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Abstract
Roller compaction (RC) is a dry 2ranulation technique applied to improve the flow and
compressibility of drug formulations. RC implementation for high drug load formulations can be
challenging due to flow issu.< aru a high consumption of active pharmaceutical ingredient (API)
for robust process develoj'mei t. This work addresses these challenges using process modelling for
designand scale-up of an RC process on the same equipment and transfer to different equipment.
A modified application of existing models incorporating a new descriptionof mass transport in the

feed screw is evaluated for guaifenesin formulations with a 90% drug loading. The model is

Abbreviations:API, active pharmaceutical ingredient; GFN, guaifenisen; MCC, microcrystalline cellulose
PH102; MgSt, magnesium stearate; SiO , , silicon dioxide; FT4, FT4 powder rheometer; CBD, conditioned bulk

density; FEM, finite element method; DPC, Drucker-Prager Cap; OSD, oralsolid dosage form; RC, roller compaction;
DC, direct compression; WG, wet granulation; QbD, quality by design; RMSE, root mean squared error; NRMSE,
normalised root mean squared error; FMRC, Vector Freund TF Mini roller compactor; BRC25, Bohles BRC25 roller

compactor.



calibrated using low-throughput data ona Vector Freund TF Mini RC and used to predict ribbon
density and throughput for various process settings at high-throughput. It is found that the
modelling framework can reasonably predict high-throughput behaviour on the same RC but the
predictive performance decreases for transfer between equipment.

Keywords: Roller compaction, Dry granulation, Pharmaceutical process modelling, Johanson
model, High dose API, Ribbon density

Abbreviations:
API, active pharmaceutical ingredient; GFN, guaifenisen; MCc, microcrystalline cellulose

PH102; MgSt, magnesium stearate; SiO , , silicon dioxide; FTa F'4 powder rheometer; CBD,

conditioned bulk density; FEM, finite element method; DPC, Lv1iwker-Prager Cap; OSD, oral solid
dosage form; RC, roller compaction; DC, direct compre.siun; WG, wet granulation; QbD, quality
bydesign; RMSE, root meansquared error; NRMSE, ncim lised root mean squared error; FMRC,

Vector Freund TF Mini roller compactor; BRC25, Pohes BRC25 roller compactor.
1.  Introduction

Roller compaction (RC) is increasingly being used in dry granulation processes during the
manufacture of oral solid dosage forms y O5Ds ) in the pharmaceutical industry [1, 2]. It is usually
deployed to improve poor flow aru ~o..pressibility properties of the formulation, which make
direct compression (DC) infeasile. This is achieved by size enlargement of the particles and an
increase of the formulatio bu:: density [3]. In comparison to wet granulation (WG), dry
granulation (DG) eliminites \he requirement for a solvent or drying step making it particularly
useful for heat or moisture sensitive active pharmaceutical ingredients (APIs) [4, 5]. RC also offers
a shorter processing time and lower capital costs compared to WG for continuous manufacturing
lines. Despite these advantages, developing a robust RC process is often more challenging than
wet granulation [5]. In particular, while RC is used to improve the powder flowability, very poor
flow of the initial formulation makes the process challenging [6]. It is also widely reported in the
literature that granulation by RC can lead to a reduced performance of the formulation in terms of
its compactibility and tabletability [7, 8].

In recent years, there isan increased demand in industry to develop OSDs with higher drug
loads for applications where a high dose is needed. This is partially drivenby patient issues suchas

the difficulty in swallowing large tablets. These tablets are necessary when a high dose is needed



but the percentage drug loading is low due to manufacturing challenges. High drug load OSDs are
also more efficient in terms of limiting excipient use and lowering transport and storage costs. This
presents a significant challenge for roller compaction, as RC formulations generally require higher
amounts of excipient usage than WG. The increasing drug load means the API properties are
expected to dominate the behaviour of the blended formulations [9, 10]. This phenomenon has
been widely studied using percolation models [10, 11, 12]. Thus, for processes sensitive to blend
flowability such as DC and RC there is a lower ceiling of drug load [10]. This challenge is
emphasised in Leane et al. [11], where a comprehensive industry survey shows that for high dose
formulations with a small particle size, over 80% are manufactureu 'sing WG. In the context of
RC, we follow Reynolds et al. [13] by defining a high drug load 1~ be a formulation having a mass
fraction of API greater than 30%.

In order to follow a quality by design (QbD) ap.:1ach, certain critical quality attributes
(CQASs) need to be maintained through process develnp ~ent, testing, scale-up and technology
transfer. For RC, the envelope density of the comp:.ctzC ribbons has been widely selected as one of
the CQAs [14, 15] and has been shown to b~ aw~ctly linked to the mechanical properties of the
material [13]. In order to fully explore the orucess design space, expensive and labour-intensive
experimental trials are often required, cu %ering different throughputs and even transfer between
different equipment [4, 16]. These chell :n 4es are amplified with a very high drug load. Inthe early
stages ofdrugproduct developme.* the API is oftenexpensive to produce and available in limited
quantities. This challenge is acdre>sed by either usinga model compound with similar properties
to the API or trying to g~in \~ximum information on low-throughput experiments [16]. Both
approaches have sig:n.*ca* challenges. In particular, process behaviour arises as a result of
multivariate interactionc oetween raw material properties and process parameters [17]. It is
difficult to ensure that the fundamental properties driving the process variability can be extracted
fromexperiments. Thus, it is not surprising that process design and scale-up is often done using a
trial-and-error approach [18].

In RC, scale-up of material throughput can be achieved by increasing roll width, roll
diameter, roll gap or roll speed. Process modelling approaches in recently published work [13, 19,
16], adapt the roller compaction model of Johanson [20] to develop a systematic approach to RC
process development and scale-up throughput by roll width [13], roll diameter [19] and roll speed

[16]. Each study shows promising results. In particular, the approach in ref. [16] involved model



calibration for low-throughput data and verified the prediction by comparing to experiments at
high-throughput for an ibuprofen formulation of approximately 50% loading by mass. To the
knowledge of the authors, this is the highest reported API loading inthe literature which applies a
variation of the Johanson modelling approach. Most studies consider either excipient mixtures
([21, 6]) or low API loads (< 30%) ([22, 23, 24, 19]).

In this paper, we address a gap in the literature, by applying a process modelling approach
to scale-up an RC formulation with a very high drug load (90%) from low-throughput to
high-throughput on a single roller compactor. We also assess the accuracy of the developed model
to transfer to a different roller compactor with a larger roll diameter. This is the first time a process
modelling approach to scale-up from low to high-throughput ha~ be::n presented in the literature
for such a high drug loading of APIl. We present a new mdifi2d approach based on recently
published work [13, 16] to address this challenge for ar. nu.strially relevant formulation of the
API guaifenesin, which exhibits very poor flow behaviou, at 90% drug load. At this drug loading
it is difficult to alter the poor flow behaviour of th: /P!. A new description of the flow behaviour
of the formulation in the feeding screw is p=~ocu-ed to account for the observed variations with

process parameters.

nip angle
0 angle of internal frictic n
m, mass flow rate fro.n screw
m. mass flow raf: v, 2ni rolls
ff, flow function coefficient
I relative density or solid fraction
Y relative density at the reference pressure
7, ribbon relative density
u angle of inclination of the slip planes to the minor principal plane in the slip region

angle measured anti-clockwise from the x-plane to the major principal plane

é, wall friction angle

o formulation true density
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apparent compact density for uniaxial compaction
ribbon envelope density

mean stress

mean stress at entry to slip region

angular roll position measured from the minimum gap
entry angle into slip region

angle defined in equation (7)

cohesion

percent compressibility
screw constant or function
screw function intercept
screw function slope

roll diameter

compact diameter for uniaxial ~or.ipaction

roll force factor

compact thickness for unia 1a! compaction
compressibility coneta.t

compact mass for vnia.sial compaction

roll speed

SCrew speea

roll separating pressure

entry pressure

peak roll separating pressure
reference pressure

roll force

roll pressure

roll gap



V. powder volume before compression (compressibility test)

A compressed powder volume (compressibility test)

W roll width

X distance along the centre line between the rolls from the entry to the slip region

2. Modelling of roller compaction

In a recent publication, Toson et al. [16] combined the modelling approaches for roller
compaction in refs. [20, 13], to present a model based approach for .‘esignand scale-up ofa roller
compaction process. The model was calibrated on data from ex»erinents performed with a low
material flow-rate (low-throughput) and used to predict tF2 design space for a high material
flow-rate (high-throughput) for two formulations containing ~nproximately 50% ibuprofen. In this
study, we present a similar approach which has been adateJ to address the challenges of dealing

with a very poor flowing API, guaifenesin ataver i :gh loading of 90%.

2.1. Operating principles, key vanch'es and modelling approaches

In the RC unit operation, bler'ad powders are fed into a hopper and undergo dry
granulation in a roller compactor. Duriag (oller compaction, powder is gravity-fed or screw-fed
into the gap between a set of cot ter ,otating rolls. Once the powder is between the rolls, it is
conveyed by friction between the material and the roll surfaces, through the gap between them. At
the point of minimum gap it w~rergoes compression under high stresses and forms a compacted
ribbon. There is a larye ‘i *2ty of different roller compactor designs which are discussed in detail
in refs. [25, 26, 27]. Th= ribbons are subsequently milled into granules. Roller compaction is a
conceptually simple process [28] but a lack of understanding of the mechanisms of compaction
mean that it is difficult to produce ribbons of the required characteristics [25]. The space between
the rolls is generally divided into three regions called the slip region, the nip region and the release

region. The regions are shown in figure 1.

Figure 1: Schematic of a screw-fed roller compactor. The diagram shows a top-fed orientation,

with hopper, feed screw and compacting rolls, but the screw may be inclined at different angles.



Three regions, namely the slip, nip and release regions, are marked. The x-coordinate points into

the slip region with x =0 at the entry. The entry angle =46, and the nip angle &=« are

shown.

The boundaries between the regions are described by their angular position from the
minimum gap between the rolls. The slip region is characterised by the particles slipping off the
surfaces of the rolls. The powder behaviour in this region is mainly determined by the friction
between the powder and the walls and the internal powder friction. The entry to this region is

defined by the entry angle 6, . The nip region begins at the nip arg'e ~, where the stress normal

to the roll surface becomes large enough that the rolls can “zi.>" wne powder. At this point, the
powder velocity at the roll surface becomes equal to the rol' veiwccity. The main compaction occurs
in the nip region, as powder is dragged through the min‘mun roll separation. The normal stress on
the rolls increases dramatically reaching its maximi'm value at the neutral angle, which does not
necessarily correspond to the angle at the smallest ar [28]. The release region starts beyond the
neutral angle, as the gap between the rolls beo ns w0 increase again. While many papers, such as
early work by Johanson [20], assume that ti.,> maximum pressure occurs at the minimum gap
between the rolls, more recent work ¥ ,” Cunningham and others, shows the maximum pressure
occurs prior to the minimum gap [22 <2, 31, 21, 6]. The compacted ribbon may increase in size
somewhat compared to the min*mui> roll separation due to elastic recovery in the release region.
The compacted material ma:’ mo ‘e faster than the rolls in the release region and slip between the
ribbon and the rolls may ‘gan occur.

The mainaimof u = roller compactor is to achieve compacted ribbons with a target density
(or porosity) at a given mass-throughput. The feasibility of achieving these targets depends on the
material properties, the roller compactor design and configuration and the operating settings. The
main design variables which influence roller compactor performance include roll configuration
(see ref. [28] for examples), roll diameter D, roll width W, roll surface finish (smooth or
grooved etc. ) and feeding system. There are a wide range of operating parameters which can

influence material throughputand final ribbondensity. These include roll pressure (roll force R, ),

screw speed N, roll speed N, and roll gap S . There are two major operating modes [13, 16]:

» Gap-controlled mode: The roll speed, roll force and gap width are set. An internal



feedback control system is used to vary the screw speed to correct for any variations in
roll gap to keep it at its set point.

» Screw-controlled mode: The roll speed, roll force and screw speed are fixed. The
resulting roll gap arises from the interaction of these parameters and the material
properties of the formulation.

When scaling-up the RC process, or transferring between equipment with different design
parameters, it is important to have a quantitative understanding of the influence of each of these
parameters on the target variables. For different control modes, variations of Johanson’s model
(gap-controlled) and Reynolds’ model (screw-controlled) can be apped [16].

Johanson’s model and its recent extensions by Reynola- [1 ] and Toson et al. [16] are
limited by the assumptions of 1-dimensional flow and compa.tior and a very simple material law.
These limitations will be considered in section 2.3.7. F~. t1.s reason, a variety of other models
have been applied to describe RC. The ‘slab’ model was '-veloped by Katashinsk ii [32] and has
been well described recently by refs. [31, 29]. The mocel considers plane strain, similar to that of
Johanson’s approach, with an equilibrium #rcc balance being formed on trapezoidal slabs of
differential thickness in the nip region. T'e equations are supplemented with constitutive
relationships for the friction behaviour a. the roll surface, the yield surface and the densification
behaviour to close the system. Exainuls can be found in refs. [31, 33, 29]. More complex
continuum models have been dev. loped to solve for the 2- or 3-dimensional stress and velocity
fields and density distribution. herveen the rolls. Most of these works use the density dependent
Drucker-Prager Cap mode' ~nu ~e solved using finite element methods (FEM) in the ABAQUS®
software [31, 29, 30, o* .%, 36, 37, 38]. Recent work by Mazor et al. [39] applied the discrete
element method (DEM) *- produce a combined DEM-FEM model to investigate the influence of
oscillations in the inlet stress on the density homogeneity of the produced ribbon. Advanced
3-dimensional FEM methods have also been used by Krok and Wu [40] to predict
thermomechanical behaviour of the powder during compaction to resolve stress, density and
temperature distributions. The application of sophisticated high fidelity models such as FEM and
DEM is becoming more feasible with increased computation power. These models are also very
useful to test the assumptions of 1-D models such as Johanson’s and investigate phenomena such
as oscillations in inlet stress, the influence of roll friction and the homogeneity of ribbon density.

However, these methods are computationally expensive and require extensive experiments to



parametrise for each formulation, across a range of densities. The models can also be sensitive to
experimental errors inparameter determination [41]. Thus, while FEM and DEM-FEM models are
very useful for process understanding and visualisation and physically more realistic, approaches

such as those in refs. [13, 22, 16] remain the most practical for process development.

2.2. Roller compactor throughput
The material throughput of a roller compactor is a key consideration for manufacturing. It

can be predicted based on the assumption that the screw throughput m, is linearly proportional to
the screw speed N, so that

m, =c,N,, 1)
where c, is the screw constant representing the mass con\e,=d by one revolution of the screw. It

is possible to fit the screw constant by running material thi. aghthe screw uncoupled fromthe rolls
atdifferent speeds. However, this will over predict th= szrew constant during operation due to back

pressure from the rolls [25]. Thus, it is be*.cv w fit ¢, from data when the rolls are engaged.
Throughput can also be predicted from the me.~s flow rate out of the rolls m_ given by
m, — 2, 7DWSN_, (2)

where p; is the formulation true Jercity, y, is the ribbon relative density, N, is the roll speed,

r
D is the roll diameter, W is *he -all width and S is the minimum roll gap between the rolls. In
equilibrium operation, ass!'".~o there is no loss of material via side leakage, mass conservation
requires m, =m, . EGu.ting <quations (1) and (2) gives

P~ 7, TDWS =, % (3)

r

Ifa range of experiments are conducted in the design space recording all variables and responses in
equation (3), then c, can be determined. However, this assumes that the mass delivered per

rotation of the screw does not depend on either the screw speed, or the back pressure generated by
the rolls. It is commonly recognised that screw efficiency should decrease as the screw speed
increases above some level [42]. Roberts [42] attributes this to a combination of a change of fill
level (called fullness efficiency) and vortex efficiency, which relates to the rotational motion of

powder within the screw. To account for this, we propose the following empirical screw mass



transfer rate to replace the screw constant

Cs = CsO +Csl %’ (4)

r

where c, and c, are constants to be determined. Choosing c, =0 recovers the standard
definition of the screw constant. We expect c, to be negative so the mass conveyed per

revolution decreases as screw speed increases. For a fixed screw speed, increasing the roll speed
increases the screw mass transfer rate. This accounts for a decreased back pressure on the screw
from the rolls which may influence the slip condition between the crew and the powder. It should
be clear that equation (4) is an empirical relationship and is c....r useful if it can capture the

observed throughput. Also care should be taken if extrapolatiig vuwside of the range of N,/ N,

on which it is trained. Certainly, if the screw reaches a lin..txing mass flow rate, equation (4) will
not hold.

In order to calibrate equation (4) at low-threzaiput, wne roll speed can be fixed at its lower
operating set pointand the screw speed and roll force “.aried to cover the lowand highpoints in the
operating window. Ifthe range of possible *-alu.s ot screw speed to roll speed ratio relevant to high

throughput production can be covered, then it 1.1ay be possible to predict these throughputs.

2.3. Roller compactor ribbon Jenisity

The first mechanistic mcdel of roller compaction was proposed by Johanson [20]. A
number of modifications to J. haison’s model have been proposed to make it suitable for process
design and scale-up .3, 22, "4, 38, 16] and in-process control [43, 44, 45]. For process design
applications, the Johansor model has been well described in refs. [13, 22, 16]. The presentation
here is similar but differs in some key aspects. Thus, the exact equations that are being solved and
the associated assumptions are detailed in the following sections.

Johanson’s original model did not account for the influence of'screw speed or roll speed or
the resulting throughput on compression behaviour for screw-controlled roller compactors. This
has been addressed by ref. [13]. The original model also required the inlet stress on the powder in
the feed region to be specified to solve the model. In practice, this is very challenging to measure.
Following Reynolds [13], this issue is addressed in this study by using measured roll force as an

input rather than feed pressure.



The Johanson model applies to the nip and slip regions in the roller compactor (see Figure
1). Any elastic recovery inthe release region is not modelled. The coordinate system adopted is as

shown in figure 1, with the x-axis in the direction of the flow.

2.3.1. Stress modelling in slip region

In the slip region, Johanson assumes plane stresses and strains (2-dimensional) and
describes the stress state using Euler’s equations for static equilibrium. This facilitates the analysis
of stress via Mohr circles [46] with the Coulomb yield criterion being adopted.

Johanson combines the effective yield locus with Euler’s ey tions for static equilibrium,
giving a coupled system of hyperbolic partial differential equati ns Jescribing the stress field in
the slip region in terms of the mean pressure and an anjl. «, which is the angle measured
anti-clockwise from the x -plane to the major princ’p.' lane. Based on some simplifying
assumptions, an ordinary differential equation for the me.n stress at the centreline between the

rolls is derived. The details of this will not be outlii e bere, butcanbe found in [47, 20]. The entry

angle to the slip region, denoted &, is definzu as (he angle at which the major principal stress acts

horizontally, which is given by (for ¢, <o)

@:%{amm(g”%)+%J. 5)

2 sind

Johanson’s equation wa. nitilly written in the X -coordinate, representing distance along
the centre line measured froi the upper boundary of the slip zone. However, it is advantageous to
write it in the &-coordirate neasuring the angular position measured from the minimum gap,

using a simple change ot rariables. The ordinary differential equation for the mean stress at the

centreline is
do _ 40 (6,—-0)tan5cosé ©)
g [1+[S)—cosej(cot(C—y)—cot(C + 1))
where
1 T 0
C=Z(r-6,+0), u==-<. 7
2(” L +0), 1 ) (7)

Physically +u represent the angles of inclination of the slip planes to minor principal plane.

Giventheentrypressure P, at 8 =6, ,the mean stress at the entryangle, o,, canbe calculated as



o, =R, /(1-sins) and equation (6) can be integrated numerically to give the mean stress at the

centreline in the slip region.

2.3.2. Stress modelling in the nip region
The nip region beings at an angle « where the material begins to stick to the rolls. A
simplified mass balance model is used here. The action of the roller compactor is approximated as
1-dimensional compression assuming that a narrow strip of material at the nip angle, must be
compressed into a strip of the same thickness, with a width equ~l to the minimum roll gap. A
constitutive relationship is required to relate the compact relative aesity » to the stress lewvel.
The Johanson model uses a power law relationship given by
o=Cy~, (8)
where C, and K are constants. The exponent K is .~laf:d to the material’s compressibility,

where small K values indicate very compress’ur. materials and large K values indicate
incompressible materials. Care should be taen in measuring K, as it may depend on
experimental conditions such as moisture cor‘ent, temperature and time of compaction. The roll
separating pressure (stress acting norma: to the centreline) is of more practical importance. This is

related to the mean stress by P =o(1+s5). The useful constitutive rule is:

K 1

P=P, (71] o y=y, (Pi] - ©)
0 ref

Commonly K is found !y porforming uniaxial compaction experiments and plotting the log of

relative density against the logofapplied pressure, but canalso be fitted with non-linear regression

techniques. Typically the pre-consolidation density y, corresponds to the relative density at a
reference pressure of 1Mpa . Combining mass balance and constitutive behaviour the expression

for mean stress in the nip region at any angle 6 is

K

0,
1+ ——cosa |cosa
D

c,=0

o 7S (10)
(1+ 5 —CO0S 49] cosd

Given the mean stress at the nip angle, the stress at any angle in the nip region can be determined.

This value can be got from solving for the stress distribution in the slip region and requiring



continuity of stress at the nip angle. Differentiating equation (10) yields the stress gradient in the

nip region:
do 1+§—20030
=Kol —D  |tano. (11)
do 1+B—cose

Equations (6) and (11) are commonly incorrectly written in the literature, where the rate of change
of stress with angular coordinate @ is incorrectly equated to expression of rate of change of stress

with the linear coordinate x originally presented by Johanson. ™crtunately these errors cancel

when calculating the nip angle, but lead to errors if the stress profa. Is calculated.

2.3.3. Estimation of nip angle

From equations (6) and (11) there are two d*feretial equations describing the stress
gradient at each point (one based on slip at the roll surf-.ce a."d one based on sticking.) Calculation
of the stress at each point requires integration of znc or other of these equations forward. Johanson
carried out the integration by selecting the ranm nui.i gradient at each point in an upper bound type
of argument [29]. This defines two regions: (1) *he slip region where the gradient in (6) is smaller (
a<6<4g,)and (i) the nip region wre.= u.2 gradient in (11) is smaller (0<8<a). The region
0 <0 is not considered. The nip any.~ uccurs at the angle o between the two regions where the

stresses and the stress gradients .re eyual given by

4(a—b,\tarscosa S
T T TPY oK 1+2—2c0se |tane. (12)
(cot(C — u, —cot(C + 1)) D

The nip angle depends or the parameters o6, ¢, and K and is largely independent of the roll
geometry, provided %<<1. Once the nip angle has been calculated, the stress distribution

between the rolls can be calculated in the slip and nip regions.

2.3.4. Calculation of ribbon density from roll force
The main utility of the Johanson model is that it gives key quantities of interest, such as the

nip angle and the roll force, in terms of some basic material and equipment parameters. The roll

force R; can be related to the peak pressure P, by integrating the roll separating pressure



o,(1+sino) between the nip angle and the angle of minimum gap giving

R, = P, WDF | (13)
2
where
K
S
_[0=a(8.4,.K) D
F= .[6:0 cosadao. (14)

(1+S—cos Hj cos@
D

This implicitly assumes the contributions of the pressure on the 1 lls in the slip region and the

release region are negligible. Combining equations (9) and (13', g1 es a single equation for the

output ribbon relative density (y,) in terms of the equipment ana material parameters [13]

1
K

(15)

yr:70 D BB K

0=a(5.4,,K) D
wo| T cos6dg
li*—cosejcose

WD

Note that the equation in this for.n \>quires the units of the bracketed term to be in MPa.

2.3.5. Ribbon density pr:diction in screw controlled mode
In gap-controlleu ~oller compactors, such as the Bohles BRC25, the process set point of

roll gap can be used in equation (15) to determine the ribbondensity provided stable control can be
achieved. Ina screw controlled configuration, such as the Vector Freund TF Mini, the screw speed
is set and the roll gap responds. In this case S depends on the process settings. This can be

addressed by solving equation (3) for S and substituting into (15) to give



NS
1 (CSO +Csl ]Ns
= 0=a(5 4,y K) N,
7. = 7,(2R, K WDL:O cosodo
[CSO+C51 II:IIS]NS
7oy WD?N, | 1+ '~ —cosé |cosé
oy WD*N,

(16)
This expression is distinct from previous models in refs. [13, 22 16, in the use of a non constant

term for c, as outlined in section 2.2. The substitution of S neans it is not possible to solve

explicitly for y, and equation (16) needs to be solved Vvia on .erative root solving algorithm.

2.3.6. Model calibration and parameter estimatic .

The model parameters need to be esun ated as accurately as possible, using the minimum
material. Tosonetal. [16] calibrate their moac ‘s at low-throughput to reduce the material used. We
adopt and extend this idea here. The Jnha.>son and throughput models are semi-empirical so we
cannotexpectthemto be valid outside t w Jata theyare trained on. The range of densities on which
the model is trained should cove " ti.> range of densities on which the model is required to predict.
Similarly, training of the screw function should cover as much as practical the range of values of

N,/ N,. The roll speed s s>t 10 the minimum value under consideration. In terms, of ribbon

density the maximum va. le should be realised by setting the roll force to a maximum and the
screw speed to the maximum, while setting both to the minimum will result in minimum ribbon

density. Clearly using more points than this will lead to a more robust fit on the two parameters y,

and K. Varying the screw speed from the minimum value to the maximum will also give a range
of N,/N, to calibrate the screw function. Performing these experiments at low roll speed, limits
the throughput during model calibration.

Firstly we consider the calibration ofa process development model on a screw controlled
roller compactor. The factors considered are screw speed, roll speed, roll pressure (force) and

silicondioxide level. The feasible processing space is narrow and the range ofscrew speed and roll



speed values resulting in intact ribbons is strongly dependent on roll force. For this reason,
standard full factorial or central composite designs were not possible. A non-standard design

covering the feasible space and consisting of27 runs was selected (see Section4), with three levels
of roll speed of 3, 5and 7. Model calibration was performed on the 9 runs with N, = 3. The model

performance for prediction is assessed on the higher throughput runs.

Depending on the control mode, equation (15) or (16) canbe used to predict ribbon density,
once the material and process parameters are known. The parameters p., 6, ¢, can be
determined experimentally while the equipment geometry and proness settings are known. The
challenge is to determine the values of », and K. While uniax’ai conipression provides a quick

way to estimate these values, it is widely reported in t'ie ‘iterature that this leads to an
over-predictionof the relative density for given process setw.ngs |13]. An alternative approach is to

perform a number of experiments at low-throughput \min mum of 2) and measure the ribbon
density and record the process settings. This data c7., *henbe used to find the valuesof y, and K

that best fit equation (15) or (16) to the data. Thi. is aone using a non- linear least squares solver to
minimise a given objective function. We chrose to minimise the sum of the squared residuals
between the model prediction and the da.~. An iterative solver is needed. The calibrated model can

be used to predict the ribbon density ¢t 'ny.er throughput. For the screw function, the value of c,

foreach individual experiment ca1, e calculated using equation (3). These values can thenbe used

to fit the values of c,, and c, in >quation (4)using a linear regression model.

The steps in mode’ c.'bration are as follows (see Figure 2):

1. Collect data 1~ low-throughput experiments. This includes material properties (o, 4,
, Pr ), equipment geometry (D, W) and run setting and measurements (N, N,, R,
, 7., S)for each experimental run.

2. Calculate c, for each run using equation (3).

3. Fit ¢, and c in equation (4) using a linear regression model.

4. Choose initial guesses for K and y, (can be estimated from uniaxial compression
data).

5. Estimation of K and y, involves an iterative procedure until desired accuracy is



reached:
. Calculate entry angle and nip angle using equation (5) and (12).

. Substitute into equation (15) or equation (16) and solve for y,  for each

experiment. Calculate the sum of the squared residuals between the model ribbon

density prediction and the experimental data points.
. Ifthe desired accuracy is met the process is finished. If not, new values of y, and

K are selected by the algorithm and step 5 is repeated.
The model calibration is performed in MATLAB®. The linear re( ression to determine the screw
function parameters is performed using the built-in function ‘f . '’ which uses an algorithm

applying QR decomposition. The values of y, and K are aetermined using the built-in

non-linear regression function ‘£ i t n1m” which uses the I.e -=n-Marquardt nonlinear least squares
algorithm [48]. The simultaneous 95% confidence bands ‘or .he ribbon density true mean response
are calculated using the 'predict’ function.

It is important to highlight that the prir>ary roller compactor used in this study was not
equipped to measure the in-process roll yon. Thus, in this work S is measured from the final
ribbon thickness, which is typically lai zer than the actual roll gap due to elastic recovery. The
model is easily adapted to include difre’c ~* values for roll gap and ribbon thickness by including
an elastic recovery factor corresp ndi>g to the ratio of thickness to roll gap such as in ref. [16].
However, as the in-process ro'l y~0 is not recorded in this study, it is best to calibrate the model
based on the predicted respoi.ces the density and thickness of the final ribbon.

2.3.7. Model limitations :.nd criticisms

A number of criticisms of the Johanson model have been documented in the literature. In
particular, Sommer et al. [49] criticise the method of estimation of nip angle for lacking a sound
theoretical basis. The method of calculation of entry angle and linear dependence of maximum
pressure onthe entry stress is also criticised. The simple nature of the material law in the nip region
is also questioned and highlighted as a key reason for discrepancies with experimental results.
Cunningham [29] highlights the lack of modelling of elastic unloading and the release region. Liu
etal. [38] highlight the errors due to the assumption ofone dimensional flow in the nip region. This

difficulty isemphasised by doing a 2-D FEM simulation of powder flow and compaction using the



DPC model. Based on this the assumption of one dimensional flow and mass balance is adjusted
using a mass correction factor, which is a function of angular position. The extra degrees of
freedom allow for a much better agreement with the FEM model. Nevertheless, this requires the
FEM method to be parametrised for the material in question, requiring specialised instrumented
equipment. The Johanson model is also unsuitable for incompressible material, where slip must
occur on the roll surface meaning no nip region exists [50, 51, 5]. It is important to recognise these
limitations when using the Johanson model and ensure it is suitable and properly calibrated for the

application in question,

Figure 2: Flow chart for model development. The model is -alil rated on low-throughput data (

N, =3).

3. Materials and Methods

3.1. Formulation

Guaifenesin (GFN, supplied dir.~tly by Janssen) was chosen as a model API for this work.
The formulation required a fixed API ‘o7 'irg 0f 90 wt%. The remainder of the blend was made up
of microcrystalline cellulose PH12 (i ACC, Sanaq) as a primary excipient, a fixed quantity of0.5
wt% magnesium stearate (MgSy, Faci S.P.A.) as a lubricant and varying amounts (0—0.5 wt%) of

fumed silicon dioxide (SiO ., Ae osil 200 Pharma, Evonik). The formulations studied are listed in

Table 1.
Table 1: Formulation composition by mass percentage.
Formulation Guaifenesin MCC PH102 Magnesium Silicon dioxide
Stearate
F, 90 9.5 0.5 0
F, 90 9.4 0.5 0.1
Fs 90 9.2 0.5 0.3
Fos 90 9.0 0.5 0.5




3.2. Preparation of blends

Small batch blends for initial testing were prepared using a Caleva Multi-Lab mixer
equipped with inter- meshing counter rotating blades at 60 rpm. The blends were prepared in the
following order: GFN was pre-blended with the excipient MCC for a duration of 5 minutes.
Silicon dioxide was added to this blend and mixed for 5 minutes (when used). Magnesium stearate
was added last and mixed for one minute to avoid it fully coating the particles [52]. For larger
quantities ofblends ( > 25g ), atumble mixer (Stuart STR4/3) was 1'sed with a set rotation speed of
30 rpm. The material was added into a two- litre container with 2 ma.7imum fill level of 50% to
ensure adequate mixing. The powders were always added in the z=:ne order and using the same
mixing times. The procedure to ensure a well-mixed batrn v.~< determined based on an initial
study. The improvement in flowability due to excipients imfaily increased with mixing time. The
mixture was considered homogeneous when flowabilit', no 'onger improved with increasing time

and no particles were found adhered to the containc.

3.3.  Properties of individual powder . and blends
3.3.1. Particle size analysis

The particle size distributio:. ~f .~dividual powders and blends was determined using laser
diffractionanalyser (Microtrac S3502). The measurements were made in triplicate and the analysis

method for irregular particle shay ~ was used.

3.3.2. Bulk density
The conditioned bulk density (CBD) of all individual materials and b lends was obtained as
part of the compressibility test on the FT4 powder rheometer (Freeman Technology) which is

described in section 3.3.4.

3.3.3. True density
The true density of individual powders was determined using a gas pycnometer (AccuPyc

111340, Micromeritics) in a helium atmosphere. The true density p;, ofthe blended formulations

was calculated from the mass fractions X, and true densities p;; of the individual components.



In this study, true density is given by

P = o 17)

where i=1,2,3,4 represent the individual powders.

3.3.4. Compressibility test
The compressibility test is a standard test procedure on the FT4 which measures the
percentage volume change of a powder bed from its initial =sting bulk volume before

compression V;, to its compressed volume V . The method is desi ribed in detail in [53]. The
percent compressibility C_ is given by
100(V, -V
Cp = M
V.

(18)

Lower values of compressibility indicate an iici *aced ability of the powder to flow from a

low-stress state.

3.3.5. Shear cell test

The rotational shear cell test . .z FT4 was used to determine the angle of internal friction
&, cohesion C” and the flow ‘unc.on coefficient f f_ of the individual materials and the
blends. The test was perfoi.med using a pre-consolidation pressure of 9kPa as described by

Wang et al. [54]. Higr.~ volues of f f_ indicate an easier flow from a pre-stressed state.

c

3.3.6. Wall friction test

The wall friction angle ¢, is calculated using the rotational wall friction module on the
FT4. The standard test method is used with a preshear stress of 9kPa . Three 316 stainless steel
discs with surface roughness values of 0.05um, 0.28um and 12um were used to assess the
variation of wall friction angles of the blends. This compares to a value of 0.4um used in

previous studies, which applied ring shear testers rather than the cylindrical one on the FT4 [13,

55, 1]. The test involves preconditioning steps identical to that in shear cell test followed by



preshearing the sample at the shear stress o . The sample is consolidated to a fixed normal stress

using the stainless steel plate. The plate is then rotated slowly at a fixed velocity. Shear failure will

occur in the bed at some value of shear stress. The measured steady shear stress 7 is recorded.
This test is repeated at a set of reducing normal stresses o, o;,... with the corresponding steady

state shear stresses 7,,7;,... beingrecorded. The steady shear stress is calculated as the average of

the values over the last 10% of the shearing time for each normal stress. The angle of wall friction

is calculated from the slope of the wall vyield locus produced by the points

{(o4. 7). (01, 7). (03, 73), - 3

3.4. Uniaxial compaction properties

The compaction properties of the material in the ni. region are described in the Johanson
model by the compressibility factor ( K) and the ore-corcolidation relative density y,. These
parameters can be estimated by uniaxial comp.es.*~:1 of the blends at a range of pressures to
determine the pressure-relative density releZion ,hip. This analysis was performed on a compaction
simulator (Gamlen Tableting D series) equipp.d witha 6 round and flat-faced punchand die set.
The compaction was force controlled a.*1 compacts were made at a range of applied loads from

50kg to 500kg giving pressures . n, 17.34MPa to 173.47 MPa covering the range of solid
fractions relevant for roller coi.maction. Compaction velocity was set at 1 mms™. For each
compression, 100mg was ma,.'a'ly weighed out and compacted in the die. The tablet dimensions
were determined by c.'lipor rieasurement and the tablet solid fraction y calculated according to
the equation

Ps 4m
y = = —, (19)
pr przDrh

where m is the compact mass, D; is the compact diameter, h is the thickness and p,,, and

p; are the apparent tablet density and true density of the blend, respectively. Compacts were

made in triplicate.

3.5. Roller compaction



Two roller compactors were used in this study. Model development and validation was
performed on a Vector Freund TF Mini roller compactor (FMRC). The model was also evaluated
on a Bohles BRC25 roller compactor. The FMRC was fitted with stainless steel rolls with a width
of 25mm and diameter of 100mm . The rolls are top-fed by a feed screw from a hopper. The
applied hydraulic pressure can be varied to produce roll forces up to a maximum compression
force 0f 48 kN. The roller compactor is instrumented to record roll force. The screw speed and roll
speed canbe set independently and the system is controlled to maintain a set roll pressure. Ribbons
were manufactured at a range of screw speeds (3—60rpm), roll speeds (3—7rpm) and roll
pressures (0—20bar). The BRC25 was equipped with stainless ste~liolls with a width of 25mm
and diameter of 250mm . The system can operate up to a maxim. ™ specific compaction force of
20kNcm™ giving it a maximum possible applied force of 0. for the equipped rolls. The rolls
are top-fed by a vertical tamping screw, which is fed f.om 1 hopper by a horizontal feed screw.
Experiments on the BRC25 were performed by specify?.ig ti.c specific roll force, the roll speed and
the target roll gap width. The tamp screw automa.’:al.y adjusted to maintain the target roll gap.
The feed screw automatically adjusts its spe.d 11 preportionwith the tamp screw to maintain screw

fill level. Experiments on the BRC25 were ~rformed at a target roll gap of 1L5mm, and roll

speeds of 6 and 12rpm, while specific >l jorce varied from 2kNcm™ to 4.5kNcm™.

3.6. Ribbon thickness anu velative density measurements

Ribbon samples collecter, from various RC operations were analysed to determine their
thickness and relative J=n.itv (solid fraction). The ribbon thickness was determined using a digital
callipers with measuremer.cs made in triplicate for each condition. The ribbon relative density was
calculated as the ratio of the ribbon’s envelope density p, to its truedensity p; . The true density
was determined from equation (17). The envelope density was determined using the Geopyc

envelope density analyser (Geopyc 1360, Micromeritics). Details on the envelope density

measurement in the Geopyc are given in [15]. Measurements were made in triplicate.

3.7. Experimental design

Adesign ofexperiments (DoE) was implemented on the FMRC to investigate the influence

of lubricant level (SiO , %), screw speed, roll speed and roll pressure (roll force). Three levels were



selected for each factor except screw speed. The feasible processing space where ribbons were
produced did not allow for the same limits of screw speed to be used for different roll pressures. A
non standard design comprising 27 runs was selected (see Table 2). A small number of runs were
performed on the BRC25 withan SiO , level of 0.1%. The conditions for these runs are listed in
Table 3. In the BRC25, the target roll gap is set, as is the specific compaction force. The actual
compaction force is given here. The screw speed responds to keep the roll gap constant, in this case

1.5 mm. The average screw speed during operation for each condition is also given in the table.

Table 2: Experimental design on FMRC.

Run N, (rpm) N, (rom)  SiO, (%) R, U N,/N, (-) Ry ()
1 12 3 01 0 4 1.67
2 13 3 0.1 0 4.33 1.67
3 28 7 (] 0 4 1.56
4 37 7 0.1 0 5.29 1.68
) 15 ) u.1 10 3 3.15
6 3 3 0.1 20 1 6.18
7 9 3 0.1 20 3 6.24
8 10 7 0.1 20 1.43 6.30
9 60 7 0.1 20 8.57 6.22
10 2% 5 0.3 0 4.6 1.48
11 8 3 0.3 10 2.67 3.29
12 15 5 0.3 10 3 3.22
13 15 5 0.3 10 3 3.20
14 15 5 0.3 10 3 3.02
15 10 5 0.3 10 2 3.14
16 21 5 0.3 10 4.2 3.18
17 35 7 0.3 10 5 3.05
18 13 5 0.3 20 2.6 6.26
19 12 3 05 0 4 1.57




20 13 3 0.5 0 4.33 1.54
21 28 7 0.5 0 4 151
22 37 7 0.5 0 5.29 1.48
23 15 ) 0.5 10 3 3.22
24 3 3 0.5 20 1 6.11
25 12 3 0.5 20 4 6.45
26 10 7 0.5 20 1.43 6.39
27 60 7 0.5 20 8.57 6.23

Table 3: BRC25 roller compaction experimsnta! conditions.

Run N, (rom) N, (pm)  SiC. (+9) Ry () s ()
1 56.5 6 0.1 5 15
2 62.5 6 0.1 7.5 15
3 73.2 6 0.1 11.25 15
4 133.0 2 0.1 5 1.5
5 137.0 . 0.1 7.5 15
6 141.0 12 0.1 11.25 15

3.8. Statistical analysis 2ard goodness-of-fit measures

Design of exger 'me s and subsequent statistical analysis was performed with the Design
Expert® 11 statistical sc®ware from Stat-Ease Inc. Data visualisation and model fitting was also
carried out using R (version 3.6.1) with the integrated development environment RStudio (version
1.1.383).

Fitting of data-driven models was carried out using standard multiple linear regression
techniques. Model reduction was performed using analysis of variance (ANOVA) tables. The
R-squared value, which explains the proportion of explained variation for linear models, is used to
assess goodness-of-fit. Adjusted and predicted R-squared values are used to compare model
performance and avoid over-fitting. Further details on the fitting methods applied here can be
found in ref. [53].



The calibration and testing of models outlined in Section 2.3.6 was performed in
MATLAB® R2018b (version 9.5.0). The performance of these non-linear models was evaluated
using the root mean squared error (RMSE). The root mean squared error can be normalised
(NRMSE) to allow for easier comparison of the predictive power of different models. Typically,
the RMSE is normalised by the mean value of the measured data or the range of the measured data.
The RMSE of the ribbon relative density has normally been scaled using its mean in the literature.
However, this leads to the impressionofa very low error, as the range over which we would like to
predict is typically much smaller than the mean. In this study, both normalisations are reported to
allow comparison with existing literature, while also giving a bette: idea of the fit of the models

within the data range.

4. Results and Discussions

4.1. Properties of powders and blends

The particle size distributions of GFN, MZC =rd blends were measured. The key responses
are included in Table 7 in Appendix A. T'e k:y n.ow responses from compressibility and shear
testing are reported in Table 4. The adAition ¢ ¢ silicon dioxide marginally increased the angle of

internal friction. As there is limited de;se ence on SiO, level for the three blends considered, an
average value 6 =32.33 is chosen “r modelling. The wall friction angle was tested on all
materials at three roughness "aices as described in Section 3.3.6. The wall friction angle ¢,

increases with roughness *.~lu22 for all materials as expected. This is shown in Figure 9. The
appropriate value of .o.'ai.n2ss is difficult to assess, while the preshear stress of 9kPa can be
considered to be typicai.y less then the wall stresses experienced in the feed region. Thus, the

highest roughness value is chosen here. Given the weak variation of wall friction between the
formulations in the experimental design, an average value of ¢, =26.09" is adopted. In the

literature, a roughness value if 0.4um has been used [13, 55, 1], while Toson et al. [16]

prescribed a wall friction angle of 15° across their formulations. Reynolds et al. [13] suggest that,

provided the values of 6 and ¢, are not very low, the predicted ribbon density varies only
slowly with these values. The addition of MCC and SiO, reduces the cohesion and

compressibility percentage C, of the formulations, while increasing their flow function. Thus,



the blends flow better and should allow for more consistent feeding into the roller compactor.

Table 4: Density and flow properties of powders and blends.

*

Formulation & &, C f f C CBD  p Y0 K

c p
(®) ) (kPa) () (%) (gem™®) (gem®) () ()

GFN 29.3 23.78 1.09 4.03 47.00 0.33 1.350 0.5616 10.2099

MCC 2176 2842 097 455 17.99 036 1566 02820 4.5451

GFN-MCC 29.08 24.50 1.27 3.52 42.88 0.3¢ 1369 04311 6.7182

F, 2841 24.43 1.30 3.51 38.30 0.24 1366 0.4461 7.0065

F, 3214 26.29 1.03 4.25 2517 0.5 1.367 0.4941 8.1630

F. 3180 2740 0.96 4.55 24.8%  0.46 1.368 0.4350 6.7888

0.3

F, 3305 2459 085 5.07 1831 049 1369 0.4425 6.9663

4.2. Uniaxial compaction

Uniaxial compaction is condu~ted as described in Section 3.4 for each material and
formulation. The values of y, and K. “*ed froma non-linear regression of the data to equation
(9) are listed in Table 4. These va'ues indicate that GFN has a much higher K value than MCC
indicating it compresses slowly ith increasing pressure. In contrast, MCC has a low reference
relative density and compressos much more quickly with increasing pressure. The behaviour of the
blends lies in betweer, an'' th.. compression behaviour is largely insensitive to the level of SiO,
The fitted relative densi*: -pressure profiles are shown in Figure 3. The uniaxial compaction tests
provide initial guesses for the compression parameters in the nip region and show the general

compression behaviour of the blends.

Figure 3: Uniaxial compaction compressibility profiles. MCC (bottom line) and GFN (top line)

show a clearly different behaviour while the formulation density-pressure profiles are very similar

as suggested by their fitted values of y, and K in table 4



4.3. Statistical analysis of DoE

The experimental DoE for the FMRC has been described in Section 3.7. The key responses
are listed in Table 5. These responses from the BRC25 experiments are also listed. Ribbon density
and thickness are measured in triplicates as outlined in Section 3. The throughput is calculated
fromequation (2) using the average values for ribbon density and thickness (roll gap). The values

of c, for each run are calculated using equation (3), again using average values for », and S.

Before applying the mass throughput and Johanson models, it is useful to do a statistical analysis
to consider the significant input factors driving the variation in the “esponses in Table 5. We fit the
response behaviour using multiple linear regression and reducz *he resulting models to their
significant factors. Due to a high degree ofco- linearity betwee~. the rull speed and screw speed, the
ratio of screw speed to roll speed is used as a factor. The ctner o.vo factors used are roll force and

SiO, level. Interestingly, the SiO, leveldoes not hav~ asu tistically significant influence on any

of the responses considered. This further supportc the use of average values for the angle of

internal friction and angle of wall friction. Never-hew2sa minimumamountof SiO, is needed, as
the formulation does not feed consistently .~ “.s absence. This is captured by the high C, values

of the formulation without SiO, reporte' in Section 4.1, indicating poor flow behaviour from a

low stress state.

Roll force is the only fac’or *2 have a statistically significant effect on ribbon density with
74% of the observed variability cxpiained by a quadratic function of roll force. This accounts for a
reduction in the compress’on *awe at higher roll forces as the compact porosity decreases.

Ribbon thickness ~an be described well using a quadratic function of screw speed to roll
speed ratio. This function accounts for over 92% of the observed variation in the ribbon thickness.
Roll force does not appear as a significant factor in the model, once screw speed to roll speed ratio
and its square are included. Despite this, there is a strong negative correlation between roll force
and thickness. This is captured in the limits of screw speed to roll speed ratio (and hence thickness)
that are possible at each roll force. For example, at higher roll forces, screw speed to roll speed
ratios as low as 1 are possible, thus allowing very thin ribbons to be manufactured. At the lowest
roll force the minimum ratio is 4. Below this no intact ribbons are made. Thus ribbons are thicker

in general for lower roll forces. Within the range of possible values of N,/N,, the ribbon

thickness is observed to depend on this ratio.



The value of the screw function c, corresponds to the mass conveyed per screw
revolution ineachrunand is calculated by dividing the throughput by the screw speed. The value
of c, isobserved to depend only the value of N, /N, . The explained variation of over 93%, with

similar values of the adjusted and predicted R-squared values, suggests that the functional

relationship described in equation (4) is likely to be useful for prediction.

Table 5: Key responses from DoE on the FMRC and on the BRC25. Run 3 on the BRC25 was
excluded as the variation in ribbon thickness indicated the process nad not reached stable control.
Runs 1 and 2 on the BRC25 are used to calibrate the screw functi~u na.cated by ‘F’ but only used

for prediction of ribbon density, indicated by ‘P’.

Roller comp~stor FMRC

Run Ribbon 7, S m C, Fitting or
density Prediction
(gem®) ) ( nm, (kgh™) (9) (F/P)
1 0.9813 0.7180 212 2.94 3.98 F
2 1.0001 0.731° 2.69 3.80 4.99 F
3 0.9901 0.7244 2.51 8.20 4.88 P
4 1.0429 0.7631 2.69 9.25 413 P
) 1.0357 07578 2.21 5.38 6.10 P
6 1.08.7 0.7907 0.86 131 7.56 F
7 1.0849 0.7938 2.05 3.14 5.94 F
8 1.1190 0.8187 1.15 4.23 7.14 P
9 1.088 0.7961 1.88 6.73 1.94 P
10 1.0007 0.7316 2.63 6.19 4.59 P
11 1.1403 0.8337 1.85 2.98 5.84 F
12 1.0442 0.7634 2.02 4.97 5.54 P
13 1.0308 0.7536 2.20 5.33 6.04 P
14 1.0491 0.7670 2.21 5.46 6.07 P
15 1.0798 0.7894 1.63 4.13 6.90 P




16 1.0723 0.7839 2.66 6.71 529 P
17 1.0694 0.7818 2.00 7.04 341 P

18 1.1653 0.8519 1.81 4.96 623 P

19 0.9618 0.7026 2.46 3.34 472 F

20 0.9941 0.7262 2.61 3.66 460 F

21 0.9876 0.7214 2.39 7.79 462 P

22 1.0104 0.7381 2.66 8.85 404 P

23 1.0466 0.7645 2.04 5.02 564 P

24 1.0983 0.8023 0.74 1.14 688 F

25 1.0817 0.7902 2.41 329 522 F

26 1.1229 0.8203 1.10 435 687 P

27 1.1085 0.8098 1.82 5.64 192 P

Roller comcactor. BRC25

1 1.0826 0.7900 152 1163 3.43 F/P
2 1.0534 0.7686 .61 11.99 3.20 F/P
4 1.0682 0.7794 .54 23.26 2.91 P
5 1.1251 0.821C 1.46 23.22 2.83 P
6 1.1330 0.8207 151 24.19 2.86 P

4.4. Limitations of scre v cunstant and calibration of screw function

It is clear fro’.> sutistical analysis of the data that the common assumption of a screw

constant c,, which is indzpendent of the process parameters, is not suitable for this particular

blend and equipment. This can be seen by fitting a constant ¢, and comparing the measured and

predicted values of S and the throughput. Figure 4 plots the throughput for each run coloured by

roll speed. Applying the algorithm in Section 2.3.6 we fit ¢, using the low-throughput (LT) data (

N, =3). The runs used for model calibration are indicated by the letter ‘F’ in Table 5, while the

ones used for prediction are indicated by the letter ‘P’. A value ¢, =4.929¢g is obtained by fitting

the LT data. It should be highlighted that predictionof S and throughput for the high-throughput

(HT) data requires the calculation of the ribbon density for the HT data, which in practice will not



be known. Thus, y, and K must be calculated using the algorithm in Figure 2 before prediction

on HT data is possible. In order to ensure that any lack of fit of S for the HT data was not due to
poor ribbon density prediction it was confirmed that values predicted for S using the measured
ribbon densities and fitted c, gave a similar lack of fit. The predicted values of S and
throughput are compared with the measured values for both LT and HT data in Figures 5a and 5b.
For lower ribbon thicknesses, the prediction underestimates the true value, while the thickness is
overestimated dramatically for some larger values. Similarly, the throughput is underestimated at
low values and produces large overestimations for some high va ves. This is unsurprising, as a
single value of c, cannot reproduce the range of values of ¢, tom 1.92g to 7.56g for
individual runs. However, the statistical analysis suggests tr it a simple predictive model can be

implemented. Thus, fitting the LT data to equation (4) we w1 ¢, =7.988g and c, =-0.7889.
The model prediction for c, as a function of N_/N, i ~tiown in Figure 6. Using this function,

we see that the predicted vs. actual plots for S (Fiv.re 7a) and throughput (Figure 7b) show much
better agreement and the residuals are distri. u.>d cvound the line of perfect fit. The RMSE for the
model calibrationand validation of ribbon ti."~kness and throughput, for both constant and linear

expressions for c, are shown in Table C It is clear that the use of a linear expression of c,

decreases the error significantly, pa:*icu'>:ly for prediction on the validation data.

As the BRC25 has a diffzre, * screw configuration, the results from the FMRC cannot be
transferred to this equipment. ~ nplication of a gap controlled model would address this issue
provided the model of rib’on Jensity was transferable and equation (2) could be applied to predict
throughput. However, in .he absence of data on the in-process roll gap it is necessary to calibrate a
new model for the screw function based on process data. Run 3 on the BRC25 was discarded from
the sample due to large variations in the thickness of analysed ribbons indicating that process

equilibrium was not achieved. Both constant and linear models for c, were fitted to the LT data

(runs 1 and 2). It was found that the c, decreased linearly with N,/ N, and applying this

relationship led to a substantial decrease in the RMSE for both ribbon thickness and throughput
(see Table 6). Despite only being fitted on the two available LT experiments for the BRC25, the

predicted c, values matched well for the HT data, further validating the screw function in

equation (4). The fitted values were c,, =5.638g and c, =-0.2349.



Figure 4: Throughput from different experiments. Models are calibrated using low throughput data

(N, =3),

Figure 5: Prediction of (a) ribbon thickness vs. actual ribbon thickness and (b) throughput vs.

actual throughput using a screw constant c.

Figure 6: Fit of c, with %

r

Figure 7: (a) Predicted ribbon thickness vs. actual ribkon t.ickness and (b) predicted throughput

vs. actual throughput using the screw function ir ec:iat.on (4).

Table 4: Root mean square error from the dific~ant models. The root mean square error is repo rted
for model calibration on the FMRC, mzJe1 -lidation onthe FMRC and prediction on the BRC25.
The RMSE is also reported as a pz ~e.*uge of the mean value and total range of each variable
across all experiments for ribbon dei ~ity. The RMSE is reported as a percentage of the mean value
and total range of each variahle \ ‘itnin each roller compactor for ribbon thickness and throughput.
The narrow range of thicl nesces in the BRC25 leads to apparently large RMSE errors normalised

by thickness range.

S Throughput 7,
constant c, linear c constant C, linear c constant c, linear c
FMRC
calibration
RMSE 0.27 0.19 0.39 0.26 0.0128 0.0119
RMSE% mean 12.93 9.00 7.69 5.15 1.66 1.54
RMSE% range 13.92 9.69 4.93 3.30 10.42 9.66




FMRC

validation

RMSE 1.15 0.26 3.87 0.94 0.0194
RMSE% mean 60.08 12.71 75.94 18.38 2.50
RMSE% range 55.82 13.68 48.70 11.79 15.73
BRC25

RMSE 0.181 0.044 2.81 0.68 0.0268
RMSE% mean 11.84 2.88 14.88 3.63 3.48
RMSE% range 120.64 29.32 22.35 5.45 21.81

0.0153
1.98
12.40

0.0221
2.86
17.97

4.5. Training and validation of model on FMRC ©E

The main challenge of this work was to imp’zn.>nu a model for scale-up of a roller
compaction process for a very high drug loading of a d’ffic'ilt to process API. This was achieved
using the algorithm described in Section 2.3.6 and r.es2nted in Figure 2. App lying this algorithm
on the LT data gives values of »,=0.590 a d 7 =15.613 where a linear screw function has
been used. The comparison between the mode. nrediction and measured ribbon density values are
shown in Figure 8a. The fitted relationz i cetween the ribbon density and the maximum pressure
attained between the rolls is showr 1 " *4ure 8b. The plot includes the 95% confidence bands on

the model fit. The experiment:l daia is also shown, with the values of P, predicted using
equation (13). Applying a co.star screw function gives y, =0.597 and K =16.894 . The choice

of mass flow descrip.ian in (he screw has less of an impact on the ribbon density prediction
compared to ribbon thickr_ssand throughput, as small changes in the predictionof S do not have
a large impact on the predicted density. However, applying the screw function does give a slight
reduction in the RMSE reported in Table 6. The RMSE increased slightly on the validation data at
higher throughputs but not substantially. Fitting the model to all the data (LT and HT) results in
values y,=0.596 and K =15.668 indicating the overall variation is already captured by fitting

on the LT data. We note that the RMSE normalised by the mean indicates a similar magnitude of
error (<2%) as achieved in refs. [13, 16]. The RMSE normalised by the data range (~10%)
indicates that the model can capture the general behaviour of the ribbon density in response to the

process parameters, but very high accuracy predictions are not possible.



Comparing the fitted values of K with those found in uniaxial compaction experiments
shows that the values fitted from actual roller compaction experiments are approximately twice
those found in the uniaxial experiments. Thus, the uniaxial experiments are useful for comparison
of compressibility between pure materials and blends but should only be used to provide initial

guesses for the values of y, and K for the roller compactor.

Figure 8: (a) Predicted ribbon density vs. actual ribbon density (b) Fit of ribbon density vs.

calculated maximum pressure.

4.6. Prediction of ribbon density on BRC25RC

Scale-up within a roller compactor is very impntar,” for efficient process design. Often a
process also has to be transferred between different reier compactors. In this work, we consider
the suitability of the presented model to transfer ti ~ process from the FMRC to the BRC25. The
key difference between the two roller compacti rs 13 terms of compaction is the larger rolls on the

BRC25 (250mmvs. 100mm ). When true ¢ap control is used it is unnecessary to find the
throughput behaviour by fitting a screwv “inction c,. However, as indicated above, the in-process
roll gap has not been measured int'is /ork so it is necessary to calibrate a model to predict the roll
gap for each experiment in the riu.hon density model based on the screw speed and roll speed. This
has been done in Section 4. The ribbon density model can now be used to predict the ribbon
density on the BRC2"” usc'na the previously fitted values y, and K. The RMSE values of the

resulting predictions are <'iown in Table 6. The prediction RMSE has risento nearly 18% ofthe

ribbon density range. The individual data points are shown in Figures 8a and 8b.

4.7. Discussion

The models developed in this work show that the commonly used screw constant was
insufficient for prediction of mass throughput and ribbon thickness for a high drug load
formulation with poor flow properties during development on the FMRC. A screw function which
depends linearly on the ratio of screw speed to roll speed had a much improved fit with the

experimental data. The BRC25 showed the same linear decrease in the mass conveyed per



revolution with N_/N,. The gradient of the decrease was less than in the FMRC, which is
unsurprising as the BRC25 is equipped with a much more sophisticated feeding system consisting
of a feeding and tamping screw. This new screw function has been incorporated into an algorithm
based on the models of Johanson [20] and Reynolds [13]. The model can be fitted on
low-throughput data and, provided that this data covers the relevant ranges of N_/N, and y,, it
has been shown that it can predict the ribbon thickness, throughput and ribbon density for
high-throughput experiments with a reasonable degree of accuracy. Thus, this model can be used
for targeting specific ribbon densities at a higher throughputs and dentifying the operating space
to hit these targets.

The application of the model for transfer of process kro.ieuge between roller compactors
is desirable. However care should be taken here. The use »f u.. model trained on the FMRC to
predict the ribbon density on the BRC25 shows a decre=sea accuracy. This should be expected as
the material law applied in the nip region is overl, su .plistic. Rather then just containing

information about the formulation in question. the ‘alues », and K can be considered to be

lumped parameters, containing informatio’ - abr, ut the formulation compression behaviour and the
equipment in question. This is also evic~nt fror the comparison between the parameter values for
uniaxial compaction and roller compac Jar on the FMRC. Thus, while the model gives some
estimates for the transfer between ronor compactors, itshould only be used for rough estimation to
guide experiments on the new .. 1 ne method of model development based on low-throughput
data can be expected to be volid =cross different roller compactors, provided the range of ribbon

densities and screw sp~ec to roll speed ratios needed for prediction are covered in calibration data
on that roller compactor The range of material throughputs in this study is 1.3kgh™ to
24.2kgh™ due to limitations on material supply and RC equipment. The next step is to assess the
accuracy of the approach for scale-up by roll speed, roll width and roll diameter on RC equipment
which is capable of manufacturing scale throughputs (> 100kgh™), for both low and high drug

load formulations.

5. Conclusions

This work presents a model based development of a roller compression process for an API

at high drug loading. A new description for the mass flow rate in the screw feeder has been



incorporated to account for a reduced feeding performance at higher screw speed to roll speed
ratios. The model is calibrated based on low-throughput data at a low roll speed and used to predict
ribbon thickness and throughputs at higher roll speeds. It is shown that the resulting prediction is
much more accurate than that arrived at using a mass flow rate which only depends linearly on the

screw speed. The compression behaviour in the nip region is characterised by a commonly used

constitutive material law based on a pre-consolidation density y, and compressibility factor K.

The values of K depends on the configuration of the equipment used for compression. Thus,
uniaxial compaction experiments tend to strongly over-predict ~ctual roller compactor ribbon
densities and generally models fitted on one roller compactor wil' nicduce poor predictions on a
different roller compactor. This is shown here for prediction oy rikpon density on the BRC25,
based on models developed on the FMRC.

It has been demonstrated that scale-up is possib’e v an individual roller compactor from
low-throughput experiments. The model is developed y on iterative fitting procedure applying
linear and non-linear regression techniques on low tirc ughput data. This gives fitted relationships
between the ribbon thickness, throughput aru . b, 2n density and the screw speed, screw speed to
roll speed ratio and the applied roll force. It 1s *hown that these models provide good predictions of
these variables at high-throughput, thus nroviding a useful tool for process scale-up, while

maintaining target critical quality aftrip ttes.
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Appendix A. Supplementary data
The particle size distribution parameters d,,, ds,, do,,along withthe mean diameter by

volume MV and the specific surface area SSA for each material and formulation are given in Table
7.



Table 7: Particle size information on powders and blends.

Formulation  d,, (um) dg, (um) dg, (um) MV (um) SSA (um)

GFN 468 19.01 88.58 37.67 0.54

MCC  19.67 118.00 238.07 124.27 0.12
GFN-MCC 560 24.65 172.17 64.63 0.45
F, 509 23.00 158.37 58.79 0.48

F, 508 23.17 149.73 57.47 0.48

F, 519 23.45 139.07 52.82 0.48

F. 526 22.19 130.00 49.17 0.48

The dependence of the angle of wall friction ¢, 01.the wall roughness is shown in Figure

Figure 9: Dependence of wall friction ~~aie on material roughness for different formulations.
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Model based process development forroller compaction for high dose API (90%)
New mass transport description forfeed screw based on screw speed and roll speed
Successful process scale-up using model calibrated only on low-throughput data
Model transferto different equipmentis challenging
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