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Abstract

Roller compaction is a key unit operation in a dry granulation line for pharmaceutical tablet
manufacturing. However, determining the optimal settings for a roller compactor (RC) typically
requires extensive materebnsuming experimental campaigns. Tamount of material, in
particular if active pharmaceutical ingredients are involved, may not be available during
development phases, or may be very expensive. For this reason, a compactor simulator (CS) is
usually employed to emulate the behaviour of cactezhpowders at a much smaller scale, with
significant savings of materials, time, and money. However, the experimental conditions at
which a CS shall be run to obtain a product with assigned specifications are different from those
required to obtain theasne product from a fubcale RC. How to find these conditions is an
open issue. In this study, historical data from both CS and RC experiments are used to develop
a transfer methodology that allows the experimenter to obtain optimal RC setup from the CS
experimental results solely. The developed correlation, which has been applied to six different
pharmaceutical powder blends, successfully captures the differences between the two
equipment scales. Implementing this transfer methodology can result inerg@raldiction of

RC machine settings, thus enabling significant resource, time and money savings.

This thesis is the result of a collaboration betw#erProcess Engineering & Analytics team
of GSK(Stevenage; UKand the CAPH._ab group at the University of Padua.
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Introduction

Roller compaction is a dry granulation process used to densify and enhance physical and
flowability properties of pharmaceutical powder blends in the manufacturing of tablets. It is a
continuous process that involves feeding powder through a pair of coataeng rollers,

which compact it into a solid mass known as ribbon by exerting pressure. To better understand
the phenomena that occur during the compaction process, Johanson (1965) developed a powder
mechanics model that predicted the roll surfacegqunee and the ribbon solid fraction based on

the physical properties of the powdered matetiad operating conditionand the roller
compactor (RC) geometry. To utilize the Johanson model, which presents two material
dependent parameters, it is required a calibration of the latter by performing a parameter
estimation employing RC experimental results of a specific povidend. However,
performing a comprehensive experimental campaign on the RC demands significant amounts
of material, including very expsive active pharmaceutical ingredients (APIs), which may not

be available during the drug development phases. In this context, compaction simulators (CSs)
have been developed, which mimic the roll compaction process by performing uniaxial
compaction throug two counteimoving punches. By employing a CS, it became possible to
guantify the compaction behaviour of a specific powder blend through more resffinient
experimental campaigns, involving material amounts on the order of grams compared to the
kilograms required for the RC testing. However, the results obtained from the CS are not
suitable for accurately estimating the Johanson model parameters specific to a powder mixture,
owing to differences in the applied pressure for equivalent solid fraaiaes. In this context,

Bi et al., (2014) introduced the mass correction factor theory, which improves Johanson model's
onedimensional compaction assumption by providing a correction factor that allows to account
and link the different RC and CS pressure

The objective of this Thesis is to assess the experimental results derived frdRChartld CS

pieces of equipment, investigating their differences across six various pharmaceutical powder
blends. Following that, the analysis proceeds by developing adatiyy, based on the mass
correction factor theory, capable of explaining and establishing a relationship between the
different CS and RC outcomes. The result, the proposed methodology allows for the
characterization of the roller compaction behaviouafspecific powder blend solely by means

of an experimental campaign on the CS, leading to substantial savings in terms of material,
resources, and time and money.

The Thesis is structured into four chapters. The Chapter 1 introduces roll compaction,
describing its operational applications and advantages in the pharmaceutical industry. The
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compaction simulator is examined next, explaining how this technology was developed to
mimic RC.

The Chapter 2 presents the Johanson model, detailing its assumptions and benefits, as well as
the physical and mathematical principles. After that, the mass correction factor theory proposed
by Bi et al., (2014) is presented.

All materials investigated in this Thesis are presented in Chapter 3. The descriptions of all
experimental campaigns conducted on both RC and CS and the related datasets follow. The
mathematical methods utilised to carry out the parameter estimate flmhttneson model are

next discussed. Finally, the proposed transfer methodology to establish the relationship between
CS and RC pressures is descrig@senting the development stage, with the calibration and
validation procedures, and then the usage stage

In Chapter 4, the results obtained by estimating the Johanson parameters for each powder
mixture are first presented. After that, the results of the experiments derived from the two
distinct pieces of equipment are compared, and an analysis of how theamastion factor

can be applied to the findings of this thesis is carried out. Consequently, a preliminary model is
calibrated by utilising solely four formulations, while the remaining two are employed for the
purpose of validation. The analysis of theediction accuracy data is conducted thereafter.
Following this, a comprehensive model including all six materials is developed for subsequent
utilisation. A seventh powder mixture, whose CS data come from a different CS machine, is
then analysed and ttaoplicability of the transfer approach is studied. Lastly, it is examined
how the composition and percentages of excipients in a powder blend affect the Johanson
parameter values.



Chapter 1

Roll compaction in the pharmaceutical
iIndustry

Roller Compaction is a key unit operation of the granulation line in the manufacturing of
pharmaceutical tablets’his chapter aims to present the main features of the granulation
process, describing the key phenomena involved and the advantages it offers. Afterward, the
roll compaction process is introduced, providing a comprehensive explanation of how powders
behave during compaction. The advantages and limitations of this technology will be
investigated, as well as the elementary design features obltee scompactor. Finally, the
rationale and operational principles of the compactor simulator, which represents the second
piece of equipment involved in this Thesis, are covered.

1.1 Introduction to the granulation process

Granulation is defined as a process whereby the smaller primary particles are bonded into larger
secondary patrticles, also called agglomerates, in which the primary particles can still be
identified. Because the process ultimately results in the produzttiadarger entity it is also

known as size enlargement by agglomeration. The granulation can be performed through
compressive pressure, a binding agent, or fdnikh, 2005) Binders are substances that are
added either before or after agglomeration that bind chemically or physically to the solid
surfaces, creating a linkage between the particles.

Several different types of binding mechanisms are known that can lead to agglomeration of the
primary particles: solid bridges, adhesive and cohesion forces, surface tension and capillary
pressure, interlocking bonds, and attraction forces between sthidse represent the five
major groups, | to V, and within them, several subgroups of binding mechanisms can be
identified, as reported in Table 1.@0Pietsch, 2002) Pictorial representations of the
aforementioned categories and subcategories are reported in Figure 1.1.

For the technologies and materials involved in frhesis, the principal binding mechanisms

are the ones involving powders without the presence of liquid and heating phenomena, hence
groups IV and V. These kinds of forces occur when the primary particles get considerably closer
to one another, usually asesult of applied pressure. In particular, Van der Waals forces, which
are shorrange ones, represent the main contribution to the bond of particles when those are
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close enough. Given the physical nature of the involved forces, the main factors that affect the
successful processing for the agglomeration of primary particles are the powder rheology and
the particle size. Decreased particle size significantly impribneesurfacdo-mass ratio and so
increases bonding interactio(iZarikh, 2005)

Table 1.1.The binding mechanisms involved in the agglomeration processes.

1. Sintering
2. Partial melting
I: Solid bridges 3. Chemical reaction
4. Hardening binders
5. Recrystallization
1. Highly viscous binders
II: Adhesion and cohesion forces gnty .
2. Adsorption layers
. . 1. Liquid bridges
lll: Surface tension and capillary pressure d . g
2. Capillarypressure
1. Molecular forces
a) VanderWaals forces
b) Free chemical bonds
IV: Attraction forces between solids ) L ! .
c) Associations; hydrogen bridges
2. Electric forces
3. Magnetic forces
V: Interlocking bounds
(a) (b) (c)
Sinter Bridges (I.1) Chemical reaction (I.3) Liquid bridges (IIL.1)
Partial Melting (1.2) Hardening binders (1.4) Hardening binders (1.4)

Crystallization of Soluble
substances (1.5)

(d)
Molecular Forces (IV.1)
Electrostatic Forces (IV.2)
Magnetic Forces (IV.3)

Figure 1.1. Pictorial representation
agglomeration processéPRietsch, 2002)

Highly viscous binders (IL.1)
Adsorption lavers (11.2)

Interlocking (V)

Crystallization of dissolved
substances (1.3)

(e) (0

Matrix binder (1.3, 14, I1.1)
Capillary forces (II1.2)

of the binding mechanisms involved in the
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The granulation technique has been extensively used by a variety of industries, including
pharmaceutical, coal, mining, and agrochemical. These industries use agglomeration techniques
to minimize dust, make the material easier to handle, and increakemtdei utility.

In the pharmaceutical industry, the granulation of powders to form structured products is one
of the most important operations in the manufacturing of tablets. This type of solid oral drug
represents the most widely prescribed dosage forms in use todaytlsey are simpler to
manufacture than capsules and have longer shelf life than most ([Retgs Davies, 2016).

1.1.1 Rationale and benefits of granulation processes

There are numerous reasons for granulating pharmaceutical powder mixtures, the most
important of which are listed below:

1

1

Improvement of flow properties. Particle size has a distinct influence on the flowability
properties of powders. The enlargement of particles by granulation improves their
flowability by decreasing the specific surface area and the paptictecle interation
(Schiano et al., 2018)

Avoiding segregation and improving content uniformity of tablets. Particle size and
differences in particle density within a blend can induce segregation during the
manufacturing of tablets, in particular during the-filisng process(Guo et al., 2010)This
phenomenon, known as particle segregation, happens when a homogenous mixture of
powder particles with varied physical attributes (such as size, density, and shape) becomes
unevenly dispersed during handling and processing. Particles with identaidleg, in
particular, tend to gather in a single region of the mixture, resulting in spatial non
uniformity. This can lead to false dosing of APIs dosing in the tablet. This issue is even
more problematic in tablets containing low doses of API. By dasion, the mixture of the
different primary particles and their percentage is fixed in the larger granules, so that an
inhomogeneous distribution of the API can be preve(@aahtor et al., 2008)

Reduction of bulk volume. A further advantage of granulation is the size enlargement of
particles which leads to a decrease in interparticle void spaces, resulting in increased bulk
density of the powder. Granules occupy less space compared to loosemsponaleng

them easier to handle, transport, and store. This represents a great advantage in direct
compression, where the high bulk volumes require hidgfiilireg height, which can cause
problems when filling the die. Furthermore, the deaeration dtmgngompaction becomes
difficult, which may result in the capping/lamination of the tab(®szel et al., 2015)

Lastly, the reduced bulk volume also allows for more efficient packaging, which can lead
to cost savings in terms of materials and storage space.

Reduction of safety hazards for operators. During the granulation process, the formation of
larger, denser granules minimizes the generation of fine particles or dust, which are known
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to pose respiratory hazards. This is of particular concern when dealing with highly potent
drugs when accidental exposure constitutes a significant dédtgjeer, 2021)

1 Capability of controlling intermediate and product quality attributes. Within limits,
granulation of pharmaceutical powder offers the advantage of allowing control over
porosity, density, hardness, and surfsemgolume ratio. By adjusting the granulation
process parameters such as binder concentration, granule size, and dry conditions, the
porosity of the granules can be tailored. These parameters have a direct impact on the
dispersibility, solubility, and reactivity of the granules, as it affects theofatéssolution
and interaction with other substances. Critical quality attributes of tablets, such as
disintegration time, dissolution time, and wettability can be improved if the powder blend
has been correctly granulated previoy$tgrikh, 2005)

Other benefits of minor importance that granulation provides include improved product

appearance and a lower propensity to caking.

1.1.2 Granulation in the pharmaceutical industry

The development of pharmaceutical granulation was driven by the invention of the tablet press
by W. Brockedon in 1843. Since then, numerous different granulation processes and equipment
have been developed, resulting in an ongoing process of efficiencyraddct quality
improvement. The demands on the granulation properties were further enhanced in the 1970s
when highspeed tablet and capstiing machines with automated controls were introduced

In fact, most pharmaceutical tablets cannot be manufactured by direct compression of the
formulation because of poor flowability and high segregation tendency. Thesnégil
compression and capstfiting machines require a uniform flow of material toetklies or

filling stations that produce pharmaceutical dosage forms. Therefore, prior to the compression
step, the formulation has to go through a granulation process to improve its handling properties
and to assure composition homogeneity in the finahgegorm, mostly in lowdose drugs
(Parikh, 2005)

Granulation techniques have grown in importance in drug manufacture since the most
commonly used excipients and recently created APIs have low bulk density and poor
flowability due to their cohesive appearance and small particl¢zagpanc£sordas, 2018)
Agglomeration technologies have played a crucial role in enabling the production of tablet
drugs with a high API content, where handling and processing issues were an obstacle.

Figure 1.2 illustrates where the granulation process integrates within the tablet manufacturing
process. Two possible paths are possible according if wet or dry granulation is performed. Prior
to granulation, all the components of the formulation are mi&kedording to the properties of

the powder mixture, they undergo two alternative granulation processes. But then in both cases,
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lubricating agents are added to the agglomerated product. The resulting powder mixture is
suitable now to be compacted and coated to form the final tablets.

DISPENSING DISPENSING
e i i t
B =« | DRY GRAN s |
POV L AN L
e DRY MIXING DRY MIXING
= DRY
e GRANULATION

TABLET COATER

MIXING

L=

DRY MILL

Figure 1.2(https://www.epmmagazine.com/opinion/understandi@erontinuousprocess/
). Schemes of the tablets manufacturing processes by wet granulation and dry granulation.

The two main techniques for producing granules used in the pharmaceutical industry are wet
granulation and dry granulation.

1.1.2.1 Wet granulation

Granules are formed by wetting the powder mixture with the addition of a liquid binder, such
as water or organic solvents. In this case, the particles can be either directly enlarged or smaller
granules formed by sieving a wet mé&Barikh, 2005) Once the granulation is performed the
liquid binder is removed by means of a drying step, which aims to eliminate moisture from the
granules while maintaining their integrity and desired properties. The main bonding mechanism
within granules formed in wieagglomeration is liquid bridges that are formatted at the
coordination points between the patrticles.

Three wet granulation techniques are used in the pharmaceutical industrsciewn
granulation, higkshear wet granulation, and fluid bed granulation. Wet granulation is the most
used granulation method in the pharmaceutical industry since the grabtdewd by this
process show good flow properties due to their smooth surface and narrow granule size
distribution(Thapa et al., 2019)

Despite the benefits mentioned above, the presence of liquids (such as water or organic
solvents) results in a number of drawbacks. Drying is required to remove the liquids, which
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uses a lot of energy. The mudtiage process is expensive and tonasuming due to the high
energy consumption and solvent recycling. The granules are also subjected to heat stress, which
can accelerate the degradation process and speed up reactioded#boxylation and
oxidation(Keizer, 2021)

1.1.2.2 Dry granulation

In dry granulation, the agglomeration is achieved by means of the exertion of high pressure on
the powder mixture, without the addition of any liquid or meltable binder. The powder is
compacted into larger intermediate compacts, which are subsequentl¢f mith granules. In

this case, the particle size enlargement is achieved by the size reduction of previously dry
compacted powder.

The main bonding mechanism involved in dry granulation is due to Van der Waals forces,
which become dominant when the contact area between individual powder particles increases
due to the applied compaction presdiiarikh, 2005)

Dry agglomeration processes have been deployed in the pharmaceutical industry since the
1940s, but in the last 30 years, this technology has arisen as it offeeffeosve and delicate
handling for heat and or moistusensitive materials since no ligubinders are needed.
However, it is important to note that not all powders are suitable for dry granulation. The

powder mixture must possess adequate compressibility and cohesive properties for successful
compaction. The selection of appropriate excif@@md the optimization of process parameters

is crucial for achieving desired granule properties.

There are two dry granulation processes: slugging and roll compaction. Between the 1950s
1970s slugging was the preferred method. Slugs are produced when the powder is fed into a
large compression machine and compressed by tableting punches havingdareterdi. The

slugs are milled into granules after the compression (ftapkh, 2005) Due to the lack of
process control, limited economies of scale, and low manufacturing throughput associated with
slugging, roll compaction developed as a preferred dry granulation method, effectively
overcoming the limitations of slugging and gaining ylapity in the pharmaceutical industry.

1.2 Roller Compactor

Roll compaction is a continuous dry granulation method, which first pharmaceutical application
was first mentioned in 1966 by Jaminet and H&dsinebudde, 2004)in agglomeration by

roll compaction, mixtures of APl and excipients, e.g., binders, disintegrants, diluents, and
lubricants, are mixed in a blender. This powder mixture is then fed and passed through two
counterrotating rolls with the flow being inducda the friction acting at the surfaces of the
rolls. In the narrow region of the gap between the rolls, the powder is subjected to high pressure,
leading to the formation of a compact or briquette that is reduced in size by milling or screening,



Roll compaction in the pharmaceutical industry 9

to achieve the desired granule size. Rikequipment is schematically depicted in Figure 1.3.

The produced granules, with improved properties, are used in subsequent processes such as
tableting or capsule filling. These granules have patrticle sizes in the range @ @s/2m in

the pharmaceutitandustry, although they are mainly produced with a particle size range of
0.2- 0.5 mm(Shanmugam, 2015)

Figure 1.3. Schematic representation of a roller compactor. (1) inlet funnel with agitator;
(2) feed screw; (3) tamp screw; (4) small quantity inlet funnel; (5) rollers; and (6) rotor
miller. The mechanistic model describes the region between the 1@ltessn et al., 2019)

In order to describe, the phenomena occurring during roll compaction granulation in detail, the
process is divided into three different regigdshanson, 1965)'he boundaries between the
regions are defined by their angular position as reported in Figure 1.4.

Powder blend

!

Slip region

Release
region

!

Ribbon

Figure 1.4. Schematic diagram of the roller compactor process and of the three
characteristic regions.

1. The slip region: The feeding system delivers the powder mixture to the slip or feed
region. The start of this region is defined by the entry argldn this stage thpowder
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particles move slower than the roll surface, and so they slip. In the slip region, the
powder is predensified primarily due to particle rearrangement andeatation, as a
consequence of the little stresses applied by the feeding system. The main factors
affecting the powdebehaviourin the feed region are the frictional properties of the
particulate materials, such as wall and kgarticle friction.

2. The nip region: The nip, or compaction, region starts at the nip anghere the
velocity of the powder blend starts to move with the same velocity as the roll surface.
So, the particles are gripped between the two couatating rolls and densification
occurs due to the reduction in the roll gap as the powder is drémtjeel closest point
between rollsThis results in a substantial increase in the roll pressure. The high pressure
exerted on the powder causes the breakage of brittle particleheaddformation of
plastic ones. The new fractured particles, caused by the fragmentation, and the deformed
ones lead to more contact points between the particulate. This induces the bonding of
particles at the molecular level due to the effect of Van deail8\forcegParikh, 2005)

The maximum pressure exerted by the rolls is reached at the neutral angle, which does
not necessarily occur at the smallest roll gap because of wall slip and other factors

(Salman et al., 2006)

The extent of the nip region depends on the material characteristics and operating

parameters. Common values ared | q m.d

3. Therelease region: Finally, the compacted ribbon is relieved in the release region, where
the roll gap starts to increase again the exerted pressure ceases to exist. After the
ejection, because of the absence of constraints and stresses, the compmuriedaib
increase in size due to elastic recov@giman et al., 2006The enlargement concern
mainly the ribbon thickness and this occurs mainly when dealing with plastic powder
materials.

1.2.1 Solid Fraction

The solid fraction (SF), or relative density, is defined as the ratio between the envelope/bulk
density and the true density:

[ —38 (1.1)

It can also be defined using the porosityin fact, it results:

[ p -8 (1.2)
Envelope density, also known as bulk density, is determined for porous materials by including
the volume occupied by the pore spaces within the material in the measurement. Conversely,

true density is calculated as the ratio of the mass of the solid ahdtetihe volume occupied
by that mass; therefore, the volume contributions of pores or internal voids are removed in the
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measurement. The envelope and true density of the powder mixture are usually determined by
helium and powder pychometer.

The SFis the most important intermediate roll compaction product attribute which has a great
impact on the downstream processes. Besides the equipment and-pelatedsparameters, it

has a significant influence on the granule size distribution in the mstieyg Additionally, it

is correlated to the flowability, stickiness, reworkability, mechanical strength, homogeneity of

the content, disintegration, and dissolution of the resulting gfam#i and Akseli, 202Q)In

the roll compaction process, ti&F is determined by the flowability and compressibility
properties of the powder blend, as well as by machine operating settings.

The term 6compressibilityd is defined as t he
pressur e, while o6écompactibilityd is defined
compressed into a tablet of specified strength (i.e. radial tensilgyttren deformation
hardness).

1.2.2 Advantages and limitations of roll compaction

The distinctive advantage of roll compact over other granulation techniques, is its
possibility of processing physically or chemically moistsemsitive materials since the use of

liquid binders is not required. Another benefit is that it does not require a drying stage and
therefore it is suétble for compounds that either have a low melting point or degrade rapidly
upon heatindLeuenberger, 1982)n addition, compared to other dry granulation techniques,
such as slugging, roll compaction is a continuous process with higher productivity but less
energy consumption and can produce more homogeneous pr{digtglezMoran et al.,

2008) Another key aspect of the increasing popularity of the roll compaction process is the
possibility of implementation of online and automation process settings leading to an
improvement in product quality, minimizing batttbatch variability(Salman et al., 2006)

Together with all the aforementioned advantages this granulation technology has several
disadvantages that are the current subject of research and development. One of the most critical
l' i mitations is referred to t meturdidgmasultediahd ¢ o mp
milled using roll compaction, the resulting tables do not develop as much tensile strength as
tablets produced by direct compression of the initial powder blend. For this reason, the analysis
of ribbon and tablet product qualitissusually studied combind&arber et al., 2008)

The high fraction of wuncompacted materi al, r
process is another critical drawback. It is mainly caused by two mechanisms: on the one hand
by powder that passes the rolls without being compacted and orh#rehand by particles
generated during the milling stéReimer and Kleinebudde, 2019)he produced fines can be
re-compacted in order to improve the yield, nevertheless, the recycling of fines can lead to
inappropriate drug uniformity, therefore thea@mpaction of fines is not an advisable manner
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to increase the throughput. The amount of fines can be reduced, when high compaction
pressure, sealing system, and vacuurael@ation are applied, albeit too high compaction
pressure can lead to reduced compactibility of grar{iighelbrecht and Remon, 1998)

Moreover, the roll compacted ribbon is characterized by density heterogeneity across the roll
width and length. This is related to the friction between the powder and the used sealing system,
which leads to density variations across the ribbon width. Axhdilly, the periodical pattern

of the screw feeder is visible along the ribbon length in a sinusoidal curve of more densified
material (PerezGandarillas, 2016) This variability can propagate along the downstream
process and influences the tablet quality. It is also required to include a certain amount of
lubricant in the powder mixture to avoid material sticking on the roll surface.

The most challenging problem in the roll compaction process is represented in the optimization
of processing conditions and the seafe This is critical due to the complex behavior of the
particulate materials that undergo compaction and also becatlsedifersity of formulations

used in the pharmaceutical industry. This has become even more difficult considering the
variety of different equipment desig(su, 2013) Suboptimal operation of the equipment can
lead to unsatisfactory products.

1.2.3 Process variables

The process variable, i.e. machine settings, that can be adjusted, in order to obtain the desired
granules, are common among all the most modern roll compactors. They can be set manually
by the operators or controlled by means ofRiGcontrolling system. They are listed, together

with the acronym that will be used in tHikesis, as follows:

1 Specific Roll Force $RB: The specific roll force represents the force that the roll
provides to the powder to be compacted between them. It is expressed in KN per cm of
roll width. Among all the machine par amet
properties the most.

1 Roll Gap §: The roll gap represents the minimum value of the distance between the
two countefrotating rolls. It is usually expressed in mm.

7 Roll SpeedRS: The counterotating rolls move simultaneously with the same speed.
Their speed is usually expressed in rounds per minute (rpm). In the case of comparison
of roll compactors with different roll diameters, the velocity is expressed as the
circumferentialone in m/s.

1 Screw Speed: Some roller compactor uses a screw feeding system to deliver the powder
blend to the slip region. By adjusting the feeding screw speed, the amount of conveyed
powder can be regulated.
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1.2.4 Roller compactor design

Even though the process variables are common among all indR€Iritde specific designs of
the instrumentation present a large degree of variability. These different designs have the
capability to affect the properties of the produced ribbons as explained below.

1.2.4.1 Feeding mechanism

The feeding system is a key element of the roller compactor because it has to provide a uniform
and continuous flow of powders in order to fill the region between the rolls. If this is not
achieved correctly the formed ribbon will present heterogeneity.pblwder to be compacted

can be fed to the slip region by gravity or by fefeeding using a screw feeder.

In a gravity feed roller compactor, a hopper contains the powder blend and it guides its delivery
to the region between rolls. The hopper is usually equipped with an agitator to break powder
bridges. Similarly, in the foreeeding system, a screw is plddaside a hopper and the screw

is directed to the space between the rolls.

The choice between one feeding system or another is mainly driven according to the flow
properties, the density of the powder, and the densification required. Gravity feed is suitable in
the case of powder with good flowability, even though it present® strawbacks due to
feeding fluctuations and air escaping. Force feed fits better in the case-fibpoog particles
(Salman et al., 2006)

1.2.4.2 Rolls layout
The rotating rolls can be mounted in three different positions: horizontal, inclined, and vertical.

These different layouts are shown in Figure 1.5.

A B Cc

Figure 1.5.Configuration of roll compactors (A) horizontal (B) inclined (C) vertical (Guigon
and Simon, 2003).

The firstly invented and most commonly used is the horizontal layout with the vertical feeding
system. This arrangement can caus@#éss and leakage problems in the case of powder with
excellent flowability properties. This issue can be solved usingaimbioation of horizontal
feeding and vertical roll layouts, in which the production of uncompacted material is reduced.
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However, due to the influence of gravity on the transport of the particles, the densification may
result asymmetrical. Hence, the inclined design has been developed in order to possess both
advantages of the aforementioned des(desg et al., 2009)

1.2.4.3 Roll surface

There are several roll surface options, including smooth, knurled, serrated, and grooved
surfaces, as shown in Figure 1.6. The different degrees of roughness of the roll wall impact the
friction between the powder particles and the roll surfaces. Thisecparticularly useful when

the loose powder has to be compadtzhppanc£sordas, 2018)

Figure 1.6.Different roll surface types (Fitzpatrick®).

1.2.4.4 Sealing system

An important issue to be prevented is the sideway migration of the powder outside the
compaction area. For this reas®¢, present either a siekealing system or a rimoll sealing
system, as shown in Figure 1.7.

Fixed side seal
Fixed side seal

(a) (b)
Figure 1.7.Roller Compactor possible sealing systems: (a)-selging; (b) rimroll sealing
(Mazor et. Al., 2015).
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The sidesealing system consists of two plates that form a physical barrier beside the gap width.
To avoid metaimetal contact and wear, the side plate is often composed of a PTFE platelet
(Salman et al., 2006)The rimroll sealing system is characterized by one single roll having
edges on both sides, while the other roll fits and moves inside the cavity created by these rims.
The sealing mechanism utilized has an effect on the manufactured ribbon; for example, the rim
roll sealing system produces a more homogeneous density distribution than theaiiutp
system. This is due to uniform pressure distribution along the ribiih and a reduction in
uncompacted material.

1.3 Compactor simulator

The interest in simulating roll compaction processes is particularly high, especially during the
early phase of new formulation development. This is primarily due to the limited availability
and high cost associated with new APIs. The roll compaction ggateelf is both time
consuming and material intensive. However, with the aid of an accurate physical simulation,
quickly identifying the appropriate process parameters in order to achieve the optimal ribbon
quality attributes becomes possible. Consedyergimulations have the potential to
significantly expedite the development process and result in substantial cost reductions.
Reproducing the behavior of the powder undergoing compaction by the rolls is challenging due
to the complex events that take place. A technique for mimicking the roll compaction process
has been developed by Zinchuk et al. (2004) utilizargboratory uraxial press where the
punches move with a sinusoidal profile. By utilizing this sine function, the top and bottom
punches are capable of emulating the rotational movement of a given point on the roll surface.
The mathematical formulation of the simulation is:

0 YOEBTOh (1.3)
whereD is the punches displacemeRtis the roll radiug, is the roll rotation frequency ard
is time(Zinchuk et al., 2004)The schematic representation of the simulation transfer is shown
in Figure 1.9.
Initially, the powder mixture is inserted in the die chamber of the compactor simélator.
0, the punches start to travel towards each other, compréissipgwder at the same strain as
in the real roll compaction process. The apex of the sinugmidflle corresponds to the point
at which punches and points on the roll surface achieventi@imum spacing and can be used
to target the thickness of the simulated ribbons. When the punches have reached their minimum
separation, they retract to decomgs the ribbon before it is ejected to the die surface by the
bottom punch.
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The compacted product of the compactor simulator is called ribblet, and its appearance,
compared with the ribbon one, is shown in Figure 1.10. The shape of the ribblets is determined
by the tooling size and geometry, which can be round or rectangular.

Roller Compactor Compaction Simulator
Upper punch .
Feed 1 Nip region - [ ]
Screw b, i T
Die l
Pressure  _______ PO .o E (N e
= ]
Ribbon T i
Thickness |
Lower punch
D =R sin (mt)

Figure 1.9.Transfer between roller compactor and compaction simuldahe compaction
simulatorrep esent ati on, three different ti me
reported(Zinchuk et al., 2004)

instants

To quantitatively evaluate the simulation, two key indicators of the ribblets and ribbons quality
have been used and compared by Zinchuk et al., (2004%Fthead the tensile strength. The
powder material in the analysis was microcrystalline cellulose. The results showed that ribbons
and ribblets with similaBFs exhibit good agreement in tensile strength comparison, indicating
that the method is valid for evaluating roll compactehaviour

@) (b)

Figure 1.10 Compacted products of: (a) Roller compactor: ribbons, (b) Compactor
simulator: ribblets (Keizer, 2021)

This method, therefore, has the great advantage of allowing rapid characterization of the
pharmaceutical powders with minimum consumption of material, i.e., in the order of hundreds
of milligrams. However, this methodology uses a batch process, i.e.,irda gdunches
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compaction, to model a continuous process, i.e., roll compaction. As a result, the simulation is
not unable to account for some roll compaction variables associated with continuous operation,
such as the feeding system's inhomogeneous powder transpaheardforces on the roll
surface(Zinchuk et al., 2004)






Chapter 2

Roll compaction modelling

The Johanson model, which is used in this Thesis to characterise the behaviour of
pharmaceutical powders during the roll compaction process, is introduced in this chapter. The
physical and mathematical theory of the model and its capability to predict tearpregerted

by the rolls are explained. After that, the theory of the mass correction factor is introduced,
which is designed to account for differences between estimated roll pressures and measured
simulator ones. This constitutes the base of the prdposethodology for accelerating
development operations.

2.1 Johanson (1965) model

Over the years, numerous theoretical models have been developed to explore the mechanics of
roll compaction and predict the quality of the resulting compacts. In 1965, Johanson introduced
a rolling theory for granular solids. It was the first mathematiadel for predicting the extent

of the compression region and the pressure distribution after the powder are gripped by the
rolls. Following this, Katashinkii (1986) utilized the slab method to analyse the nip region,
enabling the prediction of pressurastdibution and roll separating force, based on an analysis

of metal rolling operationdReynolds et al., 2010Both the Johanson model and the slab model

are onedimensional models. In pursuit of more comprehensive insights, researchers have
proposed twoand threaedimensional models for roll compaction, focusing on finite element
methods (FEM) and discrete elemeénethods (DEM). These numerical approaches offer the
advantage of providing detailed and realistic representations of the roll compaction process by
considering various material properties, geometries, and pagadiele interactions.
However, both FEl and DEM come with inherent limitations, including computational
complexity, challenges in calibration, numerical issues, and the requirement for accurate
material properties to implement the simulati¢®alman et al., 2006)

The Johanson model's ongoing popularity in roll compaction modelling can be ascribed to a
number of factors. Firstly, it provides valuable insights into the compaction process,
considering density packing and stress relaxation mechanisms, thereby oftering
comprehensive understanding of the phenomenon. Secondly, the model delivers reasonably
accurate predictions of critical process parameters, further enhancing its appeal for practical
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applications. Furthermore, the Johanson model has demonstrated strong agreement with
experimental data across a wide range of pharmaceutical materials and settings. Because of its
broad use, it has become an extremely useful tool for process controladadpscesearch.
Additionally, its relatively straightforward implementation makes it accessible to researchers
and engineers without extensive computational expertise, setting it apart from more complex
numerical methods like FEM or DEM.
The Johanson model provides predictions of the roll normal stress distribution, roll torque and
force, nip angle, i.e., the angular location along the roll surface at which powder begins to move
at the velocity of the rolls and ribbon density at the rajp.dts predictive capability reduces
costs and time, minimizing experimental trials, thus, enabling one to focus on promising process
conditions. It aids in the design of robust procedures andduglity pharmaceutical products
by improving understandinof roll compaction mechanics. Furthermore, the model predicts
ribbon density and porosity, allowing for better process control and uniformity during
production.
In his paper, Johanson divided the zone between the rolls into two regions, as shown in Figure
1.4:

)] the slip region, where the slip occurs along the roll surface

i) the nip region, where a rgip boundary condition applies.
The transition from slip to nonslip region defines the nip angl@he zone beyond the
minimum roll gap is usually defined as the release region in which the stresses are relieved and
the compacts were extruded from the system.

2.1.1 Pressure distribution in the slip region

To describe the powder behaviour in the slip region, Johanson developed its model on the basis
of the Jenike and Shield (1959) criterifam steadystate particle flow in silo and hoppéihe

roll compacted material is assumed to be isotropic, frictional, cohesive and compressible and
also to obey the effective yield function proposed by Jenike and Shield (BxB8jan et al.,

2006) The latter was used by Johanson to represent the gtiaie and plane stress condition

of the granular solid between the rolls. The effective yield function for plane strain and plane
stress condition of the powder material between the rolls can feseeped in Figure 2.1, where

1 is the effective angle of frictior%o is the angle of wall friction and is the acute angle
between the tangent to the roll surface and the direction of the major principa) s{idassa,

2006) The effective angle of frictign and the angle of wall frictio%. are material properties

that can be experimentally measured by means of a ring shear test.
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A Effective Yield Locus
Shear stress

T
Wall Yield Locus
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Figure 2.1. Jeniké Shield yield criterion for the slip region, with the effective and wall yield
loci.

The circle represents the Mohroés circle, w h
stress in a material as function of that material. Every point on the circle represents a
combination of normal stress and shear streskon some plane. The two planes of most
interest are the planes on which the shear stress is zero, which are known as the major principal
plane and the minor principal plane. The stresses acting on these planes are known as the major
principal stresg and the minor principal stregs. By means of these two stresses the effective

yield equation can be written @dansa, 2006)

OBl —— (2.1)

At the roll surface, the relationship between the tangential and the normal forces is given by the
wall yield locus, as reported in Figure 2.1, where the shear stress and the normal stress at the
surface of the rollers are described by Point A. The arfgleab) friction %o describes this

locus but, for calculation purposes, it is more convenient to use the acute @viglesa, 2006)

v A0ASEE
C %%L[_ 00 (2.2)
Considering now the pressure gradienfQ cwherewis the verticabxis as shown in Figure.

2.2. Assuming slip occurs along the roll fa&,fQ cwould be determined by (2.2) and the
JenikeShield yield criterion. A firsbrder approximation fof2 ,¥Q ds (Johanson, 1965)

Q, Lo — OAIl
Qo O Y
[

where:—is the angular position in radians at the surface of a roll, such-th& corresponds
to the minimum gapQ represent the rolls diameter expressed in meteisthe distance

upstream from the roll gap and the parameter given by:

h (2.3)
AlOAT © Al ®© °
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6o ——S8 (2.4)

g (2.5)

Figure 2.2 Region of nip in the roller compactor, where the element of volume V undergo
compactionMansa, 2006)

2.1.2 Pressure distribution in the nip region

For angles smaller than the nip angle, i.e., thslioregion, Johanson argues that the Jenike
Shield yield behaviour no longer appli®&agy and El Hagrasy, 202@ecause there is no slip
along the roll surface in the nip zone, the powder must be compressed to the final roll gap
dimension. This means that a volume as reported in Figure 2.2, must be compressed to a
volumew between the same alength segments. Continuity requires that the bulk densities

" and” inthe volumeso andw be related by:

The pressurg at any angle— | can be determined as a function, of that corresponds to

the pressureat an angle— | , by adopting the pressudensity relationship. Based on
empirical evidence, Johanson stated that for increasing pressures the log density is a linear
function of log pressure:

. _ R (2.7)
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where0 is the compressibility constant, which is a property of the material where small
values indicate very compressible materials and largealues indicate incompressible
material§yMansa, 2006)The powder compressibility is defined as the reciprocal of the slope
of the linear trend of the pressure profile in a dodddediagram, as shown in Figure 2.3.

7.2

6.8

log p [kg/m?]

Yk

6.6 y‘

6.4
3.5 4 4.5 5

log o [MPa]

Figure 2.3. Linear function used to describe the trend ofidogf density against lag of
pressure of experimental data points (blue dots).

Substituting (2.6) into (2.7) gives a normal streskime relationship:
2oy (2.8)
, W

For smooth roll surface, the volume of powdebetween the arlengths segmenfd is:
w OHoY Op AI-OAT-O (2.9)

wherew is the roll width expressed in meters. Combining (2.8) and (2.9) leads to:

p o ATIOAIO
N o 8 (2.10)

P o AT-OAT-O

As a result, if the nip angle is known, the pressure distribution between the rolls may be

calculated Eq. (2.10) is only applicable for angles | .When slip does not occur along the

roll surface, pressurgis given by (2.9) and the pressure gradiefdahanson, 1965)

Q, 0,cAI-0p g OAL
— . - 8 (2.11)
Qo g p o AI-GRI-O

This pressure gradient is zero for angles 1 &nd for— ¢ 1 J
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2.1.3 Determination of the nip angle

Johanson (1965) proposed that the nip angle can be determined by finding the angle at which
the pressure gradients for the slip aneshp conditions were equal. Hence, the nip angle can
be determined by equating (2.3) and (2.11) and solving-for :

1, = — OAl 0, CAT-© p a OAT
S © 8 (12
O, Y aioAi® - Al®- Qp ¥ AloAio
C p 'O C p ’O

The nonlinear equation (2.12) must be solved numerically. The intersection of the two vertical
pressure gradients, which coincide with the angular position equaigshown in Figure 2.4.

Pressure A
gradient — Pressure gradient
(do/dx) for slip along

roll surface

— — = Pressure gradient
for no slip along
roll surface

——
B B=60° O

Figure 2.4. Vertical pressure gradient versus angular position for both slip and no slip
condition(Mansa, 2006)

The solid line in the Figure 2.4 represents a typical pressure gradient profile given by (2.3) for
the condition of slip along the roll surface. When —, which represents the upper boundary

of the slip region, as shown in Figure 1.4, the pressure gra@idi@ cis zero. On the other

hand, when slip does not occur along the roll surface, the pressure gradient is provided by
(2.11), which is depicted in Figure 2.4 as a dashed line.

Considering how (2.12) is expressed, it results that the nip angle value depends on the
compressibility constanit, on the material flowability propertigs, and%. , and on the roller
compactor machine settingdand"Y However, the impact of the geometry parameters on the
value of| is almost negligible, provided th&#O L p . The effect of material properties on

the value of the nip angle is shown by means of surface plots in Figure 2.5.

It can be seen that has a lower effect, whil& and 0 have a strong impact on the
determination of the value pf. Greate%% and U, wider will be the nip region and so the
angle from which the powder mixture will start to be compacted by the rolls.
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Figure 2.5 Change of the nip angle (U0) as the functi
friction angle, and effective angle of internal frami(So et al., 2021)

2.1.4 Peak pressure and ribbon solid fraction

Once the nip angle has been determined, the pressure distribution between the rolls can be
calculated from (2.10). The resultiS§ of the ribbon obtained from the roll compaction process

is determined by the maximum pressure applied to the powder material during compression. In
practical applications, the peak pressure, denoted as, corresponds to the maximum
pressure exerted on the powder at the minimum roll gap Swherm, and it can be related to

the roller force, represented &s[kN], according to the Johanson model:

i Y i (2.13)
v w'O™ '
where Ois the force factor and it is defined as:
h R g N )
O N Al-&n-8 (2.14)
P o AT-OAT-O

This represents a relationship between process parameters (roll"fgreell separation
distance™Y, geometric parameters (roll diamei®r roll width @) and material properties
(effective angle of internal frictioh , angle of wall friction% and compressibility)
(Reynolds et al., 2010Eq. (2.14) implicitly assumes the contributions of pnessure on the

rolls in the slip region and the release region are negligible. According to (2.14) the peak
pressure increases as the specific roll force increase while it decreases as the roll gap increases.
The trend of the peak pressure as functiotheftwo adjustable machine setting parameters is
shown in Figure 2.6, where data are generated using (2.13) and (2.14):
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Figure 2.6.Contour plot showing the changes of the peak pressure as function of the specific
roll force SRF Y & , and the minimum roll gajY

Bindhumadhavan et al. (2005) used an instrumented roll compactor fitted with a miniature
piezoelectric transducer in order to measure the pressure profile normal to the roll surface. They
found that the pressure distribution is reasonably predicted fron{2ELD), although the
measured pressure increased more strongly than the predicted as the material enters the nip
region. They also found that the peak pressure applied was very accurately predicted
(Bindhumadhavan et al., 2005)

Once the peak pressure is known it can be used to determine the relative density that results
from the applied pressure of the rolls. Eqg. (2.10) is based on a power law relationship between
material density and pressure. Following this, the relative gemis8F of the ribbort  hcan

be estimated from the peak pressure as follows:

rr 0 A (2.15)

where[ is referred to as the pwonsolidation relative density or peensolidation solid

fraction, which is, similarly t® , a compaction parameter depending on the matgriaindo

represent the two model parameters of the Johanson model, whose values have to be calibrated
using experimental data from roller compactor experimdnygically, the preconsolidation

density’ corresponds to the relative density at a reference pressure of (MMdRmey et al.,

2020)

After determining the values 6f anduv, it becomes possible to construct the compression
profile that describes the trend of the ribl&hand the predicted peak pressure, according to
(2.15). An illustrative example of the roller compactor compression profile is depicted in Figure

2.7.
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Figure 2.7. Example of a roller compactor compression profile built according to the
Johanson model.

Incorporating (2.13) and (2.14) into (2.15) expresses the relationship between process output
' hand process parametérs, "Y'O ando , as follows:

& &
~ Y =
™ = 8 (2.16)
s — N -
0o, " " 22— Al-n—
& p g AI-OAI-0 o

Note that the equation in this form requires the units of the bracketed term to be in MPa
(Moroney et al., 2020)

2.1.5 Assumptions and limits of the Johanson model

As described in the previous section, the Johanson model comes with certain limitations due to
its underlying assumptions. Firstly, the material is assumed to be isotropic, frictional, cohesive,
compressible and to obey the effective yield function prapaselenike and Shield (1959).
When deriving (2.6), it is assumed that: i) the plane strain of the element of wdluamaains
perfectly plane, ii) mass continuity theory holds true, or iii) there is no velocity gradient through
the ribbon thickness as the element of material moves to minimum gap between (B edlls

al., 2014) Additional powder properties used in the model include the effective angle of internal
friction and the powderoll friction angle, both of which are assumed constant with relative
density, which is reasonable at the large stresses expect&liiLlau and Wassgren, 2016)
Moreover, the Johanson model assumes negligible elastic recovery of the ribbon formed during
the compaction process, thus simplifying the material behaviour by considering minimal or no
rebound of the particles after compression. This assumption cato laatiscrepancy between

the predictedsF at the minimum roll gap and the measured one due to the increase in ribbon
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volume resulting from elastic recovery. Additionally, the model assumes the roll gap to be fully
filled with powder, neglecting the possibility of air entrapment. In practice, air entrapment can
occur, significantly affecting the overall densification @es and leading to ribbon density and
porosity variations.

2.2 Mass correction factor theory

Despite the fact that the Johanson model is widely and consistently used to characterise roll
compaction, various investigations have demonstrated that it tends to result in disparities
between predicted and actual pressure valRegnolds et al., 2010; Bi et al., 2014; Toson et

al., 2019; So et al., 2021n the attempt to validate the Johanson model, especially regarding
the estimation of peak pressure applied by the rollers, predicted pressure values were compared
with measurements obtained from uniaxial compaction equipment. Such comparisons,
however regularly resulted in disagreements, mainly because of the inaccurate assumption of
onedimensional flow of the powder particles within the nip region. According to Bi et al.
(2014), this assumption is erroneous because the material close to the rcdl swavas quicker

than the material further away from the roll surface in the nip region. The velocity gradient
gradually decreases as the powder particles move from the nip angle toward the minimum gap,
as illustrated in Figure 2.8, where particles velesibetween the rollers are represented by a
contour plot from a FEM simulation.

Vx
+2.050e-01
[ +1.963e-01
+1.875e-01
1 +1788e-01
+1.700e-01
+1.613e-01
+1.525e-01
+1.43B2-01
+1.350e-01
+1.262e-01
+1.175e-01
[ +1.088e-01
+1.000e-01

Slip Region | No-slip Region

Figure 2.8 Streamwise component of the powder velocity generated from an FEM
simulation(Liu and Wassgren, 2016)

The Johanson model assumes that the entire element of powder material moves at the same
speed as the roll. Consequently, Johanson's rolling theory overestimates the amount of material
delivered to the minimum roll gap, leading to an overprediction of the maximum roll pressure.
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In their study, Bi et al. (2014) introduced a mass correction f&eiato the mass conservation
equation in the nip region (2.6). This correction factor was incorporated to address the variation
in mass within each element caused by rdithensional flow:

w"e Qw" 8 (2.17)
The variable that has been corrected using the mass correction factor is represented by the

symbol with the apex. The introduction of the mass correction factor in (2.17) changes not only
the stresslensity connection but also the strestume relationsiu (Bi et al., 2014)

. o © (2.18)
, 2 " "Qw '
Combining now (2.18) with (2.10), the resulting pressure in thglipaegion is:
Qp o ATOAIO
.2, N T o 8 (2.19)
P o AT-OAT-O
Following the same derivation line, the force factor becomes:
hoh "Q g o
Qe ~ Al-ah-h (2.20)
P g A [-OAT-0

where Qis the actual fraction of powder delivered from nip angte angle—= 0, so that the
force factor from (2.21) can be written @s et al., 2014)

hoR Y

Qe Q Al-én-8 (2.21)

> |l

~
P B
Moving "Q outside the integral from (2.20) to (2.21), it implicitly assumes that the mass
correction factor is—independent. This assumption has been shown to be incorrect by Liu et
al. (2016), who performed a roll compaction FEM simulation in which they demonstrate the
dependence of the mass correction factor on posiieithin the roll compactoiNevertheless,
despite the lack of mathematical rigor, the equation proposed by Bi et al. (2014), where the
correction was presented as a multiplier outside theratetpmonstrated acceptable predictive
capabilities without necessitating additional simulation efforts, thus enhancing its practical
applicability (So et al., 2021)
From (2.21) the peak pressure exerted by the rolls attcan be rewritten as:

> Y

" gaod

I-OAT-6

(2.22)

Rearranging (2.22) maximum roll surface pressure after mass corréctiois derived as
follow (Bi et al., 2014)
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Ve Q0 8 (2.23)

The pressures predicted by the Johanson mbdel model and the pressures experimentally
measured by a uniaxial compacfme for the sameSF obtained in the compacted product
can now be related through (2.23). This correction, in fact, accounts for the overprediction of
the exerted roll pressure for the same valued-ofn this Thesis, (2.23) is revised to explicitly
state theCSpressure as:

0 Q0 8 (2.24)

To account for pressure overpredictiéhhas to assumed values lower than 1. In their case
study, Bi et al. (2014) employed the mass correction factor theory, investigating three different
active pharmaceutical powder mixtures on both the roller compactor and the uniaxial
compactor. The mass eection factorQwas used to explain the differences in pressure for the
experimental obtained data. The absolute valué® biking the different pressures of each

roller compactor experimental data ranged between 0.86 and 0.89. This indicated that only 86%
to 89% of the powder material, as claimed by the Johanson model, was delivered at the angle
— Tt Additionally, their research revealed that the mean values of the 1Qalerived for

the three powder mixtures were similar.

This Thesis aims to analyse the pressure differences between experimental results obtained
from theRC and theCS. The bridging element that will allow a relationship between the two
pressures to be created is thass correction factor. Initially, an exploratory analysis will be
made to examine the values '@ required to link the different pressures for each analysed
powder mixture, as done in previous literature work. Based on this analysis, a methodology,
based on the mass correction factor, for predicting roller compactor pressures based purely on
simulatordata will be proposed.



Chapter 3

Materials and methods

In this chapter, a comprehensive presentation of the pharmaceutical powder mixtures used in
this project will be provided, along with their specific compositions and characterizations.
Subsequently, the experimental procedures conducted by the partnemgoomptheRC and

on theCSwill be described in detail. The available datasets will be presented, together with the
methods employed to obtain the data. Finally, the methodologies used to estimate the
parameters, as well as the confidence intervals agedcwith them, will be thoroughly
examined in relation to the models describing powder compaction on boRCtlaed the
simulator.

3.1 Powder mixture

In this Thesis, seven different pharmaceutical powder mixtures were considered. Four of them
were placebo formulations, i.e., they did not contain any APIs. They were designed to resemble
a real drug in appearance, but had no therapeutic effects on theThedyse of placebo
formulations has relevance in clinical studies since it allows for the assessment of the
effectiveness of new drugs. The remaining three powder combinations, on the other hand,
contained APIs amounts. However, while the precise weigtipositions were known, the
specific mixture components themselves were not.

Placebo formulations were made of different excipients, which are inert or inactive powder

materials added to ease the tabletting operation and to improve the quality of the tablet.

However, the term excipient includes multiple kinds of particle componeitits distinct

functions: diluent, binders, lubricants, disintegrants, and glidants. The four placebo

formulations in the analysis contained four different commonly used excipients:

1 Microcrystalline cellulose (MCC): Microcrystalline cellulose is a purified, partially
depolymeriseccellulose that occurs as a whitedourless tasteless, crystalline powder
composed of porous patrticles. MCC is widely used in the pharmaceutical industry as an
ideal binder, due to its excellent compactability under a wide range of compaction pressures,
and its resistance to organic and fmvganc contaminantgYu, 2013) Microcrystalline
cellulose, like the following excipients, is commercially available with different grades
according toits method of manufacture, particle size, moisture content, flow, and other
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physical propertiefRowe et al., 2009MCC Avicel® PH 102 was the specific grade used

in this Thesis, and it is characterized by a nominal mean patrticle size of 100 um. Because
of its deformationbehaviourunder compaction pressure, microcrystalline cellulose is
considered a plastic material.

Anhydrous lactose: Anhydrous lactose is a disaccharide sugar, that occurs as white to off
white crystalline particles or powder. It is widely used in tablet manufacturing for its filler
and binder properties and also because of its low moisture contetbseéaanhydrous
Supertab® AN 21 was the specific grade of this excipient used in this Thesis. It presents a
nomi nal mean part i c(Ravestal.z2009pifferemtly frombMCGE 150
lactose is considered a brittle material because of its fragile deformation.

Mannitol: Mannitol is a naturally occurring sugdcoholthat occurs as a whitedourless
crystalline powder. It is mostiytilisedin the pharmaceutical industry as a diluent for tablet
drugs, where it is particularly advantageous because it is not hygroaodgitereforenay

be used with moistursensitive APIs. In this work, Mannitol Pearlitol® 200SD was used.
Being a spraydried grade of mannitol, it presents a larger surface and better compactability
compared to unprocessed mannitol. Similarljattiose, the mean particle size of mannitol
200 SD i s e q RelezGandarillds, 2016)Simil@riy to anhydrous lactose,
spry-dried mannitol possesses a brittle behaviour.

Magnesium stearate (MgSt): Magnesium stearate is primarily used in tablet manwafacture
alubricant. Its concentration in the formulation is kept usually between 0.25% and 5.0%
(Rowe et al., 2009)

:

(d)
Figure 3.1.SEMimagineshe four excipients: (ahicrocrystallinecellulose, Avicel PH 102;
(b) mannitol, Pearlitol 200 DS; (c) Lactose anhydrous SuperTab 21AN; (d) Magnesium
Stearate (Rowe et al., 2009; https://www.roquette.com/innovatiab/pharma/produet
profile-pages/pearlitoi200sdmannitol ).
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The scanning electron microscope (SEM) imagines of all the aforementioned excipients are
shown in Figure 3.1.

All the seven pharmaceutical blends that were used in this Thesis are reported, with their
composition, in Table 3. 1. The term Aafor mul
mi xture, whil e teterstoppvederendscantaipirg ARIs] O

Table 3.1.List of materials and their compositions.

Material Composition (w/w%)
70% Lactose
Formulation 1 29% MCC
1% MgSt
50% Lactose
Formulation 2 49% MCC
1% MgSt
30% Lactose
Formulation 3 69% MCC
1% MgSt
50% Mannitol
Formulation 4 49% MCC
1% MgSt
25.4% AP}
74.6% Excipients
25% APb
75% Excipients
87.5% AP}
12.5% Excipients

Compound A

Compound B

Compound C

The excipients in the first three formulations were the same; however, their weight percentages
differed. Formulation 4, on thether hand, was the only placebo formulation that contained
Mannitol. Compound C stood out among the active mixes when compared to the others, mainly
because of the amount of API it contained. To distinguish the different APIs contained in the
three Compond powder blends, a numerical subscript is used in TableAPL, APL, APL).

The composition and pharmaceutical grade of excipients in the active compounds may differ
from those contained in the four placebo formulations.

3.1.1 Powder characterization

For the specific scopes of this Thesis, the powder blends were characterized for material
properties like true density, the effective angle of internal friction, and the wall friction angle.
This information was strictly required in order to solve the dsba model, as in (2.16), and to
calculatethe SF, eq. (1.1), of the compacted products.
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1 True density: Prior to compaction the true density of the powder blends was obtained using
a helium pycnometer (AccuP®dl 1340, Micromeritics, Norcross, GA, USA).

1 Wall friction angle: The wall friction angle was measured using a ring shear tester, where
the type of steel and the surface of the disc were the satimesasf the roll surface of the
RC.

1 Effective angle of internal friction: Effective angle of internal friction of the powder blends
was also measured using the ring shear tester.

Table 3.2 reports all the results of the material characterization analysis.

Table 3.2 Results of powder blends characterisation.

. True density Wall friction angle, Effective angle of
Material . . .
[g/cm?] - [°] internal friction, #_[°]
Formulation 1 1.553 12.5 38.0
Formulation 2 1.562 9.0 37.5
Formulation 3 1571 11.0 44.0
Formulation 4 1.547 16.0 51.0
Compound A 1.470 39.0 44.0
Compound B 1.529 23.2 46.8
Compound C 1.390 39.8 44.6

3.2 Roller compactor

3.2.1 Gerteis Mini-Pactor®

In the presenThesis, the experimental results regarding the roll compaction were performed
using the Gerties MiAPactor® (Gerteis Machinen + Processengineering AG, Jona,
Switzerland). Due to its dimension and the powder quantity that it can workPdator is a

RC used for mainly for laboratory development and pilot projects. The theoretical maximum
throughput declared by the company is 100 kg/h, however, the maximum throughput that can
be achieved during operation is typically in the range ©78&kg/h(Bano et al., 2022)ull-

scale productioRC can reach throughput capacity up to 400 kg/h. The equipment is shown in
Figure 3.2.

The Gerteis MiniPactor® was equipped with a horizontally positioned feeding screw and an
inclined tamping screw. The rimoll sealing system, as illustrated in Section §81.2.4.4, has been
adopted for the experimental campaigns. As for the specific chbio#l surface, the knurled

type was selected. These specific layouts are shown in Figure 3.3.

The rolls presented a diameter equal to 250 mm and a width of 25 mm; and they were set up
with the inclined layout, specifically with an angle of 30° corresponding to the horizontal plane.
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Figure 3.2. (https://www.pharmaceuticahetworking.com/gerteisnini-pactor/ ) Gerteis
Mini-Pactor®.

The three machine settings that can be adjusted are the roll gap, which has a range of 1 to 6
mm, the specific roll force, which has a range of 1 to 20 kN/cm, and the roller speed, which has
a range of 1 to 30 rpm.

(a) (b)

Figure 3.3.Roller compactor specific design: (a) rim roll sealing system;(b) knurdel rolls
(Szappano£sordas, 2018)

Multiple runs were carried out at various combinationsmachine settings in order to
investigate the behavioof the compacted powder at various pressures exerted. The roll speed
was kept constant at 2 rpm, while the specific roll force and the roll gap were adjusted
depending on the run. Typically, for conducting an experimental campaign involving four
differentconditions, i.e., four runs, at least of 2.5 kg of material is required. The summary of
all roller compactor experimental campaigns is reported in Table 3.3.


https://www.pharmaceutical-networking.com/gerteis-mini-pactor/
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Table 3.3 Roll compaction experiments conducted for each material.

Specific roll force
[kN/cm]

3.0
6.0
Formulation 1 RC-F1 9.0
12.0
4.2
3.0
6.0
9.0
12.0
4.2
8.5
3.0
6.0
4.0
6.0
8.0
Compound A RC-CA 5.0
7.5
10.0
14.0
3.5
5.5
10.0
6.5
1.0
15
2.0
2.5
3.0
3.5
3.8
4.0
4.5
4.5

Material Dataset ID Roll gap [mm] Run repetition

N
[EnY

Formulation 2 RC-F2
Formulation 3 RC-F3
Formulation 4 RC-F4

NP P RPRRPRPREPRRPRRLRPRPR

[EEN
[EEN

Compound B RC-CB

Compound C RC-CC

W NDNDNDNDNDNDNNDNONNDNWWWWNNNPEPEPEPENNNDDNEDNMNDNDDN

P AN WOWNWODNWDNERIRPEPNERERINMNNDNDDNO©

Formulations 2,3 and 4 were tested with the same total number of runs and with the same
machine setting combinations. Formulation 1, on the other hand, had a slightly different testing
process, as it was evaluated using only the first five machine settimiginations of the other
formulations. Moreover, Compounds A, B and C were investigated using completely different
experimental protocols, in terms of machine parameter pairings that were adjusted during their
experimental campaign. A total of 27 runs seione for Compound A, adjusting 8 distinct
combinations of machine settings, with at least two runs performed for each. As a result, six
ribbon samples were available for each combination of machine seRegm.dingCompound

B, four combinations omachineparametersvere used, but, in only one of them, multiple
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repetitions werg@erformed. Finally, 23 runs were carried out for compound C, with up to 10
distinct combinations of machine parameters being adjusted. It should be noted that these
combinations showed specific roller force values that were close to one another. Tioa addi

of multiple repetitions within a single run also provides the opportunity to investigate and
analyse the process variability.

3.2.2 Ribbon solid fraction

Three samples were obtained from the compacted ribbon forwaichdetermine the envelope
density and hendde SF of the ribbon Rectangular samples with dimensions of 25 by 10 mm
were extracted from the ribbon for the envelope density measurement. The three independent
samples were taken at different segments of the ribbon to account fmtéiméial variability

of SF over the width and length of the ribbon. The envelope density of each sample was
measured using a powder pycnometer (Ge@Py865, Micdomeritics, Norcross, GA, USA) to
calculatethe SF of the ribbon,as indicated in (1.1). Because the sample were extracted from
the ribbon after compaction, this measurement is referred to asfdig." This term is used

to distinguish betweeBF samples obtained at the precise moment of maximum compaction
and those obtained after compaction. Because of the influence of elastic recoveryfidieut
samples, distinguishing between the two measurements is citihahpressure is released,

the compacte material expands, resulting in an increase in volume and, as a result, a decrease
in bulk density an@&F. To ensure reliable comparisons, it is important to consistently specify
whether measurements are performediaor outof-die.

By having three samples available for each run, it becomes possible to calculate the
corresponding standard deviation, which enables the analysis efuntrariability. The RC
dataset for Compound C only contains the average values correspondingrnimneach

All the measured values of the ribb&f# for each RC dataset are reported in the Tables in
Section 8A.1 of the Appendix.

3.3 Compactor simulator

During this project, the compaction behaviour of powder mixtures was studied by running more
than a single experimental campaign for each of them o@$hAs will be elucidated in this
section, the experimental campaigns also differed in the diameters of the punches used for the
simulator. Furthermore, Compound C was investigated using a dishethich employed a
different modality for moving the punches compared to the method utilized for other powder
mixtures. For this reason, the results concerrnimg specific powder blend will be treated
separately from those tested on the same piece of equipment. The two d@fesrtshown

in Figure 3.4.
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(a) (b)

Figure 3.4.(https://www.medelpharm.com/instruments/instruments

products.html#styl _one_evolutiomttps://www.merlirpc.com/) Compactor simulators
used during the experimental part: (a) Styl'One®;(b) Pha®nix

3.3.1 Phoenix®

The initial CS datasets came from an experimental campaign carried out by-patiyrd
company (Merlin Powder Characterisation, Brierley Hill, UK). The reason behind this was an
initial mechanical issue with the G8Ksimulator, which required the use of equipment from a
third-party company. The equipment used was the Ph@effithoenix Calibration & Services

Ltd, Bobbington, UK)compactor simulator equippedith round punches with tooling
diameters equal to 18 mm. In each test, an automated processhil@8 die with a specific
amountof the powder mixture. The pressure was applied through a sinusoidal psofigwo
countermoving punches, as illustrated in Section §1.3. In this experimental campaign, only
Formulations 2,3 and 4 were testdthe summary of the 18mmhoeni® CS experimental
campaign is reported in Table 3.4.

Table 3.4 Summary table of the CS experimental campaign performed on the
Phoenix® with 18mm tooling diameters.

Material Dataset ID Pressure range  Solid fraction range No.. of
[MPa] [-] experiments
Formulation 2 CS18F2 19122 0.580.83 10
Formulation 3 CS18F3 19-145 0.540.85 25
Formulation 4 CS18F4 18117 0.560.79 25

Formulation 2 was tested at only two treatment levels, where five repetitions were performed
for each. Formulations 3 and 4, instead, were investigated at three treatment levels, where ten
repetitions were performed at the edge levels and 5 at the dewélal


https://www.medelpharm.com/instruments/instruments-products.html#styl_one_evolution
https://www.medelpharm.com/instruments/instruments-products.html#styl_one_evolution
https://www.merlin-pc.com/
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A second experimental using tRéoeni® CSwas performednternally in GSK®. Through

this experimental campaign, all powder mixtures, except Compound C, were tested using round
punches with a diameter of 10 mm. Because of the smaller diameter diameters, this
configuration has an additional advantage in that it requires feweriamatduring the
experimental phase. Approximately 250 mg of powder mixture is required for a single test using
this setup. Thesummary of the 10mm Styl'One®S experimental campgn is reported in

Table 3.5.

Table 3.5 Summary table of the CS experimental campaign performed on the
Phoenix® with 10mm tooling diameter.

Material Dataset ID Pres[i/tljgz ]range Solid fra([::[;on range expl\;cr)i. rr?:, .
Formulation 1 CS10F1 18192 0.61-:0.85 40
Formulation 2 CS10F2 22-220 0.580.90 35
Formulation 3 CS10F3 22-195 0.560.87 35
Formulation 4 CS10F4 23193 0.560.85 35
Compound A CS16CA 18-163 0.57-0.82 30
Compound B CS10CB 28-249 0.620.87 40

For each powder blend, the total number of experiments were performed among various
treatment levels. Within each treatment level, five experiments were carried out. The number
of experiments and pressure ranges evaluated for all formulations is subhgtimgarthan in

the 18 mm CSlatasets, enablintpe best description of tHeehaviourof the powder being
compressed. Given that an experimental campaign on CS normally includes 35 tests, each of
which consumes roughly 250 mg of material, the total nsteonsumption on a simulator

with a punch diameter of 10 mm is approximately 9 grams. In comparison, as pointed out in the
previous section, an experimental campaign on RC requires a minimum of 8 runs, with an
average of 2.5 kg of material utilized pérruns. Consequently, a complete experimental
campaign on th&C necessitates at least about 5 kg of material. This implies that the material
used for a full experimental campaign on the RC is approximately 550 times greater than what
is needed to complet: experimental campaign on the CS.

Compound A and B were again tested using the Phoe@&But with a further size of tooling
diameter, i.e., 21.85 mm. With this setup, more material, compared to the 10 mm punches
diameter layout, is required for a single test; in fact, 700 mg of powder is required. These
datasets are summarized in Table 3.6.

The pressure range explored in the 21.85mm simulator datasets is substantially narrower than
the pressure range investigated in the 10 and 18 mm datasets, resulting in much smaller intervals
of the producedSF. Consequently, these datasets, as they are, do not provide an adequate
understanding of the compressibility behaviour of a specific powder.
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Table 3.6 Summary table of the CS experimental campaign performed on the
Phoenix® with 21.85mm tooling diameter.

Material Dataset ID Pressure range  Solid fraction range No.. of
[MPa] [-] experiments
Compound A CS21CA 25-67 0.630.75 34
Compound B CS21CB 34-67 0.640.70 38

3.3.2 Styl'One®

Lastly, Compound C was investigated using a Styl'One® (Medelpharm, France) compactor
simulator, equipped with 11.29 mm tooling diameters. In contrast to previous campaigns on the
Phoenix® CS, where pressure was applied with a sinusoidal profile utilising two ceunter
moving punches, in this instance a single axial arrangement was used. This indicated that one

punch was moving and compacting the powder mixtures while the other remainedistiih D
its experimental campaign with a distinct piece of equipnsemt a different modality,

Compound C was treated separately from all the other results obtained from the Phoenix®

simulator The Summary of the 11.29 mm Styl'On€Bexperimental campaign is reported in

Table 3.7.
Table 3.7. Summary table of the CS experimental campaign performed on the
Styl'One® with 11.29mm tooling diameters.
Material Dataset ID Pressure range  Solid fraction range No.. of
[MPa] [-] experiments
Compound C CSitcC 28-176 0.730.94 105

As can be seen, for Compound C, a large numbekpériments were conducted, and nearly

all of these were distributed throughout 7 distinct treatment levels.

CS11-CCH O—O0-0-00-0-00-@0-0—00-0 !
CS18-F2 @ @0
CS18F3 @—00 omaED ‘ @ experimental data‘
CS18-F4 o—a0————qO0

CS10F1I D@ 0T D—O0aD—D

CS10-F2 - oO—© 1 9)] o0 @-0—O-O——ao
CS10-F3 - oO—00—O ao (80 0.¢0))
CS10-F4 - o0—0-O—O@ (O 00 0.0 0)]
CS10-CA O—C@o-er-t-o-an——-y@ad—0
CS10-CB - O—adaek—o—anmp—e-o-0—0—0—8—00
CS21-CA - amo——OoTD
CS21-CB - aAX»-0-0
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Pressure [MPa]
Figure 3.5.Graphical representation of the pressure range and experiment distribution of
the various compactor simulator datasets.
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Figure 3.5 shows a graphical representation of alCtBexperimental campaigns to help with
visualization and highlight the differences in pressure range between the various experimented
blends.The pressure range explored by the experimental campaign varies between the different
powder mixturegand betweetreatment levels.

3.3.3 Ribblet solid fraction

Once the powder blends were compacted byCiBethe samples were ejected from the die by

the lower punch. The envelope density of the produced ribblets was measured using the
GeoPy® 1365 powder pycnometer. Similarly to the density measurement iR@hehis
measurement was also conducted-afutie. Consequently, the impact of elastic recovery,
which was consistent across both equipment, can be disregarded. All the measured values of
the ribbletsSFfor each CS dataset are reported in the Tables in0Be®A.2 of the Appendix.

3.4 Johanson model parameters estimation

The estimation of the pressure exerted by the rolls required the values of the two Johanson
model parametef, and0 , as reported in (2.13) and (2.14). and0 are material
dependent parameters, so they are different for each powder mixture. The introduction of
subscripts associated with the and 0 allows for distinction based on the equipment from
which these parameters have been estimated. Estimation of these parameters required utilizing
experimental data on th8F of the ribbon. By employing these results, along with the
corresponding machine settings used to obtain them, the model parameters were adjusted to
better align with the experimental outcoma&schallenging aspect of estimating the Johanson
model parameters was that it did not involve simply fitting a curve or model to given
expeimental points in theSFpressure coordinatedn fact, being involved also in the
computation of the nip angle and of the peak pressure-tberdinates of the experimental
points on th&SFpressure diagram changedias changed. A customized parameter estimation
algorithm was necessary to estimate the Johanson model parameters. The iterative
computational procedure depicted in Figure 3.6 was employed for this purpose.
The input data that the computational procedure required were the following:

1 Equipment geometry information: roll diamet&rand rolls widthw.

1 Flowability properties of the powder mixture: effective anglatdrnal frictiori , and

wall angle of friction%o .
1 RCexperimental data: experimental ribbswiid fractior? , roll gap“Yand roll force
YY.O
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{1 First guess of the Johanson model parameters: andU . The initial parameter
values fof andv  were chosen based on their physical interpretation and literature
results. Specifically, the guess values were get at=0.3 and) =5.0.

Flowability properties Equipment geometry RC experimental data
8, dw D.w ¥e'.S,SRF

»Ye

| Lt

‘ First guess

Yope . Kre | +

Calculate mp angle
a(Kpc)

h 4

Calculate peak pressure
Pax (K RC)

v

Calculate solid fraction

Update Vﬁmc (?U RC' KRC)
Yoge Kre
3 ¢ exp

Yr

Calculate objective
function value

Is A oby.
function <
tolerance?

Optimal solutions
Yore Krc. 95% CI

Figure 3.6.Flow chart of the Johanson model parameter estimation procedure.

No

Once all this information was available, the iterative computational procedure worked as
follows:

i. For each RC experimental run, the values of the nip anglegere determined by
estimating them using the nonlinear equation (2.12). This was necessary because the nip
angle is a function of the set roll gap. At the first iteration, the compressibility values
used is the one on the initial guess. Eq. (2.12) waedalsing thdsolvedMatlal®
function.

il.  Ultilizing the estimated nip angle values obtained at step (i.), the peak pressure values
for each experimental run, hence each machine setting combination were calculated
using (2.13) and (2.14). Also, at this stage, the compressibility constant usedirst th
iteration was the initially guessed one. The integral function of (2.14) was solved using
theint Matlab® function.
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Vvi.

Vii.

At this step, an estimation of the peak pressure was obtained for each run, which was
associated with the experimental ribb®Rs By utilizing the values of the Johanson
model parameters, the calculated ribl&¥swere computed for each exerted pressure
according to equation (2.15).

By utilizing the obtained values of the calculated ribBérand the experimental ones,

the objective function at this iteration was computed. The specific formulation of the
objective function will be presented in Section 83.4.1. Essentially, the objective function
aimed to find the values ¢f and0 that resulted in the best fit between the
calculated and experimental ribb8Fks

The objective function values from the current iteration were compared to those from
the previous iteration to calculate the difference. This difference indicates how close the
objective function was to reach a minimum. Finding the objective function mimim
means identifying the parameter values that resulted in the most precise calculation of
the ribbonSFin relation to the experimental data. This computation only took place
from the second iteration since no comparison was possible in the first iteratio

The objective function difference, between the present iteration and the previous one,
was compared to the tolerance, which value was settolflthe objective function
difference was greater than the tolerance, the valdes oind0  were modified and

the computational procedure restarted from step (i.). The vajue ofandv  of the
subsequent iteratiowere adjusted based on the gradient of the objective function.
Specifically, the new parameter values were chosen to ensure a decrease in the objective
function, as indicated by the computed gradient. This adjustment aimed at minimizing
the objective fundbn, thus improving the overall optimization process.

The values of the Johanson model parameters were estimated and the Hessian matrix at
the final iteration was computed. The Hessian matrix is the semoled gradient matrix

and it contains information about the variability of the objective function \egpect

to the two parameters. In fact, from the Hessian matrix, as will be presented in Section
83.4.2, the confidence intervals of the retrieved parameters were computed.

The whole minimization iterative procedure was performed usinfptimeincMatlab® solver.

The fminuncfunction is a local minimizer, which means that starting from an initial point, it

seeks to finds the minimum of a function using local information derived from the function's

partial derivatives. However, the output of this solver may not necessarigeep the desired

global minimum, as it is sensitive to the starting point, hence to the guess parameter values. To

verify if the obtained results corgend to the optimal set of parameter values, the iterative

computational procedure was also performed using a global minimizer, that was the
GlobalSearchMatlab® function.Results obtained from the local and the global optimizers do
coincide.However, given the global minimizer's substantially longer convergence time, which
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is on the order of minutes, the local optimizer is sufficient for this task, given its faster
convergence time, which is on the order of seconds.

3.4.1 Maximum likelihood objective function

The objective function chosen to perform the estimation of the Johanson model parameters was
the maximum likelihood objective function. Maximum likelihood estimation (MLE) is a
method used to determine the values of model parameters, in such a wayytinaaxheise

the likelihood that the datgenerating process, described by the model, produced the
experiments that were actually obseryRdud, 2000)

The formulation of the maximum likelihood objective function relies on the concept of
likelihood. Consider a set of independent and identically distributed random variables
{6 Fed I8 hd 3, where eachi follows a proability distribution characterized by the parameter
vector —h—8B h—. The likelihood function is defined as the joint probability of
observing the data poingsfix F8 i given the parameters values

Mathematically, the likelihood function can be expressed as the product of the individual
probabilities(Ruud, 2000)

flPHMMBh 0OQxh P 0O0h & 8 (3.1)

Independence between datapoint is assumed, which allow to express of the joint probability as
the product of individual probabilities. For continuous distributions, the likelihood function
corresponds to the probability density function associated to dime gistribution of
independent and identically distributed variablésh 8 hid evaluated at the poiny

{& i 8 R } (Ruud, 2000)

fl P B QaP h (3.2)

where’Q g denotes the probability density function of the sirfyle
The values of the parameters that maxinflz@sx hx I8 hx  are the maximum likelihood
estimates, denoted B which are therefore obtained by the maximizatio(Refud, 2000)

P Adgfbpgﬂhr‘srﬁ 8 (3.3)

where thearg maxfunction returns the points of the domain of the given function, at which the
function values are maximized. The obtained set of the parameters value are the ones that make
the observed data most probable.

Allowing to deal with summation instead that with the product, thelikegjhood
functiorybPx hx 8 Fix , which is the natural logarithm of the likelihood function, is used in

the optimization process. This is possible because, since the logarithm function is a continuous
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and strictly increasing function over the range of likelihood, the values that maximize the
likelihood also maximize its logarithfRuud, 2000)

P Ad%&%P@(FﬁFBF@ 8 (3.4)
If ¢ hd M8 Ky are normally and independent distributed variables, with rhesnd variance

. , henceP AR, , and the realization is denoted withfty 8 hx , the log likelihood
function is expressed Ruud, 2000)

T L

oov o~ €
g s -
I l S Co

8 (3.5)
All the above mathematical background of the MLE can also be used to estimate the parameters
of a model such as:

® Qehn -h (3.6)

where Qis the model functions is the vector containing the independent variebles, i.e., model
input, wis instead the dependent variablejs the vector of the model parameters, atglthe

error. For our specific applicationQehss was represented the Johanson model, where the
independent variables were represented by the material properties, the roller geometry and
the machine settings, while the parameter vegtaas made by  andv

If two continuous variables Y and X are considered, and Y is assumed to have a conditional
distribution given X, the probability density function, denoted(y GRIFP |, the conditional
log-likelihood function is defined as:

JEPIR0 1 1Q «giP 8 (3.7)

If the errors- are assumed to be independently and identically distributed with a normal
distribution with mean equal to 0 and variance equalt to; the conditional distribution of Y given
X is a Gaussian distribution with me&®e ho and variance (Ruud, 2000)

The loglikelihood function hence become:

‘I E“ ” L (b !Q.F]ﬂ 8 (38)

JTBPIpEw c

N o

The errors from which the variange is computed are defined considering the residuals:

~

- o  ® h (3.9)

that must benormally distributed with mean equal to 0. Therefore, thdiladihood function
fits a normal distribution to the residual, assuming the form:
p , , .

It < &) W h (3.10)

JePhah 18 hr

N o
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where¢ is the number of experimental observatiafs, is the experimental value of tHe
observation andw is the corresponding output of the model calculated using the
corresponding model inuts and the model parameters:

) Qem° My 8 (3.11)

The objective of the MLE is to find the values of parameters which maximize thikdbgood
function (3.10), and this is equivalent to minimize the negativdikegihood function:
s e €. . P : :
JbPhah BB h EI (G- o @ @ 8 (3.12)
Eq. (3.12) is the general form of the MLE objective function, for the Johanson model parameters

it can be rewritten as:

. €. - p
JbPh hoh B h -1 g,

c o vy I h 8 (3.13)

Eq. (3.13) is the exact objective function that must be minimised in order to estimate the
Johanson model parameter for each powder blend according on its experimental data. The value
ofr andu are hence find accordingly to:

7 AO@’FT BPh N hMBhR 8 (3.14)

Thearg minfunction return the points of the domain of the given function, at which the values
are minimized; and it is implemented in the computational procedure iterative presented in
section by means of thminuncMatlab® solver.

3.4.2 Confidence intervals

A crucial component of statistical inference is confidence interval estimation, as it provides a
measure of uncertainty in parameter estimates. In fact, confidence intervals provide a range of
possible values within which the true parameter value cangeztad to lie with a certain level
of confidence.
Once the values of the Johanson model parameter were estimated as the iterative computational
procedure comes to an end, their associated confidence interval must be computed. For this
scope the Hessian matrix was used. This matrix was given as an dut@fhununcMatlab®
solver once the function reaches an end. The Hessian matrix is a square matrix ebsgsmond
partial derivatives of the objective functiot
rQ
P T o 8 (3.15)

Applied to our parameter estimation and objective function it results:
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grro 1o v
The Hessian matrix provides important information about the behaviour of a function at a given
point, and the Hessian matrix computed at the last iteration, that corresponded to the found
minimum, was used to compute the standard errors. The inverss widtrix, in fact, provides
an estimate of the variancevariance matrix, which contains the variance of the estimated
parameters on the diagonal and their covariancediagfonal (Greene, 2012)Taking the

square root of the variances, the standard &fmf the parameters estimates was obtained:

YO AEAC . (3.17)

Once the standard errors were obtained, confidence intervals candtricted using a chosen
significance level, . For all this Thesis, the significance level of 95% was chosen, being this
value commonly chosen as a default value in most statistical analyses. Once the significance
level is selected, the critical value; , was derived considering also the assumption of the
specific distribution of the parameters. Not having large sample sizes from the RC experimental
datasets, &student distribution whit-2 degree of freedom was adopted, whreisethe number

of observations and 2 represent the number of estimated parameters:

The 95% confidence intervals of the Johanson model parameters resulted:

[ o YO rr o YO (3.18)

O 6F YOO O 0 65 YO . (3.19)

3.5 Compactor simulator compression profile parameters

The relationship used to describe the behaviour of the ribBfets function of the exerted
pressure was a power law function (2.15), like the approach suggested by Johanson (1964) to
describe the compacted ribbons in the roller compactor. In this equation, two material
dependent parametefs, h) , are present. To determine their values, calibration was
necessary for each powder mixture based on experimental data obtained f@#n the

The CS compression profile parameters were estimated using a method similar to that used for
the Johanson model parameter. However, because the applied pressure was readily available,
the calculating technique is simplified in this instance. As a resafgnpeter estimation
required a simple fitting operation onS&pressure diagram. Figure 3.7 depicts the iterative
computational technique used to estimateGBeompression profile parameters.
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CS experimental data
| o

1 g

First guess
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Calculate solid fraction ‘
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— Calculate objective 14
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Optimal solutions
Yocs Kes» 95% CI

Figure 3.7.Flow chart of the computational procedure for the estimation of the compactor
simulator compression profile parameters.

To start the iterative computational procedure, the experimental data &Ftlaad the
corresponding applied pressure from the simulator were used as input. The procedure required
an initial estimate of and 0 to perform the first iteration. The objective function
employed for the convergence of the iterative process was the same of the one used for
estimating the Johanson model parameter, utilizing a MLE apprddeh.minimization
function used is again tHfeinuncMatlal® solver, where the tolerance was set equal t& 10
Once the optimal valuef andu were estimated, their 95% confidence intervals were
computed as described in Secti®d.4.2 hence using the Hessian matrix that timenunc
Matlab® solver gave as output.

3.6 Proposed transfer methodology using mass correction factor

This section represents the core of this Thesis, in which the proposed transfer methodology is
explained in detail. The term "transfer" refers to the process of establishing a relation between
the two distinct compression profiles, allowing for the coneersf one into the other. The
proposed method is based on the mass correction factor methodology, which effectively
explains the differences between the pressure exerted by the compactor simulator and the one
estimated for the roller compactor, as preserm Section §2.2.

The identified methodology consists of two major stages. Initially, during the development
stage, the methodology was formulated and refined using historical datasets coming from RC
and CS experimental campaigns, as depicted in Figure 3.8.



Materials and methods 49

START EXPERIMENTAL CAMPAING MODELLING END
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P
;S Y. Pcs
CS compression profile
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(Section 3.5)
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Equipment geometry (Section 3.4)
D .W

Figure 3.8. Block flow diagram of the development procedure of the proposed transfer
methodology.

In this stage, which also includes a preliminary compression profile analysis, an understanding
was achieved regarding how the pressure differences between the RC and CS compression
profiles can be explained by the mass correction factor theory. Therptiesed approach is

built using the available experimental data, ensuring the development of a model that faithfully
and comprehensively explains the observed phenomena. The development phase is composed
by the calibration process and subsequent vatidatif the calibrated methodology. The
execution of these two steps is explained in the following sections.

START EXPERIMENTAL CAMPAING MODELLING END
New ’[ } ¥.Pcs
Pharmaceutical == Compactor simulator |—----- > Power law fitting
powders \ -
t Voo Koy !
Machine settings Ocs? CSs
Pes 4

______________________ | Mass correction factor

Machine settings
SRFcale geale
Roller

compactor

Figure 3.9.Block flow diagram of the usage procedure of the transfer methodology for new
pharmaceutical powder mixtures during development operations.

Angles of fricion Johanson -1
5, b [ -

Model

Equipment geometry
D W

Once the methodology has been developed, its application during the usage phase for new
pharmaceutical powder mixtures under development, is depicted in Figure 3.9. In this scenario,
conducting an experimental campaign solely on the CS is sufficient. 3 hauike previously
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developed transfer methodology, all the necessary information is obtained to characterize the
material's compaction behaviour on B€ without requiring direct experiments on it. Through

the information obtained, it is then possible to seR@eén the most optimal way to obtain the
desired product.

3.6.1 Development stage

The development phase is visually represented through a block diagram in Figure 3.8. The
available powder mixtures were tested on both the RC and the CS to develop the transfer
methodology. On the CS, differe8F values of the ribblets were obtained at various adjusted
pressures to estimate the two compression profile paranfetergnd0 , for each powder

blend, as described in Section 83.5. Similarly, the same materials were tested on the RC to
obtain variousSF values at various combinations of specific roller force and roll gap. The
Johanson model parameter values, as explained in Section §3.4, were then determined for each
material. With ther and U  parameters available, the pressures exerted for each
combination of machine parameteérs  were estimated, enabling the construction of RC
compression profiles.

The mass correction factor theory, as explained in Section §2.2, can now be applied. This theory
allows linking the different pressures of the two equipment to the S&vwaues. Specifically,

the study was focused on determining the value¥Qafequired to equalize the different
pressures for each ribbd®F obtained during the experimental campaign on the RC. The
objective was to develop a relation that utilizes the mass correction factor to explain the
differences between the two compression profiles for all powder mixtures during calibration.
Subsequentlythe relation could be applied when only the CS compression profile will be
available at the usage stage, thereby enabling the construction of a virtual RC compression
profile. The term "virtal" is employed to denote the Johanson model constructed using the CS
experimental data and the mass correction factor transfer methodology, rather than relying on
the RC experimental resultas a result, a model describing the behaviour of this material on
roll compaction can be established without the need for an experimental campaign on the RC.
The final step of the development phase was to derive an algebraic express@rihfar
established the relationship betwe@n and0 . This expression was obtained through
calibration using available datasets, and the remaining datasets was used for validation
purposes.

3.6.2 Calibration

The starting point of the analysis is the construction of the compression profiles for all the
powder mixtures for both RC and CS. These will be built after the parameters of the models,
describing the behaviour of the powders compacted by different pieegaipment, have been
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estimated, accordingly to Section §3.4 and §3.5. The obtained values ob andd
together with the RC experimental ribb&F measurements , are used to perform the
calibration of the mass correction factor transfer methodoldwy flow diagram of the iterative
procedure used for the calibration is reported in Figure 3.10.

Johanson model parameters
estumation
(Section 3.3)

estimation
(Section 3.4)

‘ CS compression profile parameters ‘

Y
_L| Project y5* on CS
‘ First guess | compression profile
B
A 4
.| Apply the mass correction factor
to all experimental B,
P s
Update ¥ P
pﬁ Calculate objective |‘ ©
function value |

F Y

Optimal solution >

fo=F(Bx)

Figure 3.10.Flow chart of the calibration iterative procedure to determine the optimal
values of the parameters of transferring expres&ibn "Q sihe

The calibration requires the definition of a function expres¥ntn existing literature Qhave
been expressed as a constant funéfibn ¢ ¢ £8iwhich is independent of powder blend
compositions, material properties and machine operating varid@iles al., 2014; So et al.,
2021) The most suitable expression f@will be designed based on the experimental results
of this Thesis. At this stage, the expression will be represented ji3t a8 she , where
represents the vector of numerical parameters to be estimated during calibratedeantks

the input variables, such as machine settings,@raty depend on. To determine the pressure
required for the CS to achieve the same relative densities for each measuredsFhptien
values of  are projected onto the CS compression profile by inverting (2.15):

[ 5

0 f 8 (3.20)

'
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These represent the values of pressure on the simulator that the correctioiQasithgtarting

from 0 , must achieve to obtain a perfect transfdter that, the estimated pressure values
exerted by the roll§ are corrected using the definition® (2.24):
0, Q 0 8 (3.21)

A visual representation of 7 andd f is presented in Figure 3.11.
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Figure 3.11.Graphical representation of the pressure values used to perform the calibration.

The objective is to achieve a transfer that results in the closest possible values of the calculated
0 f to those o) , thereby obtaining the closer overlapping between the corrected RC and
CS compression profiles. An optimisation computational procedure is used to accomplish this,
with the objective function, based on the MLE approach, that must be minimised:

" P

L ¢
JePhal 8 B A

C 0 8 (3.22)

CA
¢

The values ofs obtained from this process represent the optimal expressigh ofQ sihe
for effectively transferring the RC and CS compression profiles of the calibration datasets. The
optimization iterative procedure has been solved usinfitimeincMatlab® solver.

3.6.3 Validation

Once the model has been calibrated and thus the functiérhat been numerically defined,

the methodology can be validated using new datasets that were not part of the calibration
datasets. Similarly to the calibration stage, also for the validation both RC and CS are required.
The aim of the validation is to prevf and how effectively the calibrated methodology performs

the transfer between the CS an RC compression profile for a new powder mixture. The
validation procedures that have been adopted is depicted in Figure 3.12.
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Figure 3.12. Flow chart of validation procedures performed with respect to: (a) solid
fraction; (b) machine settings.

The initial step involves utilizing the dataset acquired during the experimental campaign on the
CS to estimate the values ¢f and 0 . Using the calibrated expression of the mass
correction factor and incorporating the obtained valugs of andv , the virtual Johanson
model parameters, namgly andvu , are derivedOnce the values df andyu are
obtained they can be utilized in two ways for validation purposes:

1. Ribbon solid fraction prediction: The machine setting combinations applied during the
experimental campaign using the available RC dataset are incorporated into the
Johanson model to calculate the predicted ritsfesi . Then theseomputed values
arecomparedwith the corresponding experimental values of obtained using the
same combinations ohachinesettings.

2. Machine settings prediction: The Johanson model is inverted and, using thvalues,
the values of the machine settings to be set to obtain the Sarage determined,
according to the model with the and0 parameters. As multiple combinations of
specific roll forces and roll gaps can lead to same values of the 18shdine roll gaps
have been fixed to the experimentally implemented ones. Additionally, specific roller
fractions are typically set to values with one decimal place. Therefore, the calculated
values are rounded to the first significant figurditdhis practical constraint. Then, a
comparison is made between the specific roll forces used in the experimental setup and
the calculated ones.
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3.6.4 Usage stage

If the developed model consistently demonstrates satisfactory and reliable performance across
various powder mixtures, it can make a significant contribution to accelerating pharmaceutical
tablet development. The application of the proposed transfer noddligydduring its usage

stage is illustrated by the block flow diagram of Figure 3.9.

The investigation of a new pharmaceutical powder mixture will involve conducting an
experimental campaign solely on t8&. The resulting experimental data will thenusedto
compute the values pf and0 . The latter will be used in conjunction with the correlation

of the mass correction factor developed during the development stage to obtain the virtual
Johanson model parameter valuEsese estimated parameters will be incorporated into the
inverted Johanson model to determine the optimal RC machine sé€fiNg® , Y , to be
implemented to obtain the desired ribl#i as desired by the operators.

If the transfer methodology demonstrates its effectiveness and reliability, it has the potential to
completely replace the ne&a conducexperimental campaigns on the roller compactor. This
would lead to significant savings in terms of materials and costs required for these experimental
campaigns, while also accelerating the ovetadiracterisatioand process modelling timeline.
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Results and discussion

4.1 Compression profile preliminary analysis

4.1.1 Roller compactor compression profiles

The Johanson model parameters were estimated for each powder mixture using the iterative
computational procedure described in Section 8§3.4. All the measured 8Bsamples of each

roller compactor dataset were used for the estimation of the parameters.

Once the values df and 0 are obtained, the pressure can be estimated for each
experimental combination of roll gap and specific roll force, thereby linking it to the measured
SFof the experimental ribbon. The estimated values of the Johanson model parameters for all
powder blends in this case study, along with their associated 95% confidence intervals, are
reported in Table 4.1. The values of the confidence intervals were catinfmliowing the
procedure described in Secti§d.4.2.

Table 4.1 Johanson model parameters values and 95% confidence intervals
of all the powder mixtures.

Mater Pre-consolidation relative density,s | [-] Compressibility constant, L :[-]
aterial E

Value 95% ClI Value 95% ClI
Formulation 1 0.345 0.039 6.054 0.992
Formulation 2 0.242 0.022 4.199 0.411
Formulation 3 0.198 0.016 3.475 0.250
Formulation 4 0.233 0.016 4.120 0.299
Compound A 0.267 0.026 4.599 0.523
Compound B 0.414 0.115 8.736 5.067
Compound C 0.410 0.066 6.314 1.904

Among the powder mixtures analyzed, Formulation 3, which is the placebo mixture with the
highest MCC content, appears to be the most compressible, having thedowesiue. In
contrast, Formulation 1, which has a lower MCC content than the other placebo mixtures, shows
the highest values among the placebo formulations. The estimated confidence intervals for
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placebo formulations and compounds A and C are narrow, hence the values of the associated
Johanson parameter values can be considered attainable.
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Conversely, Compound B exhibits significantly wider confidence intervals in relation to the
absolute values of the associated parameters. This indicates that the true value of the Johanson
parameters for this powder blend is expected to lie in a broauge & values, making the
estimated values ¢f andv affected by a stringer uncertainty.

Figure 4.1 illustrates thRC compression profiles for each powder mixture analyzed in this
thesis, built utilizing the results presented in Table e compression profiles of the
analyzed powder mixtures exhibit significant differences. Among them, Formulation 3, which
resulted to be the most compressible material, shows a steep curve describing the relationship
betweerSFand applied pressure. On the other hand, Compound B, which presents the highest
compressibility constant (always considering theficience intervals), displays a flatter curve.

This suggests that, for Compound B, achieving higher rit®fesrequires higher pressures,
resulting in the need for either higher specific roll forces or narrower roll gaps to be adjusted
during roll compaction operations. A distinctive characteristic of compound C is its ability to
achieve high ribboisFeven at low pressures, obtainable by setting low specific roller forces
and high roll gaps. This phenomenon is mathematically represented by the higher value
observed for its prexponential parametgr , as presented in Table 4.1.

Using the thre&SF measurements values associated with each experimental run, theimntra
sample variability values, in terms $f standard deviation , were calculated. Three
samples were collected from distinct sections of the ribbon in order to coB8s$ideadients

along the ribbon. The average valyes were then computed for each powder mixture,
except for Compound C for which the three intua sample missed. The results are shown in
Table 4.2.

Table 4.2 Intra-run sample variability.

Material C] <wb -
Formulation 1 0.018
Formulation 2 0.017
Formulation 3 0.008
Formulation 4 0.012
Compound A 0.011
Compound B 0.023
Compound C N/A

Among the powder mixes, Compound B has the highest averageuntrariability value.
This, coupled with the extremely high iniman variability of the edge treatment levels, as
shown in Figure 4.1.f, contributes to the significant uncertainty in etstigids parameters.
Finally, the goodness of fit of the Johanson model was assessed by estima®hgaibes in
calibration for each powder mixture. In addition, the mean absolute &t&iE)(and mean
relative error MMRE) in calibration, between the calculated and experimental riBlfsnwere
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examined to assess the model capability to represent the roll compaction process. The maximum
relative errormax(RE) is another metric used in this Thesis to evaluate the performance of the
models. This metric represents the highest value between the relative errors of measured and
calculated values of theF. Its relevance is heightened by GSK's setting of a critical threshold

of 10%. Model diagnostic results are reported in Table 4.3

Table 4.3 Johanson model diagnostic in calibration.

Material MAE MRE max(RE) 4
Formulation 1 0.013 1.8% 7.9 % 92.6 %
Formulation 2 0.015 22% 6.6 % 95.4 %
Formulation 3 0.014 21% 4.7 % 97.6 %
Formulation 4 0.011 1.6 % 5.8 % 97.4 %
Compound A 0.016 22 % 6.4 % 83.1%
Compound B 0.021 3.0% 6.9 % 36.8 %
Compound C 0.024 3.1% 10.6 % 70.6 %

The Johanson model demonstrates excellent results of the diagnostic parameter for the four
placebo formulations. However, for the active powder blends, these values decrease due to the
significant intrarun and process variability observed in the datafeis sample runs
conducted at the same machine settings. This conclusion is also visible in Figure 4.1.e, 4.1.f
and 4.1.g, where vertical clusters of experimental data at the same pressure values are present.
Nevertheless, the relative and absolute ewbthe SF still remain within acceptable values.

With the compressibility constant values established, the nip angle values for each powder
mixture can be derived using (2.12). The resulting values, computed across different roll gaps,
are reported in Table 4.4.

Table 4.4 Computed &lues of the nip angles for each material at different
values of the minimum roll gap.

» [

Material
| oo { oo ] oo
Formulation 1 5.72 5.73 5.75
Formulation 2 5.10 5.11 5.13
Formulation 3 7.66 7.68 7.69
Formulation 4 11.61 11.63 11.65
Compound A 25.76 25.84 25.92
Compound B 10.48 10.51 10.54
Compound C 21.99 22.06 22.13

Additionally, the design space of each powder mixture can be explored when both Johanson
model parameters have been retrieved. This allows understanding of h8%\thaes with



Results and discussion 59

modifications across every potential combination of adjustable machine setting combinations.
As a result, identifying the machine parameters required to produce a specified and desired
ribbon relative density in accordance with the model becomes praeti¢adplire 4.2 displays

a visual representation of expected operating spaces for each powder blend using contour plots
and surfaces plot.
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Figure 4.2. Contour plots (left side) and 3D surface plots (right side) reporting predicted
values of the ribbon solid fraction at different combinations of specific roll forces and
minimum roll gap for: (a) Formulation 1, (b) Formulation 2, (c) Formulation 3, (d)
Formulation 4, () Compound A, (f) Compound B, (g) Compound C.
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4.1.2 Compactor simulator compression profile

The values of and0 were estimated for all powder mixtures used in this Thesis by
applying the iterative computational procedure described in Section 83.5. To assess potential
variations caused by different pieces of equipment and diameter sizes, parameter estimation
was cowlucted for each material CS dataset presented in Section 83.3. It is important to keep
in mind that the initial two number digits within the dataset ID correspond to the diameter of
the punches in millimetre3he resulting parameter values and 95% confidentervals are
reported in Table 4.5.

Table 4.5 Compactor simulatorampression profile parameters values and
95%confidence intervals of all the powder mixtures.

Pre-consolidation relative o
Compressibility constart, L _y[-]

Material Dataset ID density, 5 HIH

Value 95% ClI Value 95% ClI

Formulation 1 CS106F1 0.422 0.017 7.449 0.495
Formulation 2 CS18F2 0.358 0.015 5.973 0.325
CS16F2 0.335 0.007 5.250 0.136

Formulation 3 CS18F3 0.326 0.013 5.340 0.262
CS10F3 0.286 0.007 4547 0.118

Formulation 4 CS18F4 0.336 0.014 5.611 0.286
CS106F4 0.325 0.011 5.295 0.229

Compound A CS1GCA 0.363 0.014 6.090 0.322
CS2:CA 0.343 0.017 5.354 0.397

Compound B CS1G6CB 0.389 0.018 6.632 0.445
CS21CB 0.370 0.178 6.239 4,965

Compound C CSi1iCcC 0.486 0.009 7.835 0.263

Overall, the estimation of tHe and0 parameters is more accurate than those oRthe

In fact, theSF data more closely follow the empirical power law trend ofSkavith respect

the applied pressure. Furthermore, when different punch sizes are considered, the estimated
parameter values of the same powder blend show small deviations. These discrepancies may
arise from thalifferences in geometry, where different punches and filling chamber diameter,
leads to distinct ratios between volumes and contact surfaces. Consequently, such differences
could result in different wall effects between the two configurations. Also, such differences
may be determined by different experimental pressure ranges taken into consideration. In fact,
as the applied pressure approaches very high levelSFedues tend to converge towards the
value of 1, resulting in a flattened compression profile, hence an increase in the value of the
compressibility constant. Figure 4.3 shows the compression profiles for each powder mixture
dataset analyzed in this Thedisiilt utilizing the results presented in Table 4.5.
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Also, in the case of th€S compression profiles, the reported curves present significant
differences among the different powder blends. However, it is worth to notice that the empirical
relationship, i.e., the power law function, proposed by Johanson (1964) describes accurately the
behaviour of the pharmaceutical powders that undergo compression. The estimation of
andv from the CS24CB dataset yields a wide 95% confidence intervals, and this is because
of the datapoint clustering due to the narrow pressure range explored during its experimental
campaign.

4.1.3 Compression profiles comparison

The current objective is to investigate the differences between compression profiles derived
from the CS and those obtained from the RC. From a mathematical perspective, this means
comparing the different values of the value§ ofand 0 obtained from distinct pieces of
equipment. To ensure consistency and comparability in this analysdSttetaset utilized in

this comparison analysis were the ones obtained from the experimental campaigns performed
on the Phoeni® with the 10mm tooling diameter. This specific piece of equipment was
employed to investigate all the materials examined in this case study, with the exception of
compound C. This approach enables us to make meaningful comparisons of compaction
profiles, & we are considering datasets generated using the same piece of equipment, similar
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treatment levels, and identical punch sizes. Compound C is notitaéecount at this stage
because its CS dataset was obtained with a different piece of equipment and with different
punches profile. Figure 4.4 shows the differences in the compression profiles observed for each

of the powder mixtures.
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Figure 4.4.Comparison between RC and CS compression profiles for: (a) Formulation 1,
(b) Formulation 2, (¢) Formulation 3, (d) Formulation 4, (e) Compound A, (f) Compound B.

The results show a consistent pattern across all seven powder blends: whatever tHeHibbon
value, the compression profile constructed from the simulator consistently underestimates the
pressure required for the sai8E in theRC. This finding aligns with the existing literature,
which shows similar resuli®keynolds et al., 2010; Toson et al., 20I&)ese differences can

be mathematically explained by differences inthandv values used to characterize the same
powder mixture on the two pieces of equipment. To better visualize the numerical differences
in the parameters, their values, along with the 95% confidence intervals, are graphically

reported, for each powder blend,Rigure 4.5.
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The comparison of andV values indicates that, with the exception of compound B, the
compactor simulator estimates greater values for both parameters tiR@. tGempound B
exhibits a different behaviour in the compactor simulator where' bathd0 values are larger.
However, it is important to highlight that compound B has extremely large confidence intervals,
and most importantly much more uncertain. An interesting result from the comparative analysis
of parameter values in Figure 4.4 is the pattr sequence in which the parameters appear for
each powder blend. Notably, if we consider a trend line that includes the data points for each
piece of equipment, a significant congruence can be observed. Specifically, the sequence of
parametersmtheCSfollows as: 3, 4, 2, A, 1, B; while the sequence of parameters dRGhe

is: 3, 4, 2, A, B, 1. The sole discrepancy is found in compound B; however, as previously
mentioned, it exhibits criticality in the estimated parameter values.

Figures 4.4 and 4.5 show that the experimental results acquired from various pieces of
compaction equipment differ significantly. Consequently, it is impracticdlrextly employ

the estimated values bf andvu to characterize a powder mixtuoa theRC. To support

this claim, the Johanson model was applied to each powder mixture using parameters estimated
by the simulator. The resulting diagnostic outcomes of these implemented models are displayed
in Table 4.6.

It is evident that models calibrated with parameters estimated §&Hata are unsuitable for
characterizingoll compaction operationsf pharmaceutical powders. This holds true for all
powder mixtures under analysis. In summary, this Section highlights that the transfer
methodology that has to be employed ultimately must leads to lower values @ndo
parameters compared to those obtained fronCthe
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Table 4.6 Johanson model diagnostic using values ofand 0 from the
compactor simulatorResults are compared to the one obtained from RC
experimental datin the brackets

Material

MEA

MRE

1

Formulation 1
Formulation 2
Formulation 3
Formulation 4
Compound A
Compound B

0.057(0.013)
0.083(0.015)
0.083(0.014)
0.086(0.011)
0.068(0.016)
0.064(0.021)

7.9 %(1.8 %)
12.6 %(2.2 %)
13.5 %(2.1 %)
13.9 %(1.6 %)
9.7 %(2.2 %)
9.1 %(3.0 %)

25.1 %(92.6 %)
0.8 %(95.4 %)
25.7 %(97.6 %)
0.5 %(97.4 %)
-137 %(83.1 %)
-367 %(36.8 %)

4.1.4 Mass correction factors analysis

Once both compression profiles from the two pieces of equipment are obtained, it becomes
possible to determine the necessary mass correction factor values for transferring experimental
data between them. In this process, all experimental data acquiretth&B@ are utilized. The
pressure applied by the rollebs is available, as it was estimated during the Johanson
parameter estimation. To estimate the pressure, that the simulator should apply to achieve the
sameSF, the data points from tHeC are projected onto the compression profile ofG&eThis
mathematical projection involves inverting (2.24), as follow:

0

RO h (4.1)

U h

where'Q; is the value of the mass correction factor of theobservation necessary to link the
estimated pressure of the roll and the one projected on the simulator compression profile for the
same’Q observation. The compressibility constant used in equation (4.1) is the one derived
from the CS data. This selection is made because, when applying the transfer methodology
using solely the experimental data from the CS, the compressibility constarih&bspecific

dataset becomes the only available one. Figure 4.6 presents the diagrams where the values of
I TQ;, for each powder mixture are plotted on traxis, while thex-axis represents the
pressure exerted by the roils 0

The results shown in Figure 4.6 demonstrate that achieving a perfect transfer between the
compression profiles of tHRC and theCSrequires applying correction values that follow an
increasing trend with respect to pressure. However, this does not hold true for Compound B, as
shown in Figure 4.6.f, where a decreasing trend is observed. Nevertheless, the computation of
"}, depends on the RC compression profile, which, in the case of Compound B, is characterised
by strong uncertainty. As a result, the trends®f are also affected by this uncertainty.
Moreover, although with some differences, it seems that the straight line describing the upward
trend of'Q; is common for all the powder mixtures under analysis.
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Figure 4.6.Mass correction factor values estimated for each RC experimental data for: (a)
Formulation 1; (b) Formulation 2, (¢) Formulation 3, (d) Formulation 4, (e) Compound A,
(f) Compound B.

This finding contradicts the approach suggested by Bi et al. (2014) and So et al. (2021), who
proposed using eonstantvalue for the correction at any machine setting combinations, and
hence at any pressuf#i et al., 2014; So et al., 202T)he observed linear increase in this trend

with applied pressure is physically reasonable. This is because the par@nepeesents the
fraction of mass delivered at the minimum roll gap, which is influenced by particles velocity
gradients. When higher pressure is applied by the rollers, the particles become less loose in the
nip region. Consequently, a larger fraction ofyder is transported from the nip angle to the
minimum roll gap.

4.2 Placebo -based transfer model

4.2.1 Calibration

The initial focus on developing the proposed transfer mechanism was the identification of the
specific CS and RC datasets. It was decided to create an initial model employing as calibration
datasets the ones of the four placebo formulations, i.eFRTS10F1, RCGF2, CS16F2,

RC-F3, CS16F3, RGF4 and CS14-4. or validation purposes, the datasets of the two active
compounds, i.e., RCA, CS16CA, RGCB and CS14CB, were used. This decision was made



68 Chapter4

on purpose, to stress and properly test the transfer methodology limits. As explained in Section
83.1, excipients possess excellent flowability and compressibility properties, while the presence
of APIs in the blends tends to compromise these propertieseibre, if the model, calibrated
based on the results from placebo formulations, manages to achieve satisfactory outcomes even
for active mixtures, it would indicate an additional level of validation. As a result, the proposed
methodology reliability angossible usefulness for future powder mixtures under development
operations, will be strengthened.
The first stage in building the model entails choosing and creating an expression for the mass
correction factofQihe , as discussed in Section §3.6.2. In light of the findings observed in
Section §4.1.4, the selected methodology should formildf2 as a linear function of the
logarithm of the rolls pressure:

IiQr 110 n (4.2)
wheref andl represent the two coefficients to be estimated through calibration using
experimental data. Their values must be determined to align the estimated pressure corrections
for the RC as closely as possible with those for the CS, according to the calibratiedype
discussed in Sectio®3.6.2 Importantly, it should be noted that the sets of experimental data
points from theRC are not uniform across the four datasets. Specifically, during the
experimental campaign for Formulation 1, five runs were executaite Formulations 2, 3,
and 4 each involved eight runs. each. Consequently, during calibration, the contribution of
Formulation 1 to the calculation of the objective function (3.22) was weighted, i.e., multiplied
by a coefficient, to make it comparablethwithe others. This approach guarantees that the
incorporation of compression profiles from all formulations have equivalent significance in the
model calibration process. Table 4.7 presents the calibrated values of the parameters of the mass
correction fator expression, along with their corresponding 95% confidence intervals.

Table 4.7 Parameters values and 95% confidence intervals of the mass
correction factor linear expression for the plalbased model.

n n
Value 95% ClI Value 95% CI
-0.2481 0.068 0.0417 0.017

Furthermore, the correction of the RC pressure values of the experimental data, yielded using
the calibrated values df andf , is visualized in Figure 4.7, where the corrected datapoints
are represented by open dots.
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Figure 4.7. Correction of the pressures of the RC experimental data resulting from the
placeboebased model calibration for: (a) Formulation 1, (b) Formulation 2, (c) Formulation
3, (d) Formulation 4.

The corrected pressure values demonstrate a remarkable similarity to the compression profiles
generated by the compactor simulator. This consistency is noticeable for all four placebo
formulations, highlighting the effectiveness of using a single exprefsioche mass correction

factor. To numerically assess the differences observed during calibration, the mean absolute
and relative errors, between pressures of the corrected RC data and their projection on the CS
profiles, were computed for each formutetti These results are reported in Table 4.8.

Table 4.7 Pressure man absolute and relative errors in the placdiased
model calibration.

Material MAE [MPa] MRE
Formulation 1 11.2 151 %
Formulation 2 8.3 18.0 %
Formulation 3 10.0 18.6 %
Formulation 4 5.9 17.6 %

Formulation 3 has larger pressure errors, which are mostly due to the negative influence of the
data point at the upper treatment level. While the relative errors may appear significant, their
impact on the calculation of tt&F is relatively minor.
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4.2.2 Validation

The validation of the calibrated model is presented, involving the use of Compounds A and B
datasets. The procedure starts with the gathering of and 0 values from the CS
experimental data, as explained in Section 83.6.3. Their values are then employed to establish
the virtual parameters of the Johanson mpdel andv , using the calibrated relationship

for the mass correction factor. Due to the formulation determiné@for'Q she |, this step is
straightforward. Starting from the relation defining the compression profile of the CS, it results:

P 0 8 (4.3)

As discussed in Section 82.2, a relation is established between the pressure of the CS and that
of the RC based on the definition of ttlmass factor. Combining (4.3) to (2.24), ®fecan be
expressed as function of the peak pressure exerted by the rolls:

Q0 8 (4.4)

Thanks to the linear expression formulated to expi@s# is possible to rewrite (4.4) by
integrating in it (4.2):

Pt Q0 0 8 (4.5)
Through a series of rearrangement and some algebra, it is possible to rewrite (4.5) as follows:

rr Qo h (4.6)

where the SF is described as a power law function of the peak pressure. This precisely
represents the compression profile for the RC, where thexp@nential term and the power
factor are the virtual Johanson parameters, and they are as follows:

[ ' Q myno [ h (4.7)

. 0 0 .

v -y 5 TBImX p L 8 (4.8)
Both (4.7) and (4.8) exhibit an important feature: the virtual Johanson model parameters that
they yield are smaller than those acquired from the CS. This particular aspect is very crucial in
achieving the greatest effectiveness of the compression profliesfer. Had the relation
suggested by Bi et al. (2014) (i€, ® ¢ £8i been utilized, and the same derivation process
been followed, from (4.3) to (4.6), the resulting virtual Johanson model parameters would have

been determined as follows:

[ wé e o h (4.9)

O O 8 (4.10)
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In this instance, only the pnsolidation relative density would be modified, while the
compressibility constant of the CS would remain unchanged. However, such an approach would
yield asuboptimal model, especially when dealing with highly compressible powder mixtures.
The performance of the transfer methods can be evaluated throughout the validation after
acquiringf andv as per (4.7) and (4.8). This assessment investigateapacity to

predict both theSF and machine parameters. The predicted results will be compared to the
actual outcomes obtained during the RC experimental campaigns. For a more detailed analysis
of the results obtained, the validations will be presented separately for Compound A and
Compound B.

4.2.2.1 Compound A
Section 84.1.2 reported the values of the 10 mm CS pararhetemndy form Compound

A, which yielded values of 0.280 and 4.815/for and0 , respectively. By utilizing these
computed values along with all input data, as illustrated in Figure 3.12.a, the Johanson model
is solved in its direct form. This procedure allows for the model to compute the cal&fated

I , for each combination of experimentally implemented machine parameters. The
comparison between these calculated valfies, , and their corresponding experimental
counterparts, , is carried out using the parity plot shown in Figure 4.8.a. The plot also
includes error bands representing relative errors of 5% and 10%, enhancing the visualization of
the datapoints distribution.
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Figure 4.8.Validation parity for Compound A to evaluate differences between calculated
and experimental: (a) ribbon solid fractions, (b) specific roll forces.

The datapoints are distributed quite evenly, with positive errors counterbalanced by negative
errors. Particularly, all errors are within the 10% relative error band's critical threshold. Among
the eightyseven datapoints, only five, constituting approxeha5.7% of the experimental
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data, display an error greater than 5%. The highest reported relative error is 7.4%. Furthermore,
it is important to highlight the considerable variability observed in the meaSkedlues.

Even when the same combination of machine parameters is used, resulting in identical
calculatedSFs the measured values show significant variability. Based on these results, it can
be concluded that the virtual Johanson model, which was developed primarily on the CS and
transfer methods, accurately characterisesdahgaction behaviour of compound A on the RC.

This conclusion is supported by the remarkable similarity between the diagnostic results of the
virtual Johanson model and the Johanson model, as shown in Table 4.8.

Table 4.8 Parameter values and diagnostic results of Virtual Johanson and
Johanson model for Compound A.

Parametervalues
r , MAE MRE max (RE) 4
0
Johanson model 0.267 4.599 0.016 22% 6.4 % 83.1%
Virtual Johanson model 0.283 4.857 0.017 2.4 % 7.4 % 80.0 %

Figure 4.9 reports the compression profiles of both the virtual Johanson model dottatingon

model derived from experimental RC data.
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Figure 4.9.RC and virtual RC compression profiles comparison for Compound A.

The overlap of the two curves is almost complete and is due to the similarity between the
parameters estimated by experimental data and the transfer methodology.

The validation method now involves predicting machine parameters, as detailed in Section
83.6.3 and illustrated in Figure 3.12.b. The input data in this scenario comes from the
experimental RC dataset, which inclufles values and the corresponding adjusted minimum
roll gaps that were applied. The specific roll forces required to precisely produce the values of
I are calculated by solving the inverse of the Johanson modelfusingndvu . Figure

4.8.b presents the parity plot displaying the comparison between the specific roll forces
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employed during experiments and those calculated. Once again, the datapoints exhibit an
homogeneous distribution of both positive and negative errors. The mean absolute error
between experimentally implemented and calculated specific roll forces is &0 .kN

To summarise, the findings in this section highlight ¢ineater accuracgf the prediction
outcomes resulting from the proposed transfer methodology applied to Compound A. The
application of this methodology at the usage stages would have successfully simulated this
specific powder mixture without the requirement for an RC eerpental campaign.
Consequently 18 kg of material would have been saved, assuming 2.5 kg of powder blend for
every 4 runs as reported by GSK. This huge amount becomes even mdieasignihen
considering the scarcity and cadtpharmaceutical compounds during their development
stages.

4.2.2.2 Compound B
Section 84.1.2 reported the values of the 10 mm CS paranhete@ndy for Compound B

which yielded values of 0.298 and 5.100 for and0 , respectively. Both validation
procedures are carried out and the results are reported in the parity plots in Figure 4.10.
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Figure 4.10.Validation parity for Compound A to evaluate differences between calculated
and experimental: (a) ribbon solid fractions, (b) specific roll forces.

As can be seen from Figure 4.10.a, one single data point exceeds the 10% threshold error band.
While seven of the total thirty experiments, accounting for 23% of the dataset, have relative
errors greater than 5%. This mismatch can be traced to both toaiiaey of the developed

virtual Johanson model and the significant variability inherent in the experimental campaign of
Compound B, as reported in Table 4.2. Similarly, in the parity plot illustrated in FidLidy

which highlights the errors in speicifroll forces, the model still demonstrates its capability to

offer a reasonable prediction of the required machine parameters to achieve the targeted ribbon
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SF. The average absolute error between experimental and estimated specific roll force
measurements is equal to 0.94 kN/cm.

Table 4.9 summarises the parameters and diagnostic results of both the virtual Johanson models
and those obtained from experimental data, similarly to the approach used for compound A.

Table 4.9 Parameter values and diagnostic results of Virtual Johanson and
Johanson model for Compound B.

Parameter values

r : MAE MRE max (RE) 4
0
Johanson model 0.414 8.736 0.021 3.0% 6.9 % 36.8 %
Virtual Johanson model 0.298 5.100 0.023 3.2% 10.1 % 17.3 %

The discrepancy in parameter values is significant; however, the remaining outcomes of the
modelexhibit no excessive fluctuations. This is due to the high confidence interval values of
Compound B parameter estimation. Figure 4.11 reports the compression profiles of both the
virtual Johanson model and the Johanson model derived from experimentabRC da
1
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Figure 4.11.RC and virtual RC compression profiles comparison for Compound B.

Although the two compression profiles exhibit marked dissimilarities, both capture the
compaction behaviour of Compound B on the RC. It's important to consider that the estimated
pressure values, theaxis, for each test point are influenced by the parameteutilized.
Consequently, if the smaller ,i.e.,0 is employed, the RC datapoints in Figure 4.11 would
shift leftward, aligning more closely with the compression profile of the virtual Johanson
model.

From both Figure 4.10 and 4.11, another issue within the RC dataset of compound B is revealed.
Specifically, two experimental points appear to be outliers. In fact, these datapoints, which are
found at the higher and lower treatment levels, preseBisad approximately 0.71 and 0.72,
respectively. This is significant since the two treatment levels have radically different roller
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specific forces, namely 3.5 and.Q@&N/cm, while keeping the same minimum roll gap. If these
two experiments, which are likely outliers, were excluded, the results of the transfer
methodology would improve. In light of this, a scenario is presented wherein both the Johanson
model and the \lalation of the virtual Johanson model are developed by omitting these two
anomalous datapoints. The results are reported in Table 4.10.

Table 4.10.Parameter values and diagnostic results of Virtual Johanson and
Johanson model for Compound B, in the outlier exclusion scenario.

Parameter values

r : MAE MRE max (RE) 4
0
Johanson model 0.343 6.223 0.019 2.6 % 6.8 % 49.3 %
Virtual Johanson model 0.298 5.100 0.020 2.8% 7.1 % 46.6 %
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Figure 4.12.RC and virtual RC compression profiles comparison for Compound B from
which RC dataset the two presumed outliers have been removed.

Table 4.10 and Figure 4.12 exemplify the impact of these two data points on the transfer
outcomes. Even without excluding the two supposed outliers, the results of the transfer are
decent and comparable with the Johanons model. But, by excluding therbstansal
improvement is experienced in the performance of the proposed transfer methodology.

In conclusion also for Compound B the proposed transfer methodology obtains accurate results
in validation and would have been suitable for its implementation in its usage stage procedures.
Just as observed with Compound A, in this particular scenarialaf@round 6 kg of material

may have been saved from the RC experimental campaign.

4.2.3 Validation using compactor simulator datasets with different

diameters

With regard to each of the datasets analysed thus far, the transfer methodology demonstrated a
remarkable level of accuracy. Aamalysis is now being conducted to determine how this
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methodology would perform when data from different datasets are used. In particular, the
performance of the transfer methodology is investigated when "mixed datasets," i.e., datasets
containing distinct experimental results from several compaction sima(@8) with varying

punch sizes, are used. These "mixed datasets” contain the same number of experiments as their
10 mm datasets counterparts. Within them, 50% of the observations are randomly selected from
the 10 mm CS dataset, while the remaining 508«aawn from either the 18 mm CS datasets
(Formulations 2, 3, and 4) or the 21.8 mm CS dataset (Compounds A and B). This scenario was
selected based on the practical experience gathered during the course of this Thesis project. It
is not uncommon for expienental equipment to experience issues and become unavailable as

a result. Different equipment layouts are frequently used, and having a model that can be
applied to data coming from different instruments setup can provide additional value.

The validation processes presented in this Section are the same as those described in Section
83.6.3 and implemented in Section 84.2.2. The key difference is the use of different CS datasets
as the initial points. As a result, the derived parametersand0  will differ intrinsically,

resulting in differences in the Johanson virtual model paranieter&andy . In this analysis

for Compound B, the entirety of the RC datasentorporated into the validation process,
without removing the two presumed outliers.

The model parameters and results are reported in Table 4.11, while the prediction errors for
both the ribborsF the specific roll force are shown graphically in Figure 4.13 as parity plots.

Table 4.11 Parameter values and diagnostic results of Virtual Johanson and
Johanson model using CS mixed datasets.

Parameter values

Material r , MAE MRE  max(RE) |
0
. Johanson model 0.242 4,199 0.015 22% 6.4 % 95.4 %
Formulation 2 )
Virtual Johanson model 0.283 4.810 0.015 23% 7.0% 94.7 %
. Johanson model 0.198 3.475 0.014 21% 4.7 % 97.6 %
Formulation 3 )
Virtual Johanson model 0.231 3.977 0.018 2.7% 4.8 % 96.0 %
. Johanson model 0.233 4.120 0.011 1.6% 5.8% 97.4 %
Formulation 4 )
Virtual Johanson model 0.264 4.564 0.024 4.0% 9.4 % 89.6 %
Johanson model 0.267 4,599 0.016 22% 6..4 % 83.1 %
Compound A )
Virtual Johanson model 0.291 4,984 0.019 2.7% 8.2% 74.6 %
Johanson model 0.414 8.736 0.024 3.0% 6.9 % 36.8 %
Compound B

Virtual Johanson model 0.288 4.924 0.024 33% 9.8 % 8.7 %
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Figure 4.13.Parity plots of the validation analysis performetilizing CS mixed datasets of:
(a) Formulation 2, (b) Formulation 3, (c) Formulation 4, (d) Compound A, (e) Compound B.

The obtained transfer outcomes are really accurate over the entire variety of powder mixtures.
However, in the case of Formulation 4 and the Compound A, there is a slightly decrease in
performance where an heterogeneity of the error distributions candukinaheir parity plots.

Such results were reasonably anticipated, as discussed in Section 84.1.2, where it was evident
that the parametefs andyv estimated using CS with varying diameters exhibited minimal
disparity. Nonetheless, the results of our investigation clearly demonstrate that the proposed
transfer methodology is still usable, although with some cautien working with data from

other CSdatasets.

This finding highlights a further advantage of the proposed transfer methodology, which
contributes to its intrinsic value in line with its core objective of accelerating tablet production
development stages. In circumstances where CS data might be seoteation of a "mixed"
dataset becomes a viable option, facilitating the augmentation of available data, broadening the
experimental space and reducing the uncertainty associated with evaluated CS parameters.



































































































