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Abstract
Formulation of therapeutic dry powders for lung drug delivery via inhalation is done via
adhesive mixing. In this process, micron-sized active pharmaceutical ingredient particles
are blended with relatively coarse carrier particles until stable adhesive units of carrier
and drug particles are formed. Inside an inhaler and upon its actuation, the turbulent
kinetic energy of the air stream is transferred to the bulk powder of adhesive units and,
consequently, drug particles are dispersed into primary respirable particles. The formu-
lation process – in addition to the inhaler design and the patient’s respiratory maneuver
- is one of the three pillars that determine the overall performance of this form of drug
administration, and therefore, it must be genuinely understood. Despite all the recent ad-
vancements in the formulation of carrier-based dry powder inhalers, the in vitro efficiency
of currently marketed inhalers is at best less than 50% of their nominal values 2017.
The goal of this research is to devise a methodology to comprehend the complex nature
of the adhesive mixing process for inhalation and to optimize this process. The small
temporal and spatial scales of the adhesive mixing, on the one hand, and the omnipresent
interplay of process variables, on the other hand, require a modeling framework and sev-
eral quality-assessment tools. The underlying principle of this framework is to treat the
adhesive mixture as a particulate system, whose dynamic behavior can be modelled by
applying Newton’s laws of motion to individual particles.
Several formulation variables are selected, in accordance with their significance in the
process and within the capacity of the developed model, for parameter studying. These
variables include: (i) the adhesive properties of particles, (ii) mixing intensity, (iii) the
shape of carriers, (iv) the surface asperity of particles, and (v) the added fine particles
(ternary blend). The process quality is inferred from mixing homogeneity indices, the
micro-scale structure of adhesive units, and the fragmentation analyses of drug agglomer-
ates. In addition to the formulation process, simulated dispersion tests are performed in
order to understand the role of carrier surface roughness on drug particle detachment dur-
ing aerosolization. A combination of mixing energy and particle surface energies is used to
map the mixing state. It is found that any imbalance between these two process variables
results in poor adhesive mixtures. The non-sphericity of carrier particles is also shown to
impose a noticeable difference in the breakage and adhesion pattern of drug agglomerates.
In the context of formulation, carrier surface roughness reduces drug deposition, and in
the context of dispersion, drug detachment is found to be proportional to the roughness
length scale. Lastly, several cases of ternary formulations are simulated, and the relevance
of the active site and the buffer theories are examined.

Keywords: Adhesive mixing, Agglomerate, Carrier Particle, Discrete Element Method,
Dispersion, DPI-formulation.
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1
Introduction

1.1 Adhesive mixing process
Mixing of interactive particles with a large size disparity is a common process to synthesize
particles with tailored functionalities for a variety of industrial and technological applica-
tions. This process comprises blending adhesive fine and coarse particles in the absence of
any binders, until the fine particles are distributed over the surfaces of coarse particles [2].
The ultimate mixture tends to have a higher degree of mixing homogeneity than random
mixing of particles, because the intrinsic adhesion between two mixing components is nor-
mally large enough to overcome the weight of smaller particles and prevent segregation.
Adhesive mixing bears resemblance to the concept of ordered mixing that was introduced
by Hersey almost five decades ago [56]. This process can be described with the following
essential steps [2]:

• The mixing starts when the agglomerates of fine particles attach to adjacent coarse
particles and are carried around, i.e. the first coated carriers are created.

• When the agglomerates collide with or are compressed by coarse particles, they
break apart, i.e. the agglomerates are fragmented.

• The continuous collision and friction of carriers deteriorate the remaining agglom-
erates and disperse fine particles onto the coarse surfaces, i.e. the coated area is
increased.

A similar process has been adopted in the context of particles coating, primarily to find
an alternative to the wet-coating of particles. Analogous to adhesive mixing, in the dry-
coating process, large host particles are loosely covered with small guest particles with
the objective of modifying particle flowability, solubility, hydrophobicity, and other sur-
face properties. Contrary to the wet-coating methods, coating under dry conditions is
environmentally benign, and more cost effective, and the method promises more versatile
surface modifications [130].

1.2 Dry powder inhaler (DPI)

1.2.1 Formulation of DPI
One important utilization of the adhesive mixing process is the formulation of therapeutic
powders for lung drug delivery via inhalation. The dynamic structure of human respiratory
airways implies that only a narrow aerodynamic particle size range of roughly 1-5 µm can

1



1. Introduction

lead to sufficient drug deposition in lung tracts [113]. Therefore, the efficacy of drug
delivery via inhalation depends on fulfilling this constraint on particle size, despite the
strong tendency of micron-sized particles toward enlargement due to agglomeration.
The practical solution to this challenge is incorporating relatively coarse carrier particles
into the micron-sized active pharmaceutical ingredient (API) particles via blending. The
formulation process results in the temporary adhesion of API particles with the surface of
carriers, and this prevents drug agglomeration. The formation of adhesive units between
carrier and API particles enhances powder flowability, and more importantly, promises an
effective and reproducible drug dose upon aerosolization [24].

Figure 1.1: (Left) Aggregated micron-sized Budesonide API particles [52];
(Right) Formulation of Respitose SV003 as carrier and 5% Budesonide [114]

1.2.2 Dispersion mechanisms in DPI
The dispersion of adhesive mixtures upon inhalation transforms the bulk powder to aerosol
form. Once the inhaler has been triggered, and airflow entrains through a DPI device (as
a result of the patient’s respiration), the static bulk powder is fluidized. The fluidization
initiates the de-agglomeration process, wherein turbulent kinetic energy is transferred to
the particles, and consequently, the API particles are stripped from carriers, and the small
agglomerates of APIs are dispersed into primary respirable particles [34].
The de-agglomeration process is argued to be governed by two distinct mechanisms: (i)
flow-induced and (ii) collision-induced dispersion. In flow-induced dispersion, the aerody-
namic forces exerted by the airstream, including turbulent shear, drag, and lift forces, are
responsible for particle detachment, while in collision-induced dispersion, the particle fric-
tion force and the inertial forces originating from interparticle and particle-wall collisions
determine de-agglomeration [58].

Figure 1.2: (Left) Schematic diagram of drug particle dispersion in an inhaler;
(Right) Details of the dispersion mechanisms [58]

2



1. Introduction

The efficiency of the dispersion process is commonly expressed as the weight fraction
of API particles smaller than 5 m that are released from the inhaler. This fraction is
therapeutically the most relevant indicator of DPI performance and is referred to as the
fine particle fraction (FPF). The remaining fraction of drug particles may either remain
as large aggregates or may stay attached to the carrier particles (i.e. carrier residue).

Figure 1.3: The concept of fine particle fraction (FPF) and other dispersion performance
indicators [50].

1.3 Problem statement
The overall performance of a DPI relies on three factors: the formulation it contains,
the design of the inhaler, and the patient’s respiratory maneuver [45], and over the past
few decades, overwhelming effort has been put into explaining performance with respect
to these factors. These investigations primarily contribute to an understanding of the
adhesive mixing for carrier-based DPI formulation and to linking the formulation variables
to the in vitro delivered FPF value. The principal formulation variables that have been
studied are:

• The geometrical attributes of (mainly) carrier particles, including size distribution,
shape, and roughness [102, 44, 30, 31, 68, 78, 33].

• The physico-chemical properties of mixing components, including particles material,
grade, and surface energy [105, 69, 75, 75].

• The formulation conditions, including mixing time, mixing intensity, loading ratio,
press-on force, and relative humidity [73, 134, 67, 106, 135].

• The inclusion of fine excipient particles (i.e. fines) as the third component to the
formulation [66].

From the dispersion perspective, the continuous attempt to develop formulation- and
patient-independent drug delivery systems has brought several generations of inhalers
into existence [25]. The key element of these developments is to maintain balance between
the adhesion forces within the mixture components and the separation forces generated
by the kinetic energy of the inhaled airstream.

Despite all the recent advancements in the formulation and dispersion of carrier-based
DPIs, their detailed performance is not fully understood. A comprehensive work published
by Hoppentocht et al. [60] in 2014, proceeded with an update in 2017 [25] shows that the
in vitro delivered fine particle doses of currently marketed DPIs are at best less than
50% of their nominal values. This poor performance can be attributed to the following
shortcomings in the basic understanding of DPI design:
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1. Lack of mechanistic understanding of the adhesive mixing process.
A major portion of studies on the relation between formulation variables and dis-
persion performance have overlooked the process of adhesive mixing. Evaluations of
the formulation process, independent of dispersion tests, has largely been limited to
a crude homogeneity assessment based on the relative standard deviation (RSD) of
mixture composition. The RSD fails to provide detailed information on the struc-
ture of API particles over the carriers and the adhesive properties of the particle
contacts.

2. Inevitable interplay of principal variables in the formulation process.
Certain properties of particles involved in DPI formulation are difficult to quantify
properly, and can rarely be changed in isolation from one another. For instance, the
shape, roughness, and surface energy of carrier particles are closely intertwined, and
therefore, it is a great challenge if not impossible, to single out a particular variable
for further investigation.

3. Conflict in findings related to the dispersion performance of DPIs.
Owing to the complexity of the formulation and dispersion process, some results
of in vitro dispersion tests are inconsistent throughout the literature. A striking
example is the role of carrier particle roughness on drug release during inhalation,
wherein both direct [78] and inverse correlation [44] between roughness length-scale
and FPF value have been reported.

A possible and common remedy for these challenges is to invest in developing a modelling
framework for adhesive mixing and the aerosolization process, because such modelling
makes a dynamic and detailed description of the mixing process available, with a spatial
and temporal resolution of particle length-scale and inter-particle collision rate. So far,
only a few preliminary and quantitative models have been proposed to link the microscopic
features of adhesive mixing (or similarly dry-coating) and particle interactions in the
system [3, 4, 59, 15, 114].
Existing studies based on particle dynamic simulation have also addressed the primary
steps in the adhesive mixing process, including single agglomerate breakage at impact
[118, 101, 117, 47], the adhesion of drug particle to a single carrier [96, 97], and the
redistribution of drug particles over carriers [98]. The de-agglomeration mechanisms in an
inhaler have also been scrutinized through micro-scale simulation of dispersion due to air
flow [132], as well as particle-wall collision [121, 20, 120, 109, 122, 124].
However, the difficulties in simulating a large number of disparate-sized particles that are
irregular and cohesive have impeded progress in this field. It is deemed necessary to have
a model that encompasses all the stages of the adhesive mixing process, and it is crucial
to determine the effect of influential parameters on the process behavior.
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1.4 Objectives and thesis outline
The central objective of the present research is to establish a modelling framework for
adhesive mixing and the dispersion of drug particles, in which the experimental concerns
receive sufficient considerations. A substantial portion of this work is to:

• provide a mechanistic understanding of the adhesive mixing process by developing
a novel modelling framework.

• design a methodology to assess the quality of adhesive mixing and dispersion process.

• unravel the effect of formulation variables on mixture quality and dispersion perfor-
mance.

The present thesis is mapped out according to the objectives of the research and is divided
into the following chapters. Chapter 2 elaborates on the theoretical concepts in adhesive
mixing, along with the fundamental aspects of the computational framework. In Chapter
3, the simulation set up and the post-processing techniques are demonstrated. The main
results of this research are reported and discussed in Chapter 4. Chapter 5 summarizes
the important findings of the work and presents future opportunities for studies of the DPI
formulation and dispersion processes. Finally, the outcome of the research is attached as
Paper I to V.
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2
Theory

This chapter presents some of the most fundamental concepts in the adhesive mixing
process that are pre-requisite for grasping the principal variables in carrier-based DPI
formulation. In addition, the components of the computational model are described in
detail.

2.1 Randomized and ordered mixing
It is well established that binary particle mixing is theoretically controlled by two limiting
cases:

1. For relatively coarse, free-flowing, and mono-dispersed particles, the randomization
process governs the degree of homogeneity. This means that the probability of
finding either of the mixing components is the same for any random sample that is
withdrawn from the mixture.

2. If one particle exists in a fine or otherwise cohesive form, the particulate mixture
shifts from randomized disorder to an ordered structure. This leads to the formation
of coarse-fine ordered units, wherein the coverage ratio of ordered units, in the limit,
is the same throughout the entire system (Fig. 2.1).

While the degree of homogeneity of ordered mixtures is theoretically calculated to be higher
than that of a randomized mixture, it is doubtful if either of these ideal mixing states will
ever be practically achieved. The deviation from these states is normally measured based
on the statistical variation of composition among samples drawn from the mixture. The
sample composition variance helps to quantify the degree of mixing by defining the mixing
index as the ratio of "how much mixing has occurred" to "how much mixing can occur" [74].
This concept will be utilized to assess the quality of adhesive mixing for DPI formulation.

Figure 2.1: Distribution of black and white components in two ideal mixing states:
(Left) Randomized binary mixture; (Right) Ordered binary mixture [56]
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2.2 Cohesive-adhesive balance (CAB)
Assuming that enough mechanical energy is imparted to the assembly of drug and carrier
particles, fragmentation of agglomerates occurs, and the API particles are made available
to occupy carrier surfaces. The sufficiency of this energy is determined partly by the
degree of cohesion among API particles, which controls agglomerate strength, and partly
by the degree of adhesion between drug and carrier particles, which governs the formation
of adhesive units. Therefore, a balance between the cohesive and adhesive behavior of
particles is needed for the optimal performance of adhesive particle mixing.
The cohesive-adhesive balance (CAB) has been formulated as the ratio of the pull-off
forces of drug-carrier to drug-drug particles [11]. A CAB ratio lower than 1 indicates
the alacrity of drug particles and a CAB ratio higher than 1 indicates the reluctance of
drug particles to interact with carriers. The key element of the CAB ratio is the pull-off
force of two particles. This force may be attributed to multiple factors, including surface
energy, relative humidity, the presence of ternary components, and the morphology of the
carriers. In order to identify pull-off forces better, a brief explanation of inter-particle
forces is presented here.

2.3 Inter-particle forces
Inter-particle forces can originate from several sources, including van der Waals forces,
capillary forces, electrostatic forces, sintering, or chemical bonding. The presence of these
forces and their relative dominance can tremendously alter the bulk behavior of particles,
e.g. flowability or packing. The dominance of attractive forces is decided by their rel-
ative magnitude to particle weight, also known as the cohesive granular Bond number,
Bog. This ratio serves to divide granular materials into two major groups: cohesive if
the Bog > 1 and non-cohesive if the Bog < 1 [14]. Under dry conditions and complete
dissipation of the build-up of electrostatic charges from interacting surfaces, the principal
forces that govern the particle adhesion are of the van der Waals type.
Van der Waals force is a collective term that describes several long-range forces aris-
ing from permanent dipole/dipole interactions (Keesom) [70], permanent dipole/induced
dipole (Debye), and London dispersion forces between molecules [63]. Van der Waals
forces are one of the most common sources of adhesion as they are ever-present. Although
fundamental theories to obtain these forces have been developed for molecular (or atomic)
interactions, they can be adopted to calculate the interaction forces between macroscopic
bodies, e.g. particles. Dispersion interactions are, at a first approximation, additive and
non-retarded, and their contribution to the interaction energy between two macroscopic
bodies can be obtained by integrating their effect over all pairs of atoms and the volume of
objects. This integration is thus geometry-dependent and the resultant expression is gen-
erally described in terms of the Hamaker coefficient, AH , [55] and characteristic lengths of
bodies. For two flat surfaces in macroscopic contact, the van der Waals interaction energy
per unit area is given as:

W = − AH

12πz02 (2.1)

where z0 is the minimum separation distance, i.e. the equilibrium point between the
attractive and the repulsive components of the van der Waals force.
According to the contact theory for granular materials [57], when two solid spheres of
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radii Ri and Rj come into contact, the contact region is locally flat, and therefore, its
corresponding adhesion force should be derived based on Eq. (2.1). As a result, the net
adhesion force of two incompressible macroscopic spheres is governed by:

Fsphere = 2π
( RiRj

Ri +Rj

)
Wflat surface (2.2)

This formulation is known as the Derjaguin approximation [27] and is valid as long as the
range of the interaction and z0 are much less than the radii of the spheres. The interaction
energy per unit area of flat surfaces is equivalently called the work of adhesion, and in a
general form it takes the subscript of 132, denoting the work of adhesion between surfaces
1 and 2, which interact in a third medium.
It is important to note that real particles, however, are never completely rigid, and they
deform elastically under the influence of an externally applied load or the attracting forces
that pull two surfaces together. In the latter case, the Derjaguin approximation should be
refined in accordance with the contact mechanism to calculate the contact area and the
adhesion force of the two surfaces.

2.4 Computational granular dynamics

Decades of scientific endeavor to understand the intricate behavior of granular materials
have shown that an efficient approach to cope with the complexity of these materials is to
model the motion of particles according to fundamental physical and mathematical prin-
ciples. The advantages of mathematical modeling over experimentation are the detailed
level of information modeling can provide as well as its relative cheapness and quickness.
Different modeling approaches must be considered depending on the length and time scales
of phenomena associated with particles. Generally, the existing approaches to modelling
granular materials can be classified into two categories: the continuum approach at the
macroscopic level and the discrete approach at the microscopic level.
The principle of continuum modelling is to consider particle flow as a fluid and solve the
underlying conservation equations using Computational Fluid Dynamic (CFD) techniques.
The level of detail of a flow description relies on the averaging technique and the closure
model being applied to the continuum modeling framework. This approach overlooks the
behavior of individual particles, and, for this reason, it is more preferred in process mod-
eling containing a vast number of particles because of its computational convenience. A
detailed description of the continuum modeling framework can be found elsewhere [48].
The discrete approach to simulating particle flow, also known as the Lagrangian particle
method, essentially tracks the motion of individual particles with a numerical solution
of translational or/and rotational equations of motion. There are a variety of discrete
simulation methods that not only share many features but also have important differences
in their formulation. The differences arise from the characteristic time and length scales
of each method (see Fig. 2.2 [76]). The following section presents a brief description of
one of the most prominent discrete models for the flow of granular materials used in the
present work, namely the Discrete Element Method (DEM), along with its formulations.
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Figure 2.2: Schematic illustration of discrete modelling approaches at different time and
length scales, including Quantum Mechanics (QM), Molecular Dynamics (MD), Dissipative

Particle Dynamic (DPD), Brownian Dynamic (BD), and the Discrete Element Method (DEM)
[76].

2.4.1 DEM governing equations
The DEM bears a resemblance to Molecular Dynamics [43], with the inclusion of a rota-
tional equation of motion in the governing equations [23]. In this method, the following
linear and angular momentum equations for the ith particle touching the jth particle are
solved. Consequently, an iterative time integration of the equations gives particle velocity
and position.

mi
dvi

dt
= Fcontact

ij + Ffluid
i + Fbody

i (2.3)

Ii
dωi

dt
=
∑

Tcontact
i + Tfluid

i (2.4)

DEM modeling has two different approaches for handling particle-particle collisions, re-
ferred to as the hard-sphere model and the soft-sphere model. Within the framework of
the hard-sphere model, particles are assumed to be perfectly rigid, with collision among
particles being instantaneous. Due to the rigidity of the particles’ interaction, an event-
driven algorithm can be used for simulation. Although the underlying assumptions of the
hard-sphere model seem unrealistic, and the details of contact among particles are ignored,
the model is valid when binary collisions dominate, and multi-particle contacts are rare.
In contrast to the hard-sphere model, the soft-sphere formulation accounts for multibody
and enduring contacts between particles. Based on this formulation, the magnitude of
contact force is obtained from the contact area and can be a function of particle overlap,
relative velocity, and contact history. The net contact traction distribution over this area
can be decomposed into two orthogonal parts: a component normal to the plane (normal
force) and a component in the contact plane (tangential force). Based on these features,
the soft-sphere model is used in the present study.
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2.4.2 Contact model
In the present work, the effect of interstitial flow on particulate behavior is inferred to be
negligible based on an analysis of the Bagnold number [8]. This number is used to measure
the importance of particle collisions on stress transmission and can loosely be interpreted
as a ratio of the order of magnitude of particle collision stress to that of viscous fluid
stresses in the flow field.
In the absence of particle-fluid interaction, the accuracy and realism of DEM simulation
strongly depends on the contact model and its implementation. DEM contact models
normally consist of a selection of springs, sliders, and dash-pots to represent the stress
in a contact zone. It is essential to choose a contact model that matches the intrinsic
degree of elasticity and cohesion of contiguous particles. The following is a description
of the contact models relevant in the context of dry coating. A more detailed listing of
available contact models, with both normal and tangential components, has been compiled
by Morrissey [95].

2.4.2.1 Elastic interaction: Hertz-Mindlin model

The most common formulation used to calculate the normal and tangential force vs. dis-
placement relationships for elastic spheres with friction are provided by the theories of
Hertz [57], Mindlin [90], and Mindlin and Deresiewicz [91]. According to the Hertz the-
ory, when two elastic spheres of radii Ri and Rj come in contact, a semi-ellipsoidal stress
distribution is created over the circular contact area (see Fig. 2.3).

Figure 2.3: Geometry of local deformation in the contact area between two similar,
unequal-sized elastic spheres based on the Hertz theory (vertical scale is exaggerated). Solid

curves represent the realistic behavior of two particles in contact, while dashed curves represent
the artificial penetration of two particles.

For the contact area with radius a, the stress distribution is given by the following expres-
sion:

p(r) = p0

[
1−

(
r

a

)2
] 1

2

(2.5)

where p0 is the maximum pressure corresponded to the center of the contact area. This
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parameter is linked to the contact radius as:

a = πp0R
∗

2E∗ (2.6)

The total normal force can be calculated by integrating the distribution over the contact
area:

Fne =
∫ a

0
p(r)2πrdr = 2

3a
2πp0 (2.7)

Using the geometrical relationship for non-adhesive contact, the radius of the contact area
is correlated to the relative normal displacement of particles, δa, as:

a2 = R∗δn (2.8)

The normal force-displacement relationship can be obtained from the following nonlinear
expression:

Fne = 4
3E

∗
√
R∗δ3

n (2.9)

from which the normal contact stiffness is defined as:

kn = dFne

dδn
= 2E∗√R∗δn (2.10)

The effective Young modulus E∗ and the effective radius R∗ are defined as:

1
E∗ = (1− ν2

i )
Ei

+
(1− ν2

j )
Ej

(2.11)

1
R∗ = 1

Ri
+ 1
Rj

(2.12)

The simplest non-linear model in the tangential direction in the DEM simulations is the
elastic solution proposed by Mindlin [90] for no-slip contacts under a constant normal force
of Fn. The component is given as:

Ft = 8E∗√R∗δnδt (2.13)

or in terms of tangential contact stiffness:

Fte = kt0δt (2.14)

The term slip in this theory describes the small relative tangential motion over part of
the contact area caused by applying a tangential force of Ft < µFn. By this definition,
a complete no-slip condition is improbable in an incremental loading of two particles.
The possible micro-slip effect justifies the inclusion of a dissipation term in the Mindlin
model. This modification was done by Mindlin and Deresiewicz [91], and it implies that
the general force-displacement relation depends on the whole loading history and on the
instantaneous rate of change in the normal and tangential force or displacement. The
Mindlin and Deresiewicz model gives a subtle function of tangential contact stiffness kt

against tangential displacement for loading, unloading, and reloading conditions. Figure
2.4 presents a schematic diagram of the tangential force-displacement proposed by Mindlin
and Deresiewicz [125, 29].
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Figure 2.4: Tangential force-displacement for loading, unloading, and reloading under
constant normal displacement. (TP) and (TTP) indicate the first and second turning points in

the tangential force, respectively [29].

2.4.2.2 Adhesive elastic interaction: Johnson-Kendall-Roberts model

To calculate the elastic contact force in the presence of van der Waals adhesion, the classic
Hertz model must be modified. The most common approaches for handling adhesive
contact are based on the JKR [65] and DMT [28] theories. In the JKR model, the contact
is considered to be adhesive, and, therefore, the contact area is correlated to elastic material
properties plus the interfacial interaction strength. Due to the adhesive contact, contacts
can be formed during the unloading cycle also in the negative loading (pulling) regime. On
the other hand, the DMT theory considers van der Waals interactions outside the elastic
contact regime and increases the particle load. In general, the DMT theory is used for
small and stiff particles and the JKR theory for large and compliant particles. The Tabor
number [111], µ, which gives a measure of the extent to which adhesive forces are capable
of deforming a particle, can be used to identify the interaction regime with the criterion
that for µ < 1, the DMT theory should be used, and for µ > 1, the JKR theory should be
used. This number is defined as:

µ =
( R∗Γ2

E∗2z02

) 1
3 (2.15)

These two models represent opposite extremes of one scale for adhesive contact behaviour,
as described by Maugis [88], and the transition between them can be predicted more
accurately from the dimensionless parameter of λ defined as:

λ = 2.06
( R∗Γ2

πE∗2z03

) 1
3 (2.16)

where JKR applies if λ > 5 and DMT applies if λ < 0.1. This criterion is recommended
over the Tabor number, as the latter one is argued to sometimes lead to a poor choice of
adhesive model [32].
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Based on the above criteria, the JKR model was chosen as the primary normal contact
model in the present study. For this reason, the JKR model will be the focus of the
following discussion. According to this theory, the radius of the contact region is dependent
on the normal-elastic force and the interface energy between both particles as follows:

a3 = 3R∗

4E∗

(
Fne + 3πΓR∗ +

√
6πΓR∗Fne + (3πΓR∗)2

)
(2.17)

where only the positive root is allowed for stable equilibrium. According to the force-
contact area relationship of the JKR interaction, in the loading regime and compared to
the common Hertzian contact model, Eq. (2.17) generates a larger contact area due to
the attractive interaction. As a result of this attraction, a finite contact area will exist
even under zero external load (equilibrium contact area) with the radius of:

a3
0 = 9πΓR∗2

2E∗ (2.18)

Furthermore, contacts in the JKR model can endure the unloading regime up to negative
overlap values because of particle necking. The maximum tensile force required to break
the contact is called the pull-off force and is expressed as:

FC = 3
2πΓR∗ (2.19)

and its corresponding overlap is:

δC = a2
0

2(6) 1
3R∗

(2.20)

From computational point of view, having critical force and overlap as well as normal
overlap can lead to the calculation of contact radius and, eventually, the normal elastic
force. The procedure for this calculation is based on the following expressions [18]

δN

δC
= 6

1
3
[
2
( a
a0

)2 − 3
4
( a
a0

) 1
2
]

(2.21)

Fne

FC
= 4

( a
a0

)3 − 4
( a
a0

) 3
2 (2.22)

The solution to the governing non-linear equation with respect to the dimensionless over-
lap is shown in Fig. 2.5. The normal-elastic force is defined as positive while particles
push toward each other. As they move away from each other, the normal force becomes
negative, and the particle normal overlap begins to decrease. However, the particles re-
main in touch due to cohesion, even at a negative value of δn, via necking of the material.
This attachment continues until the critical point, where δn = −δC [87].

It is necessary to unify one concept that appears with different notation in the literature. In
the original article by Johnson, Kendall, and Roberts [65], the interfacial energy of particles
(Γ) is addressed as energy per unit contact area (γ), and, according to Israelachvili [63],
this is the same as the work of adhesion (W ). For particles of dissimilar materials, a good
approximation is to use the combining law of the particle work of adhesion as follows:

Wij ≈
√
Wii ×Wjj (2.23)

This approach is used in the present study, and it is consistent with the general method of
calculating the Hamaker constant of dissimilar interacting bodies [13]. From this approach,
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the work of adhesion of two dissimilar particles will be slightly different than what is usually
calculated using the well-known Dupré equation [35] 1.

Figure 2.5: Dimensionless JKR adhesive elastic force and corresponding contact radius vs.
particle overlap. According to the JKR theory, there is a finite contact area, even under zero

load, due to particle auto-adhesion.

Similar to the normal component, the tangential component of contact force must be
modified in the presence of van der Waals attractive forces. This modification is of great
importance mainly in cases where an agglomerate is torn apart either by a fluid shear
or collision with another agglomerate [116]. A simplified approach has been proposed by
Thornton [115], wherein the micro-slip model of Mindlin and Deresiewicz is valid only if
the tangential force exceeds a critical value of Fcrit = µf

∣∣Fne + 2FC

∣∣. For tangential forces
below this critical value, a so-called peeling mechanism governs the behavior of particles
in contact.

2.4.3 Viscous dissipation forces
In the context of soft-sphere modeling of quasi-static particulate systems, it is common to
add a dash-pot to the spring assembly that describes the contact. The dash-pot forces are
not considered to be part of the actual contact model, but they are added to account for
the dissipation of energy caused by the elastic wave propagation through a solid particle.
The dash-pot forces are a function of the displacement rate and are generally described
as [126]:

F d
n = α(e)

√
m∗kn δ̇n = α(e)

√
m∗kn (v · nij) (2.24)

F d
t = α(e)

√
m∗kt δ̇t = α(e)

√
m∗kt (v · tij) (2.25)

where α(e) is a function of the restitution coefficient, which was initially determined by
Tsuji et al. [123] through numerical calculation. An analytical expression for α(e) was
derived by mapping the Hertz-based contact model to the Hooke-based contact model [6],

1Israelachvili, personal communication 2017
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which resulted in the following expression:

α(e) = −
√

5 ln(e)√
ln2(e) + π2

(2.26)

Throughout this study, a viscous term was added to both the normal and tangential
components of the model to account for the dissipation of energy in the contact.

2.4.4 Rolling resistance
The net tangential force that acts on each particle can be utilized to calculate the rolling
torque of the particle. In addition to this torque, there is a friction torque caused by
the rolling resistance between particles, which is mainly a function of the relative angular
velocities (ωrel) of the particles. A direct constant torque model proposed by Zhou et al.
[139] was used to assess the value of the rolling resistance moment (Mr) as follows:

Mr = − ωrel

|ωrel|
µrR

∗Fne (2.27)

ωrel = ωi − ωj (2.28)

where µr is the rolling friction coefficient and depends on the type of particles that are in
contact. This model is considered to be the simplest model for assessing rolling resistance
that is computationally adequate and accurate for particle assemblies with a low rolling
friction coefficient [140, 141]. Detailed information about rolling resistance and the differ-
ent models available for calculating resistance can be found in [1].
It has been discussed by Marshall [87] that the van der Waals adhesion force imposes an
asymmetry on the contact region, and therefore, an additional rolling mechanism needs
to be included in the above formulation. An efficient numerical implementation of this
mechanism into the contact model has been proposed by Eidevåg et al. [38], wherein the
rolling coefficient is determined by the particle adhesion hysteresis.

2.4.5 Time stepping in DEM
It is noteworthy that a key factor of the stability and precision of DEM simulations is
the time step. During its movement, a particle may collide with neighboring particles or
walls. However, a particle’s movement is also affected by particles far beyond its local
neighborhood through the propagation of disturbance waves. This problem is solved by
selecting a suitably small value for the time-step such that, during a single time-step, a
disturbance can only propagate from one particle to other particles in contact with it.
For non-linear contact models, such as JKR, the critical time-step cannot be calculated
a priori, instead it can be estimated using the Rayleigh wave speed [89]. According to
Thornton [116], the proper time step can be chosen as a fraction (≈ 20%) of the Rayleigh
critical time step (∆tc) for the smallest particle in the system, which is calculated using
the following expression:

∆tc = πRmin

0.8766 + 0.1631ν

√
ρ

G
(2.29)
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2.4.6 Simulation of non-spherical particles
A challenge in simulating particulate systems is representing complex-shaped particles
because of the profound effect of particle geometry on the static (e.g. packing) and dynamic
(e.g. flow) behavior of such systems [82, 19]. In order to incorporate particle shape
and roughness into the simulation framework, two challenges must be met. One is to
mathematically define the particle shape and roughness, and another is to make this
mathematical definition compatible with the existing numerical scheme. These challenges
are addressed here.

2.4.6.1 Particle shape quantification

A preliminary step to build up a realistic non-spherical particle is to get the mathemat-
ical description of its shape, generally referred to as shape characterization. This step
has two main phases: initially, the particle shape is assessed using imaging or scanning
techniques, and, later, the shape is transformed into quantitative morphological and tex-
tural descriptors [10] using image processing algorithms such as segmentation algorithms
[129]. Typically, the particle shape is characterized using elongation, flatness, sphericity,
or roundness, among other parameters.
An alternative approach to quantify particle shape is to use the closed-form Fourier func-
tion initially introduced by Ehrlich and Weinberg [37]. In this approach, the 2D profile of
a particle, or any arbitrary cross-sectional image of a 3D particle (Figure 2.6), is mathe-
matically described with the following series:

ri(θi) = r0 +
N∑

n=1

[
(An cos(nθi) +Bn sin(nθi)

]
(2.30)

where r0 is the average radius, N is the total number of Fourier harmonics, n is the
harmonic number, and An and Bn are the coefficients for magnitude and phase, respec-
tively, for each harmonic. The normalized Fourier descriptor of each harmonic, Dn, is
then calculated based on the latter coefficients as:

Dn =
√
A2

n +B2
n

r0
(2.31)

Figure 2.6: The polar representation of a non-spherical particle profile.

The Fourier descriptors are experimentally measured by scanning or imaging a particle,
then discretizing the image to assess the surface profile of the particle, and finally by

17



2. Theory

applying the Fourier transform. A novel idea, introduced by Mollon and Zhao [92, 93],
was to reverse this concept, namely, by performing an inverse Fourier transform on a given
spectrum as the starting point for generating particles with prescribed shape features. To
perform this task in 3D, a mathematical procedure based on random field theory has
been adapted. Any arbitrary point on the external surface of a particle with controlled
shape features is expressed as Pi = (ri, θi, φi) , wherein r can be regarded as a random
field defined on a spherical domain. Moreover, the relative position of any pair of points
(Pi, Pj) can be determined by using the autocorrelation function between the pair-point
variables of ri and rj . Fortunately, the theory of signal processing provides a direct relation
between this required autocorrelation function and the given Fourier spectrum. Therefore,
all the points on the external surface of a particle can be assessed by assigning an initial
random point and the corresponding Fourier spectrum. The outcome of this model is a
3D convex-hull, including the vertices and faces that portray the particle.

2.4.6.2 Representing non-spherical particle for DEM

A practical obstacle after creating the particle 3D convex-hull is to implement it into the
framework of a particulate simulator, i.e. a DEM. This challenge arises from the funda-
mental assumption of many available simulation packages, which is to perceive particles
as smooth spherical elements. One salient solution to this problem is to capture the par-
ticle shape by inscribing overlapping spheres of different radii within the shape outline.
This solution was first proposed by Favier et al. [41] and is referred to as the multisphere
model. The multisphere model overcomes all the intricacies of detecting a contact plane
and calculating the particle overlaps that are present in other non-spherical DEM schemes
(e.g. using ellipsoids [119, 77, 36], superquadric functions [128, 127, 81], polyhedral shapes
[22, 46], or the NURBS technique [5]). The internal contacts between spherical elements
are ignored in this model, and the entire particle is treated as a rigid body.

The mathematical algorithm to achieve a multisphere model of the 3D convex-hull is
commonly known as an overlapping discrete element cluster (ODEC) [7]. In recent years,
this class of algorithms has been enhanced to become faster, more efficient, and more
importantly, to handle the induced non-uniform density inside a particle. The 3D ODEC
algorithm proposed by Ferellec and McDowell [42] was selected as the basis of the present
study. In this algorithm, an arbitrary point is chosen on the surface of the particle, then
a sphere is grown along its internal normal direction and expands until it reaches another
point on the surface of the particle. This procedure continues until there is one sphere for
each point. The gap between surface nodes, the minimum radius of the spheres, and the
maximum number of spherical elements control the accuracy of the shape approximation
with this algorithm.

2.5 Particle roughness
Besides shape, the surface roughness of a carrier particle in DPI formulation has been found
to have a dominating effect on drug dispersion, and therefore it is well worth pondering.
The roughness of a particle can be analyzed according to the principles of conventional
methods by which the roughness of a solid flat surface can be determined. In the classical
approach, the surface is scanned with various contact/noncontact techniques until the
surface profile has been extracted [12]. This profile contains a range of spatial amplitudes
and frequencies that provide morphological information on the surface. The amplitudes
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of the surface profile demonstrate peak-to-valley distances and are normally reported in
terms of statistical parameters that show deviation from the surface reference line.
Over a sampling length of L, the surface profile consists of M measurements on the profile
height in the form of zi(xi). The average roughness (Ra) and the root-mean-square (rms)
roughness are the most commonly employed parameters used to describe roughness and
are defined as [9]:

Ra = 1
L

∫ L

0
|z(x)| dx (2.32)

rms =
√

1
L

∫ L

0
z(x)2dx (2.33)

2.5.1 Rough particles in contact
As engineered surfaces are nominally flat, a proper contact model needs to consider surface
asperities. Experimental observations have revealed that the real contact area for particle
interaction, in the presence of roughness, is less than 15% of the apparent contact area
that is estimated from particle size and physical properties [40]. The contact between
two surfaces, of which at least one has small corrugations, occurs at a myriad of discrete
micro-contact points. One of the classical approaches to incorporating surface roughness
into the contact mechanism is named after Greenwood and Williamson (GW) [53]. In this
approach, a statistical model is proposed to describe surface roughness, and by combining
this model with the Hertzian elastic theory, a solution to the contact problem of rough
surfaces is derived. The GW approach is founded on the assumptions that the summit of
each asperity is spherical with a constant curvature that deforms separately under load,
and the height profile of asperities have a Gaussian distribution.
An alternative to this indirect approach and other indirect solutions to rough surfaces
in contact (e.g. the fractal model by Majudamer and Bhushan [86]), is to approximate
the micro-scale nature of the rough surface and directly resolve the contact model for
each individual asperity of the surface. This approach relies, firstly, on the mathematical
definition of the surface roughness, and secondly, on the method to make this definition
compatible with the simulation environment. . A characterization technique based on the
Fourier transform of the surface profile is employed to govern the mathematical definition
of a surface. Thereafter, an algorithm for clustering the spherical elements is applied to
create irregular particles with micro-scale roughness (Figure 2.7).

Figure 2.7: (Left) Theoretical scheme of the Greenwood-Williamson model of a rough surface
in contact with a smooth surface: (Right) approximating the microscale nature of rough surfaces

with spherical elements in order to explicitly resolve the contact problem.
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2.5.2 Adhesion force distribution on rough surfaces

While the adhesion force between rigid and smooth spheres in contact is approximated by
Eq. (2.2), it needs further development to calculate the interaction force in the presence
of roughness. An early modification was carried out by Rumpf [104], wherein the radius
of a single asperity was incorporated into this formulation. Later, a more sophisticated
model was developed by Rabinovich [103], which requires the measurement of roughness,
including the rms and distance between asperities, in two different length scales.

Atomic force microscopy (AFM) measurements in association with these theoretical mod-
els provide globally-averaged values for adhesion force and the corresponding roughness
attributes of rough particles. However, these quantities have experimentally been found
to be strongly distributed, and therefore, referring to measurements for one particle and
only one position on a heterogeneous surface may be misleading. Due to the morpho-
logical variations in the contact zone of adhesive partners, three types of adhesion force
distributions have been experimentally identified for rough surfaces [54]:

• Type I: The Weibull distribution, which applies to the adhesion of relatively smooth
particles to substrates with a narrow distribution of the asperity radius.

• Type II: The bimodal Weibull distribution, which describes the adhesion between
particles and substrates with similar orders of magnitude of roughness.

• Type III: The log-normal distribution, which corresponds to surfaces with rather
broad heterogeneity in asperity size distributions.

2.5.2.1 Surface activity of carrier particles in DPI

Adhesion force distribution is in accordance with the prevailing definition of carrier surface
activity in adhesive mixing for inhalation. It is widely accepted that the carrier particle
surface is overrun by a range of sites with varying extents of activity that can host a
drug particle. However, there is not enough knowledge on what essentially constitutes an
active site, or if the sites can be regarded as discrete locations. This definition has been
improved by Grasmeijer et al. [51], as they inferred that the surface activity of a carrier is
the ability of the carrier site to retain drug particles during dispersion. This means that
not only the binding energy of drug-carrier but also the separation energy provided upon
the dispersion process determine surface activity.
AFM measurements at multiple sites on the surface of different lactose particle samples
have shown that the adhesion force exhibits Type III, i.e. log-normal distribution, which
can be expressed by the geometric mean force and the geometric standard deviation [79].
An example of AFM data for a Pharmatose 325-M particle is shown in Fig. 2.8.

This innate non-uniformity of adhesion force is an essential element of the simulation
model in order to investigate the relative competition of different mixing components to
preferentially occupy more active sites. The significance of this model is explained in the
context of ternary DPI formulation.
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Figure 2.8: The adhesion force distribution of 325-M lactose particles shows that the data
follows a log-normal distribution with a regression coefficient of 0.99 [79]. Reprinted with

permission from Elsevier.

2.6 Fine excipient particles in DPI formulation
The performance of carrier-based DPIs can be significantly enhanced by the inclusion
of a small amount of fine excipient particles into the binary blend of drug and carrier.
Extensive research on the carrier-fine-drug ternary mixture has shown that fine excipient
particles improve the performance of DPI formulation to varying extents depending on the
excipient’s material, the amount and size of the fine particles, and the blending sequence
of mixture components [66].
An unsettled question on the contribution of fine excipient particles to DPI formulation is
the underlying mechanisms by which the performance of a carrier-based ternary mixture
increases. Several theories have been proposed in the literature to address this question:

1. The active site theory suggests that carrier surface activity has a heterogeneous
distribution, and fine excipient particles compete with drug particles for high-energy
binding sites. This competition forces the drug particles to interact with passive or
low energy sites, which facilitates drug-carrier detachment [137, 136, 107].

2. The agglomeration theory focuses on the possible formation of fines-drug ag-
gregates during blending. These agglomerates are subject to stronger aerodynamic
drag forces during aerosolization than small drug particles, which results in a higher
FPF [83, 84, 80].

3. The fluidization reinforcement hypothesis argues that the presence of fines
increases the tensile strength of the powder bulk and, thereby, shifts the minimum
fluidization velocity (MFV) in the inhalation chamber. This phenomenon intensifies
inter-particle collisions and enhances the likelihood of drug-carrier de-agglomeration
[108].

4. The buffer hypothesis states that fines act as a buffer between colliding carriers
and protect drug particles from press-on forces. According to this theory, the fine
particles aid dispersion only if the fine/drug particle size ratio is above one, as the
sheltering effect depends on this size disparity [30].
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While these mechanisms appear plausible, they remain somewhat speculative due to the
abundance of experimental findings under similar conditions that support alternative
choices. One shortcoming that leads to such discrepancies in the assessment of DPI per-
formance is the lack of a mechanistic understanding of ternary mixing, and therefore, it is
crucial to investigate formulation performance independent of the aerosolization process.
The ability to impose non-uniform adhesion distribution to a carrier particle is a promis-
ing technique to determine the dominance of each mechanism, especially the active site
theory. For example, the experimental supporting evidence of this theory was extracted by
studying the effect of blending order of mixture components on formulation performance,
as follows:

The FPF of a formulation prepared, first, by blending carrier and fines and then adding
the drug has been found to be greater than a formulation prepared by adding fines after
blending carrier and drug particles. It has been proposed that, in the first mixing scenario,
fines have the advantage of establishing contact with more adhesive sites, while in the sec-
ond scenario, the strong binding sites of the carrier are occupied by drug particles instead.
As the powder is subjected to aerosolization, the first mixture releases more drug particles
than the second mixture due to the relative strength of carrier-drug binding forces (see
Fig. 2.9).

Figure 2.9: Speculated effect of blending order on final blend structure and the efficacy of
dispersion process [66].
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The simulation set-up for the present study is elaborated in this chapter, and the chapter
proceeds with the post-processing techniques.

3.1 Numerical implementation
A substantial part of the simulations was conducted in LIGGGHTS®, an open source
software package for modelling granular materials developed by Kloss and Goniva [71]. It
stands for LAMMPS Improved for General Granular and Granular Heat Transfer Simu-
lations. LAMMPS is a classical simulator for MD, and it is widely used in this field. Its
platform offers a GRANULAR package that can easily be adopted for DEM simulations. The
default version of LIGGGHTS uses a somewhat simplified JKR model to handle adhesive
contacts. The source code was modified in the present work to include the original JKR
contact model. The remaining part of simulations was carried out using Altair EDEM®
commercial software which is originally developed by DEM Solutions Ltd. The embedded
Hertz-Mindlin with JKR v.2 model was selected as the contact model along with integrated
modification of frictional force and rolling torque due to van der Waals adhesion.

3.2 Material selection
The DEM simulation requires the physical and mechanical properties of the mixing com-
ponents. A majority of studies on adhesive mixing for inhalation have focused on the
particulate materials that are most common in marketed formulations, including lactose
and mannitol as carriers, salbutamol sulphate and budesonide as drugs, and lactose as fine
particles [50].
Different combinations of these common particles were selected for the corresponding sim-
ulations in this work. Binary blends of D-mannitol carrier and lactose monohydrate as a
placebo (a substitute for a drug), binary blends of lactose carrier and salbutamol sulphate
as a model drug, and ternary blends of lactose carrier, lactose fines, and salbutamol sul-
phate as a model drug were studied.
It is worth mentioning that finding the necessary material properties for pharmaceutical
particles can be an arduous, if not impossible, task. These data are sometimes reported
to fall within a wide range of values (e.g. the Young modulus of lactose particles) or are
often rare hard to find (e.g. the rolling friction coefficient for salbutamol sulphate). In
such circumstances, an average or an approximate value based on similar materials found
in the literature are used. These properties and their values are reported in detail in each
paper.
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3.3 Drug particle agglomeration
Since the natural cohesion of drug particles causes them to aggregate, it is essential to
introduce these particles in the correct initial state into the simulation domain. In order
to mimic drug agglomeration, the primary particles were randomly generated in a small
confined space (spherical or cubical pseudo-region), then a small centripetal force was
assigned to these particles, and the agglomerate started to form by the gradual cohesion
between drug particles. Simulation continued until the initial kinetic energy was entirely
dissipated, and the agglomerate reached steady state in size, void fraction, and coordinate
number. The number of constituent particles in each agglomerate was flexible throughout
the course of this study, ranging from 100 up to 5000, depending on the desired size of the
agglomerate.

Figure 3.1: (Left) Initial state of particles before agglomeration; (Right) Final configuration
of an agglomerate made of 5000 drug particles.

Table 3.1: Properties of the agglomerates used in the current study.

Agglomerate Properties No. I No. II No. III
Primary particle size (µm) 5 5 3
Number of particles in agglomerate 5000 1000 100
Average size (µm) 115 60 20
Average packing fraction 0.4 0.4 0.35
Reference Paper III Papers I, II Paper V

3.4 Selection of mixer
The industrial- and laboratory-scale powder blending for DPI formulation is carried out in
both low-shear tumbling mixers (e.g. Turbula T2F) and high-shear mixers (e.g. Diosna).
From the modelling perspective, however, it is more feasible to perform the blending un-
der a high-intensity shear to save simulation time. Two different high-shear mixers were
selected for the simulation of adhesive mixing in this study:

• a Couette shear cell, which has a well-known rheology and is capable of imposing
constant and effective shear to particles [85, 61]. It poses a simple flow pattern
mainly determined by carrier particles, with a near-constant shear rate and a non-
vanishing velocity component in the θ direction.
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• a vibrating cell, wherein a high-intensity vibration is induced in the cuboidal vessel
that contains the particles. The cell oscillates at a preset amplitude and frequency
along the z, y, and x directions. This three-dimensional vibration ensures that ki-
netic energy is properly transferred to all the particles, and thus, it accelerates the
mixing process [131, 26].

3.5 Impact test
A primary step in the adhesive mixing process is the collision between drug agglomerates
and carrier particles. This step, mostly in form of agglomerate-wall impact, were numer-
ically simulated and carefully scrutinized in order to address the question of "How do
agglomerates fracture?" [47]. These studies have provided comprehensive information on
agglomerate breakage patterns and the principal parameters that affect breakage. These
parameters are often lumped together to form a dimensionless collision number (∆) that
determines the behavior of an agglomerate at impact [94]:

∆ = ρD5/3E2/3V 2

Γ5/3 (3.1)

This number demonstrates the ratio of incident kinetic energy to the internal resisting
energy of the agglomerate against breakage. The impact test in the present work was
performed by assigning a predetermined velocity to the agglomerate and having it collide
with a fixed target particle. This configuration for a collision test helps to reveal not only
the breakage of the drug agglomerate but also the adhesion of drug particles to the carrier
surface. It also provides a chance to investigate the effect of target particle shape on the
breakage and adhesion of the agglomerate upon impact.

Figure 3.2: Configuration of an agglomerate and a target particle before impact test.

3.6 Dispersion test for an adhesive unit
A simplified and adequate assessment of the dispersion performance of a DPI formulation
can be done by developing a purely DEM-based model for drug particle detachment from
the carrier due to a wall collision.
In this work, a number of coated carrier particles were prepared for the wall-collision test
in the following manner: After setting up a carrier particle, 2000 mono-sized drug particles
were randomly generated in a pseudo-region in the form of a spherical shell around a carrier
particle. These drug particles were slowly dragged towards the center of the carrier particle
until contact was established, they adhered to its surface, and the initial kinetic energy
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was entirely dissipated. This led to a stable drug-carrier adhesive unit. After the coating
process was finished, the drug-carrier adhesive unit was forced to collide with a rigid wall
in a normal direction at different impact velocities (see Fig. 3.3). Complementary work
by Sommerfeld and Cui [21] signifies that the probability of the fluid dynamic detachment
of a drug particle at these relative velocities is low, and the wall collision is the controlling
mechanism for dispersion.

Figure 3.3: (Left) Initial state of particles to generate an adhesive unit; (Right) Final
configuration of an adhesive unit with 1.6% drug particle and a coverage ratio of 20%.

3.7 Post-processing

3.7.1 Agglomerate fragmentation
To gain further insight into agglomerate fragmentation, a cluster detection method called
Density-Based Spatial Clustering of Application with Noise (DBSCAN) [39], was used to
detect fragments of agglomerates (sub-agglomerates) after breakage. This algorithm clas-
sifies primary particles into three groups based on their positions: core, border, and noise
particles. Two parameters are necessary for this classification: a maximum acceptable
distance between points (ε), and a minimum number of points in each cluster (MinPts).
Figure 3.4 shows the principle of the DBSCAN algorithm, based on which a swarm of
points were categorized. The MinPts was set at 5 in the present study, whereas the ε was
chosen to be equal to the diameter of the fine particle.
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Figure 3.4: DBSCAN algorithm for MinPts=3 and ε=2. Point p is a core, since there is a
total of 3 points within its ε-neighborhood (q1, q2, and p itself). Point q1 is directly

density-reachable from p but does not satisfy the core condition and, therefore, is considered to
be a border point. Points that do not fulfil these criteria are considered to be noise.

3.7.2 Drug-carrier adhesion
Drug particles can adhere to the surface of carriers in the form of either a mono- or a
multi-layered structure. However, not all carriers in contact with drug particles become
coated. Particularly at the beginning of mixing, carriers merely touch or compress in-
tact (or partly broken) agglomerates, and no coverage occurs. Accordingly, it is essential
to distinguish actual coated carriers from the mentioned exemptions. Drug particles with
centers within the Rc +(2i−1)Rf radius of a carrier center were considered to be attached
particles in the ith layer (Fig. 3.5). Carriers with fewer than four layers of fine particles
were considered to be coated.

Figure 3.5: Schematic of distance criterion to detect layers of small particles on a carrier.

3.7.3 Adhesive mixing index
Once the number of drug particles adhered to a carrier surface is known, it is possible
to calculate the standard deviation of drug particle distribution (σ) using the following
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equation:

σ =

√√√√√ Nc∑
i=1

(ni − n̄)2

Nc − 1 (3.2)

where Nc is the total number of carriers, and n̄ is the equal share of total drug particles for
each carrier. The ideal state in adhesive mixing is when all small particles are uniformly
and evenly dispersed onto the surface of all carriers, and the standard deviation equates
to zero (σR). In contrast, the components are fully segregated, and the standard deviation
has its highest value (σ0) at the beginning of mixing. Therefore, the time-dependent index
of mixing can be defined as [99]:

M = σ2
0 − σ2

σ2
0 − σ2

R

= 1−
(
σ

σ0

)2
(3.3)

The index will have a zero value for a completely segregated mixture and will increase to
unity for an ideal ordered mixture. This idea was adapted from the Lacey mixing index
[74], which simply denotes the ratio of how much mixing has occurred to how much mixing
could occur.

3.7.4 Surface area coverage
Another applicable method used to determine mixture quality in adhesive particle mixing
is the surface area coverage (SAC) of carriers. This parameter is defined as the ratio of
the total projected area of the drug particles to the surface area of the carrier particles to
which the drug particles are attached [17, 16]. According to this definition, the covered
area should be calculated based on the number of attached drug particles in the first layer
(n1st

i ). Therefore, an average value of SAC in the system can be expressed as:

SAC =

Nc∑
i=1

n1st

i πR2
f

Nc4πR2
c

× 100% (3.4)

3.7.5 Particle area and volume
In the context of non-spherical particles, an accurate calculation of the volume and surface
area of an entire shape, or a segment of the shape, is often required. This shape rendering
was carried out in MATLAB by first reading the corresponding .stl file and then applying
the stlVolume.m function [72] developed for this purpose.
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This chapter summarizes the major findings of the present research. These findings include
a general method for assessing the quality of adhesive mixing along with the effect of two
principal variables, namely particle surface energies and mixing intensity, on the degree of
mixing. The results of ternary adhesive mixing simulations are presented in an attempt to
shed light on the role of fine excipient particles in DPI-formulation. Lastly, the importance
of shape and roughness in the context of adhesive mixing simulations and the dispersion
of DPI formulations is addressed.

4.1 Adhesive mixing in a shearing cell (Paper I)
Figure 4.1 shows the initial and final configuration of particles for the blending of 10 drug
agglomerates and 200 carrier particles. The temporal and spatial scale of DEM simulations
in the figure provides detailed information in order to follow the evolution of mixing. This
evolution was investigated from two perspectives including the breakage of agglomerates
and the formation of adhesive units.

Figure 4.1: (Left) Initial loading of particles; (Right) Particle snapshot after blending for 3.5
sec at 400 rpm.

4.1.1 Agglomerate breakage and fragment sizes
The extent of breakage of the agglomerates is expressed in terms of damage ratio, i.e.
the ratio of broken contacts to the initial number of bonds in the agglomerate (Dr) [117].
While the energy imparted to the agglomerate is the cause of damage, the extent of damage
at each energy level is determined by the mechanical characteristics of the agglomerate,
i.e. if the agglomerate is hard and compact or weak and loose.
A typical behavior of Dr over time in the shearing cell is shown in Figure 4.2. At the
beginning of mixing, some new and temporary contacts were formed inside the agglomer-
ates as carriers started squeezing loosely packed agglomerates. A natural consequence of
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this compression was a decreasing trend in Dr, resulting in negative values for the damage
ratio. However, this decrease lasted for a very short period, and it started increasing as the
particles were mixed and agglomerates were completely disintegrated. Dr maintained an
increasing trend as the mixing proceeded until it became positive and reached a pseudo-
steady value (Paper I).

Figure 4.2: Damage ratio versus mixing time. The shaded area corresponds to the time
interval when the agglomerate compression is the dominant phenomenon in the mixing.

The DBSCAN algorithm was used to detect and measure clusters of drug particles at each
stage of the mixing process. The results of this algorithm are shown in Figure 4.3 as a
distribution plot of cluster size. Initially, all drug particles were present in the form of
large agglomerates, each containing 1000 primary particles. During the shearing, large
agglomerates began to break and generate dozens of fragments. A spatial analysis of
clusters revealed that when small sub-agglomerates were produced, they remained in the
system for a relatively long time during the mixing (Paper I).

Figure 4.3: Size distribution plot of clusters at different mixing times. Size is represented by
the number of constituent drug particles.

30



4. Results

4.1.2 Formation of adhesive units
In order to identify the adhesive units in the mixture, information on the established con-
tact between drug and carrier particles were acquired. This number corresponds to the
number of captured drug particles, and its evolution over time is shown in Figure 4.4. The
formation and development of the coating layers on carriers as well as the drug exchange
between carriers can be seen with these bar plots, equivalent to the essential steps that
govern the adhesive mixing process (see section 1.1). The area under these bar plots rep-
resents the total number of attached drug particles, consequently, it is possible to extract
information about the free, unattached drug particles (debris) in the system (Paper I).

Figure 4.4: Bar plot of the number of attached drug particles on each carrier at different
mixing times.
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The capture ratio was also used to calculate the mixing index, according to Eq. (3.2)
and Eq. (3.3). In addition to the mixing index the number of drug particles on the first
layer were extracted and the SAC was computed with Eq. (3.4). The progress of adhesive
mixing was ultimately inferred by studying the temporal evolution of these two indices,
the agglomerates’ Dr, and their deviation from ideal values (Papers I and II).

4.2 Interplay of interaction energies and mixing
intensity (Paper II)

The CAB ratio was identified to be a critical attribute in the adhesive mixing process,
along with the extent of energy that was provided for blending (see section 2.2). This
critical dependency was studied by simulating systems of various particle surface energies
that undergo different shearing rates. A variation of surface energies was introduced
to drug-carrier (adhesion strength or Γf−c ) and drug-drug (cohesion strength or Γf−f )
interactions according to Table 4.1. Each case was simulated at three impeller speeds
of 200, 400, and 800 rpm. Hereinafter, the cases are referred to by their roman number
followed by their impeller speed (e.g. I-200).

Table 4.1: Notation of the simulated cases to study the interaction energy of particles and
their corresponding values.

Γf−f (J/m2)
0.005 0.01 0.02

Γf−c(J/m2)
0.005 - Case I Case II
0.01 Case III - Case IV
0.02 Case V Case VI -

4.2.1 Unifying the parameters
In order to properly link the behavior of an adhesive mixing system to its corresponding
values of Γ for particles and mixing energy, these parameters were lumped together in the
form of mechanistically motivated dimensionless groups, defined in the next section.

4.2.1.1 Estimation of the Stokes number from energy balance

In a general framework for binder granulation, a critical Stokes (St) number must be
reached for the deformation and/or breakage of granules to commence. This number
relates the initial kinetic energy in the shearing mass to the internal energy resisting de-
formation.
Analogous to this number, the St number was defined in adhesive mixing as the entire
kinetic energy imparted to the agglomerate over its initial internal resisting energy. The
direct integration of the kinetic energy of the rotating wall was used to calculate the energy
transferred to the particle in the shearing cell. The internal resisting energy of agglomer-
ates was estimated from the total work required to entirely break up a single contact in
the agglomerate (Paper II). Following the JKR theory of adhesive contact, the adhesion
work of a single contact is [100]:
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Wcontact =

Γ5
f−fR

∗4

E∗2

1/3

(4.1)

This work of adhesion was then multiplied by the initial number of contacts in the system
(N) to get the total resisting energy of agglomerates. Subsequently, the St number was
formulated as:

St = Cumulative kinetic energy
N ×Wcontact

(4.2)

4.2.1.2 Estimation of reduced intermixing coefficient

In the context of granulation, a reduced spreading coefficient has been defined as the ratio
of adhesive interaction to cohesive interaction strength. Analogous to this coefficient, a
dimensionless parameter denoted as the reduced intermixing coefficient (Λf−c), has been
derived for carrier-based DPI formulation by Begat et al. [11]. The value of this parameter
with respect to unity is a direct indication of the alacrity (Λf−c>1) or reluctance (Λf−c<1)
of the drug particles to interact with carrier particles.
A similar concept, however with an inverse definition, was used in the present work for the
analysis of adhesive mixtures based on the values of Γf−f and Γf−c. This non-dimensional
coefficient is expressed as:

Λ = Cohesion strength
Adhesion strength = Γf−f

Γf−c
(4.3)

4.2.2 A regime map for quality of adhesive mixing
The conducted simulations revealed that it was of vital importance in an adhesive mixing
system to maintain a balance between the St number and the Λ coefficient, otherwise the
blending process resulted in a mixture with poor quality. The intention was to identify
and classify conditions that lead to such unwanted mixtures.
At the pseudo-steady state of mixing, simulated cases are divided into three classes corre-
sponding to low, medium, and high ranges of the St number. These cases are equivalent
to systems with: (i) insufficient, (ii) sufficient, and (iii) excess input energy levels, respec-
tively. Evidently, the limits to distinguishing these energy levels and the dynamic features
of adhesive mixing are intertwined with the system’s Λ coefficient. The simulated cases
were, thereby, divided into the following groups, representing both desired and undesired
adhesive mixture (Paper II):

• Sufficient input energy
The process started with the compaction of the loose initial agglomerates by colli-
sions with adjacent carriers. This led to the generation of new particle contacts that
translated as a negative damage ratio. Soon after this, agglomerate disintegration
started, and the Dr increased steadily. The disintegration of agglomerates gener-
ated an individual or a cluster of drug particles that adhered to the surface of the
carriers, thus gradually increasing the SAC and mixing index.

• Excess input energy: Detachment of drugs from carriers
Cases in which the imparted energy was excessive were characterized by an intense
breakage of agglomerates. This breakage provided a large number of free drug
particles that could adhere to carrier surfaces. However, the high rate of collision
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among carriers detached the deposited drugs from the host carriers and created an
abundance of debris. The temporal evolution of the mixing index and the SAC
signified that, initially, the coating progressed with time, however, the mixing index
and SAC both levelled out at comparatively low values, indicating poor mixing.

• Insufficient input energy
If the energy imparted to particle assembly was too low, the system behaved in two
different ways depending on the Λ coefficient:

– For Λ > 1.0: Coalescence of agglomerates
The agglomerates remained almost intact under shearing. A further increase
in Λ resulted in a tendency for the agglomerates to coalesce and form larger
agglomerates. Not only were the agglomerates unbroken, but the 10 initial
aggregates had merged into four larger ones. Therefore, the Dr dropped to
negative values and decreased steadily. Consequently, no coating happened
and the mixing index and SAC remained zero over time.

– For Λ < 1.0: Lumping of carriers
The agglomerates broke easily, however, the mixing quality was poor due to
the jamming of carrier particles in the system. The variation of the Dr showed
the successive occurrence of agglomerate compression (Dr<0) and breakage
(Dr>0). The weak cohesion between primary particles in the agglomerates
promoted their disintegration even under the lowest shear rates. However, the
progressive distribution of drug particles over carriers ceased as a result of the
carrier tendency to jam. Therefore, the mixing index and SAC did not develop
well, indicating poor mixing.

It must be pointed out that the extent of variation in these parameters was intended to
understand the extreme behaviors of the system and to fathom the dominant mechanism
at each condition. This fact, however, does not imply that these conditions rarely occur
in reality (experimental data in Paper II).
The results were utilized to construct a semi-quantitative regime map for the quality of
adhesive mixtures as a function of the two most prominent system variables (Fig. 4.5), an
idea that originated from the well-known growth regime map for liquid-bound granules by
Iveson et al. [64]. This descriptive map assigns all simulated cases to desired and undesired
regions as a function of St and Λ, wherein each region is named after its corresponding
dominant phenomenon in the shearing cell. Although the proposed regime map is solely
based on two variables and is considered to be a preliminary tool, the idea of foreseeing
mixture quality was tested by using the available experiments akin to the performed
simulations. For this purpose a series of experimental data on the DPI formulation process
were collected from AstraZeneca Pharmaceutical R&D. Certain limitations of this map
are also discussed in detail in Paper II.
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Figure 4.5: Regime map for the quality of the adhesive mixing process based on the
interaction energy of particles and mixing intensity.

4.3 Impact test with non-spherical carriers (Pa-
per III)

The geometric attributes of carrier particles, including surface roughness and shape, pose
a formidable challenge to the performance of DPI formulation. First, the dispersion rate
of fine particles depends on the effective pull-off force between carrier and drug particles.
This force is affected by the irregularity and/or roughness of the carrier surface. Second,
the variation in carrier shape and morphology have a natural impact on the formulation
process since these features can change the breakage pattern of agglomerates and the ex-
tent of drug particle deposition over carriers during blend preparation (Paper III).
In order to understand the importance of these factors in a fine temporal and spatial res-
olution, a DEM simulation of an impact test was conducted on a series of carrier particles
with predetermined shape and texture. The simulations helped to control the collision
parameters more carefully. Complex-shaped carriers were mathematically described using
the Fourier harmonics (see section 2.4.6.1). Despite the natural dependency of shape,
roughness, and surface energy of each carrier particle on those of other carrier particles,
this technique provided the possibility to confine the study to the effect of carrier shape
and texture.
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4.3.1 Selection of complex-shaped carrier particles
While each Fourier descriptor represents an intrinsic feature of particle shape, it has been
found that three descriptors, known as signature Fourier descriptors, convey considerable
information on particle shape [110]. The D2 controls the elongation of particles, the D3
is responsible for the main irregularities of the overall particle shape, and the D8 provides
information on the asperities of a particle.
A factorial design was therefore used to create carrier particles with different morphologies.
Two levels were assigned to each signature descriptor, resulting in 8 cases. The low level
was zero for all descriptors and the high level was 0.1 for D2, 0.05 for D3, and 0.015 for
D8. These values were selected in a way that resembled elongated, irregular, or rough
particles (Paper III). The detailed information on simulation parameters as well as the
corresponding shape factors for each carrier can be found in Paper III.

Figure 4.6: Representation of the complex-shaped particles generated for this study. Three
axes denote the signature Fourier descriptors and their corresponding effect on the shape and

morphology of a particle.

4.3.2 Analyses of the impact

4.3.2.1 Damage ratio

The impact test was carried out at two different collision velocities of 4 and 6 m/s, cor-
responding to the ∆ number of 30 and 68. These values were selected to ensure that
the kinetic energy would suffice for agglomerate break up [94]. The low surface energy
of drug particle implies that the agglomerate breaks in the ductile mode, a failure mode
dominated by extensive deformation followed by disintegration into small fragments. This
was observed by an initial compression of the agglomerate (Dr<0) and further breakage
of internal contacts between primary particles (Dr>0) (Paper III). The collision pattern
was analyzed at the completion of the agglomerate-target impact. Apart from Dr, the
capture ratio, as a metric to quantify the deposition of drugs over different carriers and the
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largest fragment size as a metric to study the effect of carrier shape on the agglomerate
disintegration was selected to explore the behavior of agglomerate upon impact.

4.3.2.2 Capture ratio

Figure 4.7provides an overview of some of the simulated cases. The capture ratio exhibited
a strong dependency on carrier shape insofar as it had values close to the lowest and highest
limits of the ratio (Paper III). For each carrier particle, the impact test was carried out
at eight different directions, of which three were orthogonal. The simulation results also
revealed that the deposition of drug particles on one individual carrier target strongly
depend on the collision direction.

Capture ratio: 0.032 Capture ratio: 0.264

Capture ratio: 0.45 Capture ratio: 0.811

Figure 4.7: Overview of drug particle deposition on different carrier particles and their
corresponding capture ratio.

The extent of this dependency was further quantified by conducting an ANOVA test on
the results (Table 4.2). The calculated sum of squares (SS), the degrees of freedom (DF),
and the mean value of SS (MS) for each source of variation are reported in the table.
The statistical F-value was then calculated based on the estimation of variances, and the
significance of each term was investigated. The ANOVA test, with a 99% significance
level, showed that the D8, or particle roughness attribute, has a considerable effect on the
capture ratio of drug particles (Paper III).
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Table 4.2: ANOVA table for the effect of signature Fourier descriptors on capture ratio, with
8 repetitions. Considering a significance level of 99%, the D8 is an important source of variation

in the capture ratio.

Source Adj. SS DF Adj. MS F Prob.>F
D2 0.0178 1 0.0178 0.69 0.410
D3 0.0443 1 0.0443 1.71 0.196
D8 0.3255 1 0.3255 12.55 0.001

Error 1.5565 60 0.032 - -
Total 1.9443 63

The extent of drug particle deposition, and its standard deviation, showed a striking de-
pendency on the global shape factors of the target particles (Paper III, Figure 7). The
capture ratio was lower on average for particles with low roundness. It was also noted
that the variation within each case is related to particle sphericity. The results showed
that sphericity can be regarded as an indication of particle symmetry, where the capture
ratio is less dependent on the direction for a symmetrical particle (i.e. smaller standard
deviation for capture ratio), and vice versa.

An interesting observation was that the peak size in the collision zone, and not the overall
particle shape, provoked major differences in breakage pattern. It was supported by the
fact that, a similar capture ratio was obtained for different collision scenarios. It was,
therefore, recommended that, rather than an overall shape factor for a carrier particle,
an index should be introduced to measure the size of local peaks in the collision zone.
Formulating such an index is particularly challenging for surfaces with asymmetric peaks
of different sizes in 3D space.
In this study, a simple and efficient measure was proposed to quantify the size of the local
peaks in the collision zone, which is defined as the volume of the carrier segment engaged
in the collision, up to the maximum compression of the agglomerate. This governed
volume was normalized using the corresponding value of case 1 to indicate deviation from
a spherical carrier and was denoted as normalized peak size (see Fig. 4.8). The normalized
peak size is less than unity if the collision zone is flat, and it is greater than unity if the
collision zone has local asperities and irregularities. The correlation between normalized
peak size and drug particle adhesion was investigated (Paper III, Figure 9). The capture
ratio was high when the impact happened over the flat side of a carrier, and in contrast,
the capture ratio was low when the agglomerate collided with a surface peak.

Figure 4.8: The schematic procedure of calculating normalized peak size. Once the
agglomerate is fully compressed, the segment of the carrier that is engaged in the collision is

extracted and its volume is calculated.
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4.3.2.3 Agglomerate fragmentation

A different perspective on collision is obtained by examining agglomerate fragmentation.
The size of generated fragments after impact, mostly the 1st and 2nd largest, have been
extensively studied in the context of detecting breakage regimes for spherical agglomerates
[49]. In the present study, the size of the largest surviving fragment after collision was
extracted for each carrier. The values of largest fragment size were then normalized
according to the size of the initial agglomerate (NF ragment/N0) and are plotted in Figure
4.9. By comparing the shape factors of target particles with values in Figure 4.9, it is
evident that the elongation factor contributes to the generation of large fragments. This
factor also affected the variations in the largest fragment size for each case, depending on
the collision direction (note the width of error bars for Cases 2, 4, and 6).
An analysis of variance was used to correlate between signature Fourier descriptors and the
largest fragment size (Paper III, Table 4). The elongation and irregularity characteristics
of the carrier particle were found to have a significant effect on the size of the largest
fragment after impact. A relative comparison between spherical and elongated target
particles showed that the spherical carrier generated more fragments than the elongated
one (10 vs. 3), nevertheless, the spherical carrier had comparatively smaller fragment sizes
(Paper III, Figure 11).

Figure 4.9: Normalized size of the largest surviving fragment. The elongation factor affects
the size of the largest fragment.

4.3.2.4 Distribution of capture ratio and largest fragment size

The dependency of capture ratio and the size of the largest fragment on collision direction
suggests that reporting an average value for each carrier can be misleading. Instead, it is
more informative to study the behavior of these indices by looking into their probability
distribution. To do so, a more elaborate impact test was conducted by assigning 30
different collision directions. These directions were selected by generating random points
around the carrier particle at a specific radius and using them as the starting point of the
agglomerate motion.
The distributions of these parameters were plotted after post-processing the resultant
impacts and calculating the capture ratio and the normalized size of the largest fragment
(Figure 4.10). By fitting a probability function to these distributions, such plots can be
beneficial in simulating adhesive mixture systems containing a large number of irregular
carriers since they can bridge information from the microscopic to the macroscopic level

39



4. Results

and save computation time (e.g. implementation in population balance modelling).

Figure 4.10: The distribution plot of capture ratio and the normalized size of the largest
fragment after impact for an elongated carrier (Case 2).

4.4 Adhesive mixing in vibrating cell (Paper V)
Once the significance of carrier particle shape in the context of a single agglomerate break-
age had been addressed, attention was devoted to resolving a more complicated feature
of adhesive mixing systems. This feature, which also demands using a complex-shaped
carrier particle, concerns the possible advantages of ternary over binary DPI formulation.
See section 2.6 for a brief discussion of the inclusion of fine excipient particles as a third
mixing component in the binary blend of drug and carrier particles.
A number of binary and ternary adhesive mixing systems were, consequently, simulated
in a simple vibrating cell in order to shed light on the role of fine excipient particles in
adhesive mixing.

4.4.1 Creating a coarse particle for ternary system
An integral feature of DEM with a multisphere model is that it supports the local contact
properties of the single particle to be manipulated, including the radius of curvature. This
feature allows the creation of a particle with a targeted distribution of surface adhesion
force, e.g. a log-normal distribution. For this purpose, a series of Fourier shape descriptors
were obtained from real particle shapes, and the corresponding coarse carrier particles were
generated in the simulation domain. Once the carrier particle had been generated, the
adhesion force distribution was extracted based on the following steps:

1. A stable adhesive unit was created by randomly placing 2000 adhesive micronized
particles over the carrier particle.

2. The magnitude of the adhesion force between the carrier and small particles was
obtained and turned into a dimensionless quantity by using the corresponding min-
imum and maximum values. In this way, the non-dimensional adhesion force distri-
bution becomes a unique feature of a coarse carrier particle.

40



4. Results

The distribution of the dimensionless adhesion force was examined, and the carrier with
the closest fit to the log-normal distribution (analogous to the experimental data presented
in Figure 2.8) was selected for the purpose of this study. Figure 4.11 shows the selected
carrier with 2000 adhesive particles of 2 µm diameter deposited over its surface as well
as the corresponding distribution of the non-dimensional adhesion force. The selection
of this carrier particle, despite the slight deviation in the log-normal fit, is elaborated in
Paper V.

Figure 4.11: (Left) The adhesive unit selected to study the ternary system;
(Right) Distribution of the non-dimensional adhesion force of the selected carrier.

4.4.2 Case studies
The simulations were planned and conducted according to Table 4.3. They comprise one
binary and two ternary formulations with different levels of fine content. See Paper V for
a thorough explanation of the validity of these parameters compared to the experimental
range of data, and the additional steps in the simulation setup, including the order and
form of particles that were inserted into the mixing cell.

Table 4.3: Case studies for investigating the differences between binary and ternary adhesive
mixing. * The loading ratios are expressed compared to carrier particles.

Case No. dDrug(µm) Drug ratio* (%) dF ine(µm) Fine ratio* (%)
Case I 3 1.32 - -
Case II 3 1.32 5 5.7
Case III 3 1.32 5 12.2

4.4.3 From binary to ternary: Mechanistic effects of fines
To unravel the role of fine excipient particles, the evolution of mixing was scrutinized by
examining the breakage of agglomerates of fines and drugs, the deposition of particles over
coarse carriers, the strength of adhesive forces, and the structure of attached layers. Case
I and Case II were analyzed to pinpoint these mechanistic differences.
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4.4.3.1 Breakage of agglomerates

The rate of drug agglomerate breakage was examined by studying the temporal decay
in the average coordination number of these particles. The coordination number was
extracted at each time step and was normalized by dividing it by its maximum value, which
was obtained from the initial agglomerate condition. Figure 4.12 displays the normalized
drug coordination number for both binary and ternary mixtures over time and marks
the disparity in agglomerate breakage for these two systems. Even though both systems
were mixed under similar conditions, the inclusion of fine excipient particles hindered
agglomerate breakage.

Figure 4.12: Temporal decay in the average coordinate number of drug particles for ternary
and binary systems.

Besides the rate of drug agglomerate breakage, it was of interest to study the evolution
of clusters of fine excipient particles during mixing. Although the primary fine particles
were introduced individually into the system, they started to form clusters as contact
was established. This phenomenon can be observed by examining the temporal progress
of fine-fine contacts at early stages of the mixing (Paper V, Figure 7(a)). The number
of inter-particle contacts of fines increased sharply after the vibration started, and it
decreased as the mixing progressed, due to the breakage of clusters. Compared to the
drug agglomerates, these clusters were weaker, more irregular in shape, and had a broader
size distribution (Paper V, Figure 7(b)).

4.4.3.2 Structural analysis of adhesive units

A comparatively lower breakage rate for drug agglomerates in a ternary system did not
necessarily indicate a poorer degree of mixing for such systems. An assessment of drug
particle distribution over the carriers revealed that, in the final state of mixing, all the drug
particles had adhered onto the carrier surface, although in different forms. This difference
was attributed to the contrast between forming a monolayer or a multilayer distribution
of drugs over carriers.
Figure 4.13 shows the number of carrier-drug direct contacts for the binary and ternary
systems. Normalization was done after dividing each value by the total number of drug

42



4. Results

particles. Once the mixing of the binary mixture was completed, 97% of all drug particles
had been spread over the carrier particles. For the ternary system, a lower percentage of
drugs (85%) had directly adhered onto the carriers. This disparity signifies that, contrary
to the binary system, the drug particles in the ternary system are more likely to attach to
carriers in the form of small aggregates. This observation suggests a possible advantage of
ternary formulation in aerosolization performance, similar to the assumptions behind the
agglomeration theory.

Figure 4.13: Temporal deposition of drug particles over carrier particles for binary and
ternary systems. Only direct contact with the carriers are counted (red: fines, yellow: drug with

direct contact, white: drug with indirect contact).

DEM results showed that, in the course of mixing, the average kinetic energy of carrier
particles was alike for both systems, however, the rate of particle-particle and particle-
wall collisions for carriers was significantly lower in the presence of fine particles (Paper
V, Figure 9). Analogous to what the buffer theory suggests, it was observed that the fines
reduced carrier particle collisions and, thus, protected drug particles from impact.

4.4.3.3 Assessment of active site theory

Once the mixing was completed, the adhesive contact between carrier-drug and carrier-
fine was determined in order to identify possible differences in attachment patterns. The
adhesion properties, including the contact force and local contact position for each particle,
of each carrier surface were obtained. A comparative probability distribution of adhesion
forces suggests that, if the active site theory is at work, the carrier sites with lower activity
will be covered by drug particles (left tail of the distribution), and the highly active sites
of the carrier will be occupied by fine particles (right tail of the distribution).
Figure 4.14 shows the distribution of the average adhesive contact force; the carrier-drug
and carrier-fine contacts are distinguished by two colors. It can be seen in the figure
that these two distributions are closely matched, implying that the suggested competition
between drug and fine particles to adhere onto carriers, as proposed by the active site
theory, is not evident. This finding is supported by previous experimental observations
that contradict the active site theory: the insignificance of blending order on formulation
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performance [84], the ability of drug particles to displace the fines from their carrier binding
sites [80], and the ambiguous effect of carrier particle size on the FPF reported by Islam
et al. [62].

Figure 4.14: Distribution of adhesive force for carrier-drug and carrier-fine contacts at the
completion of ternary mixing. The graph suggests that there is no preference for saturation of

carrier active sites by either drug or fine particles.

4.4.4 The effect of fine loading ratio
An intricate aspect of ternary DPI formulation is that the dispersion performance relies
on the attributes of the added fine particles, including loading ratio and size. While the
influence of particles size was briefly discussed in the context of the validity of the buffer
theory, the effect of the loading ratio requires further exploration. For this purpose, case
III was analyzed and the outcomes were compared to the earlier findings of the present
work.
Analogous to the behavior at the transition from binary to ternary formulation, the break-
age of drug agglomerates was further suppressed at a higher loading ratio of fine particles.
Comparing the size distribution of drug agglomerates in the three systems, as displayed
in Paper V, Figure 11, it was found that drug agglomerate breakage slowed down as more
fines were introduced into the system, and the surviving agglomerates became larger. This
behavior resulted in poor mixing because the drug particles did not distribute equally
among carrier particles.

While the addition of 5.7% w/w fine particles into the binary system was found to have
a negligible effect on the kinetic energy of carrier particles, increasing the mass fraction
of the fine particles to 12.2% imposed a noticeable effect on the total kinetic energy of
the carrier particles. Figure 4.15 shows the cumulative kinetic energy of carrier particles
for three adhesive mixing systems. The translational and rotational components of the
kinetic energy are displayed separately. A major change that ensued from the excess of fine
particles was a significant decrease in the rotational kinetic energy of coarse particles. This
behavior was attributed to the aggregation of coarse particles due to the cohesion of fine
particles and the resultant constraint on the dynamic behavior of the carriers. The slow
breakage rate for drug agglomerates in the ternary system of 12.2% w/w fines can also be
explained in terms of inefficient energy transition to the drug particles due to the collective

44



4. Results

motion of coarse particles and lack of inter-particle collisions. This phenomenon has been
discussed by Shur et al. [108] in the context of the aerosolization process, wherein the
cohesion of fines was found to increase the tensile strength of the entire powder bed, and
therefore, the particles moved as a plug. Those authors have argued that this behavior is in
favor of the dispersion process because the cohesion of fines shifts the MFV. However, the
authors have not explained how the dispersion enhancement is therapeutically achieved if
the expiratory flow rate is obstructed, as is normally the case with patients suffering from
chronic respiratory diseases.

Figure 4.15: Cumulative kinetic energy (KE) of coarse particles in three systems decomposed
into translational and rotational components. The particle assembly is lumped together due to

the cohesion of fine particles, and their relative rotation decreases significantly.

4.4.5 Evaluation of drug dispersion
In order to evaluate the performance of ternary formulations compared to binary one,
the dispersion behavior of each blend was examined according to the following procedure.
After the mixing was finalized, the vibrating cell was removed from the simulation domain
and the particles assembly, under the influence of gravitational force, were accelerated
until they collided with a rigid wall in the normal direction. With this configuration, par-
ticle dispersion at five different velocities (corresponding to the average velocity of carrier
particles) was tested. The FPF was calculated by obtaining the number of detached drug
particles after the collision was completed.
Figure 4.16 shows the variation of drug FPF with impact velocity for three different for-
mulations. While the FPF increases steadily with impact velocity for all cases, the lowest
dispersion efficiency corresponds to the binary formulation. This indicates the improved
performance of ternary formulations over binary system. However, the highest efficiency
is observed for the ternary formulation with 5.7% of fine particles, which corroborate to
our findings that excess of fine particles does not improve the drug dispersion.
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Figure 4.16: Dispersion of drug particles as a result of wall-collision at different impact
velocities.

4.5 Role of roughness on dispersion performance
(Paper IV)

The role of principal variables in the performance of DPI formulation has been examined
thus far, however, the ultimate optimization of drug delivery via inhalation also requires a
fundamental understanding of the dispersion process. Consequently, the simulation tools
and the methodology that were developed were deployed to understand one key aspect
of the drug dispersion process. It is well recognized through several in vitro aerosoliza-
tion tests on carrier-based DPI formulations with carriers of different size, shape, and
roughness, that the carrier morphology imposes a profound and yet inconsistent effect on
dispersion. A noticeable example of inconsistency in findings pertains to the variation of
FPF with carrier surface roughness.
The flow-induced and collision-induced dispersion mechanisms have been captured through
extensive multi-scale simulations of the inhalation process by means of combined CFD-
DEM modelling. The insightful findings of the latter approach have revealed an extremely
high wall collision rate experienced by the carriers and the dominance of particle-wall
collision energy over inter-particle collision energy in the dispersion process. Despite the
significant role of carrier particle-wall impact in the detachment of APIs, the crucial fea-
ture of carrier particle surface roughness has been overlooked in all simulation works so
far. Therefore, an elaborate examination of the impact-induced dispersion of APIs was
conducted in order to fill the theoretical gap in the modeling context of DPIs and the
undetermined behavior of FPF in the presence of surface roughness of carriers. A series
of simulations was performed on the dispersion of adhesive units that consisted of carriers
with different length scales of roughness.
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4.5.1 Generating carrier particles with roughness
Six individual spectra of normalized Fourier descriptors were selected to add controlled
roughness to a carrier particle. The choice of Fourier spectrum was based on the following
considerations:

• To avoid the differences that the collision of an asymmetrical carrier particle may
cause, the overall shape of the particle was maintained nearly spherical. Therefore,
the Fourier descriptors that impose elongation or irregularity on a particle shape
were kept at zero. The selected elements to be tuned to add roughness were D10 to
D60.

• Each individual Fourier spectrum adds one independent scale of roughness to a
particle surface. In this way, a uniform distribution of roughness summits over the
particle surface could be achieved.

• The magnitude of the Fourier descriptor was the same for all cases in order to acheive
a similar amplitude of roughness.

The resultant particles with different surface roughness are shown in Figure 4.17. In
addition to the rough particles, a smooth spherical particle was included in this work for
the sake of comparison.

Figure 4.17: Representation of carrier particles used in this study. These particles are
denoted, from left to right, Carrier 0 to Carrier VI.

4.5.2 Analysis of particle surface roughness
The 3D convex hull of a particle was used to extract the surface profile of the particle. In
order to capture the variation of surface asperities on different sides of the particle, three
orthogonal cross-sections of the particle were chosen to acquire the position of surface
points (Fig. 4.18). The polar radius of each point was then compared with a reference
distance (the radius of the volumetric equivalent sphere of the particle), and the surface
profile was obtained. These surface profiles together with Eq.(2.32) and Eq.(2.33) lead to
an average value for surface roughness and rms.
The calculated values of Ra and rms for the carrier particles of this study can be found in
Paper IV, Figure 5. Throughout this report, the correlation between collision-induced dis-
persion performance and the roughness of carriers is expressed in terms of the latter value,
since this is a well-recognized index used to describe the surface roughness of inhalable
particles.
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Figure 4.18: Extraction of the surface profile for a complex-shaped carrier.

4.5.3 Evaluation of dispersion ratio
Once an adhesive unit had formed, it was set to collide with a rigid wall in the normal
direction at six different impact velocities ranging from 2 to 7 m/s. These impact velocities
correspond to the numerical studies on the motion of carrier particles in a typical swirl-flow
inhaler device [21]. It has been reported that the probability of flow-induced dispersion
at these relative velocities is quite low, and wall collision is the controlling mechanism for
the detachment of drug particles.
In order to evaluate the efficiency of drug particle detachment, a dispersion ratio similar
to FPF was defined. This was the ratio of the number of drug particles detached from the
carrier to the total number of drug particles. Once impact between carrier and wall was
completed, the number of detached drug particles was acquired, and the dispersion ratio
was calculated. The dispersion ratio was compared with the rms of the carrier roughness
of each collision velocity, as illustrated in Figure 4.19 (Paper IV).
It was observed that surface roughness had a direct effect on the dispersion ratio for carrier-
wall collision. This behavior is in good agreement with the experimental findings of Tan
et al. [112], where a nearly linear relation was discovered between the released FPF and
the average roughness of different surface-modified carrier particles. As the outcome of
their work shows in Figure 4.20, the positive gradients of all the best-fit lines for different
roughness scales and the FPF clearly prove that increased surface roughness contributes
positively to dispersion performance.

48



4. Results

Figure 4.19: Variation of dispersion ratio with the roughness rms of carrier particle surface
at different collision velocities.

Figure 4.20: Relationship between different scales of roughness parameters for lactose
carriers with the fine particle fraction of DPI formulations [112].

The insignificant dispersion ratio of drug particles below a certain impact velocity is shown
in Figure 4.19. This finding, alongside the findings of Yang et al. [132, 133], suggests that
dispersion performance can be characterized by the balance between impact energy and
the total adhesion energy. This energy ratio is formulated as:

η = Eimpact∑
Eadhesion

(4.4)

The impact energy is simply the kinetic energy of the particle assembly (both drug particles
and carrier) before collision and is defined as:

Eimpact = 1
2 (mc +md)V 2

impact (4.5)

The work of adhesion forces was calculated for each contact individually, considering the
variation of R∗ at each contact point, and then these energies were summed up to obtain
the total adhesion energy.
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The relationship between the dispersion ratio and the energy ratio is plotted in Figure 4.21.
The overall trend of this curve shows that, above η around 1×104, the dispersion ratio
increased sharply with the energy ratio, analogous to the behavior reported by Yang et al.
[133] for the collision-induced dispersion ratio of completely spherical carrier particles. In
principle, an additional increase in collision velocity results in more detachment of drugs
from the carrier particle until the dispersion ratio curve approaches unity for high η values.

Figure 4.21: The behavior of dispersion ratio versus energy ratio.

4.5.4 Analysis of attached drug particles
The differences in the dispersion ratio of rough carriers were attributed to the net at-
tachment force between drugs and carrier particles, which comprises two factors: (i) the
pull-off force that depends on the radius of curvature at contact point, and (ii) the number
of established contacts between drug and carrier particles. In order to comprehend the role
of these factors in dispersion performance, a 3D spherical histogram was used to represent
contact orientation [138]. The cumulative number of drug particles and the total contact
force were extracted for this purpose (see Paper IV for more details). Additionally, the
number of contact points (or more precisely, the contact area due to the JKR theory) that
was established with the carrier was obtained. This information resulted in a histogram
that shows the frequency of contact points.

Figure 4.22 illustrates an example of a contact number histogram for a rough carrier parti-
cle (Carrier IV). These graphs correspond to the attached drug particles prior to and after
collision. It was observed that drug particles were attached to the carrier mostly via one
or two contact points. This is natural for a rough carrier surface since it provides greater
chances of multiple contact points for the drug particle. After collision, the remaining drug
particles were redistributed over the carrier particle and stabilized by falling into surface
cavities and forming additional contacts. Two supplementary graphs of contact histogram
for a more smooth carrier particle (Carrier II) is provided in Paper IV, Figure 11. Com-
parison of these two sets of graphs showed that lack of surface asperities on Carrier II
(smooth) resulted in the dominance of single contact points between drugs and the car-
rier surface before collision. However, the tendency of drug particles to establish multiple
contacts with carrier was similar for both smooth and rough particles after collision.
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Figure 4.22: An example of contact number histogram between drugs and a rough carrier
particle (Carrier IV), prior to and after collision at Vimpact = 7 m/s.

Another observation concerned the number, location, and adhesion strength of the remain-
ing drug particles after collision. An example of a spherical histogram for the number of
attached drugs to a rough carrier particle is illustrated in Figure 4.23. For comparison,
a similar set of graphs was reproduced for a relatively smoother carrier particle and is
available in Paper IV, Figure 11. Besides the number of drug particles, the magnitude of
adhesion forces between drugs and carrier particle was calculated. Their corresponding
spherical histogram can be found in Paper IV, Figures 10 and 11.
Analyses of dispersion ratio revealed that the rough carrier particle experienced a higher
degree of detachment than the smooth one. The detachment from the rough carrier oc-
curred mostly in the hemisphere facing the wall, and therefore, the spherical histogram
shows a strong asymmetrical distribution for the attached drug particles in favor of the
opposite hemisphere. However, the detachment from and migration towards the hemi-
sphere adjacent to the wall occurred simultaneously for the smooth carrier. Therefore,
the corresponding spherical histogram showed a greater number of attached drug particles
in this hemisphere. It was noted that rough carrier particles had a lower adhesion force
than the smooth particles. This is because rough carrier particles had more and smaller
spherical asperities on the surface, which lowered the magnitude of the adhesion force.
Thus, the differences in the adhesion forces and the number of contact points governed a
difference in general dispersion performance.
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Figure 4.23: Spherical histogram of contact orientation for drug particles attached onto a
rough carrier particle (Carrier IV), prior to and after collision at Vimpact = 7 m/s.
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5
Conclusions and outlook

The goal of this research was to devise a general methodology for understanding the com-
plex nature of the adhesive mixing process for inhalation applications and to form a basis
for process optimization. The small temporal and spatial scales of the adhesive mixing,
on the one hand, and the omnipresent interplay of process variables, on the other hand,
required a modeling framework and several quality-assessment tools.
The underlying principle of this framework was to treat the adhesive mixture as a particu-
late system, the dynamic behavior of which could be modelled by applying Newton’s laws
of motion to individual particles, i.e. DEM (Papers I-V). Several formulation variables
were selected in accordance with their significance in the process and within the capacity
of the developed model, for parameter studying.

A binary system of adhesive carrier and drug particles was simulated in Paper I, and
several assessment tools, including a mixing index, were formulated. The simulation cap-
tured the essential steps of the adhesive mixing process as described in the literature. One
interesting observation was in regards to the compaction of loosely packed drug agglom-
erates prior to their breakage during shearing.

The binary system was then subjected to parameter studying in Paper II. Four regimes
in the adhesive mixing process were identified as a function of the two most prominent
variables, namely mixing energy and the surface energy of particles. These variables were
converted into two dimensionless quantities, the Stokes number (St) and the Λ ratio, and
a regime map was created. The former quantity describes the ratio of mixing energy to
the energy needed to break the interparticle contacts within drug agglomerates, and the
latter one represents the cohesive-adhesive balance. Each regime was characterized by
its dominant phenomenon and mixture quality. Three regimes led to undesired mixing
behavior:

• In cases with both low St and ratio, carriers were jammed, and random mixing was
fairly poor.

• In cases with low St and high ratio, the agglomerates lumped together.

• In cases with high St, the adhesion of drug and carrier broke, carriers remained
un-coated, and an abundance of debris was created.

For a given set of particles, it was possible to tune the input energy of the coating devices
so that the operation window fell within the desired mixing regime.

As the capabilities of the model expanded, non-spherical particles were incorporated into
the simulations of the adhesive mixing process. With this incorporation, focus was shifted
to the geometrical attributes of particles, including shape and roughness. A fundamental
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step in the adhesive mixing of non-spherical carrier particles was investigated in Paper
III. The effect of carrier shape factors on the breakage of agglomerates and the pattern
of adhesion of drug particles onto a carrier surface were explored. It was found that:

• The smallest scales of particle morphology, i.e. asperities, caused the most significant
variation in the extent of the disintegration of agglomerates and, consequently, the
number of drugs captured by the carrier.

• The capture ratio was the highest when the collision occurred over smooth and flat
zones of the carrier, and it was the lowest when the agglomerate impacted local
peaks on the carrier surface.

• The elongation of the carrier was found to largely influence the size of the created
fragments after impact. These types of carriers can chop off rather large parts of an
agglomerate and create a few, large fragments.

These results reveal a major error when approximating real particles as smooth spheres
in fragmentation studies.

The interesting outcomes of the model developed for Paper III provided us with the
competence to determine the vital role of carrier surface roughness in the dispersion per-
formance of carrier-based DPIs. Therefore, the collision-induced detachment of drug par-
ticles from rough carrier particles was studied in Paper IV. It was found that dispersion
performance (quantified by the number of detached drug particles) is proportional to the
root-mean-square of the surface asperity height. The presence of cavities on the surface
of rougher particles provides a chance for drugs to establish multiple contact points with
the carrier surface.
During collision, the redistribution of drug particles over a carrier surface occurred along-
side drug particle detachment. Collision kinetic energy and surface roughness were found
to impose a profound effect on these two phenomena. Dispersion behavior versus collision
energy is expressed in terms of the dimensionless energy ratio,η, defined as the pre-impact
kinetic energy of particles over the work of adhesion required to liberate all fine particles.

An intriguing query in the context of carrier-based DPIs is to mechanistically understand
the benefits of ternary formulation over binary ones, as this question has remained open for
debate. With the ability of the developed model to create irregular carrier particles with
heterogeneous surface activity, the effect of adding fines to adhesive mixing by performing
DEM simulations in a simple vibrational mixing cell was addressed in Paper V. A log-
normal distribution was, therefore, introduced to the surface activity of carriers, and a
competing environment for drug and fine particles to occupy more active sites was created.
The key findings were:

• The results did not reveal any tendency toward competition, and therefore, the
active site theory was contradicted.

• The buffer theory and the agglomeration theory propose the most relevant mecha-
nisms of the available theories on the role of fine excipient particles.

• As the loading ratio of fine particles increases, the drug agglomerate breakage be-
came inefficient, which led to a poor degree of mixing.

We observed that, when large enough, the fine particles prevented the complete break-
age of drug agglomerates by sheltering them from carrier collisions. Therefore, the drug
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particles that are attached onto a carrier tend to remain in a multilayer rather than a
monolayer structure. Even though the collision- or flow-induced dispersion of drug parti-
cles was not examined here, it is plausible that such multilayer structures will gain larger
momentum and detach easier from the carrier during aerosolization, as proposed in the
agglomeration theory. The poor mixing caused by an abundance of fine particles is due to
the fact that the inclusion of cohesive fine particles adds up to the tensile strength of the
particle assembly and restricts the rotational motion of coarse particles to a great extent.

Finally, we will address some limitations of the present work and provide suggestions for
future research.
Despite the vast improvement in understanding and formulation of the contact problem
for adhesive particles, the available models have certain shortcomings. A comprehensive
contact model for adhesive and rough particles, that may exhibit plastic behavior under
compression, is still in demand. The plasticity (i.e. permanent deformation of particles)
can be of central importance in modelling the press-on force effect in the formulation
process.
The effect of relative humidity and the electric charge build-up, as two general concerns
in particle mixing, have not been in the focus of the present research. These two were
disregarded since the formulation process for DPIs is normally preformed under controlled
conditions, i.e. low relative humidity as the process should resemble dry-coating, and
continuous discharge of electrostatic charge. However, even under such conditions, a total
absence of these two phenomena is not guaranteed. There are available contact models
to incorporate the forces that arise from liquid bridge between contagious particles or the
body force in the presence of electric charge into the existing simulation framework.
From the practical implication viewpoint, the dispersion of drug particles during inhalation
is the pivotal purpose of the adhesive mixing process. Therefore, it is necessary to develop a
full-scale modelling framework wherein the dispersion performance of the adhesive mixture
is directly evaluated (i.e. multi-scale modelling for lung dispersion using the CFD-DEM
technique).
Last, but certainly not least, the models should be validated with experimental data. An
experimental approach helps to identify key variables better and identifies the irrelevant
parameters and unrealistic simulation cases to be discarded. However, this is a challenging
problem since simulations can only be done on small systems with a limited number of
idealized particles, which is difficult to realize in an experimental apparatus.
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