polymers
when the organic polymer solution was emulsi�ed. On both types of polymers, increasing the process
time culminated in a decrease in particle size followed by a plateau size where the particle size remained
unchanged. The particle size mean of microparticles when ethyl cellulose was utilized was greater than
the others. The viscosity of the polymer solution has an effect on it. The high viscosity of Ethyl cellulose
emulsion droplets reduced the organic phase's dispersibility in the aqueous media, resulting in larger
particles. The viscosity data for polymer solutions can be found in.

The solubility of the polymer in the solvent affected the solidi�cation rate of polymeric microparticles.
The solubilities of polymers in dichloromethane were contrasted in this study (Table 2). In
dichloromethane, ethyl cellulose (EC) had the lowest solubility, while polycaprolactone had the highest.
As a result, polycaprolactone-based microparticles hardened at a slower rate than the others. Due to its
poor solubility, ethyl cellulose has the highest hardening rate. In dichloromethane, Eudragit RL 100,
Eudragit RS 100, and PLGA (RG503H) is more soluble than ethyl cellulose. 7,25,40−42 These properties
cause microparticles to solidify at a slower rate than ethyl cellulose. The solidi�cation of polymers with
high solubilities took longer. They remained in the semi-solid state for longer, and it scattered more
densely before fully solidifying, resulting in denser microparticles. In dichloromethane, Eudragit RL 100,
Eudragit RS 100, and PLGA (RG503H) is more soluble than ethyl cellulose. These properties cause
microparticles to solidify at a slower rate than ethyl cellulose. The solidi�cation of polymers with high
solubilities took longer.3 They remained in the semi-solid state for longer, and it scattered more densely
before fully solidifying, resulting in denser microparticles.3,6
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Table 2
Effect of polymer type on solubility in dichloromethane, viscosity of polymeric solution and

particle size mean of microparticles
Polymer Solubility (g/ml)

(± SD)

Viscosity (cSt)

(± SD)

Hardening time (min)

Ethyl cellulose 4 cp 0.86 (± 0.03) 10.31 (± 1.14) 10.5

Eudragit RL 100 1.04 (± 0.04) 4.72 (± 0.83) 25

Eudragit RS 100 1.42 (± 0.02) 3.84 (± 0.39) 19

Polycaprolactone (Mw. 10000) 1.89 (± 0.05) 3.15 (± 0.45) 55

PLGA (RG503H) 1.25 (± 0.06) 4.36 (± 0.52) 30

 
For both polymers, the droplet shrinkage may be divided into two phases. Within 9 minutes (EC), 15
minutes (Eudragit RS 100), 20 minutes (Eudragit RL 100), and 25 minutes (PLGA), the original droplet size
shrank dramatically (RG503H). This was accompanied by a period with no further pronounced shrinkage,
known as a discontinued or sluggish shrinkage phase (Fig. 1a). It shows that in the �rst (rapid) step, the
solvent was rapidly removed, and that in the second (slow) phase, the embryonic microparticle droplets
were transformed into stable microparticles. Polycaprolactone caused the droplet size decrease to occur
for another 55 minutes, meaning that the embryonic microparticle droplets solidi�ed between 50 and 55
minutes (Fig. 1a). The start of the plateau process for all polymers was 10.5 minutes (ethyl cellulose 4
cp), 25 minutes (Eudragit RL 100), 19 minutes (Eudragit RS 100), 55 minutes (polycaprolactone), and 30
minutes (PLGA (RG503H) based on FBRM results (Fig. 1b and Table 2).

As EC microparticles are extracted quickly with solvent (Fig. 1), the polymer solidi�es quickly on the
droplet surface,16,28 resulting in diffuse scattering to some extent. The improvement in the FBRM signal
must be interpreted as opaci�cation shifts and particle solidi�cation.

As a time function, the chord count or particle counts of polymeric microparticles reveal a curve (Fig. 2).
FBRM initially observed lower chord counts as the organic polymer solution was emulsi�ed; but, as the
process time was increased, the chord counts increased, indicating an increase in particle counts,
followed by a plateau period where the chord counts were stable. During the solvent evaporation process,
Eudragit RL 100, PLGA (RG503H), Eudragit RS 100, and polycaprolactone showed identical chord counts
pro�les. The particle counts of ethyl cellulose microparticles is smaller than those of the other
microparticles, owing to the processing of microparticles of the biggest size.
Eudragit RL 100, Eudragit RS 100, and PLGA (RG503H) had smaller particle sizes than ethyl cellulose,
resulting in higher particle counts. The particle size of polycaprolactone was the lowest, but the particle
count was not the largest. This is due to Polycaprolactone's particle properties, which create slightly
transparent microparticles as opposed to other polymers (Fig. 5.d1). When a laser beam strikes a
transparent microparticle, multiple re�ections occur inside the microparticle, illuminating the whole
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sphere. As a more opaque microparticle is struck by a laser pulse, the light is dispersed to the detector,
resulting in a higher scattering value.27,28,32,43 The backscattered signal is very strong due to the invisible
microparticles' absorbance, resulting in a high degree of chord length (particle size) and low chord counts
(particle counts).44–46 This is in conjunction with Greaves et al., as well as Sparks and Dobbs, who
concluded that only opaque and highly re�ective droplets or microparticles (with microstructure on the
surface) provide repeatable and consistent effects.32,44,45

The formation of microparticles-based polymer materials was clearly supported by real-time particle size
analysis and particle size distribution experiments of all polymeric microparticles with in situ
polymerization. Surprisingly, these �ndings suggest that, based on the polymer structures, all of the
polymer products used various microparticle forming mechanisms.

At the same concentration, the chord length distributions (particle size distribution) of various polymers
determined by FBRM is different (Fig. 3). Since the number of microparticles was reduced, larger
microparticles resulted in longer chord lengths and a lower peak particle number. In this case, increasing
the viscosity of the polymer solution resulted in a larger square weighted mean chord length (particle
size) and a wider chord length distribution. Polycaprolactone solution (organic phase) had a lower
viscosity than other polymers, resulting in smaller microparticles. In comparison to other polymeric
microparticles, this polymer provided narrower square weighted mean chord lengths and narrow chord
length distributions.

Figure 4. Comparison of the square weighted chord length distribution for various polymer obtained by
the FBRM method (O/W) [at 4 hours stirring time]
Scanning electron microscopy (SEM) studies

Figure 5 shows a SEM photomicrograph of microparticles produced by the O/W process with the
polymers ethyl cellulose (EC), Eudragit RL 100, Eudragit RS 100, polycaprolactone, and PLGA (RG503H)
(Fig. 5. a2-e2 and a3-e3). Microparticles of ethyl cellulose (EC), polycaprolactone, and PLGA (RG503H)
were spherical with smooth surfaces without aggregation, while those of Eudragit RL 100 and Eudragit
RS 100 were spherical, oval, and needle shaped (mixture) with smooth surfaces without aggregation,
according to the surface of microparticles without drug prepared by the O/W process. There were no
pores on any of the microparticle surfaces (Fig. 5.a3-e3).

Because of the in�uence of the form and physical properties of the polymer, as well as its solubility in
dichloromethane as a solvent, all microparticles possess varying levels of opacity (Fig. 5.a1-e1).
Polymers with a high dichloromethane solubility took longer to solidify and remained in a semisolid state
for longer. Before fully solidifying, the scattered process became more condensed. When the polymer
matrix was shrunk for a longer period of time, the polymer matrix becomes thick, and the droplet
gradually shrank into stable microparticles, leaving transparent droplets. Polymeric microparticles had a
diameter ranging from 51 to 83 micrometers (FBRM) (Table 1). The mean particle size of microparticles
made with a high viscosity polymer solution was greater than those made with a low viscosity solution.
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This is due to faster solidi�cation on the surface of embryonic microparticle droplets, resulting in
accelerated microparticle droplet shrinkage. Based on the data, the square weighted mean chord lengths
(particle size mean) determined by FBRM were better estimated than those calculated by microscopic
observation, as shown by the data's lower standard deviation (Table 1).

Particle size analysis.

In the FBRM results, independent particle size analyses of microparticles and prepared polymeric
microparticles are given (Fig. 1). The results showed that the �nal particle size measured did not vary as
compared to the data collected by optical microscope and laser diffraction measurement (Table 1). It can
be concluded that particle size measurement using the centered beam re�ectance measurement (FBRM)
method yields the same results as the method that has been evolved and proven with further advantages
in terms of providing particle size data and population patterns of particles in suspension in real time and
on-line. The FBRM technique allows for the measurement of parameter processes during particle forming
without destroying the morphology or counts of the process's formed particles.

Conclusion
For all three processed batches analyzed, FBRM, laser diffraction, and sieve analysis revealed identical
particle sizes. The FBRM approach has the advantage of being able to do in-situ particle size analysis in
real time without sampling or dilution. During the solvent evaporation process, the FBRM was
successfully used as an e�cient and convenient process analyzer for either quantitative particle size
estimation or qualitative online monitoring of the change in the microparticle chord length distribution
(particle size distribution) of polymeric microparticles. The FBRM detects the transition of emulsion
droplets into solid microparticles and agglomeration by detecting a shift in signal that is caused by
particle surface characteristics and optical properties. Polymer type has a signi�cant impact on
microparticle size distribution, transformation, and agglomeration.

Experimental Section
Materials

All materials were of at least reagent grade and used as received: Ethocel  (Standard 4 Premium, Colorcon
Ltd, Kent, UK)); ethyl acrylate methyl methacrylate copolymer (Eudragit RS 100 and Eudragit RL 100,
Evonik Röhm GmbH, Darmstadt, Germany), Poly(D,L-lactide-co-glycolide) (Resomer RG503H, Boehringer-
Ingelheim Pharma GmbH & Co. KG, Ingelheim, Germany), Poly(ε-caprolactone) (PCL; Mn approx. 10000)
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany); polyvinyl alcohol (PVA, Mowiol 40–88, Kuraray
Europe GmbH, Frankfurt, Germany); and dichloromethane (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany).

Viscosity measurement
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7.5% w/v solution of Ethocel 4 cP, Eudragit RS 100, Eudragit RL 100, PLGA (Resomer RG503H) and
poly(ε-caprolactone)  in dichloromethane were analyzed using an Ostwald viscometer type 50111/Ia,
instrument constant: K = 0.05152 mm2/s2 (Schott-Geräte GmbH, Hofheim, Germany) at 25 oC (n = 3). The
viscosity were calculated as follows:

ν = K.t

ν : kinematic viscosity (mm2/s or cSt)

K : instrument constant (mm2/s2)

 t : �ow time (s)

Microparticles preparation

The solvent evaporation method based on the formation of O/W emulsion was used to prepare
microparticles. In the O/W-dispersion method, a solution of the polymer in dichloromethane (7.5% w/v)
was dispersed into an external aqueous phase (800 ml 0.25% PVA solution). The emulsion was stirred for
4 h at 500 rpm with a propeller stirrer (Heidolph Elektro GmbH & Co. KG, Kelheim, Germany). After 4 h, the
microparticles were separated from the external aqueous phase by wet sieving followed by washing with
200 ml deionized water, desiccator-drying for 24 h and storage in a desiccator.

On-line particle size analysis

FBRM probe (Lasentec FBRM D600T, Mettler Toledo AutoChem, Inc., Redmond, WA, USA) was immersed
and positioned in the emulsi�cation vessel (O/W emulsions). It was placed  between the propeller stirrer
and inner side of the mulsion vessel (2t, Fig. 6). This spot can provide good �ow of turbulence,  hence
allowing a representative sample of the particle system to be measured. The measurement range of the
FBRM D600T probe is 0.25 - 4000 μm. A propeller stirrer (Heidolph Elektro GmbH & Co. KG, Kelheim,
Germany) was set at stirring speed of 500 rpm for 4 hours. The measurements were performed in
triplicate every 10 seconds, during a period of 4 hours. The Lasentec FBRM D600T use a beam of laser
light which rotated with constant speed of 2ms-1as source. The of laser energy is re�ected back into the
probe by backscatter from particles next to the sapphire window as an ori�ce. Fig. 6 shows the operating
principle of the Lasentec FBRM probe.19,23,46

A detailed operating mechanism of the Lasentec FBRM technique is described by Kougoulos et al.23 The
measured  particle size when a laser beam crosses the particle randomly for spherical, irregular and odd-
shaped particles, shape and orientation will in�uence the measured  particle size is described by Silva et
al.46 The operating mechanism of the Lasentec FBRM technique23 and the measuring  particle size when
a laser beam crosses the particle randomly46 is acknowledg

Figure 6. Schematic drawing of probe positioning relative to the impeller (1. Propeller stirrer; 2. Lasentec
FBRM probe; 3. Processing unit; 4. PC monitoring the particle size distribution on-line) (a), and Examples
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of the measured chord length (line) when a laser beam crosses (1) a spherical particle, (2 and 3)  an oval
particle in different positions and (4, 5, 6 and 7) an irregular particle in different positions – illustration of
the effect of particle orientation on the obtained chord length (b).

Comparison of Average Particle Size by Various Techniques

Particle size distributions can be weighted and averaged in a variety of ways. Table 1 plots various
length-weighted median FBRM, average sizes with values from laser diffraction and a range of sieved or
cyclosized fractions. Calculated geometric average values from FBRM, laser diffraction and sieving are
also included for comparison. Laser diffraction is alternative technique that covered the entire size range,
but this is not meant to imply that the technique provides a more accurate particle size. A comparison of
the median square-weighted chord lengths across all the sieved fractions also shows that the FBRM
results were essentially unaffected by particle material. This is certainly not expected to be applicable to
all materials, but is more a consequence of the relatively low aspect ratio of the polymer materials
studied.

Characterization Techniques
Optical microscopy
Microparticles were spread on microscope slides and observed with an optical light microscope (Axiotrop
50, Carl Zeiss AG, Jena, Germany) equipped with an image analysis system (INTEQ Informationstechnik
GmbH, Berlin, Germany) consisting of a digital camera (type MC1) and the EasyMeasure software
(version 1.4.1).

Scanning electron microscopic studies
The external morphology of microparticles was analysed by scanning electron microscopy (SEM). For
surface imaging, the microparticles were �xed on a sample holder with double-sided tape. All samples
were coated under an argon atmosphere with �ne gold to a thickness of 8 nm (SCD 040, Bal-Tec GmbH,
Witten, Germany) in a high-vacuum evaporator. Samples were then observed with a scanning electron
microscope (S-4000, Hitachi High-Technologies Europe GmbH, Krefeld, Germany).
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Figure 1

Effect of polymer type on square weighted mean chord length during microparticle formation by O/W
method [(a) whole process and (b) hardening time of microparticle; arrow (↓): starting time of
microparticle hardening]

Figure 2

Effect of polymer type on the number of chord counts (square weighted) during solvent evaporation
process
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Figure 3

Effect of polymer type on the square weighted chord length distributions, (particle size distribution) at 4
hours stirring time
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Figure 4

Comparison of the square weighted chord length distribution for various polymer obtained by the FBRM
method (O/W) [at 4 hours stirring time]

Figure 5
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Optical microscopy pictures (1) and SEM pictures of polymeric microparticles (2. at 150x magni�cation &
3. at 1000x magni�cation) [a. Ethyl cellulose 4 cp; b. Eudragit RL 100; c. Eudragit RS 100; d.
Polycaprolactone (Mw. 10000); e. PLGA (RG503H)].

Figure 6

Schematic drawing of probe positioning relative to the impeller (1. Propeller stirrer; 2. Lasentec FBRM
probe; 3. Processing unit; 4. PC monitoring the particle size distribution on-line) (a), and Examples of the
measured chord length (line) when a laser beam crosses (1) a spherical particle, (2 and 3) an oval particle
in different positions and (4, 5, 6 and 7) an irregular particle in different positions – illustration of the
effect of particle orientation on the obtained chord length (b).


