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ABSTRACT

Many quality attributes of pharmaceutical suspensions are directly influenced by the
physical properties of constituting particles. The influence has not been explored fully
as the chemical characteristics (composition/concentration) are of primary concern.
Particle size distribution provides with detailed characteristics of the material population,
however, it is a challenging parameter to monitor during the process, due to limitations of
the available analytical techniques.

In this thesis, a methodology which analyses particle size distribution and concentra-
tion using the optical scattering properties extracted from a novel spatially and angularly
resolved diffuse reflectance measurement (SAR-DRM) is proposed. This approach incor-
porates Mie theory and particle size distribution function, followed by Farrell’s diffuse
approximation to model specified reflectance signal. The developed methodology does
not require a calibration model and was used to investigate three main objectives. Firstly,
the sensitivity of the simulated SAR-DRM to the mode radius, distribution width and
concentration of solids variations is explored. An inversion algorithm for the measured
SAR-DRM is proposed and studied on polystyrene suspensions sample sets. Lastly, the
methodology is then expanded to incorporate the particle shape parameter in the form of
aspect ratio. To my knowledge, this study is a unique attempt to directly invert SAR-DRM
to obtain the particle size distribution and concentration parameters from modelled and
experimental measurements as well as the first study of particle shape effect on SAR-DRM.

The simultaneous inversion of all three parameters of interest produced results com-
parable with reference measurements. The study provides a set of method limitations
that when considered allow the optimal estimation of the parameters of interest. The
results produced by the methodology developed and presented throughout this thesis
suggest the great potential of using the methodology as a calibration-free tool for robust

and reliable in-process analysis of pharmaceutical suspensions.
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CHAPTER 1

INTRODUCTION

The pharmaceutical industry, driven by Process Analytical Technology (PAT) and Quality
by Design(QbD), is focusing on efficiency improvement, often through monitoring of
critical parameters of particulate substances. Process analytical technology (PAT) has
been a term of increasing importance, and the focus of PAT can be defined as the process
of building up the quality of the product by placing greater emphasis on in-process
instead of end-product testing and release [1]. The ultimate goal of PAT development and
application is to decrease the production time, stages and cost, increase the efficiency
and batch to batch consistency, improve process understanding, and provide with rapid
feedback about process properties[2]. The product-by-process manufacturing is generally
relying on knowledge of the physical and chemical properties of the product. Polymers
and crystals engineering fields are great examples of the manufacturing process where
the quality of the final product depends greatly on the reaction process [3].

To support PAT agenda across different areas, there are not enough reliable meth-
ods that can provide accurate information about physical and chemical properties of
the product and their variations during the process. Optical spectroscopy is a relatively
simple and effective way to identify variations in the size of particles and its distribution,
as they result in changes in optical (scattering, absorption, transmission) properties. It
is a reliable and fast method, equally suitable for off-line, and in-line analysis. Optical
techniques usually have limited applicability to turbid media analysis, although spatially
resolved diffuse reflectance (SRDR) has a known potential to overcome it due to source-
to-receiver(S-R) separations range [4]. Most of the studies to-date that involve analysis
of optical spectra utilise multivariate statistical modelling due to the complexity of the

spectra parameters separation, especially light scattering effect [5]. Despite being a widely
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recognised tool to solve real-life problems of different complexity, chemometrics method
has its significant limitations. The underlying multivariate analysis often requires building
a calibration model, that consists of a well-designed dataset. The quality and accuracy
of the multivariate analysis performance depend greatly on such dataset, making this
approach, ultimately, not the most robust. Compex spectral signal can be also described
and decoupled into material properties via underlying physical theories and their approx-
imations, which would eliminate the need in the calibration model. The focus of this work
was shifted towards such an approach, which required the development of the multistage
methodology for calculation of SRDR, based on available theories. Apart from proposing
calibration-free approach, solving the SRDR spectra analytically allowed to conduct a
comprehensive study on physical (particle size distribution, aspect ratio) and chemical
(concentration) properties effect of this type of spectroscopy signal. By performing spectra
modelling, this study provides significant insight into particle-light interaction behaviour
within turbid media, especially in the context of particle size distribution effect on SRDR,
which has not been reported previously. Furthermore, the ability of diffuse reflectance
spectra to overcome the limitations related to concentration unveils the opportunity to
examine physical properties of the particles without dilution, covering an important gap
between currently known capabilities of most of the analytical techniques and possible

implementation of the calibration-free tool into process monitoring.

1.1 MOTIVATION BACKGROUND

1.1.1 PHYSICAL AND CHEMICAL PROPERTIES OF PHARMACEUTICAL

SUSPENSIONS

A pharmaceutical suspension as a pharmaceutical dosage forms has multiple advantages,
like the effective dispensing of hydrophobic drugs, avoidance of the use of co-solvents,
resistance to degradation of drugs due to hydrolysis and, for oral administration - easy
swallowing for young or elderly patients [6]. In an ideal suspension formulation, insoluble
particles should be uniformly dispersed. However, during the storage, the solid particles in
suspensions can separate from the liquid media and sediment. In a well-formulated sus-
pension, particles should re-disperse uniformly in the continuous phase upon moderate

shaking, regardless of the amount of sedimentation.
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Figure 1.1.1 A graphical illustration of monodisperse and polydisperse system of particles
[7]

The particle size can be represented by less or more detailed parameters, however, for
simplicity, the usual approach is to monitor a single parameter, like the average size. This
allows estimating the sedimentation rate, solubility and dissolution velocity, which are also
vital quality attributes of the formulation. The rate of sedimentation for a monodisperse
system of perfectly spherical particles that do not interact with each other is defined by the
Stokes equation, which relates it to viscosity and size of the particle. In reality, the particle
size of suspensions is rarely uniform. Particulate suspensions tend to have particles of
different sizes. The distribution of sizes can be either narrow (almost all particles are of
the same size) or wide (Figure 1.1.1). Maintaining narrow particle size distribution is an
ultimate goal for suspensions manufacturing because it permits a better understanding
and consistency of the particles sedimentation and dissolution behaviour.

When comparing monodisperse and polydisperse suspensions from an example in
Figure 1.1.1, the polydisperse suspension would naturally contain a higher number of fine
and coarse particles, assuming that both suspensions are of the same particle volume
fraction. Increase of fine particles counts leads to a significant increase of particle surface
area, a vital parameter of drug release. The challenges of the polydispersity are not limited
to the presence of fine particles. Large particles and/or agglomerates in a polydisperse
system can lead to problems, such as needle clogging for injected suspensions. The
viscosity of the suspension highly depends on the fraction of both, fine and coarse particles
in the suspensions. Depending on the fraction of each particle size group, viscosity can
get lower or higher as a result of colloidal interactions that increase or decrease shear

stress [8-10]. Considering the possibility of an impact on the product quality, neither of
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the variations is preferable. Since particle size distribution has a direct link to quality
attributes, implementation of particle size distribution measurement into the suspension
manufacturing process would provide valuable information about quality attributes, and
consequently product quality [11].

Another simplifying assumption in particles characterisation is the approximation
of the particles to spheres. For processes like crystallisation where crystal is gradually
growing or Ostwald ripening occur during the process, knowing the variation of the
dimensions of the particles in time is crucial. Besides, irregularities in the particle surface
usually lead to higher viscosity, mainly due to one of two common reasons. Firstly, the
deflection of solvent flow lines around particles is stronger than for spheres. Secondly, the
increase in surface area increases the probability of particle-particle interactions, which
are stronger for high particle concentrations and high shear rates [12].

The concentration of the particles is ultimately an important parameter of the end
product as it is tied with the amount of active ingredient that is carried by it. Imple-
mentation of the concentration monitoring during the product-by-process making can
assist some of the specific processes. When the pharmaceutical suspension is a result
of the polymerisation reaction, the concentration of the end product also indicates the
conversion degree of monomer into the polymer during the polymerisation process. In
this case, being able to monitor the conversion rate is crucial for efficiency, implying the
preference of providing the parameter during the reaction process.

The solid content in suspensions typically ranges, depending on the use of the sus-
pension, between 0.5% and 40% of volume [13]. Diluted suspensions do not exhibit the
significant relationship between volume fraction and quality of the product, whereas when
the volume fraction increases, forces, like particle-particle interactions, become signifi-
cant and therefore may contribute to quality parameters. For example, these interactions
hinder the freedom of movement of the particles, which is resulting in increased viscosity
by affecting fluid flow around embedded particles. Hence, monitoring of the concentra-
tion variation ideally should be covering not only diluted but also highly concentrated

suspensions.
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1.1.2 PROCESS SPECTROSCOPY AS PROCESS ANALYTICAL TECHNOLOGY
(PAT) TOOL

A vast number of techniques exist that are capable of measuring the physical properties of
the particles, like particle size distribution and shape. Most popular techniques can be
grouped by the measuring principles, such as light-based (optical microscopy, electron
microscopy, dynamic light scattering, laser diffraction, etc.), sound-based (ultrasound
extinction) or separation-based (sieve analysis, sedimentation). One of the objectives of
the PAT agenda is to optimise, reduce and, ultimately, eliminate destructive analysis. Light-
based technologies have advanced greatly due to non-destructive principle of analysis
(interaction of the light with the material), variety of the methods available and existing
additional knowledge base from other fields [14-16].

Product-by-process manufacturings are widely employing spectroscopic methods.
UV-vis, NIR and Raman have been extensively studied for monitoring monomer conver-
sion, whereas the UV-vis and NIR spectroscopy for mean particle size monitoring. NIR is a
relatively inexpensive type of spectroscopy, besides, according to a study published by Am-
brogi et al [17] on comparing Raman and NIR for monitoring an emulsion polymerisation,
NIR spectroscopy has proved to be a reliable tool for monitoring monomer conversion
and particle size simultaneously, giving it a wide possibility to its application and devel-
opments as a process spectroscopy tool. However, despite its potential, implementation
of the spectroscopy into process monitoring still constrained by significant challenges,
related to re-distribution of light after light-particle interaction, that leads to non-linear
light scattering. It is especially significant when the concentration of particles is high,
increasing the probability of light re-radiation. Modification of traditional spectroscopy
measurement setup is one of the most promising courses of action to tackle this limita-
tion. Diffuse reflectance measurement (DRM) is a measurement setup that uses either
an integrating sphere for total diffuse reflectance measurement or a fibre optic probe
placed inside the analysed suspension to collect the signal, typically in the UV-vis-NIR

wavelength range.

1.2 MOTIVATION AND OBJECTIVES

The principal goal for this project is to develop a physics-based method that provides

physical and chemical characteristics of turbid suspensions from spatially and angularly
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resolved diffuse reflectance measurement (SAR-DRM). Proposed methodology expected to
provide robust, calibration-free non-destructive measurements of parameters of interest
(particle size distribution and concentration) with the potential of consideration of the
aspect ratio of the particles.

To fulfil the above-mentioned goal, acquiring the knowledge about the sensitivity of
diffuse reflectance to each of parameters of interest, examining the effect of measurements
design on signal sensitivity to the parameter of interest and establishing the forward and
inversion algorithm for parameters of interest estimation can be named the main vectors
of this project. They were investigated through the project by exploring the objectives
below.

Forward calculation of the SAR-DRM for polystyrene suspensions:

- Combination of available theories to describe the bulk optical properties and diffuse
reflectance of a concentrated polydisperse system to provide a forward model for total
and spatially resolved diffuse reflectance simulation, followed by the investigation of the
measurement configuration influence on spectra sensitivity to the parameters of interest.

- Evaluating the degree of effect of particle size distribution on its own and in combi-
nation with a concentration on the simulated diffuse reflectance measurements, what is
the specifics of each of the parameter’s effect and the wavelength range it appears at.

Inversion of the SAR-DRM for polystyrene suspensions:

- Investigation for the optimal objective function that indicates the best fit of simulated
to measured multi-wavelengths SAR-DRM.

- Development of the inversion routine for estimation of the particle size distribution,
concentration individually or simultaneously and implementation of it onto feasibility
polystyrene sample sets.

- Establishment of limitations of the method application, regarding the particle radii
range, distribution width and concentration, that are observed from the diffuse reflectance
signal inversion.

Investigation of the aspect ratio effect of SAR-DRM

- Examination of the particle shape parameter (aspect ratio) influence on simulated
SAR-DRM for reflective material (polystyrene) and moderately reflective material (cellu-

lose nanocrystals suspensions).
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- Conducting the simulational and experimental case study of cellulose nanocrys-
tals suspensions to overview the sensitivity of the SAR-DRM to the aspect ratio of the

commercially available cellulose nanocrystals suspensions.

1.3 THESIS STRUCTURE

The thesis is organised in eight main chapters. The first and current chapter summarises
the background motivation and the research aims and objectives and provides an overview
of the thesis structure.

The second chapter consists of a literature review on the parameters of interest for
process monitoring and a detailed discussion about light-based methodologies and their
applicability to monitor turbid suspensions. Chapter 3 covers the theoretical background
and the formulae of the forward computation of the bulk optical properties for the poly-
disperse system, followed by diffuse reflectance calculation routine for two different
measurement setups.

To clarify the sensitivity of each of the suggested types of the diffuse reflectance mea-
surements, Chapter 4 presents the model of a UV-vis-NIR spectral behaviour from the
hypothetical polystyrene particles suspension of various mode radii, distribution width
and concentrations of solids. It studies each of these parameters of interest and the
combined effect of the diffuse reflectance measurement configuration.

The findings from Chapter 4 are used to shape an experimental methodology, de-
scribed in Chapter 5. The chapter consists of three sections: description of sample sets,
experimental procedure and signal process routine, and computational routine for signal
inversion.

Chapter 6 presents the result of the validation of the inversion method as well as
results of its application to a monodisperse (Sample set 1) and a polydisperse (Sample set
2) sample sets. Examination of these sample sets unveils the overall information about
the sensitivity of the SAR-DRM measurements to the parameters of interest. Since these
sample sets were prepared to study the exact parameters of interest combination, Chapter
7 expands the study with a complex sample set analysis. It begins with inversion and
analysis of Sample set 3, which is prepared as the result of the polymerisation reaction,
affected by process parameters. The chapter concludes with a case study on the possible

effect of particle shape on SAR-DRM in the form of aspect ratio. Precisely, this section of
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Chapter 7 discusses the aspect ratio effect appearance on modelled SRDR for polystyrene
and nanocrystalline cellulose systems. The chapter is concluded with an analysis of diffuse
reflectance spectra collected from cellulose nanocrystals and its sensitivity to particle
shape parameter.

Chapter 8 concludes the thesis with major observations made during the project,

followed by considerations for potential directions for future work.



CHAPTER 2

INTRODUCTION TO PARTICLE SIZE

MEASUREMENT

2.1 PHYSICAL AND CHEMICAL PROPERTIES OF THE

SUSPENDED PARTICLES

Suspended particles may be characterised by their size, shape and quantity. In pharma-
ceutical and many other industries, unaccounted variation in these properties may affect
the quality of the end product. Therefore, control of particle properties throughout the
process is declared as a preferable analysis framework to ensure the needed quality of the
product.

Development of the methodology for characterisation of the particles within phar-
maceutical suspensions can be identified as one of the main aims for this project. This
research is focusing on properties like concentration and distribution of particle sizes. The
latter is difficult to define clearly as the exact definition will vary with selected method-
ologies for particle properties analysis. Each of the measuring techniques assesses some
selected measurable parameter. Hence, before discussing available methods for particle
size characterisation and the challenges associated, the desirable measurands should be

defined distinctly.
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Figure 2.1.1 Illustration of various alternative equivalent diameter [20]

2.1.1 EQUIVALENT RADIUS

Particle radius is a fairly obvious parameter to consider for size representation. However,
it can be used as such only for homogeneous perfect spheres. Measuring instruments for
particulate suspensions are built based on a variety of measurement principles, such as
sedimentation, conductivity changes, optical diffraction or scattering, translatory or rotary
diffusion, to mention a few [18]. The relevant theoretical expression exists for each type
of measurements for estimation of some one-dimensional property of the particle (e.g.
weight, volume, settling rate, projected area, minimum sieve aperture through which the
particle will fall). If the analysed particle differs from the sphere, the radius measurements
that are delivered by each of the methods will differ as well. There is no consistent result
among different particle measurement techniques as each of them relies on some specific
property of the particle [19].

To account for variations in particle shape, the particle radius is commonly re-defined
by the equivalent radius (ER) which represents the hypothetical sphere that has the
same measured property as the actual particle in the analysed suspension. Figure 2.1.1
demonstrates various possibilities of defining ER. This definition clarifies some of the
ambiguity of particle size characterisation. The exact value of the ER would then depend

on the measuring principle used. Based on that, the variations between the equivalent
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radius of the homogeneous particles are not large when the shape of the particles is close
to the spherical. Deviation from spherical shape would cause a larger difference between
different ER as each of measured physical phenomena has a dependence upon different
particle dimensions. Obtaining ER from different techniques knowing that the results are
not comparable is not necessarily unappealing because the differences between different
ER may help the particle shape identification [21]. Yet, for highly non-spherical particles,
such an approach is generally combined with measurements of particle shape parameters,
like length, aspect ratio, perimeter and others. Therefore, up to date, the particle physical
properties analysis is a continuous search for providing the adequate number of measured
parameters what would illustrate the particles e as close to the realistic image of them as
possible. Implementation of the ER as the particle size parameter allows to simplify the
analysis; however, it also generalises the particle size information.

In realities of industrial agenda, the possibility to characterise material with a mini-
mum necessary number of techniques is desirable for optimal analysis time. Ultimately,
the introduction of the ER allows the use of fewer parameters to describe the changes in
the particle sufficiently. On the other hand, this raises a question regarding the feasibility
of relying on a single parameter like ER when the analysis is conducted on particles popu-
lation. Indeed, the availability of the many characterisation parameters is beneficial for
system understanding and consequently would help to provide a quality of the product
needed. At the same time, attempt to gain a too detailed description of physical properties
would imply the growing number of techniques needed to be involved. This concludes the
need to identify the minimum number of parameters and techniques needed to charac-
terise particle accurate enough on a case-by-case basis. Besides, limitation of monitored
parameters to an absolute minimum without liberating the quality of the end product
is a necessary simplification of the actual terms to accelerate the process analysis speed.
Such an approach is generally in favour by regulatory bodies, such as the FDA, which
control strategies and specifications revolve around a single particle size and the accepted
tolerances on the selected parameter [22], where possible. At the same time, the concerns
regarding the variability of the sizes within a single batch kept the discussion open for

more details particle size characterisation parameters, like particle size distribution.
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Figure 2.1.2 Tllustration of D, D5y and Dgg on a normal distribution example [24]

2.1.2 DISTRIBUTION OF PARTICLE SIZES

This section will overview the validity of the assumption to a single size of particles col-
lection. In reality, the particulate system normally shows some variation in their size,
since there are always deviations during their generation(synthesis or another route of
production). The deviation of sizes defines the polydispersity of the suspension. Occa-
sionally, the differences between these size indicators are minor, and all particles within
the system have nearly the same size, indicating that the distribution of sizes is narrow
or monodisperse. According to the National Institute of Standards and Technology, the
particles are called monodisperse if at least 90% lies within 5% of the average size [23].
Outside such boundaries, the material would have a significant number of fine and large
particles in the population and would be named polydisperse.

It is a common practice to represent particle size population by two popular forms:
cumulative (undersize) distribution curve or a frequency distribution curve. Particle size
distributions mostly represented in mathematical form by probability density functions
(PDF), or by the integration of the PDE cumulative distribution functions (CDF). The
probability density function is a straightforward and illustrative way to characterise the
population of particles in the system according to the measured equivalent radius.

The basic characteristics of the PDF are frequently described by a few parameters that
indicate a "predominant size" and the width of the distribution. The predominant size
commonly defined by mode or mean. Mode corresponds to a peak of the distribution

curve, and the mean size is indicating the average of the population. During the particle
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size analysis, instead of reporting a single predominant size, a widely used solution is to
report a few values also to indicate the width of the distribution. Such values are known
as Dy, Dsp and Dgg and illustrated in Figure 2.1.2. D5, indicates where half of the total
particles population is residing. In a similar manner, D¢ and Dy are describing the point
of distribution where 10 % and 90 % of the population lies respectively. By monitoring
these three parameters together, it is possible to state if there are significant changes
in the particle size population, which can indicate the presence of agglomeration or
extremely fine particles. Description of high polydispersity can be challenging with only a
few indicators as the presence of a large number of agglomerates and fine particles may
be overlooked with such an approach. To balance the necessity to have full information
about particle sizes in the system and also comply with the regulatory documentation, the
focus of many-particle sizing techniques was shifted towards a description of the particle
size population by a continuous function.

There is multiple continuous PDF available that can be applied to characterise particle
size distribution. Namely, normal distribution, lognormal, gamma and Weibull are the
most often applied in this context. The function form of the size distribution of particles
depends on how the particles were formed. In practical applications, the exact PDF
shape of the suspension is unknown, but the idea of the expected shape of the probability
density distributions could be approximated based on some general knowledge about
the particles generations during the process. Lognormal distribution has a form of a
skewed normal distribution and describes the presence of large particles, which occur
during milling processes and various polymerisation reactions, although the latter often
characterised more precisely with multimodal distribution[25, 26]. According to previous
studies, the particle size variations in suspension polymerisations exhibit similarities with
liquid-liquid dispersions with high viscosity dispersed phase [27]. Many investigators
have studied drop size distributions in liquid-liquid dispersion and have reported that
the volume drop size distribution can be represented by a normal, lognormal, or gamma
distribution [28-31, 21, 32]. The lognormal distribution is often used as a default model for
the analysis of particle size distribution data, and the following research will be considering
this PDF as a starting point for discussion [33].

For instance, a number of weighted distribution illustrate the system by assuming that
the constituent particles are weighted equally irrespective of its size. Number weighted

distribution is a convenient form that can be re-converted into other distributions forms,
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but it is specifically useful in foreign particle detection, for example, or in the analysis of
the system where particle by particle resolution is required. Another common form of
illustration of particle population is the mentioned volume or mass distribution which
can be either measured directly or derived from number distribution. In such a case, each
particle in the distribution is weighted with respect to the volume of that particle or mass.
Figure 2.1.3 shows how knowing about volume distribution changes the perspective re-
garding material properties. This is often extremely useful from a commercial perspective
as the distribution represents the composition of the sample in terms of its volume/mass,
and therefore its potential value.

Generally, the distribution of sizes indicates the variations in ER; therefore, it is vital
to choose such methodology that benefits the accuracy of the material population rep-
resentation. Once the physical properties of the collection of particles are measured, a
specified model generates a representation of a particle size distribution. Depending on
the type of measurements, there is a variation in the provided ER and its distribution. The
following section will give an overview of the commonly used particle size distribution
analytical techniques and their capabilities to provide additional parameters of interest
like shape factors or concentration of solids. Based on the review, the major limitation will

be shortlisted to evaluate the needs of the current process analytical technologies market.

2.2 OVERVIEW OF STANDARD OPTICAL TECHNOLOGIES

Light-based methods for measuring particles physical properties have become the pre-

ferred particle sizing technique in a wide range of industries [34]. It attributes to the
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Figure 2.2.1 Typical measurement ranges of selection of PSD light-based techniques [35]

interaction of the light with objects, resulting in the visible appearances of them, which
implies the major reason behind such variety of microscopy techniques.

Nowadays, there is a various number of light-based techniques that can perform
particle size measurements. Figure 2.2.1 outlines some of the most used light-based
methods in comparison with particle size range covered. Currently, there is no unified
method that would be applicable for broad size range, i.e. from nm to um range. Apart
from the particle size, these techniques vary in the other parameters they may determine
during the analysis and the analysis procedure itself. In the following sections, the general
operating principles of common particle analysis techniques will be described and dis-
cussed. Process analytical technologies initiative has seriously changed the direction of
measurements from a sampling-based analysis towards an embedded form of monitor-
ing of material parameters during the process. Some of the renowned and widely used
techniques will be described in details, highlighting the assets and liabilities of each of the

methods.
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2.2.1 MICROSCOPIC-BASED IMAGING

Microscopy can be used as an ultimate method of particle size and shape analysis since it
is the only method where individual particles are observed and measured [36, 37]. Optical
microscope often referred to as the "light optical microscope", as it employes visible light
and a system of lenses to magnify images of particles. There general usage of visible light
in the microscopy is also why the method generally applies to particles of the size above
0.8 um [38].

As was mentioned previously, each technique measures some property of the material,
deriving the equivalent radius from it. The optical microscopy is no exclusion, the image
of a particle seen in a microscope is a two-dimensional projected area, and from this
image, an estimate of particle dimensions must be made. This stage involves comparing
the projected area of a particle with the areas of reference circles, or graticules, of known
sizes and routine repetition of the method for particles that appeared in the collected
image. The relative number of particles is determined in each of a series of size classes.
These combined represent the size distribution by number, which can be later converted
into distribution by volume and by weight for homogeneous systems. The total number
of particles in the derived distribution would reflect the concentration of the sample
captured by frame exclusively, and therefore information about the actual concentration
would need to be determined via other, more appropriate for the application methods.

The estimation of particle size distribution from the processing of generated images
was expanded towards smaller sizes (down to 1 nm) using electron microscopy. One of the
most widely applicable methods is scanning electron microscopy (SEM) which produces
images of a sample by scanning it with a focused beam of electrons and the transmission
electron microscopy (TEM) which as the name suggests, uses the transmitted electrons.
Figure 2.2.2 schematically shows the differences between these methods and overview
of the methods setups. The methodology requires the execution of a quite elaborated
sample preparation procedure, which directly affects the efficiency of the analysis, which
is a significant limitation [40].

Sample preparation, however, is not the only nuisance of the traditional image-based
particle analysis. Due to the nature of the analysis, which is based on the individual frame
processing, the image analysis is time-consuming. Semi-automatic and automatic image
processing systems have been developed which speed up analyses and reduce the tedium

of manual methods [37]. The modern image analysis enables rapid processing of the
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Figure 2.2.2 Illustration of light microscopy (a), transmission electron microscopy (b) and
scanning electron microscopy (c) measuring principle [39]

image and therefore quick availability of information regarding the for particles; however,
to employ these developments, many images must be captured during the analysis. The
development of charge-coupled device (CCD) camera-based methods has made possible

the rapid sizing of particles as well as a determination of their shape features.

2.2.2 DYNAMIC LIGHT SCATERRING

Implementation of light - material interaction properties are not limited to images gen-
eration, but also correlate with other properties of the particles. One of the well-known
events that occur in particle suspensions is Brownian motion which is the random thermal-
initiated fluctuations of a particle position in a fluid. The Brownian motion causes the
relocation of particles (also referred to as a walk), followed by more fluctuations of par-
ticles in the fluid [41]. An illustration of a typical measuring setup can be seen in Figure
2.2.3.

Such motion of particles depends on their size, temperature, and solvent viscosity
[42]. Dynamic light scattering (DLS), also known as photon correlation spectroscopy
or quasi-elastic light scattering, is a technique that measures the Brownian motion of
particles in solution by recording intensity fluctuations of laser light scattering. When

the movement of particles over time is monitored, information on the size of particles
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Figure 2.2.3 Dynamic Light Scattering (DLS) diagram [46]

can be estimated, as large particles diffuse slowly. The relation between the speed of the

movement of the particles (D) in the medium of known temperature (T) and viscosity (1)

and the hydrodynamic radius (Ry) is given by the following Stokes-Einstein equation [43]:
kpT

D= (2.2.1)
67T7’]RH

The Stokes-Einstein equation is applicable with assumption to no other forces aside
from Brownian motion that affect the movement of the particles in the system. Increase of
the particle size, which naturally leads to the sedimentation occurrence, disrupts random
movement pattern, therefore the upper size limit of the DLS is generally assigned in
respect to this factor. Since fine particles do not scatter a great amount of light, it could
lead to an insufficient measurement signal. The maintenance of high signal-to-noise ratio
defines lower size limit [44]. The particle size in the equation considers particle size as the
hydrodynamic radius, which is defined as the radius of the equivalent sphere that diffuses
at the same rate as the particle studied. While this parameter doesn't relate to the shape of
the particle, however, there are theoretical developments available that allow deriving the
axial ratio for simple, ellipsoidal-like particle [45].

Signal interpretation is often carried out using a correlator which processes incoming
signal data in real-time. The measured autocorrelation function indicates the intensity-
weighted sum of the decays caused by each particle in the system, determining the
distribution of sizes in the measured sample [47]. The intensity-weighted distribution can

be converted to volume-weighted distribution that represents the relative proportion of
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multiple sizes in a particular sample based on their volume or size, by taking advantage
of the Mie theory [48]. The light scattering theories, particularly Mie theory, are a fun-
damental part of this project and will be thoroughly described in the following Chapter
3.

For the successful performance of DLS measurements, several conditions should be
satisfied. First of all, the concentration of the material used in the analysis has natural lim-
itations due to the methodology of the DLS technique. The lowest possible concentration
depends first of all on the quality of the scattered light intensity as the samples with low
solids content being too dilute for general DLS measurements setup. The measurement
detects the scattering from several particles as they diffuse, but if the concentration is so
low that the number of particles in the detection volume becomes sensitive to particles
migrating in and out of the detection volume, then the detected scattering will vary due to
the number of particles as well as their diffusive nature. [49]. The highest concentration is
dictated by the assumption that the light is scattered once before hitting the detector, not
allowing the analysis of the concentrated sample. Another consideration of the Brownian
motion-based methodology is the elimination of other forces that might affect particles
movement. For example, measurements of large particles or suspensions under mixing
would be contaminated with gravity and centrifugal forces, respectively.

The estimation of particle size distribution from Brownian motion is an example of an
ill-posed problem due to the possibility of multiple solutions and high variability of the
estimated results with the presence of measurement noise [50]. Several algorithms are
available for estimation of the PSD from the DLS signal, [51-53], showing a high standard
performance of straightforward single-peaked relatively monodisperse distributions of
a homogeneous system, yet struggle to deliver reliable results from complex materials
analysis[54]. Increase of the distribution width results in the presence of the particles
of larger size, which tends to predominate the DLS signal, affecting the autocorrelation
function [50].

The search for a more reliable source of information about particles population has
lead to the developments that replaced the detector with a camera, hence utilising the
leverage of imaging-based method and Brownian motion method in tandem. Nanoparticle
tracking analysis (NTA) introduced in 2006, is a system for sizing particles in size range
up to a micron. This technique combines laser light scattering microscopy with a CCD

camera, which enables the visualisation and recording of particles moving in a solution.
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Figure 2.2.4 Nanoparticle tracking analysis (NTA) diagram [55]

The NTA software identifies and tracks the Brownian motion of the individual particles
and inverts the dynamic movement into the hydrodynamic radius, as the DLS technique
described above. Information from the camera tracking the exact number of the scatterers
in the provided samples, which then can be used to derive a number-weighted particle
size distribution and relative concentration of the sample. Due to track of the individual
particles, this analysis is not biased by the presence of large particles and agglomerates,
compared to DLS [56]. Similarly to DLS, the principles and current design requirements
of NTA do not permit the implementation of the technique for the process for monitoring

purposes.

2.2.3 LASER DIFFRACTION

It can be concluded from the previous section that relying on Brownian motion con-
strains the scope of the method to certain concentration range and most importantly, to
motionless suspensions. The limitations do not affect the characteristics of the method
performance, however, may be considered as a difficulty while implementing PAT into the
manufacturing. A general overview of the possible scenarios of light-particle interaction
outcome can be seen in Figure 2.2.5. Deviation from dynamic light scattering towards
other scattered light properties has to lead to the exploration of possibilities of static light
scattering (SLS). Laser diffraction (LD) is a common version of SLS and also grounds on
the alliance between particle size and the laser beam. However, it employs the angle and

intensity of scattered light rather than Brownian motion information.
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Figure 2.2.5 Illustration of light-particle interaction events

A typical LD setup is presented in Figure 2.2.6. During the analysis of particles sus-
pended in medium, the dispersed particles are radiated by the monochromatic beam
of light, producing the light re-radiated opposite to the light source. The distribution of
the re-radiated light is forming a specific rings-shaped image, known as the Airy pattern.
The main idea of the method orbits the fact that the light is diffracted at different angles,
depending on the particle size, resulting in different Airy patterns. Light scatters more
intensely and at smaller angles for large particles and this property was used by a number
of analytical methods to retract particle size information. Two different theories can be
used for the analysis of laser diffraction raw data, namely Fraunhofer and Mie. Unlike
dynamic light scattering methodology, light diffraction behaviour can be fully described
by these analytical solutions of these theories. The analysis results in the estimation of the
percentage of particles in a certain size class, forming a particle size distribution. These
methods are conditional as the quality of their performance depends on parameters at
which the light has been collected. The application of the laser diffraction method is
generally considered for analysis of highly diluted samples to avoid errors from multiple
scattering, which occurs when the radiation undergoes more than one scattering event
before reaching the detectors. A valid diffraction pattern typically requires the particulate
concentration in about 0.001 - 1% v/v range. The analysis inverts the diffraction pattern,
typically using the Fraunhofer theory, and typically results in a volume-weighted PSD
(58, 59, 40]. For analysis of particle shape, a method for determining shape information by
sensing the cross-correlation in the azimuthal diffraction pattern over short periods has

been proposed by Heffelset et al. [60]. It uses a wedge-type detector in the measurement
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Figure 2.2.6 Laser diffraction diagram [57]

system and by correlating the signals over the azimuthal angle to estimate particle shape
[61].

Laser diffraction provides a measurement averaged over time, hence can be applied
to stirred suspensions, increasing the possibility to be applied in-line. Nevertheless,
there is a number of factors that are constraining this method from this. First of all, only
the scattered light that reaches the detector elements can be interpreted for physical
information about particles, therefore with the wrong choice or positioning of the lens,
scattered light at large or small angles may be lost. Apart from that, the concentration
limitation, named above, should be treated with great caution as if the concentration
exceeding the limit, it starts interfering with methodology limitations. Lastly, like many
other particle characterisation methods, one of the biggest challenges for laser diffraction

methods is to obtain a representative sample out of an analysed product.

2.2.4 OPTICAL SPECTROSCOPY

Monochromatic bean implies that all of the light produced by the light source is of a single
wavelength, such as a laser. Apart from being characterised by a single wavelength, the
major difference between laser light and light generated by sources like white light is
that laser is directional and coherent. When a monochromatic beam of light encounters
the suspension of particles, the light begins interacting with particles within the solu-
tion, causing various measurable changes to the pre-existing equilibrium. The exact
light interaction event depends on the multiple parameters, however, the major factors

would be the wavelength of the incident light and the optical properties of the material
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Figure 2.2.7 Electromagnetic spectrum [63]

[62]. Expanding the measurements with a number of wavelengths allows measuring
wavelength-dependent properties of light-particle interaction.

The electromagnetic spectrum consists of a wide wavelength range, presented in
Figure 2.2.7. There are many spectroscopic techniques available, covering the electro-
magnetic spectrum and widely applied in the pharmaceutical industry, from X-ray to
infrared (IR). The spectrum gives valuable information about the chemical structure and
the intensity is related to the concentration and physical properties of the particles. The
analytical information then can be measured, such as transmittance, absorbance or re-
flectance of energy. One of the widely applied ranges in the process monitor and analytical
science, in general, are ultraviolet-visible (UV-vis) and near-infrared (NIR) spectroscopy,
which for convenience will be referred hereafter as UV-vis-NIR spectroscopy based on the
wavelength those techniques provide.

The typical spectroscopy instrument operates by shining a beam of light on a sample
and measuring the intensity of light reaching a detector in a range of wavelength. Gen-
erally, the light of a certain wavelength and energy is illuminated on the sample, where,
depending on the properties of the material, a fraction of the incident light is absorbed. At
a particular wavelength or number of them, there may be the absorption of that radiation
which specific to analysed material and may not occur at neighbouring wavelength. Ab-
sorption of radiation may be recorded in a reflection mode also, resulting in the spectrum
that represents the amount of light absorbed and scattered by particles as a function of
wavelength.

Interaction of the light with particles suspended in a solution is generally described by
two major events: absorption and scattering. Absorption of light indicated the process of
capturing a photon’s energy and following transformation of it into internal energy of the
particle. The rest of the light that interacts with the suspension is diverged or scattered.

Interaction of light with a particle can be classified into four different types: specular
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Figure 2.2.8 Diffuse and specular reflectance and transmittance [64]

reflection, diffuse reflection, specular transmittance and diffuse transmittance (Figure
2.2.8). The term "specular" usually associated with reflection from smooth, polished
surfaces or with the light passing through the sample with the low refractive index. The
term "diffuse" is associated with the reflection from rough surfaces or after undergoing
multidirectional scattering. The way of setup and geometry to collect diffusely scattered
light defines the type of measurement. When incident radiation passes through a turbid
material, some of the light will scatter into forwarding directions. This fraction of scattered
light is referred to as diffuse transmittance. The fraction of light that is scattered into the
direction opposite to incident light defined as diffuse reflectance.

The distribution of light intensity between different light-particle interaction events
can be theoretically described by different methods. They vary from methodologies that
simplify light-matter behaviour to single or no scattering, like Beer-Lambert law (BLL) [65]
to complex development for multiple scatterings, like radiative transfer theory (RTT) [66].
Either of them relates the measured spectroscopic observable to optical properties, widely
known and absorption and scattering coefficients in the unit of inverted length. Generally
characterised by Mie theory, these parameters mostly employed under single scattering
event consideration. They are combining multiple parameters that affect light scattering
behaviour. Bulk optical properties can be obtained, for example, from turbid materials via
frequency-domain photon migration measurements [67—69], or from diffuse reflectance
and transmittance measurement from integrating-sphere based measurements [70] and
double-integrating sphere setup [71]. The details regarding the exact correlation between

the parameters of interest and bulk optical properties are described in Chapter 3.
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The application of spectroscopy as a PAT tool range in difficulty from simple tasks,
such as determining moisture content to broad and complex challenges, such as full char-
acterization of hydrocarbon composition and properties in refinery process streams [72].
Effect of various parameters and their combination on spectroscopy and the potential
of analytically invert it was previously studied on a number of materials and types of
spectroscopy, especially metal nanoparticles. Goh et al. investigated the effect of particle
size on the UV absorption of zinc oxide nanoparticles [73]. As was noted by [74], some
researchers like Prathna et al. [75], Talu et al. [76] predicted the particle size from UV-vis
spectra using Mie theory and investigated the mechanism of nanoparticles formation dur-
ing the synthesis process. Similar research aiming to estimate particle size was conducted
on diffuse reflectance signal [77]. Particle size estimation was also considered in the form
of size distribution and was investigated on diffuse reflectance for metal nanoparticles
[78-80]. These studies were carried out by analytical inversion of spectra in UV-vis-NIR
range, to provide with particle size, its distribution and solids content for non-turbid
samples.

However, analytical inversion is not the only way to study the relationship between
the spectral signal and the needed parameters. One of the approaches to undertake is
to apply chemometric analysis on spectra signal to estimate parameters of interest. For
example, Rosse et al. [81] developed a multivariate regression model for determining
the mineral composition of soil using diffuse reflectance spectroscopy (DRS). In the
pharmaceutical industry application, the approach was also employed for parameters of
interest estimation, like for particle size estimation of lactose monohydrate [82] or size and
shape of chitosan nanoparticles [83]. The application of the chemometrics of NIR spectra
signal in the context of process monitor of particle size was considered for processes like
wet granulation [84] or precipitated silica reaction [85].

The multivariate analysis has a number of beneficial properties, in comparison with
spectra theories. In order to develop a multivariate regression model, the pre-knowledge of
material parameters, like the refractive index is not needed; besides, the theories are gen-
erally based on a number of approximations that complicate the solution and applicability
of them to non-homogeneous systems. However, implementation of chemometric-based
models requires calibration and validation of the developed models [82, 83]. Hence, to
develop a robust method for inversion of parameters of interest from the spectroscopy sig-

nal, the research should focus on the determination of the preferable type of spectroscopy
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measurements and thorough understanding of limitations arising from the analytical

solutions to the spectra in order to use one.

2.2.5 DEVELOPMENTS FOR EXISTING TECHNIQUES

Naturally, the concentration limitation has lead many researchers towards finding a
possible solution. The most straightforward approach is the optimisation of the existing
techniques to improve the quality of particles properties estimation. Examples of the

laser-based standard techniques modifications are presented below.

DYNAMIC LIGHT SCATTERING For a 90° detection angle DLS instrument, in order to
perform measurements with minimum contamination of such by multiple scattering, the
concentration of solution must be low. The required concentration level can be achieved
by dilution of the analyte sample as many times as needed to mitigate multiple scattering
events. One of simplest optical configuration that allows measurements of samples at
higher concentration is backscatter detection [86]. The utilisation of larger angle for
diluted sample to increase the analysed volume and non-invasive backscatter (NIBS)
system to collect a large portion of the reflected light for concentrated systems allow
maintaining the concentration limitation boundaries wide enough for many materials
[87]. When detected at a large angle, laser beam propagates through a certain fraction
of the sample which results in the scattered light passing through a shorter path length
of the sample. As a consequence, for such setup, multiple scattering is reduced allowing
measurements to be taken for samples of much higher concentrations [88].

Dynamic light scattering technique can also be implemented in a cross-correlation
design, which allows the suppression of the multiple scattering effects. For instance,
Segré and Van Megen introduced the design and operation methodology of two colour
DLS technique (available commercially as ALV -GmbH, Langen, Germany) [89]. The
instrument utilises the cross-correlating scattered light using two lasers with 488 and 514.5
nm wavelength. In this light collection geometry, only singly scattered light contributes
to the time-dependent part of the measured intensity cross-correlation function, thus
allowing straightforward interpretation of the data. Introduction of a second laser beam
has also been developed in a different design. The original two colours DLS projected
the incident and scattered beams all lie in the same plane. Another approach, a three-

dimensional dynamic light scattering uses the third dimension emitting the light beams
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onto the sample from positions different from the average scattering plane, and detectors
at scattering angle would be similarly placed at the corresponding positions [90].
Despite providing the possibility of measuring scattered light in concentrated suspen-
sions, the above-mentioned DLS methods involve optical set-ups that are complex to
such degree that does not allow in-line measurements implementation. As In contrast,
fibre-optic-quasi-elastic light scattering (FOQELS) [91] or fibre optic dynamic light scat-
tering (FODLS) [92] methods use an immersion probe with a simple and robust optical
setup and are therefore suited for in-line applications. Both techniques are fibre-coupled
and collect the backscattered light for particle size determination. With small penetration
depths, concentrated dispersion with high solid content up to 40 wt% can be measured
[91, 93]. Nevertheless, the low penetration depth of such techniques and the need in the

non-disturbed environment is limiting the applications of DLS.

LASER DIFFRACTION Unlike dynamic light scattering, other methods like laser diffraction
appear to deliver most of the particle size distribution without constrains to undisturbed
media. Since low concentration is needed to produce a clear Airy pattern, the methodology
is expected to be limited to a specific concentration. In order to apply laser diffraction to
turbid samples, Hamidi and Swithenbank [94] resolved the problem of multiple scattering
using the beam extinction intensity. The latter is generally defined as the fraction of
light that due to interaction with body or particle, has been scattered out of the beam
path; this event can be accounted for via set of correction equations. Felton et al. [95]
determined the extinction level to be greater than 50% for multiple scattering effects
to become significant. It should be indicated, that the conventional laser diffraction
measurements are conducted at less than 50% extinctions, meaning that the majority of
commercial instruments do not consider the impact of multiple scattering.

One of the ways to account of multiple scattering in laser diffraction is by considering
orders for the discrete annular detectors of the sizing instrument [96]. In this assumption,
a single scattering event equates to order one. Consequently, multiple scattering orders are
defined by the number of single scattering events undergone by a photon before it reaches
the detectors. Holve and Harvill have also worked on solving the multiple scattering
problem using this theory, developing a successful correction of the scattering data down
to light transmissions of 5% [97]. The problem of multiple scattering continues to be a
concern to researchers who are interested in measuring highly concentrated medium and

expanding measured properties of the particles.
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2.3 PROCESS SPECTROSCOPY TECHNIQUES

Section 2.2 highlighted the method that is widely applied for the determination of particles
physical and/or chemical properties. The limiting factors of further development of the
standard particle characterisation methods may be summarised down to a few major
conclusions.

Mainly, the fundamental principles of these techniques are restricted to dilute suspen-
sions or certain size range. Furthermore, some of them require a specific design for taking
measurements and/or extensive samples preparations or calibrations for the specially de-
veloped models. Constraining the analysis to such limits prevents the standard techniques
from the in-line application. This section will review the key aspects of the parameters of
interest limitations in more details, followed by the developments that were introduced
on standard techniques to overcome these limitations as well as a brief overview of the

developed techniques.

2.3.1 LIMITING FACTORS FOR IN-LINE APPLICATION

As can be concluded from the overview presented above, the majority of the process
spectroscopy techniques are based on simplistic assumptions that incident light from
the source is scattered by each particle independently. In other words, the light has been
scattered only once and this scattered light is detected. This assumption is generally de-
scribed as single scattering. In order to ensure independent scattering, the typical mutual
distances need to be greater than 20 times the radii of the particles [98]. Consequently,
low sample concentration is necessary to ensure independent scattering.

The occurrence of multiple scattering is a common attribute of a concentrated so-
lution, however, there will always be some small fraction of multiple-scattered light in
most of the suspensions since the single scattering is difficult to achieve in the real-life
suspensions analysis. Re-radiation of the scattered light to another particle breaks the as-
sumptions that are made at the background theories and therefore affects the accuracy of
the estimated physical properties of the suspensions. Hence, accounting on re-radiation
of the scattered light to neighbour particles should be considered by background theories
of signal processing for reliable results.

Lastly, good practice requires representative sampling. When sampling and dilution

are performed, the particle size or particle size distribution might be adversely influenced.
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There is a number of standardised operations available in order to ensure the best result
after necessary sampling [99, 100]. However, the modernisation of the analysis that is
promoted by PAT agenda is aiming to measure materials in their original state, by non-
destructive method, without the need for sampling or diluting them. Considering the
standard methodologies overview presented above, most promising techniques that are
accordant to PAT agenda are light scattering based. They are non-destructive in their
core principle, available in the monochromatic or polychromatic arrangement and have
needed flexibility in setup design.

Tackling the multiple scattering influence on methodologies performance would
be critical for applying the method as a PAT tool. This project focuses on theoretical
considerations regarding the multiple scattering region for a PAT spectroscopy technique.
The complexity of this research question appears in the form of nonlinear behaviour of
concentration increment effect and involvement of other factors. Its main challenge can
be summarised as the study of the parameters of interest effect in the multiple scattering
region and distinguishing the associated limitations.

The potential solutions include measurements, design improvement and evolution of
existing theoretical assumptions in order to ensure the possibility of embedded analysis of
turbid materials. There are multiple studies that propose alternative measurement setups,

which will be reviewed in the following section.

2.3.2 IMPLEMENTATION OF EXISTING TECHNIQUES FOR PROCESS

MONITORING VIA DESIGN CHANGES

Expanding the concentration limitation set by the originally developed methodologies is
a vital step in the development of analytical techniques. The overview of the presented
solutions is demonstrating the variability of possible approaches. However, the popular
measurement designs intend the sample collection and are generally suitable for labo-
ratory analysis as bench-top units. Driven by the constant demand from the market to
provide with a robust technique capable of monitoring the multiple material parameters,
some instruments have been designed specifically for on/at/in-line measurements in
drugs production processes including suspensions. The following sections focus on the
few most popular designs and their background methods, concluding the specific choice

of methodology that will be considered further in this research.
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LASER-BASED TECHNIQUES

IMAGING TECHNIQUES For most of the methods that lie under microscopy definition,
the main obstacles for any further evolution are concerning the need for sampling and
certain concentration to provide with a reliable representation of sample population
during the process [38]. One of the most advanced developments in the area of image-
based analysis allows collecting 2D images of the particulates during the process. Namely,
Particle Vision and Measurement (PVM) and Pixact Crystallisation monitoring (PCM)
techniques were developed in a probe-based apparatus to allow implementation into the
process. The general measurements setup consists of an immersive probe that utilises
video-based microscope to record the optical response of particles, generating the 2D
images of the particles as viewed from the probe window. The information regarding
particle size, distribution and morphology can then be extracted indirectly by image
processing algorithms [101]. However, the nature of the particle size estimation, similar to
standard microscopy, indicates the relatively high limit of the minimum particle size used
as well as suggests that the quality of the images directly affect the quality of the estimated
physical properties.

DYNAMIC LIGHT SCATTERING Applying DLS measurements during the process is chal-
lenging, since particles are often moved by the process stream or by agitation. Accurate
particle sizing using DLS necessitates resting particles in the sample. As one of the ways
to resolve this limitation, a probe head design is introduced, which enables at-line mon-
itoring of particle sizes in undiluted stirred fluids using dynamic light scattering [102].
The novel probe head separates a small sample volume of 0.65 ml from the bulk liquid
utilizing an impeller. In this sample volume, particle sizing is performed using a commer-
cially available fibre-optical backscatter probe. Despite the innovative approach of DLS
measurements application, such design does not eliminate the sampling procedure from

the analysis but automate it.

LASER DIFFRACTION An investigation into the capabilities of at- and in-line laser diffrac-
tion analysis for improved process monitoring and control has been produced by Heng
etal. [103]. The study utilised a commercial system (Incitec, Malvern) to analyse highly
concentrated solutions. However, as the method is based on Mie theory and applicable to

transmittance as low as 5%, according to the manufacturer, it could be assumed that the
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Figure 2.3.1 Focused beam reflectance measurement probe diagram: (a) design of the
technique, (b) measuring principle of a particle chord length using the FBRM technique
[106]

methodology is similar to what was described by Hirleman [96]. The tandem of such de-
sign and methodology provides with possibility of measuring particles properties during
various processes while avoiding the classical concentration limitations. The design of the
measurement set up, though, is quite unique and hence costly compared to alternative
offline techniques.

Several designs and design adjustments for in-situ laser diffraction instruments were
designed in past years [104, 105]. These are fast, free from sample collection methods
that were successfully used for characterisation of the size distribution of material with a
low concentration of the particles. Hence, the availability of in-situ measurements has
mitigated uncertainties introduced by sample handling, however, its application range

falls in standard concentration requirements for lasers diffraction.

CHORD LENGTH DISTRIBUTION One of the widely used alternative approaches is based
on the measurement of the chord length distribution (CLD). The core of the underlying
measurement is based on the estimation of measurement of the distance between two
opposite ages of the particle, a chord. Despite being previously used as an offline method,
the wide implementation of the methodology in the various industries has started with the
development of the focused laser beam measurements (FBRM) system. It is in principle
based on time-resolved measurement of scattering intensity when the light is passing
through the particle in the studied sample. The probe-based method works on the prin-
ciple of light backscattering. A laser is emitted from a source inside the probe, whereas

the source is rotated around the probe axis such that the laser traces a cylindrical surface
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at high speed (Figure 2.3.1). When the revolving laser encounters, it gets returned to be
collected by a detector, placed in the probe tip. Each of these reflections is treated as one
count of particle detection, and the chord length is calculated by multiplication of the
duration of reflection event by the known scan speed of the laser. Over the course of the
period of time, reflections that correspond to multiple particles are recorded, and the
results are an exhibit by the number of counts in different particle chord length, hence
forming a chord length distribution. The applicability for such technique is broad; it has
been studied among different materials used in the pharmaceutical industry, and it is
especially popular in the monitoring of crystallisation processes [107, 108].

This measurement can be indirectly related to various parameters of the system, and a
lot of work has been done to extract parameters like particle size distribution, encrypted
in the measured data. The CLD measurements, despite being related to the particle size
distribution, does not exhibit the direct linkage to the latter and needs to be inverted. Usual
approaches include gathering standardised datasets, like Li et al. empirical methodology,
based on a transformation matrix of CLD measurements for pre-known particle sizes
[109]. Gathering standardised dataset is time-consuming, cumbersome and simply is not
always possible [110]. Besides, the CLD result obtained by FBRM is complex, depending
not only on the PSD but also on particle optical properties and shape [111].

One of the major disadvantages of the chord length measurements is the tendency
of the probe to become fouled with small particles. Total counts of chord lengths have
been found to change linearly and then nonlinearly with solids concentration as solids
concentration varies from low to high. This is due to a larger particle being more likely
to be detected than a smaller one and therefore generates more counts [112]. Increment
of concentration of particles of small size generates the signal based on inserted of the
measured data. Along with the indirect nature of the PSD information, these observations
raise the question regarding the availability of advanced and less uncertain measurement

principle.

REFLECTANCE AND TRANSMITTANCE UV-VIS-NIR SPECTROSCOPY

Implementation of theories like Mie for connection of particle properties with the scat-
tered light is not limited to analysis of the directionality of the scattered light. In fact, the
intensity of the light averaged across scattered directions contains the equivalent degree

of information about particle size and can be express through the optical properties. This
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Figure 2.3.2 Schematic of basic inline transmission measurement design: (a) transmittance
probe, (b) transmittance flow cell [113]

is the underlying concept used in UV-vis-NIR spectroscopic-based methodology. The
short integration time in the millisecond-range, high sensitivity results and relatively low
cost makes the multiwavelength spectroscopy approach a compelling tool for process
monitor application. The outstanding properties of the process multiwavelength spec-
troscopy over other reviewed techniques have been already briefly covered when the
conventional spectroscopy of materials was discussed. Ability to provide with spectra
across a wide range of wavelength at a relatively low cost of the components, flexibility
in measuring configurations and non-destructive nature of the analysis has naturally led
to design modifications to provide with process monitoring equipment. Different types
of optic instrument are available on the market; they can be generally classified by the
type of measurement collected. Below presented two main classifications of the diffuse

spectroscopy setups and the required background theories.

TRANSMITTANCE MEASUREMENTS The goal to implement the spectroscopy instrument
into the process has lead to a few prominent design adjustments, most popular out of
which being flow cells and transmission insertion probe [113]. Flow cells may be plumbed
directly into a process, but are more often used for on-line measurement where the by-
pass loop is used to flow some of the samples through the device and return to the main
stream. The setup typically exhibits the sample gap, that may vary between setups from 1
mm up to several centimetres, in between two opposing lenses, forming the flow path of
the Z-like configuration, as shown in Figure 2.3.2(b).

Alternatively, to plumb cell design, transmittance measurements can be collected via

a probe-based instrument, inserted in the particulate suspension. (Figure 2.3.2(a)). These
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Reflectance Probe

Figure 2.3.3 Schematic of basic inline reflectance measurement design [113]

probes may be inserted through a port in a pipe or vessel. For the analysis, the probe tip
must be immersed in the suspension. Transmittance probe work by sending a beam of
light into a sample gap where it is collected by the receiving fibre on the opposite end of
the gap. [113].

Collection of the transmitted light remains the most applied configuration up today. It
is generally justified by the straightforward Beer-Lambert law. For transmittance measure-
ment, however, the presence of the receiver of the light on the opposite side of the light
source leading to discussion regarding the feasibility of the usage of such instrument in
highly turbid systems [114]. Depending on the size of the particles, there is a point when
the concentration reaches such value when the intensity of the transmitted signal would
decrease with concentration od solids increase. This constraint also typically found in the

classic, bench-top transmission spectroscopy.

REFLECTANCE MEASUREMENTS Diffuse reflectance spectroscopy is a non-invasive optical
technique that is widely used for biomedical application, and one of the principal methods
used to interrogate solid samples, especially powders in pharmaceutical industry [115].
Perhaps one of the greatest benefits of diffuse reflectance, which contributed to its rising
popularity is that it is ideally amenable to automation, requires less complex design
arrangements and is applied to the semi-infinite turbid medium. [116].

To explain the latter, it should be stated that the quality of the estimation of material

properties highly depends not only on methodology but also on the quality of the sig-
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Figure 2.3.4 Selected examples of spatially resolved diffuse reflectance probe fibres config-
urations: [4, 117,117, 118]

nal. Analysis of the concentrated particulate suspensions makes diffuse transmittance
measurements more complicated than diffuse reflectance measurements due to the low
transmitted intensity of the signal received, which can lead to poor signal to noise ratio.
Despite the possibilities to have an analytical solution of either type of spectra, implemen-
tation of diffuse reflectance spectroscopy can be more beneficial to accommodate a wide
concentration range. Hence, diffuse reflectance measurements on turbid samples are of
practical interest to this research.

There are some variations in the actual design between different suppliers, and the
overall operating principle can be seen in Figure 2.3.3. Each of the probes consists of the
incident and receiving fibre bundle, to deliver illumination and direct the collected light
to a spectrometer. There are multiple variations between fibres layout; the general setup
incorporates several illumination fibres in a ring around a central detection fibre (Figure
2.3.4 ().

For material analysis, the probe is immersed in the sample of the particulate suspen-
sion, however, additional protection layer of glass/quartz may be incorporated as well
because it is not catalytically inert concerning the reaction mixture or does not withstand
its corrosive influence. In that case, diffuse reflectance must be ascertained that the shield-
ing does not falsify the signal, e.g. by specular reflection on the glass [113]. However, once
the suitable way of probe protection is selected, it is generally easy to implement probe-
based tool into desired processes, making diffuse reflectance probe-based techniques
attractive for various areas and applications.

There are variations in the design, which allow different types of measurements col-
lection. For example, the incident fibre may be placed to illuminate a light at an angle

different to normal to the probe tip surface [119]. The receiving fibres can be placed at dif-
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ferent distances to the source: the arrangement is known as spatially resolved [117, 118, 4],
or even combine a few features in one instrument to regulate the path length [120].

With the source-to-receiver (S-R) separation, the collection of diffuse reflectance
measurement at several distances allows differentiating measurements which travelled
shorter distances through a sample as well as the light that propagated through the sample
forlonger distances. In the case of multilayer thick samples, the spectral signal collected by
fibre close to the light source would obtain the information gathered from the layer closest
to the surface. Consequently, the light collected further from the light source contains
the cumulative information of multiple layers of the material, including those that are
lying at larger depth. This property was broadly used in the biomedical applications of
diffuse reflectance. The spatially resolved diffuse reflectance has been a subject of many
studies as a diagnostic tool for medical applications, alongside with time-resolved and
frequency domain techniques [121-124]. Spatially resolved spectroscopy among those
named is one of the most affordable and flexible, therefore the concept then gradually
transitioned into food and agricultural fields, where it was applied for optical properties
studies to determine the ripeness stages studies [125], meat freshness [126], sugar content
prediction in vegetables [127] and many more [128].

The same principle can be applied to the analysis of the other turbid materials to
retrieve properties like particle size, shape and concentration. At the moment, there
is a limited number of studies available that study the effect of physical properties of
the particles, like particle size, distribution and morphology on such spectra, either via
multivariate analysis or analytical solutions. The primary examples can be summarised
from work of Nagli€ et al. [129] for determination of bulk optical properties from SRDR
via inverse Monte Carlo and Scheibelhofer et al. [130] via various methods applications
for powders analysis. Limited research has been reported because spatially resolved
techniques are still not well developed and not widely available for implementation as
PAT in the pharmaceutical sector. Spatially and angularly resolved diffuse reflectance
measurement (SAR-DRM) tool is a novel technique that was already applied on suspended
polystyrene particles analysis by Chen ef al. [120] via partial least squares (PLS) model
application on spectra. This research opens up a possibility to expand their methodology
for SAR-DRM analysis from data-driven approach onto the calibration-free method. With

the right choice of the background theories, particle physical and chemical properties
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can be estimated without the need in the calibration dataset, resulting in a more robust

method.

2.4 CONCLUSIONS

The review in the chapter above aimed to distinguish the challenges and limitations of the
current particle sizing techniques with respect to process analytical technology agenda.
To achieve this aim, the particle size as a parameter of measurement was discussed,
standard methodologies and the common examples of the measurement designs were
presented. A large number of techniques require sampling, slowing down the analysis
process and waisting the material. Light-scattering techniques, on the other hand, are of
non-destructive nature and have the potential to be implemented directly into the process
with instrument design adjustments. However, the background theories pose additional
limitations as some of the methodologies are strictly limited to certain conditions, like
still media or low concentration of particles.

Diffuse reflectance spectroscopy is one of the most promising approaches for in-
line analysis of turbid media because of its measurement design which benefits from
concentrated materials, unlike transmittance-based measurements. One of the most
rapidly developing type of diffuse reflectance is spatially resolved diffuse reflectance,
however, there are not many studies reported the physical properties effect on this type
of spectroscopy. It offers the measurements from deeper layers of the samples, which
is expected to assist the analysis of concentrated materials. Due to the complexity of
the diffuse reflectance spectral signal, it is often analysed via multivariate data analysis
techniques, which would rely heavily on the quality of the calibration dataset. This review
concluded that the focus of the study will be placed on spatially resolved diffuse reflectance
potential for the estimation of the parameters of interest from turbid suspensions and the
development of the inversion algorithm based on available analytical solutions to SRDR
spectra. Development of methodology steps, their validation and thorough investigation
of the interrelation between diffuse reflectance design and parameters of interest effect of
spectra are the essential steps of the project. The next Chapter 3 will focus on an overview
of the theoretical background behind the methodology proposed, followed by Chapter 4
that will cover aspects of the exact methodology of the forward calculation and discuss

the practicability of involving S-R distance parameter into suspensions analysis.






CHAPTER 3

THEORETICAL MODELS DESCRIPTION OF

LIGHT SCATTERING BY AN OBSTACLE

Diffuse reflectance signal consists of light scattering events generated by many particles
in the solution. The event of light interaction with a system of particles can be defined in
three essential steps. The first step is to describe the interaction of the light by a single
particle, which is assumed to be isolated and be of a defined size and shape. The second
step is to explain the expansion of the solution for a single particle with a number of
particles within one system. This step combines the individual contribution of each light-
particle interaction event to account for the total bulk optical properties. Extension of the
simplified result of the second step towards accurate, multiple scattering-based solutions
is executed in the third and final step of the forward calculation. This chapter describes in
details the theories for all these steps to give an insight into principles of optical properties
of particles systems as well as indicates the limitations and theoretical adjustments of the

measuring setups.

3.1 SCATTERING BY SINGLE PARTICLE

3.1.1 SPHERICAL OBSTACLE

Interaction of the light with a single particle has been studied for over 150 years, and since
then it was almost perfected for spheroidal particle shape. Bohren and Huffman reviewed

itin 1983 in details [131], with significant milestones highlighted as follows.



40 | Theoretical models description of light scattering by an obstacle

« H
s = z
g - g <3
2 ¢ @ ¥
2 22 —£E «— = >
T T T I
e -~
1cm b OQ\ P - Hail
& ¢
A8 -
o~ ’
o' ’
1mmp ____“.on " < Raindrops
S
w 100pmp -~ : c(\(‘c’ b J Drizzle
3 . - -
= L ” ofF .
e} ne
&  10pumf w Cloud droplets
X " ’
- *.._.Q T i Dust,
= Tum/f~ . "U\\\“ e 1 } Smoke,
P X 2 Haze
- 0
0.1 pm 7 '}*\20 - 000 -
- @ B Aitken Nuclei
- - “\(\Q
10nn~——/,' Lb\\'* B
. Ao
p a0
InmpE . . Y\éQ\\Q )
’ Air Molecules
o | 1 | 1
0.1 ym 1 pm W0pm 100pm 1mm 1<m 10¢cm
Wavelength

Figure 3.1.1 A diagram of scattering regime as a function of radiation wavelength and
particle radius [132].

Scattering by a single homogeneous sphere became a question of study in 1869 with
Tyndall’s initiative [133], which were followed by two separate studies. The first is pub-
lished by Lord Rayleigh [134], where he relaxed size conditions and dielectric constraints,
and derived the expression for light scattering by the relatively small particle. The second
piece of work was built on Rayleigh’s results to waive size limitation. In 1908, the general
solution of Maxwell’s equations for the sphere of arbitrary size was obtained by Gustav
Mie on gold nanoparticles in aqueous suspensions [135]. It is one of the most studied
and widely applied solutions in the light scattering field, however, due to the necessity to
incorporate the refractive index of the particle and medium, it was simplified and gained
popularity as Fraunhofer theory. [136]. Hence, the interactions between particle and light
are traditionally classified by two major categories or regimes: Rayleigh scattering and
Mie scattering. The classification is based on the size parameter x, also known as the ratio

of particle radius to the wavelength of the light in the surrounding medium, A,,:

_ 2R

X—E

(3.1.1)
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This parameter is commonly used to identify the actual limitations of each regime.
The boundaries of the regimes are illustrated in Figure 3.1.1. Depending on the wave-
length used, the scattering encounters limitations of the Rayleigh regime at a size of a few
nanometres. With the radius of a scatterer below that, the particle exhibits the Rayleigh
scattering characteristics regardless of shape [137]. Mie scattering, on the contrary, cov-
ers larger particle size ranges which are relevant to many chemical industries. Unlike
Rayleigh’s approach, the theory is limited to spherical and some highly symmetrical shapes
(spheroid, infinite cylinder).

As was already reviewed in Chapter 2, the theory forms the basis of many laser-based
particle characterisation techniques. When the material and fundamental characteristics
are unknown, the choice for optical properties computation theory is considered in favour
of Fraunhofer theory, however, as was previously examined, lack of material specification
in Fraunhofer results in over-reporting of scattering extinction especially for nano-sized
particles [138]. Hence, in this project, Mie theory is employed for characterisation of
single, spherical and homogeneous particle.

Aside from particle size, Mie scattering theory incorporates multiple parameters to de-
scribe the redistribution of the light caused by particle scattering. The theory assumes that
a particle with a complex refractive index, m, is embedded in a non-absorbing medium
with a refractive index n,, and illuminated by an incident plane wave at a wavelength A.
The latest represents the wavelength unaffected by surrounded medium, which is a wave-
length in vacuum. To account for the medium, A can be modified into aforementioned
term A, = %

Refractive index is a dimensionless measure that describes the ration of the velocity of
light when it passes through material to the velocity of light in a vacuum with indication to
what part of the light is refracted (real) and attenuated (imaginary). The complex refractive
index combines real part of the refractive index of the particle n, and imaginary part i k.
To make it relative to the ambient medium, this term should be adjusted with the real part
of the refractive index of the surrounding medium #,,, which in total can be expressed
asm= %ﬂik’”. This term is wavelength dependent, making the following light scattering
terms dependent on wavelength also.

Once all the parameters above are defined, the changes in the electromagnetic fields
of the light-particle interaction can be calculated. However, in practice, the rates at which

energy from the incoming light is scattered and absorbed are of more interest than the
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propagation of the electromagnetic fields after light-particle interaction. According to
Bohren and Huffman [131], the extinction cross-section (o.(x)) is a measure of a total
re-radiated light (Q.(x)) that has been distributed by scatterer of a defined geometrical
cross-sectional area. This measure combines scattering and absorption cross-section
(os(x) and o,(x) respectively) parameters into a single term yet they may be derived

separately. Its mathematical expression is given by:

Oe(x) = Qelx, N7R? = % 2n+1)Re(a, + by) (3.1.2)
n=1
2 o0
05(x) = Qs(x, )7R* = = 2 @n+ D(lanl* + bpl?) (3.1.3)
n=1

where a, and b, are Mie coefficients, which represent the amplitudes of the scat-
tered field from the Bessel functions. Based on energy conservation law, the absorption
cross-section, o ,4(x), of a particle can be defined as a difference between extinction and
scattering cross-sections. The detailed mathematical formulation is given in Bohren and
Huffman [131].

The shape of the scattering pattern in space is expressed by phase function, p(@, x):

21
X2 (0 4(x) + 05(x))

p@,x) = [1S10,x)°+1S20,1%; g=| p®OcosddQ  (3.1.4)
47

where 0 is the scattering angle, S; (6, x) and S» (6, x) are known as the scattering am-
plitudes which correspond to the vertical and horizontal polarisation of the scattered
light. The scattering amplitudes are defined in Mie theory by angular dependent functions
7,(0) and 7,(0), which determine the angular dependence of the electromagnetic field.
These amplitudes form an essential analytical background to understanding the way light
propagates after scattering. If the particle grows, the light is dominantly scattered in the
forward direction 7,(0) and 7,(0). An illustration of this can be found in Figure 3.1.2.

A particle of the size much smaller than the wavelength scatters light equally in the
forward and backward directions, whereas a larger particle exhibit distinctive forward
scattering. Extensive knowledge of the angular dependence of the scattered light is nec-
essary for techniques like laser diffraction. The predominant direction of the scattered
light can also be characterised by the averaged cosine of the scattered angle or anisotropy

factor (also known as asymmetry parameter), g, as expressed in Equation 3.1.4. Along with
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Figure 3.1.2 Angular distribution of the scattered light p(8, x) by polystyrene particle with
(@) x=0.5 and (b) x=10

cross-section values, they are the critical parameters needed to describe the light-sphere

interaction.

3.1.2 ARBITRARY SHAPED OBSTACLE

The biggest constraint of the Mie theory is its restriction to spherical particles, as in reality,
the majority of the materials used in the pharmaceutical industry consist of non-spherical
particles. Non-spherical particles scatter light in a way different from spheres, however,
due to the complexity of such a scattering event, the solution is normally approximated.
A rough approximation for describing light scattering and absorption by non-spherical
particles is to replace the term of particle radius with the radius of the equivalent sphere,
either by the surface area or volume. Chylek and Ramaswamy [139] showed that for non-
spherical particles with particle size parameters x<0.6 using a sphere with the equivalent
surface area yields a better approximation to the extinction cross-section of the non-
spherical particle than the volume-equivalent sphere, and the opposite is found for larger
particles. The work generally concludes that an approximation of non-spherical particles
to equivalent sphere radius has to be taken with caution as a further increase of the particle
dimensions decreases the accuracy of optical properties representation from the solution
for exact shape by up to 40% [139]. As mentioned before, the Rayleigh scattering regime
does not require taking particle shape into account. However, despite the possibility
of describing scattering by non-spherical particle, the size limitation does not allow to

apply the method to the majority of size parameters below 0.6. Thus, more advanced
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methods to describe light scattering by arbitrary-shaped particle should be included in
the consideration.

Electrodynamic models that expand the theory beyond Mie have been developed for
particles of non-spherical shape. Analytical solutions of Maxwell’s equations are avail-
able for light scattering by only a few simple shapes like spheroids and infinite cylinders.
[140-143] Most of the solutions address the problem of light scattering by such particles
via expanding the incident, scattered, and internal fields in vector spheroidal or cylin-
drical harmonics respectively, similarly to the approach taken by Mie theory for spheres.
However, the spheroidal harmonics do not represent a complete set of orthogonal func-
tions as the spherical harmonics do. Therefore, these solutions are considered complex
and usually applied when the approximation to the equivalent sphere is unsatisfactory.
For the method to be applied to analyse measurements from PAT tools, factors, such as
computational time are important to consider.

To improve the computational efficiency and to extend the types of shapes to be
calculated, a number of numerical models for arbitrarily shaped particles have been
developed, like discrete dipole approximation (DDA) [144] and the T-matrix method of
extended boundary condition [145]. These methods are the best evolved and the most
commonly used; T-matrix is claimed to be the fastest out of the two [146]. Yurkin and
Kahnert [147] presented a study where they compared both methods performance and
accuracy, suggesting that T-matrix shows a higher relative error, compared to DDA.

Discrete dipole approximation describes the interaction of a molecule of the particle
with the incident and re-radiation wave from the other excited molecules of the parti-
cle. The re-radiation by the molecule is coupled to the radiation of all other molecules.
This concept was introduced by Langbein to calculate van der Waals attraction between
molecules; hence it does not assume dipole-dipole coupling.[148] A similar method was
developed later, which divides the scattering particle into spherical sub-regions placed
within a lattice. Those sub-regions are small enough to be considered as radiating dipoles.
The method referred above was described by Purcell and Pennypacker [149] and later
reviewed by Draine and Flatau who implemented the calculation in C++ code (DDSCAT).
A detailed description of the DDA can be found in [144], a summary is presented in the
following paragraph.

The DDA considers the particle consist of a collection of dipoles, N, with polarisability

a . Each of dipoles interacts with a fraction(E ;”‘:) of the plane wave of the incident light
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%2
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Figure 3.1.3 Definition of particle orientation used in DDSCAT calculation [144]

(Ep). As aresult of interaction, the local dipole field E; can be estimated and converted to

more common terms, like scattering and absorption cross sections:

N .
05(X) =0e(x)—04(x) = v Y Iml(EY) - a;Ej] —04(x) (3.1.5)
|EO|2 j=1 ]
where
0 4(x) ——kﬁlm[(E-a-E*)—%kgla-EZI] (3.1.6)
R =T ;

where k is a wavenumber of the incident light and defined as k = 27” This approach is
hardly limited to any specific shape. For convenience, the DDSCAT algorithm provides
easy access to different lattice frames, which correspond to different particle shapes.

Introduction of particle shape into calculation also introduces particle orientation
parameter. The rotation of the studied particle can be considered within three different
planes,®, ® and B, which are illustrated in Figure 3.1.3. These planes, refereed as Euler
angles, are placed within the Cartesian axes, where particles are located in the origin of
them. The current study uses an isotropic assumption (i.e. the particles are randomly
oriented). In order to satisfy such an assumption, the optical properties shall be averaged
uniformly over all orientations.

In order to successfully perform optical properties simulation using DDSCAT, there

are a few limitations that should be considered. Firstly, the distance between dipoles,
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d, should be very small, compare to the wavelength. Hence, there is a specific criterion,
set as |m|kd < 1, that will abort the simulation when exceeded. Too fine dipole spacing
would run against practical considerations of central processing unit (CPU) performance
and standard computer memory capacities which limit the number of dipoles potentially
employed. For best computational speed without affecting result accuracy, it is advised to
keep N below 108 at the same time. Therefore, it is obvious that the DDA is not suitable for
huge size parameter x, or particles of very large values complex refractive index m. Same
as the Mie theory, the primary utility of the DDA is for scattering by dielectric targets with

sizes comparable to the wavelength.

3.2 BULK OPTICAL PROPERTIES

Formulas above describe the optical properties for single-particle only, either of spherical
or arbitrary shape. In practice, a particle system can rarely be described by the behaviour
of a single particle. Hence the bulk optical properties are of more interest for study on
suspensions.

The most studied system in those consisting of particles with identical chemical, opti-
cal and physical properties. If one considers a beam of light propagating in a suspension
with N, (R) number of spheres per unit volume, where each of them will have a scattering
cross-section, the bulk optical properties can be calculated using the defined volume
fraction of the suspended solids and a surrounding medium. For the suspended solids,

the number of particles per solids volume fraction can be defined as:

Pm

3.2.1
(Om+pp/C—pp) 413 R3 ( )

Ny(R) =

where p, is the density of the medium, p,, is the density of the particle, and C is the
weight fraction of the particles. The product of the scattering and absorption cross-section
and number density are called scattering and absorption coefficients, respectively. The

formulae of these parameters expressed as follow:

ps(x) = 05(x) Np(R) Ha(x) = 04(X)Np(R) (3.2.2)
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The above-mentioned parameters can be used to describe a single scattering system,
i.e., the system where particles are located far enough from each other to prevent light
re-radiation. An average distance that light travels between scattering events is called
transport mean free path (tmfp). In other words, tmfp corresponds to the distance after

which the propagation direction of an incoming wave or particle gets randomised [150]:

1
t = 3.2.3
mpf La(x) + (s (x) ( )

Asymmetry parameter, g, represents the average cosine of the scattered angle of a
particle with specific intrinsic properties, such as size, shape as well as the refractive index.
Therefore when such properties are constant for the system of particles, this parameter will
remain unchanged. The two scattering parameters, us(x) and g can be incorporated into
another parameter called reduced scattering coefficient which describes light propagation

per random walk:

(%) = (1— g) s () (3.2.4)

Another difference in comparison with a single particle model is that the bulk optical
properties usually considered as properties of the system of scattering bodies that are
embedded in the medium. Water, for instance, is generally considered as a homogeneous
medium and is well known for its light absorption properties. During propagation through
water, light is highly attenuated by absorption in the NIR regime of the spectrum. So far,
absorption and scattering of the surrounding medium were absent, however, must be
incorporated into the model for the system of particles. For a known volume, the bulk
absorption coefficient of the medium can be expressed as follows [131]:

am ik, 1-C)
Ham= =3

where ik, (1) is the imaginary part of the refractive index of water and C is a con-

(3.2.5)

centration of material in specified volume. The electromagnetic scattering by particles
immersed in an infinite absorbing medium though was considered previously and recently
developed into a computational tool [151], however approximation to finite volume is

comprehensible yet accurate for medium like water with well defined absorption spectra
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region. The total bulk absorption coefficient, u,(x) of the system can be then expressed

as:

Ha (x) = Ila(x) + Ua,m (3.2.6)

3.3 DIFFUSE REFLECTANCE

The methods described above consider only particles are located far enough from each
other in the suspension to let the scattering event occur just once. This assumption
is no longer correct once volume fraction of particles increases, resulting in multiple
scattering. This term was already mentioned in Section 2.2.3 as a definition of one of the
limitations for light scattering techniques. Re-radiation of the light results in scattering
events within the system, which are not accounted for by above-mentioned theories, and
which are inevitably happening in highly scattering or concentrated systems. Therefore,
the presence of the multiple scattering re-defines the properties of the measurements.
The exact choice of measurements setup is dictated by the needed applications, however,
as discussed in Chapter 2, diffuse reflectance spectroscopy is a promising design for
turbid media analysis due to stronger signal collected. Total diffuse reflectance and
the spatially resolved diffuse reflectance are two types of the diffuse reflectance that
are widely employed for this purpose. To describe those analytically with respect to
multiple scattering, radiative transport equation (RTE) and diffuse approximation (DA)
were selected for this research. The following section describes the theory for these two

solutions, defining main differences between methods.

3.3.1 TOTAL DIFFUSE REFLECTANCE

The propagation of the light in a turbid media can be expressed by the radiative transfer
equation. A beam of light loses energy through absorption and scattering away from the
main traveling direction. In that case, the reflectance is formed by gaining energy from
fraction of light reflected and re-radiated by particles usually after some number of times.
RTE incorporates the optical properties of the single scattering system into describing
multiple scattering process. The formula for the steady-state radiative transfer equation is

given by Patterson et al [152]:
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§-VI(r,8) = —pa(R,AI(1,8) — pus(R,AI(1, §) +

K 5&5{’” f PG, +SrS (3.3.1)

where r is the position of the particle from the source and s is the direction of the
particle. The terms of the equation indicate the convection of photons on the left-hand
side. The equation illustrates the effect of absorption (first term) and scattering (second
term) in all possible directions, described by included phase function and concluded with
a light source term.

To provide the RTE with an exact solution, there are a number of mathematical models
available, such as the principle of invariance [153], discrete-ordinates [154] and the adding-
doubling method [155]. The principle of invariance is efficient for thin layer materials,
becoming complex and extensive to solve with an increase of layer width. The discrete-
ordinates approaches RTE by discretising the latest into a number of first-order differential
equations. Aside from relatively inefficient computational efficiency, the method becomes
ill-conditioned for highly anisotropic cases. Generally, the computational inefficiency is
shortcomings of other solutions of RTE, for instance, Monte Carlo, leading to consideration
of more efficient theories [156].

The adding-doubling (AD) method is another numerical solution and, unlike the
discrete-ordinates approach, provides an accurate solution to the systems of any anisotropy;,
and computationally efficient for multi-layered media. This method is applied in this
project as a solution for the total diffuse reflectance. To estimate the total diffuse reflection
term, AD method refers to a system with two identical layers (or slabs) which interact with
incident light of known intensity and direction. The illustration of such a system is given

in Figure 3.3.1 and the formulae expression of it can be seen below:

1,1
Rd(tot):/(; fo R(uo, 1)2podpo2pudp 3.3.2)

where R(uo, pt) is a matrix operator that defines the reflected radiance in the p direction

by a slab, considering the conically incident light directed to p.

3.3.2 SPATIALLY RESOLVED DIFFUSE REFLECTANCE (SRDR)

Collection of the total diffuse reflectance signal is not the only option available for con-

sideration. With optical fibre measurement setups, a wide range of possible irradiation
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Figure 3.3.1 Schematic diagram illustrating the incident radiance and the total diffuse
reflectance [157]

geometries becomes available. From biomedical applications, the light-emitting and
receiving fibres can be placed in the different arrangements to improve the tissues analysis
strategies [152], as reviewed in Section 2.3.2. This study utilises the optical fibre designs in
analysing particle information from the suspensions. In particular, this project will focus
on probe design from Thennadil et al [158], which involved spatially resolved receive fibres
as well as multiple light sources, placed at different angles. The latest is not a question of
study in this project; hence, the discussion of the theoretical and measurement approach
will be focused on the specificity of spatially resolved diffuse reflectance measurements.

The schematic setup in Figure 3.3.2 summarises the geometry of the spatially resolved
spectroscopy system design. With the application of the instrument to suspensions
analysis, collection of the diffuse reflectance at further source-to receiver allows obtaining
the signal that travelled further in the sample, presumably interacting with a larger number
of scatterers. However, the intensity of the light is fading while propagating through the
medium and so fades the reflectance collected at further S-R distances.

To model the above mentioned diffuse reflectance setup, a diffuse approximation of
radiative transport theory, which expands the intensity term through spherical harmonics,
is considered as the best approach [159]. It is a flexible and computationally efficient
way to describe diffuse reflectance, however, it is limited to systems where the reduced
scattering coefficient dominates over the absorption coefficient [160].

Diffuse approximation with respect to radial dependence of the reflected light can
be solved by a few approaches. Reynolds et al [161] and Groenhuis et al [162] initially
attempted to express the radial variation of diffuse reflectance, followed by the number

of other developments, most popular among which are Farrell et al [163], Paterson et al
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Negative source

tmfp + z,

Figure 3.3.2 Schematic image of the diffuse reflectance model for normal light
incidence[119]

[121], Marquez et al [164]. Farrell’s method was widely applied in the biomedical field
and previously employed in the current research group studies, hence is applied for the
analysis in current work.

This method based on the assumption that scattering is isotropically distributed,
meaning that any direction of scattering after light interacts with the particle is probable.
The criteria of such assumption satisfaction can be conveniently described by using an
isotropic point source placed at a depth of single transport mean free path (tmfp), which
was defined by Equation 3.2.3.

With normal incidence of light, the boundary conditions are satisfied by placing a
negative source at the equal distance from the extrapolated boundary as point source, as

seen in Figure 3.3.2. The formulae expression of the radially dependent diffuse reflectance

is presented below:

a(x) (rmfp (L+ pepp(x) pr(S— R)) el Herr® P1E=R)
Rais-m = e PLS—R)?
(tmfp +22p) (L + peff(x) p2(S— R))eHerrXIP2(5=H)
p2(S—R)3

+

(3.3.3)

where p;(S—R) and p2(S—R) are the radial distances, depended on source-to-receiver

distance, zj, is the parameter that unites internal reflection at boundary layers with dif-
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fusion coefficient. Aside from tmfp, particles bulk optical coefficients are also supplied

through the albedo, a(x), and effective attenuation coefficient, y.rr(x), as:

!/
a(x) = K00

) _ ,
T pa(x) + () Lhef £ (X) = 3ta(x) (Ha(X) + (X)) (3.3.4)

The equations shown above illustrate the major steps of the diffuse reflectance calcula-
tion. Selected model, expressed in Equation 3.3.3 provides a relation between bulk optical
properties of particles embedded in medium, signal collection distances and the diffuse
reflectance signal. Bulk optical properties depend on particle size, shape and volume
fraction, consequently affecting the diffuse reflectance. Gaining further understanding
of the type of changes that the above-mentioned parameters of interest cause to the
reflectance signal in the context of different S-R distances will be objectives of the next
chapter. Additionally, the details related to the incorporation of the polydispersity into the
bulk optical properties computation are discussed in the next chapter also, followed by

the results of the forward simulation for the hypothetical particulate system.



CHAPTER 4

SIMULATION OF REFLECTANCE SIGNAL FOR
SYSTEMS OF SPHERICAL PARTICLES WITH

THE DISTRIBUTION OF SIZES

The analysis of simulated reflectance signal is a vital step before signal measurement and
analysis as it allows to estimate the values of material properties that, in theory, affect
the spectra at a significant extent. Knowing the sensitivity of diffuse reflectance to pa-
rameters of interest needed to initiate the discussion about the feasibility of parameters
of interest inversion. This chapter focuses primarily on the quantitative evaluation of
the effects of parameters of interest (mode radius of the particles, the distribution width
and concentration of solids) on bulk optical properties on different types of diffuse re-
flectance. Furthermore, it investigates the potential of using total or spatially resolved
diffuse reflectance (SRDR) to estimate parameters of interest. The benefit of the spatially
resolved diffuse reflectance over total diffuse reflectance measurement on analysis of tur-
bid systems has been studied by modelling and measurements for biomedical diagnosis
[165-167]. The increased dimensionality of the spatially resolved measurement enriches
the information captured for the determination of tissue’s optical properties with the S— R
distances, which may be optimised to reduce noise and target specific depths for specific
tissue applications. However, to our knowledge, there is no systematic comparison of the
performance between diffuse reflectance and the spatially resolved diffuse reflectance in

the context of particle size distribution and concentration influence. The study involved
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modelling both total and spatially resolved reflectance to compare the sensitivity of the

methods to parameters of interest and their applicability.

The chapter is organised into three parts. It starts with a description of the methods

which were developed to model bulk optical properties for the polydisperse system, total

diffuse and spatially resolved diffuse reflectance signal. It follows by validation of the

developed algorithm. The rest of the chapter analyses the results from the modelling

performance. They were studied to evaluate the effect of physical and chemical properties,

potential limitations and transferability of the effects from bulk optical properties to the

reflected spectral signal.

4.1 DEVELOPMENT OF THE METHODOLOGY FOR

CALCULATING OPTICAL PROPERTIES OF POLYDISPERSE

Refractive indexes,
Particle size range R,
Mode[R], o and cone

Mie theory

Single particle
optical properties

‘ Mie theory

Bulk optical properties

‘ RTE/ DA

Diffuse reflectance

Figure 4.1.1 Flow chart of dif-
fuse reflectance computation
routine

SYSTEM

The forward calculation routine for light scattering
behaviour is desirable to model the dependence of
spectral response for both, the particulate suspen-
sions properties and measuring setup parameters.
With the ability to conduct such modelling, the in-
version process can be initiated to obtain parame-
ters of interest. An algorithm to calculate the diffuse
reflectance based on physical and chemical prop-
erties has been selected, consisting of three major
stages, illustrated by the flowchart in Figure 4.1.1.
The first stage is the calculation of optical proper-
ties for a single particle, extensively covered by Mie
theory. The second stage transits to bulk optical
properties, which also described by traditional Mie
theory for monodisperse system and has been ex-
tended with distribution width also. These stages

are essential as this calculation ties together mate-

rial properties (particle size distribution, concentration, refractive index) and particles
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bulk optical properties, which describe the scattering of an electromagnetic plane wave.
The computed bulk optical properties were then applied to the Radiative Transport Equa-
tion (RTE) and its Diffuse Approximation (DA) in the last stage of the forward calculation
to obtain the total and spatially resolved reflectance, respectively. The steps for computing

the bulk optical properties and reflectance spectra are described in detail below.

4.1.1 EXTENDED BULK OPTICAL PROPERTIES FOR POLYDISPERSED SYSTEM

The most common method for describing the scattering, absorption and angular dis-
tribution of light is the Mie theory, which is presented in Chapter 3. The discussion of
Section 3.2 indicates that the optical properties can be approximated from one particle
to a monodisperse collection of them and the limitation to the non-absorbing medium
can be tackled for mediums like water by calculating absorption for a given volume frac-
tion of the medium. In the case when sufficient difference in particle size is present, the
bulk optical properties must account for the contribution of particles of different sizes.
Implementation of particle size distribution to Mie theory parameters was considered
and derived before [168-171], however, the general interest was focused mostly on an-
gularly dependent parameters of scattered light and the studies on optical properties
did not provide great details regarding the effect of the distribution width itself and its
combination with other parameters of the particulate system. The closest agenda was
addressed by Aernouts ef al. [171], who focused on the development of the inversion
methodology for particle size distribution from the bulk optical properties, which was
later utilised by Postelmans et al. [172] in the resent work on milk fat globules. These
studies are based on the relatively low concentration range to ensure the independent
or single scattering regime, which is necessary for the measurement setup employed. In
the approach proposed below, we aim to provide an algorithm that allows evaluation of
the proportional contribution of particles to the bulk optical properties for a range of
wavelength with following computation of the diffuse reflectance to account on multiple
scattering. Such development lifts the limitation to a low concentration of particles, hence
expanding overall method applicability.

Optical properties, like scattering and absorption cross-section as well asymmetry
parameter, are dependent on particle radius and therefore shall be combined with particle
size distribution for calculating bulk optical properties of a polydispersed distribution.

Equations for the scattering and absorption cross-section (Equation 3.1.3), can be ex-
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tended directly with integration over particles sizes, resulting in the distribution averaged

cross-section for scattering and absorption as follow [170]:

Riax Riax
0= f Qs(R) mR* f(R)AR; 0a= f Qu(R) tR? f(R)dR (4.1.1)

min min

To calculate the bulk optical properties, a total number of particles in the system
should be accounted for. The probability density function, f(R), is used as a normalised
number density function and is defined as a normalised number of particles per unit
volume at each radius R. The normalised distribution function means that, when the
integral of the function is equal to 1, the total number of particles per unit volume is one
[173]. Therefore, the optical properties above correspond to ensemble-averaged optical
properties. Accounting on the number of particles, Ny, the bulk optical properties can be
calculated.

Bulk optical properties for the polydispersed system can be obtained similarly to those
for a monodisperse system [174]. However, the involvement of distribution function
requires revisions of equations valid for the monodispersed system, specifically, the total
number of particles should now account for particles of all sizes. Despite several studies
available which incorporated particle size distribution into the Mie theory, almost all of
them omit the derivation of the total number of particles per unit volume in respect to
particle size distribution (PSD) [175, 173, 176, 177, 170].

Despite being a straightforward term, it is a forward calculation stage, that should be
thoroughly understood in the context of its relationship with PSD. Since the inclusion
of Mie theory also includes integration over particles size distribution, the number of
particles per unit volume described first, to avoid any following confusions. This may
create confusion regarding the implementation of such variable into Mie theory. To
avoid the confusion and clarify the vital for this research calculation procedure, the
following section presents the derivation of the total number of particles per volume for a
polydisperse system.

Total number of particles per unit volume is defined from mass fraction, C, which is

expressed as follows [174]:



4.1 Development of the methodology for calculating optical properties of polydisperse
system | 57

__ Y _ Vi Pp
Vwpw+Vppp  Vier =Vp)pw+ Vppp

(4.1.2)

where, V), and V,, are the volume of particles and volume of water, respectively, and
Vior is total volume of the suspension, assuming the suspension is an ideal solution.
Density of particles and waver expressed as p, and p,, respectively. By rearranging the

. . . v, .
Equation 4.1.2, the volume fraction of the partlcles,W’Zt, can be derived as follows:

CViorp
= — (4.1.4)
pp+Cpuw—Cpyp
V,
P Puw (4.1.5)

Vior Pw+pPp/C—pp

The volume fraction of particles can be then converted into the number of particles per
volume, N,. This require to normalise the Equation 4.1.5 by the volume of the single parti-
cle, which, in the case of a single sphere, is %nR‘o’. Hence, the equation for monodisperse

system is:

N, = Puw (4.1.6)
For a polydisperse particle system, Equation 4.1.6 is revised as:
N, = Pw (4.1.7)

P (ot pplC—pp)ai3 [ B3 f(RYAR

Hence, bulk scattering and absorption coefficients can then be derived from combin-

ing Equation 4.1.1 and Equation 4.1.7 [177]:

Rmux
Hsa=NpOsa= f Qsa(R) TR* N), f(R)dR (4.1.8)

min
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where s and a denote scattering or absorption, respectively. The anisotropy factor
expressed in Equation 4.1.9 is the final form as it is independent of the number of scatterers.
To describe the polydisperse system, the asymmetry parameter is estimated for particles

of all sizes and then normalised, which is expressed as follows:

Jmax (RN, 05(R) f(R)AR

g =
Syl Ny o (R) f(R)AR

(4.1.9)

4.1.2 MATERIALS AND METHODOLOGY

MATERIALS SELECTION To examine the light scattering behaviour, the example of col-
loidal suspension had to be chosen. Preferably, the study needed to focus on the sus-
pension of nearly perfect smooth spherical nanoparticles that exhibit highly scattering
properties and almost negligible absorption, and also can be synthesised in significant
amounts and relatively high concentrations, to evaluate the effect of the latter. Polystyrene
suspensions were selected to match the above-mentioned criteria and will be used in the
current and majority of the following studies in this thesis.

There are several parameters that needed to be provided before performing a forward
calculation. First of all, the material properties had to be ascertained. This stage requires
the density of the particles (polystyrene), of the surrounding medium (water) and their
refractive indexes (RI). The density of polystyrene was set to 1.06 g/mL [178]. RI values
for water in the UV-vis-NIR range (450 - 1850 nm) were taken as the values reported by
Hale and Querry [179]; the refractive index of polystyrene was provided by Sultanova et al.
[180]. The forward calculation below was computed for a range of parameters of interest

of the polystyrene particles. The limits of the studied range have been defined as follows.

PARTICLE SIZE DISTRIBUTION PARAMETERS Analysis of polydisperse suspensions requires
to consider the distribution of different size groups. The presence of polydispersity can
be described with a discretised range or continuous function. As discussed in Chapter
2, during the polymerisation reaction, the size of the particles formed is influenced by a
number of factors. Based on previous studies, log-normal probability density function,
f(R), was chosen as the most prominent way of describing the particle size population of

the studied polystyrene suspensions:
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2(0)2 (4.1.10)
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where o stands for the log standard deviation of the distribution, R is a value of the
radius in a range between 0 and infinity and R is the mean size of the particle population.
Although mathematically the chosen distribution form may extend to infinity, the trunca-
tion of integration to some specified maximum value (R;;,y) is recommended [181]. With
a choice of R4 that is large enough to converge the bulk optical properties computation
to desired numerical accuracy, the computation time can be significantly reduced. Same
is applicable to determine the lower limit of R, termed as R,;;,. If the above mentioned is
satisfied, the truncated particle size distribution becomes an equivalent of the distribution
with original limits.

Mode radius of the system was considered in the context of the Mie particle size param-
eter x. This parameter is defined as a ratio of particle radius to wavelength. Theoretically,
Mie theory does not have the upper size limit, however, with the increase of particle size,
the forward scattering also increases, forming a difraction peak, which complicates the
interpretation of the scattering coefficient due to its large contribution to it. Generally, the
particle size parameter that corresponds to the Mie regime of light scattering lies between
0.1 and x ~ 1, where it expects to have the peak of scattering efficiency before forming
strong scattering peak [131]. By reverting Equation 3.1.1 for the largest wavelength used
in the study (1850 nm) and assuming the largest x to be lower than 3, the minimum and
maximum values of mode radius were roughly estimated to 25 nm and 650 nm respectively
to cover Mie scattering regime.

Once the predominant particle size is placed, the following step is a consideration of
the particle size distribution inclusion. The distribution width parameter, o, was used in
the following study in the range from ultra-narrow (0.05) to ultra-wide (1.5). To perform
the integration with a guaranteed convergence, a priori sufficient minimum and the
maximum value of R are required. Maximum radius value, R, was derived to be 15
pm based on defined maximum mode radius and distribution width in such way so it
leads to convergence, i. e. satisfy the following: [ gn'fii" f(R)dR = 1. The lowest radius
boundary, R,,i,, was assumed to have a value as small as 1 nm. These limits were used to
set a linearly spaced range with a step size of 2 nm. Despite the apparent low efficiency of

the selected approach, the purpose of such wide boundaries is to illustrate the sensitivity
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of the optical properties and diffuse reflectance, hence, is a sufficient solution for the
objective. The above-mentioned parameters are valid for most of the studies in this

project, if not mentioned otherwise.

DIFFUSE REFLECTANCE SIMULATION PARAMETERS The majority of the parameters needed
for the diffuse reflectance calculation are set during the calculation of the optical proper-
ties; the rest of them correspond to the experimental setup. The total diffuse reflectance of
polystyrene particles was modelled for 1 mm thick quartz cuvette with the refractive index
of the quartz being 1.5. Spatially resolved diffuse reflectance were computed with setup
for the Spatially and Angularly Resolved Diffuse Reflectance Measurement (SAR-DRM)
system, developed by Chen et al [158], where the system provides four-light source-to-
receiver(S-R) distances: 0.3, 0.6, 0.9 and 1.2 mm, which were included as S-R distances
for simulation. SAR-DRM has the capability of emitting light at 0°, 30° and 45° to the
probe surface. However the study below will focus exclusively on normal (0°) light emit-
tance, and therefore, the simulated signal will be referred to as spatially resolved diffuse
reflectance (SRDR). Some of the parameters were eliminated, as the relative refractive

index of the sample-air interface due to the probe being immersed into the sample.

COMPUTING ENVIRONMENT The formulae above summarise the changes that have been
made to original Mie theory to include particle size distribution. The equations above
were then implemented into Matlab subroutines for computing. The two stages routine,
written in Matlab that combines the above-mentioned calculation parameters with the
forward calculation of diffuse reflectance methodology. The latter includes Mie-based
extended bulk optical properties algorithm, merged with either total or spatially resolved
diffuse reflectance.

This study uses Matzler’s Mie code implemented in Matlab [182]. The method uses
built-in functions (including half-odd order Bessel functions of the first and second kind,
Jr+1/2 and Jz+1/2) to numerically solve for the optical parameters, s, g, and g. This study
expands Matzler’s code to calculate the system of polydispersed particles in the manner
described above to include particle size distribution in the study. The code developed is a
functioning tool for computing bulk optical properties for a polydisperse particle system
over the needed range of wavelength.

The second part of the developed algorithm is based on the simulation of diffuse

reflectance signal of two different measurement designs. The main difference between
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those in the light collection setup since spatially diffuse reflectance offers multiple source-
to-receiver distances. To complete the reflectance simulation algorithm, the bulk optical
properties were supplied into two models for diffuse reflectance computation. Total
diffuse reflectance was obtained by using Adding-Doubling-based Matlab computational
routine, developed by Thennadil & Chen [183]. The spatially resolved reflectance model is
based on Farrell’s diffuse approximation solution [163] and also implemented in Matlab

2018b by researches within the research group.

4.2 VALIDATION OF THE DEVELOPED FORWARD

CALCULATION

4.2.1 COMPARISON OF PERFORMANCE OF EXTENDED BULK OPTICAL

PROPERTIES ALGORITHM WITH CLASSICAL MIE THEORY

The developed computational routines have to be validated to avoid misleading results
and evaluate the degree of confidence in its predictions. The routine for Mie calculation,
originally introduced by Matzler’s as a solution for a single particle, includes the extension
to account for the monodisperse collection of particles. In this research, this routine
was expanded to incorporate a particle size distribution function. Since the distribution
function is a statistical representation of the population of the particles, comparison of
monodisperse bulk optical properties, computed for collection of particles of the same
size with those, computed for a polydisperse system with narrow distribution width, may
serve as a benchmark for model validation. Theoretically, the optical properties of the
polydisperse system calculated from the extended algorithm should be identical to those
for the monodisperse system if o was set to zero.

For comparison, the original Matzler’s routine was used to simulate the optical proper-
ties for a monodisperse system. The optical properties of a polydisperse system with a
narrow distribution width were simulated using 0.002 for a distribution width in Equation
4.1.8 to avoid singularities. Simulations were performed in 450-1850 nm wavelength range
for a range of mode radii between R,,;, and R;,,x with a step size of 1 nm. For both

simulations, the concentration of the particles was set to 10 wt%.
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Figure 4.2.1 Comparison of bulk optical properties simulated via the original (Matzler’s)
and the developed computational routines: (a) bulk scattering coefficient, (b) bulk ab-
sorption coefficient, (c) asymmetry parameter

The results can be seen in Figure 4.2.1. They represented in the form of scatter plot,
where each point corresponds to simulation for a given mode radius, specified by the
colour bar. Since the validation is targeting to unveil the differences caused by distribution
width only, the effect of wavelength shall remain constant, and therefore each simulation
was summed over wavelength. The obtained scatter plot allows a visual comparison of
the data, where any deviation between outputs from the two methods will manifest as a
deviation from the diagonal line. All simulations show a strong, linear correlation between
bulk optical properties for a monodisperse system and those for a polydisperse system
with a narrow distribution width. For all of the optical properties calculated, there are no
outliers in the simulated data. The difference between outputs from different routines
does not exceed ~ 107°. The results agreed with the hypothesis, confirm the accuracy of

the developed routine in one of the extreme cases for a polydisperse system.

4.2.2 COMPARISON OF PERFORMANCE OF EXTENDED BULK OPTICAL

PROPERTIES ALGORITHM WITH LITERATURE RESULTS

Since the extension of bulk optical properties to the polydisperse system of particles has
been available to the research community for a while, another route for routine validation
can be a direct comparison of results with those available from the other researchers.
Majority of such studies though were focusing on angular properties of scattered light,
like phase function, which is not used in this form in current research [184, 185, 168, 186].
In addition, execution of such study involves pattern comparison, due to unavailability of

raw data, leading to a degree of uncertainty. An alternative route to validate the developed
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routine would be to use the routine developed by other researchers for their work. A
small number of studies up to date attempted to implement the theory into an open-
source computational code. To my knowledge, there are at least three open-source codes
available that calculate optical properties by an ensemble of polydisperse particles. For
example, Bond et al[187] have shared the Matlab code for optical properties computation
for the lognormal particle size distribution of homogeneous or coated spheres. The other
code, written in C and Fortran, was released by McGarragh [188] in 2012 and called LMie.
Similarly to Bond’s work, it computes optical properties for a polydisperse system of parti-
cles, however, the particles are strictly homogeneous. This code expands the distribution
functions range to six different functions, implementing the mathematical derivation
by Mishchenko et al [170] into a computational routine. The last published work is the
Fortran code by Mishchenko [189] himself, who have implemented their previous work
on electromagnetic scattering by particles embedded in the infinite absorbing medium in
a Fortran-based computational tool for the calculation of far-field optical properties with
a possibility to account for polydispersity. In this work, the code developed by Bond et al
was used for validation of developed routine as the code is also Matlab based.

The following analysis investigates the bulk optical properties affected the most by the
changes in the width of the distribution. The validation of the results was performed by
comparing the bulk scattering coefficient and asymmetry parameter computed by the
Bond’s code and the routine developed in this research (Equations 4.1.9 and 4.1.8). A
number of fixed input parameters was selected and both of the routines were executed
accordingly. Since Bond’s method returns the optical cross-sections of the light, not
the bulk optical properties, the result from this code was then used in the Equation
4.1.8. The input parameters included particle size distribution (mode radius and o),
wavelength range and corresponding refractive index for the particles and the medium.
For both simulations, mode radius was assigned as 250 nm, the distribution width was
submitted as a range between 0.002 and 1 with the interval 0.05. Wavelength range and
the corresponding material properties were chosen the same as described in the previous
section. The interval wavelength range was also identical.

The results of the comparison are presented in Figure 4.2.2 for the bulk scattering
coefficient (in (a)) and asymmetry parameter (in (b)). The scatter plot compares the results
of simulations between the methods summed over the wavelength range. The colour

of the markers indicates the corresponding distribution width. The simulated results
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Figure 4.2.2 Comparison of optical properties simulated by Bond’s and the developed
routine: (a) bulk scattering coefficient, u, (b) asymmetry parameter,g

from both methods are close to identical as the difference in values below 10~ for both
parameters analysed. These results set a degree of confidence in the routine developed
and therefore, the following results of simulations are considered as accurate estimations

of the bulk optical properties.

4.3 INVESTIGATION OF SENSITIVITY FOR DIFFERENT TYPES
OF DIFFUSE REFLECTANCE TO PARAMETERS OF INTEREST

VIA COMPUTATIONAL MODELLING

As stated at the beginning of the chapter, conducting the comparison analysis on simulated
total and spatially resolved diffuse reflectance is a vital step for this research to gain
understanding on the potential of each type of spectra. The study in this section has a
significant impact on the following work as, depending on the degree and appearance
of each property and their combination, the inversion approach may be considered
accordingly. The previous study [120] suggested that the main effect of concentration can
be seen by the changes of the magnitude of optical properties dependent on a number of
particles, whereas particle size effect appears in the form of the spectra peak shifts over
wavelength, therefore there is a degree of prior knowledge about some of the parameters
of interest. At this point, there is no knowledge of the influence of size distribution and

its cumulative effect with mode radius and concentration on diffuse reflectance for the
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selected material. Therefore, the study below has prioritised the distribution width effect
on analysing the simulated spectra.

The following study is organised in three main sections. First of all, the effect of
PSD on the bulk scattering coefficient (u), absorption coefficient (i,) and asymmetry
parameter (g) was studied, followed by those on the total and diffuse reflectance. The
analysis was focused primarily on observation of the effect of particle size distribution
parameters (mode and width) on bulk optical properties and at what degree the effect
becomes noticeable in diffuse reflectance. The effect is also evaluated in the context of
its wavelength dependence and source-to-receiver distances dependence for spatially
resolved diffuse reflectance. Lastly, the combined effects were studied on SRDR to depict

potential interference with each other.

4.3.1 INFLUENCE OF PARAMETERS OF INTEREST ON BULK OPTICAL

PROPERTIES
EFFECT OF MODE RADIUS ON BULK OPTICAL PROPERTIES

It is common knowledge in the spectroscopy field that particle size has a strong effect on
measurable optical properties [131]. The following study is conducted for analysis of the
particle size effect appearance on the bulk optical properties of polystyrene suspensions.

The study was conducted with an assumption to monodisperse suspensions for mode
radii range explained in Section 4.1.2, however for clarity, the illustrations below focus on
the range from 50 to 500 nm in radius. The concentration of them was set to 10 wt%. The

calculated bulk optical properties can be seen in Figure 4.3.1.
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Figure 4.3.1 Bulk optical properties computed for monodispersed systems: (a) scattering coefficient
Us, (b) absorption coefficient u,, (c) asymmetry parameter g with concentration of 10wt %.
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With an increase of particle radius, the bulk scattering coefficient is increased nonlin-
early (Figure 4.3.1 (a)), and the increment is not evenly distributed across the wavelength
range. The particle size effect is more prominent between 450-1000 nm. The effect
of increasing particle size on an increment of the increased bulk scattering coefficient
is straightforwardly justified because large particles have significantly larger scattering
cross-section.

The bulk absorption coefficient in Figure 4.3.1 (b) is not affected by mode radius
changes since the volume fraction of the particles remains unchanged. The asymmetry
parameter, on the other hand, exhibits strong responsiveness to the changes in particle
size. The effect is wavelength dependent; with the increment of particle size, the features
are observed to shift toward longer wavelength. Simultaneously, the effect appears in
changes in magnitude as well, which arises from the increased forward scattering peak
thatis averaged into the g parameter (Figure 3.1.2). The response of bulk optical properties
to particle size, observed in Figure 4.3.1 is similar across different concentrations [183].
Therefore, the study above confirms that the particle size of polystyrene beads has a strong
effect on the bulk scattering coefficient and asymmetry parameter, which was recognised
previously [131, 169]. However, the results above are necessary for analysis in the context

of other parameters of interest.

EFFECT OF DISTRIBUTION WIDTH ON BULK OPTICAL PROPERTIES

Computation of the bulk optical properties is a first stage of the routine, therefore the

general idea of distribution width effect can be observed from the analysis of them.
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Figure 4.3.2 Probability density function for particulate system with mode radius (a)
125nm and (b) 300nm. Colour corresponds to distribution width, o
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Figure 4.3.3 Bulk optical properties computed for mono(dashed line) and polydis-
perse(solid lines) systems: (a) Scattering coefficient u;, (b) absorption coefficient g,
(c) asymmetry parameter g for collection of particles with mode radius 125 nm and
concentration of 10wt %. Colour corresponds to different distribution width, o.

The effect of distribution width was investigated in a range specified in Section 4.1.2.
The selected range extensively illustrate narrow and ultra-large distribution width (Figure
4.3.2) of lognormal probability density function (PDF).

In order to illustrate the distribution width effect appearance in full, results for two
particulate systems with different mode radii, 125 and 300 nm are discussed below. An
illustration of bulk optical properties can be seen in Figure 4.3.3. There are three sets
of plots corresponding to us, 114, and g, respectively. Polystyrene has weak absorbing
properties with an absorption peak at around 1680 nm. Changes in distribution width do
not affect the bulk absorption coefficient, i, since the volume fraction was kept the same.
However, the bulk scattering coefficient and asymmetry parameter are greatly affected by
particle size distribution. Hence, most of the further analysis in this section is focused on
these optical properties.

The chosen material exhibits strong scattering properties, which is reflected in . As
was anticipated from results in Section 4.2.1, while using a relatively low o parameter
(close to 0) in the bulk optical properties simulation, scattering coefficient properties did
not differ from those for a monodisperse system of particles. With a gradual broadening
of the distribution, ;s mainly decreases with the addition of distribution function into the
analysis. Yet, this decrement is not linear across the wavelength range. Inclusion of the
distribution parameter causes more prominent changes in 450-1000 nm wavelength range,
although the further broadening sees the scattering coefficient in the NIR region affected.
It should be noted that the increase of particle size distribution width does increase the

bulk scattering coefficient yet only for o under 0.5. After this value, the p1; decreases as was
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Figure 4.3.4 Bulk optical properties computed for mono(dashed line) and polydis-
perse(solid lines) systems: (a) Scattering coefficient g, (b) absorption coefficient p,
(c) asymmetry parameter g for collection of particles with mode radius 300 nm and
concentration of 10wt %. Colour corresponds to distribution width, o.

mentioned. This tendency continues strongly until o reaches 0.85, and after this value,
the sensitivity of the bulk scattering coefficient to distribution width drops significantly
and the scattering coefficient values becoming very similar across the wavelength studied.
Increase of distribution width includes large particles into a simulation, which in its turn
obliterate the scattering features that can be seen at smaller distribution width [169].

Another effect of large particles present in the particulate system is the occurrence of
strong forward scattering. It can be seen in Figure 4.3.3(c), that forward scattering starts to
dominate the asymmetry parameter while the distribution width is increasing. Hence, g is
constantly increasing with the increase in size distribution. The increase is not uniform
across wavelength and has a larger magnitude at 750-1850 nm wavelength. Similarly to
what was observed on the scattering coefficient, at o larger than 0.85, the asymmetry
parameter does not change with changes of o and wavelength any longer.

The observations for the particulate system with mode radius 125 nm are similar, but
not identical to the system with mode radius 300 nm. Figure 4.3.4 illustrates the same
bulk optical properties computed for different mode radius and the same distribution
width range. In this system, the bulk scattering coefficient mostly decreases with the
increase of distribution width, after the latter exceeds 0.3. The asymmetry parameter for
the monodisperse system has different appearance over the wavelength range from the
one for 125 nm, exhibiting two distinguishable peaks at 750 and 1100 nm. The effect of the
distribution width on the asymmetry parameter is similar to the one observed previously.

Summarising the observation from simulated spectra for both mode radii, incorpo-

rating the particle size distribution caused a distinct change in the scattering coefficient



4.3 Investigation of sensitivity for different types of diffuse reflectance to parameters of
interest via computational modelling | 69

and asymmetry parameter for o values above 0.1. The exact value of o which starts to
affect the bulk optical properties is difficult to retrieve given that none of the studied
optical properties increases strictly proportionally with the distribution width. The largest
relative difference between monodisperse and the polydisperse systems is observed at the
asymmetry parameter, where the strongest influence of distribution width was located
in the NIR range. On the other hand, the bulk scattering coefficient is affected the most
at UV-vis wavelength range, at the lower extent in NIR range in relative units, compared
to the asymmetry parameter. Moreover, the presented simulations correspond to fixed
parameters (mode radius and concentration), and therefore the effective value of o may
vary with varying the fixed parameters. It is challenging to conclude what property is the
most sensitive to the particle size distribution. The scale cannot be directly compared,

which complicates the comparison of the effect’s degree.

EFFECT OF CONCENTRATION ON BULK OPTICAL PROPERTIES

Another parameter of interest in this research is the concentration of solids. As can be
concluded from the Equation 3.2.2, bulk optical properties are proportional to the concen-
tration of particles in the system. The asymmetry parameter is a measure of average cosine
of the scattering angle by a particle and does not involve the concentration (Equation
3.1.4) and therefore independent from its effect. Nevertheless, a study was presented to
illustrate the effect and compare it with the effect of physical parameters, like mode radius
or distribution width. An example of monodispersed polystyrene suspensions of different

concentrations presented in Figure 4.3.5.
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Figure 4.3.5 Bulk optical properties computed with assumption to monodispersed system:
(a) Scattering coefficient us, (b) absorption coefficient i, , (c) asymmetry parameter g
with mode radius 250 nm. Colour corresponds to concentration.
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The variations in the concentration of solids affect the scattering coefficient and
absorption coefficient only. The latter has a more prominent response to changes in
concentration than to changes in particle size distribution. The proportion of absorption
between water and the solids is changing with the change of the concentration. The
increase in concentration causes the growth of the polystyrene absorption peak and
consequential reduction of water absorption peak.

Despite the fact that changes in the concentration affect the magnitude of the bulk
scattering coefficient, this appearance of the effect is different to the effect of particle
size that also results in the magnitude differences (Section 4.3.1). While analysis of bulk
optical properties individually would indeed lead to analysis complication, in the method
developed, bulk optical properties are supplied to the next stage of diffuse reflectance
calculation in full. Despite the similarities of some of the parameters appearance on
one of the optical properties, the simultaneous involvement of multiple bulk optical
properties contributes towards to specificity of the effect. In this case, the particle size
effect appears mostly at the bulk scattering coefficient and asymmetry parameter, whereas
the absorption coefficient does not carry the effect due to constant volume fraction. On
the other hand, the variations in the concentrations change the absorption coefficient as
well as the bulk scattering coefficient, without affecting the asymmetry parameter, as it is
independent of a number of scatters. The effect of both studied parameters have a strong
wavelength dependence and appear differently at a different wavelength. Therefore, the
analysis of a combination of bulk optical properties at multiple wavelengths may prevent
misinterpretation of effects.

As was diffuse reflectance is affected by the cumulative effect of all bulk optical proper-
ties, the influence of parameters of interest at the diffuse reflectance and how it compares

with those seen at bulk optical properties should be analysed further.

4.3.2 INFLUENCE OF PARAMETERS OF INTEREST ON DIFFUSE REFLECTANCE

The following section summarises the results of the complete forward calculation and
presents the analysis in two major aspects. First of all, the effect of particle size distribution
and concentration on diffuse reflectance was evaluated to analyse the overall sensitivity
of this type of measurements to parameters of interest. Secondly, the diffuse reflectance
measurements can be conducted via a number of different instruments, and with the type

of instrument, the diffuse reflectance signal may be subject to change, which consequently
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Figure 4.3.6 Total diffuse reflectance computed with assumption to a monodisperse
system for collection of particles of concentration 10w t%. Colour corresponds to
mode radius

results in the amount of information it provides about the studied system. To evaluate the
preferences in the measurement design to benefit the quality of the parameters of interest
inversion, the performance of diffuse reflectance in the context of parameters of interest
effect were compared by supplying the bulk optical properties, computed in the previous

section.

EFFECT OF PARTICLE SIZE ON DIFFUSE REFLECTANCE

The bulk optical properties, computed for the polystyrene systems of various particle
sizes, are used to compute the total and spatially resolved diffuse reflectance. Total diffuse
reflectance intensity increases with an increase of particle size, as seen in Figure 4.3.6. The
magnitude of particle size effect reduces when particle radius approaches 200 nm, the
spectra no longer responds to the size changes at when the radius exceeded 300nm. UV-vis
region of wavelength is not as sensitive to particle size changes, as, in the NIR region,
the differences in spectra caused by particle size are prominent and straightforward. If
measurements of total diffuse reflectance are considered for estimation of particle size,
the analysis should be truncated to NIR range.

Spatially resolved diffuse reflectance was computed for four different source-to-receiver
distances, results for each of them are presented in Figure 4.3.7. With an increase of S-R
distance, the intensity of the reflectance signal reduces. It is caused by the losses that
light experiences after propagating through the sample. The SRDR at the closest S-R dis-

tance for the smallest particle radius (50 nm) exhibits a distinctive peak at 585 nm, which
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Figure 4.3.7 Spatially resolved diffuse reflectance computed with assumption to monodis-
persed system for collection of particles of concentration 10w %. The signal collection
distances are: (a) 0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d) 1.2 mm. Colour corresponds to
mode radius

changes position towards to large wavelength with increase of particle radius. Between
450-1400, the difference between SRDR signals for the different radius is almost negligible
and the spectra profiles are entangled, although for particle radius below 150 nm, the
difference between signals is distinguishable. For particles with a radius larger than 300
nm, the difference between their SRDR spectra is relatively small, however divisible one
from another. At other wavelengths, the magnitude between studied SRDR signals peaks
between 1600-1850 nm.

The general response of SRDR to the particle size at current S-R is analogous to total
diffuse reflectance, yet some of the spectra features, like absorption peak, appear differ-
ently. While total diffuse reflectance is sensitive to particle size in the form of magnitude
change at specified wavelength range, spatially resolved diffuse reflectance is sensitive
to particle size across the presented wavelength range and also exhibits strong spectra
profile features at different S — R distances. A significant degree of variation between
signals is an essential condition for parameters inversion, which spatially resolved diffuse
reflectance provides with. Total diffuse reflectance appears to be more sensitive to particle
size changes than SRDR spectra at the NIR region, whereas the SRDR is more responsive
to size changes at UV-vis range. Increasing S-R distance changes the appearance of the

wavelength-specific features for a signal from each particle size group. The noticeable
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difference in the SRDR spectra for particle radius below 200nm can potentially be utilised
to separate the effect caused by a specific size group below 200nm.

One of the observations arises from the comparison of results from total and spatially
resolved diffuse reflectance simulations. The total diffuse reflectance intensity increases
with an increment of mode radius, however, the appearance of the effect on SRDR spectra
decreases. This observation demonstrates the difference in the selected theories, precisely,
the accuracy of them at different diffuse reflectance regions. The diffuse approximation
does not model near -to-source diffuse reflectance accurately, it describes the reflectance
signal for the light that travels longer than single transport mean free path. Considering
the discussion by Lin et al [119] based on Monte Carlo simulations, it implies that the
major share of the total reflected light corresponds to a region close to the light source.
The simulation of total reflectance represents the sum of the diffuse reflectance and
predominance of near diffuse reflectance contribution from areas near the incident light to
the total signal leads to the inverse magnitude of the signal for analysed systems compare
to spatially resolved diffuse reflectance simulation. The increase of the particle size that
leads to more directional light scattering, which is resulting at the stronger intensity in
the near to source region and the opposite at the light travelled further distances, as
executed in SRDR. Large sizes may result in more specular reflection, therefore exceeding

the capabilities of the diffuse approximation-based modelling.

EFFECT OF DISTRIBUTION WIDTH ON DIFFUSE REFLECTANCE

Firstly, the analysis investigates the total diffuse reflectance, simulated for a polystyrene
particulate suspensions a mode radius of 125 nm for a range of o, using the optical
properties shown in Section 4.3.1. From Figure 4.3.8, the diffuse reflectance signal for
polydisperse system behaves differently at different values of distribution width. When the
distribution width is below 0.4, the total diffuse reflectance signal increases in comparison
with the monodisperse system, mainly at 1500-1850 nm wavelength, however, it is quite
similar to monodisperse approximation when the width is below ~ 0.2. Further increment
of the distribution width leads to a gradual decrease in signal intensity. This behaviour
continues until the width reaches 1. The diffuse reflectance signal does not respond to
changes in the distribution width any further for the width exceeds 1. When looking at
the same analysis conducted for the system with a different mode radius (300 nm), the

effect of distribution width changes the spectra systematically (Figure 4.3.9). Particularly,
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Figure 4.3.8 Total diffuse reflectance computed with assumption to mono (dashed line)
and polydisperse (solid lines) system for collection of particles with mode radius 125 nm
and concentration 10 wt%. Colour corresponds to distribution width, o

with an increase of the o, the diffuse reflectance signal decreases across the wavelength
range studied. It also changes the sensitivity to the distribution width variations once it
exceeds 1. The change of the particle size distribution width within chosen constrains
changes the intensity of the total diffuse reflectance by approximately 0.2, compared with
the monodispersed samples, with an average difference between different samples of 0.02.

Concluding the observations from the general analysis, with consideration to estimate
the distribution width from diffuse reflectance, the effect of it on signal is not strong
enough unless it becomes significantly broad for real-life suspensions (o over 1). The
relatively small difference observed on the total diffuse reflectance implies the possible
issues to distinguish small changes in the o.

The second part of the analysis focuses on another type of diffuse reflectance measure-
ments. The spatially resolved diffuse reflectance is calculated for several signal collection
distances. It presents the simulations for systems of two different mode radii.

The simulated signal for one of the systems with a mode radius of 125 nm is presented
in Figure 4.3.10. With a closer look at SRDR for closest S-R distance (0.3 mm), increasing
the distribution width up to 0.5 decreased the intensity of the spectra. The signal intensity
begins to increase if the distribution width increased further. This trend is wavelength
dependent and is valid 700-1850 nm range, whereas at a shorter wavelength, the intensity
increase monotonically with the increase of the distribution width. When the o is as

large as 1, the spectra signal does not respond to any further changes, leading to a low
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Figure 4.3.9 Total diffuse reflectance computed with assumption to mono(dashed line)
and polydisperse(solid lines) system for collection of particles with mode radius 300 nm
and concentration 10 wt%. Colour corresponds to distribution width, o

possibility to distinguish the higher values of distribution width. A similar issue is found
for o below 0.2. Although there is a noticeable difference at some of the wavelength, the
signal is more responsive to changes in the distribution width only at higher values of
it. In general, the changes caused by the distribution width are not uniform across the
wavelength range and are stronger between 450-1000 nm. In another example on a larger
mode radius (Figure 4.3.11) for the same S-R distance, the increment of distribution width
leads to an increase in diffuse reflectance intensity systematically across the wavelength
range. The changes in spectra when o is below 0.4 are negligible in comparison to the
spectra for a monodisperse system. The intensity of the signal increases with an increase
of o up to 0.8, after which it does not change with distribution width any more. The
observations on the spectra from the closest S-R fibre are similar to those from the total
diffuse reflectance, disregarding the direction of changes, meaning that the similar values
of o cause the similar type and degree of effect on both types of spectra.

The increase in the S-R distance reduces the intensity of the signal, however, the effect
of distribution width still can be seen clearly at the reflectance signal collected at further
S-R distances for both examples presented. While light propagating further through the
sample, it interacts with a larger fraction of particle population, hence, increasing S-R
distance leads to more differentiable spectral changes between different o as well as more
prominent wavelength-dependent features. The effect of the same o appears differently
on different S-R distances, for example, the signal that corresponds to mode radius 300

nm and 0.4 o is more distinguishable from monodisperse at 1.2 mm S-R distance than
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Figure 4.3.10 Spatially resolved diffuse reflectance computed with assumption to
mono(dashed line) and polydisperse(solid lines) system for collection of particles with
mode radius 125 nm and concentration 10wt%. The signal collection distances are: (a)
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Figure 4.3.11 Spatially resolved diffuse reflectance computed with assumption to
mono(dashed lines) and polydisperse(solid lines) system for collection of particles with
mode radius 300 nm and concentration 10wt%. The signal collection distances are: (a)
0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d) 1.2 mm. Colour corresponds to distribution width, o
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at 0.3 mm. It also better separate the spectra corresponding to the width as large as 1 or
higher. Nevertheless, both figures show a higher sensitivity of the SRDR to the distribution
width than total diffuse reflectance. Despite the higher intensity of the signal for the total
diffuse reflectance, the difference in reflectance intensity caused by distribution width
does not exceed 0.25 between the smallest and broadest distributions. On the other hand,
SRDR spectra at 0.3 mm S-R distance returns signal of relatively high intensity with a
difference of ~ 0.4. Moreover, the effect of distribution width is even more pronounced at
longer S-R distance in relative units, suggesting a potential to invert PSD from measured
SRDR spectra.

Finalising the comparison between two different types of diffuse reflectance, the
influence of particle size distribution on the total diffuse reflectance was significant
yet less prominent, compared to that on the spatially resolved diffuse reflectance. A
more pronounced effect of distribution width on the signal was observed with increased
source-to-detector distance. Hence, there is a relationship between the distance that light
propagates through the turbid sample and the corresponding size distribution effect. The
concept behind this is similar to well - studied light propagation behaviour in tissues
[190]. A spectrum, which is captured by a receiving fibre placed close to the emitting
fibre is affected by the top layer of tissue only due to low penetration of the beam and
less interaction with the tissue, compare to those collected by fibres further away from
the source. The collected light loses the intensity due to multiple scattering, however,
light penetrates deeper into the tissues and record more of light-matter interactions. A
schematic representation of this concept in the context of the PSD effect is depicted in
Figure 4.3.14. Even though the signal strength is significantly lower if collected at a further
S-R distance, the sensitivity of the signal to physical properties increases. This occurs
due to more light-particles interaction and subsequential longer transport mean free
path length of the light, which in case of a polydisperse system, allows gaining more

information about particle size population.

EFFECT OF CONCENTRATION ON DIFFUSE REFLECTANCE

Analysis of bulk optical properties revealed the similarities between distribution width and
concentration effect. Similarly to what was shown in the previous sections, the analysis
was followed up by the study on the total and spatially resolved diffuse reflectance for the

same conditions.
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Figure 4.3.12 Total diffuse reflectance computed with assumption to low(dashed) and
concentrated(solid) particulate system of monodisperse PSD with mode radius 250 nm.
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Figure 4.3.13 Spatially resolved diffuse reflectance computed with assumption to
low(dashed) and concentrated(solid) particulate system of monodisperse PSD with mode
radius 250 nm. The signal collection distances are: (a) 0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d)
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Figure 4.3.12 illustrates the changes in the total diffuse reflectance signal with changes
in the concentration. The intensity constantly increases with an increase in concentration
for the wavelength range. Once the concentration approaches 6 wt%, the magnitude of the
increment significantly reduces, and, with a further increase of the concentration, the dif-
ference between the signals for 14-25 wt% becomes close to untraceable. The differences
between different concentrations can be observed at multiple wavelengths, specifically
around water absorption peak. At smaller wavelengths (450-1000 nm), differences can be
distinguished for the concentration below 4 wt%. The trend shown by the total diffuse
reflectance emphasises that the systematic changes in the reflected light can be related to
the scattering coefficient, seen in Figure 4.3.5.

The simulated spatially resolved diffuse reflectance signal for the same conditions is
present in Figure 4.3.13. At closest S-R distance, spectral intensity increases with the in-
crease of the concentration until the latest reaches ~ 2 wt%. Increasing the concentration
further leads to the decrease in the intensity of the diffuse reflectance signal, therefore
reverting the signal change trend. The decrease varies at different concentration values,
once the concentration approaches high values (~ 14wt%), the difference between cor-
responding signals significantly reduced. At longer S-R distances, the relative difference
between signals of different concentrations decreases with the increase of the concentra-
tion. However, the difference between signals at high concentration (>14 wt%) becomes
smaller at longer S-R distances and almost negligible at 1.2 mm. Notably, the observa-
tions that were valid for low concentrations at 0.3 mm S-R distance lessen at longer S-R
distances, meaning that at longer S-R distance, the trend becoming more systematic and
if the concentration is above 1 wt%, the SRDR is systematically decreasing.

The results of simulations obtained in this section allow the comparison of the two
different diffuse reflectance measurements. The concentration effect on the spatially
resolved diffuse reflectance differs from those on the total diffuse reflectance. The opposite
direction of the change in total and spatially resolved diffuse reflectance echoes the

observations from the mode radius and size distribution effect.

CONCLUSIONS

The modelling results gave an overview of what kind of effect parameters of interest can
have on bulk optical properties and diffuse reflectance. The latter was also compared

in its two forms: total diffuse reflectance and spatially resolved diffuse reflectance. The



80 | Simulation of reflectance signal for systems of spherical particles with the
distribution of sizes

Incident Incident
light i Ry Ry R, light

Ry, R, R4R,

Effect of polydispersity

Figure 4.3.14 A schematic image of SRDR measurements taken for polydisperse particle
system A: light collection at 0.3 mm; B: light collection at 1.2 mm

variations in physical properties of the particles (mode radius and distribution width) ap-
pear strongly on bulk scattering coefficient and asymmetry parameter. The concentration
effect influences the bulk scattering coefficient, as well as the absorption coefficient. The
bulk optical properties are supplied to the reflectance simulation together, therefore the
effect appearance and degree of each effect transforms. One of the major observations is
that, due to differences in the measurements types, the trend of parameters effect appears
to be in the opposite direction, depending on the type of measurements. This illustrates
the distribution of diffuse reflectance intensity, where most of the light n the modelled
systems being scattered back at the distance that is not covered by SRDR simulation but
summarised into a simulation of total diffuse reflectance. Although, this phenomenon can
be illustrated partially from the general decrease of the light intensity with increase of S-R
distance in SRDR. Notably, with an increase of the S-R distance, the difference between
spectra of different samples increased, the differences were distinguishable at a wider
range of each parameter of interest, than on the total diffuse reflectance.

However, despite the apparent beneficial influence of S-R distance increase on the
strength of parameters of interest effect appearance on the SRDR, there are concerns
regarding its feasibility raised. Since the SRDR intensity decreases with the increase of the
S-R distance, the reflectance is not a straightforward way of expressing the relative effect
of the parameters. The intensity of the SRDR spectra is lower than total diffuse reflectance
which could be a concern regarding the possibility of distinguishing the parameters of
interest effect from measured spectra, that is affected by mode radius, distribution width

and concentration. The inversion of the parameters of interest, which was a part of the
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current project, is generally executed via one of the objective functions, that measures
the relative difference between simulated and measured signal. Implementation of the
objective function would, therefore, affect the way how the difference between the effects
of parameters of interest would be used and interpret in the analysis.

The diffuse approximation is based on the assumption of the isotropic scattering,
hence each of the re-radiation events is random at the length of a single tmfp [191]. To
satisfy such assumption, the diffuse reflectance signal should be accrued at a minimum of
transport mean free path S-R distance. Hence, the potential limitation of the SRDR in its
sensitivity to parameters of interest is directly related to which S-R distance is considered
for analysis. The direct comparison of tmfp with available S-R distance would help to map
the parameters combinations that result in the SRDR signal that lie too close or exceed

the diffusion scattering theory limitations.

4.3.3 STUDY OF THE COMBINATION OF PARAMETERS OF INTEREST ON

SPATIALLY RESOLVED DIFFUSE REFLECTANCE

The concerns raised as a result of the previous section study were attempted to be an-
swered in the following section. The study below proposes an alternative view on parame-
ters of interest effect on SRDR. Since the intensity of the light is lower than on total diffuse
reflectance and also differs across S-R distances, the relative difference for SRDR was
calculated for a combination of parameters of interest. The degree of the effect was then
analysed in the context of parameters combinations to compare the degree of parameters
of interest influence between S-R distances. The feasibility of inversion of the observed
effect was then checked by analysing the tmfp for the same combination of parameters in
order to find out the most feasible combination of S-R distances.

The section can be split into three parts. The first part illustrates the relationship
between parameters of interest for the monodisperse system, precisely, mode radius and
concentration of the solids in the context of the effect they have on SRDR and how it
changes with the increase of concentration at different mode radius values. The second
part moves the focus onto the SRDR spectra influenced by the combination of a variety
of mode radii and different distribution width. Lastly, the effect of the distribution width
on the SRDR signal across samples of different concentrations is analysed. Each of the
above-mentioned three parts will be followed up by the analysis of SRDR sensitivity of the

studied parameters with respect to the corresponding tmfp. There is a minimum value for
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the S-R distance existing that can be modelled correctly for a specific set of parameters.
This study aims to surface the tmfp at different combinations of the parameters of interest.

The effect of parameters of interest can be quantified by methods, like relative dif-
ference or relative change. In current study, it takes a form of a comparison between

reference and the studied signal and was executed via formula below:

RC = 1 Na |R(/1i)_Rref(/1i)|

=—— -100% (4.3.1)
Ny S\ Ryep(Ad) °

where R;.r(A;) is the SRDR signal simulated for the particulate reference system,
defined in each study below individually, and R(A;) refers to the simulated SRDR spectra
for the conditions to compare. Depending on the properties studied, the condition can be
a combination of multiple parameters. As the effect of parameters of interest exhibited
strong wavelength dependence, the relative difference considered to be averaged over the

selected wavelength range.

MODE RADIUS AND CONCENTRATION

The relative difference caused by concentration changes across different mode radii
has been studied first. Looking at the specificity of the effect of concentration in the
context of mode radii relationship helps to understand the sensitivity of the SRDR to the
classic monodisperse system, prior to escalating the study to the polydisperse system.
Figure 4.3.15 presents the relative difference RC between reflectance for monodisperse
polystyrene samples at different concentration of solids (R;) and reference samples (R;)
of very low concentration (0.1 wt%) for particle size in the range between 25 and 650 nm
(y-axis).

The changes in reflectance spectra associated with the changes of particle size are
consistent to those seen in the literature [131]. They exhibit oscillations which decrease
with the increase of the particle size and such pattern is observed across different con-
centrations at different extent. On the other hand, the variations in the relative difference
with an increase of the concentration are of particular interest for this study. Starting from
the closest S-R distance, the RC grows with an increase of the concentration up to 4 wt%
and until it reaches a plateau of the RC values after 200 nm mode radius. With further

increase in concentration, the difference starts to show a decrease. This observation
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indicates the transition point between regimes, where the increasing number of particles
consequently increases the number of simultaneous scattering events, decrease the tmfp
length, consequently contributing to the near-to-source reflectance at the stronger extent.
This causes the decrease of the intensity at very high concentration, resulting in the RC
values comparable with diluted systems of particles, which is emphasised by pale yellow
and white areas in the Figure 4.3.15(a)
%
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Figure 4.3.15 Relative change, RC between SRDR for monodisperse particulate
systems with the low and high concentration of solids.The signal collection
distances are: (a) 0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d) 1.2 mm

The values of the relative difference are the largest at the closest S-R distance compare
to other collecting fibres. Apart from the decrease of RC values, with an increase of
S-R distance, a number of distinctive changes happen to the diffuse reflectance. The
relative change decreases with the S-R distance increase. Reduction in the relative change
emphasises the reduce in the specifics of the concentration effect at longer S-R distances
across a wider combination of mode radii than at closer S-R distance. The large size of
the particles and high concentrations imply that the scattered light does not propagate

far enough through the medium to be collected at further distances, resulting in the less
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specific effect of above-mentioned parameters on SRDR. In fact, after 0.6 mm S-R distance,
the concentration effect on RC drops so low that it reaches the plateau across the majority
of the concentrations. Some areas of the plateau indicate the RC values equal to the ones
that correspond to the reference SRDR.

Figure 4.3.15 indicates that there are combinations of mode radius and concentration
which return the same or similar RC at difference concentration regimes: very low and
very high. The variability of the RC between different parameters is also not large beyond
~ 4-10 wt%, depending on S-R collection distance. Therefore, in the context of inverting
the parameters of interest, the example above indicates the possibility of local minima
and therefore misprediction of the results. These observations raise concerns regarding
the possibility of inversion of the correct values of parameters of interest. The possible
solution for overcoming this issue can be a result of a combination of the approaches.

First of all, it is desirable to locate the most probable solution before initiating the
inversion via solvers. If this can be successfully achieved, then by truncating the search to
a moderate range of conditions, the search can be carried out accurately. It is important
to note that such a strategy for inversion is only reliable if the most probable solution
is located correctly, otherwise, the inversion might be artificially affected by a set of
constraints. Lastly, including the SRDR measurement from different S-R distances may
help to identify the differences between similar regions better. However, to proceed with
this approach, it is vital to know if the signal from S-R distances covers at least single tmfp.

Despite the decreasing of concentration effect over S-R, the signal collected at those
distances may help to overcome the limitations that have not been discovered yet, that is
arising from the DA theory. Figure 4.3.16 illustrates the tmfp across the mode radii and
concentrations analysed. Since the concentration of solids has a significant influence on
bulk absorption coefficient, the tmfp is presented below for three wavelengths, instead
of an average: for 550 nm (general appearance of the tmfp across UV-vis-NIR), 1440 nm
(waver absorption peak) and 1680 nm (polystyrene absorption peak).

Most of the combinations of mode radius and concentration result in relatively short
tmfp, under 0.3 mm. As mentioned, the increase of the particle size and concentration
per unit volume decrease the tmfp, therefore the reduction of these parameters affect
SRDR is expected. The same reasoning explains long tmfp at the area of fine particles
and low concentrations. Variations in particle concentration have the most prominent

effect on the wavelength of polystyrene absorption peak (Figure 4.3.16(c)), showing that if
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Figure 4.3.16 Transport mean free path corresponding to range of mode radii and
concentrations at: (a) 550 nm, (b) 1440 nm and (c) 1680 nm wavelength

this wavelength range is included, the analysis of diffuse reflectance for majority of the
concentrations and particle radii below 200 nm will be accurate only if large S-R distances
are in use. Concluding this, exclusion of signal from closest S-R distances from the signal

analysis can eliminate the need in excluding wavelength.

MODE RADIUS AND DISTRIBUTION WIDTH

Another studied combination was mode radius and distribution width. The comparisons
of the effects caused by distribution width on systems with different mode radii have a
special interest within this study. Both of the parameters presented are associated with
physical properties of particles and the sensitivity of the SRDR measurements to each
of them, particularly to distribution width, is the centre of the research interest in the
project.

For this study, Ry, for Equation 4.3.1 was defined as monodisperse polystyrene system
of particles with particle size between 25 and 650 nm. R; incorporates the distribution
width parameter to each of particle size condition, illustrating the relative difference
between SRDR spectra for mono and polydisperse system. The results of the RC are
presented in Figure 4.3.17

Each subgraph shows the effect of size distribution inclusion on SRDR. At the closest
S-R distance, the influence of broadening the distribution width up to 0.5 exhibits the
similar relative difference as varying mode radius in size range analysed. Broadening
the distribution further results in the significant changes in RC, especially in the area of

small particles. The relative difference for these parameters, however, decreases with
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Figure 4.3.17 Relative change, RC, between SRDR signal for monodisperse and
polydisperse particulate systems. The concentration constrained to 10wt%. The
signal collection distances are: (a) 0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d) 1.2 mm

the increase of 0. For larger mode radii, the relative change values also becoming more
prominent distribution width exceeds 0.5, yet with conditions close to the maximum
mode radius and distribution width, the increased rate of RC suspends and remains rather
unchanged across parameters neighbouring the limitations of the selected parameter.

At the second closest S-R distance, the relative change increase for the majority of
conditions, compared to the closest distance. The variation in the relative difference across
various combinations of mode and distribution width become more distinguishable. For
mode radius between 200 and 300 nm and o larger than 0.8, calculated relative change
start forming a peak, increasing the RC compare to similar parameters by a few orders.
This behaviour progresses with a further increase of S-R distance.

The effect of concentration observed can be discounted as the primary contribution of
itis the change in relative difference magnitude. The effect of distribution width below 0.2
can be seen primarily in combination with fine mode radius (below 50-100nm, depending
on S-R distance). The difference between combinations of larger mode radii and o up

to ~ 1 changes in the magnitude of the relative difference non-linearly, and appears at
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the different degree at different S-R distances. At larger o, the variations in RC remain
similar across different mode radii, despite the large RC to the monodisperse reference
systems. However, these variations are not even across different S-R distances, therefore,
the simultaneous analysis of multiple S-R distances of SRDR may assist the parameters

estimation quality.
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Figure 4.3.18 Transport mean free path corresponding to a range of o and mode
radii at: (a) 550 nm, (b) 1440 nm and (c) 1680 nm wavelength.

The relative changes across chosen parameters combinations can be significant for
inversion of the parameters. In addition, the tmfp was calculated for the range of mode
radii and o parameters, identical to the one used earlier in the section. The summary of
the results obtained averaged over wavelength can be found in Figure 4.3.18.

The majority of the combinations of mode radius and o used to provide the signal that
is reliable even if collected relatively close to the source (Figure 4.3.18). However, there
is an area of values that lead to longer tmfp, which can be explicitly seen in polystyrene
absorption peak 4.3.18(c). For this wavelength, the signal collected at 0.3 mm cannot be
described by the diffuse approximation accurately. Most of this area can be represented
by signal collected at further S-R distances, however, the systems of particles with radius
35 nm or lower and with o up to 0.25 are having the tmfp longer than the SRDR fibres
placements and therefore this signal cannot be simulated accurately within the current
experiment. To overcome this limitation, the simplest solution is to manipulate the
wavelength range used for analysis, selecting the range with minimum or no combination
of parameters where tmfp exceeds the measurement configuration. Alternatively, as was
mentioned in Section 4.3.3, the SRDR signal collected at closest S-R distance may not be

used in the analysis to ensure the compliance with the diffuse approximation regime.
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DISTRIBUTION WIDTH AND CONCENTRATION

The last combination of parameters to analyse is the concentration of particles and the
distribution width. Previously, it was discovered that the effect of these parameters on
SRDR is similar as it takes the form of the magnitude change between lines. Although the
change of the magnitude from concentration variation is opposite to the changes caused
by o changes, the similarity between the effects might be an obstacle for parameters

inversion. To gain a better understanding of the effects of interference, the analysis of

simulated SRDR was conducted.
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Figure 4.3.19 Relative change, RC, between SRDR signal for monodisperse and
polydisperse particulate systems for range of concentration of solids. The mode
radius constrained to 250 nm. The signal collection distances are: (a) 0.3 mm, (b)
0.6 mm, (c) 0.9 mm, (d) 1.2 mm

The reference reflectance in this analysis (R;.f) corresponds to monodisperse sus-
pensions with a constant mode radius 250 nm, which was chosen as the parameter that
illustrates the RC variations generally applicable to the most of the sizes in the selected
range. As seen in Figure 4.3.19, the signal, corresponding to the closest S-R distance
expresses a complicated pattern across o. The effect of distribution broadening up to
0.1 is weak and not specific across concentrations. At larger o, the relative difference

increases, however not evenly for different concentrations. This effect leads to stronger
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differences between different combinations of parameters, yet it also results in combi-
nations where the relative difference drops to values comparable to the monodisperse
system. Such response appears similarly at all of the S-R distances analysed. The number
of combination of parameters at which RC is lower than 25% and the variation between
neighbouring conditions is below 5% increases with the increase of S-R distances. At the
same time, the relative difference for large concentrations and large o increases drasti-
cally. The presence of small relative difference across multiple parameters combinations
implies the possibility of the existence of such SRDR that would correspond to more than
one combination of parameters of interest. These combinations are not the same but
similar across different S-R distances, therefore this issue cannot be tackled by a reasoned
combination of S-R distances for inversion. Some of those combinations are far apart and

can lead to large over/underestimations.
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Figure 4.3.20 Transport mean free path corresponding to a range of o and con-
centrations at: (a) 550 nm, (b) 1440 nm and (c) 1680 nm wavelength

One of the approaches to consider is to invert the parameters of interest in separate
steps. Mode size and concentration, as parameters that cause the most significant change
in the magnitude of the SRDR, can be inverted in tandem to pre-locate the most probable
values, whereas o may be inverted afterwards. Since the effect of ¢ is limited below 0.1
and above 1, the values outside this range can be excluded from the analysis. This solution
route is applicable if discussed in the context of the inversion algorithm as the pre-location
of the minima must not interfere with the global minima search. This suggestion will be
discussed in more details in Chapter 5.

Another limitation that can be brought to the discussion is the applicability of the dif-

fuse approximation within some concentration boundaries in the context of polydisperse



90 | Simulation of reflectance signal for systems of spherical particles with the
distribution of sizes

systems analysis. As illustrated in Figure 4.3.20, the transport mean free path of diluted
samples (<2 wt%) exceeding the SRDR receiver distances and therefore the simulation
would not be accurate. This example is valid for mode radius of 250 nm and all of the stud-
ied o, however, other mode radii and wavelengths have shown a similar result. Similarly
to the proposal in Section 4.3.3, isolation of specific wavelength or excluding the closest
S-R distance maybe a potential solution. The main shortcoming of such approach is that
it is not universal and would be applicable for polystyrene and studied wavelength range,
however with similar research conducted on different materials, it could be possible to

optimise the limitation establishment, which will be elaborated in future work discussion.

4.4 (CONCLUSION

This chapter aimed to investigate the performance of the model developed for the forward
calculation of SRDR, validate the chosen method and to specify the parameters and the
constraints needed for successful estimation of the concentration and size distribution
parameters of polystyrene colloid suspensions based on simulated results. As part of this
study, there was a particular interest in studying the effect of source- to-receiver distances
on the simulated reflectance signal for inverting the properties of the suspension.

To meet these aims, a systematic analysis investigated the influence of each of the
considered variables, namely different mode radii, distribution width and concentrations
onto different types of diffuse reflectance. The effects from the above-mentioned pa-
rameters were studied in combinations with each other and hence surfaced potential
challenges. As a result of the experiment, three significant outcomes were gathered.

Total diffuse reflectance exhibited high sensitivity to the mode radius and concentra-
tion variations, lesser to the distribution width parameter. The sensitivity of the SRDR
to the same parameters of interest is higher overall, exhibiting stronger wavelength de-
pendence and response to the parameters of interest variation. However, the intensity of
the signal is lower, especially at the longer S-R distances due to natural losses of the light
during its propagation through the medium.

The beneficial impact of spatially resolved diffuse reflectance was investigated in more
detail, focusing on the combinations of the parameters of interest. Collection of the

spectra from the multiple S-R distances unveils changes in the spectra, that are specific to



4.4 Conclusion | 91

the particular combination of the parameters of interest, indicating the potential for the
inversion possibility.

The diffuse scattering regime limitations were identified if insufficient S-R distances
for diffuse approximation were used for polystyrene suspensions of the selected range
of the parameters of interest. The combination of concentration and distribution width
has resulted in a wide area of similar solutions, which should also be considered during
the inversion development and the inversion results justification. Multi-staged inversion
with pre-location of the most probable solutions was proposed as a vector for inversion

routine development.






CHAPTER 5

EXPERIMENTAL AND METHODOLOGY AND

DESIGN

This chapter describes the types of equipment, methods and experimental design used
in this work. First, a dataset from monodisperse polystyrene suspensions is investi-
gated to validate the methodology developed. Then, a second dataset, from polydisperse
polystyrene particles suspensions is studied. The study is followed by an analysis of
another two sample sets, which consist of more challenging particle constituents, like
non-spherical particles. Section 5.3 describes the SAR-DRM system, including the hard-
ware set up and the data processing steps. Section 5.4 describes the method for inverting

performance.

5.1 EXPERIMENTS

5.1.1 SAMPLE SET 1: MONODISPERSE POLYSTYRENE SUSPENSIONS

The dataset was compiled using a published dataset from polystyrene suspensions [120].
Seventeen polymerisation reactions were run with varying experimental parameters (sur-
factant and initiator amounts, reaction time and temperature) to prepare monodisperse
polystyrene particle suspensions. Materials for the reactions were purchased from Sigma-
Aldrich (United Kingdom). Resultant suspensions vary in mode radius Mode[R] between
50 - 250 nm. The 45 samples dataset was formed from the 17 original samples and their
derivatives after four serial dilutions. A detailed description of this particular dataset is

available in recent work provided by Chen et al. [120].
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Table 5.1.1 Parameters of monodisperse polystyrene suspensions

Sample name Mode[R], nm Conc, wt%

1 80.75 12.97
2 102.5 13.04
3 190.75 10.54
4 223.75 10.68
5 177.75 12.63
6 69.75 12.66
7 96.75 12.75
8 107.5 9.37
9 127 12.36
10 188.75 12.67
11 160.5 12.87
12 69.75 7.68
13 188.75 7.64
14 102.5 6.26
15 223.75 5.13
16 96.75 6.12
17 188.75 6.10
18 190.75 4.03
19 223.75 4.03
20 69.75 4.79
21 96.75 4.74
22 107.5 3.57
23 127 4.70
24 188.75 4.78
25 160.5 4.87
26 80.75 3.93
27 190.75 3.14
28 223.75 3.21
29 103.5 3.78
30 177.75 3.80
31 96.75 3.78
32 107.5 2.85
33 127 3.73
34 188.75 3.79
35 160.5 3.86
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The SAR-DRM were collected for all 45 suspensions, however, based on the quality of
the spectra, a spectra sub-dataset of 35 suspensions was formed and used in this study.
The sub dataset was selected in such a way that the original 17 reactions has at least one
dilution present in the new dataset. Those samples are expected to have similar mode
radius while differing only on the concentration of solids. The information about mode

and concentration for the final 35 samples was provided in Table 5.1.1.

5.1.2 SAMPLE SET 2:POLYDISPERSE POLYSTYRENE SUSPENSIONS

One of the most important validation studies in this project would be an analysis of the
degree of polydispersity effect on spectra measurements. The previous set of suspensions
is ideal for method validation and sensitivities analysis for parameters of interest like
predominant particle size (mode radius) and concentration of solids. Although those
samples have some degree of polydispersity, it may not be sufficient to analyse the effect
of size distribution and its interference with other physical properties. To conduct such

an analysis, another set of samples that consist of polydisperse suspensions was created.

Table 5.1.2 Monodisperse polystyrene suspensions particle size and concentration used
for creating polydisperse suspensions.

Sample name (SN) Mode[R], nm Conc, wt%

1 62.6 14.47
2 84.8 14.82
3 87.7 14.31
4 128.4 14.15
5 136.8 14.07
6 140.6 14.42
7 153.1 14.38
8 166.6 13.79
9 200.7 10.89
10 223.0 8.18
11 249.6 10.84

The sample set was prepared by mixing a set of monodisperse polystyrene suspensions

of a different mode radius. The suspensions for the experiment were chosen from available
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polystyrene suspensions synthesised similarly as the last sample set. Monodispersity of
the suspensions was evaluated by the reference method, such as dynamic light scattering
(DLS). Eleven polystyrene suspensions were used in the experiment with the mode radius
ranges between 62.6 to 249.6 nm with an average interval of 20 nm. It creates a relatively
uniform size grid for forming particle mixtures with various mode radius and distribution

width. Particle radius and original concentrations are given in Table 5.1.2
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Figure 5.1.1 Calculated proportions of suspensions additions into the mixtures presented
as (a) volume-based population, (b) number-based population

Table 5.1.3 Calculated proportions of suspensions additions into the mixtures presented
as volume-based and number-based distribution

\ Volume —based distribution Number —based distribution

| R,nm o | R,nm o
SN1 | 128.40 N/A 128.40 N/A
SN2 | 117.24 0.30 83.73 0.22
SN3 | 89.91 0.60 62.57 0.34

In such mixture, each suspension would correspond to a specific size population of a
newly prepared mixture. The desired contribution proportion was pre-calculated based
on volume-based lognormal distribution. The distribution of each mixture has the same

mean radius, R, whereas the distribution width controls the volumetric contribution of the
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suspended particles to the mixture. Mean radius was assigned to 128.4nm, the distribution
width was chosen to obtain two samples with distribution width broad enough to include
all the sizes in (Table 5.1.2), while being different from each other to verify the sensitivity of
the measurements. The parameters for describing the PSD of the mixtures are presented
in Table 5.1.4.

Based on the pre-calculated volume-based proportions, two mixtures of the same
mean radius but different distribution width were prepared. The full polydisperse sample
set 2 consists of these two mixtures and one original monodisperse suspension of the same
mean radius. The original suspension and mixtures had a concentration of polystyrene
particles ~ 13 wt%. Each of the samples was further diluted into two concentrations, mak-
ing a total of 9 samples in this sample set. These suspensions were diluted by deionised
water to expand the sample set with suspensions of different particle concentrations for
each suspension, approximately 6.5 wt% and 3.5 wt%. The details regarding the sample
set concentration can be seen in Table 5.1.5.

The advantages of the chosen method over synthesis are:

- Rapid method to prepare a set of samples with different distribution width;

- Opportunity to control the distribution width of the end product with greater accu-
racy than directly synthesised by polymerisation reaction;

The main disadvantage of the chosen methodology would be the possibility of com-
plicating samples with bi-modality of size distribution. However, mixing suspensions of
similar particle size may blend the gaps between the sizes in enough extent to eliminate

the bi-modality.

Table 5.1.4 Mode radius and distribution width of the lognormal distribution fitted to the
DLS of polystyrene suspensions of the Sample set 2

\ Number-based distribution

Sample | Mode[R], nm | o
SN1 106.44 0.28
SN2 101.67 0.38

SN3 84.03 0.45
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Table 5.1.5 Concentration of solids in different dilutions of polydisperse polystyrene
samples

Composition

Original sample,wt% 1% dilution,wt% 274 dilution,wt%

Sample name Conc,wt% Sample name Conc,wt% Sample name Conc,wt%

SN11 12.99 SN12 6.50 SN14 3.25
SN21 12.98 SN22 6.49 SN24 3.24
SN31 13 SN32 6.50 SN34 3.25

5.1.3 COMPLEX SAMPLE SETS

SAMPLE SET 3: POLYDISPERSE POLYSTYRENE SUSPENSIONS SYNTHESISED FROM
POLYMERISATION REACTIONS

Another set of polystyrene suspensions, Sample set 3, with different levels of polydisper-
sity was synthesised by a polymerisation reaction. Instead of mixing a set of pre-made
suspensions, control of polydispersity can be achieved by synthesising the suspension
using a modified addition procedure of the initiator. This is concluded from the fact that
in a standard polymerisation process, the growing phase of the colloidal particle a mono-
tonically decreasing function of time. In order to produce a monodisperse suspension,
the initiator has to be added at the beginning of the reaction in order to start the reaction
so that all polymer chain nucleate at the same time. The growing phase of the particle
starts quickly after the nucleation phase, and particle grows uniformly. In this study, the
experiment used gradual delivery of initiator to the reactor to polymerise the monomer at
a different time and, therefore, lead to a non-uniform particle size distribution. In princi-
ple, the longer the initiator is supplied into the system, the broader the size distribution
becomes. The link between the length of the nucleation stage and size distribution of the
end product was studied previously [192]. The experimental procedure is designed based
on the different procedures of adding the initiator. By varying the amount of each initiator
part, when each part is added and its adding speed, the size distribution and total reaction
time will be affected. By supplying the initiator gradually at the beginning of the reaction,

the formation of the particles will be initiated and the gradual addition would allow the
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Table 5.1.6 Composition and process parameters for the Sample set 3 of polystyrene
suspensions

Composition Process parameters

Sample Monomer, Surfactant, Initiator,g Pump speed TRT
ml g syringe pump at once ml/min min

SR1 200 1.48 0.09 1.71 0.4 132
SR2 200 1.48 0.54 1.26 0.4 163
SR3 200 1.67 0.9 0.9 0.52 143
SR4 200 1.67 1.26 0.54 0.52 161

forming particles to grow into a reasonably large size. Addition of the second part of the
initiator, shortly after the supply of the initiator part via syringe pump finishes, will initiate
the reaction with remaining monomer, forming a size distribution peak in the are of small
sizes. Such an approach should form the distribution similar to lognormal.

The polymerisation reaction used in this study is the same to those described by Chen
et al [120], except the procedure for adding the initiator. Apart from deionised water, the
reaction requires monomer (styrene, 99%, Sigma-Aldrich), surfactant (sodium dodecyl
sulfate, 98.5%, Sigma-Aldrich) and initiator (potassium persulfate, 99.0%, Sigma-Aldrich).
The styrene polymerisation reactions were carried out in a 2L glass reactor with a heating
jacket, an impeller and a thermometer. The initiator and surfactant were weighted in their
powder form (quantities of which in grams can be found in Table 5.1.6) and then diluted
in the aliquot of the deionised water. A 1L of deionised water was prepared in a volumetric
flask. The 50 ml of water from the measured amount was taken for dissolving the initiator,
the rest was mixed with surfactant. The heating jacket temperature was controlled by a
thermostatic bath (Huber Compatible Controller, GmbH) connected to a temperature
sensor. An overhead stirrer (Radleys RS37) was connected to the bladed impeller and
operated at a constant mixing rate. A syringe pump was employed for adding the initiator
to the monomer mixture at a controlled speed.

Using empirical knowledge about suspension polymerisation [120], the amount of the
initiator used at different stages, the speed of initiator supply and the total reaction time
(TRT) were estimated (Table 5.1.6). Some of the reaction parameters, like the temperature
of the reaction and mixing rate, were kept constant across reactions as 70°C and 200
rotations per minute (RPM) respectively.

The weighted initiator after being dissolved in the 50 ml of deionised water, was

separated into two portions according to the recipe. The corresponding part of the
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solution is placed in a 40 ml syringe. A PVC hose (1 cm in diameter) was connected to the
syringe, and the other end was connected to a 0.1 ml pipette tip which enters the reactor,
with each end tightly fixated. The syringe pump delivers the initiator solutions at the set
speed, followed by the addition of the second part of the initiator.

Table 5.1.7 Mode radius and distribution width of the lognormal distribution fitted to the
DLS of polystyrene suspensions of the Sample set 3

Number-based distribution

Sample Mode[R], nm o
SR1 43.32 0.16
SR2 40.62 0.12
SR3 59.09 0.22
SR4 82.47 0.49

Increasing the amount of time for the gradual addition of the initiator subsequently led
to an increase in the reaction time. Due to the time constrains for experiment performance,
samples SR3 and SR4 were based on faster reactions. As can be seen from Table 5.1.6,
these changes were reflected in the amount of surfactant, which differs from SR1 and SR2.

Suspensions obtained were used to make a sample set consisting of original suspen-
sions and their dilutions. Table 5.1.8 provides information the particle size and composi-
tion in the sample set. The dilution protocol was identical to the one used for Sample set
2.

Table 5.1.8 Dilution table for the Sample set 3 of polystyrene suspensions

Original sample,%wt 1% dilution,%wt  2"¢ dilution,%wt  3"¢ dilution,%wt  4‘" dilution,%wt

Sample Conc,%wt SN Conc,%wt SN Conc,%wt SN Conc,%wt SN Conc,%wt

SR1 15.37 SR12 12.00 SR13 9.00 SR14 6.00 SR15 3.00
SR2 15.16 SR22 11.98 SR23 8.99 SR24 5.99 SR25 291
SR3 14.90 SR32 12.00 SR33 8.95 SR34 5.97 SR35 2.98
SR4 15.60 SR42 12.00 SR43 8.99 SR44 5.99 SR45 2.99

SAMPLE SET 4: CELLULOSE NANOCRYSTALS (CNC) AQUEOUS SUSPENSIONS

In the framework of the developed approach, the study aims to characterise the physical

properties of the particle in full. This requires an understanding of the effects caused by
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(a) (b)

Figure 5.1.2 Electron microscope image of cellulose nanocrystals (a): BG Natural; (b):BG
Ultra. Image obtained using FEI Tecnai 12 BioTwin microscope at 120 kV [193]

the full aspects of physical properties. The inclusion of particle shape into analysis would
be a rational step to undertake. Apart from modelling of the diffuse reflectance for the
non-spherical particles, the project conducted a study on the spectra dataset measured
from the suspension of the non-spherical particles.

The choice of the material for such a study was based on a few requirements. As
discussed in Chapter 2, the size of the particles, when exceeding x ~ 1 forms a forward
diffraction peak of the scattered light, which causes problems in the application of dif-
fuse reflectance theories. Considering the size limitation arising from chosen theory, a
nano-scale material which is highly non-spherical and available in the form of colloidal
suspension is desired. Needle-like cellulose nanocrystals (Figure 5.1.2) are chosen due
to its wide usage in biomedical, wastewater treatment, energy and electronics industrial
sectors which results in their availability commercially.

The CNC suspensions studied are supplied by Blue Goose, Canada. Two types of the
material were provided: BG Ultra, which contains 8 wt% CNC in aqueous gel with uniform
nanocrystals, and BG Natural, a 7.4 wt% aqueous gel which has varied size and aspect
ratio distribution from batch to batch. From the specification of the material, it is known
that a typical crystal length in both samples is 100-150 nm and diameter 9-14 nm.

Above a certain concentration, approximately 3.5 wt%, CNCs can self-assemble into a
nematic or chiral nematic liquid crystalline phase [194] which would divert light scattering

behaviour from diffuse approximation. Liquid crystalline phase appears as gelation of
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Table 5.1.9 Concentration of CNC samples from Sample set 4

Sample name 1st dilution, wt% 2nd dilution, wt%  3rd dilution, wt%
BG Ultra 3.08 1.56 1.29
BG Natural 6.55 3.64 1.76

the liquid suspension and, among other parameters, depends on particle size [195]. As
characterised by the supplier, the samples available for analysis differ in crystals length
distribution and therefore hydrodynamic particle size, which is illustrated in Figure 5.1.2.
Therefore, original gels were diluted to the point at which the original get begins to liquefy.
This concentration becomes the concentration corresponding to the 1st dilution, which is
diluted two more times afterwards. The full list of samples dilutions is present in Table
5.1.9.

5.2 REFERENCE MEASUREMENTS

The objective of the measurement is the determination of sample characteristics which are
going to be inverted, i.e. mode radius, distribution width and concentration. The particle
content analysis is conducted using a gravimetric approach and the PSD parameters are
determined using dynamic light scattering-based methods, where the detailed description

of procedures performed can be found below.

5.2.1 GRAVIMETRY ANALYSIS

Particle concentrations of all suspensions were measured via gravimetric analysis, which is
the standard technique used in the chemical industry. In this study, we used two different
materials and therefore the methodology vary slightly.

For estimation of the monomer conversion, one millilitre of the suspension was re-
moved from a sample by micropipette and placed in a weighted, dry, empty glass vial.
Before that, the dry empty vial, then same vial filled with the sample was weighed and
the weights recorded. Then, vials were placed in an oven at 65°C for 24h to evaporate
all present solvents. The actual concentration of solids was calculated based on the
mass of suspension placed in the vial, the weights of the dry mass, densities of material
and medium. It also discounts the weights of the other solid materials present in the

suspension (surfactant and initiator).
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Measurement of cellulose nanocrystals concentration in the suspensions was carried
out using gravimetric analysis procedure described by [196]. It involved evaporating
solvent of approximately a 1.5 g sample at 90° C in a ventilated oven. In 1h, after most
of the solvent evaporated, the mass of the beaker was determined every hour until the

residuals of moisture evaporated as well and the constant mass was achieved [196].

5.2.2 PARTICLE SIZE MEASUREMENTS

Dynamic light scattering (also known as photon correlation spectroscopy) is a very power-
ful tool traditionally used for studying the hydrodynamic radius of macromolecules. The
mode particle radius, Mode|[R], and distribution width, o, were measured using dynamic
light scattering (DLS) by ALV-MBH (ALV/CGS-3 Platform based Goniometer System). Par-
ticle size information for Sample set 1 was provided along with a sample set from the DLS
measurements. All sample sets discussed here were analysed via DLS technique, how-
ever, Sample set 2 was also run through nanoparticle tracking analysis (NTA), Nanosight
(Malvern). Since the latest was used exclusively on Sample set 2, reference mode radius
and distribution width measurements, refereed through the thesis, are the result of DLS
number density function measurements, that were fitted in OriginPro 2018 to log-normal

distribution function using Non-linear curve fit tool.

DYNAMIC LIGHT SCATTERING

Dynamic light scattering requires the analysis to be conducted at particle concentration
that produces a single light scattering event. Therefore, to avoid distortion due to particle-
particle interaction, polystyrene suspensions were diluted by over 1000:1 proportion to
create a just barely cloudy suspension.

Dynamic light scattering measurements by ALV-MBH were collected at room tem-
perature from a glass vial containing a sample-filled cylindrical cuvette surrounded by
toluene. The range of scattering angles measured by the detector was set to a very narrow
value near 90°. The viscosity of water was adjusted according to temperature fluctuations
before every measurement. The collection time was set for 20 seconds with five runs per
measurement. Three repetitions of measurements were made for each sample, the results
of sample size analysis and size distribution were returned by the software supplied with

the instrument.
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NANOPARTICLE TRACKING ANALYSIS (NTA)

Similarly to DLS, highly diluted samples needed for best performance. Original samples
were diluted down to 3000:1 to ensure that the number of particles in the frame does
not exceed 200. The video frames were recorded for 60 seconds. NanoSight is supplied
with a software which is operated with either automatic or manual settings for Camera
Control. For consistency, automatic settings were used throughout the measurements,
whereas the viscosity of water was set to the 0.0089 poise which corresponded to the
average temperature in the room. The video frames collected are processed to return the

distribution of particles sizes.

5.3 SPATIALLY AND ANGULARLY RESOLVED DIFFUSE

REFLECTANCE MEASUREMENTS (SAR-DRM)

5.3.1 SAR-DRM INSTRUMENT SETUP

The setup of the SAR-DRM system includes a multi-fibre optical probe, a light source and
UV-vis and NIR spectrometers in conjunction with a multiplexer [120]. An illustration of
the SAR-DRM setup can be seen in Figure 5.3.1.

The SAR-DRM probe is a
custom-built apparatus that

uses 5 source and 16 receiv-

ing fibres to perform the

diffuse reflectance measure-

ments. The light source uses
4@ Light sources

O  Receiving fibres a H50W halogen lamp’ pow-
ered at 12 V input voltage.

1 The light source is connected
152 to the light source fibres of

the probe. The setup also in-

cludes a shutter for blocking

Figure 5.3.1 Schematic representation of SAR-DRM system . L
the light from coupling into

the source fibres.
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All of the receiving and source fibres have a numerical aperture of 0.22 and a diameter
of 200 um. Fibres are placed to form a cross at the tip of the optical probe with a 0.3 mm
distance between each other. The receiving fibres can be combined into branches based
on their location regarding the centre of the probe: North(N), South (S), East(E), West(W).
Light can be emitted at 3 different angles to the surface of the probe: 0°, 30° and 459,
whereas all collecting fibres are normal to the probe end. Each branch of the detecting
fibres has an angular light source placed at the end of the branch. A normal incidence
source is placed at the centre of the probe (Figure 5.3.1). Since the angular light sources
are not employed in this study, the probe design offers a total of 16 combinations between
source-to-receiver distances for the normally emitted light.

All detecting fibres are connected to an optical multiplexer (FOM-UVIR200-2 x 8,
Avantes). Fibres are individually coupled by the multiplexer to spectrometers. The multi-
plexing is achieved by a stepping motor for switching the connection between detecting
fibres and the spectrometers.

Spectra are collected by 2 spectrometers in UV- vis- short NIR (USB4000, Ocean
Optics) and NIR (NIRQuest 2.2-512, Ocean Optics) spectral regions. The UV-vis- short
NIR spectrometer covers a spectral range between 350 and 1000 nm with around 0.2 nm
spectral interval (3648 data points). The NIR spectrometer measures spectra between 900
and 2100 nm with 4 - 5 nm spectral interval (512 data points). Typical measurement time
per fibre for the UV-vis is 25 - 100 ms and 2 s for the NIR spectra.

The same workflow also had to be repeated for a 3" integrating sphere (IS). It is a
hollow spherical cavity with walls that have non-absorbing and only diffusely reflective
properties. SAR-DRM spectra from IS were used as the calibration for the SAR-DRM system
as it provides signal intensity free from the effects of beam shape, incident direction, and
incident position [197].

Both sets of measurements, sample and IS were taken with the incident light being on

and off. Therefore, four sets of the signal were collected:

I, - the signal detected from the sample with the light-emitting onto a sample,
I, ¢ 7 - the signal detected from the sample with no incident light,
B,y - the signal detected from the integrating sphere, and

B, ¢ - the signal detected from the integrating sphere with no incident light
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Figure 5.3.2 SAR-DRM spectra in (a) UV-vis-short NIR and (b) NIR regions. Colour corre-
sponds to light being switched on or blocked from the sample.
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The SAR-DRM system is controlled by a Matlab based software (developed in R2012b
version) which command the moving of the multiplexer’s stopping motor and the spectra

acquisition.

5.3.2 SAR-DRM SIGNAL PROCESSING

Spectra collected by SAR-DRM cannot be used in analysis straight away, there is a number
of steps undertaken beforehand. Apart from subtracting baseline measurements, the
sample measurement must be filtered from the noise that appears during the signal
collection. It is then followed by the last step in the form of calibrating the measured signal
by using integrating sphere (IS) measurements, resulting in diffuse reflectance.

Typical example of SAR-DRM spectra from a polystyrene suspension and IS is pre-
sented in Figure 5.3.2 for UV-vis-short NIR and NIR signal. This example signal will be used
throughout the chapter to illustrate the steps of signal processing. In the following sec-
tions, the original signal processing steps are described, the advantages and disadvantages

are considered and modifications to the original processing method are proposed.

ORIGINAL METHOD OF SIGNAL TREATMENT

STEP 1: BACKGROUND SUBTRACTION Spectral signal collected needs to be corrected to
remove baseline signal from the noise and dark current of the spectrometer. The intensity
of the light collected from the sample (I4;rf) and integrating sphere (Bg; rr) could be

expressed as follows:

Laiff =1Ton=lofr Baiff =Bon—Boff (5.3.1)

Naturally, the intensity of the light collected with the light shutter up is lower than the
spectra clollected from normal shining state (Figure 5.3.2 (al)-(a2)). However, there are
spectral regoinds in SAR-DRM, like NIR, where the noise and dark current are strongly
appearing on the collected measurments (Figure 5.3.2 (b1)-(b2)). This leads to the event
where the shape of the intensity pattern over wavelength region cannot be read without
substraction at all, which states the importance of this spectra processing step for this

spectromeneter in the SAR-DRM setup.
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Figure 5.3.3 Before and after smoothing of I4; 7 ¢(1) and Bg; r(2) in (a) UV-vis-short NIR
and (b) NIR spectral ranges

Current step accounts for the effect of the instrument noise, however, the signal-to-

noise ratio at spectra from the integrating sphere is small to proceed with the analysis.

The signal fluctuations have to be removed or smoothed before processing to the last part

of the calculation.

STEP 2: SMOOTHING The level of fluctuations in the UV-vis signal is significantly lower

than in the NIR signal. Meanwhile, the weak signal collected from the integrating sphere

for both spectrometers leads to difficulty in finding a single smoothing method suitable

for all spectrometers and types of measurements.
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The original method in [120] suggests using a Savitzky - Golay filter for UV-vis-short
NIR spectra. It is a least-square regression-based method with moving window averaging.
Since the window can move within a flexibly defined span, the method performs well at
both low and high signal frequency level. This method was implemented using the func-
tion smooth in Matlab Curve Fitting Toolbox. Previous analysis of UV-vis-short NIR signal
intensity variations from a variety of samples suggests an optimal span for the moving
average from 81 to 111 data pixels for a UV-vis-short NIR spectrum, which corresponds to
20-25 nm in wavelength. Those conditions were applied for all UV-vis-short NIR spectra
after Step 1. The effect of the Savitzky - Golay filter for I;; 7 and By can be seen in
Figure 5.3.3 (al) and (a2) respectively.

For smoothing NIR spectra, a Fourier transform-based method is suggested by [120].
It decomposes the original signal into frequency components. The underlying principle is
to approximate the signal within the moving window by a constant, not by a polynomial of
a higher order like in Savitsky- Golay. The algorithm for smoothing NIR spectral signal was
developed based on the steps provided in OriginPro 8.6 (OriginLab, USA) for a parabolic
low-pass filter. The function requires the assignment of the pass and stop frequencies,
which were set to 0.04 and 1, respectively, for all NIR spectra. Pass frequency defines the
value below which signal intensity will be kept unchanged after being filtered whereas a
stop frequency is a value above which all values will be removed completely.

Despite the overall good performance of the original signal processing method, there
are multiple cases where the spectra were not processed successfully. The signal variation
across a number of samples was consistent enough for the chosen pass and stop frequen-
cies, however, due to the large fluctuation between adjacent pixels, the performance on
smoothing By; s is not sufficient. Figure 5.3.3 (b2) shows the smoothed By; s exhibits
many small peaks. As the integrating sphere is known to be non-absorbing and the light
source is expected to exhibit a smooth profile across the entire wavelength range, such
peaks can be considered as artefacts, indicating the limitation of the smoothing method.
Any further manipulations with a pass and stop frequencies can lead to loss of spectral
pattern across wavelength. Lastly, the smoothed spectra are offset to zero by subtraction

of the minimum value from the signal.

STEP 3: NORMALISATION AND TRUNCATION When light from an optical probe is intro-
duced to an integrating sphere, the light is redistributed by the diffuse reflection of the

internal wall of the sphere. Mathematically, the correction of the spectra signal by the
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IS signal can be executed by dividing the I; ¢ ¢ signal to By; ¢ to obtain the normalised

reflected intensity, R, as follow:

R=4IS (5.3.2)
Baifs
The results from this step using the smoothed spectra from Figure 6.1.2 in Equation
5.3.2 are shown in Figure 6.1.2. The diffuse reflectance of UV-vis-short NIR range consists
of a "bell shape" pattern, similar to the one observed before at 1; ¢ . The overall pattern is
clear apart from a number of wavelengths in the beginning and the end of the instrument
wavelength range. NIR signal shows a quite distinctive absorption peak related to light
absorption by water. The beginning of the signal consisting of multiple indistinct peaks
with a low chance of connecting them with the pattern specifics spotted in the raw signal
(Figure 5.3.3 (b)). Suchlike occurrence in measurements requires clarification.

Analysis of the number of SAR-DRM datasets concluded a repeatable development
disaccording signal peaks on R spectra. Those peaks, when appear, occur mostly at the
same wavelength range among different datasets analysed, however not associated with
exact wavelength value. The fluctuations of the signal collected from the integrating
sphere, By; ¢ f, matches with peaks later appearing in R(A) which imply the link with the
phenomena. Since the signal is collected from the integrating sphere, that fluctuation
cannot belong to any material reflection and therefore they are numerical artefacts. Fur-
ther investigation concluded that the artefacts appear due to the division of low intensity
of I(N)qifr to B(A)gifr (Equation 5.3.2) that also has extremely low values especially in
pixels affected by artificial fluctuations.

The false spectra peaks were discovered in signals from both spectrometers, mostly in
the NIR region. Combining the limitations shown in Step 2, they introduce uncertainties

in the data which may lead to misinterpretation of the optical properties.

PROPOSED MODIFICATION OF SIGNAL PROCESSING METHOD

The focus of the following analysis was to provide a solution that avoids the loss of mean-
ingful spectra in Step 2 and 3. Methods that are used for SAR-DRM spectra processing in
[120], their operating principle and what could be improved are taken into consideration.
The sections will suggest an alternative approach for signal processing in order to improve

issues identified in Step 2 & 3 in Section5.3.2.
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Figure 5.3.4 UV-vis-short NIR (a) and NIR (b) diffuse reflectance after normalising I4; ¢ ¢ to
Bgi ¢y following Step 2.

STEP 2*: IMPROVED SMOOTHING The first shortcoming of the original signal treatment
method was the inability to consistently provide satisfactory smoothing. The reflectance
signal collected by NIR spectrometer struggles the most from the chosen method. Disac-
cording peaks of the high intensity appear sporadically, not letting the averaging window
methods take place as it would lead to the problem of under or overfitting the data.

To eliminate artefacts without affecting the overall spectral pattern, proximal optimi-
sation for multidimensional total-variation regularisation was proposed as an alternative.
This is a recently developed signal filtering method that involves the taut string method
developed by Barbero et al [198]. The taut string method is classically used in statistical
applications to obtain a sparse estimation for a density given by point measurements.
A discrete formulation is employed to interpret the data as piecewise constant splines.
Instead of moving the empirically defined window, proximal optimisation solves the task
by graph trend filtering. This method is published by the same author as proxTV toolbox
for Python 2.7. The method requires to define the proximity operator. In this study, the
operator is fixed to 5000.

The proposed method was applied to I;;rr and By sy obtained after Step 1 in both
spectral regions used. The output was then compared with the results from the original
methods. The difference between the methods is most noticeable when analysing the
signal from the integrating sphere. The example of raw and filtered NIR signal from
the integrating sphere can be found in Figure 5.3.5. The processed signal using proxTV
reveals a smooth pattern across the wavelengths similar to the outcomes using the original

smoothing method. However, the degree of fluctuations has decreased drastically. Signal
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Figure 5.3.5 UV-vis-short NIR (a) and NIR (b) signal collected from integrating sphere
Bgirf in comparison with different smoothing methods performance.

collected from the sample has benefited from the new method too; the nuances of spectral
response were picked up better by proxTV. Overall, a great improvement and consistency
can be seen in the processed signal with an application of the new smoothing method.
For consistency, the proxTV smoothing was applied to SAR-DRM for UV-vis-short NIR
and NIR signal.

STEP 3*: IMPROVED NORMALISATION The elimination of issues in smoothing improves
the overall pattern of SAR-DRM spectra and discard false spectra fluctuations. However,
there is a number of outstanding peaks that appear due to the division of low values
of light intensity (equation 5.3.2). This phenomenon occurs for the spectra collected
from the longest source-to-receiver distance as the intensity is the weakest compared
to the other distances. These artefacts appear occasionally at the smallest and largest
wavelength on the studied regions. Truncation of spectra would cause loss of information
while leaving it untreated would disturb the spectra. To tackle this problem, equation 5.3.2
was rearranged. Instead of normalising I;; ¢ f by By, analysing directly the 1, ¢ ¢ signal
is suggested. In this case, the I4; ¢ values would be the result of the signal processing

routine.
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5.4 COMPUTATIONAL ALGORITHM FOR ESTIMATING

PHYSICAL AND CHEMICAL PROPERTIES: INVERSION OF
SAR-DRM SPECTRA

The general procedure of the parameters of interest inversion can be metaphorically split
into two main stages: inversion of the monodisperse system and following inversion of
polydisperse system. Figure 5.4.1 shows the main steps of the proposed inversion algo-
rithm. The first step is to pre-compute the optical properties for each of the particle sizes
in the grid R for the selected material. This step is done once for selected parameters of
inversion and described in more details in Section 5.4.2. Steps 2-4 return the estimated
parameters of interest for the monodisperse system of particles. If the analysis conducted
with assumption to the analysed monodisperse system, the inversion algorithm termi-
nates at Step 4. For inversion of polydisperse system, the estimated mode radius and
concentration from Step 4 are used as a starting point for the search in the following Step
5, resulting in three parameters of interest estimation: mode radius, concentration and

distribution width. The sections below describe the inversion algorithm in more details.

5.4.1 PREPARATION OF SAR-DRM FOR THE INVERSION AND THE CHOICE

OF THE OBJECTIVE FUNCTION
NORMALISATION OF THE SAR-DRM SIGNAL FOR INVERSION

Section 5.3.2 concluded the necessity of using I;; ¢ ¢ for analysis instead of R to avoid the
spectra artefacts. This raises the question regarding the signal comparison to simulation
as the result that later appears in the form of the diffuse reflectance spectra Rg; .

To assess relative merits of measured and modelled spectra, there will be added an
additional step to obtain Is;,, which can then be compared to I4;fr. Isim should be

developed as follow:

Isim :Rsim'Bdiff (5.4.1)

The only remaining issue of the selected approach is the difference in signals scale.
Iifr and By rr have arbitrary units of light intensity, whereas diffuse reflectance R(A);m,

by definition ranges between 0 and 1 where 1 means that all the incident light is returned.
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Figure 5.4.1 Flow chart of parameters of interest inversion algorithm

To overcome the scaling limitation, Is;,,, and Iy4; rf were re-scaled by the maximum value
of each of them, respectively. As a result of it, simulated and measured intensity would
be within 0 and 1, where 0 is the lowest value, and 1 is the highest for each particular

measurement.

Lairr Bairf
I/ . — B/ . = 5.4.2
dAff max(aiff) difr " maxBaigy) ( )
R .
R, =S 5.4.3
S max(Rsim) (549
Therefore, Equation 5.4.1 with scaling correction will look as following:
! !
P Rsim Bdiff (5.4.4)
sim ma.)C(R,- _Bl ] ) e
sim Tdiff

The proposed solution does not include division of two types of SAR-DRM yet provides

the measured and simulated reflectance values that can be compared against each other.
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The evaluation of the similarities between simulated and measured signal traditionally

established by various functions for a measure of the uncertainty.

OBJECTIVE FUNCTION

The common way to analyse a simulated solution in comparison with a measured signal
is the selection of a function that indicates the degree of differences between values in a
specific way. In the context of inversion problem solution, which is essentially a search for
the original system parameters that affect the measured data, is it a quantitative method
in which predictions I, ~are compared with experimental data I ;l. rr The choice of such
method, commonly defined as an objective function, depends on the quality of agreement
between modelled and experimental signal, which is usually interpreted as a proof that
the chosen objective function is the one that delivers the reliable prediction [199].

The analysis is based on an objective function that measures the merit of the fit be-
tween theory and experiment, where the best fit corresponds to the lowest value returned
by the function. The choice of the objective function is a biased process and solely de-
pends on the application and specificity of the data it is applied to. Ultimately, the selected
function should indicate true parameters of the system. In this research, we complied
with the following criteria during the objective function selection:

- Compatibility of the good fit value to the same conclusion from visual evaluation of
fitted and measured data

- Absence of multiple local minima

- Speed of convergence

The performance of two functions was mainly considered: chi-squared test, y?, and the
relative error, 8. ¥? is a method that calculates the squared difference between simulated
and measured data values, divide it by the measured value and average over data points.
In this study, the calculation is conducted between simulated [ ; im and measured [ éﬁ I
sim

= Izliiff(/li)

, 1 NI, D) = Iy (A2

X (5.4.5)

Relative error is calculated the similar way, however in this function, the change in
measured and simulated signal is an absolute value divided by measured signal and

multiplied by a 100:
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1 N (Mg () = Iy (4]

%= Li i)

0 100% (5.4.6)

The formulas above illustrate that the inversion of I,. % is based on an analysis of
average effect from all wavelength. It is justified by the need of normalisation of the
objective function values over different spectrometers which return a different number
of data pixels as well as requirements of the selected non-linear solver, which will be
discussed further in the corresponding section.

After examination of each function performance, the decision was made in favour of
relative error function usage. y? assumes that uncertainty is proportional to the magnitude
of the signal, besides the units of y? are more difficult to interpret than percentage returned
by relative error. As a result of the comparative analysis of both functions performed at
the simulated signal example, presented in Chapter 6, the relative error method needed a
similar amount of time to achieve successful conversion as )(2, however, the prediction

error was higher for the latest.

5.4.2 STEP 1. PRE-COMPUTATION OF OPTICAL PROPERTIES FOR A SINGLE

PARTICLE IN PARTICLE SIZE POPULATION

As discussed in Chapter 4, the particle size grid R is linearly spaced in a wide radii range.
Moreover, the optical properties are used in a broad wavelength range, which contributes
to computational time. Such an approach is not efficient in the iterative process of search-
ing for a global minima. In this study, Mie theory is used for computation of scattering
(Qs) and absorption (Q,) efficiencies and asymmetry parameter (g) by a single particle
of size. A concentration of particles in the system, as well as size distribution function,
are only introduced afterwards at scattering and absorption cross-section computation.
Detailed formulae of estimation of optical parameters can be found in Chapter 4. Having
optical properties of a single particle known in prior would reduce the time needed for
bulk optical properties calculation.

The first step of parameters estimation was designed to eliminate unnecessarily re-
peated computation of fundamental optical properties. Since the analysed material,
particle size range and wavelength range used in the experiment are known, Q;, Q, and
g can be pre-computed for every size in the size population and every wavelength in

UV-vis- short NIR range, creating a matrix of optical properties values. These values are
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independent of inversion parameters and therefore can be calculated for given material
with known density and refractive indexes. Pre-computation allows to significantly reduce

computational time without negative effect on algorithm robustness.

5.4.3 STEP 2. PRE-LOCATION OF THE INITIAL GUESS FOR PARAMETERS OF

INTEREST

During the inverse problem optimisation, by starting the minima search from the most
plausible solution, a priori the convergence is most likely to be achieved faster than from a
random combination of the parameters of interest. The optimisation of model parameters
is then made by the successive iteration of solving a set of standardized linear equations
for corrections at each step. The later is executed by the implementation of nonlinear
programming solver, described later in Section 5.4.4, whereas the initial guess close to
the most plausible solution shall be defined individually for current research. Locating
the initial guess obscurely might lead to mispredicting the parameters of interest by
trapping the initial guess in the local minima. Presumably, with a satisfactory choice of the
inversion procedure, the convergence must be achieved even with a random initial guess.
A solution for more intelligent initial guess pre-location that is based on the objective
function selected for the SAR-DRM inversion is proposed below.

The pre-location is required for mode radius and concentration before Step 2. The
general procedure of the initial guess pre-location can be described in two main sub-steps,
illustrated in Figure 5.4.2. Firstly, the random values of mode radius and concentration
within constraints are generated. They then are used along with pre-computed values
The

resulted signal is, therefore, corresponds to randomly generated parameters of interest.

for a single particle to calculate bulk optical properties and reflectance signal, I ; im

and I éﬁ % is then evaluated in the form of relative error

0. If relative error is higher than 15% (expressed in the flowchart as 6,,;,), the process

The difference between I, .
starts over. Otherwise, the value of relative error is recorded along with corresponding
mode radius and concentration and the process repeats until at least five combinations
of parameters of interest return relative error lower or equal to 15%. If the relative error
is not lower than 15%, the generation of random combinations of parameters of interest
terminates after 500 iterations. The last step then is to compare the recorded relative error

values to select the lowest value, for the initial guess values for parameters of interest.



118 | Experimental and methodology and design

B (Pm'a111(}'{:("1;32;;11!01'03!) m:: :;"2[:1 SAR-DRM
| . T

05,00 g
\ 4

Hsr Bar 9
A 4

RS‘"!
!
Isim =Rsim * Baigy = Baisy Lags

i

Taigr

I I
5—( sim ~idiff )_100%

NO

8 - amln?

YES

Pre-located

Parameters of interest

Figure 5.4.2 Flow chart of pre-location of parameters of interest (Step 2).
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Figure 5.4.3 Flow chart of parameters of interest inversion (Step 3 and 4).

5.4.4 STEP 3. INVERSION OF THE PARAMETERS OF INTEREST FOR

MONODISPERSE SYSTEM

It is clear that for an objective function with multiple variables there is no alternative but
an iterative solution. To reduce the computational cost of the iterative process, various
optimisation methods may be used. In this research, Matlab optimisation toolbox was
used for solving the function, precisely a non-linear programming solver of constrained
multivariable functions, fmincon. The algorithm chosen was an interior point method in
which the subproblems are solved approximately with sequential quadratic programming
(SQP) and trust-region techniques.

A schematic illustration of the general inversion steps can be found in Figure 5.4.3. The
overall principle of the inversion algorithm here is similar to a majority of optimisation
methods, where the solution of each subproblem is used as a search direction from some
initial point to find an improvement, which is then the next subproblem. The iteration is
repeated until converged to a constrained local minimum [200]. As a part of the fmincon

package, the optimisation algorithm returns a minimum value of the objective function as
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well as details of algorithm execution. The inversion of the parameters of interest requires
several settings and assumptions to be defined to ensure quick and robust estimation of
parameters of interest.

The search for the solution during the inversion problem is executed within specified
constrains for parameters of interest. Setting the constraints allows to significantly reduce
the inversion time. The constraints were set based on the study presented in Chapter
4, therefore the possible solution surface is known from the simulational study. Mode
radius was truncated between 25 and 650 nm and concentration between 0.01 and 20
wt%. Apart from search constraints, there is a number of stopping criteria that must be
pre-set for fmincon. These criteria include several tolerances which, if crossed, stops the
iterations of a solver and therefore define the optimisation accuracy. During the inversion,
fmincon was put through multiple combinations of settings to ensure function repeatable
successful conversion and that no contradiction exists between the constraints mentioned
above. Based on these results and Matlab optimisation toolbox documentation, lower
bound on the size of a step and function tolerance were set to a value of 105, whereas a
maximum number of iteration was left at the default number of 1000.

The parameters of interest, namely, mode radius and concentration are in different
units. As such, the scale is significantly different between the parameters, which would
affect the inversion due to uneven weights of contributing parameters. For this project,
inversion performance was improved by variables re-scaling. The re-scaling was done
with respect to search constraints of each parameter of interest by subtracting the average
value between search limits from the parameter of interest and then dividing the result by
double variance. In such case, the constrains become minimum and maximum values
for the solution search in form of -0.5 and 0.5 respectively for each of the parameters of
interest. The fmincon then generates the variables within these constraints, which should
be converted to the actual units within the optimised function and passed into the forward
calculation routine for SRDR. After inversion is complete, the obtained parameters of
interest will be returned in the above-mentioned scale, therefore the true values of mode
radius and concentration are recovered afterwards for further analysis.

The selected solver fmincon is designed to minimise a single value of the objective
function, therefore the signal, that is supplied into the minima search shall be modified
to suffice this requirement. As was mentioned before, in the current analysis, the signal

is averaged across different wavelength. I’,. 1% is supplied by 16 receiving fibres placed
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at different S-R distances, organized into four branches. Consequently, the SAR-DRM
for single sample consists of four different S-R distances and four different branches.
Following the results of the simulational study in Chapter 4, the closest S-R distance is
not sensitive to all combinations of the parameters of interest, therefore is eliminated
from the analysis. To ensure the compliance of the inversion procedure with diffuse
reflectance approximations used for signal simulation, the spectra obtained from the
fibres at closest S-R distance were eliminated from the analysis. Therefore, only signals
collected at distances 0.6, 0.9 and 1.2 mm were used in the study. This posed a question
regarding the implementation of the spectra from different S-R distances in the inversion
algorithm in such a way that fmincon is supplied with a single value of the objective
function for optimisation. The effect of parameters like mode radius and distribution
width has a different effect on spectra from different S-R distances, therefore, supplying
signals of different S-R distance separately from each other would lead to loss of this
effect propagation. For performing analysis on different S-R simultaneously, the I éli I
signal from different S-R distances was summarised. Same was done for the simulated
signal I, in the function passed to fimincon where the inversion error was evaluated.
The fmincon returns scaled parameters of interest that correspond to the lowest inversion
error. These parameters were re-scaled back to the actual units, and used in the single run
of forward calculation of the optical properties to obtain the corresponding SRDR across
different wavelength and S-R distances.

The signal collected at different branches, ideally, should be identical to each other
at corresponding S-R distances, however, there is a degree of variation expected due to
differences in the individual fibres sensitivities. The signal for different branches will be
inverted separately to observe the effect of differences between branches on the estimation

of the parameters.

5.4.5 STEP 4. INVERSION OF THE PARAMETERS OF INTEREST FOR

POLYDISPERSE SYSTEM

The Steps 2-3 provide with a solution for a monodisperse system of particles. In the
analysis of the system, where only these two parameters (mode radius and concentration)
need to know, the inversion may be complete at this point. This project prioritised
the inversion of the polydisperse system of particles, therefore the complete inversion

algorithm includes Step 4 for expansion of the method to incorporate distribution width
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parameter. The general flow of the inversion is similar to the one illustrated in Figure
5.4.3 with the following differences. After the inversion of the monodisperse system, the
inverted mode radius and concentration serve as an initial value for the starting point.
Since the distribution width was not involved in the inversion yet, the distribution width
starting pointis set to 0.1.

Expansion of the method in the above-mentioned form is dictated by a few observa-
tions made on simulated spectra analysis. First of all, the strongest effect on SAR-DRM
was caused by mode radius, concentration and their combination, as suggested in Sec-
tions 4.3.2, 4.3.2 and 4.3.3 respectively. The effect of the distribution width is significantly
weaker and appears more pronounced in combination with mode radius, whereas in com-
bination with concentration, wide combinations of o and concentration that result in the
same or similar relative error § (Section 4.3.3). Consequently, pre-location of the probable
solution by using Step 2 procedure for three parameters of interest simultaneously may
be biased by the stronger effects of mode radius and concentration, that could lead to a
misleading outcome, including interference of the distribution width and concentration
effect. The latter is especially observed at large values of each parameter of interest. This
leads to the conclusion that pre-location of the probable solution should be executed for
pairs of parameters of interest, rather than three parameters simultaneously. The solution
for the polydisperse system typically situates close to the solution for the monodisperse
system, hence, the pre-location of the starting point with a monodisperse assumption can
be a reasonable approach.

As the starting point getting pre-located, to optimise the search among five parameters
of interest, the pre-defined search constraints are re-assigned in Step 4 to a narrower
quadrant. In this case, the solution from Step 3 becomes the pre-located values for Step
4 and together with the new constraints, the values are forming the parameters for the
fmincon iterative inversion process. The constraints remain relatively broad. For mode
radius, the constraints were set £250nm and for concentration + 5wt% around the pre-
located initial guess. As it is introduced at the later stage of the calculation, distribution
width o was constrained between broader limits, from 0.1 to 1. To monitor if solution
found by fmincon lie close to the selected constrains, the flag variable was assigned which
displays the corresponding message after inversion performance. Overall, Step 4 follows
the flow chart in Figure 5.4.3, except that the parameters of interest are expanded, as well

as the different constraints set for the parameter.
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The flowchart shows the forward calculation steps (red path) that are done iteratively

within fmincon performance until one of the stopping criteria satisfied. Detailed steps of

the full inversion process described as follow:

Step 1:

Pre-computation of optical properties of the selected material

1. Optical properties for a single particle

(a)

(b)

(9]

Define complex refractive index of particles and surrounding medium, material

densities, particle size grid, wavelength range;

Compute optical properties (Qsr;, Qur), &s(r)) Of a single particle in particle

size grid for every wavelength in the range;

Save the result of calculation in .mat format. Repeat from the step 1a if any of

the parameters in 1a change.

Step 2-4: Inversion of monodisperse system of particles

1. Pre-location of initial guess for monodisperse parameters of interest (Mode[R] and

concentration)

(a)

(b)

(©)

(d)

(e)
)

(g
(h)

Select maximum and minimum limitations of Mode[R] and concentration
for studied material based on system information and theoretical limitations
(Chapter 4)

Generate random combination of Mode[R] and concentration within the limi-

tations in la

Calculate scattering cross-section (o), absorption cross-section (o,) and

anisotropy factor (g) for a single particle of generated Mode[R]

Calculate bulk optical properties in form of scattering coefficient (u;) and

absorption coefficient (u,) for generated concentration
Calculate diffuse reflectance signal, Rg;,

Load SAR-DRM signal in form of signal collected from the sample (I4; r¢) and
signal collected from the integrating sphere (Bg; 7 )

Re-scale to 1 I;¢f, Baiff and Rgim

Calculate I’

sim
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(i) Calculate relative error ¢ for selected wavelength range and S-R distances

combination

() If the 6 < 15%, record the parameter of interest and 6 simultaneously updating
first and second stopping criteria counter; If the 6 = 15%, record the param-
eter of interest and 6 simultaneously updating only second stopping criteria
counter; (first: five combinations that return 6 < 15% ; second: 500 of total

iterations)

(k) Repeat the algorithm from step 1b until one of the stopping criteria satisfied
2. Inversion of parameters of interest (Mode[R] and concentration)

(a) Define parameters for fmincon solver

i. Set tolerances and steps of the optimisation

ii. Set parameters of interest search constraints based on pre-located initial

guess
(b) Re-scale parameters of interest
(c) Perform inversion via fmincon, which repeats steps 1c - 1i

(d) Re-scale back the inverted parameters of interest
Step 5-6: Inversion of polydisperse system of particles
1. Inversion of parameters of interest (Mode|[R], o and concentration)

(a) Define parameters for fmincon solver

i. Settolerances and steps of the optimisation
ii. Set parameters of interest search constraints based on the pre-located
initial guess
A. Set maximum and minimum limitations of Mode[R] around monodis-
perse value as +250nm and concentration +5 wt%. The distribution

width search constraints are identical to the ones in Chapter 4.

B. Normalise the corrected search boundaries
(b) Perform inversion via fmincon, which repeats steps 1c - 1i

(c) Re-scale back the inverted parameters of interest
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The algorithm, described in this section is used either in full for polydisperse system
or only up to Step 3, without the inclusion of the distribution width parameter for the
monodisperse system. The inversion of the equivalent spherical radius for CNC study
follows the same procedure as those for a monodisperse system, but the concentration
is taken directly from the gravimetric analysis rather than pre-located by the search in
Step 2. The constraint for the concentration is set to + 0.01 wt% to allow the fmincon only

search for minimal error by varying the mode radius.

5.4.6 CONCLUSIONS

In the first section, this chapter provides an overview of the sample sets used for the analy-
sis in current research, their experiment design as well as the reference measurements
setups and methodologies. The second section described the inversion algorithm and the
associated signal processing changes. Summarising this section, the inversion method
described proposes the search for the solution for mono and polydisperse system of col-
loidal particles. It addresses the current shortcomings of the SAR-DRM signal processing
as well as provides an inversion routine which is based on error minimisation between
simulated and measured signal. The reliability of the selected constraints and functions is
validated in the following Chapter 6 before being applied to the SAR-DRM in the same
chapter.






CHAPTER 6

BENCHMARK STUDIES OF SAR-DRM FOR
PSD/CONCENTRATION ANALYSIS IN

POLYSTYRENE SUSPENSIONS

Previous chapters have explained the concept, that describes the inversion of physical
and chemical properties via the combination of physical theory and numerical inversion
methods. Chapter 4 summarises the effect of parameters of interest on simulated diffuse
reflectance, and Chapter 5 proposes the detailed methodology for inversion of physical
and chemical properties, including the spectra pre-processing steps. Therefore, the next
step was to perform the inversion itself and evaluate the outcomes.

The following chapter consists of two major sections. The first section validates the
SAR-DRM pre-processing routine and inversion algorithm performance. The second
section describes the results of the application of the developed algorithm on Sample
sets with and without polydispersity, unveiling the quality of the parameters of interest

estimation and their interference.

6.1 VALIDATION OF SAR-DRM PROCESSING METHOD

Dataset 1 was used to investigate and validate the signal processing method. This dataset
was available from the set of styrene polymerisation reactions and described in details
in Section 5.1.1. The spectra were treated through the original and updated signal post-

processing routine to assess the improvement from the modifications proposed.
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As the first processing step, the spectral signal, collected for polystyrene suspensions,
is subtracted by the background spectra. This step reduces the level of noise and clears
the spectra profile collected from samples and integrating sphere. This procedure re-
mained unchanged and therefore, will be skipped in the following section. Section 5.3.2
describes the improvement of spectra smoothing and normalisation process to address
several problems spotted in spectra processing steps 2 and 3. The results of the proposed
steps in Section 5.3.2 will be compared with the results from Section 5.3.2 to assess the

improvement.

6.1.1 STEP 2*: IMPROVED SMOOTHING

The second step is smoothing the noise from the SAR-DRM signal that cannot be removed
by background subtraction. As discussed in Section 5.3.2, more effective methods, like
proxTV filter, shall be applied instead of currently employed.

As a confirmation of the proposal, Figure 6.1.1(a) illustrates a typical result of a smooth-
ing UV-vis-short NIR signal via two methods: the original Savitzky-Golay and the proposed
proxTV filter. As was overviewed in conclusions of Section 5.3.2, both of the methods
handle the smoothing of the noise in this wavelength regime in good standards. This
concludes that after undertaking the smoothing, the overall profile of the spectra is still
maintained yet the apparent noise was significantly reduced.

A similar comparison was made for the signal collected from the NIR spectrometer.
This signal originally filtered by Fourier transform-based technique and its performance
was compared against proxTV filter proposed. Figure 6.1.1(b) illustrates the typical result
of a smoothing NIR signal via original FFT and proxTV. The signal collected from both
sample and integrating sphere contains a significant amount of noise which fluctuates
greatly. Due to a specificity of the original filter method, some outliers in the signals cannot
be filtered fully and therefore stay in the smoothed signal in the form of a false peak. The
proposed method, proxTV, performs better, which can be observed in Figure 6.1.1(b).
With the application of proxTV, less noise has been retained in the smoothed signal, which
ultimately would benefit the next steps of the analysis. Considering occasional noise
appearance at By fr and consistency in signal processing, proxTV method is applied to

signals collected from both wavelength ranges.
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Figure 6.1.1 UV-vis-short NIR(a) and NIR(b) background subtracted signal collected from
(1) polystyrene sample, (2) integrating sphere. The figure illustrates the raw signal (semi-
transparent line), signal smoothed using Savitzky-Golay (solid line) and signal smoothed
with proxTV method (dashed line).



130 | Benchmark studies of SAR-DRM for PSD/concentration analysis in polystyrene
suspensions

6.1.2 STEP 3*: NORMALISING

In this stage, the reflectance signal, 1; ¢ is divided by the reference signal from the
integrating sphere, By;rr. As described before in Section 5.3.2, this approach cannot
produce a consistent and stable result at large S — R distance. In this project, the analysis
was carried out on UV-vis-short NIR to avoid absorption -related losses of spectral signal,
strongly appearing in NIR range. Nevertheless, the signal post-processing optimisation
study was carried on both wavelength ranges to find a single processing method and
ensure consistency.

To illustrate the issue, Figure 6.1.2 shows examples of problematic diffuse reflectance
for both wavelength ranges. One of the most straightforward observations is the fact
that the studied issue occurs exclusively at relatively large S — R distances, known for
returning low Iy; ¢ intensity. The values of the latter become comparable with the values
returned from reference integrating sphere measurements, By; ¢, at some wavelengths
in both ranges. The variations in the SAR-DRM spectra profile appears at the following
normalisation step exclusively at the wavelengths with 1, ¢ ¢ intensity similar or same
to Byifr. Breaking down the reasoning behind these occurrences, division of I4; ¢ to
Bgirr (Equation 5.3.2) leads to the appearance of the strong spectra peaks at a wavelength
as mentioned above that does not typically exhibit material-related properties for mea-
surements of polystyrene suspensions. To avoid such artefacts, I;; sy signal will be used
directly (Figure 6.1.1 (a) and 6.1.1 (b)).

Lastly, the spectra range of 1, ¢ was finally reviewed across the wavelength range
returned by the spectrometer regarding the signal quality. In the UV-vis-short NIR, used
in the analysis further, there are wavelength regions with the fading intensity, making it
inapplicable for analysis. The fading spectra are withdrawn from the analysis to truncate
the signal between 550 and 950 nm.

To conclude the signal processing validation outcomes, the systematic noise that
appeared at both wavelength ranges was reduced, the source of outlier spectra peaks was
distinguished and tackled. The following section will shift focus from signal processing
to inversion algorithm validation, described in Section 5.4, namely, justification of the

objective function choice and robustness test on simulated SAR-DRM.
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Figure 6.1.2 Background subtracted signal (a) and normalised reflected intensity (b) col-
lected in UV-vis-short NIR (1) and NIR (2) wavelength range.

6.2 VALIDATION OF INVERSION METHOD

The inversion method proposed is a complex numerical tool which was specifically devel-
oped to be applied to SAR-DRM inversion. The inversion routine is based on choosing
the parameters of interest, using them for simulation of the spectra and systematically
comparing the simulated and measured signals, aiming to obtain a good fit between them.
To assist the quality of the fit, a mathematical function has been selected. Below, the
results of the comparison of the performance of two commonly used objective functions
will be shown. The selection process was based on the comparison solution surface of the

objective function, precisely, the decay rate and presence or absence of the local minima.

6.2.1 OBJECTIVE FUNCTION CHOICE

Section 5.4.1 described two objective functions that can be potentially employed for SAR-
DRM inversion, y? and relative error 8. The section below clarifies the choice of the § by

executing a number of experiments on both simulated and measured signal.
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Figure 6.2.1 Response plot of the objective function solutions from (a) 6 function and (b)
x? function, for simulated signal across mode radii and concentration combinations. The
minima of each function is highlighted as a red dot.

Investigation of the objective function performance on simulated signal inversion
was performed for two different combinations of parameters of interest: mode radius
and concentration and distribution width and concentration. These combinations are
identical to ones inverted in each of two stages of the proposed inversion algorithm. To
conduct such comparison, a SRDR signal was simulated for a polystyrene suspension with
a concentration of 5 %wt, mode radius 250 nm and distribution width 0.25. The first test
fixes distribution width to known and illustrates only mode radius and concentration,
whereas the second test compares functions performance across distribution width and
concentration values.

The first test is based on observation of the solution surface of the objective function
across a pair of parameters of interest. The obtained signal was then compared via y?
and 0, % with signals simulated for a range of mode radii and concentrations. The range
limitations were chosen the same as was set in Chapter 4, however since these limits are
relatively broad, the result of the solution surface of the objective function, presented in
Figure 6.2.1, is truncated.

The surface consists of objective function values corresponding to each combination
of parameters. From a comparison of the overall appearance of the solution surfaces,
both objective functions exhibit global minima at the actual combination of parameters
used for the simulation of the inverted signal. The y? function exhibits a local minima

for mode radius 158.3 nm and concentration 3 wt%. Error from § function for the same
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Figure 6.2.2 Response plot of the objective function solutions from (a) 6 function and (b)
x? function, for simulated signal across o and concentrations combinations. The minima
of each function is highlighted as a red dot.

combination of parameters is smaller compare to neighbouring parameters, however,
does not form a local minima.

From the appearance of the solution surface of the objective function, the error for y?
decays faster than for §, which means a faster search for the minima. Minima in § function
are more distinguishable and have a smaller area of similarly small error values around it.
Generally, it implies better accuracy of the prediction when 6 is employed, however, the
conclusion is based on relative observation as the scale of these two functions is different.

The second test was conducted on the combination of concentration and distribution
width, resulting in the solution surface in Figure 6.2.2. General observations from this test
are similar to what was observed for the combination of mode radius and concentration.
Precisely, the surface of solutions for y? develops a shallow area when approaches to the
minima, whereas § function has more distinctive minima. y? does not exhibit any local
minima, though, both functions show a steady in error values across concentration values.
The steady start at as low as 0.002 o and continues until ~ 0.1. The change between the
neighbour error values is smaller than 107, which is the tolerance of the stopping criteria.
Presence of such area may be reflected negatively in the quality of the inversion when the
solution can be trapped in the area of very low distribution width. This shortcoming can
be solved by either reducing the tolerance step, which consequently increases inversion
time or truncating the minimum constraints of the distribution width to 0.1. The changes
in SRDR from variations at lower values of distribution width appear to be negligible and

hence won't affect the quality of the prediction.
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To conclude the observations from the above-mentioned section, the 6 function
exhibits the desirable properties for objective function as its solution surface does not
form the local minima and shows well distinguishable minima, free from the shallow
surrounding area. The sensitivity of the § function to distribution width variations below
0.1 is negligible, hence the search constrains can be optimised to 0.1 value as a minimum

which indicates the monodisperse system.

6.2.2 VALIDATION OF INVERSION PERFORMANCE

The performance of the inversion algorithm was assessed in two stages. For validation,
the method was applied to simulated reflectance signal for various combinations of
parameters of interest. This analysis was conducted to test the possibility of the developed
method to find global minima. After evaluating the limitations arising from inversion of
simulated signal, the inversion algorithm was used to find a fit to sample of the measured
signal. Hence, the second stage unveils the visual representation of good, average and

poor fit examples.

EVALUATION OF INVERSION ALGORITHM PERFORMANCE ON SIMULATED SPECTRA

In this analysis, a combination of parameters of interest (mode radius, concentration
[and] distribution width) was supplied into a forward calculation routine for SRDR signal.
Then, the obtained simulated signal was inverted via the proposed inversion algorithm.
The validation aim was to illustrate the potential shortcomings that can arise at the second
stage of the inversion, where all their parameters of interest are involved in the search,
and the most number of degrees of freedom is present in the methodology. A comparison
of initial values supplied to the method, and inversion results make a core of the following
section.

The analysis below consist of two main goals. The simulated SRDR guarantees the
presence of the global minima that correspond to the parameters of interest used in
the simulation. Hence, inversion of the simulated dataset testing the robustness of the
proposed algorithm. Secondly, the following study justifies the need of 6 truncation in the
pre-location of the most probable solution (Section 5.4.3).

A set of 125 SRDR spectra was simulated using the forward calculation routine for a
range of mode values (5nm - 250nm), distribution width (0.002 — 1) and concentrations

(0.05wt% — 20wt%) of hypothetical polystyrene suspensions. This data was passed to the
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inversion algorithm, and all three parameters of each sample have been inverted. The
study below employed inversion algorithm developed in Chapter 5 with three signifi-
cant modifications. Because the integrating sphere signal is missing, the inversion was
conducted for a simulated diffuse reflectance signal, Rg;,,. Since the following valida-
tion will also test the selected stopping criteria for the Step 1 of the pre-location of the
most probable solution for a monodisperse system, this part of the algorithm was not
performed as described in Chapter 5. Instead of the iterative process, the pre-location was
executed via 1000 random combinations of mode radii and concentrations. Apart from
these diversions, the rest of the steps were kept the same as described in Section 5.4.4.

Comparison of inverted and actual values can be found in Figure 6.2.3. The figure
depicts the objective function values 6 presented against variations in the inverted mode
radius (Figure 6.2.3 (a)), distribution width (Figure 6.2.3 (b)) and concentration (Figure
6.2.3 (c)). Such representation of the results serves as an illustration of the algorithm’s
ability to return the values that were used to simulate the signal.

Overall, the majority of the samples were inverted successfully, meaning that inverted
value of mode radius, for instance, was either exact to the actual value of supplied mode
radius or varied from it by +3nm. Inverted distribution width varied within +0.01, whereas
concentration values varied +0.007 wt% from actual concentration supplied. The vari-
ation between inverted and original result is related to the degree of accuracy, assigned
to fmincon. Once the optimizer is reaching the minima, the iterations stop once the
difference in & falls below the tolerance criteria, which in this research set to 1076.

With a closer focus on each parameter inversion, there is a number of parameters of
interest combinations that did not lead to convergence. There were samples for which
the inverted values did not match the original parameters at a much higher difference.
They can be easily spotted in Figure 6.2.3 (a), (b), and (c) in the form of the dots scattered
away from the zero levels which stand for a match between actual and inverted values.
What can also be noted is that in all those figures, values of §, returned by inversion algo-
rithm, mostly lie below 1072 and correspond to low variations in the inverted parameters.
Respectively, the highest values of 6 belong to the samples where inversion has failed to
return actual values of parameters of interest. Another evidence of this observation is the
number of random combinations that were used to find the optimum starting point. The
cases mentioned would require a much larger number of iterations, close to the current

limitation of 1000 iterations throughout the starting point search.
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To monitor this shortcoming, the problematic combinations of parameters of interest
were used in the inversion again, however this time, the limitation of iterations to 1000
in the pre-location of the starting point was replaced with looking for a solution lower
than previously returned for such system. An additional study showed that if the starting
point search continues to find a better solution, then the convergence is achieved and the
minima returned is zero.

This raises the question regarding the possibility to ensure the best solution for all
potential combinations of parameters of interest. As one of the outcomes from the above
study, it can be concluded that starting the optimiser fmincon with parameters of interest
that correspond to 6 below or equal 15% have a high probability of returning the minima
of the function, that starting point that corresponds to higher §. Hence, setting the passing
criteria to < 15% should reduce the chances of inversion falling into local minima and
shorten the time needed for starting point search.

Since, presumably, there is no pre-known information about any of parameters of
interest, the only way to give a higher degree of starting point accuracy is to increase the
stopping criteria based on a number of random combinations of parameters. The down-
side of this approach is the consequential increment of total inversion time. Considering
a small number of combinations that did not lead to convergence and an ambition to
keep the inversion time within 1 hour, the maximum number of iterations in the first part
of the inversion algorithm was left limited to 500 combinations. However, most of the
other parameters of interest needed much fewer iterations to return § < 15%. To optimise
the pre-location of the starting point, the iterative step was implemented that compares
each ¢ returned against < 15% threshold. Whenever this condition satisfied more than
five times, the pre-location of the starting point is then getting reduced to choosing the
minimum between these five options.

The inversion of simulated spectra has shown that the overall performance of the
inversion algorithm is satisfying. A majority of the samples were inverted correctly, and
those that failed to converge had an insufficient starting point located in the local min-
ima. The observations were used to establish the limitation parameters for polystyrene
suspensions inversion to provide a robust and fast method for particle size distribution
and concentration inversion. The detailed summary of the established limitations and

the overall methodology was explained in Chapter 5.
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EVALUATION OF INVERSION ALGORITHM PERFORMANCE ON MEASURED SPECTRA

Investigation of the performance of the developed inversion algorithm on the measured
SAR-DRM signal is a much more convoluted task in comparison to a similar study on
simulated spectra. The measured signal is affected by multiple experiment parameters,
and the pre-knowledge of parameters of interest depends on the reference technique and
its accuracy. Generally speaking, the analysis of data sets presented later in the current
and followed chapter is dedicated to analysing the performance of the inversion algorithm
on measured SAR-DRM, precisely, how well the inversion fit the studied signal and the
comparability of the inverted parameters of interest with measured ones. Hence, the
following section is aiming to complement the upcoming study by focusing on the small
fraction of the inversion analysis, the goodness of the fit in the context of SAR-DRM
inversion.

The quality of the fit, by definition, is evaluated by the value of the objective function
in such fashion, that the lower the value, the better fit. This analysis aims to illustrate
what would be considered as good, average and poor fit quality in the detailed study
in the following sections. To do so, I;; ¢ signal collected from polystyrene suspensions
consist of a Sample set 2, which properties are described in detail in section 5.1.2, was
inverted. Figure 6.2.4 shows the comparison of the measured I;; ¢ signal against the
result of inversion I;;,, rescaled to the original scale of the measured signal.

Naturally, the measured signal contains some level of noise, which vary with param-
eters of interest variations as well as SAR-DRM branches configurations. Hence, the
solution provided by the inversion algorithm is not expected to be exactly zero. The top
row, coloured green, represents an example of a good fit, that corresponds to low 6. The
inverted signal for each S — R distance repeats the corresponding measured signal in an
equally good manner.

The average and poor fit represent the signal for shorter S-R significantly better than
the one for long S-R distance. The inversion is executed as a simultaneous process for
all three S — R distances, and so it was vital to ensure that none of the signals inversions
overruled the impact of the other one on the result. One of the preventive measures that
were applied to the signal before the inversion was the rescaling of the latest to 1 for
each of the S — R distances. Hence, the impact of fading intensity due to increased S — R
distances can be obliterated from the discussion. Since the light collected at furthest S-R

distance travels longer through the sample, apart from being more diffusely scattered and
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Figure 6.2.4 Examples of SAR-DRM for polystyrene suspensions and corresponding
good(green), average(blue) and poor(c) fit.

therefore should be represented by selected theory better, it is also potentially affected by

factors not accounted in the current approximation.

6.2.3 (CONCLUSIONS

This section justified the choice of the objective function, tested the inversion algorithm
performance, evaluated the outcomes and set certain limitations to optimise the inversion
performance. Clarification of the objective function selection was an essential step to pro-
ceed as the results obtained from inversion are judges by the performance of an objective
function. The chosen function, §, has shown a single minima value and straightforward
solution surface.

Inversion of the simulated dataset has helped to distinguish the potential shortcomings
that might arise from the inversion and eliminate them by introducing the additional
stopping criteria. The inversion on the measured diffuse reflectance visualised different
0 values in the context of the goodness of the fit. The signal returned from the inversion
algorithm repeats the measured reflectance intensity well along all of the wavelengths

with some mismatches appearing at longer S-R distances. The study continued with the
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application of the method onto polystyrene datasets to analyse the performance of the

method.

6.3 SAMPLE SET 1: MONODISPERSE POLYSTYRENE

SUSPENSIONS

One of the primary goals of this analysis was testing the effects of each parameter of
interest on spectra signal collected by receiving detectors at different distances for vis-
short NIR wavelength range. The investigation of potential effects was conducted and
presented in Chapter 4, where the simulated spatially resolved signal had a number of
distinct changes with the change of each parameter. Those observations implying the
possibility of spotting those variations and convert them back to the system’s properties
via numerical and analytical methods.

Therefore, the goals for the upcoming analysis were:

- To inspect the signal obtained with reference to pre-knowledge of the parameters of
interest

- To see how comparable the effects were seen in simulated spectra to the measured
signal

- To understand the limitations to the method arising from the measured signal

The inversion algorithm, proposed in Chapter 5, consists of two stages: inversion of
the monodisperse system followed by inversion of the polydisperse system. The com-
bination of mode radius and concentration was studied first on sample set 1, consist
of monodisperse polystyrene suspensions. To meet the stated goals, the section below
presents the following stages of analysis. Initially, the SAR-DRM spectra in the form of
IL4irr were reviewed in the context of pre-known particle radius and concentration of the
samples. After a preliminary analysis of the trends, the inversion algorithm was applied to
estimate the above-mentioned parameters of interest and clarify the possibility of tracking
the properties of the materials back from spatially resolved spectroscopic measurements.
This study consist of a comparison of estimated parameters with reference measurements
and evaluation of the differences in the prediction in comparison with corresponding

objective function values.
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6.3.1 FEATURES ANALYSIS OF SAR-DRM SIGNAL

The inversion was preceded by a preliminary examination of the signal collected. As a
result of this examination, we expect to classify the effect of different parameters to the
measured signal, the difference between them and the degree of each effect.

Spatially resolved spectra were sorted based on physical properties and composition
of the suspensions known from the reference measurements. Even though parameters
of interest are inverted simultaneously, the analysis is structured to describe each of the
effects separately for clarity. The I,; rf measurements corresponding to different mode

radii and concentration of solids were compared between each other.

EFFECT OF MODE RADIUS ON SAR-DRM SPECTRA

The appearance of the particle size effect on I; rr was examined first. Figure 6.3.1 shows
examples of 1, ¢ collected for samples with a similar concentration and different particle
size. To illustrate the entire dataset collected from typical measurement, the figure shows
I4ifr collected by different branches of fibred (South, West, North, East) and available
S-R distances, although in the current analysis, the latter is truncated to three longest
distances.

In comparison to observations from simulated spectra, the effect of particle size does
not look as profound, however, it has similar features and exhibits the same behaviour with
a variation of sizes overall. There are some features of the signal, that can be confirmed
with what was seen in Rg;,, in Chapter 4. For example, the intensity of the signal is
decreasing with increment source-to-detector distance. This observation associates with
the extinction of the light due to multiple scattering. This observation was discussed in
details during the analysis of the forward calculation in Chapter 4. Another observation,
confirming the discussion of the simulated signal in similar wavelength range is the
moderate decrease of the intensity with an increase of the particle size.

For all the S-R distances, the majority of the size effect appears between 600 and 700
nm wavelength, however, particle size effect appears differently on spectra collected at
different distances. At shorter S — R, diffuse reflectance signal does not differ between
different samples. Still, the trend can be spotted anyway, that the light collected from sam-
ples with larger particles has a higher intensity than the light collected from suspensions
with particles of smaller sizes. The reverse in the intensity order refers to a larger number

of multiple scattering that is happening in the samples with smaller particles in the same
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volume of material compared to a number of scattering in the sample of the same volume
with particles of large size.

The relative difference in the magnitude between different samples increases with the
increase of S-R distance, however, it is mostly located at 700-850 nm wavelength range.
There is also a small variability between different samples in the profile formed by spectra
over analysed wavelength.

Comparing the signal collected by different branches of SAR-DRM, there is notable
variability across them in regards to the signal intensity and appearance across wave-
length. The South branch exhibits relatively low-intensity values in comparison with
other branches. The signal collected at 1.2 mm has intensity comparable to reference
measurements from the integrating sphere. The rest of the branches have similar intensity
between each other. There some variations in the signal for each sample itself, for exam-
ple, the difference in the magnitude, observed at 700-850 nm wavelength range, differs
across different branches. Nevertheless, the variations do not appear to change the overall

appearance of the spectra observed across different branches.

EFFECT OF CONCENTRATION ON SAR-DRM SPECTRA

A similar comparison was conducted for samples of a different concentration of solids.
Figure 6.3.2 shows examples of I s s collected for the polystyrene suspension of the same
particle size but five different concentrations. The previous section highlighted the effect
of the mode on the spectral signal, therefore the type of effect can be compared with the
concentration effect.

The influence of the concentration variation mostly represented as variations in the
magnitude between the signals. In contrary to the particle size effect, the difference
between concentration can be seen clearly for all S-R distances, including the fibre closest
to the source. There is also a slight change in the profile of the spectral signal when
compared over different collection distances. However, a majority of the S-R effect appears
when analysing specifically samples with 6.1 wt% and 4.78 wt%. The position of the spectra
peaks through dilutions does not change, which reflects the same origin of the sample.
With an increase in the concentration of solids, the intensity of the collected signal is
decreasing. This observation is anticipated and correlates with results of the forward

calculation and thoroughly discussed in Chapter 4.
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Similarly to observations made in the previous section during the particle size effect
analysis, there are variations in the signal collected from different SAR-DRM branches.
They are mostly appearing in the form of intensity variations and do not affect the appear-
ance of the signal greatly.

The preliminary analysis of the measured signal concluded that the effect of particle
size appears differently for particle size and concentration variations. They also confirm
the general observations made during the study on the simulated signal. The latter
emphasises that forward calculation routine developed accurately describes the measured
signal, allowing to pursue the inversion steps to estimate the parameters of interest. As
part of the study, the potential effect of intensity variations across branches will be studied

as well.

6.3.2 SIGNAL INVERSION

The following sections will highlight the outcomes of inversion, conducted for monodis-
perse polystyrene suspensions. As followed from the sample set name, the corresponding
data set of the measured signal is presumably free from particle size distribution effect.
Therefore, with distribution width fixed to monodisperse and particle shape being spheri-
cal, the only parameters that suppose to have an effect of spectra are particle radius and
concentration of solids.

Following the structure of previous Section 6.3.1, the analysis of the inverted parame-

ters will be presented in two parts, for mode radius and concentration, respectively.

MODE RADIUS ESTIMATION

After executing the inversion algorithm on Dataset 1, the mode radius was estimated
and the result of estimation is presented in Figure 6.3.3. The signal from each SAR-
DRM fibres branch was inverted separately and therefore, the results are presented for
each of them, also in comparison with reference measurements from DLS. The inverted
results, presented below have not matched with any of the inversion algorithm searches
constrains, therefore, the variations in the predictions shall be considered unaffected by
the inversion algorithm parameters.

The variability between measured and estimated mode radii exist across all branches,
however, it is especially observable at South branch (Figure 6.3.3(a)). Inversion results from

this branch are not systematic and hardly similar to corresponding reference measure-
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ments. Inversion of signal from the other three branches returns more consistent results.
The Root Mean Square Error (RMSE) between estimated mode radius and measured from
DLS is 71.5 nm on average across these three branches. The quality of the fit is also signif-
icantly lower at South branch, reaching 8 % against ~ 5% at other branches. Therefore,
the following conclusions will be based on an analysis of the remaining three branches.
Tables of the inverted and reference mode radius values can be found in Appendix A.1.
There are some of the samples, estimation for which was far from the reference mea-
surement, but the fit returned by the inversion algorithm was quite poor, according to the
objective function values. However, it is not a systematic observation as there is a number
of samples, estimated mode radius for which did not correspond the reference values,
however, the quality of the fit was good. What is systematic is the overall deviation of the
estimated results. As depicted in Figure 6.3.3, each branch has a number of samples of
various mode radii that have consistent deviation by the value of approximately equal
RMSE. After examining the samples manually, it came to attention that they belong to the

same original sample, that was diluted to formate the sample set.
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Figure 6.3.3 Comparison of estimated mode particle radius with mode radius from refer-
ence measurements (DLS) for different SAR-DRM branches (a-d). Colour corresponds to
corresponding to each sample’s objective function value 6.

Since the variations of the estimated mode radii from the reference measurement ap-
pear across different size values and also do not exhibit correlation with objective function
values, another angle for analysis to consider is the appearance of the variations in the
estimated mode radii in the context of the actual concentration of each sample. Figure
6.3.4 illustrates the result of the analysis by presenting the variation between estimate and
reference mode radius (y-axis) with respect to objective function values (x-axis) for each
SAR-DRM branch. It appears that inversion of the samples with a concentration above
~ 8 wt% returns the mode radius within 50 nm difference from the reference measure-
ment. The variation in the estimated particle radius is increasing for samples with the
concentration below this value across different branches; however, the number of samples

that exhibit suchlike trend is low for the exact trend formation. This occurrence can be
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Figure 6.3.4 Actual difference between estimated and measured mode radii in comparison
with 6 for different SAR-DRM branches (a-d). Colour corresponds to concentration of the
samples.

related to many factors. First of all, the reference DLS measurement was collected from
the original suspensions that were extremely diluted, whereas inversion algorithm was
applied to samples of various concentrations. Therefore, the comparison of the reference
measurement with estimated values might reflect the variability of the particle size due to
the dilution process.

Estimated mode radius is generally underestimated in comparison with reference
measurements. At this stage of the analysis, it is difficult to conclude the reason behind
it as it could equally be the effect of concentration inversion, which was performed

simultaneously or the accuracy of the DLS measurements.
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CONCENTRATION ESTIMATION

The concentration of solids is another parameter of interest that was estimated for Sample
set 1. It was inverted simultaneously with mode radius, and therefore, it is vital to not only
analyse the estimated concentration in comparison with reference measurements but
also evaluate the potential effect of it in the context of estimated mode radius, discussed
in the previous section.

The variability of the predicted results is higher from the South branch signal, which
is echoing the similar observation made from mode radius inversion. First of all, the
quality of prediction is evaluated based on a comparison of values obtained from an
inversion with values from gravimetric analysis. Results of the comparison are illustrated
in Figure 6.3.5. Some observations follow the trends, observed an estimated mode radius.
Concentration estimated from signal collected from the first branch does not correlate
with measured concentration as illustrated by R?> and RMSE. Concentration estimated
from the other three branches shows good correlation with measured concentration
with average RMSE across different branches being 3.68 wt%. Tables of the inverted and
measured concentration can be found in Appendix A.1.

The inverted concentration exhibits similar errors across West, North and East SAR-
DRM branches, whereas the North branch is associated with higher variability of the
concentration. This observation was already made during the analysis of the mode radius
inversion for the same sample set, therefore the following discussion will be generalising
observations across the remaining SAR-DRM branches.

The inverted concentration agrees better with the measured values when the latter
is below ~ 8 wt%, whereas after exceeding this value, the agreement of the inverted and
measured concentration reducing, especially at West and East branches. The variations in
the estimated concentration, tailored in a specific concentration range raise the question
regarding the possible dependency of these events. As was observed in Chapter 4, the
intensity of the SAR-DRM is reducing with the increase of concentration in such range; be-
sides, the SAR-DRM measurements from the closest S-R distance which have the strongest
light intensity were excluded from the analysis to benefit all three parameters of interest
inversion, which altogether might impact the inversion result. An additional concern may
arise from the possibility that the scattering regime at such concentration is different from
diffuse, which would contradict with selected theories. The latter will be discussed in

more details after analysis on Sample set 2.
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Figure 6.3.5 Comparison of estimated concentration with concentration from reference
measurements for different SAR-DRM branches (a-d). Colour corresponds to correspond-
ing to each sample’s objective function value 6.

Regarding the possible ways to improve the predicted results, there are a number
of samples, inversion of which returned the high inversion error and the concentration
parameters, that is drastically different from the measured value, suggesting that the
inversion error might indicate the misprediction of the parameters. Some of the samples,
however, do not correlate well with reference concentration values and also have large
0 value; however, similarly to observations made from mode radius inversion, this is
not a regular occurrence. There is, however, the correlation between different regimes
concentration of solids and the quality of estimation. As appears in Figure 6.3.5, the
inversion of the samples of concentration below ~ 6-8 wt% tends to underestimate the
concentration, however, the values are relatively close to the measured ones. In contrast,

inversion of the samples with higher concentration has higher variability and estimates
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Figure 6.3.6 Actual difference between estimated and measured concentration in compar-
ison with 6 for different SAR-DRM branches (a-d). Colour corresponds to samples with
different mode radius.

concentration higher as well as lower than the measured values. This observation does
not have a straightforward correlation with particle size, as partially confirmed by analysis
of the difference between estimated and reference concentration in respect to 6 values,
shown in Figure 6.3.6. However, the number of samples that exhibit one or another
correlation does not allow to draw a straightforward conclusion in this matter, suggesting
that there competing for effect between mode radius and concentration, which might be

present, does not form a well distinguishable trend, concluding from the current analysis.

CONCLUSIONS

Inversion of the Sample set 1 unveiled certain specifics of the SAR-DRM spectra sensitivity

to the parameters of interest and the measurement setup.
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South branch has the lowest intensity of the sigma among the SAR-DRM branches,
which had a negative effect on the estimation of the parameters and led to the variability of
the estimated mode radius and concentration. The inverted parameters were associated
with high inversion error. The quality of the fit across other branches had a moderate level
of variations, which can also be assessed by R? and RMSE. From the inversion of both
parameters, the North branch has shown results that are closely matching with reference
measurements for both parameters.

Considering the observations above, what can be concluded is that there is a distin-
guishable difference between spectral signals collected for samples of different mode
radius and concentration. From the analysis of the branch with lowest error values, the
quality of the provided fit is below 5% which is considered as a medium to a good fit and
the estimated mode radius and concentration well agree with reference measurements.
The interference of these parameters of interest in the estimation of each other does not
appear at a significant extension to conclude the exact trend. However, the accuracy of
the inverted concentration decreases for samples with a concentration of over ~ 8 wt%,
which appears to be a consistent trend across different SAR-DRM branches. The reason
behind this phenomena may be associated with the limitation of the diffusion regime of

the selected sequence of the SAR-DRM source-to-receiver distances.

6.4 SAMPLE SET 2: POLYDISPERSE POLYSTYRENE

SUSPENSIONS

The particle size distribution inversion requires the usage of both stages of the developed
inversion algorithm. In the following section, the analysis will be presented in two parts.
The focus of the first part will be on investigation of number particle size distribution (PSD)
effect on SAR-DRM, followed by inversion of the number PSD in the form of the mode
radius and distribution width combination. The results are analysed with reference to DLS
and Nanosight measurements. The second part discusses the concentration estimation in

comparison with reference measurements.
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Figure 6.4.1 Reference measurements of number particle size distribution density function
obtained from DLS (black dots) and Nanosight (coloured area). Each colour corresponds
to different origin sample.

6.4.1 FEATURES ANALYSIS OF SAR-DRM SIGNAL

Sample set 1 consist of monodisperse samples, therefore the analysis of the inversion
performance was conducted on Samples set 2. Summarising the description in Chapter 5,
the Sample set 2 is based on 3 original polystyrene suspensions, two of which are mixtures
of the monodisperse suspensions. The reference number PSD measurements for each
of the original samples can be seen in Figure 6.4.1. DLS measurements are generally
agreeing with measurements from Nanosight, confirming the presence of three different
PSD with different mode radius and distribution width. The relative polydispersity of the
samples, when compared the reference measurements for mixtures (SN2 & SN3) against
monodisperse sample (SN1), is moderate. This is especially seen comparing Nanosight
measurements for SN1 and SN2, which have very similar distribution width. It also should
be noted that both reference measurements indicate sample SN3 as multi-modal PSD.
The differences in mixtures were reflected in SAR-DRM, according to Figure 6.4.2.
Unlike mode radius or concentration changes, that appear at a similar degree across
all S-R distances, the appearance of distribution width changes with an increase of S-R
distance. Hence, the signal is presented for all available S-R distances, even though only
three longest are used in the analysis. In parallel with the analysis of spectra features for
monodisperse suspension in Section 6.3, the SAR-DRM spectra are presented for each
branch as well. It should be noted that between a collection of SAR-DRM from Sample
set 1 and Sample set 2, the optical probe was replaced, which affected the intensity of the
signal, making it slightly higher across all the branches, especially for South branch.
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Since, according to reference measurements, the mixtures differ in both distribution
width, and mode radii, the nature of the effect on SAR-DRM was identified based on
features seen on simulated spectra. The spectra, collected at the closest distance from
the source almost does not differ between different samples, the spectra intensity is
very similar. With the increase of the S-R distance, the relative magnitude between lines
increases, predominantly in the wavelength range 600-750 nm. The concentration of solids
affects spectra magnitude, however always in similar proportion across all distances,
confirming that the effect seen in the current selection of samples is not associated
with concentration changes. Unlike suspensions of different particle sizes, where there
was noticeable variability between spectra, the spectral profiles collected from these
suspensions are almost identical across different wavelength. It emphasises the fact that
these suspensions have a similar predominant particle radius. In the sample set shown in
Figure 6.4.2, the magnitude changes along with the overall slope of the spectral profile.
Taking into consideration the above mentioned, along with observations made in Chapter
4, it can be concluded that most of the difference between presented samples is caused by
variations in distribution width. Changes in the mode radius are also present in the form
of the slight spectra profile change, however, the variation is relatively small, which agrees
with reference PSD measurements.

The effect of concentration is not presented here as it was illustrated and discussed

during the analysis of monodispersed polystyrene suspensions.

6.4.2 SIGNAL INVERSION

As an outcome of the inversion algorithm execution, each sample in the Sample set 2
was provided with the estimated mode radius, distribution width and concentration. The

results of the inversion that are obtained at the end of the second stage are analysed below.

PARTICLE SIZE DISTRIBUTION ESTIMATION

Following the discussion of Section 6.3, mode radius and distribution width are inverted
for each branch separately. The results on the inversion are organised into Table 6.4.1
for the mode radius and the distribution width inversion from each SAR-DRM branch,
compared against the reference DLS measurements. The parameters are visualised in the

form of number-based distribution curves in Figure 6.4.3.
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The quality of the fit, presented in the legend in Figure 6.4.3, varies from poor to good
across different samples. There is no direct correlation of the occurrence of the poorly
fitted results, however, a lot of poor quality fits are returned for suspensions of relatively
low concentration (Figure 6.4.3 (a3)-(d3)). All 6 values returned for Sample set 2 were
below 15%, which implies that convergence was reached before these stopping criteria
were activated. However, this observation will be additionally analysed in the context of
estimated concentration.

Number - based PSD returned for highly concentrated samples indicates that the first
sample in the sample set (SN1) is monodisperse the estimated distribution width is 0.1.
Out of two remaining samples, which are mixtures, the estimation for SN3 has the broader
distribution width and smallest mode radius, whereas SN2 has identical mode radius to
monodisperse suspension (SN1), but larger distribution width compares to it. With the
reduction of the concentration, the values of estimated parameters change. With some
exclusion, the general trend dictates that the distribution width becomes broader with a
decrease of concentration, and the mode radius is shifting towards smaller radius values.

At the moment, the result of the inversion exists in the form of four different versions,
corresponding to four SAR-DRM branches. Comparing the performance of inversion
from each of the branches between each other, the first straightforward observation is
that the variability in the estimation of PSD across them differs in much smaller extent
compared to what was seen in the analysis of monodispersed polystyrene suspensions,
which is a direct effect of a probe replacement and the consequential intensity increase.
The variations across different branches are not exceeding 9% of inversion error. Inversion
of signal from the North branch is associated with the lowest inversion error across SAR-
DRM fibres, however, the difference is relatively low, in comparison with, for example, East
branch. Hypothetically, the variations between different branches may be accounted for
in respect to a parameter, like 6 during the analysis of, for example, averaged parameters
of interest after inversion.

The inverted parameters were compared against reference measurements and sum-
marised in the Table 6.4.1. The average variations between inverted and measured mode
radius for the whole sample set are similar across different SAR-DRM branches with the
same conclusion made for the distribution width variation. Mode radius inverted for the
SN1 is estimated close to the reference measurements, which can be related to the fact that

this sample is a monodisperse reference sample, a product of the polymerisation reaction.
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The highest variability between estimated and measured mode radius exhibited inversion
of sample SN3, which is a mixture sample. The variations in the mode radius bear bare no
obvious link to the variations in the estimated distribution width. The inversion of the
SN1 provided with almost consistent o of 0.1, which is the lowest limit for this parameter.
Although there is a difference between reference and inverted distribution width, which
can be estimated roughly as 0.18, this difference may be partially associated with the
minimum distribution width values provided by selected DLS measurement.

More detailed statistical analysis between measured and estimated parameters like
mode radius and distribution width maybe not entirely illustrative as values of distri-
bution width appear differently depending on mode radius. Due to the fact that even
fine variations in one or another parameter may change the PDF appearance, it is more
prominent to assist the estimated mode radius and distribution width parameters couple
with respect to reference measurements in the form of the number-based PDE Expansion
of the analysis results with distribution width complicates the clarity of the comparison of
the results with reference measurements. Ultimately, the results from branches should
match as they are collected within the same experiment. Variations in parameters esti-
mated for monodisperse sample (SN1) across different branches are the smallest, whereas
mode radius and distribution for mixtures (SN2 & SN3) vary across branches in moderate
extent. The § also vary slightly across different branches, however, this variability can be
dictated by differences in the signal returned by each branch. Since the 6 did not exceed
the stopping criteria at any of the branches and the is no alarming observation made
during SAR-DRM features analysis, there is no ground to eliminate any of the branches
from the analysis. Therefore, there are two potential routes to address this question, to
select a single SAR-DRM branch for the comparison with the reference measurements
based on goodness of the fit or to average the estimated PSD across different branches.
Since the variability of the 6 values in this sample set is large, it is difficult to conclude the
reliability of the parameter. Therefore, the averages PSD for the Sample set 2 can be seen
in Figure 6.4.4.

Comparison of the estimated PSD with measured confirms the overall good ability of
the SAR-DRM inversion to provide with PSD. Most of the number PSD appear in a good
agreement with reference measurements from both DLS and Nanosight. The concerns can
be raised about two cases. First of all, the relative difference in the size distribution from

reference measurements for SN1 and SN2 is quite low, however, the inverted distribution



6.4 Sample set 2: Polydisperse polystyrene suspensions | 161

width for SN2 is largest across the sample set. The reasoning can be, indeed related to the
reliability of the reference measurements, especially DLS as it generally not recommended
for distribution width analysis. However, in the context of current research, the potential
interference of the other parameters with distribution width prediction is at higher im-
portance and will be considered. Inversion provides with mode radius and distribution
width similar to reference measurements across different samples and their dilutions.
Since mode radius and distribution width vary across SAR-DRM branches, the average
across the latter exhibits bi-modality, most notable at the PSD estimated for samples of
low concentration (Figure 6.4.4 (a3)-(c3)). This occurrence is difficult to justify a single
factor due to various possible influences. First and foremost, the PSD presented in Figure
6.4.4 are average values across different branches, each of which returned fit of different
quality, and there was no account on that here. Outside the data processing choices, this
might be the effect of the dilution itself, or alternatively, the methodology may contribute
to those observations as well. As can be seen from reference PSD, the SN3 may consist of
two modes, which could have been spotted by SAR-DRM inversion. On the other hand, the
SNI1 is a result of the polymerisation reaction and is not expected to have multiple modes,
which is confirmed by reference measurements. Summarising the discussion above, the
PSD measurements across SAR-DRM are consistent enough, however, the variations in

the parameters should be treated carefully before results interpretation.

CONCENTRATION ESTIMATION

The concentration of solids is inverted simultaneously with mode radius and distribution
width. The result of inversion is presented in Figure 6.4.6 and Table 6.4.2 in similar fashion
as was previously done in this chapter.

The correlation between the quality of the fit in the form of § results and the quality of
the concentration estimation is counter-intuitive, as can be seen in Figure 6.4.6 . Despite
a few outliers, the general trend exhibits that samples provided with good spectra fit have
poor correlation with measured concentration and vice versa. Notably, the samples that
were mispredicted are underestimated and have the actual concentration above 6 wt%.
The latter was also observed at the inversion of monodisperse suspensions. The systematic
misprediction of the concentration above a certain value of actual concentration raises
concerns regarding the causes of this phenomena. One of the potential causes can be

arising from the diffuse approximation requirements. This concern was already voiced
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during the analysis on the simulated signal in Chapter 4 in regards to insufficient transport
mean free path at a certain combination of parameters. The analysis of tmfp conducted
there concluded that high concentration is associated with short tmfp, therefore every
S-R distance of SAR-DRM probe should satisty the diffuse scattering condition. However,
high concentration causing the scattering not nearly as isotropic as required by diffuse
approximation. It has a simple physical sense that optical characteristics of a closely
packed system of particles will not provide the environment for diffuse scattering and
instead start reflecting the light in the more specular way from the layer closer to the
collecting probe, whereas isotropic scattering conditions can only be safely met deep

within the system.
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Figure 6.4.5 Comparison of estimated concentration with concentration from reference
measurements averaged across West-East SAR-DRM branches. Colour corresponds to the
legend.

The variability of estimated results across SAR-DRM branches is very low, which
correlates with low variability of other parameters of interest estimation. The lowest
accuracy of the estimated concentration is shown by the North branch, according to R?
value and West branch, according to RMSE, but overall prediction results look similar at
remaining branches. To continue the analysis of the parameters of interest in a consistent
manner, the estimated concentration was averaged across West, North and East branches
and the result presented in Figure 6.4.5, colour-coded accordingly to the sample origin.

The general trend of the concentration estimation has not changed with averaging as
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expected from the previous observations of the SAR-DRM branches data individually.
However, the conclusion can be made that the inversion of the mixtures (SN2 and SN3)
deviate the most from the measured concentration, the following analysis focuses of
the dependencies between estimated concentration and distribution width, which are
parameters associated with the mixtures.

Analysis of this concern was done by examining the potential interference of the
parameters of interest prediction for the cases, where one parameter compensate another.
Interference of the o parameters was checked as it has a similar effect on the SAR-DRM
as concentration changes. Figure 6.4.7 depicts the actual difference between measured
and estimated concentration across corresponding objective functions values. The colour
scheme of the Figure corresponds to estimated values of distribution width.

Across all the branches, the samples that have been inverted with high accuracy of
concentration are not monodisperse as the result of distribution width estimation. Some
of the inverted samples, like SN2, at high concentration, have distribution width esti-
mated higher than the one exhibited on reference measurements. It is the most probable
scenario that distribution width is over-compensating the concentration effect, causing
misprediction in both by falling into local minima. Avoidance of the situation similar
to this in the analysis can be done by providing the concentration information before
the SAR-DRM inversion. This would remove a degree of freedom, allowing to minimise
the variations in the estimated values of both concentration and distribution width. To
keep the concentration estimation intact, another way to approach this matter would
be accounting on the degree of misprediction for known material. There is a clear trend
in the concentration values misprediction in the form of proportional underestimation
of the concentration as the actual concentration increases. Therefore, with an extensive

sample set, the trend can be clarified better, and the correction factor can be derived.
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6.5 CONCLUSIONS

This chapter has served as a summary of the SAR-DRM inversion routine validation and
performance check. Firstly, it brought together the proposed modification in signal pre-
processing and confirmed the beneficial effect of the proposed modification in signal
filtering and normalisation. The inversion algorithm was validated on simulated spectra,
and the results of this study justified the stopping criteria set in methodology.

The major highlight of this is the execution of the inversion algorithm. The algorithm
was applied to two separate polystyrene suspensions sample sets. Inversion of the first one
tested the ability of the proposed algorithm to provide with particle size and concentration.
Most of the variation between estimated and measured parameters concerned the quality
of the concentration inversion, and the general misprediction of the latter is associated
with highly concentrated suspensions. It can be associated with the limitations of the
diffusion theory, which is valid strictly for isotropic scattering scenario, which may not
be exactly correct at very high concentrations of the polystyrene suspensions. Another
reason may be associated with the elimination of the signal from the closest S-R distance,
which may be a carrier of the significant information for the concentration analysis.

The inclusion of the particle size distribution in the inversion is an important step
towards the understanding of a degree of information encrypted in the SAR-DRM and
the possibility of extracting it. The developed inversion method was applied for a set
of polystyrene mixtures of different polydispersity properties, leading to the following
conclusions. First of all, inverted physical properties of polystyrene particles (mode radius
and distribution width) were compared against reference measurements from DLS and
Nanosight. Despite the overall good agreement of the inverted parameters, there is still
variability between different samples. Considering the potential reasons for suchlike
observation, a conclusion was made that the variation might be caused by dilution,
which then would manifest as differences between reference and inverted parameters.
Hence, the nature of variations in the predicted results among different concentrations
cannot be properly checked. Besides, there is a question of the reliability of the reference
measurements from DLS regarding the distribution width parameter.

The results obtained do not indicate the direct link between the overall quality of the
inverted results and the presence of the distribution width. However, the introduction
of the distribution width parameter to inversion algorithm brings the additional degree

of freedom and the consequential issues of overcompensation of one parameter with
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another. This shortcoming affects the estimation of the concentration and distribution
width as these parameters have a similar effect of SAR-DRM, making it difficult to retrieve
the exact one corresponding to each of the parameters. Inversion of the signal from highly
concentrated samples (~ 12wt% and ~ 6w t%) have returned results for the concentration
and distribution width.

According to the comparison of the inverted measurements with the reference mea-
surements, the inverted PSD agrees well with the measured ones, from different reference
measurement sources. The variability in the mode radius and distribution width es-
timation appears at some of the samples, especially at lower concentrations. One of
the possible reasons contributions to the variations in the possible bi-modality of the
PSD of mixtures due to the methodology shortcomings. An alternative way to produce

polydisperse polystyrene suspensions could eliminate the degree of methodology effect.



CHAPTER 7

INVERSION APPLICATION FOR COMPLEX

ANALYSIS

The previous chapter gave an overview of the particle size distribution and concentration
effect on SAR-DRM signal and also the results of followed inversion via the developed
algorithm. Inverted simultaneously, the influence of each parameter was studied on
simulated SAR-DRM individually. With prior knowledge, the polystyrene suspensions
were prepared to allow the study of each specific effect on SAR-DRM spectra. However,
only spherical particles are considered in these studies, and the mixtures were prepared
based on mixing samples with discrete PSD. This may not truly represent systems such as
polymerisation reaction products, where the mode radius varies with reaction parameters,
and PSD gradually changes along with the reaction.

In this chapter, polydispersed polystyrene suspensions from emulsion polymerisa-
tion reactions are investigated to evaluate the inversion efficiency practically. It also
investigates the effect of the non-spherical particles on SAR-DRM, both theoretically and
experimentally. The experimental analysis is carried out using crystalline nanocellulose

(CNC) of different aspect ratios.

7.1 ANALYSIS OF SAR-DRM OF POLYSTYRENE

POLYMERISATION REACTIONS

The study first analyses polystyrene suspensions resulted from polymerisation reactions.

The differences between polystyrene suspensions within the sample set can be charac-
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Figure 7.1.1 Reference measurements of number particle size distribution density function
obtained from DLS. Each colour corresponds to different origin sample

terised by two main criteria: reaction parameters and the degree of dilution of the reaction
product. The exact reaction parameters of the designed experiment were described in
Chapter 5. To summarise, the initiator in each of the reactions was supplied into the
monomer solution in two parts: gradually with a syringe pump, the other one was added
instantly. This resulted in four polystyrene suspensions which will be studied in the section
below. The study in this section will overview the SAR-DRM spectra features analysis and

describe the results of followed inversion in comparison with reference measurements.

7.1.1 FEATURES ANALYSIS OF MEASURED SAR-DRM

To begin with, the reference measurements of particles size distribution, executed via DLS,
presented in Figure 7.1.1. Sample SR2 has the narrowest distribution width and the finest
mode radius, whereas SR4 exhibits the widest distribution width, however, it exhibits
bi-modality as DLS measurements have shown two peaks, at 47 and 82.47 nm. Generally,
the mode radius varies among samples between 43.32 - 82.47 nm.

From reference measurements, the effects of mode radius and distribution width on
SAR-DRM can be envisaged. To examine the differences in the SAR-DRM from different
samples, Figure 7.1.2 illustrates the example of I; ¢ for each sample at the concentration
set at ~ 9 wt%. Since the closest S-R distance is not used in the following inversion and
the example of the spectra collected at the closest S-R distance was already presented in
Chapter 6, the result is presented for three S-R distances only. It also presented for different
SAR-DRM branches, South, West and North. Spectra signal from some of the fibres in
East branch has exhibited a few major inconsistencies with the rest of the measurements,

therefore was not used in the analysis.

200
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The signal across the branches is consistent and vary mostly in the intensity values,
keeping the trend of intensity reduces with the increase of S-R distance. The signal across
different samples has different intensity, where SR1 has the highest, and the SR4 has the
lowest. However, this observation is dependant on wavelength and valid between 450-700
nm. At longer wavelength, the intensity of the signal is getting fairly similar to each other.
The relative magnitude between the signals increases with an increase of S-R distance.
This also affects the signal at 700-850 nm, yet samples SR1, SR2 and SR3 still have similar
intensity at selected wavelength range at longest S-R distance. Due to these changes, the
signal that corresponds to each different reaction becomes more distinguishable from
each other.

At this stage of the analysis, they can be retrieved in the context of the effects that
were previously seen in another polystyrene suspensions sample sets. Since the con-
centration of the samples in this example is similar, the magnitude between different
signals increases most probably due to the distribution width effect. This is indirectly
confirmed by magnitude changes with an increment of S-R distances, which were linked
with distribution width in Chapter 5. The mode radius and distribution width both vary in
the sample set, therefore at this stage, the estimation of these parameters from SAR-DRM
spectra preliminary analysis is infeasible.

The only correlation with process parameters and the SAR-DRM spectra order is the
smallest amount of initiator, supplied by syringe pump corresponds to SR1, which has
the highest intensity across SAR-DRM branches and respectively the largest amount of
initiator was supplied via syringe pump for SR4, which exhibits the lowest intensity. These
observations do not provide sufficient information for conclusions because of the different
original recipes used for the reactions. Consequently, the following analysis is focusing on
each of the recipes individually, and reactions of each of the recipe referred further as a

first and second batch.

7.1.2 SIGNAL INVERSION

Estimation of the parameters of interest was done using the algorithm developed in
Chapter 5. The algorithm’s goal is to fit a model solution to the measured signal based on
minimization of error 6 between them, which was performed in Chapter 6. Assessment

of particle size distribution parameters inversion (mode radius and distribution width)
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is presented first, followed up by a discussion of the estimated concentration values,

inverted simultaneously.

PARTICLE SIZE DISTRIBUTION ESTIMATION

The particle size distribution density functions estimated for all the samples in the sample
set can be found in Figure 7.1.3. The variation in estimated density functions among differ-
ent SAR-DRM branches is present, in a lower degree at higher concentrations than at lower
concentrations. The variations are individual from sample to sample; generally, the mode
radius of samples remains similar across different branches, whereas distribution width is
affected greatly. The variations in the estimated values between SAR-DRM branches were
observed before in Chapter 6 and as was discussed there, the possible explanation of it
can be the variations in the intensity of the signal from different branches.

The quality of the fit is also individual to each of the sample, however, generally, the
inversion error § across SAR-DRM branches lie between ~ 0.58 - 8.8%, which is considered
as an average to the good result of the fit. There are few results of the inversion that
converged at 6 higher than 13%. These results are occasional at concentrations of 9wt%
and higher for SR3 and SR4 and will be discussed in more details in the corresponding
section. Overall for studied SAR-DRM branches, inversion error is lower for samples with
low concentration.

As an outcome of the fitting process, particle size distribution and concentration were
obtained for each suspension and their dilutions. Estimated mode radius is consistent
across different dilutions for all samples in the concentration range 15-9wt% with occa-
sional large variations in estimated values, that correspond to large inversion error values,
mentioned earlier. Estimated mode radius in concentration range 6-3 wt% increasing
compare to previous concentration regime. Among different samples, estimations of
mode radius for SR3 and SR4 vary the most across different dilutions. Most likely, the
variations in the estimated mode radius are caused by dilution of the samples, since these
differences are fine and do not exceed ~ 38 nm for samples SR1-3.

The unspecific to sample observation of the estimated distribution width concludes
that for the sample with a concentration equal or above 9 wt%, the estimated distribution
width is narrow, with some of the exclusions in sample SR3 inversion, corresponding to
high 4. For samples with a concentration lower than 9wt%, the width of the distribution is

broad in relation to more concentrated samples.



174 | Inversion application for complex analysis

' @ I01I9 UOISIdAUL 3urpuodsariod smoys puada *(G-T) suonnip sajdwes pue (3-8) sayoueiq

INYA-YVS JUIdJIp sso1de (g 12 aIndr] ur sojdures 01 spuodsai10d 1mojod) ¢ 19s ojdures 10J pajiaaur uonduny AJIsuap oquny €12 93

IS m €4S m— cdS memm TS
wu ‘sniper apnred wu ‘sniper apnred wu ‘sniper apnted wu ‘sniper apnted
00zg oot 0 00g oor 00T 0ot 00z oor o
0 0 0 0
N g (#2) () (@)
To'o co'0 To'o f co'o
A
PSE61 =0 Yoo ¥Sogz =9 voo 1610Z=0— voo Y9oll=9—— ( Yoo
1€185°0 = ¢ e 9ESS'T = ¢ e $908°€ = ¢ e $908°€ = ¢ e
990€9°0 = ¢ 6LEEE = ¢ e Szhe=¢ 90LTT = ¢ e
[T Y — (99) Z00ST = ¢ 642671 = ¢ 6LT6T = ¢
900 900 900 900
wu ‘sniper apnred wu ‘sniper apnred wu ‘sniper apnred wu ‘sniper apnred
002 oot o 002 0ot o 002 Toor o 002 oor o
0 0 _ 0 771 ©
(S) JQ (ta) (€9 (0 \
200 200 200 200
\ [\
6RITT=0—— vo'o 98857 =0 —— vo'o $500G =9 —— vo'o LLEEg =0 v vo'o
1221 = § e 10091 = ¢ e 9EVLT = ¢ e $90562 = ¢
80V89°0 = ¢ STEET = ¢ e 9600°T = ¢ — 98L68°0 = ¢ (
£19€T = ¢ 6Lb0°T =9 S98°T = ¢ — S98°T = ¢ v
900 900 900 900
wu ‘sniper apnred wu ‘sniper apnred wu ‘sniper apnred wu ‘sniper apnred
00zg oot 0 00T oor 0 00T oot 0 00T oor 0
o o o o
(Se) j&\ (re) (€e) (c®)
o0 co'0 o0 co'0
S1SLT =0 Yoo 68L8°€ = ¢ — Yoo Clebg=0— Yoo 8628’8 = ¢ —— Yoo
BO6S'T = ¢ e 62£9°T = ¢ e YSLOPT = ¢ e LZl=gm—
&l =g SLzgb = ¢ QU = ¢ ' £S19'T = § e
TE = ¢ e EVITT =9 = Qe PYoT =9
Cisiddak 900 ! S 900 Sgish =9 . 6~ 900 = w 900
9%IME~ %IMOQ ~ %I %INTT~

wu ‘sniper apnred

00z 0ot 0
0
(10)
4
00 g
, 2
g g
]
LETET = Yoo mM
¥908°¢ = ¢ — o
9TOT'T = @ e
69T = ¢ v
900
wu ‘sniper apnred
00z oor o
0
{
L Z
200 g
2
g
=
SgIgSr =9 $0'0 ¥
162HE1 = ¢ e o
LS6E°T = ¢ —r
SISLT = ¢ e T
D) oo
wu ‘sniper apnred
00T oot 0
o
(re)
co0'0 W
2
g
-
88 ST =0 Yoo
LTl = Qe lw)
TUST = ¢
Y0'Z = ¢
ghoz=g 900
%IMST~



7.1 Analysis of SAR-DRM of polystyrene polymerisation reactions | 175

Across most of the SAR-DRM branches in concentration range 15-9wt%, inversion
for SR1 returns smallest mode radius, whereas SR4 has the largest. SR2 exhibits narrow
distribution width in a selected concentration range, in some cases narrowest across other
samples. Inversion of samples SR3 and SR4 returned average or poor fit in this concentra-
tion range. These samples correspond to the two largest amounts of the initiator added via
syringe pump and two samples with broadest distribution width, according to reference
measurements. Some of the estimated parameters for SR3 and SR4, resulting in 6 close or
above stopping criteria for solution pre-location. This indicates that for selected samples,
the search of the parameters combinations during minima pre-location is complicated
in the context of the current method and suggests the difficulty of finding the optimal
minima to pass to the inversion algorithm. Since the quality of the fit improves at the
lower concentration range (6-3 wt%), the relationship of the quality of the fit with process
parameters will be discussed after analysis of the concentration estimation quality as well
as particle size distribution estimation quality. The latest was executed similarly to Chap-
ter 6 estimation quality check with the difference of exclusion of the above-mentioned
outliers with the poor quality fit. The quality of the particle size distribution estimation is
compared against reference DLS measurements in Figure 7.1.4.

Estimated number PSD for sample SR1 has a smaller mode radius and broader dis-
tribution width than the reference number PSD from DLS. As was already concluded
from Figure 7.1.3, with a decrease of concentration, the distribution width increases, how-
ever, due to variability of mode radius and distribution width across different SAR-DRM
branches, the distribution width increasing even more at averaged results. Sample SR2
has a better correlation of the estimated and measured mode radius, yet the averaging
of PSD density over SAR-DRM branches leads to bi-modality at concentrations 12-6wt%.
Notably, the peaks of bi-modal distribution are placed just outside on the measured mode
radius value. The most diluted sample, 3wt%, has the broadest distribution width, as was
previously documented on SR1.

Inversion of SR3 and SR4 has returned number PSD very different depending on
the concentration of the solution. These samples exhibited high variability across SAR-
DRM branches which have led to bi-modality at almost every sample. Sample SR3 has
mode radius estimated closely to measured value at concentrations 12, 9 and 3wt%; also,
distribution width of the sample and its dilutions appears generally lower in comparison

with previous samples, which also correlates with reference measurements. Inversion for
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Table 7.1.1 Table of estimated and measured mode radius and distribution width values
for Sample set 3 for South to North SAR-DRM branches

\ South West North

Mode[R], nm o Mode[R], nm o Mode[R], nm o
Ref. Inv. Ref. Inwv ‘ Ref. Inv. Ref. Inwv ‘ Ref. Inv. Ref. Inw

SR11 | 43.32 32.88 0.16 0.11 | 43.32 38.68 0.16 0.13 | 43.32 34.31 0.16 0.17
SR12 | 43.32 2748 0.16 0.13 | 43.32 28.47 0.16 0.25 | 43.32 38.70 0.16 0.10
SR13 | 43.32 4795 0.16 0.13 | 43.32 2998 0.16 0.14 | 43.32 33.65 0.16 0.15
SR14 | 43.32 21.74 0.16 0.39 | 43.32 22.89 0.16 0.34 | 4332 2191 0.16 0.37
SR15 | 43.32 21.00 0.16 0.51 | 43.32 2853 0.16 0.39 | 43.32 5250 0.16 0.24

SR21 | 40.62 38.4 0.12 0.10 | 40.62 43.31 0.12 0.10 | 40.62 34.72 0.12 0.10
SR22 | 40.62 32.75 0.12 0.10 | 40.62 23.74 0.12 0.37 | 40.62 39.18 0.12 0.13
SR23 | 40.62 33.18 0.12 0.23 | 40.62 62.19 0.12 0.12 | 40.62 55.92 0.12 0.10
SR24 | 40.62 67.70 0.12 0.11 | 40.62 77.00 0.12 0.1 | 40.62 31.58 0.12 0.35
SR25 | 40.62 420.66 0.12 0.10 | 40.62 31.95 0.12 0.39 | 40.62 28.53 0.12 0.43

SR31 | 59.09 33.47 0.22 0.12 | 59.09 141.99 0.22 0.52 | 59.09 39.93 0.22 0.10
SR32 | 59.09 53.37 0.22 0.10 | 59.09 28.74 0.22 0.12 | 59.09 52.93 0.22 0.11
SR33 | 59.09 21.12 0.22 091 | 59.09 3434 0.22 0.11 | 59.09 43.22 0.22 0.12
SR34 | 59.09 21.69 0.22 0.36 | 59.09 36.65 0.22 0.15]59.09 21.35 0.22 0.38
SR35 | 59.09 3843 0.22 0.32]59.09 5296 0.22 0.18 | 59.09 21.50 0.22 0.42

SR41 | 82.47 51.77 0.49 0.10 | 82.47 52.67 0.49 0.10 | 82.47 52.27 0.49 0.10
SR42 | 82.47 43.77 0.49 0.10 | 82.47 48.80 0.49 0.10 | 82.47 45.46 0.49 0.10
SR43 | 82.47 39.14 049 0.10 | 82.47 2498 049 0.34 | 8247 40.85 0.49 0.11
SR44 | 82.47 21.00 049 039 | 8247 2591 049 04 |8247 2550 0.49 0.42
SR45 | 82.47 4899 049 041 | 8247 4766 049 032 | 8247 17645 0.49 0.10
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Table 7.1.2 Table of estimated and measured concentration values for Sample set 2 for
South to North SAR-DRM branches

‘ South West North

| Ref,, wt% Inv, wt% | Ref, wt% Inv, wt% | Ref, wt% Inv, wt%

SR11 15.37 8.10 15.37 4.63 15.37 5.36
SR12 12.00 11.58 12.00 5.06 12.00 4.87
SR13 9.00 2.32 9.00 6.93 9.00 5.41
SR14 6.00 2.53 6.00 3.46 6.00 3.10
SR15 3.00 0.50 3.00 0.95 3.00 0.50
SR21 15.16 20.45 15.16 14.80 15.16 24.90
SR22 11.98 24.94 11.98 11.03 11.98 15.14
SR23 8.99 10.50 8.99 4.06 8.99 6.02
SR24 5.99 3.23 5.99 2.14 5.99 5.13
SR25 291 1.11 291 2.23 291 2.10
SR31 14.90 12.13 14.90 24.85 14.9 7.69
SR32 12.00 3.23 12.00 17.39 12.00 3.43
SR33 8.95 13.08 8.95 10.07 8.95 5.47
SR34 5.97 6.07 5.97 6.25 5.97 5.11
SR35 2.98 1.37 2.98 1.37 2.98 2.23
SR41 15.60 24.99 15.60 25.00 15.6 24.99
SR42 12.00 24.61 12.00 22.38 12.00 24.95
SR43 8.99 24.79 8.99 18.65 8.99 24.43
SR44 5.99 14.55 5.99 8.71 5.99 8.15
SR45 2.99 2.55 2.99 2.79 2.99 1.72
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Figure 7.1.5 Estimated concentration for each of the SAR-DRM branches (a-c) in compari-
son with reference measurements. Colour corresponds to inversion error 6.

Sample SR4 exhibits almost no correlation with reference PSD, showing mainly a single
narrow peak in the area of fine particles. Sample SR4 is notable among other samples as
one that has the highest inversion error in average over dilutions and branches, which
should be accounted as one of the possible fit quality factors. Also, there are other factors
to be mentioned that were discussed in Chapter 6. For example, the fact that inversion
of SAR-DRM signal was conducted on a variety of concentration in oppose to a DLS
provided for highly diluted suspensions, a certain additional degree of variability between
reference method results and inverted results is expected. To some extent, the same cause
is contributing to the variability of parameters of interest with an increase of dilution.

Nevertheless, the discussion will be completed after concentration inversion analysis.

CONCENTRATION ESTIMATION

Figure 7.1.5 depicts a comparison of estimated concentration with gravimetrically mea-
sured in the form of the scatter plot for each of SAR-DRM branches. The prediction of
the concentration across different branches which can be followed from the values in
Table 7.1.2. The overall quality of the concentration prediction is poor across SAR-DRM
branches, as the R? values are not exceeding 0.508. The samples that serve as a major
source of deviation from the measured concentration have high inversion error § across
the samples and branches. Similarly to observations made during the inversion of the
previous sample sets, inversion of the samples with a concentration higher than 6 wt%
returns values with high variability from the reference measurements with no specific

correlation to 6 values apart from the fact that samples with the highest 6 were estimated
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Figure 7.1.6 Actual difference between estimated and measured concentration in com-
parison with 6 for different SAR-DRM branches (a-c). Colour corresponds to estimated
distribution width.

with the highest concentration across present branches. Generally, the values were both
under and over-estimated in comparison with the measured concentration.

The comparison of relative difference and the concentration can be seen more clearly
in Figure 7.1.6. This figure represents the actual difference between estimated and mea-
sured concentration, colour coded to estimated corresponding o values. The general
trend, that appears at studied branches suggests, that samples for which broad distribu-
tion width was estimated have a smaller difference between estimated and measured
concentration, compare to samples with narrow distribution width. This observation
contradicts with what was previously observed in Sample set 2 inversions, where con-
centration mispredictions were associated with the interference of distribution width to
the concentration estimation accuracy. As was concluded in Chapter 6, the effect of the
concentration and distribution width on spectra in some of the ranges may create an
over-compensation effect of one property with another as well as reduce the reliability
of relative difference as a single parameter for concentration quality estimation. In the
current dataset, however, samples, which have returned poor fit after inversion, exhibited
both large difference in the concentration estimation and large distribution width at South
and West branches. Such polar observations from different datasets of the same material
suggest the great effect of the process parameters on the physical properties of the end
product. It is, of course, remain open the concern regarding the reliability of the reference
method used for the distribution width estimation.

Following the suggestion in Section 7.1.2 to average the estimated values across SAR-
DRM with exclusion to samples of the poor fit, the average of the estimated concentration

was executed, and the result is presented in Figure 7.1.7.
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Figure 7.1.7 Estimated concentration averaged over the SAR-DRM branches in comparison
with reference measurements. Colour corresponds to the legend.

The trend, depicted in Figure 7.1.7 confirms the dependency between the quality of
concentration estimation and the process parameters as it shows it more clearly. How-
ever, conduction of the thorough analysis of the inversion results in respect to reaction
parameters is a tedious task due to the lack of reliable information regarding the actual
properties of the system. From an attempt to analyse the quality of the inversion in respect
to each reaction by using values in Table 7.1.1 and 7.1.2 and the average depicted in Figure
7.1.7, it is apparent, that inversion of sample SR4 and its dilutions returns poor fit and as a
result of it, the large variations between predicted and measured concentration. Some of
the dilutions of sample SR3 have shown a similar pattern. Notably, sample SR1 and its
dilutions have low inversion error, however high variability in the estimated concentration.
To provide a visual support to the statements, a residual plot Figure 7.1.6 was re-made in
the colour-scheme that corresponds to original samples of the sample set Figure A.2.1 and

provided in the additional information in Appendix A.2 .

7.1.3 CONCLUSIONS

The section above investigated the SAR-DRM inversion method performance on the
signal collected from the reaction with complex process parameters. The preceding
analysis of the collected signal indicated that the decrease in the initiator ratio leads to an
overall decrease of the spectra intensity, which was previously indicated as a decrement of

distribution width property. However, according to reference measurements, the changes
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in the initiator ratio increased both, mode radius and distribution width in large extent.
This observation confirms the original hypothesis that reaction results in different mode
radii and distribution width, the cumulative effect of which was not present greatly at
previous sample sets.

Summarising the observations for the estimation of the parameters, the reaction pa-
rameters correlate with the quality of the estimation. Concluding from Figure 7.1.6, the
inversion error is higher for SR3 and SR4 and their dilutions, which are notably samples
with the highest amount of initiator added via syringe pump. The estimated PSD for the
above-mentioned samples is not uniform across different SAR-DRM branches and con-
centrations, in comparison with SR1 and SR2. The inversion of the latest returns average
of good fit and the results of the inversion are relatively consistents. The correlation with
reference measurements follows observations made on Sample set 2 inversion, where the
underestimation of the concentration correlates with monodispersity of the sample. Con-
tinuing the concentration estimation summary, Figure A.2.1 suggests that concentration
inverted for samples with a high ratio of initiator parts (SR4) is greatly mispredicted. These
samples have also exhibited large inversion error, which suggests that the solution for the
result of such reaction may not exist in the current combination of 3 parameters of interest.
Since the reference measurements have shown two peaks of the distribution, there is a
possibility that this particular system does have bi-modal size distribution, which was
not considered in the inversion algorithm. Therefore, one of the possibilities of providing
a better fit for the SAR-DRM is the inclusion of additional parameters into the group of
parameters of interest, like multiple mode radius.

On the other hand side, the introduction of such a complex system of parameters to
the current method will likely lead to the overfitting of the signal. Therefore this approach
should not proceed until there is a reliable parameter for identification of the parameters
estimation correctness. At the moment, the solution returned by the inversion algorithm is
analysed firstly based on the quality of the fit, and if the quality of the fit is unsatisfactory,
the further analysis of the sample might not proceed. For the analysis conducted on
current sample set, this approach, however, is not performing as was intended since many
samples were provided with a good fit, however, one or a few of the parameters of interest

were mispredicted.
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7.2 A STUDY OF PARTICLE SHAPE EFFECT ON SAR-DRM

The results of the study presented in this thesis focused heavily on the sensitivity of the
SAR-DRM to physical and chemical properties, where physical properties were repre-
sented via particle size distribution and chemical were narrowed to the concentration
of solids. The inversion algorithm for spherical scatterers was proposed and validated
on signal collected from polystyrene, which is highly reflective, nearly perfectly spherical
particles. Less reflective materials or the particles of non-spherical shape were out of
scope until this point. Kooij et al [201] and Lee et al [202] have conducted the extensive
study on aspect ratio effect on optical properties, however, as many other studies on single
particles, they have performed the simulation on fixed target orientation, which conflicts
with more realistic approximations to diffuse scattering. To our knowledge, no study
to-date evaluates the effect of particle shape on spatially resolved diffuse reflectance, and
consequently, no attempt of inverting such properties from the SRDR measurements was
reported. Within this study, the attempt was made to step up from the spherical shape
of the scatterer to elongated spheroids, expanding current parameters of interest range
with the aspect ratio of the particles and setting a sensitivity threshold for the SAR-DRM
to particle shape parameters.

This question was investigated within this Chapter in three separate studies. Firstly,
the influence of particle aspect ratio (AR) for elongated ellipsoids on SRDR was examined
on highly scattering material (polystyrene). This involved calculation of bulk optical
properties and diffuse reflectance for polystyrene particle or fixed particle volume, with
equivalent radius comparable to radius range, studied in previous chapters. This work
serves as a feasibility study, examining the computational nuances and the AR effect
appearance on SRDR.

There is, however, no polystyrene system with variable AR available, and so the degree
of the effect cannot be further investigated on measured SAR-DRM signal. As an alter-
native, a system of suspended non-spherical cellulose nanocrystals was proposed as a
subject of study. Cellulose nanocrystals suspended in water were chosen due to their high
aspect ratio and, at the same time, where the longest dimension would not exceed micron-
scale [203]. Absence of dimensions over micron allows refraining directional scattering
appearance in the system, which is not supported by diffuse approximation. The material,
however, consists of negatively charged colloidal particles that exhibit liquid crystallinity

properties at certain concentrations which makes it challenging to account for in the
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Figure 7.2.1 Polystyrene particles simulated by DDSCAT: (a) sphere, (b) prolate ellipsoid
(AR = 3:1), and (c) prolate elliptical (AR = 8:1).

simulation. Hence, this study serves as a preliminary investigation stage of possible aspect
ratio tracing in SAR-DRM from the colloidal materials as it does not account on some
of the material specifics. The parameters that are included in the study are outlined in
Section 7.2.3. To indicate the differences in AR effect caused by material optical properties
effect, the CNC system was firstly simulated for same aspect ratios and equivalent radius
as the ones used in the polystyrene-based AR study. It was followed up by case study on
the commercially available CNC samples, which included forward calculation, features

analysis of measured SAR-DRM and its inversion.

7.2.1 PRELIMINARY INVESTIGATION OF THE SENSITIVITY OF MODELLED

SAR-DRM TO THE ASPECT RATIO OF POLYSTYRENE MATERIAL

The first step of describing light-particle interaction is the calculation of the optical
properties of a single particle. This study used the Discrete Dipole Approximation (DDA)
method, which has been implemented in the open-source software package Discrete
Dipole SCATtering (DDSCAT), developed by Draine and Flatau [144]. As described in
Chapter 3, the methods are based on the straightforward idea of splitting the scattering
body into small spheres of equal size, which is comparable to the size of the radiating
dipole. Those dipoles are then placed in the lattice structure to form the desired shape of
the particle. In addition to the shape, DDSCAT should be supplied with material properties,
such as densities and complex refractive indexes.

The measure of non-sphericity was defined as the ratio between the longest (C) and

minor (A and B) semi-axis, the AR for ellipsoid particle. The pre-packaged ellipsoid
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geometry, the optical properties of the particle and the medium, and the wavelength
range are provided to DDSCAT algorithm. The remaining parameters in the algorithm are
kept unchanged.

In the suspension, the particles are randomly
oriented within the surrounding medium. The cho-
sen calculation routine uses a systematic sampling
of Euler angles, B, 8 and ¢, which schematically
depicted in Figure 7.2.2. They can be specified by
division at the desired number of sample angles and

computing calculation of bulk optical properties.

For the preliminary study, the selection of angles
sampling was done according to the methodology
Figure 7.2.2 Specfication of prolate {escribed in [205]. Hence, the results of the DDSCAT

ellipsoid orientation across Euler’s

angles in cortesian coordinates (half
of the ellipsoid displayed) [204] Euler angle, totalling 27 orientations with respect

simulations were averaged over 3 samples of each

to the polarisation vector of the incident light. The
calculations were repeated for 35 wavelengths in the range 550-850 nm. Properties at
intermediate wavelengths were estimated using a cubic spline [206].

To examine the impact of the alteration of particle shape on the light scattering be-
haviour, the simulations were performed for particles of constant volume but different
shapes. This work studied prolate ellipsoids, one of the most common geometries, with
three different aspect ratios: 1:1 (sphere), 3:1, and 8:1. These aspect ratios were converted
into DDSCAT shape inputs with a dipole spacing set to 0.03-A. Figure 7.2.1 illustrates each
type of particles studied, the dimensions of their semi-axes (A, B and C), and the number
of dipoles N, used. To keep the volume constant, semi-axes A and B have to decrease
along with the increase of the semi-axis C.

The colloidal suspensions were assumed to consist of monodisperse particles with 5
wt% solid loading to ensure that the conditions for diffuse scattering are met. The particle
volume fraction remained constant and the aspect ratio of the particles was varied. The
material of the suspension are polystyrene and water; the complex refractive indexes are

described in Section 4.1.2.



186 | Inversion application for complex analysis

X107

180 ——AR=1:1 5 0.9
160
140 4 0.8
. 120 -
; . 3 0.7
E 100 é
g g o0
<7 80 T2 0.6
60
40 1 0.5
20} (a) (b) ()
0 0.4
600 700 800 600 700 800 600 700 800
wavelength, nm wavelength, nm wavelength, nm

Figure 7.2.3 Bulk optical properties for polystyrene colloid suspensions for different parti-
cle aspect ratio: (a) bulk scattering coefficient p;, (b) bulk absorption coefficient y, and
(c) asymmetry parameter, g

BULK OPTICAL PROPERTIES

To gain an understanding of the influence of the aspect ratio to light-particle interactions,
the analysis was carried out on the simulated bulk optical properties. Figure 7.2.3 presents
the scattering coefficient, asymmetry parameter, and the absorption coefficient for the
different AR investigated. The differences in particle shape affect the scattering coefficient
and the asymmetry parameter, whereas the absorption coefficient remains unchanged
due to the constant volume fraction of both the scatterers and the surrounding medium.
The trend of the effects, however, is dependent on the properties investigated.

The scattering coefficient weakens with an increase in aspect ratio. The changes
in asymmetry parameter, in contrast, are more specific to the AR. While g for a sphere
slowly decreases with increasing wavelengths and shows two distinctive peaks at 650 nm,
the same parameter for AR = 3:1 exhibits a single peak at 700 nm, and the magnitude
decreases more quickly than for a sphere. Notably, the asymmetry parameter for AR = 8:1
drastically decreases after 650 nm as the wavelength increases, compared to the other two
aspect ratios. Overall, changes in AR show large and specific changes in the bulk optical
properties that correspond to different particle shapes. The effects on the scattering
coefficient are not exclusive to the particle shape, as changes in the particle size have a
similar effect on scattering as was studied in Chapter 4. For the case where changes in p;
are caused by changes in the particle size, the absorption coefficient in the corresponding

range is expected to vary simultaneously. Besides, the asymmetry parameter reflects the
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Figure 7.2.4 Spatially resolved diffuse reflectance simulated for various source-to-receiver
(S-R) distances from normally emitted light. The symbols correspond to suspensions with
particles of different aspect ratio: 1:1 (circles), 3:1 (squares), and 8:1 (triangles). (a)—(d)
correspond to S-R distance increase from 0.3 to 1.2 mm with 0.3 mm interval

effect of mode radius and particle AR differently. Therefore, to distinguish between these
effects, multiple optical properties should be analysed simultaneously.

The particle shape is also dependent on the wavelength used. The change in the length
of particle significantly affects the asymmetry parameter at wavelengths between 700 to
850 nm; however, the effect on the scattering coefficient appears at lower wavelengths,
450-700 nm. The strong wavelength dependence of the optical properties on the particle
AR suggests that multiple wavelengths need to be analysed to properly deduce the particle
shape.

SPATIALLY RESOLVED DIFFUSE REFLECTANCE

In the next step, the optical properties were used to model SRDR spectra. As previously
described, the chosen spectroscopic technique emits light at different angles and collects
the reflected signal at different S-R distances from the light source, but the fibres at closest
S-R distance were eliminated from the analysis. However, this study involves particle AR,
the effect of which has not been observed earlier. Therefore, the preliminary analysis of
features of simulated and measured diffuse reflectance is conducted using all S-R distances
there are. Figure 7.2.4 shows the diffuse reflectance collected at various distances from
the light source for each of the samples.

The simulated reflectance is compared using normal emittance for suspensions of
particles with different aspect ratio. With a closer look at Figure 7.2.4(a), the overall SAR-
DRM differs with the change of the aspect ratio, however, the visual appearance of the

effect reduced compare to bulk optical properties observation. The order of the magnitude



188 | Inversion application for complex analysis

for samples has changed and the magnitude between them visibly reduced. As was already
observed and discussed in Chapter 4, with an increase of S-R distance, the intensity of
the light has reduced. However, signal simulated for longer S-R distance has an increased
separation between samples of different AR, clearly showing the effect of aspect ratio at
the same wavelength range as observed in g in Figure 7.2.3(b). The relative difference in
intensity due to AR continues to increase with the increase of the S-R distance.

It can be concluded that the difference
Rasipest of B in particle shape affects the SAR-DRM in the

—— Polystyrene |
——CNC

enough extend to consider inverting problem
for experimental SAR-DRM spectra (i.e. to esti-
mate the particle aspect ratio from measured
spectra). Overall, the difference caused by as-
pect ratio variations has changes SRDR from

148 the signal corresponding to the equivalent vol-

s 600 60 70 750 Boo 850 ume sphere, emphasizing the necessity of con-

wavelength, nm h
sideration of aspect ratio parameter when non-
Figure 7.2.5 Real part of refractive in-

dex for polystyrene (blue) and cellulose
nanocrystalls (orange) variations in SRDR between 1:1 and 8:1 AR are

sphericity of the particles is present. Yet, the

almost negligible for the selected system of par-
ticles for most of the wavelength, which implies the need for AR range expansion to

examine the trend.

7.2.2 PRELIMINARY INVESTIGATION OF THE SENSITIVITY OF MODELLED

SAR-DRM TO THE ASPECT RATIO OF CELLULOSE NANOCRYSTALS

The previous section concluded the necessity to expand the AR range to evaluate the
exact sensitivity limits of SRDR. However, the feasibility of a comprehensive study on
ellipsoidal polystyrene nanoparticles is disputable since the system of such particles is not
available on the market. As an alternative material, the cellulose nanocrystals suspensions
is considered, however, there is a significant difference in the refractive index of these two
materials (Figure 7.2.5) and its density (1.3 [207] - 1.61 g/cm? [208] vs 1.05 of polystyrene).
These differences may have a significant effect of scattering properties of the material and

therefore question the feasibility of the future studies.
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Figure 7.2.6 Bulk optical properties for cellculose nanoparticles suspensions for different
particle aspect ratio: (a) bulk scattering coefficient g, (b) bulk absorption coefficient,u,
and (c) asymmetry parameter, g

To establish a better understanding of the differences caused by material properties,
the experiment below was conducted on the simulated SRDR for the three hypothetical
suspensions of the CNC in water with density 1.5 g/ cm?® [209]. The AR of the particles in
each of them, their dimensions and the concentration on solids were kept identical to

ones used the Section 7.2.1.

BULK OPTICAL PROPERTIES

The bulk optical properties on the CNC system are presented in Figure 7.2.6. Increase of
the AR leads to decrease of the bulk scattering coefficient (Figure 7.2.6 (a)) and asymmetry
parameter (Figure 7.2.6(c)), whereas bulk absorption remains the same due to constant
volume fraction. In comparison with bulk optical properties for polystyrene system of
the same particles, the u; values are lower for the CNC system, which most likely a result
of lower refractive index. Asymmetry parameter does not vary greatly due to its strong
dependence on particle dimensions. The impact of the observed differences on SRDR is

presented in the following section.

SPATIALLY RESOLVED DIFFUSE REFLECTANCE

Spatially resolved reflectance for CNC system is illustrated in Figure 7.2.7. The intensity
of the SRDR for the current system at closest S-R distance is similar to the one returned
for polystyrene system and it is larger at longer distances. The difference of samples

with different AR from the sample of equivalent volume spheres and between each other
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Figure 7.2.7 Spatially resolved diffuse reflectance simulated for cellculose nanoparticles
suspensions for various source-to-receiver (S-R) distances from normally emitted light.
The symbols correspond to suspensions with particles of different aspect ratio: 1:1 (circles),
3:1 (squares), and 8:1 (triangles). (a)—(d) correspond to S-R distance increase from 0.3 to
1.2mm and 1-2 illustrate the same R at two different scales.

is distinguishable at every S-R distance. However, the trend of changes caused by AR
variations is not unified across different S-R, which is highlighted below.

Aside from the observations made before, for instance, the increase of the intensity
with the increase of the S-R, there are a few findings that appeared due to material change.
For instance, at longer S-R distances, the order of magnitude for different AR alternates,
compare to the closest ones. This can be a result of low bulk optical properties, seen in
Figure 7.2.6, which is indirectly confirmed by the changes in the general appearance of the
SRDR. The SRDR appearance begins to exhibit features of the absorption coefficient. This
phenomena most likely related to the analytical form of the diffuse approximation, that
involves parameters like transport mean free path and effective attenuation coefficient.
Those parameters are an inverse combination of the bulk optical properties, therefore
lower values of it result in an increase of such parameters, consequently affecting the
simulated SRDR.

The observations made from a comparison of the effect of AR on SRDR for polystyrene
and CNC suspensions not only indicate the specificity of the material effect. Despite lower

refractive index values and consequential reduction in the bulk scattering coefficient, the
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SRDR has shown more sensitivity to the variations in AR of the CNC material, than to
polystyrene. The results from the modelling justify the continuation of the experiment
with analysis of available on the market CNC aqueous suspensions. The sequence of
the analysis is following the structure used for other sample sets in this thesis. Precisely,
it begins with modelling of bulk optical properties and SRDR for CNC of properties of
specific samples. It followed by features analysis on measured SAR-DRM, inversion of
equivalent sphere and discussion.

In this study, the suspension was assumed to be isotropic (i.e. the particles are ran-
domly oriented), and, therefore, the optical properties were obtained by averaging over
a number of particle orientations. However, some of the orientations contribute to the
scattering intensity and directionality to a greater extent than others. The number of
the successive rotations can vary depending on the shape properties. In order to obtain
the most accurate estimate for the optical properties of the suspension, the DDSCAT
calculations should be averaged over a sufficient number particle orientations. The fur-
ther discussion on that question will be provided prior to commercially available CNC

suspensions study.

7.2.3 INVESTIGATION OF THE SENSITIVITY OF SAR-DRM TO THE ASPECT
RATIO AND ROTATION OF COMMERCIALLY AVAILABLE CNC

SUSPENSIONS

The results, presented above conclude the sensitivity of the SRDR to aspect ratio variations
for CNC particles of the selected equivalent radius. One of the materials, that exhibits a
high aspect ratio of the particles and equivalent radius lies in the nanoscale is cellulose
nanocrystal (CNC) suspension. This material, however, has less prominent scattering
properties as reflected in its refractive index values. To evaluate the influence of the
refractive index difference on SRDR, the modelling study was conducted on ellipsoid
cellulose nanocrystals. The section below presents the results of modelling of optical
properties, followed up by SRDR and discussion of the degree of sensitivity of the latest to

aspect ratio in comparison with similar experiment executed for polystyrene particles.
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Figure 7.2.8 Schematic illustration of the cellulose prolate ellipsoids used for the analysis
of the sensitivity of SAR-DRM to aspect ratio parameter

PARAMETERS OF MODELLED CNC SUSPENSIONS

To complete the analysis of the aspect ratio effect, the above-mentioned routine was
executed for three different aspect ratios: 5:1, 9:1 and 13:1. To concentrate the analysis
solely on aspect ratio effect on light scattering, the dimensions were chosen to maintain
the constant volume of the particle. The dimensions of the particle were selected to mimic
the dimensions reported by the suspension’s supplier. The average length of particles in
BG Ultra orbits ~100 nm value, so the study below is conducted on dimensions that are
significantly smaller than the ones used in the preliminary study in Section 7.2.2.

For a baseline comparison, the simulation output was compared with the one for a
sphere of the same volume (AR = 1:1). The dipole spacing was set to a fraction value of
shortest semi-axes and can be expressed as 0.03-A. Each type of shape along with the
dimensions used and the total number of dipoles(/N;) is schematically illustrated in Figure
7.2.8.

The concentration of the CNC for diffuse reflectance simulation should be chosen
carefully. Liquid crystallinity of CNC suspensions results in certain concentrations lim-
itations to proceed with diffusion scattering. Summarising Section 5.1.3, probability of
formation of liquid crystals reduces at concentrations as low as 3.5 wt%, which is the

concentration chosen for the simulation below.

ROTATION AVERAGE INVESTIGATION SECTION

The optimal strategy for averaging over Euler angles §, 6 and ¢ is an open question
depending on particle form. The most straightforward approach to achieve the random
orientation of the ellipsoid embedded in the medium is a separation of Euler angles in

enough samples that lead to convergence. DDSCAT routine provides the opportunity to
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Figure 7.2.9 Bulk scattering coefficient (a) and asymmetry parameter (b) simulated for
5wt% suspension of CNC particles with A=B=10nm and C = 125nm calculated for different
angles of rotation

perform the calculation for orientation-averaged ellipsoids efficiently, which was used in
the simulations for Sections 7.2.1 and 7.2.2. However, due to computational inefficiency
of using all possible rotations, the routine requires a user to manually enter the sampling
intervals for Euler angles in the input files. The study in the mentioned sections used the
methodology published previously, yet the use of more orientation angles sampling may
considerably improve the accuracy of bulk optical properties after averaging over ellipsoid
orientations.

As was mentioned already, the averaging over possible orientations would directly
affect computational time since it would mean the increment of a number of simulations
needed to be performed per sample. Therefore, one of the goals was to way the way
of optimizing the orientation-averaging routine. One course of action is accounting on
particle symmetries. The prolate ellipsoid, employed in this study, is symmetrical to its
longest axis C. The angle of rotation ¢ is aligned with C-axis, hence the sampling over this
angle of rotation would result in constant values. The example of rotation of s and g over

different angles for the system of CNC particles with AR=8:1 from Section 7.2.2 is illustrated
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in Figure 7.2.9. This example confirms that rotation of over ¢ does not impact bulk optical
properties. This allows to reduce sampling necessity to angles  and 6, however number
of samples or number of orientations (N.O.) has to be defined for a specific experiment.
The experiment of this section is based on CNC particles of various aspect ratios, shown
in Figure 7.2.8. The examination of effective rotational selection for CNC system was done
by performing a number of forward calculations of bulk optical properties, each of which
had a different number of orientation angles sampling, from 1 to 11 for each, g and 6.
The end result was averaged and compared against each other to observe the number of
combinations that cause convergence to a constant bulk optical properties value. The
examination of effective rotational selection for CNC system was done on CNC sample
with AR of the ellipsoids 13:1 (Figure 7.2.10(d)) and the concentration of 3 wt%. Increase of
a number of orientations improves the accuracy of the bulk optical properties estimation
and after meeting 9 angle samples (81 in total) is reaches the constant values. Sampling
the orientation angles § and 0 into 9 parts was therefore applied to the methodology of

the current experiment.
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Figure 7.2.10 Bulk optical properties for 3 wt% CNC suspension of needle -like crystals
with semi-axes 10 and 250 nm for A and C respectively

MODELLED BULK OPTICAL PROPERTIES AND SPATIALLY RESOLVED DIFFUSE REFLECTANCE

The results of the forward calculation are analysed in two parts. Firstly, the bulk optical
properties sensitivity to aspect ratio was examined. Bulk optical properties presented are
presented in Figure 7.2.11.

Aspect ratio influence can be seen clearly at the asymmetry parameter (Figure 7.2.11
(a)), where the parameter values increase with an increase in the AR across the wave-

length range. In bulk scattering coefficient units, the studied effect is not as explicit and
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the intensity of it fades with an increase of wavelength number. The bulk absorption
coefficient remains constant regardless of AR changes due to the constant volume of the
particles present. Inclusion of AR into simulation leads to respective changes in bulk
optical properties yet the effect observed does not exhibit features specific enough for AR
solely. The effect takes the form of magnitude change however the overall magnitude of
the parameters is relatively low which brings difficulty into distinguishing where spherical
approximation breaks down.

In comparison with the preliminary study shown in Section 7.2.2, the bulk scatter-
ing coefficient and asymmetry parameter have significantly lower values in the current
experiment. Since the material properties of the particles in both studies id the same,
the observation is most likely the direct result of the dimensions change of the studied
particles. The concentration of the current sample set is also lower, which contributes
to the magnitude of the bulk scattering coefficient. Another factor that may contribute
is the lack of a number of orientations used in the previous study, however, from the
observations made in Section 7.2.3, the effect of N.O. is, indeed, appearing strongly on the

spectra, however, it is not expected to have an effect at such degree.
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Figure 7.2.11 Bulk optical properties calculated for 3wt% suspensions of cellulose
nanocrystals of different aspect ratio

The cumulative effect of optical properties can be observed in Figure 7.2.12 in form of
diffuse reflectance. Each of the plots represents the different S-R distance. The overall in-
tensity of the reflectance is relatively low compared to the values observed for polystyrene
analysis. Aspect ratio influence on diffuse reflectance becomes distinguishable at rela-
tively high values of AR. Reflectance from the sample of particles with an aspect ratio of 5:1
can be represented by the spherical particle of the same volume. Particles of higher aspect

ratio result in signal different from spherical, which in the current scale can be considered
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Figure 7.2.12 Spatially resolved diffuse reflectance calculated for 3w % suspensions of
cellulose nanocrystals of different aspect ratio

insignificant. Unlike in previous studies on SAR-DRM, an increase of S-R distance does
not influence the reflectance signal, and therefore there is no specific beneficial effect
available to study further.

Breaking down the effect of aspect ratio on optical properties, the most sensitive to the
effect of was asymmetry parameter. It was discussed before that mixture of various non-
spherical particles had affected the scattering coefficient as well as caused pronounced
angular features on the asymmetry parameter, especially at high values of size parameter
[210]. Analysis of the collected SAR-DRM from the CNC suspensions would indicate the
presence of such features as well as overall degree of particle shape effect on measurements
and hence following modifications in the current analysis methodology.

The results obtained from modelling SAR-DRM clarified a few important matters. The
analysis was conducted on material with different particles dimensions and concentration
from the previous sample set. Cellulose nanocrystals are semi-transparent particles that
have a refractive index comparable to the refractive index of water. The comparison of the
preliminary and current study on CNC suggests that due to above-mentioned specificity
of the material, samples with low equivalent radius and concentration of solids do not
provide with strong reflectance signal and therefore the studied features, like AR, have less

effect on the signal.

INVESTIGATION OF THE MEASURED SAR-DRM SENSITIVITY TO ASPECT RATIO VARIATIONS

For the SAR-DRM signal collection, cellulose nanocrystal suspensions were supplied by
Blue Goose Biorefineries Inc. Two samples, BG Natural and BG Ultra, were used in the

analysis. The images of the samples themselves are provided in Appendix A.2.
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Figure 7.2.13 Reference DLS measurements of number PSD for CNC suspensions: (a) BG
Natural and (b)BG Ultra

To summarise, BG Ultra is a slightly hazy solution, close to transparent, whereas
BG Natural is cloudy, off-white suspension of CNC (Appendix A.2). The appearance of
the samples emphasize the difference in the turbidity and therefore, a difference in the
proportion of scattered light. Despite the strong correlation between the concentration
of solids and turbidity, this relationship is not unique because equal concentrations of
suspended particles do not scatter the same amount of light [211]. Since the material in
the same in both of the samples, the major reasons for turbidity differences narrow to the
influence of the physical properties of the particles, like size, polydispersity and/or aspect
ratio. The SEM images of the example of each of the sample appearance were provided
by the supplier and presented in Section 5.1.3, however, these images do not belong
to the actual sample that was purchased. To examine one of the parameters, number
distribution of the equivalent radii, reference DLS measurements were performed (Figure
7.2.13).

Mode radius returned for BG Natural is 21.7 nm, for BG Ultra it is only 2.51 nm. The low
values of them might indicate the values of the shortest axis of the needle-like particles. BG
Ultra is a relatively transparent solution of particles with low refractive index, suggesting
that DLS measurements of such material embedded in water, which exhibits similar
optical properties, are not providing with exact properties of the system.

The particle size distribution of both samples appears to have a single peak, the
distribution width of the BG Natural is much wider than the same parameter for BG Ultra.
BG Natural, as specified by the supplier, tends to have a higher distribution of the crystal
length and therefore equivalent radius distribution. This correlates with sample cloudy

off-white appearance.
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SAR-DRM FEATURES ANALYSIS Figure 7.2.14 illustrates SAR-DRM collected for two sam-
ples at a similar concentration. The spectra presented for all available S-R distance since
the parameter of interest was not studied on the SAR-DRM in the previous sections. The
BG Natural suspension returns higher intensity signal compare to BG Ultra. The difference
in the intensity is valid across S-R distances at a similar degree. With an increase of S-R
distance, BG Natural signal changes across wavelength; at shorter S-R distance, the signal
has a strong peak at 625 nm, whereas the closer S-R distance is approaching 1.2 mm, the
more predominant effect of 575 nm wavelength can be observed. The signal of BG Ultra
does not exhibit any notable changes with the variations in S-R. It should be noted for
further analysis that the intensity of the measured diffuse reflectance for BG Ultra signal is
relatively low and comparable with intensity returned from baseline measurements by
integrating sphere.

The significant difference in the intensity of the signals raises the question regarding
the source of the effect from the samples. Previously, the similar effect was caused by
concentration variations, however, the SAR-DRM presented in Figure 7.2.14 were collected
from the samples of similar concentration of solids. Without diminishing the possible
influence of fine concentration difference on signal intensity, other parameters tend to
influence the signal at stronger extent, like particle size and polydispersity [212]. From
the specification sheet of BG Natural, it is known that it consists of both nanocrystals and
large agglomerates, that are significantly exceeding micron. In such a regime, the intensity
of the reflected light if greatly affected by the size and could cause a significant difference
between samples SAR-DRM. The effect of particle size could be combined with more
complex physical parameters like particle size distribution and particle shape. Those
might have contributed to the differences in samples in such extent that the intensity of
the samples differed drastically.

Concluding the observations from the measured and simulated SAR-DRM, due to the
low refractive index of the chosen material and constraints to a certain concentration
regime, the intensity of the signal is relatively low. The preliminary analysis did not surface
any specific features related to the AR effect, the difference between samples appears
mostly in the form of magnitude change. Lack of specificity of the effect can potentially

affect the inversion outcome, causing the overfitting.
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SIGNAL INVERSION

Since the forward calculation of the bulk optical properties for non-spherical particles
was executed via DDSCAT, the inversion algorithm was consequently based on the same
method. The routine for the execution of forward calculation and inversion was written in
Python 2.7 and provided in Appendix B.

The algorithm flow itself repeats Steps 2- 4 of Mie-based algorithm, highlighted in
Chapter 5 with minor modifications. First of all, since the inversion is conduced on
equivalent radius only, the need in Step 1 is not justified and therefore, the computation
of the single-particle and bulk optical properties is performed iteratively. To enable a
single parameter inversion the concentration search was restricted to the gravimetric
measurements corresponding to each sample. Methodology-wise, this was executed
by setting search constraints to a measured concentration with pm0.01wt% variation.
Since DDSCAT takes three variables for the particle size (A, B, C), only A was used in the
inversion as the rest of them were set to be equal to A. To validate the performance of the
DDSCAT-based inversion routine, Mie-based routine was used in the experiment also.
Hence, the modifications mentioned earlier are identical to modifications that were done
on Mie-based algorithm.

To clarify the possibility of overfitting, the inversion algorithm was performed in the
following sequence. Before considering including the additional particle dimension into
the inversion methodology, it was decided to perform inversion for a single parameter,
particle radius. To perform the simulation, the inversion was executed the same way
as was done for Sample set 1, however, to eliminate the concentration parameter, the
concentration limitations were re-adjusted to the measured concentration values. In this
case, the inversion is performed for a monodisperse system of spherical particles with no
estimation of the concentration.

Performance of the inversion of equivalent radius solely would serve two vital purposes.
First of all, the solution obtained with an approximation to spherical particle would serve
as an indicator of the need of particle shape parameter for the current samples, without
ambiguity caused by concentration or distribution width parameter. Secondly, since the
inversion is done using the same algorithm, but with DDSCAT routine instead of Mie for
bulk optical properties calculation, this study would also allow to compare the obtained
radius with the radius returned by the Mie-based inversion algorithm and hence conduct
a validation of the DDSCAT-based inversion.
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Figure 7.2.15 An example of the re-scaled SAR-DRM signal in comparison with solution
SRDR provided by DDSCAT (blue) and Mie(red) based methods for an equivalent sphere.
The inversion error § is presented in bottom left, color-coded for each of the methods.

Therefore, finalising the analysis of the effect of particle shape of CNC on SAR-DRM, the
inversion was performed for both available samples. The results below will be examined
in the context of quality of the fit, the equivalent sphere radius obtained in comparison

with the reference measurement and the computational procedures differences.

EQUIVALENT RADIUS ESTIMATION As a result of the inversion, the best fit was found for
BG Ultra and BG Natural via developed DDSCAT and Mie - based algorithms. Figure
7.2.15 illustrates an example of the fit found for each of the originals samples analysed in
comparison with SAR-DRM signal for South branch.

From the visual comparison, the produced solutions matching the measured signal
well, which is also confirmed by § values, implying that the correct minima solution
for spectra was found. This valid for other samples in the sample set, which can be
seen in Table 7.2.1. From the same table, the inverted radius differs from the reference
measurements greatly, however, the inverted radius cannot be directly compared with
reference DLS measurements mainly due to the fact that DLS returns hydrodynamic radius.
By definition, the equivalent sphere radius provided by the SAR-DRM inversion is the

radius of a hypothetical sphere that interacts with the light in the colloid suspension in the
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Table 7.2.1 Results of the SAR-DRM inversion for CNC suspensions, including mode radius
of the equivalent sphere estimated via Mie and DDSCAT based algorithm for South branch

‘ 0,% Radius, nm
Samplename & €ONC | ;. | DDSCAT | Abs. diff. | Mie | DDSCAT | Abs. diff. | Ref. (DLS) |
BG Natural, 3.64 wt% | 5.70  6.30 0.60 7675 805 3.75 217
BG Natural, 1.76 wt% | 4.99  5.57 058 9500 99.00 4.0 21.7
BG Ultra, 3.07 wt% | 4.02  4.22 02 6342 6691 349 2.51
BG Ultra, 1.56 wt% | 1.36  1.68 032 6842 6737  1.05 2.51
BG Ultra, 129 wt% | 2,19 2.03 0.16 6220 60.15  2.05 2.51

same manner as examined CNC. Notably, the inverted diameter is different for each of the
samples, therefore the method indicates that the light is scattered differently by particles
of different samples. A similar observation was obtained from DLS measurements, which
defines the equivalent sphere as the hydrodynamic radius, which is representing a sphere
that diffuses at the same rate as studied CNC. The inverted radii have similar values
between different method, however with some variations as concentration increases.
Inversion of BG Ultra at different concentrations returned the radius values similar across
different concentrations. Variations in the inversion outputs for BG Natural are much
higher. This sample is known for its polydispersity of sizes and particles dimension ratio,
and therefore the variability in equivalent radius estimation might be a result of these
properties contributions.

The obtained particle radius confirmed the existence of the equivalent sphere with the
possibility of replicating the light scattering behaviour of the analysed CNC. Possibility of
providing a good fit to the spectra with an approximation of spherical particle implying
that the SAR-DRM for CNC of current dimensions and concentration does not exhibit
shape-related effects in the extent sufficient for inversion of the latest.

The simulated SAR-DRM is matching with the solution provided by Mie-based inver-
sion algorithm. The difference in 6 values returned by DDA based method in comparison
with Mie based method was varying at approximately 2% and can be justified by the
difference in the DDA and Mie execution methods. The match between results obtained
from Mie -based and DDSCAT -based method indicate that the solution that was found
is distinctive since it was obtained by two non-related methods. It indirectly justifies

the choice of the function minimisation method for DDSCAT -based inversion as well as
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confirms that the randomised search for an optimal starting point in Mie based inversion
does not constrain the search for the minima.

Comparing the objective function values returned, overall, the values of the 6 cor-
responding to each fit were relatively low and vary between 6.2 and 1.35 %. The higher
values of the objective function are corresponding to an inversion of BG Natural, whereas
the solution for BG Natural tends to lay close to measured signal with the low ¢ difference.
The higher values in the results of inversion of BG Natural may be related to other proper-
ties of the sample, that were not accounted in this inversion process, like polydispersity;,
concentration and potentially aspect ratio.

From a comparison of the radius values that were returned by Mie based to DDSCAT
method and are shown in Table 7.2.1, the values are close to each other with the difference
not exceeding 8 nm. The variations in the estimated radius correlate with the variations in
the 6 values, meaning that higher variability between objective function results from two
different methods is corresponding to high variations in the estimated equivalent sphere
radius.

Despite the detectable difference in the equivalent sphere radius between different
samples, provided by each of the technique (DLS and inversion), any further derivations
from of the Mie radius and hydrodynamic radius to morphology parameters are somewhat
problematic. With assumption to a sphere, the Mie radius would not be possible to
provide with additional morphology information a priori, and for hydrodynamic radius,
it has been shown that, despite the possibility to link the length of the particle to the
radius value, for high aspect ratio geometries, the contribution of rotational diffusion,
not taken into account, can have important effects on the DLS determinations. Hence,
alternative approaches like the inclusion of particle length or aspect ratio specifically
into the reflectance signal inversion process must be considered closely. According to
simulations results for highly scattering material in work mentioned before, variations
in aspect ratio may cause a significant influence on SAR-DRM, especially at longer S-R
distances. Elaboration of the method further might be considered with the opportunity of
studying more scattering material.

The major shortcoming of the developed DDSCAT — method is computational time.
Inversion of each sample varies, but stays in 7 to 15 hours window, whereas the Mie-based
inversion takes approximately 30 minutes or less. In case of expansion of the method

with aspect ratio parameter, this time would have to increase about 81 times due to
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orientation averaging needed. Due to time resources needed for the equivalent sphere
inversion via DDSCAT, and also because the SAR-DRM spectra from different branches do
not vary greatly, the rest of the SAR-DRM branches were not involved into the analysis.
For equivalent sphere inversion, Mie theory-based inversion should be applied due to its
accuracy and computational speed, however, the developed routine has to be optimised
in order to be considered for future application. Potential optimisation routes might
parallel processing implementation. Since the DDSCAT routine is an iterative process
over a chosen number of wavelength, the parallel calculation could be implemented at

this point of the algorithm to replace the sequence calculation.

7.3 CONCLUSIONS

The objectives of this chapter were to analyse the SAR-DRM collected from a sample set
from a complex reaction process and with less information available beforehand regarding
the parameters of interest compare to previous studies within the project. It included the
features analysis of SAR-DRM signal as well as its inversion for polystyrene and cellulose
samples.

Inversion results confirmed a number of observations seen in the previous polystyrene
sample sets. The Sample set 3 provided a wider concentration range compare to validation
study, which allowed to collect more empirical knowledge regarding the inversion quality
at higher concentrations. The presence of the samples of higher concentration (>12
wt%) in the sample set allows to extrapolate the previous observations and conclude
the concentration of misprediction trend with high values of the actual concentration.
Estimation of the parameters of interest does not appear reliable at relatively high values,
starting ~ 6 wt%, which agrees from conclusions made after inversion of Sample set 1
and 2. The interference between concentration estimation and polydispersity starts to
influence the prediction process greatly at very high concentrations also. At a greater
degree of samples dilution, the parameters of interest were similar to each other across
different dilutions and agreed better with reference measurements.

The variations in the parameters of interest estimation, despite agreeing with trends
observed from the sample sets, might be contaminated with the effect of the process
parameters as well. Inversion of the Sample set 3 indicated the differences caused by the

polymerisation reaction recipes to the physical properties of the particles. With a decrease
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of the initiator ratio, the search for minima returned very high 6 values, above stated
15% stopping criteria, indicating the poor quality of the provided fit. Very high inversion
error also associated with significant variations in estimated parameters across dilutions
implying the possibility of the other parameter influence, that are not currently considered
as parameters of interest. Apart from straightforward elimination of the samples that result
in the high 6, other indicators of prediction quality might be considered in the future
research, for example, the wavelength dependence of the variability of the difference
between measured and simulated SAR-DRM can be investigated to identify the kind of
the parameter that causes a decrease of the fit quality.

Another parameter that was included in the analysis was the aspect ratio of the par-
ticles. Preliminary analysis on simulated SAR-DRM for polystyrene and CNC particles
has shown the significant effect of AR on spectra in a degree, sufficient for inversion.
Additionally was discovered the beneficial influence of S-R separation on aspect ratio
effect appearance. The study was majorly focused further on CNC since this is the material
available commercially, however, the particle dimensions are relatively small, and the
concentration range that can be used to suffice the diffuse approximation is limited to
<3.5wt%. This, along with the particle dimensions, which are generally small, compared
to previously studied size range, has a negative effect of the aspect ratio affect appearance,
as was concluded from the simulated and measured SRDR. As a result, the spectra can be
provided with a good solution for the simple approximation to an equivalent sphere. This
means that the solution provided is associated with low inversion error, and therefore, the
signal collected for non-spherical CNC can be described by a spherical particle with great
accuracy without morphology involved.

In the light of such results, the further analysis of the chosen sample set with additional
implementation of the aspect ratio parameter is not necessarily for current material. First
of all, the DDA computations take great computing effort, and if spherical approximations
can represent the single scattering parameters, computation of scattering parameters
can be done more easily by Mie theory. However, the inability to analyze aspect ratio
inversion on the CNC suspensions does not automatically imply the overall inability of
using SAR-DRM for aspect ratio inversion. Referring back to section 7.2.1, the presence of
a strong effect of AR along with some specific changes between light collection settings
substantiates the possibility to monitor particle aspect ratio for a highly scattering material

experimentally. Since the CNC represent another extreme case of very low reflectance
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properties, the SAR-DRM signal for a number of materials of different refractive index
should be simulated to evaluate the degree that material has on the appearance of the
aspect ratio effect. Also, to invert the desired particle information successfully, one needs

to verify that the solution to the inversion is unique.



CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 (CONCLUSIONS

The main goal for this project was to develop a physics-based methodology for estima-
tion of parameters, like particle size distribution and concentration, from spatially and
angularly resolved diffuse reflectance measurement. The study towards this goal began
with the development of the forward calculation routine that consists of two main stages.
The first stage aimed to compute the bulk optical properties. To compute bulk optical
properties, the resulted routine employed Mie theory for mono and polydisperse system
of spherical particles and the Discrete Dipole Approximation for the ellipsoidal particles.
These properties apply to a single scattering regime and therefore were expanded in the
second stage to cover multiple scattering and provide with spatially resolved diffuse re-
flectance measurements (SAR-DRM). The second stage in the above-mentioned routine
was covered by Farrell’s diffuse approximation, which provides with the spatially resolved
diffuse reflectance (SRDR). The obtained routine was validated against available literature
and was later used in the inversion algorithm to provide with parameters of interests
(particle size distribution and concentration).

Before inversion, comprehensive study of the modelled SRDR was conducted to es-
tablish limitations that are arising from the methodology itself. Firstly, this method was
used to examine the sensitivity of the SRDR to the parameters of interest variations as
well as their combinations. As part of this study, mode radius and concentration have
each shown a significant effect on SRDR which was specific to the selected parameter

of interest. Parameters, like concentration or predominant particle size, were subjects
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of studies reported previously, however, the effect of particle size distribution width was
not reported at the same extent, making it a primary focus of current research. From the
results presented in Chapter 4, the distribution width of lognormal distribution was stud-
ied across combinations of parameters of interest. This study concluded that variation
in the distribution width above 0.1 and below ~1 has a significant effect on SRDR. The
effect appears as a change of magnitude which is similar to the effect of the concentration
variation on SRDR. From the point of view of SRDR inversion, this could lead to possible
compensation event where over or under-estimation of one of these parameters can lead
to decrease in accuracy prediction, causing the possible appearance of the non-unique
solutions during the inversion. The possibility of multiple solutions lessens at certain
combinations of wavelength and mode radius, due to a strong effect of these parameters.
Besides, the effect of distribution width and concentration can be distinguished from each
other better when analysed across wavelength in UV-vis- short NIR range, implying the
importance of the multi-wavelength analysis to avoid the parameters misprediction.

The relationship between signal collection distances and the appearance of parameters
of interest effect on SRDR was studied in the same chapter. The findings have shown that
with the increase of S-R distances, the intensity of the signal fades proportionally. However,
the effect of the parameters of interest appears more prominently at longer S-R distances
due to light travelling deeper into the sample. Further study on the S-R distance unveils
that some of the combinations of the parameters of interest result in tmfp longer than
closest S-R distance, which hinders the performance of the diffuse approximation for the
shortest S-R distance. As the scattering happening further than the shortest S-R, the latter
will not be able to depict the scattering events, which would ultimately affect the accuracy
of parameters prediction. To comply with the approximation of the diffusion scattering
and avoid affecting inversion performance, the SRDR from the closest S-R distance fibres
was discarded from the analysis.

To fulfil the main goal, an inversion algorithm was developed, based on fundamental
theories for bulk optical properties and diffuse reflectance computation. The spectra
signal pre-processing routine involved the improved spectra smoothing methodology
as well as needed re-scaling of the SRDR from different S-R distances, eliminating the
intensity influence on the inversion result. The inverse method was applied to a number
of sample sets to study different combinations of the parameters of interest. Inversion of

the monodisperse sample set examined the possibility to provide with mode radius and
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concentration. Across the examined size range, estimated mode radius is similar to the val-
ues provided by the reference method, resulting RMSE uncertainty ~ 71.5 nm. Notably, the
samples, where inverted particle size deviated the most from the reference measurements
also returned significant inversion error, §, allowing to indicate the mispredicted samples
based on this parameter. Similar dependence was observed on the inverted concentration
values, which confirmed the possibility to link the quality of the parameters inversion
with the inversion error when the latter is associated with poor spectra fit (>10%). The
indication of the quality of prediction via inversion error at the lower values of 6 may
be a biased decision, according to the variability in the agreement between reference
and inverted values of mode and concentration. Based on results from other sample sets
analysis, since the correlation between ¢ error and the quality of parameters estimation is
not exact and exhibited a number of exclusions in studied sample sets, the inversion error
solely should not be used for the indication of the parameters quality estimation.

Inversion of the particle size distribution from polydisperse suspensions sample sets
provided a result that correlated well with reference measurements of mode radius and
distribution width. The particle size distribution parameters were analysed in conjunction
with each other as a PDF distribution. Overall results suggest that the inversion method
captured the differences in the SAR-DRM associated with distribution width specific for
each sample. The inverted PSD parameters and associated 6 were consistent across SAR-
DRM branches. Generally, the PSD parameters of the samples varied with samples dilution,
mostly causing an increase in the distribution width. The probable causes were narrowed
to the dilution effect and the competing effect of concentration and distribution width
parameters during the inversion. Incorporation of distribution width into the inversion led
to interference with concentration estimation, causing the RMSE on averaged across SAR-
DRM branches parameters 4.39 wt% and 5.61 wt% for Sample set 2 and 3, respectively. This
observation is formalising the conclusions made during the study on simulated SRDR.
Significant underestimation of concentration was associated with broad distribution
width. It resulted in an average or good quality of the fit, confirming the concerns that
were previously made regarding the reliability of the § error as an exclusive parameter for
quality of parameters estimation.

Despite the variations in the accuracy of the concentration estimation across different
sample sets, there is a common trend across the sample sets present. The inversion

of the concentration indicated the dependency between the quality of the parameter



210 | Conclusions and Future work

estimation and the values of the actual concentration. The quality of prediction decreased
significantly for samples of concentration above ~ 6 wt%. The reasoning behind this
phenomena can be interpreted in the context of exceeding the diffuse scattering regime at
a certain concentration level.

The investigation of the aspect ratio effect of prolate ellipsoids on SAR-DRM addressed
this question in the context of material properties (refractive index), concentration and
the particle dimensions. The case study on the simulated datasets for polystyrene and
nanocellulose have concluded that, despite the lower refractive index of the latest, the
aspect ratio effect appeared strongly on SRDR. However, the similar study on nanocellulose
for the particles of the smaller dimensions and lower concentration has not carried the
same degree of aspect ratio effect, which was confirmed by the followed inversion of
the equivalent sphere from the SAR-DRM collected for cellulose nanocrystal samples of
similar parameters.

Overall, the results of the project indicated that SAR-DRM spectra carry the effect
of physical and chemical properties in extent sufficient for retrieving such properties
from the observed spectra effects. The developed method for simultaneous estimation of
particle size distribution and concentration returned parameters of interest accurately
within assigned mode radius, distribution width and concentration constraint. Appli-
cation of the method outside such constraints has been noted to cause interference of
the parameters of interest and hence should be proceeded either with a smaller number
of degree of freedom (monodisperse system) or along with reference measurements for

results validation.

8.2 RECOMMENDATIONS FOR FUTURE WORK

The conclusions above illustrate the advantage of the developed methodology as well
as its limitations. Further study can be considered to include other dimensions of the

application of the methods.

CONCENTRATION LIMITATION EXAMINATION Application of the inversion method to the
number of sample sets has concluded consistent misprediction of the concentration of
solids at the values above 6 wt%. Since this indicates the limitation arising most likely
from either diffuse approximation or SAR-DRM configuration, examining this observation

may waive the concentration limitation. The proposal is to conduct an inversion on
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a monodisperse sample set using all of the S-R distances. For monodisperse systems,
transport mean free path is shorter than the shortest S-R distance and the exclusion of the
particle size distribution effect on spectra should help to avoid the parameters interference.
To understand the concentration limitations of the diffuse approximation, the comparison
study between results from diffuse approximation and Monte Carlo simulation can be
performed which should indicate if the limitation is arising from the diffuse approximation

at all.

THE COMPETING EFFECT BETWEEN DISTRIBUTION WIDTH AND CONCENTRATION The con-
centration estimation exhibited strong interference from the distribution width parameter
as well. Understanding these parameters interference is a complicated task due to the
complexity of separation of the effects from the SAR-DRM by non-empirical methods.
Consequently, this affects the estimation of the distribution width. Due to the presence
of correlation between overestimation of the distribution width and underestimation of
the concentration, the further study shall focus on the cumulative effect of these two
parameters in more details. The simulated spectra did not exhibit similar shortcomings
when inverting combination of these parameters of interest, hence the conducting an
experimental study on the large polydisperse samples set could provide sufficient em-
pirical data regarding the parameters interference. The preferable sample set should
consist of samples with constant mode radius and range of distribution width parameters,
preferable more discrete than in Sample set 2 with mode dilutions degrees. Inverting
SAR-DRM from such sample set should clarify the exact concentration - distribution width
limitations for polystyrene suspensions. Large sample set can also be used in the data
analysis in order to decouple concentration and distribution width effect. Alternatively,
improvement of distribution width estimation quality may be achieved by providing the

concentration values from reference measurements.

EXPANSION OF METHODOLOGY WITH THE NIR WAVELENGTH RANGE, MEASUREMENT CON-
FIGURATIONS AND DIFFERENT MATERIALS Some of the capabilities offered by SAR-DRM
were not studied in the context of physical and chemical properties of material estimation.
Current inversion method averages the spectra signal over wavelength due to the neces-
sity of the single parameter minimisation. Consideration of the wavelength —depended
inversion was voiced during this study and is something that can be explored further with

more advanced objection function minimisation algorithms. Another direction for the
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methodology alteration can focus on the NIR range, the signal-to-noise ratio of which
was improved during this research and the spectra were cleared from numerical artefacts.
However, the advantages of this improvement were not taken during the current project.
Expansion of the algorithm with an additional wavelength range may improve the quality
of parameters of interest prediction. It is suggested to validate the method using exclu-
sively the NIR wavelength range first, to gain an understanding of the specificity of using
larger wavelength on the polystyrene samples.

Another way to expand the dataset used in the algorithm is to conduct an extensive
study on signal collected on oblique incidence light sources. Not only it offers a different
reflectance intensity range due to different emittance angles, but also provides with
additional S-R distances, larger than the studied here.

The effect of aspect ratio on the SAR-DRM spectra, studied in this project, does not
examine the possibilities of the DDSCAT-based inversion algorithm. The material available
for the study was not reflective enough in combination with small particle dimensions to
exhibit any considerable features of particle shape and also required a degree of dilution to
avoid liquid crystal formation, which resulted in the equivalent sphere inversion. Further
study can focus on modelling of SAR-DRM for variety of shapes for selected range refractive
index values to estimate the minimum value suitable for particle shape estimation. If
possible, another material with higher reflective properties shall be studied in this context
to validate the modelling results; however, the choice of the material shall consider the

diffuse scattering approximation fulfilment.

INVERSION ROUTINE OPTIMISATION TO ENABLE IN-LINE APPLICATION There are directions
of the research that were not explored yet might have a significant effect on methodology.
One of the straightforward objectives, arising from the obtained results is the optimisa-
tion of the algorithm performance to reduce computational time. Achieving the faster
inversion time would allow executing the analysis of the processes, like polymerisation

reaction.
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Table A.1.1 Table of estimated and measured mode radius values for Sample set 1 for all
SAR-DRM branches

‘ South West North East
‘ Ref, nm Inv,nm | Ref, nm Inv,nm | Ref, nm Inv,nm | Ref, nm Inv, nm
2 82.09 41.80 82.09 33.00 82.09 32.17 82.09 32.17
3 110.10 86.69 110.10 54.67 110.10 50.51 110.10 52.17
4 198.03 22.51 198.03 173.86 198.03 172.19 198.03 173.02
5 229.33 330.16 229.33 217.20 229.33 213.03 229.33 210.53
6 171.00 168.67 171.00 133.85 171.00 135.52 171.00 135.52
7 70.89 35.71 70.89 32.17 70.89 32.17 70.89 31.34
8 95.07 77.84 95.07 45,51 95.07 41.34 95.07 42.17
9 110.10 101.22 110.10 64.68 110.10 64.68 110.10 65.51
10 | 127.50 123.53 127.50 212.19 127.50 208.86 127.50 207.19
11 198.03 22.06 198.03 148.85 198.03 149.69 198.03 150.52
12 171.00 203.53 171.00 231.36 171.00 238.03 171.00 125.52
13 70.89 53.20 70.89 32.17 70.89 32.17 70.89 31.34
14 | 198.03 183.73 198.03 149.69 198.03 155.52 198.03 153.85
15 | 110.10 91.29 110.10 69.68 110.10 67.18 110.10 68.01
16 | 229.33 392.63 229.33 211.36 229.33 210.53 229.33 210.53
17 95.07 98.64 95.07 61.34 95.07 58.01 95.07 59.67
18 | 198.03 287.29 198.03 275.54 198.03 153.02 198.03 155.52
19 | 198.03 304.14 198.03 168.86 198.03 78.01 198.03 172.19
20 | 229.33 368.12 229.33 209.69 229.33 212.19 229.33 208.86
21 70.89 180.55 70.89 49.67 70.89 33.00 70.89 34.67
22 95.07 101.25 95.07 62.17 95.07 61.34 95.07 63.01
23 | 110.10 213.58 110.10 180.52 110.10 77.18 110.10 78.01
24 | 127.50 523.69 127.50 99.68 127.50 99.68 127.50 100.51
25| 198.03 21.93 198.03 153.85 198.03 154.69 198.03 279.70
26 | 171.00 263.52 171.00 441.39 171.00 377.22 171.00 123.02
27 82.09 283.13 82.09 45,51 82.09 43.84 82.09 46.34
28 | 198.03 678.91 198.03 289.71 198.03 282.20 198.03 286.37
29 | 229.33 312.75 229.33 101.35 229.33 328.04 229.33 206.36
30 | 110.10 282.16 110.10 169.69 110.10 70.51 110.10 71.34
31| 171.00 681.00 171.00 135.52 171.00 135.52 171.00 137.18
32 95.07 341.28 95.07 64.68 95.07 162.19 95.07 63.01
33 110.10 342.92 110.10 79.68 110.10 173.86 110.10 78.01
34 | 127.50 559.55 127.50 100.51 127.50 100.51 127.50 324.71
35| 198.03 556.36 198.03 269.70 198.03 266.37 198.03 154.69
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Table A.1.2 Table of estimated and measured concentration values for Sample set 1 for all
SAR-DRM branches

‘ South West North East
‘ Ref., wt% Inv., wt% | Ref., wt% Inv., wt% | Ref., wt% Inv, wt% | Ref.,, wt% Inv, wt%
2 12.97 24.96 12.97 10.52 12.97 16.72 12.97 16.94
3 13.04 14.53 13.04 13.35 13.04 11.86 13.04 14.40
4 10.54 9.97 10.54 16.84 10.54 16.76 10.54 16.97
5 10.68 4.34 10.68 16.90 10.68 13.24 10.68 16.89
6 12.63 4.19 12.63 16.95 12.63 16.97 12.63 16.78
7 12.66 23.38 12.66 5.99 12.66 8.10 12.66 14.11
8 12.75 10.86 12.75 10.82 12.75 10.97 12.75 11.60
9 9.37 9.20 9.37 12.73 9.37 13.74 9.37 12.03
10 12.36 2.65 12.36 15.35 12.36 12.53 12.36 16.70
11 12.67 14.33 12.67 8.20 12.67 12.75 12.67 8.55
12 12.87 2.02 12.87 0.64 12.87 17.00 12.87 0.62
13 7.68 5.81 7.68 5.79 7.68 5.46 7.68 9.57
14 7.64 2.93 7.64 2.04 7.64 2.44 7.64 2.61
15 6.26 3.31 6.26 2.45 6.26 2.94 6.26 3.12
16 5.13 12.50 5.13 0.74 5.13 1.81 5.13 2.30
17 6.12 12.81 6.12 2.45 6.12 2.94 6.12 3.03
18 6.10 24.11 6.10 5.38 6.10 2.07 6.10 2.17
19 4.03 3.76 4.03 1.08 4.03 1.43 4.03 1.57
20 4.03 7.26 4.03 0.73 4.03 2.33 4.03 1.83
21 4.79 1.28 4.79 0.65 4.79 2.60 4.79 1.50
22 4.74 2.44 4.74 1.62 4.74 1.86 4,74 2.00
23 3.57 2.64 3.57 1.72 3.57 2.00 3.57 2.11
24 4.70 5.70 4.70 0.72 4.70 1.11 4.70 1.10
25 4.78 3.15 4.78 1.03 4.78 1.52 4.78 5.10
26 4.87 1.21 4.87 0.63 4.87 0.66 4.87 0.65
27 3.93 1.93 3.93 1.00 3.93 1.24 3.93 1.19
28 3.14 5.45 3.14 3.38 3.14 4.30 3.14 4.69
29 3.21 6.15 3.21 0.69 3.21 2.17 3.21 1.23
30 3.78 3.24 3.78 0.73 3.78 1.07 3.78 1.13
31 3.80 25.00 3.80 0.71 3.80 0.98 3.80 0.81
32 3.78 2.98 3.78 0.88 3.78 1.32 3.78 1.15
33 2.85 2.63 2.85 0.99 2.85 1.21 2.85 1.29
34 3.73 1.89 3.73 0.58 3.73 0.67 3.73 0.98
35 3.79 4.08 3.79 3.16 3.79 4.78 3.79 1.19
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Figure A.2.1 Actual difference between estimated and measured concentration in compar-
ison with ¢ for different SAR-DRM branches (a-c). Colour corresponds to original samples
on the sample set.

Figure A.2.2 Cellulose nanocrystalline suspensions dilutions (1-3) for (a) BG Ultra, (b) BG
Natural.



APPENDIX B

COMPUTATIONAL CODES

B.1 MATLAB CODE FOR MIE -BASED BULK OPTICAL
PROPERTIES CALCULATION ROUTINE FOR POLYDISPERSE
SYSTEM OF PARTICLES: FORWARD CALCULATION

B.1.1 MAIN FILE

%Calculation for scattering and absorption coefficient by
polydisperse system of particles by using Mie theory.

%Code based on routine from Matzler(2002), which was modified by
Maria A. Velazco (2006);

clear all; close all; tic

%% Pre—saved sample set parameters

% Param file inputs:

% mode_diam: mode diameter in nm.

% conc: concentration of solids in wt%.

% sigma_log: distribution width for lognormal distribution

load param.mat

%% Particle size grid

Dmin = 1; Dmax = 20000;

D = [Dmin:2:Dmax];

%Download refractive indexes for each WL

load refwater. txt

load RI_CLS_interp. txt

den = 1.05; % particle density g/cm3

den. w = 0.997; % water density g/cm3

%Download refractive indexes for each WL
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lambdal = refwater(:,1);lambda2 = RI_CLS_interp(:,1);

% Match wavelength of refractive data

w = [lambda2(end):—1:lambda2(1)]’; [lambda,IA, IB1] = intersect (w,
lambdal) ; [lambda,IA, IB2] = intersect (w,lambda2) ;

%Calculate volume fraction

rho_tot = conc * den + (1-conc)*den_w;

phi0 = conc.x*rho_tot/den;

phi(:,1) = phi0 ;

phi(:,2) = 1-phi0;

phil = 1-phio;

(refwater (IB1,3));
(RI_CLS_interp (IB2,3));

nwater refwater (IB1,2) ; kwater
npsty = RI_CLS_interp(IB2,2); kpsty
n = [npsty nwater]; k = [kpsty kwater];

%Running the Mie script over wavelength range — Loop through the conc

for j = 1l:length(conc)

for i =1 : length(lambda)

[scattering, extinction, absorption,scatt_albedo ,asymmetry p,
scat_prime, df] = Mie_lognormal_function (nwater (i) ,npsty(i),
kpsty (i) ,kwater (i), mode diam(j), sigma_log(j), lambda(i),
den, size_range,conc(j),den_w, phil(j));

[mew_a_mono, mew_s_mono,g mono] = calc_optical_props_mono (phi(j,:)
JJambda (i) ,n(i,:) ,k(i,:) ,mode_diam(j));

data.mew s mono(i,l) = mew S mono;

data.mew a mono(i,1) = mew a mono;

data.g mono(i,1) = g mono;

data.mew s(i,j) = scattering;
data.mew_ e(i,j) = extinction’;
data.mew a(i,j) = absorption’;

data.g(i,j) = asymmetry_p’;
data.mew_s p(i,j) = scat_prime’;
data.scatt_albedo(i,j) = scatt_albedo’;
data. distrib = df’;
data.xrange = size_range ’;
data.lambda = lambda;
data.diam_mean(:,j) = (mode_diam);
data.signa_log(:,j) = sigma_log;
data.conc(:,j) = conc’;
end

end

toc
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B.1.2 ASSOCIATED FUNCTIONS

function [scattering, extinction, absorption,scatt_albedo,asymmetry_p
, scat_prime,df,x_range, mew a] = Mie_lognormal_function (nwater,
npsty, kpsty, kwater, mode_diam, gsd, lambda, den, x_range,conc,
den_w, phil)

%Ihe function below computes cross—sections and asymmetry parameters
for values in the x_range, then integrate over lognormal PSD

%% Set—up the lognormal distribution

Mie_result = [];

asym = [];

x in mm = 0.5.#xx_range.*10A—6;

med_dial = log(0.5.*mode_diam.*10/A-6) ;

df = monomodal_logedit(med_dial, gsd,x in_mm);

%% Calculate the efficiencies (Matzler’s Mie code):

for i=1:max(size (x_range))
m = complex(npsty, kpsty) /nwater;

k = 2xpi./lambda.*nwater;
k = k’;
x_coef = k.*(0.5.xx_range(i));

result = Mie(m, x_coef);

eff = result(1:3);

% add results to the list

Mie_result = [Mie_result; eff];

asym = [asym; result(5)];
end
extinction_q = Mie_result(:,1) ’;
scattering_q = Mie_result(:,2) ’;
absorbtion_q = Mie_result(:,3) ’;
%% Account on polydispersity.............
D_int = ((4.#pi.*x in. mm.A3)./3) .+df;
VoP= trapz(x_in_mm, D_int) ;
num_of_p_per_v = (den_w./(den_w+ den/conc — den))./VoP;

funct_extinction = (extinction_q.*(pi.*x_in_mm.A2)) .xdf;
cofl = trapz(x_in_mm, funct_extinction);
Q_extinction = cofl.*num_of p_per_v;

funct_scattering = (scattering_q.*(pi.*x_in_mm.A2)) .xdf;
cofl = trapz(x_in_mm, funct_scattering);
Q_scattering = cofl.*num_of p_per_v;

funct_absorbtion = (absorbtion_q.*(pi.*x_in_mm.A2)) .xdf;
cofl = trapz(x_in_mm, funct_absorbtion);
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Q_absorbtion = cofl.*num_of_p_per_v;

%Calculate abs for water.............
mew_a(:,1) (4« pirkwater./(lambdax1.0e—6)) * phil;
mew a(:,2) = Q_absorbtion;

%Average asymmetry parameter.........

X_areas = pi.*(x_in.mm.N2);

scats = scattering_q .* x_areas.xnum_of p_per_v.xdf;
top = trapz(x_range,(asym .* scats’));

bottom = trapz(x_range, scats);

asymmetry_p = top /bottom;

% Structure outputs
extinction = Q_extinction;
scattering Q_scattering;
absorption sum (mew a) ;

scat_prime = scattering=(1l—asymmetry_p);
scatt_albedo = scattering./extinction;
return

function [F_temp,F_check] = monomodal_log function (mode_temp,
sigmal_temp, diam_range)

% The function returns lognormal distribution of the defined mode
radius

mean_temp = exp (mode_temp +sigmal_temp~2); %converts mode to mean

F temp = (1./(diam_range.*sigmal _temp.*sqrt(2+pi))).+exp((—(log(
diam_range) — log(mean_temp)).A2)./(2x*(sigmal_temp.72)));

F_check = F_temp;

return
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B.2 MATLAB CODE FOR SPATIALLY RESOLVED DIFFUSE
REFLECTANCE: FORWARD CALCULATION

B.2.1 MAIN FILE

clear all

close all

% Forward code for Diffuse Approximation based on :

% Source : White light oblique incidence reflectometer for measuring
absorption and reduced scattering spectra of tissue like turbid
media

% Written by : Sarra Tiernan 10/12/2013

load param.mat
wave= Sim.wave;

g = Sim.g;

mus = Sim.mu_s;

mua = Sim.mu_a;

%% ... Define oblique incident light angle....

tran_angle = 0;
% tran_angle=pi() /4; %angle associated to 45 degrees
% tran_angle=pi() /6; %angle associared to 30 degrees

%% Set source—receiver distances (in nm)

rho_d= [0.3 0.6 0.9 1.2];

n = 1; %Relative refractive index of tissue—air interface. (n=1 for
matched boundary.)

% Define optical parameter

musp = mus.*(1-g); % Reduced scattering coefficient (musp =
mu_s’)
mutr = musp+mua; % Total interaction coefficient

% Define diffuse approximation parameter

D = 1./(3.*(mua+musp)) ; % Diffusion constant

%+0.35 had been removed from the mua term as it has been deemed
unnessesary as the probe is immersed in the sample

mueff =(mua./D).A0.5; % Effective attenuation coefficient
a_tr=musp./ (mua+musp) ; %albedo term( which has been added in for the
equatioj to be able to
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%used in areas where the scattering effect does not completely
dominate the
%eqaution

% Account for internal reflection
rd = —1.4399.xn.A-2+0.7099.*n.A-1+0.6681+0.0639.*n; % Eqn. (9) (=1
for matched boundary)

A = (14rd)./(1-rd); % Egn.(8) = the internal reflection at boundary:
zb = 2.xA.xD; % Extrapolated boundary
z = 0; % Depth position of collecting fibre

% Calculate reflectance at diff. distances using Diffuse
Approximation
for i =1 : size(Sim.radius)
for d = 1 : length(rho_d)
for j =1 : length(a_tr)
R_rho(j) = gaussLagQuad (@DA_Ext_Angular, 128, 1, rho_d(d)
, z, zb(j,i), a_tr(j,i), mutr(j,i), mueff(j,i),
tran_angle) ;
end
Ref(:,d) = R_rho;

end

DA_Ext_Angle45.Ref_d1(:,i) = Ref(:,1);
DA_Ext_Angle45.Ref d2(:,i) = Ref(:,2);
DA_Ext_Angle45.Ref _d3(:,i) = Ref(:,3);
DA_Ext_Angle45.Ref_d4 (:,i) = Ref(:,4);

end

figure; plot (wave, DA_Ext_Angle45.Ref_d1);
title (' reflectance from distance 0.3mm’);
xlabel ("\bf Wavelength / nm’);
ylabel ("\bf Reflectance’);

figure; plot (wave, DA_Ext Angle45.Ref d2);
title (' reflectance from distance 0.6nm’);
xlabel ("wavelength /nm’);
ylabel ('reflectance ’);

figure; plot (wave, DA_Ext _Angle45.Ref d3);
title (' reflectance from distance 0.9nm’);
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xlabel ("wavelength /nm’);
ylabel ('reflectance ’);

figure; plot (wave, DA_Ext Angle45.Ref d4);
title (' reflectance from distance 1.2nm’);
xlabel ("wavelength /nm’);
ylabel ('reflectance’);

B.2.2 ASSOCIATED FUNCTIONS

function f = function_DA_Ext_Angular.(y, rho, z, zb, a_tr, mutr,
mueff, tran_angle)

% Calculate reflectance at diff. distances using Eqn. (11),(13)&(18)

% Written by : Sarra Tiernan 10/12/2013

% Source : A diffusion theory model of spatially resolved, steady-
state diffuse

% reflectance for the noninvasive determination of tissue
optical

% properties in vivo

% T. J. Farrell and M. S. Patterson

% Medical Physics, Vol. 19, No. 4, page 879-888 (1992)

%

% Input :

% y — (=mutr+z0) in Eqn. (18) to satisfy the expression form for
using gaussLagQuad wtype = 1

% rho — Source—Detector fibre core—to—core distance (in mm)

% z — Depth position of collecting fibre

% zb — Extrapolated boundary

% a_tr — Transport albedo (= musp./mutr);

% mutr — Total interaction coefficient

% mueff — Effective attenuation coefficient (=(3*muaxmutr).”20.5)
% tran_angle — Oblique incident angle.

delta_x= y./mutr.*sin (tran_angle);
delta_z= y./mutr.+cos(tran_angle);
r_value=rho—delta_x;

rl=sqrt ((delta_z).A2+r_value.N2); % Eqn. (11)
r2=sqrt ((z+delta_z+2+zb) .A2+r_value.N2); % Egn. (13)

% Calculate Egn. (19) in part to reduce chance of errors
Term0 = a_tr./4/pi();
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Terml = (delta_z).*mueff.+exp(—mueff.*r1)./(r1./A2);

Term2 = (delta_z) .*(exp(—mueff+rl)./(r1.73));

Term3 = (z+(delta_z)+2+zb) .+ (mueff.*exp(—mueffxr2)./1r2./A2);
Term4 = (z+(delta_z)+2xzb).xexp(—mueff*r2)./(r2.73);

f=(TermO.*Terml) 4+ (TermO. * Term?2) + (Term0. « Term3) + (TermO0. * Term4) ;
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B.3 MATLAB CODE FOR INVERSION ALGORITHM

B.3.1 MAIN FILE

clear all; close all; clc; tic

%Ihe following script performs the inversion of the SAR-DRM spectra
by providing the spectra solution, that corresponds to global
minima between measured and simulated spectra.

% Written by: D. Stoliaskaia, 2019

%Fdelta_mono: inversion error from Step 1 (monodisperse)

%Coeff_after_opt_Stepl_rescaled: estimated mode radius and
concentration

%Fdelta_poly: inversion error from Step 2 (polydisperse)

%Coeff_after_opt_Step2_rescaled: estimated mode radius, distribution
width and concentration

%% Pre—saved sample set parameters (from param.mat)

% SAMPLENAMES: 1xn numerical vector of sample names. In the current
research, the sample name is represented by a number that
consists of the original sample name and its dilution degree (e.g
SN14 corresponds to Sample 1 diluted 4 times from the original
concentration) .

% EXPERIMENT NAME: corresponds to the raw data folder indicator.

load paramEXP17.mat

%% Inversion parameters

material = 'PS’; % type of material used in the method: CNC (
cellulose nanocrystals) and PS (polystyrene)

%% SAR-DRM parameters

branches_list = [1,2,3,4];% Fibres branches: S(1);, W(2); N(3); E(4);

WL = 'UV’; % type of spectrometer: UV or NIR
ANGIE = 00" % emmitance angle: 00, 30, 45
distan = '2to4’; % which S-R distances used in the inversion

1to4 or 2to4.
type_of_wavegrid = 'SARDRM’ ;% wavelength grid either linear (LIN) of
supplied from the spectrometer (SARDRM)
%% Input spectra\Output save parameters
DIRNAME _SARDRM _1OAD = ’'/Users/dariastoliarskaia/Dropbox/PhD/
data_example/I03_postpross/proxTV/proxTV_results_ExpAugl7_upd/’;
savetofolder_name = ’/Users/dariastoliarskaia/Dropbox/PhD/
inverted results/RESULTS EXP17/’;
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»» nameoffilebegin = 'INV_FINAL RUN_UNIFY EXP17 branch’; % Begining of
the output filename/custom !! must end with "_branch" as it
indicates the SAR-DRM branch used

2 %% Begin the parameters estimation

s for branch = branches_list %loop over SAR-DRM branches

29 for SAMPLE = 1:length (SAMPLENAMES) %loop over selected samples
30 %% Loading/pre—computing the OP from the Mie theory
31 [S2,A2,asym,D,lambda,den_w,den_part, kwater,coef_1,coef 2] =

tech_function_load_pre_computed_BOP (WL, material,
type_of _wavegrid) ;

52 %% Loading the SAR-DRM data for inversion

33 [SAMPLES] = tech_function_SARDRM_load (ANGLE, WL,
DIRNAME _SARDRM I10AD, coef 1, coef 2 ,SAMPLENAMES(SAMPILE) ,
EXPERIMENT FOLDER NAME, branch) ;

34 %% Step 1: Randomiser & inversion of mode diameter and conc
35 % Constrains for Step 1
36 mode_in_ hm minl = 50; mode in nm maxl = 1300; conc_min =

0.005; conc_max = 0.25; sigma = 0.1; %fixed for now while
searching for mode and sigma

37 % Run the minima pre—-location

38 [F_randomiser, mode_rand_list, conc_rand_list,count_rand_total,
Coeff_after_prelocation_Stepl,F_pre_location] =
run_pre_location_start_point (sigma,lambda,D, den_w,
den_part,S2,asym,A2,ANGLE, SAMPLES, distan,
mode_in_ nm_minl,mode_in nm maxl, conc_min, conc_max, kwater)

’

39 % Run the inversion

10 [mode_in_mm_minscaled, mode_in_mm_maxscaled, conc_min_scaled,
conc_max_scaled] = rescale_constraints_step_1 (
mode_in_nm_minl,mode_in nm maxl, conc_min, conc_max) ;

a1 [Coeff_after_opt_Step_mono, Coeff_after_opt_Stepl_rescaled,
Fdelta_mono] = run_inversion_fmincon_steplmono (

Coeff_after_prelocation_Stepl ,sigma,lambda,D,den_w,
den_part,S2,asym,A2,ANGLE, SAMPLES, distan,
mode_in nm_minl,mode_in nm maxl, conc_min, conc_max, kwater
,mode_in_mm_minscaled, mode_in_mm_maxscaled,
conc_min_scaled, conc_max_scaled) ;

12 %% Step 2: Re-—assigment of the constrains

13 sigma_min = 0.1;

44 sigma _max = 1;
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end
end

[mode_in_nm_min2scaled, mode_in_ nm_max2scaled, mode_in nm_min2,
mode_in_nm max2, conc_min2scaled, conc_max2scaled, conc_min2
,conc_max2, sigma_start_point,sigma_min_scaled,
sigma_max_scaled, Coeff_after_prelocation_Stepl_rescaled]
= redefine_constrains_step2_wide (
Coeff_after_opt_Stepl_rescaled ,mode_in_nm_maxl,
mode_in_nm_minl, conc_min, conc_max, sigma, sigma_min,
sigma_max) ;

% Run the inversion of mode diameter/conc/distribution width

[Coeff_after_opt_Step2, Coeff_after_opt_Step2_rescaled,
Fdelta_poly] = run_inversion_fmincon_step2poly(
Coeff_after_prelocation_Stepl_rescaled ,lambda,D,den_w,
den_part,S2,asym,A2,ANGLE, SAMPLES, distan,
mode_in_nm_min2, mode_in_nm_max2, conc_min2, conc_max2,
sigma_min, sigma_max, kwater,mode_in_nm_min2scaled,
mode_in nm_max2scaled, conc_min2scaled, conc_max2scaled,
sigma_start_point, sigma_min_scaled, sigma_max_scaled) ;

% Remarks

toc

elapsedTime = (toc/60);

disp ([ "Inversion for Sample ', num2str (SAMPLENAMES (SAMPLE) ) , ’

is finished in ’,num2str(elapsedTime), ' with delta ="~
, num2str (Fdelta_poly) ) ;

nameoffile = [savetofolder_name,nameoffilebegin , num2str (
branch),’ Idiff SN’ ,num?2str (SAMPLENAMES(SAMPIE) ), ’,
ANGLE, ' '’ ,distan ,WL, '’ ,num?2str(count_rand_total) ];

save ([ nameoffile, ' .mat’])

B.3.2 ASSOCIATED FUNCTIONS

FUNCTIONS FOR PRE-COMPUTING THE OP AND LOADING SAR-DRM

function [S2,A2,asym,D,lambda_exp,den_w,den_part, kwater,coef_1,
coef_2] = tech_function_load_pre_computed_BOP (WL, material,
type_of_wavegrid)

%lhe function below:

%— checking if the optical properties for a single spherical particle
of selected material were already pre—computed;

%—- in not, initiates the calculation of the optical properties and
saves the corresponding .mat file.

%—- loading wavelength range

% OUTPUTS:
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% Preamble: n = length of size range; m = length of wavelength range;

% S2: n x m matrix of scattering efficiency;

% A2: n x m matrix of absorption efficiency;

% asym: n X m matrix of asymmetry parameter;

% den_part,den_w: density of the material and medium
% kwater: imaginary part of RI water;

%% Particle size grid

SEP = '/ 7;

Dmin = 1; Dmax = 15000;

D = [Dmin:2:Dmax];

if strcmp (type_of wavegrid, 'SARDRM’)

[lambda_exp, coef_1,coef_2] = loader_WL(type_of_wavegrid ,WL) ;
wavelength loader from the spectrometer; coef_1,coef 2 —
first and last wavelength

elseif strcmp(type_of wavegrid, 'LIN’)

lambda_exp = [400:1:1850];

coef_1 = lambda_exp(1);

coef_2 = lambda_exp (end) ;

end
% Download refractive index for material /medium
load ([’ ’sub f INV’,SEP, 'refwater.txt’])
den.w = 0.997; % water density g/cm3
if (strcmp(material, 'CNC’))
load ([’sub_f INV’,SEP, RI_CLS_ interp.txt’]);

%

den_part = 1.5; % particle density g/cm3

Ref_ind_material = RI_CLS_interp; % RI of the material
elseif (strcmp(material, 'PS’))
load ([’ ’sub_f INV’,SEP, Ref PS.txt’]);

den_part = 1.05; % particle density g/cm3

Ref ind material = Ref PS; % RI of the material
end

% Match RI and the wavelength range
lambda2 = [Ref_ind_material (1,1):0.01:Ref ind_material (end,1) ];
lambdal [refwater(1,1):0.01:refwater(end,1) ];

Ref_ind_material_interp = interpl (Ref_ind_material (:,1),
Ref_ind_material (:,[1:3]) ,Jambda2, 'spline ") ;

refwater_interp = interpl (refwater(:,1), refwater(:,[1:3]) ,lambdal,’

spline’);

[B, ix] = ismember(round ((100.+lambda_exp)) ,round ((100.*lambdal)));
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[B, iy] = ismember(round((100.+lambda_exp)) ,round((100.+lambda2)));
[lambda_expl,IA, IB1] intersect (lambda_exp,lambdal) ;
[lambda_expl,IA, IB2] intersect (lambda_exp,lambda2) ;

% Find refractive index — ! text files "Ref PS" and "Refwater" have
to be in the folder to make sure we have a correct list of RI
nwater = refwater_interp (ix,2); kwater = (refwater_interp (ix,3));

npsty = Ref_ind_material_interp (iy,2); kpsty = (

Ref_ind_material_interp (iy,3));
%% Optical properties for a spherical particles

CHECKNAME = [’OP for ' ,WL,’ ', material,’ ’',num2str(length (lambda_exp
)), .mat’];

if exist (CHECKNAME, ’file’) ==
load (CHECKNAME)

else

[S2,A2,asym] = scatt_cross_s_no_conc (D, nwater, npsty, kpsty,
lambda_exp) ;%calling Thennadil et. al. code

save (CHECKNAME, ’'S2’,’A2’,’asym’);

end

function [lambda_exp,coef_1,coef_2] = loader_ WL (type_of_wavegrid ,WL)
if (strcmp(type_of_wavegrid, 'SARDRM’))
if (strcmp (WL, 'UV’"))
load ( 'waveUV.mat ")
coef 1 = 871; coef 2 = 2519;
lambda_expl = waveUV(coef_1:coef_2,:);
lambda_exp = lambda_expl(1:2:end,1);
elseif (strcmp (WL, 'NIR"))
load ('waveNIR.mat ")
coef 1 = 126; coef 2 = 398;
lambda_expl = waveNIR(coef_1:coef_2,1);
lambda_exp = lambda_expl(1:2:end,1);
end
elseif (strcmp(type_of wavegrid, 'LIN’))
lambda_exp = [400:1:1850]’;
end

end

function [SAMPLES] = tech_function_ SARDRM_load (ANGLE, WL,
DIRNAME SARDRM 10AD, coef 1, coef 2 ,SAMPLENAME,
EXPERIMENT FOLDER _NAME, branch)
%Ihe function below:
% — loads corresponding to the sample Idiff and Bdiff after smoothing

’
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% — re—scales both;
%% Data loading

if ((strcmp (ANGLE, '007))&&(strcmp (WL, 'UV’)) || ((strcmp(ANGLE, '00’
))&&(strcmp (WL, 'NIR’)) || ((strcmp (ANGLE, '307))&&(strcmp (WL, UV

1))

filenameProxTV = [DIRNAME SARDRM_LOAD, 'proxTV_for SN_’,num2str (
SAMPLENAME) , " WL, ' _R1_" ,ANGLE, ' _exp_’ ,numa2str (
EXPERIMENT _FOLDER NAME) , . txt ' ];

proxTV_data_R1 = dlmread (filenameProxTV);

filenameProxTV = [DIRNAME SARDRM_LOAD, 'proxTV_for_SN_’,num2str(
SAMPLENAME) , " WL, ' _R2_’ ,ANGLE, ' _exp_’ ,numa2str (
EXPERIMENT FOLDER NAME) , . txt ' ];

proxTV_data_R2 = dlmread (filenameProxTV);

filenameProxTV = [DIRNAME _SARDRM_LOAD, 'proxTV_for SN_’,num2str (
SAMPLENAME) , " WL, ’_R3_ " ,ANGLE, ’'_exp_’ ,num2str(
EXPERIMENT FOLDER NAME) , . txt ' ];

proxTV_data_R3 = dlmread (filenameProxTV) ;

filenameProxTV = [DIRNAME SARDRM_LOAD, 'proxTV_for SN_’,num2str(
SAMPLENAME) , "’ WL, '_R4_’ ,ANGLE, ' _exp_’ ,num2str (
EXPERIMENT _FOLDER NAME) , . txt ' ];

proxTV_data_R4 = dlmread (filenameProxTV);

SAMPLE_RI1I = proxTV_data_R1 ([coef_1:coef_2],[1:4]);
SAMPLE_R2I = proxTV_data_R2 ([coef_1:coef 2],[1:4]);
SAMPLE_R3I = proxTV_data_R3 ([coef_1:coef_2],[1:4]);
SAMPLE_R4I = proxTV_data_R4 ([coef_1:coef_2],[1:4]);

SAMPLE_R1B = proxTV_data_R1 ([coef_1:coef_2],[5:end]);

SAMPLE_R3B = proxTV_data_R3 ([coef_1l:coef_2],[5:end]);

[

SAMPLE _R2B = proxTV_data_R2 ([coef_1:coef_2],[5:end]);
[
[

SAMPLE R4B = proxTV_data_R4 ([coef 1:coef 2],[5:end]);

end

%% Data re—scaling
tempSAMPLE_R1_1I
tempSAMPLE_R2_1

mean ((SAMPLE _R1I(1:2:end, [branch])) ,2);
mean ((SAMPLE R2I(1:2:end, [branch])),2);

tempSAMPLE_R3_I = mean ((SAMPLE_R3I(1:2:end, [branch])),2);

tempSAMPLE R4 1

SAMPLES . SAMPLE_R1 1
SAMPLES. SAMPLE_R2_1
SAMPLES. SAMPLE_R3_I
SAMPLES. SAMPLE_R4 1

mean ((SAMPLE _R4I(1:2:end, [branch])) ,2);

tempSAMPLE_R1_I./max(tempSAMPLE_R1 I(:));
tempSAMPLE_R2_I./max(tempSAMPLE_R2 I(:));
tempSAMPLE_R3_I./max(tempSAMPLE_R3_I(:) ) ;
tempSAMPLE_R4_I./max(tempSAMPLE_R4_1(:));
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SAMPLES.SAMPLE_R1_B
SAMPLES . SAMPLE R2 B
SAMPLES.SAMPLE_R3_B
SAMPLES.SAMPLE R4 B

mean ((SAMPLE R1B(1:2:end,
mean ( (SAMPLE R2B(1:2:end,
mean ((SAMPLE_R3B(1:2:end,
mean ((SAMPLE _R4B(1:2:end,

branch])),2);
branchl])),2);
]
]

branchl])) ,2);
branchl])) ,2);

—_——— —

SAMPLES. SAMPLE_R1_I for_scale
SAMPLES. SAMPLE_R2_I for_scale
SAMPLES. SAMPLE_R3_I for scale
SAMPLES. SAMPLE_R4_1I for_scale

tempSAMPLE_R1_I;
tempSAMPLE_R2 _T;
tempSAMPLE_R3_I;
tempSAMPLE_R4_TI;

end

FUNCTIONS FOR STEP 1 OF INVERSION ROUTINE

function [F_randomiser, mode_rand_list,conc_rand list, count_rand_total
,Coeff_after_prelocation_Stepl,F_pre_location] =
run_pre_location_start_point (sigma,lambda,D,den_w, den_part,S2,
asym,A2,ANGLE, SAMPLES, distan ,mode_in_nm_minl, mode_in_nm_maxl,
conc_min, conc_max, kwater)

%I'he function below:

%calls generator of random mode radius and concentration;

%computes BOP and SRDR for the corresponding combination of
parameters;

%Measures goodness of the fit with delta;

%Iterates until 5 combinations with delta >15% found or after 500

iterations;
num_of low_delta_rand = O0;
count_rand_total = O0; %record of how many iterations needed

while (num_of low_delta_rand < 5)&&(500 > count_rand_ total)
count_rand_total = count_rand_total+1;
[mode_rand, conc_rand] = return_rand_values_for_2var (
mode_in nm_minl, mode_in_nm_maxl, conc_min, conc_max) ;
mode_rand list_all (count_rand_total,:) = mode rand;
conc_rand_list_all (count_rand_total ,:) = conc_rand;
Coeff from_rand(count_rand_total,:) = [mode_rand, conc_rand];
F_randomiser_iter = error_calculation_steplmono (Coeff_from_rand (
count_rand_total ,:) ,sigma,lambda,D,den_w, den_part,S2,asym,A2,
ANGLE, SAMPLES, distan,mode in nm minl, mode in nm maxl,
conc_min, conc_max, kwater) ;
F _randomiser_all (count_rand total,:) = F_randomiser_iter;
if F_randomiser_iter <= 15
num_of low_delta_rand= num_of_low_delta_rand+1;
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F _randomiser (num_of low_delta_rand,:) = F _randomiser_iter;
mode_rand _list(num_of low_delta_rand,:) = mode_rand;
conc_rand_list (num_of low_delta_rand,:) = conc_rand;

end

end

if size (F_randomiser,1)<5
F_randomiser = F_randomiser_all;
mode_rand_list = mode_rand_list_all;
conc_rand_list = conc_rand_list_all;

end
[val ,idx] = min(F_randomiser(:));
F_pre_location = val;
[index, col] = find (F_randomiser==val) ;
model_tempscales mode_rand_list (index,1) ;
concl_tempscales = conc_rand_list(index,1);
Coeff_after_prelocation_Stepl = [model_tempscales,

concl_tempscales];

function [mode_rand,conc_rand] = return_rand_values_for_2var (
mode_in_mm_minl, mode_in mm maxl, conc_min, conc_max)

mode_in_mm_minlscaled = round (((mode_in_mm_minl — mean(
mode_in mm minl:0.01:mode in mm maxl)) ./ (mode in mm maxl—
mode_in._ mm minl)).x100) ;

mode_in_mm_maxlscaled = round ( ((mode_in_mm_max]l — mean(
mode_in_mm_minl:0.01:mode_in_mm_max1) ) ./ (mode_in_mm_max]1-—
mode_in mm minl)).*100);

conc_minlscaled = round (((conc_min — mean(conc_min:0.001:conc_max))

./ (conc_max—conc_min) ) .*100) ;

conc_maxlscaled = round (((conc_max — mean(conc_min:0.001:conc_max))

./ (conc_max—conc_min) ) .x100);

mode_rand = randi([mode_in_mm_ minlscaled mode_in_mm maxlscaled],1,1)
./1100;

conc_rand = (randi([conc_minlscaled conc_maxlscaled],1,1))./100;

end

%
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function [Coeff_after_opt_Stepl, Coeff_after_opt_Stepl_rescaled,
F_randomiser_iter_Stepl] = run_inversion_fmincon_steplmono (
Coeff_after_prelocation_Stepl ,sigma,lambda,D,den_w, den_part,S2,
asym, A2 ,ANGLE, SAMPLES, distan,mode_in_nm_minl, mode_in_nm_max1,
conc_min, conc_max, kwater , mode_in nm_minlscaled,
mode_in_nm_maxlscaled, conc_min_scaled, conc_max_scaled)

%I'he function below:

% — runs the fmincon optimiser

A= 1T[];

b = [];

Aeq = [];

beq = [];

TolF = 107A-6;

opt = optimoptions (@fmincon, 'Algorithm’, "interior —point’, 'TolFun’,
TolF, ’'TolX’,10r-6, MaxFunEvals’,1e6, display’, final—-detailed’);

Ib = [mode_in nm_ minlscaled, conc_min scaled]’; % min boundaries for
the search
ub = [mode_in_nm_maxlscaled, conc_max_scaled] ’; % max boundaries for

the search

h = @(x)error_calculation_steplmono (x, sigma,lambda,D,den_w, den_part,
S2,asym,A2,ANGLE, SAMPLES, distan,mode_in_nm_minl, mode_in_nm_maxl
,conc_min, conc_max, kwater) ;

x = fmincon (h, Coeff_after_prelocation_Stepl ,A,b,Aeq,beq,1b,ub,[], opt)

)

mean_temp = x(1);
conc_temp = x(2);
Coeff_after_opt_Stepl = [mean_temp,conc_temp];

F_randomiser_iter_Stepl = error_calculation_steplmono (
Coeff_after_opt_Stepl ,sigma,lambda,D,den w,den_part, S2,asym,A2,
ANGLE, SAMPLES, distan ,mode_in nm minl, mode_in nm_ maxl, conc_min,
conc_max, kwater) ;

mode_inverted_mono = Coeff_after_opt_Stepl (1) *(mode_in_nm_max1—
mode_in_nm_minl) + mean(mode_in_nm_min1:0.0001:mode_in_nm_max1) ;

conc_inverted_mono = Coeff_after_opt_Stepl (2) *(conc_max—conc_min) +
mean (conc_min:0.0001:conc_max) ;

Coeff_after_opt_Stepl_rescaled = [mode_inverted_mono,
conc_inverted_mono];
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function F = error_calculation_steplmono (x,sigma,lambda,D,den_w, den,
S2,asym,A2,ANGLE, SAMPLES, distan,mode_in_nm_minl, mode_in_nm_maxl
,conc_min, conc_max, kwater)

%l'he function below: [used in both, fmincon and following computation
of the found solution]

%-computes BOP and SAR-DRM

%-re—scales the resulted SAR-DRM

%-computes [_sim

%—-evaluates delta

model_tempscales = x(1);

conc_tempscales = x(2);

% Scale back to the actual units

mode_temp = model_tempscales * (mode_in_nm_maxl-mode_in_nm_minl) + mean
(mode_in_nm_minl:0.0001:mode_in_nm_maxl) ;

conc_temp = conc_tempscales*(conc_max—conc_min) + mean(conc_min
:0.0001:conc_max) ;

% Compute BOP and SARDRM

[TempPSD] = monomodal_log_function (log (mode_temp) , sigma,D);

[mew_s, asym_par, scat_prime ,mew_a] =calculate_scattering_coeff_3var(
conc_temp,lambda, TempPSD,D,den_w,den, S2,asym,A2, kwater) ;

[DA_Ext_Angle45] = DA Forward ANG (mew_s, asym_par,mew_a,lambda, ANGLE)

)

if (strcmp(ANGLE, '007"))
%Re-scaling
SAMPLE_R1_TEMP_SC
SAMPLE_R2_TEMP_SC
SAMPLE_R3_TEMP_SC
SAMPLE_R4_TEMP_SC

(DA_Ext_Angle45.Ref_d1);
(DA_Ext_Angle45.Ref_d2);
(DA_Ext_Angle45.Ref_d3);
(DA_Ext_Angle45.Ref_d4);

tempSAMPLE_R1_TEMP
tempSAMPLE_R2_TEMP
tempSAMPLE_R3_TEMP
tempSAMPLE_R4_TEMP

SAMPLE_R1_TEMP_SC. * SAMPLES.SAMPLE R1_B;
SAMPLE_R2_TEMP_SC. * SAMPLES.SAMPLE_R2_B;
SAMPLE_R3_TEMP_SC. * SAMPLES . SAMPLE R3_B;
SAMPLE R4 TEMP_SC. * SAMPLES.SAMPLE R4 B;

SAMPLE_R1_TEMP
SAMPLE_R2_TEMP
SAMPLE R3_TEMP
SAMPLE_R4_TEMP

tempSAMPLE_R1_TEMP. / max (tempSAMPLE_R1_TEMP (:) ) ;
tempSAMPLE_R2_TEMP. / max (tempSAMPLE_R2_TEMP (:) ) ;
tempSAMPLE_R3_TEMP. / max (tempSAMPLE_R3_TEMP (:) ) ;
tempSAMPLE_R4_TEMP. / max (tempSAMPLE_R4_TEMP (:) ) ;

F_ersq(1) = abs(sum((SAMPLES.SAMPLE_R1_I — SAMPLE_R1_TEMP) .x100./
SAMPLES.SAMPLE_R1 1) ./ length (lambda) ) ;
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F_ersq(2) = abs(sum((SAMPLES.SAMPLE R2 I — SAMPLE R2 TEMP) .x100./
SAMPLES.SAMPLE_R2 1) ./ length (lambda) ) ;

F_ersq(3) = abs(sum((SAMPLES.SAMPLE_R3_I — SAMPLE R3_TEMP) .x100./
SAMPLES.SAMPLE_R3_I) ./ length (lambda) ) ;

F_ersq(4) = abs(sum((SAMPLES.SAMPLE R4 I — SAMPLE R4 TEMP) .x100./
SAMPLES.SAMPLE_R4 1) ./length (lambda) ) ;

if (strcmp(distan, ’'1to4’))
F_ersq(5) = sum(F_ersq(1)+F_ersq(2)+F_ersq(3)+F_ersq(4))/4;
F = F_ersq(5);

elseif (strcmp(distan, '2to4’))
F_ersq(5) = sum(F_ersq(2)+F_ersq(3)+F_ersq(4))/3;
F = F_ersq(5);

end

elseif (strcmp (ANGLE, '30’)&&strcmp(distan, ’'2to4’)) || (strcmp (ANGLE

)

"457)&&stremp (distan, '2to4’))
SAMPLE_R1_TEMP_SC (DA_Ext_Angle45.Ref _d1);
SAMPLE_R2_TEMP_SC (DA_Ext_Angle45.Ref_d2);
SAMPLE_R3 TEMP_SC (DA_Ext_Angle45.Ref_d3);
SAMPLE_R4_TEMP_SC = (DA_Ext_Angle45.Ref_d4);

tempSAMPLE_R1 TEMP = SAMPLE R1_TEMP_SC. «SAMPLES.SAMPLE R1_B;
tempSAMPLE_R2 TEMP = SAMPLE R2 TEMP_SC. «*SAMPLES.SAMPLE _R2_B;
tempSAMPLE_R3 TEMP = SAMPLE R3_TEMP_SC. * SAMPLES.SAMPLE_R3_B;
tempSAMPLE R4 TEMP = SAMPLE R4 TEMP_SC. «SAMPLES.SAMPLE R4 B;

SAMPLE_R1_TEMP
SAMPLE_R2_TEMP
SAMPLE_R3_TEMP
SAMPLE_R4_TEMP

tempSAMPLE_R1_TEMP. / max (tempSAMPLE_R1_TEMP (:) ) ;
tempSAMPLE_R2_TEMP. / max (tempSAMPLE_R2_TEMP (:) ) ;
tempSAMPLE_R3_TEMP. / max (tempSAMPLE_R3_TEMP (:) ) ;
tempSAMPLE_R4_TEMP. / max (tempSAMPLE R4 TEMP (:) ) ;

F_ersq (1) = sum((SAMPLES.SAMPLE_R1_I
SAMPLE_R1_1) ./length (lambda) ;
F_ersq(2) = sum((SAMPLES.SAMPLE_R2_I — SAMPLE_R2 TEMP) ./SAMPLES.
SAMPLE_R2_1) ./ length (lambda) ;
F_ersq(3) = sum((SAMPLES.SAMPLE_R3_I
SAMPLE_R3_I) ./ length (lambda) ;
F_ersq(4) = sum((SAMPLES.SAMPLE_R4_I
SAMPLE_R4_1) ./ length (lambda) ;
if (strcmp(distan, ’'1to4’))
F_ersq(5) = sum(F_ersq(1)+F_ersq(2)+F_ersq(3)+F_ersq(4));
F = F_ersq(5);
elseif (strcmp(distan, '2to4’))
F_ersq(5) = sum(F_ersq(2)+F_ersq(3)+F_ersq(4))/4;

SAMPLE R1 TEMP) ./SAMPLES.

SAMPLE_R3_TEMP) . / SAMPLES.

SAMPLE_R4_TEMP) . / SAMPLES.
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F = F_ersq(5);
elseif (strcmp(distan, '1to8’))
F_ersq(5) = sum(F_ersq(2)+F_ersq(3)+F_ersq(4))/3;
F = F_ersq(5);
end
end
end

FUNCTIONS FOR STEP 2 OF INVERSION ROUTINE

%

function [mode_in nm min2scaled, mode_in nm_ max2scaled, mode_in_nm_ min2
,mode_in_nm_max2, conc_min2scaled, conc_max2scaled, conc_min2,
conc_max2, sigma_start_point,sigma_min_scaled , sigma_max_scaled,
Coeff_after_prelocation_Stepl_rescaled] =
redefine_constrains_step2_wide (Coeff_after_opt_Stepl_rescaled,
mode_in_nm_maxl, mode_in_nm_minl, conc_min, conc_max, sigma,
sigma_min, sigma_max)

%I'he function below:

%— re—adjust the search constraints for mode diameter and
concentration

result_ mode2 Coeff_after_opt_Stepl_rescaled(1);

result_conc2 Coeff_after_opt_Stepl_rescaled (2);

mode_in_nm_min2 = result_mode2-500;

if (mode_in_nm_min2 <50)
mode_in_nm min2 = 50;

else

end

mode_in nm max2 = result_ mode2+500;

if (mode_in_nm_max2 >1300)
mode_in_ nm max2 = 1300;

else

end

conc_min2 = result_conc2 -0.05;
if (conc_min2 <0.005)
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conc_min2 = 0.005;
else
end

conc_max?2 = result conc2+0.05;

if (conc_max2 >0.25)
conc_max2 = 0.25;

else

end

sigma_start_point = (sigma — mean(sigma_min:0.0001:sigma_max)) ./ (
sigma_max-sigma_min) ;

sigma_min_scaled = (sigma_min — mean(sigma min:0.0001:sigma_max)) ./ (
sigma_max—sigma_min) ;

sigma_max_scaled = (sigma_max — mean(sigma_min:0.0001:sigma_max)) ./ (
sigma_max-sigma_min) ;

mode_starting_point2 = (result_mode2 — mean(mode_in_nm minl:0.0001:
mode_in nm max1l)) ./ (mode_in nm maxl-mode_in_ nm minl) ;

mode_in_nm_min2scaled = (mode_in_nm_min2 — mean(mode_in_nm_minl
:0.0001:mode_in nm maxl)) ./ (mode_in nm maxl-mode_in nm _minl) ;

mode_in_nm_max2scaled = (mode_in nm max2 — mean(mode_in nm_minl
:0.0001:mode_in_nm_max1)) ./ (mode_in_nm_maxl-mode_in nm_minl) ;

conc_starting_point2 = (result_conc2 — mean(conc_min:0.0001:conc_max)
) ./ (conc_max—conc_min) ;

conc_min2scaled = (conc_min2 — mean(conc_min:0.0001:conc_max)) ./ (
conc_max—conc_min) ;

conc_max2scaled = (conc_max2 — mean(conc_min:0.0001:conc_max)) ./ (
conc_max—conc_min) ;

Coeff_after_prelocation_Stepl_rescaled = [mode_starting_point2,
conc_starting_point2];

return

function [Coeff_after_opt_Step2, Coeff_after_opt_Step2_rescaled,
Fdelta_poly] = run_inversion_fmincon_step2poly(
Coeff_after_opt_Stepl ,lambda,D,den_w, den, S2,asym,A2,ANGLE,
SAMPILES, distan, mode in nm min,mode_in nm max, conc_min, conc_max,
sigma_min, sigma_max, kwater,mode_in_nm_min2scaled,
mode_in_nm_max2scaled, conc_min2scaled, conc_max2scaled,
sigma_start_point,sigma_min_scaled, sigma_max_scaled)
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%I'he function below:

% — runs the fmincon optimiser
A= [];

b = [];

Aeq = [];

beq = [];

TolF = 107-6;

opt = optimoptions (@fmincon, 'Algorithm ', "interior—point’, 'TolFun’,
TolF, 'TolX’,10A—-6, MaxFunEvals’,1e6, "display’, final-detailed ) ;

[mode_in_nm_min2scaled, sigma_min_scaled , conc_min2scaled] ’;

[mode_in_nm_max2scaled, sigma_max_scaled , conc_max2scaled] ’;

1b
ub

Coeff_for_Step2 = [Coeff_after_opt_Stepl(1),sigma_start_point,
Coeff_after_opt_Stepl(2)];

h2nd = @(x2)error_calculation_step2poly (x2,lambda,D,den_w,den, S2,asym
,A2 ,ANGLE, SAMPLES, distan, mode in_ nm min,mode_in nm max,
conc_min, conc_max, sigma_min, sigma_max, kwater);

x2 = fmincon (h2nd, Coeff_for_Step2,A,b,Aeq,beq,lb,ub,[], opt);

mean_temp = x2(1);

sigma_temp = x2(2);

conc_temp = x2(3);

Coeff_after_opt_Step2 = [mean_temp,sigma_temp,conc_temp];

Fdelta_poly = error_calculation_step2poly(Coeff_after_opt_Step2,
lambda,D,den_w, den, S2,asym, A2,ANGLE, SAMPLES, distan,
mode_in_nm_min, mode_in_nm_max, conc_min, conc_max, sigma_min,
sigma_max, kwater);

mode_inverted_poly = Coeff_after_opt_Step2 (1) *(mode_in_nm_max—
mode_in_nm_min) + mean(mode_in_nm_min:0.0001:mode_in_nm_max) ;

sigma_inverted_poly = Coeff_after_opt_Step2 (2) *(sigma_max—sigma_min)
+ mean(sigma_min:0.0001:sigma_max) ;

conc_inverted_poly = Coeff_after_opt_Step2 (3) *(conc_max—conc_min) +
mean (conc_min:0.0001:conc_max) ;

Coeff_after_opt_Step2_rescaled = [mode_inverted_poly,
sigma_inverted_poly, conc_inverted_poly];

function F = error_calculation_step2poly (x2,lambda,D,den_w,den,S2,
asym,A2,ANGLE, SAMPLES, distan, mode_in_nm_minl, mode_in_nm_max1,
conc_min, conc_max, sigma_min, sigma_max, kwater)

%I'he function below: [used in both, fmincon and following computation
of the found solution]
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%—-computes BOP and SAR-DRM

%-re—scales the resulted SAR-DRM

%-computes [_sim

%—-evaluates delta

mode2_tempscales = x2(1);

sigma_tempscales = x2(2);

conc2_tempscales = x2(3);

% Scale back to the actual units

mode_temp = mode2_tempscales * (mode_in_nm_maxl-mode_in_nm_minl) + mean
(mode_in nm minl:0.0001:mode_in nm maxl) ;

sigma_temp = sigma_tempscales *(sigma_max—sigma_min) + mean(sigma_min
:0.0001:sigma_max) ;

conc_temp = conc2_tempscales*(conc_max—conc_min) + mean(conc_min
:0.0001:conc_max) ;

% Compute BOP and SARDRM

[TempPSD] = monomodal_log function (log (mode_temp) , sigma_temp,D) ;

[mew_s,asym_par, scat_prime ,mew_a] =calculate_scattering_coeff_3var(
conc_temp,lambda, TempPSD,D,den_w,den, S2,asym,A2, kwater) ;

[DA_Ext_Angle45] = DA_Forward ANG (mew_s, asym_par,mew_a,lambda, ANGLE)

M

if (strcmp(ANGLE, '007))
%Re—-scaling
SAMPLE R1 TEMP SC = (DA_Ext_Angle45.Ref d1);
SAMPLE R2 TEMP _SC = (DA_Ext Angle45.Ref d2);
SAMPLE R3_TEMP_SC = (DA_Ext_Angle45.Ref_d3);
SAMPLE R4 TEMP_SC = (DA_Ext_Angle45.Ref_d4);

tempSAMPLE_R1_TEMP
tempSAMPLE_R2_TEMP
tempSAMPLE_R3_TEMP
tempSAMPLE_R4_TEMP

SAMPLE_R1_TEMP_SC. *SAMPLES.SAMPLE R1 _B;
SAMPLE_R2_TEMP_SC. * SAMPLES.SAMPLE R2 B;
SAMPLE_R3_TEMP_SC. * SAMPLES.SAMPLE R3_B;
SAMPLE R4 TEMP_SC.+*SAMPLES.SAMPLE R4 B;

SAMPLE_R1_TEMP
SAMPLE_R2_TEMP
SAMPLE_R3_TEMP
SAMPLE_R4_TEMP

tempSAMPLE_R1_TEMP. / max (tempSAMPLE R1_TEMP (:) ) ;
tempSAMPLE_R2_TEMP. / max (tempSAMPLE_R2 TEMP (:) ) ;
tempSAMPLE_R3_TEMP. / max (tempSAMPLE_R3_TEMP (:) ) ;
tempSAMPLE_R4_TEMP. / max (tempSAMPLE_R4_TEMP (:) ) ;

F_ersq(1) = abs(sum((SAMPLES.SAMPLE R1_I — SAMPLE R1_TEMP) .x100./
SAMPLES.SAMPLE_R1_I) ./ length (lambda) ) ;

F_ersq(2) = abs(sum((SAMPLES.SAMPLE_R2_I — SAMPLE_R2_TEMP) .x100./
SAMPLES.SAMPLE_R2 1) ./length (lambda) ) ;
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F_ersq(3) = abs(sum((SAMPLES.SAMPLE_R3_I — SAMPLE_R3_TEMP) .x100./
SAMPLES.SAMPLE_R3_I) ./ length (lambda) ) ;

F_ersq(4) = abs(sum((SAMPLES.SAMPLE R4 I — SAMPLE R4 TEMP) .x100./
SAMPLES.SAMPLE_R4_1I) ./ length (lambda) ) ;

if (strcmp(distan,

"1to4’))

F_ersq(5) = sum(F_ersq(1)+F_ersq(2)+F_ersq(3)+F_ersq(4));

F = F_ersq(5).
elseif (strcmp(dis

/4;
tan, '2to4’))

F_ersq(5) = sum(F_ersq(2)+F_ersq(3)+F_ersq(4));

F = F_ersq(5).
end

elseif (strcmp (ANGLE,
457 )&&stremp (distan, '2to4d’))
= (DA_Ext_Angle45.Ref_d1);

M

SAMPLE R1_TEMP_SC
SAMPLE R2_ TEMP_SC
SAMPLE_R3_TEMP_SC
SAMPLE_R4_TEMP_SC

tempSAMPLE_R1_TEMP
tempSAMPLE_R2 TEMP = SAMPLE R2 TEMP_SC.
tempSAMPLE_R3_TEMP = SAMPLE R3 TEMP_SC.
tempSAMPLE_R4 TEMP = SAMPLE R4 TEMP_SC.

SAMPLE_R1_TEMP
SAMPLE_R2_TEMP
SAMPLE_R3_TEMP
SAMPLE_R4_TEMP

/3;

"30 " )&&strcmp (distan,

tempSAMPLE_R1_TEMP.
tempSAMPLE_R2_TEMP.
tempSAMPLE_R3_TEMP.
tempSAMPLE_R4_TEMP.

F_ersq(1l) = sum(((SAMPLE.SAMPLE R1 I

lambda)) .A2);

F_ersq(2) = sum(((SAMPLE.SAMPLE_R2 I

lambda)) .A2);
F_ersq(3) = sum(((
lambda)) .A2);

SAMPLE. SAMPLE_R3_I

F_ersq(4) = sum(((SAMPLE.SAMPLE_R4_I

lambda)) .A2);
if (strcmp(distan,

"1to4’))

SAMPLE_R1_TEMP_SC.

'2to4 7)) || (strcmp (ANGLE

(DA_Ext_Angle45.Ref _d2);
(DA_Ext_Angle45.Ref_d3);
(DA_Ext_Angle45.Ref_d4);

*SAMPLE. SAMPLE R1 B;
*SAMPLE. SAMPLE R2 B;
*SAMPLE. SAMPLE _R3_B;
*SAMPLE. SAMPLE R4 _B;

/ max (tempSAMPLE_R1_TEMP (:) ) ;
/ max (tempSAMPLE_R2 TEMP (:) ) ;
/ max (tempSAMPLE_R3_TEMP (:) ) ;
/ max (tempSAMPLE_R4_TEMP (:) ) ;

SAMPLE _R1 _TEMP) ./ length (
SAMPLE R2 TEMP) ./ length (
SAMPLE_R3_TEMP) ./ length (

SAMPLE_R4_TEMP) ./ length (

F_ersq(5) = sum(F_ersq(1)+F_ersq(2)+F_ersq(3)+F_ersq(4));

F = F_ersq(5);
elseif (strcmp(dis

tan, '2to4’))

F_ersq(5) = sum(F_ersq(2)+F_ersq(3)+F_ersq(4));

F = F_ersq(5);
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end
end

elseif (strcmp(distan, '1to8’))

end

F_ersq(5) = sum(F_ersq(2)+F_ersq(3)+F_ersq(4));
F = F_ersq(5);
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B.4 PYTHON CODE FOR FORWARD CALCULATION OF BULK
OPTICAL PROPERTIES

B.4.1 MAIN FILE

import sys

import math

import pprint
import numpy as np

#The following code is creating the input file for DDSCAT routine and
then processes the multiple output .txt file to create a summary
of the bulk optical properties.

#Written by D. Stoliarskaia (2018)

##+##...Enter input parameters here:

def create_C_range(): # Create the range of G-axis of the ellipsoidal

particles to run the simulation the loop. If not needed, should
be spaced between the same values, microns

C_size = []

R_list = []

NUMSIZEA = 1

R_size = np.linspace(0.175, 0.175,num=NUMSIZE A)

NUMSIZE C = 1

CR_size = np.linspace (0.5, 0.5,num=NUMSIZE C)

C_size_index = CR_size

for R_1 in R_size:

for C_1 in CR_size:
C_size .append (C_1)
R_list.append(R_1)
return C_size,R_list,C_size_index,R_size
def create_AB_range(C_size,R_list, R_size):# Create the range of A

and B axis of the ellipsoidal particles (equal to each other),
microns

A_size = []

B size = []

NUMSIZE A = len (R_size)
for i in R_size:
for j in range(5):
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A_size.append (i)
B_size.append (i)
return A_size,B_size

peak_radius = 0.10
stddev = 0.1

"ELLIPSOID” # specify type of the particle for DDSCAT
"CNC_FORWARD_ORIENT_THESIS_CNC_AR2_ANG_6/"’

target_type
folder_type

#Wavelength range set up, microns
WL_first = 0.3965

WL_last = 0.6417

WL HOWMANY = 35

concentration = 0.05
statistics = ’'poly’

den_particles = 1.5
den_fluid = 0.997
#

#...Enter datapath

datapath_im_water = ’'/home/njb15196/Desktop/PhD_2nd_code/DDSCAT/’

location_base =’/home/njb15196/Desktop/PhD_2nd_code/DDSCAT/
examples_exp/’

C_size,R_list,C_size_index,R_size= create_C_range ()
A_size ,B_size = create_AB_range (C_size, R_list,R_size)

# First command — create the ddscat.par and run the simulation
# Second command — compile the result from multiple text files
import RUN_DDSCAT _abc_k CNC

import RUN_TO_ANALYSE_DDSCAT range_of abs_k CNC
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B.4.2 ASSOCIATED FUNCTIONS

import os

import numpy as np

import math

import stat

import subprocess

from shutil import copyfile
from shutil import copy2

def create_directory(C_size, target_type, folder_type,location_base):
uv = 1
preflod = os.path.join (location_base+folder_type)
if not os.path.exists(preflod):
os.mkdir (preflod)
index = range(0, len(C_size))
for i in index:
C_exp = C_size[i]
C_exp_r = round(C_exp,3)
target_name = target_type+ '+str(C_exp_r)+ _ar '+str
(i)
filename = os.path.join(location_base+folder_type,
target_name)
if not os.path.exists (filename):
os . mkdir (filename)
return uv
def create_file_ddscat(A_size,B_size, C_size, target_type , WL_first,
WL_last ,WL HOWMANY, folder_type ,location_base):
index = range(0, len(C_size))
for i in index:

A = A_size[i]
B = B_size[i]
C = C_sizeli]

dipole_space = Ax0.04

C_exp_r = round(C,3)

target_name = target_type+ '+str(C_exp_r)+ _ar_ '+str
(i)

filename = (location_base+folder_type+target_name+’/
ddscat.par’)

SHAPR1 = int (round(A/dipole_space))
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SHAPR2 = int (round(B/dipole_space))
SHAPR3 = int (round(C/dipole_space))
allocl = int(float (SHAPR1)+50)
alloc2 = int(float (SHAPR2) +50)
alloc3 = int(float (SHAPR3) +50)

def calculate_volume (target_type, A,B,C):
if ’ELLIPSOID’ in target_type:
volume = 1.3333xmath. pi*A*B*C
if "CONELLIPS’ in target_type:
volume = 1.3333+math. pi*A+B*C
if ONIONSHEL’ in target_type:
volume = 1.3333+math. pi*B+B*B
if 'CYLINDERI’ in target_type:
volume = math. pi*(Ax%2)*C
if 'RCIGLPRSM’ in target_type:
volume = AxBx+C
return volume
volume = calculate_volume (target_type, A,B,C)
pre_radius = (3xvolume) /(4*math. pi)
radius_first = round ((pre_radius=*%(0.333333)) ,4)
radius_last = radius_first
radius HOWMANY = 1
textbodyl = "’ ========== Parameter file for v7.3
==================="\n "**xxx Preliminaries x*xx’\n
'NOTORQ’ = CMDIRQ+6 (DOTORQ, NOIORQ) —— either do
or skip torque calculations\n’PBCGS2’ = CMDSOL+6
(PBCGS2, PBCGST, GPBICG, QMRCOG, PETRKP) — CCG
method\n’GPFAFT’ = CMEIHD+6 (GPFAFT, FFITMKL) —
FFT method\n’GKDIDR’ = CALPHA#6 (GKDLDR, LATTDR,
FLTRCD) — DDA method\n’'NOTBIN’ = CBINFLAG (
NOTBIN, ORIBIN, ALLBIN) — binary output?"
textbody2 = " ’sxxx Initial Memory Allocation ##x*x
textbody3 = (str(allocl)+’ ’'+str(alloc2) +  ’+str(

rn

alloc3) +’ ’+’= dimensioning allowance for target
generation’)
textbody4 = "’sxxx Target Geometry and Composition

yn
% %k %k %

textbody5 = (target_type + = CSHAPE+9 shape
directive )

textbody6 = (str(SHAPR1) +  ’+str(SHAPR2) +' '+ str(
SHAPR3) +' ’'+’= shape parameters 1 — 3")
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textbody7 = """1 = NOOMP = number of
dielectric materials\n’../../ diel/RI_CLS6. txt’ =
refractive index\n’s=xx Additional Nearfield
calculation? ##x+’\n0 = NRFLD (=0 to skip
nearfield calc., =1 to calculate nearfield E)\n
0.0 0.0 0.0 0.0 0.0 0.0 (fract. extens. of calc.
vol. in —x,+X,-y,+y,—z,+z) \n***x Error Tolerance
++x+x\nl1.00e—4 = TOL = MAX ALIOWED (NORM OF |G>=
AC|E>—ACA|X>) / (NORM OF AC|E>)\n’###* Maximum
number of iterations x#xx’\n700 = MXITER \n
"sxxx Integration limiter for PBC calculations
xxxx’\nl.00e—2 = GAMMA (le—2 is normal, 3e—-3 for
greater accuracy)\n’ #*xx Angular resolution for
calculation of <cos>, etc. =xxx’\n0.5 = ETASCA (
number of angles is proportional to [(3+x)/ETASCA
JA2 )\n’#xxx Wavelengths (micron) sxs’'"""
textbody8 = (str (WL_first)+  ’'+str (WL_last)+  ’'+str(
WLHOWMANY) + " "+"'LIN’ = wavelengths (1st,last,
howmany, how=LIN, INV,LOG, TAB) ")
textbody9 = " ’##x+ Refractive index of ambient medium
xxxx’\nl1.0000 = NAMBIENT\n #*xx Effective Radii
(micron) =% "
textbodyl0 = (str(radius_first)+  ’+str(radius_last)+
" +str (radius HOWMANY)+~ '+"’LIN’ = eff. radii
(1st,last ,howmany,how=LIN, INV,LOG, TAB) ")
textbodyll = " ’#x#x Define Incident Polarizations
xxx+x°\n(0,0) (1.,0.) (0.,0.) = Polarization state
e0l (k along x axis)\n2 = IORTH (=1 to do only
pol. state e0l; =2 to also do orth. pol. state)\n
"s+xx Specify which output files to write *#xx’ \
nl = IWRKSC (=0 to suppress, =1 to write sca file
for each target orient.\n’sxxx Specify Target
Rotations ##xx’\n0 360 9 = BETAMI, BETAMX,
NBETA (beta=rotation around al)\nO 180 9 =
THETMI, THETMX, NTHETA (theta=angle between al
and k) \n 0 360 1 = PHIMIN, PHIMAX, NPHI (
phi=rotation angle of al around k) \n ’#xxx
Specify first IWAV, IRAD, IORI (normally 0 0 0)
xxxx’ \n 0 0 0 = first IWAV, first IRAD,
first IORI (0 0 0 to begin fresh)\n’sxxx Select
Elements of S_ij Matrix to Print #*+x’ \n 9 =
NSMELTS = number of elements of S_ij to print (
not more than 9)\nll 12 21 22 31 33 44 34 43 =
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indices ij of elements to print \n ’s#xxx Specify
Scattered Directions #xxx’\n’LFRAME’ = QVIDFRM (
LFRAME, TFRAME for Lab Frame or Target Frame) \nl
= NPLANES = number of scattering planes \n 0. 0.
180. 1 = phi, theta_min, theta_max (deg) for
plane A’’"

with open(filename, 'w’) as file:
file .write (textbodyl+’\n’+textbody2+’'\n’+textbody3
+’\n’+textbody4+’ \n’+textbody5+ " \n’+textbody6+
"\n’+textbody7+ ' \n’+textbody8+ ' \n’+textbody9+’
\n’+textbodyl10+ ' \n’+textbodyl1l)

def move_ddscat(C_size,location_base,target_type, folder_type):
index = range(0, len(C_size))
for i in index:
C_exp = C_size[1i]
C_exp_r = round(C_exp,3)
target_name = target_type+ '+str(C_exp_r)+ _ar_'+str
(i)
filenamel = os.path.join (location_base+folder_type+
target_name)
ddscatname = ’/home/njb15196/Desktop/PhD_2nd code/
DDSCAT/ examples_exp /ALL_EXP/ELLIPSOID/ddscat’
copy2 (ddscatname, filenamel)
st = os.stat(filenamel)
os.chmod(filenamel, st.st_ mode | stat.S_IEXEC)

def move_python (C_size,location_base,target_type, folder_type):
index = range(0, len(C_size))
for i in index:
C_exp = C_size[1i]
C_exp_r = round (C_exp,3)
target_name = target_type+ '+str(C_exp_r)+ _ar_'+str
(i)
filename3 = os.path.join (location_base, folder_type,
target_name, 'functions_ddscat_ind run CNC.py’)
name_of input = os.path.join (location_base,
folder_type ,target_name, 'ddscat.par’)
ddscat_runner_name = ’'/home/njb15196/Desktop/
PhD_2nd_code/python_code/DDSCAT_post_pros/
functions_ddscat_ind_run_CNC.py’
copy2 (ddscat_runner_name, filename3)
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filename2 = os.path.join (location_base,target_name, ’

ddscat’)
execfile (filename3)

#The function below:
#reads the txt files generated during DDSCAT run

#extracts the optical properties, rotation angles values, wavelength

#calculates bulk optical properties

#compiles the output file for all wavelength and rotation angles

import csv

import string

import os

import math

import scipy.integrate as integrate
import linecache

from pylab import =

from matplotlib.pyplot import =
from matplotlib import pyplot as plt
import matplotlib.pyplot as plt
from scipy.interpolate import interpld
import numpy as np

from scipy.stats import lognorm
import numpy as np

import pprint

import pylab as pl

pp = pprint. PrettyPrinter (depth=6)
def read_the_data_for_RI(datapath_im_water):
water_RI_data = []

with open(os.path.join (datapath_im_water, 'RI_part WATER FR. txt "),

'r’) as f:
collection_of lines = []
for line in f:

collection_of_lines.append ([ float(x) for x in line.split

On

water_RI_imaglist = [ x[2] for x in collection_of_lines]

wave_wl = [ x[0] for x in collection_of_lines]
del water_RI_imaglist[—1]
del wave_wl[—1]

w_expand = np.linspace(0.3965, 0.6417, 825)

g_ext = interpld(wave_wl, water_RI_imaglist, kind='quadratic’

)

water_RI_imag = g_ext(w_expand)
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return water_RI_imag

def count_amount_of_folders(location_base,C_size, target_type,
water_RI_imag, concentration, den_particles,den_fluid, folder_type):
radius_list = []
index = range(0, len(C_size))
for i in index:

C_exp = C_size[i]
C_str = round (C_exp,3)
folder_name = target_type+ '+str(C_str)+  _ar '+str(i)
with open(os.path.join (location_base, folder_type,folder_name,
"ddscat.par’), 'r’) as f:
lines = f.readlines ()
for line in lines:
if line== lines[26]: #extract number of files in
folder [respectively to num of WL]
raw_line = line.split()
num_of datafiles = int(raw_line[2])
elif line== lines[30]:
raw_line = line.split()
radius_1 =float(raw_line[0])
radius_2 = float(raw_line[1])
num_of sizes = float(raw_line[2])
radius = np.linspace (radius_1, radius_2,
num_of_sizes)
radius_list.append(float (radius))
elif line== lines[37]:
raw_line = line.split ()
num_of betha = float (raw_line [2]) #k
parameter
elif line== lines[38]:
raw_line = line.split ()
num_of theta = float(raw_line[2]) #k
parameter
elif line== lines[39]:
raw_line = line.split()
num_of psy = float(raw_line[2]) #k parameter
num_of k = num_of_psy*num_of_thetax*
num_of_betha
print num_of_psy
print num_of theta
print num_of betha
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73 create_list_of datafiles (num_of datafiles,
num_of sizes,num_of k,radius,folder name,
location_base ,water_RI_imag, concentration
,den_particles ,den_fluid, C_str,
folder_type)

7 return radius_list

7 def create_list_of _datafiles (num_of datafiles,num_of sizes,num_of k,
radius , folder_name,location_base ,water_RI_imag, concentration,
den_particles ,den_fluid, C_str, folder_type):

78 list_of_files = []

79 print num_of_k

80 for k in range(int(num_of k)):

81 for r in range(int(num_of_sizes)):

82 for i in range(int(num_of_datafiles)):

83 file = ("wW'+str(i).zfill (3)+"r"+str(r).zfill (3)+"k"+
str(k).zfill (3)+".sca")

8 list_of_files .append(file)

8 #pp.pprint(list_of_files)

86 read_the data(list_of files ,hradius,location_base, folder name,

water_RI_imag, concentration,den_particles,den_fluid, C_str,
folder_type)

s def read the data(list_of files ,radius,location base, folder name,
water_RI_imag, concentration,den_particles,den_fluid, C_str,
folder_type):

90 collection_of_lines = []

91 data_w = []

% k_name_list = []

9 for current_file in list_of_files:

94 with open(os.path.join (location_base, folder_type,folder_name,

current_file), 'r’) as f:

95 n=3

96 k_name_d = [current_file[i:i+n] for i in range(0,len(
current_file) ,n)]

97 k name = k name d[3]

98 lines = f.readlines ()

9 wave_for_lib = (lines[16]).split(’ )

100 wave = float(wave_for_lib[8])

101 rad_for_lib = (lines[15]).split(’ )

102 radii = float(rad for lib[8])
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103 Q_for_lib = str(lines[39]).split ()

104 Qs = float(Q_for_lib[3])

105 Qa = float(Q_for_lib[2])

106 Qe = float(Q_for_lib[l])

107 G = float(Q_for_lib[4])

108 line_from_file = radii, wave, Qs, Qa, Qe, G, k_name
109 collection_of_lines.append(line_from_file)

110 data_w.append (wave)

m k_name_list.append (k_name)

interpolate_data_DDSCAT (collection_of_lines ,radius,water_RI_imag,
concentration, den_particles ,den_fluid, location_base,
folder_name, C_str, folder_type ,k_name_list)

1

N}

113

+ def interpolate_data_DDSCAT (collection_of_lines ,radius,water_RI_imag,
concentration,den_particles ,den_fluid ,location_base , folder_name,
C_str,folder_type ,k_name_list):

1

ot

115 for Lib_Q in radius:

116 for Lib_k in k_name_list:

17 names = []

118 data_Qs = []

119 data_Qs_ext = []

120 data_Qa = []

121 data_Qa_ext = []

122 data_g = []

123 data_g_ext = []

124 phll = []

125 data_w = []

127 data_w_ext = np.linspace(0.3965, 0.6417, 825)
128 for line in collection_of_lines:
129 if le_Q in line:

130 if Lib_k in line:

131 QS = line[2]

132 Qa = llne[3]

133 g = line[5]

134 w = line [1]

135 data_Qs.append (Qs)

136 data_Qa.append (Qa)

137 data_g.append(g)

138 data_w.append (w)

139 Qs_ext = interpld (data_w, data_Qs, kind='cubic’)

110 Qa_ext interpld (data_w, data_Qa, kind='cubic’)
141 g_ext = interpld(data_w, data_g, kind='cubic’)



142

143

144

145

146

147

148

149

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

268 | Computational codes

data_Qs_ext Qs_ext(data_w_ext)
data_Qa_ext = Qa_ext(data_w_ext)
data_g_ext = g_ext(data_w_ext)

degrl = 10#x(-3)

degr = ((math.pi) *((Lib_Q=+degrl) *x2))

rho_tot = concentration * den_particles + (1—
concentration)*den_fluid

phi_p = concentration*rho_tot/den_particles

phi_w = 1-phi_p

Vp = (1.3333) *(math. pi) *((Lib_Qxdegrl) +3)

rhop = phi_p/(Vp)

sigma_s = data_Qs_extxdegr

sigma_a = data_Qa_ext+degr

data_w_not_norm = np.linspace(0.5302,0.8501,825)

sigma_water = ((4x*(math.pi)*(array(water_RI_imag))) / ((
data_w_not_norm=*10x**(—3)) ) *phi_w)

mew_s = sigma_sx*rhop
mewa = sigma_ax*rhop
mew_a = mewa+sigma_water

fnl = os.path.join (location_base, folder_type,b folder_name,
"DDSCAT _eff "+str (C_str)+’_k_’+str(Lib_k)+'.txt")

f = open(fnl, 'w’)

for al, bl, cl, dl in zip(data_w_ext, data_Qs_ext,
data_Qa_ext, data_g_ext):
f.write(str(al)+ '\t ’+str(bl)+ '\t +str(cl)+ '\t +str (dl

)+'\n’)
f.close ()

fn2 = os.path.join (location_base, folder_type, folder_name,
"DDSCAT _OP_"+str (C_str)+’_k_’+str (Lib_k)+’.txt ")

f2 = open(fn2, 'w’)

for a, b, ¢, d in zip(data_w_ext, mew_s, mew_a,
data_g_ext):
f2 . write(str(a)+’ '\t +str(b)+ \t +str(c)+ '\t +str(d)+’

\n’)
f2 . close ()
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77 def read_the_data_DDSCAT (location_base, target_type, C_size,
folder_type):

178 data_w_ext = np.linspace(0.3965, 0.6417, 825)

179 indxstmp = int(len(data_w_ext))-1

180 waves = np.linspace (0,indxtmp, num = 825)

181 Qus_size_range = []

182 Qua_size_range = []

183 g_size_range = []

184

185 Mus_size_range = []

186 Mua_size_range = []

187 collection_of lines = []

188 for wave in waves:

189 i = int(wave)

190 for Cs in C_size:

191 C_str = round(Cs,3)

192 folder_name = target_type+’ ’'+str (C_str)
193 with open(os.path.join (location_base, folder_type,

folder_name, 'DDSCAT eff "+str (C_str)+  k ’'+str (Lib_k)
+ . txt’), 'r’) as f:

194 lines = f.readlines ()

195 Qus_size_range_unit = lines[i].split()[1]

196 Qua_size_range_unit = lines[i].split()[2]

197 g_size_range_unit = lines[i].split() [3]

198

199 Qus_size_range .append (Qus_size_range_unit)

200 Qua_size_range.append (Qua_size_range_unit)

201 g_size_range.append(g_size_range_unit)

202 return Qus_size_range,Qua_size_range, g_size_range,data_w_ext

203

20 def read_the_data DDSCAT_OP(location_base, target_type, C_size,
folder_type):

205 data_w_ext = np.linspace(0.3965, 0.6417, 825)
206 indxtmp = int(len(data_w_ext))-1

207 waves = np.linspace (0,indxtmp, num = 825)

208 g_size_range = []

209

210 Mus_size_range = []

211 Mua_size_range = []

212 collection_of_lines = []

213 for wave in waves:

214 i= int(wave)

215 index = range(0, len(C_size))
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for i in index:
C_exp C_size[i]
C_str = round (C_exp,3)
folder_name = target_type+  '+str(C_str)+ _ar_’'+str(i)
with open(os.path.join(location_base, folder_type,
folder_name, 'DDSCAT OP "+str (C_str)+ ' k ’'+str (Lib_k)+
"Ltxt’), 'r’) as f:
lines = f.readlines ()
Mus_size_range_unit = lines[i].split()[1]
Mua_size_range_unit = lines[i].split () [2]
g_size_range_unit = lines[i].split() [3]

Mus_size_range .append (Mus_size_range_unit)
Mua_size_range.append (Mua_size_range_unit)
g_size_range.append(g_size_range_unit)

return Mus_size_range,Mua_size_range, g_size_range,data_w_ext

def integrate_over_sizes (Qus_size_range,Qua_size_range, g_size_range,
peak_radius,stddev, radius_list ,data_w_ext, concentration,
den_particles, den_fluid, folder_type):
mew_s_int []
mew_a_int []
g_int = []
degrl = 10xx(-3)

radius_list_interp = radius_list

numind = len (Qus_size_range)/len(radius_list_interp)

split_index = np.linspace (len(radius_list_interp), len(
Qus_size_range) , numind)

radius_list_arr = np.asarray(radius_list_interp)

indxtmp
wavelen

int(len(split_index))-1
np.linspace (0,indxtmp, num = 825)

for wave in wavelen:
i = int(wave)

ind_last = int(split_index[i])
ind_first = int(ind_last — (int(len(radius_list))))

int lim low = float(radius_list[0])
int_lim_high = float(radius_list[1])
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#....Interpolation of

Qus_size_range_unit = Qus_size_range[ind_first:ind_last]
Qua_size_range_unit = Qua_size_range[ind_first:ind_last]
g_size_range_unit = g_size_range[ind_first:ind_last]

Qs_interp_unit = interpld(radius_list, Qus_size_range_unit,
kind="cubic’)

Qa_interp_unit = interpld(radius_list, Qua_size_range_unit,
kind="cubic’)

g_interp_unit = interpld(radius_list, g size_range_unit, kind
=’"cubic’)

Qs_interp Qs_interp_unit(radius_list_interp)
Qa_interp = Qa_interp_unit(radius_list_interp)
g_interp = g_interp_unit(radius_list_interp)

diam_list = [x * 2 * degrl for x in radius_list_interp]

distr = (1 / (stddevxradius_list_arrxsqrt(2+math.pi))) * exp
(—(((np.log(radius_list_arr)-np.log(peak_radius)) **2) /(2=
stddevxx2)))

D_int2 = integrand (diam_list, distr,int_lim_high,int_lim_low)

D_aft_int = integrate.trapz(D_int2, dx = int_lim_high—
int_lim low)

Numpuv = (6+concentration+*den_fluid) / (math. pi*(den_fluid*
concentration+(den_particles*(1-concentration)) ) =

D_aft_int)
rad_list = [(x* degrl) #+ 2 for x in radius_list_interp]
mid_cross_scat = (array(map(float,(Qs_interp))))s*math.pix*

array(rad_list) xarray(distr)
cross_scat = integrate.trapz(mid_cross_scat, dx =
int_lim_high-int_lim_low)
mew_s_int_unit = cross_scat*Numpuv
mew_s_int.append (mew_s_int_unit)

mid_cross_abs = (array (map(float,(Qa_interp))))*math. pix
array(rad_list) xarray(distr)

cross_abs = integrate.trapz(mid_cross_abs, dx = int_lim_high-
int_lim_low)

mew_a_int_unit = cross_abs*Numpuv

mew_a_int.append (mew_a_int_unit)



284

285

286

287

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

272 | Computational codes

mid_cross_g = (array (map(float,(Qs_interp))))*math. pi*array(
rad_list)+array(distr)

mid_cross_gg = array(mid_cross_g) *(array (map(float, (
g_size_range_unit))))

topeq = integrate.trapz(mid_cross_gg, dx = int_lim_high-
int_lim_low)

bottomeq = integrate.trapz(mid_cross_g, dx = int_lim_high-
int_lim_low)

g_int_unit = topeq/bottomeq

g_int.append(g_int_unit)

return mew_s_int,mew_a_int, g_int

def integrand (diam_list, distr,int_lim_high, int_lim_low):
D_int = (list (map(lambda x:pow(x,3) ,diam_list)))=*distr
D_int2 = np.ndarray. tolist (D_int)
return D_int2

def save_csv(mew_s_int, mew_a_int, g_int, folder_type,location_base,
data_w_ext) :
fn2 = os.path.join (location_base, folder_type , 'DDSCAT POLY OP. txt’
)
f2 = open(fn2, 'w’)
for a, b, ¢, d in zip(data_w_ext, mew_s_int, mew_a_int, g_int):
f2 .write(str(a)+’ \t ' +str (b)+’\t +str(c)+ '\t '+str(d)+ \n")
f2 . close
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