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Abstract

The low melting point, poor flow, physico-mechanical properties (particle size distribution,
shape, particle surface roughness) and deformation mechanism of ibuprofen in combination
with its high dose in tablets all contribute to the problems observed during the compaction of
ibuprofen-based formulations. Since ibuprofen is plastically and elastically deforming, the rate
of compaction plays an important role in both the final tablet properties and the risk of capping,
laminating and sticking to the punches. While the compaction rate in most tableting machines
is only determined by the tableting speed, the high speed rotary tableting machine used in this
research project (MODUL™ P, GEA Process Engineering, Halle, Belgium) can adjust and
control the dwell time independently from the tableting speed, using an air compensator which
allows displacement of the upper (pre-) compression roller. The effect of this machine design
on process parameters and tablet properties was investigated. Granules containing 80%
ibuprofen were compressed into tablets at 250, 500 and 1000 tablets per minute via double
compression (pre- and main compression) with or without extended dwell time. Prior to
tableting, granule properties were determined. Process parameters and tablet properties were
analyzed using Multivariate Data Analysis. Principal Component Analysis provided an
overview of the main phenomena determining the tableting process and Patrtial Least Squares
Analysis unveiled the main variables contributing to the observed differences in the tablet

properties.

Keywords

Tableting, Rotary tablet press, Displacement, Force-Time profile, Extended dwell time,

Multivariate data analysis.
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1. Introduction

Ibuprofen is widely used for the treatment of rheumatoid arthritis, osteoarthritis and mild and
moderate pain, in daily doses ranging from 0.2 to 2.4 g [1]. For high-dosed tablets, the physico-
mechanical properties of the pure component play a major role in the tableting process [2, 3].
As a result, the processing of ibuprofen into tablets still encounters problems due to its low
melting point, poor flow and deformation mechanism [3-5]. Various attempts were made to
improve the tableting behavior of ibuprofen formulations (flowability, tabletability,
compactibility) by recrystallization, dry granulation (roller compaction, pressure swing
granulation) or dry coating [3-11]. Although these methods contribute to the understanding of
the tableting behavior of ibuprofen, the applicability in production settings is limited, due to the

rather moderate improvements and long processing times of some methods.

Since the common crystal form (needle-like shape) of ibuprofen undergoes plastic and elastic
deformation, the rate of compaction plays an important role in both the final tablet properties
and the risk of capping, laminating and sticking to the punches [2, 12, 13]. Besides the
compaction rate, also the punch tip geometry, embossment [14] and roughness, as well as
the composition of the punch tip coating (i.e. boron-alloy, chrome, ...) [15] have an influence
on the sticking tendency. Consequently, in industrial manufacturing the production process is
optimized either by optimizing the tooling, or reducing the rate of compaction, or both [2, 12-

15].

In most tableting machines, the compaction rate (i.e. consolidation phase, dwell time,
decompression phase) can only be adjusted by changing the tableting speed [16]. However,
using the MODUL™ P high-speed rotary tablet press (GEA Process Engineering, Halle,
Belgium) the dwell time can be adjusted and controlled independently of the tableting speed,
due to an air compensator which allows displacement of the upper (pre-) compression roll.

This design, which has not yet been thoroughly described in literature, could affect the
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processability of materials exhibiting a rate-dependent compression behavior, like ibuprofen

[2, 12, 13, 17].

The aim of this study was to get a thorough understanding of this compression method (i.e.
speed-independent extended dwell time). Using a commercial ibuprofen formulation, the
influence of extended dwell time independent of compression speed on the dependent
machine parameters and on the tablet properties was examined. Due to the large amount of
data obtained (process parameters and tablet characteristics), multivariate data analysis was

used to analyze and present results in a structured manner.

2. Materials and methods

2.1. Materials

Granules, containing 80 % ibuprofen, were kindly donated by Sanico (Turnhout, Belgium), and
used as received. The granules were produced by fluid bed wet granulation. A premixed blend
of the active pharmaceutical ingredient (API) and a binder were agglomerated with water as
the granulation liquid. After drying, a glidant, lubricant and anti-adhesive were added

externally.

2.2. Granule characterization

Particle size analysis was done by sieve analysis (n = 3), using a sieve shaker (Retsch VE
1000, Haan, Germany). 200 g of granules was placed on a nest of sieves (50, 100, 150, 250,
300, 500, 710, 1000 and 1120 um) and shaken at an amplitude of 2 mm for 10 min. The
amount of granules retained on each sieve was determined. The density (owe) Of the granules
was measured (n = 3) using a helium pycnometer (Accupyc 1330 pycnometer, Micrometrics

Instruments, Norcross, Georgia, USA), with ten purges and ten runs per measurement. The
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bulk (oou) and tapped density (Owpped) Of 30 g of granules was determined in a 100 ml
graduated cylinder (n = 3). The powder was poured from a height of 40 cm through a stainless
steel funnel with a 10 mm orifice into the graduated cylinder, mounted on a tapping device (J.
Engelsmann, Ludwigshafen am Rhein, Germany). Bulk and tapped densities were calculated
as 30 g/Vo and 30 g/Vizso, respectively. These values were used to calculate the

compressibility index (CI) in order to assess the tendency of a powder to consolidate [18].

2.3.  Preparation of tablets

2.3.1. Mechanism of compression

All tablets were prepared by double compression (i.e. a pre-compression and main
compression step). At the pre-compression station the punches apply an initial force on the
powder, and subsequently, under the main compression rollers the final compression takes
place, usually at a higher load compared to the pre-compression phase [19-21]. The role of
the pre-compression step is to reduce air-entrapment during the main compression step. Also
the extent of stress-relaxation is increased by effectively extending the dwell time via pre-

compression, yielding stronger tablets [20-23].

Most rotary tablet presses operate by maintaining fixed roller positions during compression.
The upper roller remains in a fixed position, which determines the penetration depth of the
upper punch and consequently the in-die tableting position. By adjusting the position of the
lower roller, the compression force is determined and hence, the thickness of the compact
under compression. Furthermore, for a given tablet press and tooling, the kinetics of the punch
movement depend only on the tableting speed. As a result the total contact time (the period
when the upper punch is in contact with the powder), the consolidation time (the period during
which the punches approach each other), the dwell time (the period during which the punch

head flat is in direct contact with the compression roller), the decompression phase (the time
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during which the punches move away from each other) and the lag-time (the time between
pre-compression and main compression phase) are defined by the tangential velocity of the

punch [16, 20-22, 24-37].

In contrast, using the MODUL™ P high-speed rotary tablet press these parameters can be
controlled independently from the tableting speed, due to an air compensator which allows
displacement of the upper compression rollers (Figure 1). The upper rollers are attached to
an air piston, which allows vertical movement in an air cylinder. During a compression run the
air pressure in the cylinder (CF,) is set at a constant value due to a control system of pressure
valves and expansion vessels. The piston, and consequently the upper roller, is pushed
downwards by the air pressure against a fixed stop, being the bottom of the air cylinder. The
adjustable position of the lower roller is controlled similar to a conventional tablet press with
fixed rollers. During compression, the upper punch initially moves downwards into the die
when in contact with the upper roller. As the lower punch is pushed upwards by the lower
roller, the powder bed in the die consolidates and the compression force increases. When the
reaction force exerted by the powder on the upper punch exceeds the force exerted by the
counter pressure (i.e. the air pressure on the piston), upward movement of the upper
compression roller is possible. The complete assembly of bottom punch, powder slug and top
punch moves simultaneously, following the lower compression roller and consequently raises
the upper roller. The distance by which the upper roller is displaced only depends on the
position of the lower compression roller. The dwell time is now not only defined by the punch
head flat, the pitch diameter and the turret speed, but also by the displacement. As the upper
roller is displaced, the contact time between the punch head flat and the roller is prolonged.
Hence the dwell time is extended in comparison to the fixed roller set-up, although tableting
speed is constant. If, however, a higher air pressure than the force exerted by the powder is
set in the cylinder of the air compensator, the upper roller does not move, and the system

behaves as a set-up with fixed rollers [17].
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This system with moving rollers has major implications on the control systems and kinetics of
punch movement, compared to a system with fixed rollers. The shape of the force-time
profiles, and mainly the dwell time, is affected, as further discussed in more detail [17, 19, 28,
32]. Another implication of this concept is the effect on the in-die tableting position since the
lower roller will have a higher position in order to induce displacement. Therefore, the position
of the powder slug in the die will be higher compared to a system with fixed rollers. Hence the
distance travelled by the tablet before being ejected is less which can influence the stress
applied on the powder bed, resulting in a different relaxation behaviour [22]. A schematic
overview of the different positions and movements of rollers and punches is provided in Figure

2.

It is necessary to mention that the term ‘displacement’ in this research is strictly used to
describe the movement of the upper roller, and not the movement of the punches, as it is done

in all previous research describing force-time profiles.

2.3.2. Collection of data

The tablet press is equipped with strain gauge-based load cells which are used for force
measurement at pre- and main compression and at ejection. Load cells below the lower
compression rollers and the ejection cam measure the compression force (CF) and ejection
force (EF), respectively. Displacement of pre- and main compression rollers is measured by
linear variable displacement transducers (LVDT sensors), which are connected to the upper
compression rollers. Punch stroke movement is monitored by LVDT sensors, which are placed

inside the turret and are fixed to one keyed punch set by means of clamps.

Collection and analysis of the data was performed with a data acquisition and analysis system
(CDAAS) (GEA Process Engineering, Halle, Belgium). The CDAAS software is an application

which measures and samples the signals (pre-compression force (PCF), main compression
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force (MCF), pre-compression displacement (PCD), main compression displacement (MCD),
ejection force (EF) and punch strokes) at high frequency (up to 100 kHz) with 16bit A/D
conversion. It allows calibration, filtering, visualization and recording of the processed sensor

signals and reviewing and analyzing of recorded data.

2.3.3. Tabletability

In order to determine the MCF at which the experiments should be performed, a preliminary
tabletability study was performed. Tabletability may be defined as the capacity of a powder to
be transformed into a tablet of specified strength under the effect of compaction pressure. It
can be represented by a plot of tensile strength (TS) versus compaction pressure [30, 35, 38-
41]. Although very useful, the obtained correlation is not an intrinsic material characteristics
and the profile is dependent upon the press, tooling and settings used (e.g. tableting speed,
paddle speed in the forced feeder, fill depth) [30, 31, 35, 40]. Therefore, the same tooling (n =
10, standard euro B, diameter 12 mm, concave radius 24 mm) was used throughout the study.
The fill depth was adjusted to obtain tablets of 500 mg, in accordance with the dwell time
experiments. Tableting speed was set at 500 tablets per minute (tpm) and force feeder speeds
were kept constant at 25 and 40 rpm. PCF was set at 2 kN and PCD at 0.2 mm. MCD was
kept at 0.0 mm for all experiments and MCF was varied from 3 to 30 kN with increments of 3
kN. An extra point at 42 kN MCF was added to examine the TS at a very high compression
load. For each experiment the machine was run for 2 minutes, with sampling during the second
minute. Room temperature (21.0 £ 2.0 °C) and relative humidity (RH) (30.0 £ 2.0 %) were

controlled.

2.3.4. Influence of extended dwell time

A series of experiments was conducted in order to investigate the effect of the extended dwell

time induced by displacement. Experiments were repeated at three different tableting speeds
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to examine the effect of this parameter. Initially, the experimental set-up consisted of 12
experiments, in which three factors were varied (Table 1). PCF was kept constant at 2 kN and
MCF was set at 12 kN, based on the results of the preliminary tabletability test. However, the
shape of the force-time signal for tablets compressed with moving rollers induced some set-
up modifications, as this profile deviated from the theoretical profile (Figure 3) [35]. This
atypical shape is caused by the inertia of the system and is inherently correlated to the design
of the air compensator. A limited “overshoot” occurs before the plateau of the extended dwell
is reached. Furthermore, the ratio between Fip and Fmpiateau (defined as the mean value of
Fasaw, Fsoaw and F7sqw (See further)) increases at higher tableting speed, which is by default due
to the larger impact at higher punch velocities when the punches come into contact with the
compression rollers. As a result, two compression forces (Fiwop and Fmplateau) Were taken into
account for analysis and correlation with the tablet properties. Hence, PCF and MCF values
of 2 kN and 12 kN, respectively, were maintained, in order to be able to compare the
experiments between different tableting speeds. Moreover, depending on the tableting speed,
the other compression force (with displacement) was determined as the resulting Fiwp by
keeping the Fmpiateau ON these preset values (i.e. experiment 3 in Figure 4). This ultimately
resulted in an adjusted set-up with seven experiments per tableting speed (total of 20
experiments, experiment 12 was not performed), from which a schematic overview is provided
in Figure 4. The red bars indicate the set PCF and MCF of 2 and 12 kN respectively. However,
when this bar is not located at the top of the curve (Fiwyp), this indicates that the powder bed is

actually exposed to a higher compression force during compression.

Tablets were prepared on the MODUL™ P, equipped with an overfill cam of 16 mm and using
a set of punches as described earlier. The fill depth was adjusted prior to each experiment to
obtain tablets of 500 mg. Tableting speed was set at 250, 500 or 1000 tpm, depending on the
experiment. As paddle speed must be adjusted in function of tableting speed in order to avoid
speed-induced weight variability [42], force feeder speeds were set either at 10 rpm — 50 rpm,

25 rpm — 40 rpm or 35 rpm — 50 rpm. PCF, PCD, MCF and MCD were set according to the
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experiment (Figure 4). In order to avoid confounding factors, each experiment was run on an
empty and cleaned tablet press. The machine was run for 2 minutes, with sampling during the
second minute. Room temperature (21.0 = 2.0 °C) and relative humidity (30.0 £ 2.0 %) were

controlled. A summary of the machine settings is given in Table 2.

2.4. Dataanalysis

2.4.1. Analysis of process parameters

The CDAAS software stores the collected data from the seven signals as a continuous
recording, with time (msec) on the X-axis. PCF, MCF and EF are plotted on one Y-axis (kN),
whereas PCD, MCD, movement of bottom punch and movement of upper punch are plotted

against distance (mm) (Figure 5).

Force-time profiles are already thoroughly addressed by other authors [16, 32-34, 36, 37].
Although these researchers provided insight and proposed applicable evaluation methods for
force-time profiles on rotary tablet presses, all these studies were conducted with a fixed roller
set-up. Consequently, the moving roller assembly used in this research and the resulting
atypical force-time profile requires a modified analysis protocol. Moreover, since it is possible
to compress tablets with both methods (fixed and moving rollers), parameters allowing
guantitative comparison between both types of profiles had to be defined. A schematic
overview of these parameters is given in Figure 6, which represents a force-time profile without
and with displacement (i.e. fixed and moving rollers). Since the shape of the force-time profile
without displacement was slightly different for main compression compared to pre-
compression, a representation of both (Figure 6a and 6b) is provided. The force-time profiles

with displacement were comparable for both stations (Figure 6c).
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First, the contact time (twota, from thegin 0 tend) @and the area under the curve of the complete
profile (AUCwta) Were defined as parameters [16, 33, 34]. Subsequently, the force-time profile
was divided into three phases: the consolidation phase, the dwell time and the decompression
phase [16, 33, 34, 36]. The method used to define these phases on the force-time curves
depended if the run was performed with fixed or moving rollers. Using moving rollers, the onset
and end of the displacement-time signal clearly marked the beginning and end point of the
dwell time. This also allowed easy tracking of the consolidation and decompression phase. In
runs with fixed rollers, there is no signal indicating when the punches are vertically aligned
with the center of the pressure role. For each tableting speed (250, 500 and 1000 tpm) five
consecutive force-time signals of the first run (experiment 1 in Figure 4, pre- and main
compression without displacement) were aligned on the X-axis by means of an algorithm with
five consecutive force-time signals of the second run (experiment 2 in Figure 4, pre- and main
compression with displacement). As the middle of the displacement-time signal of experiment
2 marks the center of the compression role, by default it also marks the middle of the dwell
time on the force-time profile for both aligned experiments. Knowledge about the middle of the
dwell time (tsoaw) allows correct positioning of the dwell time on the force-time profile. The dwell
time (taw) (Msec) itself, for the force-time signals without displacement, was calculated

according to Equation (1) [43]:

__ 6X10*XRp
taw =

(1)

ﬂXwXRp

Where Rn, R, and w denote the radius of the punch head flat (mm), half of the pitch circle

diameter of the turret (mm) and the turret speed (rpm), respectively.

In order to allow a faster determination of tseaw for the other experiments without displacement,
an empirical method was derived. For main compression, the dwell time of the force-time

profiles without displacement were characterized by the same force at the beginning of the
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dwell time (Fnaw) as at the end (Feaw) (Figure 6a). Therefore, the onset and end of the dwell
time were defined by the intersections between the force-time profile and a horizontal line with
a length equal to the theoretical calculated dwell time. For pre-compression, the endpoint of
the dwell time on the force-time profile without displacement was characterized by a rather
sudden and sharp drop in the force profile (Feaw) (Figure 6b). Consequently, the onset of the
dwell time was determined based on this sharp decrease of the force using a line parallel to

the X-axis with a length equal to the theoretical dwell time.

Next to the dwell time (taw), the middle of the dwell time (tsoaw) and the forces at the beginning
and the end of the dwell time (Foaw and Feqw respectively), additional parameters for this phase
were determined. The force at 25% (F2saw), 50% (Fsoaw) and 75% (F7sqw) Of the dwell time and
the respectively absolute time-points (tzsqw, tsoaw, t7saw) Were determined. The same procedure
was followed for the maximum and minimum force occurring during the dwell time (Fmax, trmax;
Fmin, trmin). The maximum force is also referred to as Fcuve OF Fiop (Figure 3), depending on
compression without or with displacement, respectively. Fmpiacau Was determined as the mean
value of Fasaw, Fsoaw and Frsqw. Furthermore, a dimensionless parameter describing the shape
of the force-time profile, independent of the absolute force values used, was included: the

t/Pmean ratio was defined as the ratio between Fmax and Fmpiateau.

For the consolidation phase, the consolidation time (tcon, from thegin t0 thaw), the area under the
cuve (AUCcn) and the slope (Scon) Were defined as parameters. The decompression phase
was analyzed accordingly (tdecomp, from teaw t0 tend; AUCdecomp; Sdecomp) [16, 24, 33, 34]. As
observed in Figure 6, both the consolidation and the decompression phases make up a small
portion of the entire profile when displacement is used, characterized by a shorter time span

and a steeper slope.

From the ejection profile (yellow line on Figure 5) only the maximum ejection force (Fejec) was

considered.



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

As stated above, the displacement-time profiles (red and orange line on Figure 5) were used
to measure the dwell time on the force-time profiles. Furthermore, the maximum displacement
(CD) was taken into account for further analysis. The signals for bottom punch and top punch
movement (blue and purple line on Figure 5) were used to calculate the in-die thickness of the
powder plug. The minimum in-die thickness (Tip) was calculated by determining the minimum
distance between the bottom and upper punch during compression (hgr), for both pre- and
main compression. Furthermore, the distance between the punches immediately after pre-
and main compression (Tap) was measured in order to calculate the in-die immediate axial
recovery (IAR) of the material after each compression step. The point at which the
measurement was performed was determined by simultaneously taking into account the
punch stroke profile (movement of the punches) and the force-time profile of the same punch.
This point was determined as the point immediately after the force dropped to zero and the
punches stopped following the movement of the compression rollers. Finally, based on the
movement of the bottom punch, the time between the end of punch movement at pre-
compression and the beginning of punch movement at main compression was defined as the

lag-time (tiag) [20, 21].

For each run, consecutive force-time (n = 10), displacement-time (n = 10) and punch motion
(n = 3) signals were analyzed. Data were then exported for further statistical pretreatment and
computations prior to PCA analysis. A schematic overview of all parameters is given in Table

3.

2.4.2. Tablet evaluation

An overview of the examined tablet characteristics is provided in Table 4. In order to obtain

information about the influence of the tableting parameters on the granules both “in-die” as

well as “out-of-die”, tablet evaluation was done immediately after production (t0) and after a
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storage period of seven days (t7). Friability, disintegration and SEM were only performed after
the storage period. Tablets were stored in open tablet trays in a sealed container at 23.1 +
1.0 °C and 30.0 + 2.0 % relative humidity (using a saturated solution of magnesium chloride

hexahydrate (Fagron, Waregem, Belgium)).

Tablets (n = 10) were weighed and their hardness, thickness and diameter was determined
(Sotax HT 10, Basel, Switserland). The tablet tensile strength (TS) was calculated using

Equation (2) [44].

7§ = 22 )

Where F, d and t denote the diametral crushing force (N), the tablet diameter (mm) and the

tablet thickness (mm), respectively.

Tablet friability was determined on 13 tablets using a friabilator described in the European
Pharmacopeia (Pharma Test PTF-E, Hainburg, Germany), at a speed of 25 rpm for 4 min.
Tablets were dedusted and weighed prior to and after the test. Tablet friability was expressed
as the percentage weight loss. The disintegration time of the tablets (n = 9) was evaluated
with the Pharma Test PTZ-E (Hainburg, Germany) as described in the European
Pharmacopoeia. Tests were performed in distilled water at 37.0 £ 0.5 °C using disks. The
disintegration time was determined as the time when no visible particles remained on the mesh

wire.

In order to calculate the porosity (€) of the tablets, the apparent density (papp) Of the tablets
was determined. For the in-die density determination, tablet volume was calculated using
Equation (3), according to the diameter of the die, dimensions of the punch tip and the in-die

thickness (Tp), derived from the distance between the top and bottom punch (hgr). For out-of-
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die determination four dimensions of 10 tablets with known weight were measured with a
projection microscope (Reickert, 96/0226, Vienna, Austrich). Subsequently, the volume of the
tablet was calculated according to Equation (3), with D (mm), H (mm), h (mm) and R (mm) the
diameter, the total height determined in the middle, the height of the central cylinder and the
radius of the concave part of the tablet, respectively. Weight divided by the volume of the tablet
resulted in the apparent density (0app). Based on the true density of the granules (Oiue)
determined by helium pycnometry, the porosity of the tablets was calculated according to

Equation (4).

V= [nx(g)th]+2x

pex () < prr-(P)] @

e=(1-222)x100 (4)

Ptrue

Several definitions are used to characterize immediate axial tablet expansion or recovery (IAR)
(%) [25, 40, 41, 45]. In general, IAR describes the difference between the minimum tablet
thickness under maximum compression force (Tip) (mm) and the tablet thickness after the

pressure is removed (Ta) (mm), as represented by Equation (5) [45].

IAR = (TA12) x 100 (5)

ID

However, there is a discrepancy between the interpretations of different authors about that
latter data point. Some authors define the tablet height at the end of the decompression phase,
before the tablet is ejected from the die (Tap) [25, 41, 46]. Others measure the tablet thickness
immediately after ejection from the die (Tw) [40, 47] or even after a defined period (e.g. 1
minute) after ejection (Tw) [45, 47]. Since each of these different determinations contributes to

the understanding of the behavior of the granules in the compression cycle, both definitions
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(before and after ejection) were used in this research. Consequently, three different values of

IAR were obtained:

- IARpe: the immediate axial recovery after pre-compression, with T and Tip the tablet
thickness measured in-die immediately after the decompression phase (Tap) and the
minimum tablet thickness under maximum pre-compression force, respectively.

- 1ARmain: Similar to IARpe, but calculated for the main compression phase.

- 1ARy: the axial relaxation of the tablet after ejection, where Ta denotes the tablet height
immediately after ejection (Tw) and Tip the tablet height under maximum compression

force at main compression (Tpw).

Furthermore, after a recovery period of seven days, the cumulative axial recovery (CAR) was

calculated accordingly (Equation (6)) [45]:

CAR = (ZTL2) x 100 (6)

IDM

With CAR the cumulative axial recovery (%), Tw the tablet height after a storage period of
seven days (mm) and Tipm the tablet height under maximum compression force at main
compression (mm), respectively. Additionally, the hardening of the tablets (%) upon storage

was calculated using Equation (7):

T5t7—TSt0

= ) x 100 )

Hardening = (

With TSiwand TSy the tablet tensile strengths (MPa) measured immediately after ejection from
the die and after seven days of storage, respectively. In order to simplify the evaluation of the
influence of the storage period on the tablet characteristics, a few additional parameters were

defined. Diff(CAR-1AR), Diff W, Diff T, Diff D, Diff H and Diff TS represent the changes in axial
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relaxation, weight, thickness, diameter, hardness and tensile strength of the tablets during

storage, respectively.

SEM was used to study the tablet surface. The tablets were mounted on metal stubs with
carbon tape and further processed as described for the granule characterization. The tablets

were observed at magnifications of 1000x and 2000x.

2.4.3. Multivariate data analysis

All calculated mean values and variation coefficients of the machine settings, the data logged
by the tablet press and the CDAAS software and the tablet properties were combined in a
data table (20 rows, 169 columns) [48]. Principal Component Analysis (PCA) was performed
on the machine settings and logged data obtained from the tableting press and CDAAS (X,
Tables 2 and 3) in order to provide an overview of the performed experiments and investigate
the correlations between all process variables. A Partial Least Squares (PLS) regression
model was developed to explore the correlations between the machine settings and logged
data (X) and the tablet properties (Y, Table 4). Variables were scaled to unit variance prior to
analysis [49]. The multivariate model was developed with the Simca P+ 13 software (Umetrics

AB, Umea, Sweden).

3. Results and discussion

3.1. Granule characteristics

An overview of the flow properties, true density and particle size distribution of the granules is

presented in Table 5. Scanning electron microscope (SEM) pictures (not shown) taken from

the material showed that the ibuprofen crystals are needle-like shaped. This observation, in

combination with the large fraction of smaller particles detected in the mixture, contributed to



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

the classification of this powder as a fairly flowing powder based on the compressibility index

values.

3.2. Tabletability

The influence of MCF on TS is depicted in Figure 7. The TS increases with MCF at
compression pressures less than 18 kN. Above 18 kN, the curve gradually levels off to a
plateau, where a further increase in the compaction force does not contribute to a higher
tensile strength. The higher energy put in the system is not used for additional bond formation
and can, in some cases, even decrease the strength of formed bonds, as elastic expansion at
higher compression forces is favored [2, 12, 13, 38]. The preferred compression force from a
manufacturing point of view is the lowest force (i.e. the least energy input) at which tablets
complying with quality- and bioavailability requirements can be produced. The variability in TS
however, is significantly larger when a variation (e.g. 0.5 kN) in MCF occurs at lower
compression forces, due to the higher slope of the curve at lower compression forces (under
10 kN). Since this could be a confounding factor, commonly a force closer to the plateau of
the curve is chosen. Consequently, 12 kN was chosen as MCF for further experiments. At this

CF, TS still depends on CF and the influence of variation in CF stays rather limited.

3.3. Multivariate Data Analysis

3.3.1. Principal Component Analysis

Four principal components (PCs) were fitted in the PCA model explaining 81.9% (R?) of the

variation in the data. The first, second, third, and fourth PC explained 29.0%, 24.9%, 19.1%,

and 9.8%, respectively.



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

Figure 8 depicts the scores of PC1 versus the scores of PC2. Three obvious clusters on the
X-axis (PC1) are identifiable: experiments on the left side were performed at a speed of
250tpm, on the center at a speed of 500tpm and on the right at a speed of 1000tpm. PC1, the
first PC in the model, is found by searching in the multivariate space for the direction of the
largest variance. This elucidates again how important the tableting speed is in performing
tableting experiments, as it contributes the most to the observed variance. To investigate in
detail how the tableting speed is related to the other process parameters, a loading plot is
constructed (Figure 9). Scores and loadings have a strong association, and both plots should
be observed simultaneously. Observations in a particular place on the score plot have high
values for the variables in the same place in the loading plot (positively correlated) and low
values for the variables at the opposite site of the loading plot (negatively correlated).
Moreover, the effect is more pronounced further away from the origin (i.e. from the middle) of
the plot [49]. On the right side of the loading plot (Figure 9), four process variables cluster with
the tableting speed (red full circle): fill, Scon (P), Scon (M) and Tap (M). As tableting speed
increases, the fill depth (fill) for powders not exhibiting a free-flowing behavior commonly has
to be increased to allow sufficient die filling during the short exposure time to the feeder in
order to reach the desired weight. The positive correlation between the after-die thickness
(Tap) and the tableting speed confirms the observations of other researchers, who stated that
an increased tableting speed is able to increase the immediate elastic expansion [12, 20, 25,
27, 40, 50]. Scon shows that the tableting speed is closely correlated to the shape of the force-
time profile, as this value, representing the slope of the consolidation phase, for both pre- (P)
and main compression (M) are significantly increased at high speed. This conclusion is further
supported by the cluster situated at the left side of the loading plot, where nearly all other
speed related variables of the force-time profile (the area under the curve (AUC) and the
different time points (t)) are grouped (red dashed circle). These variables have a higher

numerical value when the tableting speed is decreased.
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When looking at the score of PC1 versus the scores of PC2 (Figure 8) along the Y-axis (PC2),
two clusters can be distinguished. Loadings for PC2 (Figure 9) show that experiments with a
lower score value (lower half of the score plot) were performed at a higher MCD (at the bottom
of the loading plot (blue full line)) while experiments with higher PC2 scores (upper half of the
score plot) were performed at a lower MCD, which is in accordance with the set-up of the
experiments (see also Figure 4). Moreover, experiments with a high score value according to
PC2 have a high loading value for MCF,, Mbot and Mtop as these process parameters can be
found at the top of the loading plot, opposite from the MCD (blue dashed circle). This is
understandable, as the counterforce in the air compensator (MCF,) has to be lowered and the
position of the lower roller has to be raised (Mbot decreased) to allow more upward vertical
displacement (MCD) of the compression rollers. Obviously, with displacement, the position of

the upper roller will also be raised (Mtop decreased).

Several other variables are positively or negatively correlated to MCD as seen on Figure 9
(blue dotted circles). Firstly, the inverse correlation between MCD and the ejection force (Fejec)
is an interesting finding worth mentioning. An explanation for this observation can be that with
displacement the ejection is facilitated (ejection force lowered), since compression happens
higher in the die. Secondly, the model shows the relation between the MCD and the variability
of the process. A cluster close to MCD on the loading plot with VC temax, VC taw and VC Tipu
highlight that during compression with displacement the variation in dwell time, in the point
when maximum force occurs and in in-die thickness is larger than in experiments were no
displacement is used. On the opposite site of the loading plot however, a cluster of VC Fmpiateau,
VC Fmaxand VC AUC . reveal that the value of these variables is lowered when displacement
is used. From these observations can be concluded that during compression with the moving
roller set-up, the variability in the process is not translated into variability in the force exerted

on the powder bed, as is the case with the fixed roller set-up.
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Finally, the parameters positioned in the left lower corner of the loading plot are positively
correlated to the MCD. From this can be concluded that during the experiments with
displacement the compression event is statistically prolonged, as the total contact time (tiotal),
the dwell time (taw) and related values (AUCiota, tzsdw, tsodw, trsaw, temin) are increased. In
contrast, trmax can be found at the upper part of the loading plot, so negatively correlated with
an increased displacement. This observation becomes clear when looking at the difference in
shape of the force-time profile with and without displacement (Figure 6a and Figure 6c¢). For
all former parameters (t2saw, tsodw, t7saw, temin) the difference between that data point and the
beginning of the dwell time (toaw) becomes larger when using displacement. For the latter (temax)
exactly the opposite effect can be seen. The fact that these process parameters are located
on the loading plot more to the left instead of center bottom, indicates that both the tableting
speed (PC1) and the displacement at main compression (PC2) are correlated with these
parameters. This means that the influence of MCD will be more elucidated at lower tableting
speeds. A similar conclusion can be drawn when looking at the position of t/pmean ONn the
loading plot. As it is located closer to the lower right corner, both a higher tableting speed and
a higher displacement contribute to this value. As mentioned previously, the atypical shape of
the force-time profile with displacement is caused by the inertia of the system and is inherently
correlated to the design of the air compensator. Furthermore, the ratio between Fp and
Fmplateau iNCreases at higher tableting speed, which is by default due to the larger impact at
higher punch velocities when the punches come into contact with the compression rolls. From
this can be concluded that the t/pmean ratio is a sensitive parameter to describe the shape of

the force-time profile within the range of the parameter setting used.

Figure 10 depicts the scores of PC3 versus the scores of PC4 and accordingly, Figure 11
represents the loadings of PC3 versus the loadings of PC4. According to PC3 there are two
obvious clusters which by looking at the loadings plots can be attributed to differences in the
PCD. Experiments with a lower score value (left side of the score plot) were performed at a

higher PCD (left side of the loading plot (blue full line)) while experiments with higher PC3
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scores (right side of the score plot) were performed at a lower PCD, which is also in
accordance with the set-up of the experiments (see also Figure 4). Some of the observed
relations show similarity with those observed between the score and loading plot according to
PC2. For instance, experiments with a high score value according to PC3 have a high loading
value for PCF,, Pbot and Ptop as these process parameters can be found at the complete right
side of the loading plot, opposite from the PCD (blue dashed circle). The same rationale as
with main compression displacement can be followed to explain these observations.
Furthermore, the model shows the relation between the PCD and the variability of the process.
A cluster close to PCD on the loading plot with VC tqw and VC Tipp highlight that during
compression with displacement the variation in dwell time and in in-die thickness is larger than
in experiments were no displacement is used. Also here a cluster of VC Fmpiateau, VC Fmax and
VC AUCwa On the opposite site of the loading plot, reveal that the value of these variables is
lowered when displacement is used. From these observations can be concluded that also
during pre-compression with the moving roller set-up, the variability in the process is not
translated into variability in the force exerted on the powder bed, as is the case with the fixed

roller set-up.

Several other variables are positively or negatively correlated to PCD as seen on Figure 11
(blue dotted circles). Their position on the loading plot can be explained by the difference in
the shape of the force-time profile between compression with and without displacement
(Figure 6a and Figure 6c). Firstly, the position of the t/pmean Close to the PCD confirms that this
value is a suitable parameter to describe the shape of the force-time profile. Furthermore, for
the Y-axis of the force-time profile (force), the location of Fmax and Fuaw fOr pre-compression
are logically, as these variables have a higher value when displacement is used. Since Frsgw,
Fmin and Feqw Can be found on the opposite site of the plot, these variables are negatively
correlated with PCD, Fmax and Foaw. When comparing Figure 6a and Figure 6¢, indeed can be
seen that these values are lower when displacement is used. Fasqw and Fsoqw are not

significantly altered by compressing with or without displacement, which is supported by the
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position of these variables in the loading plot, since they are located in the middle of the plot
according to PC3. For the X-axis of the force-time profile (time), the dwell time (tsw) and related
values (tosdwi, tsodw, t7sdw, trmin) @re increased. In contrast, tsecomp Can be found at the right side
of the loading plot, so is negatively correlated with an increased displacement. From this can
be concluded that also during pre-compression the dwell time with the moving-roller is

prolonged.

When looking at the score of PC3 versus the scores of PC4 (Figure 10) along the Y-axis
(PC4), two clusters can be distinguished. Loadings for PC4 (Figure 11) show that experiments
with a lower score value (lower half of the score plot) were performed at a higher MCF (at the
bottom of the loading plot (red full line)) while experiments with higher PC4 scores (upper half
of the score plot) were performed at a lower MCF, which is also in accordance with the set-up
of the experiments (Figure 4). Closely correlated variables to the MCF (Fmax) are clearly
clustered (Foaw, F2siw, Fsodw, F7sdw, Fmplateau, Fedw, Fmin), @S can be seen on the loading plot.
Moreover, experiments with a high score value according to PC4 have a high loading value
for Tiom and hepguy as these process parameters can be found at the top of the loading plot,
opposite from the MCF (red dashed circle). This is expected, as the in-die thickness (Tipom) and

distance between the punches (hgp) is decreased when higher compression forces are used.

Based on the PCA-analysis, a few general conclusions can be drawn. Firstly, tableting speed
contributes to a large extent to the variance of PC1, the first PC in the model. This elucidates
how important tableting speed is in performing tableting experiments, as it contributes the
most to the observed variance. Mainly its influence on the shape of the force-time profile and
the dwell time has to be considered. Secondly, this analysis shows that the moving roller set-
up also influences to a great extent the tableting process

Moreover, the dimensionless parameter, t/pmean ratio, can be considered a sensitive
parameter to describe the shape of the force-time profile within the range of the parameter

setting used. Finally, the main compression force contributes to a large extent to the variance
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captured by PC4. Since PC4 only explains 9.8 % of the observed variance in the model, it can
be concluded that the tableting speed and the displacement have a larger influence on the
compression event (i.e. the other process variables) than the applied (main compression)

force.

3.3.2. Partial Least Squares

In order to examine the influence of the process parameters on the tablet properties, a PLS
model was constructed. PLS is a regression extension of PXA, which is used to connect the
information in two blocks of variables, X (the process parameters) and Y (the tablet properties)
[49]. In a first attempt to construct the model, all selected variation coefficients (VC) were
included in the model (see Table 3 and Table 4). However, a negative Q? value was obtained
for the first 2 PC’s. This implies that the model has no predictive power when using only 2
PC’s, and a third PC is necessary to force the model into cross validation predictions. Since
this approach has no rational basis, the model was adapted and all variation coefficients were
excluded. In this new model, three principal components (PCs) were fitted in the PLS model

explaining 66.8% (R?) and predicting 18.1% (Q?) of the variation in the data.

Scores of PC1 versus PC2 are depicted in Figure 12. Figure 13 is a plot of the loadings of
PC1 versus the loadings of PC2. Again, three clusters on the X-axis (PC1) are identifiable:
experiments on the left side were performed at a speed of 1000 tpm, on the center at a speed
of 500 tpm and on the right at a speed of 250 tpm. This is confirmed when looking at the
loading plot, where the variable speed is positioned on the left side of the plot (red full circle).
The loadings of the tablet properties located close to the variable speed are correlated with
this process parameter (red dashed circle). Mainly all the “Diff” variables, which depict the
difference between the mean value of the process parameter measured at tO and t7, are
related to the tableting speed. Since these variables have a high value, this means that the

values of these process parameters are higher after 1 week of storage, than measured
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immediately after production. The observations can be explained by the viscoelastic behavior
of ibuprofen. IARpe and IARmain have high values at high tableting speed. This means that the
immediate axial recovery (in-die) is higher at higher tableting speeds, as also reported in
literature [12, 20, 25, 27, 40, 50]. The axial recovery (relaxation) continuous further after
removal from the die and during storage (Diff (CAR-IAR)), as an increase in diameter (Diff D)
and thickness (Diff T) can be observed. Not only the dimensions of the tablet change, but also
an increase in tensile strength takes place, represented by Diff H, Diff TS and Hardening. This
suggest that the tablet not only expands slowly due to the viscoelastic nature of the material,
but that at the same time a reorganization of the material inside the tablet takes place,
contributing to a higher tensile strength. Although already reported in literature, a clear
explanation for this effect cannot be given [47]. Moreover, since the absolute values are small
(e.g. for thickness a maximum increase of 0.11 mm, diameter 0.03 mm and TS 0.16 MPa) this

dos not necessary imply any bio-relevant or critical qualitative changes.

When looking at the score of PC1 versus the scores of PC2 (Figure 12) along the Y-axis
(PC2), no clear clusters can be distinguished. Moreover, based on the experimental settings
(Figure 4) and the loadings for PC2 (Figure 13) it is clear that more than one process
parameter is contributing to the variance captured by PC2. The loading plot shows that
experiments with a lower score value (lower half of the score plot) were performed at a higher
MCD and a higher MCF (at the bottom of the loading plot (blue full circle)) while experiments
with higher PC2 scores (upper half of the score plot) were performed at a lower MCD and a
lower MCF. The loadings of the tablet properties close to these two process variables are the
hardness (H), TS and density (dens) of the tablets, both at tO and t7 (blue dashed circle). The
correlation with a higher compression force is obvious, the contribution of the prolonged dwell
time (higher MCD) however as such cannot be determined. On the opposite site of the plot,

the tablet porosity (t0 and t7) can be found, as this parameter is the inverse of density.
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Scores of PC2 versus PC3 are depicted in Figure 14. Figure 15 is a plot of the loadings of
PC2 versus the loadings of PC3. Although two clusters on the Y-axis (PC3) are identifiable, it
is clear that more than one process parameter is contributing to the variance captured by PC3.
The loading plot shows that experiments with a higher score value (upper half of the score
plot) were performed at a higher MCF and a higher PCF (at the left upper corner and top of
the loading plot (blue full circle)) while experiments with lower PC3 scores (lower right corner
and bottom of the score plot) were performed at a lower MCF and a lower PCF. The loading
of the tablet property close to the process variable PCF is the in- die density (dens ID (P))
(blue dashed circle). On the opposite site of the plot, the in-die porosity (por ID (P)) and in-die
volume (V ID (P)) can be found. The loadings of the tablet properties close to the process
variable MCF (blue dotted circle) are immediate axial recovery upon ejection (IAR t0) and the
axial recovery after storage (CAR). From this can be concluded that when tablets are
compressed at higher loads, the relaxation over time is prolonged. Moreover, based on these
observations it is clear that different process parameters have a different influence on the
relaxation behavior of material (i.e. the correlation between IARyre, IARmain @and tableting speed
and the correlation between 1AR, CAR with MCF) and that it is important to take all these
measurements into consideration. Other tablet properties related to a higher compression
force are the density, hardness and TS. On the opposite side of the plot, the porosity, volume
and thickness of the tablets are situated. It is interesting to note that the final tablet properties
are mainly determined by the final compression (i.e. main compression) step and not so much
by the pre-compression step, as the in-die properties at main compression (i.e. dens ID (M),
por ID (M), V ID (M) are closely related to the properties after ejection (and after storage) .
Since the process variable MCD is also located close to the loadings of the former tablet
properties (density, TS, H) it is possible that a higher MCD contributes to these tablet

characteristics, although clear conclusions cannot be drawn.

Overall, the PLS revealed that mainly the tableting speed and the main compression force

attribute to the final tablet properties. Furthermore, the relation between process parameters
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and tablet properties is not straight forward, as the different variables all contribute
simultaneously to the final tablet characteristic and the variation captured by the different PC’s
cannot be linked to one particular process variable. Although displacement seems to
contribute to (some of) the tablet characteristics, clear conclusions cannot be drawn. Finally,
a special reference should be made to the elastic behavior of ibuprofen. The PLS revealed
that a high compression speed and a high MCF both favor the elastic expansion (either in-die
or after ejection). This effect is known to increase the capping tendency of tablets. Although
not translated in the absolute values of hardness or friability, it should be mentioned that the
detrimental effect of higher elastic recovery at high speeds and high compression forces was
observed during friability and hardness testing. A large amount of tablets from experiment 3
and 5 at 1000 tpm (Figure 4) underwent capping upon radial pressure before breaking at the
hardness test after the storage period (33 and 50 % respectively). Also, during the friability

test, about half of these tablets broke into smaller pieces.

3.4. Disintegration testing and SEM

The data obtained from the disintegration test were not included in the PLS-analysis, as the
observed differences were not bio-relevant, with the shortest disintegration time being 102.57
+ 26.09 s and the longest 167.95 + 18.06 s. A trend could be observed however, depending
on tableting speed and applied forces. The tableting speed had a negative influence on the
disintegration time, whereas an increase of the compression force increased the time the

tablets needed to disintegrate.

SEM-pictures were taken from the tablet surfaces (not shown). Overall, it could be concluded
that the surfaces of the tablets were similar, although an influence of the tableting speed and
the compression force could also here be observed. In those experiments where lower
tableting speeds and higher compression forces were used, a slightly smoother surface was

obtained. The difference becomes more pronounced when comparing the experiments (of
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each tableting speed) who were performed with and without displacement (extended dwell
time), and this both on pre- and main compression. The tablets produced with displacement
had markedly smoother surfaces than the tablets produced without. This observation might
explain partly the lower ejection forces obtained with displacement at main compression, as
could be concluded from the PCA-analysis. Smoother surfaces will adhere less to the punch
tips and die-wall, reducing the force necessary to overcome this adherence and consequently

lowering the ejection force.

4, Conclusions

Principal Component Analysis (PCA) provided an overview of the main underlying phenomena
in the performed tableting experiments. The main source of variation in this dataset was
captured in PC1 which is composed mainly by the changes caused by an alteration of the
tableting speed. The second major direction of variation in the dataset (PC2) is the change in
main compression displacement. PC3 is mainly composed by the displacement at pre-
compression and correlated variables. At last, the main compression force contributes to a
large extent to the variance captured by PC4. Partial Least Squares (PLS) revealed that mainly
the tableting speed and the main compression force attribute to the final tablet properties and
that the relation between process parameters and tablet properties is not straight forward, as
the different variables all contribute simultaneously to the final tablet characteristics. Overall,
this analysis provided a summary of the contribution of the moving roller set-up to the tableting
process and tablet properties. This research project shows that a large amount of parameters
influence the compression cycle and it is difficult, if not impossible, to study the contribution of
all factors separately. Using an instrumented high speed rotary press, a large amount of
information is obtained which contributes to the further understanding of this complex

engineering process.
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