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a b s t r a c t

The purpose of this study was to assess the porosity variation of roller compacted ribbons made using
different process parameters; in addition, the feasibility of using near-infrared chemical imaging (NIR-CI)
to evaluate porosity variations was examined. Ribbons of neat microcrystalline cellulose were compacted
using a range of roll pressures (RP), roll speeds (RS) and feed screw speeds (FSS). The ribbon porosity
decreased as RP increased with the exception of ribbons produced by the combination of high RS and low
FSS where increasing RP increases the porosity of the ribbons. Lower RS was found to produce ribbons
eywords:
oller compaction
IR chemical imaging
orosity
ensity
oller compacted ribbon

with lower porosity and the porosity increases as the RS increased. Increased FSS will decrease ribbon
porosity at higher RS while it slightly increase the ribbon porosity at lower RS. A simple linear regression
model showed NIR-CI was able to predict the ribbon porosity with a correlation of 0.9258. NIR-CI is able
to characterize differences in porosity as a function of position on the ribbon where regions with lower
porosity show higher absorbance. Nevertheless, NIR-CI is able to show sinusoidal variation in intensities

d rib
eed screw speed, Roller pressure, Roller
peed, Quality by design, NIR-CI

along the roller compacte

. Introduction

Roller compaction has gained popularity in recent years as a dry
ranulation method to improve material flow and compressibil-
ty without the use of heat or solvents. This is especially beneficial

hen working with active ingredients that are heat or moisture
ensitive and therefore cannot be wet granulated (Ende et al., 2007;
eng et al., 2008; Ghorab et al., 2007). Unlike the wet granulation
rocess, roller compaction is a continuous process where a pow-
er blend is compacted and consolidated into a sheet of solid mass
y passing it between two counter-rotating rollers under pressure.
he resulting product is called the roller compacted ribbon, which is
hen milled into granules of desired particle size (Peck et al., 2008).
he continuous process has many advantages, consistent produc-
ion, time scalability and fewer pieces of equipment, and therefore

as the potential to reduce manufacturing costs (Daugherity and
hu, 2007).

The fundamental mechanisms of roller compaction are com-
lex, and like other manufacturing techniques, product quality and

∗ Corresponding author. Tel.: +1 410 706 6865; fax: +1 410 706 0346.
E-mail address: shoag@rx.umaryland.edu (S.W. Hoag).

378-5173/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.02.028
bon among all settings studied.
© 2011 Elsevier B.V. All rights reserved.

performance depend upon raw material properties, machine con-
struction and process variables. Material properties such as the
particle size and morphology of the raw materials have been shown
to affect the compaction properties of the ribbons, granule particle
size distribution, flowability, content uniformity and compaction
properties of the tablets (Bacher et al., 2007, 2008). Studies have
shown that the tap and bulk density of the resulting milled granu-
lation was consistently higher when made with smooth rolls than
with a linear knurl (serrated) roll surface (Daugherity and Chu,
2007; Sheskey and Hendren, 1999). The volume of the serrated roll
surface can significantly affect the ribbon thickness, as serration
draws powder into the roll surface; the greater the serration vol-
ume, the thicker the ribbon (Daugherity and Chu, 2007). Process
variables such as feed screw speed (FSS), roll speed (RS), roll pres-
sure (RP), roll gap and milling condition can also impact the porosity
distribution on roller compacted ribbons and the properties of the
resulted granules (Daugherity and Chu, 2007; Peck et al., 2008).

Maintaining constant process parameters throughout the entire

roller compaction operation does not always guarantee a com-
pletely homogenous ribbon. For example, the motion of the last
flight of the spiral feed screw has been shown to create periodi-
cal sinusoidal density variation across the ribbon width and along
the ribbon length (in the direction of ribbon output motion) as it

dx.doi.org/10.1016/j.ijpharm.2011.02.028
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:shoag@rx.umaryland.edu
dx.doi.org/10.1016/j.ijpharm.2011.02.028
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Table 1
Roller compaction operating parameters for this study.

Batch # Roller speed (RPM) Feed screw speed (RPM) Roller pressure (MPa) Feed screw speed/roller speed (RPM/MPa)

1 4 20 4 5
2 4 20 6 5
3 4 28 4 7
4 4 28 6 7
5 6 24 5 4
6 8 20 4 2.5
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elivered powder to the compaction region (Guigon and Simon,
003). Also, heat may be generated in the compaction region from
riction between the rolls and compacted powder, causing varia-
ion in properties of the compacts during long compaction runs
Ghorab et al., 2007). Therefore, it is important to identify and
evelop a better understanding of the critical factors that affect
he roller compaction process, so that they can be accounted for in
he formulation design and be monitored during the process; this
nderstanding of the process is needed to reliably and consistently
aintain desired quality and product performance across a range

f environments as part of the Quality-by-Design (QbD) approach
FDA, 2006).

Based on published research, the quality of the roller compacted
ranules are influenced by the porosity (i.e., relative density or
olid fraction) distribution of the roller compacted ribbons, because
orosity influences the ribbon strength and consequently varia-
ion in porosity will lead to a variation in the size distribution
nd density of the granules produced for a given milling condi-
ion (Miguelez-Moran et al., 2008, 2009; Tye et al., 2005; Wu et al.,
006). As observed by Gamble et al. (2010) increased in ribbon
orosity of plastically deforming materials results in broader par-
icle size distribution and reduce granule flow properties due to
greater volume of fine particles. Conversely, ribbons with lower
orosity were shown to produce tablets with lower tablet crushing
trength due to the work hardening of the plastically deforming
aterials.
The first part of this paper focuses on the characterization of

ulk porosity variation of roller compacted ribbons when process
arameters such as the FSS, RS and RP are changed. The FSS con-
rols the material feeding rate into the compaction region of the
olls. Continuous flow of material into the compaction region of
he rolls is important as under feeding can lead to less compaction
hile over feeding can cause over compression, which may even

ause a block in the pre-compression zone. RS controls the dwell
ime of the material under pressure in the compaction region. A
ertain dwell time is necessary to allow particle rearrangement
nd bonding. Hence, short dwell times, for a given pressure, can
ead to lamination and capping (in tablets) while long dwell times
an lead to over compression causing the ribbon to flatten out
nd laminate (Peck et al., 2008). In large part, the RP controls the
ompaction pressure applied to the material. Higher roller pres-
ure on plastically deforming materials such as the hydroxypropyl
ethycellulose was found to produce larger granules and the cor-

esponding tablets were found to have a lower crushing strength
ue to work hardening (Peck et al., 2008).

The Process Analytical Technology (PAT), which is a part
f the USA FDA’s QbD initiative, seeks to better understand
ngredient–process relationships and to establish appropriate

ontrol strategies, which includes real-time release testing, has
enerated increase interest in using nondestructive techniques to
onitor and control the roller compaction process. These include

ingle point near infrared spectroscopy (NIRS) to look at content
niformity, moisture content, relative density, tensile strength and
6 2.5
4 3.5
6 3.5

Young’s modulus. A strong correlation has been found between the
NIRS predicted values and measurements obtained using a suitable
reference method (Gupta et al., 2004, 2005a,b,c). However, method
development for NIRS can be quite extensive, requiring the cre-
ation of calibration samples outside of “normal” ranges, and the
constant maintenance of the model as it is applied in practice. As
with many existing analytical techniques, NIRS averages spectral
information from the entire data collection area, producing a sin-
gle result. As the variation in chemical and physical properties over
an area may actually influence the quality of the resulting prod-
uct, a bulk characterization method may not be able to adequately
probe the sample. Thermal effusivity results from roller compacted
ribbons have also been shown to correlate with the solid fraction,
tensile strength and Young’s modulus of roller compacted ribbons
but the technique suffers from several drawbacks (Ghorab et al.,
2007). It can only accurately measure ribbons made by smooth rolls,
it is dependent on the ability of the material to transfer heat through
and between the particles, and as with NIRS it derives a single value
across the measurement sampling area, instead of providing spa-
tially resolved data. Other method includes X-ray micro-computed
tomography where the authors determined the density distribu-
tion in roller compacted ribbons; however, it is inappropriate to be
used in the density distribution study when more than one chem-
ical composition is included (Miguelez-Moran et al., 2008, 2009).

To overcome some of the inherit limitations associated with
bulk measurements, the second part of this paper will investi-
gate the feasibility of determining the spatial dependence of ribbon
porosity using near infrared-chemical imaging (NIR-CI), as differ-
ences in porosity across and along the ribbon’s width and length
can lead to variations in compact properties which can affect prod-
uct quality (Gamble et al., 2010; Ghorab et al., 2007; Guigon and
Simon, 2003). NIR-CI can be used as a tool to determine and bet-
ter understand CQAs as part of a QbD approach. NIR-CI is a rapid
and nondestructive analytical method that allows the collection of
many thousands of NIR spectra (chemical information) as a func-
tion of position in the sample. These spectra can be compiled into
an image (spatial information). In other words, in a single dataset
the individual spectra are associated with a microscopic or macro-
scopic (depending upon image resolution) point in the sample
which would enable a spatial description of porosity distribution in
heterogeneous roller compacted ribbons without running separate
calibration samples. Subsequent analysis of NIR-CI data enables
qualitative and quantitative insight in the chemical and physical
characteristics of heterogeneous samples (Lewis et al., 2006). These
insights are valuable when measuring porosity of roller compacted
ribbons as the pycnometer method averages the density across the
sample, but it does not give information about the density variation
across the sample. Using the porosity value measured by the pyc-

nometer method together with NIR-CI analysis, NIR-CI is capable
of determining the spatial porosity distribution, i.e., sample het-
erogeneity across the whole sample. To date no studies have been
reported in the literature that have used NIR-CI to study the het-
erogeneity of roller compacted ribbons; hence, if successful this
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tudy will provide a novel tool for roller compaction users to bet-
er understand the roller compaction process. Information about
he chemistry and physical organization of the samples provided
y NIR-CI is valuable for formulation development, and promotes
rocess understanding, especially for complex, spatially varying
rocess such as the roller compaction.

In this study, we have attempted to extend the application of
IR-CI to examine and understand the roller compaction process
y monitoring the porosity variation across the ribbon width and

ength for different process parameters. The ribbons were com-
osed of a single ingredient, Avicel® PH 102 and no API was used

n this study, as the goal was to isolate the spatial distribution
f porosity as a function of processing parameters. The porosity
hanges in the roller compaction ribbon are reflected in absorbance
hanges in the NIR spectra. The denser (less porous) a sample is,
he greater the absorbance will be, while a very porous sample
ill have proportionally less material interacting with the incident
IR illumination, and will have correspondingly lower absorbance;
nalogous results were found for tablets (Cantor et al., 2011; Tabasi
t al., 2008; Tatavarti et al., 2005).

. Materials and methods

.1. Materials

The Avicel® PH 102 grade of microcrystalline cellulose (MCC)
as obtained from FMC Corporation (Newark, DE).

.2. Preparation

.2.1. Preparation of ribbons
Ribbons of neat Avicel® PH 102 were prepared using an

lexanderwerk® WP120V roller compactor (Alexanderwerk Inc.,
orsham, PA) fitted with two counter rotating diamond knurl sur-

ace rolls of 12 cm diameter and 4 cm wide and a single feed screw.
n order to produce ribbons with largest possible inter- and intra-
ariation in density, combinations of the highest and lowest set-
ings achievable that could still produce a continuous ribbon, i.e., a
ong compacted strip without breaks, were determined, and values
panning this broad range of settings were selected for the exper-
mental design. To produce more consistent ribbons the roller gap
s typically controlled via feedback circuits in the roller compactor;
owever, these feedback circuits would damp out the differences

n porosity because to achieve a consistent gap the FSS is dynam-
cally adjusted during operation. To avoid this damping out of the
esponse the roller gap was not fixed in this study, i.e., the automatic
oller gap adjustment controls were turned off.

To collect samples for the bulk and NIR-CI porosity measure-
ents, the ribbons were compacted using a RS of 4, 6 or 8 RPM,

SS of 20, 24 or 28 RPM, and RP of 4, 5 or 6 MPa; these combina-
ions were studied using a factorial design with two levels three
actors and a center point as shown in Table 1. For the porosity

easurements, a single strip of roller compacted ribbon, at least
6 cm in length (about two times of the circumference of the roll)
as collected for each roller compaction setting. The strip was then

ut with a disposable microtome blade into smaller ∼3 cm sections
nd stored for further analysis. To allow the roller compactor to
each steady state, samples were only cut from strips produced
fter 1–2 min of continuous operation. Thirteen consecutive sam-
les from each roller compaction settings which represent a single
otation of the rolls (circumference of rolls = 38 cm) were measured

xcept for the center point roller setting of RS: FSS: RP of 6 RPM:
4 RPM: 5 MPa where twenty-six samples were measured which
epresent two rotations of the rolls; these samples were used to
tudy the repeatability of two consecutive cycles during roller com-
action.
Pharmaceutics 410 (2011) 1–8 3

2.2.2. Porosity measurements
The true density of bulk Avicel® PH 102 powder was determined

using a fully automatic gas displacement pycnometer-AccuPyc®

1330 helium displacement pycnometer (Micromeritics Instrument
Co., Norcross, GA). Weight of Avicel® PH 102 powder were pre-
determined prior to the analysis. The pycnometer determines the
volume of the Avicel® PH 102 powder by measuring the volume of
gas displaced by the powder. The true density is derived automat-
ically by the quotient of the sample weight entered and volume
measured. The number of purges and runs were 10, purge and
run fill pressures were 19.5 psig and the equilibration rate was
0.005 psig/min.

The envelope density of the Avicel® PH 102 roller compacted
ribbons were determined using the GeoPyc® 1360 pycnome-
ter (Micromeritics Instrument Co., Norcross, GA). The GeoPyc®

1360 pycnometer measures the envelope volume and calcu-
lates the envelope density of the roller compacted ribbons. The
internal diameter of the chamber used, consolidation force and
conversion factor selected in this study was 38.1 mm, 90 N and
1.1476 cm3/mm, respectively. DryFlo is used as the dry-fluid
medium as recommended by the manufacturer. Using the true den-
sity of the Avicel® PH 102 powder, the GeoPyc® 1360 pycnometer
reports percentage porosity of roller compacted ribbons using fol-
lowing equation:

P% =
(

1 − �envelope

�true

)
× 100

where P is the ribbon porosity, �envelope is the envelope density
and �true is the true density. The single point bulk pycnometer
determined mean porosity are the average of thirteen consecutive
samples from each roller compaction settings except for the cen-
ter point roller setting of RS:FSS:RP of 6 RPM:24 RPM:5 MPa where
the mean porosity are the average porosity of twenty-six consecu-
tive samples. The standard deviations are calculated based on these
thirteen or twenty-six consecutive samples.

2.2.3. NIR chemical imaging measurements
Offline NIR-CI measurements on the roller compacted ribbons

were collected with a Malvern SyNIRgiTM chemical imaging system
(Malvern Instruments, Westborough, MA) in diffuse reflectance
mode. Data sets of each ribbon were collected from 1300 to
2400 nm with a spectral point spacing of 10 nm and 16 co-added
images per wavelength. The sample field of view (FOV) was approx-
imately 40 mm × 32 mm corresponding to a magnification of about
125 �m/pixel (an image is 320 × 256 pixels). Dark image cubes used
to correct for stray light and detector dark current were recorded
using a low-diffuse reflectance material (a mirror), and background
image cubes used to determine sample absorbance were recorded
using a high-diffuse reflectance target (a white ceramic plate).

2.2.4. NIR-CI data analysis
All NIR-CI data were analyzed using ISys® 5.0 chemical imaging

software (Malvern Instruments, Westborough, MA). Reflectance (R)
data was generated using the following equation:

R = S − D

B − D

where S is the reflectance of a sample image cube, D is the
reflectance of a dark image cube and B is the reflectance of a back-

ground image cube. The resulting sample data were converted to
absorbance (A) using the following equation:

A = log10

(
1
R

)
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ig. 1. Mean % porosity and corresponding standard deviation (SD) of Avicel® PH
02 prepared using different RS, FSS and RP (n = 13 for each setting except RS:FSS:RP
f 6:14:5 where n = 26). Values determined using helium pycnometry.

on-sample areas were masked to eliminate non-sample data and
he image plane at 1310 nm of each sample was subtracted from
ach of the data cubes. This is equivalent to performing a single
oint baseline subtraction where there is no spectral contribu-
ion, the goal of which is to minimize scattering and other baseline
ffects, while preserving overall spectral intensity. The spectra from
ll image cubes were smoothed using a Savitsky–Golay smoothing
lter (filter length 9, filter order 3). As there is a strong spectral fea-
ure for MCC at 2100 nm, and the roller compacted ribbons consist
nly of neat Avicel® PH 102, no spectral changes due to chemical
ariability are expected, the resulting linear shift in the baseline
haracterize by the mean intensity at this wavelength is propor-
ional to the amount of Avicel PH 102 present. Hence, the mean
ntensity difference within and between samples is correlated to
he porosity of the roller compacted ribbons using a simple lin-
ar regression. As described in Section 1, the denser (less porous)
he Avicel ribbon is, the greater the spectral absorbance will be at
100 nm.

The resulting color mapping with intensity scaling at 2100 nm
rom each roller compaction settings were compared to study the
nter- and intra- porosity variation of roller compacted ribbons
rom different roller compaction settings. To confirm if the waffle
attern on the intensity map was due to density variation, the spec-
ral were subjected to second derivative pre-processing as second
erivatives is known to minimize baseline effects caused by phys-

cal variation in the sample. The waffle pattern will disappear if
he waffle pattern shown in the intensity map is a result of density
ariation.

. Results and discussion

.1.1. Porosity of ribbons

Using the DOE described above and shown in Table 1 and the
ata analysis techniques described in Section 2.2.2, the single point
ulk pycnometer determined mean porosity and standard devia-
ion results for the ribbons are shown in Fig. 1. In Fig. 1 the three
actors, RS, FSS and RP are each plotted as an axis and the two levels
re indicated by the text adjacent to the porosity values in the cir-

le, the center point also contains the experiment conditions in the
djacent text. The mean porosity of ribbons from different roller
ompaction settings ranged from 26% to 48%.

As shown in Fig. 1, the porosity decreased as RP increased from
MPa to 6 MPa at different RS and FSS settings as expected due
Pharmaceutics 410 (2011) 1–8

to the higher RP exerted on the powder. An exception to this
trend was seen for RS of 8 RPM and FSS of 20 RPM where increas-
ing RP from 4 MPa (porosity = 45.53%) to 6 MPa (porosity = 47.77%)
actually increased the ribbon porosity by 2.24%. These settings
(8RS-20FSS-4RP and 8RS-20FSS-6RP) also produce ribbons with the
highest porosity values for all the settings studied. At higher RS of
8 RPM, the rollers rotate faster, reducing compaction dwell time
for material under pressure which in turn, reduces time for parti-
cle rearrangement and bonding. In addition, at the slower FSS of
20 RPM, the feed delivers less powder into the compaction region,
which means there is a lower bulk density and higher porosity
of the powder as it enters the compaction region, which enables
more entrapped air to remain inside the powder in the compaction
region during roller compaction. Combined with the higher RS, the
entrapped air has a more difficulty leaving the powder mass as the
dwell time is reduced; hence, the faster RS with shorter compaction
dwell time and slower FSS with a slower powder delivery rate yields
ribbons with the highest porosity among all settings studied.

Ribbons with the lowest porosity value were produced with RS
of 4 RPM and RP of 6 MPa where the porosity value are 26.9% and
28.3% for FSS of 20 RPM and 28 RPM, respectively, due to the slower
RS which in turn, allows a longer compaction dwell time for particle
rearrangement and bonding under the higher RP. The effect of RS
can also be seen when it is increased from 4 RPM to 8 RPM where
the porosity of the ribbons are increased which is consistent with
other researcher due to lower compaction dwell time (Gupta et al.,
2005b). When FSS is increased from 20 RPM to 28 RPM at the high
RS (8 RPM), the porosity of the ribbons decreased by 8.8% and 14.4%
for RP of 4 MPa and 6 MPa, respectively. The authors believe this is
due to less permeation of entrapped air occurs when powder is
delivered to the compaction region at a higher rate when FSS is
increased, hence, decreased the porosity of the ribbons. However,
the FSS has minimal effect on the ribbons porosity at lower RS (4
RPM) where the ribbons porosity increased by 1.6% and 1.4% for RP
of 4 MPa and 6 MPa when the FSS is increased from 20 RPM to 28
RPM. At the lower RS, the longer dwell time effect is predominant
and the entrapped air becomes less affecting.

To summarize, ribbon porosity decreases as the RP increased
with the exception of settings at high RS (8 RPM) with low FSS set-
tings (20 RPM) where ribbon porosity was increased with increased
RP. Higher RS was found to produce ribbons with higher poros-
ity with the exception of high FSS (28 RPM) with low RP settings
(4 MPa) where increasing RS does not significantly affecting the rib-
bon porosity. At higher RS (8 RPM), the ribbon porosity was reduced
as the FSS is increased from 20 RPM to 28 RPM. On the other hand,
the ribbon porosity was slightly increased as the FSS is increased
from 20 RPM to 28 RPM at lower RS (4 RPM).

3.2. NIR chemical imaging

Fig. 2(a) is the color mapping of a roller compacted ribbon with
intensity scaling at 2100 nm, which enables us to observe poros-
ity variation across the roller compacted ribbons. The porosity
variation within the Avicel® PH 102 ribbons are due to physi-
cal variation rather than chemical differences. Image contrast at
2100 nm disappeared (Fig. 2(b)) when subjecting to second deriva-
tive pre-processing, where this pre-processing method is known to
minimize the impact of physical characterization while highlight-
ing the chemical differences.

To determine the feasibility of NIR-CI to predict ribbon porosity,
a calibration curve was created by plotting the measured single

point bulk pycnometer porosity values of the roller compacted
ribbons (n = 100) against the NIR-CI mean absorbance. The mean
absorbance is calculated by averaging the absorbance intensity
value of the bulk roller compacted ribbon at 2100 nm. The results
are shown in Fig. 3(a), along with a simple linear regression fit
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ig. 2. (a) Color mapping of a neat Avicel® PH 102 ribbon. The colors of this image a
o second derivative pre-processing as it represents the porosity variation instead o
he reader is referred to the web version of this article.)

ielding a calibration curve:

= −280.27A + 136.99 (R2 = 0.9044)

here P is the porosity of the roller compacted ribbons and A is the
ean absorbance at 2100 nm. The model was tested by predicting

orosity results from NIR absorbance data on an independent set
f ribbons (n = 30) whose values were not used in determining the
alibration, see Fig. 3(b). The prediction yielded a strong correlation
f 0.9258, suggesting that NIR-CI can be used to predict the poros-
ty of the roller compacted ribbon even when the ribbon surface is
ot flat, as these ribbons were all made from diamond knurl surface
olls. The porosity and NIR absorbance are highly correlated where
ncreasing NIR absorbance was observed with decreasing poros-
ty (higher density) as there is more material interacting with the
ncident NIR illumination. This finding is consistence with the liter-
ture where density can affect absorbance and diffuse reflectance
ath length (Tabasi et al., 2008).

In addition to predicting the bulk porosity of roller compacted
ibbons, NIR-CI inherently provides spatially resolved information,
hich can be used to show porosity variation on the order of the

ystem magnification (∼125 �m/pixel). As illustrated in Fig. 4, rep-
esentative spectra from different spatial locations within a single

ibbon show peak height variations. Because the ribbon is com-
rised of a single chemical species, the spectral differences become
egligible when pre-processing steps that remove physical effects
re applied, the data can be used to predict ribbon porosity and
ntra ribbon differences (see below), these spectral differences can

ig. 3. (a) Simple linear regression model used to correlate the mean intensity at 2100 nm
.9258.
ed on absorbance at 2100 nm. (b) The image contrast disappeared when subjecting
ical differences. (For interpretation of the references to color in this figure legend,

confidently be attributed to physical (porosity) rather than other
factors which could cause spectral differences. Fig. 4 shows an
image whose contrast is based on the peak height (NIR absorbance)
of the 2100 nm spectral band. Red areas have the lowest porosity
(highest density), blue areas correspond to highest porosity (lowest
density), and green areas are of intermediate porosity and density.
Regions from within the diamond-shaped areas show the high-
est absorbance at 2100 nm (highest density or lowest porosity)
due to the diamond knurl surface of the rollers where this spa-
tial area is more tightly compacted than the depressed areas on the
roller surface surrounding it. Spectra from these depressed roller
surface areas surrounding the diamonds should show lower NIR
absorbance (higher porosity), and this is reflected in Fig. 4. The edge
of the ribbon is expected to have the highest porosity as the Teflon
edge guards were not in place allowing material to leaks out from
this region during the compaction process. Representative single
pixel spectra corresponding to the three distinct spatial regions are
shown in Fig. 4. The red spectra with the highest NIR absorbance at
2100 nm is from the raised diamond area on the roller surface, the
spectrum from a surrounding depressed area of the roller surface
is shown in green, and an edge spectrum is in blue. The NIR-CI
absorbance scans showed spectral shift as the porosity changes
are consistent with the literature where spectral shifts were also

observed using single point NIRS as the crushing strengths of the
tablets changes as a result of density differences (Cantor et al., 2011;
Tabasi et al., 2008; Tatavarti et al., 2005). NIR-CI is therefore able to
characterize differences in porosity as a function of position on the
ribbon.

with the lab measured porosity. (b) Prediction model yielding R-squared value of
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ig. 4. The color mapping of the roller compacted ribbon at 2100 nm where red s
orresponding to the regions within the depressed area and blue spectrum correspo
gure legend, the reader is referred to the web version of this article.)

To assess the porosity variation across the roller compacted rib-
on width, and also between the roller surface raised diamond
reas and depressed areas, three samples with known bulk aver-
ge porosity (26.35%, 36.56% and 50.27%) were compared. The line
rojection plot (see Fig. 5(a)) was used to show the ribbon’s inten-
ity with respect to the location where the blue line was drawn on
he intensity images (see Fig. 5(b)). Both the line projection plot
nd intensity images show porosity variation across each ribbon’s
idth, the center showing higher intensity than the edges as seen

y the slight curvature of the line plots, suggesting lower porosity
alues at the central regions. More variations are found between
he raised diamond area and depressed area, seen as the high fre-
uency changes in the plots. The first sample shown in Fig. 5(b)
howed highest intensity (mean absorbance = 0.3947) correspond-
ng to the lowest measured bulk porosity (26.35%), whereas the
hird sample with the lowest intensity (mean absorbance = 0.3285)
orresponding to the highest measured bulk porosity (50.27%).

he porosity variation between the raised diamond and depressed
egions is due to the diamond knurl surface rolls where it allows
ore material to deposit per volume on the depressed area than

he raised diamond area. As a result, the diamond regions showed
ower porosity (or higher density) comparing to the depressed area.

ig. 5. (a) Line projection plot shows porosity variation across the sample width, and betw
ith known measured porosity at 2100 nm. The measured bulk porosity for the sample
ean absorbance are 0.3947, 0.3674 and 0.3285, respectively.
m corresponding to the regions within the raised diamond area, green spectrum
to the regions around the edge. (For interpretation of the references to color in this

The edges of the ribbons showed highest porosity due to powder
leakage.

To assess the axial porosity variation of the roller compacted
ribbons, individual sample produced by each roller compaction set-
ting were concatenated (digitally stitched together) to examine the
porosity variation across the width and along the length of an entire
roller compacted ribbon and between different roller compaction
settings, the individual 3 cm images of the ribbon were concate-
nated to produce a single image of the entire ribbon. The intensity
map shown in Fig. 6 shows sinusoidal variation in intensities along
the roller compacted ribbon among all settings studied, indicative
of a corresponding sinusoidal variation in the porosity. This find-
ing is consistent with other researchers (Guigon and Simon, 2003;
Simon and Guigon, 2003) where sinusoidal density variation was
found in a compacted sodium chloride ribbon, determined by mea-
suring the distribution of light transmitted through the ribbon. The
periodicity of variation is due to the periodicity of the FSS and the

motion of the last flight of the spiral feed screw as it rotates to
deliver powder to the compaction region. The powder located at
the last flight of feed screw will get densified and the powder does
not move much if it has higher porosity than the powder located
in the space between the rolls, whereas if the powder at the last

een the raised diamonds and depressed area. (b) Intensity images of three samples
on the left, center and right are 26.35%, 36.56% and 50.27%, respectively, and the
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Fig. 6. Intensity map of roller compacted ribbon prepared by various RS, FSS and RP.
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ig. 7. Intensity map of roller compacted ribbon prepared by two continuous roller

ight of screw has equal porosity as the powder located in the
pace between the rolls, it will move (Guigon and Simon, 2003;
imon and Guigon, 2003). Thus, the non-continuous pulsing densi-
cation process from the feed screw results in sinusoidal porosity
ariation along the roller-compacted ribbons. In fact, the NIR-CI
hows increased sinusoidal periodicity as the FSS is increased and
he same FSS show same periodicity. In addition, NIR-CI allowed us
o study the repeatability and variation across and along the ribbons
idth and length made by two consecutive cycles of roller com-
action as seen in Fig. 7 where the periodicity porosity variation
ere identical for the two continuous cycle showing the process is

epeatable.

. Conclusions

In this study, the effects of various roller compaction settings
RS, FSS and RP) on the ribbon porosity were investigated. The
tudy show that ribbon porosity increases as the RS increased due to
he reduction of compaction dwell time for particles undergo rear-
angement and bonding. FSS has negative effect in changing the
ibbon porosity at higher RS where increased FSS will decrease rib-
on porosity while it has minor positive effect at lower RS. At lower
S, the compaction dwell time and RP predominant. It was also
bserved that increased RP will decrease ribbon porosity, because

igher pressures are exerted on the powder by the rollers. In addi-
ion, the study demonstrated the use of NIR-CI as a nondestructive
ool to determine the ribbon porosity. The technique can also be
sed to investigate the porosity distribution across the width and
long the length of the ribbons.
action cycle with RS, FSS and RP settings of 6 RPM, 24 RPM and 5 MPa, respectively.
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