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a b s t r a c t

In pharmaceutical processing, the lubricant magnesium stearate (MgS) can affect compaction efficiency
based on blend time and amount of MgS used. Insufficient lubrication produces intra-tablet variations
in density. Consistent tablet density profiles and uniform compaction force, as managed by proper
lubrication, are important for predictable performance. The current work demonstrates the utility of
near-infrared (NIR) chemical imaging in measuring density variations within compacts, and relates these
variations to tabletting forces as controlled by frictional properties and quantity of MgS.

Lactose monohydrate was blended with 0%, 0.25%, or 1.0% MgS for 30 s or 30 min. Compacts were pre-
pared of each blend, with compaction forces monitored by load cells. Frictional properties were measured
by automated shear cell. NIR chemical images were collected for each tablet, and the density at each image
pixel was calculated.

Density distribution within compacts was well perceived within the NIR images. Uniformity of intra-
tablet density was strongly dependent upon friction between powder and die walls: tablets with no MgS
or 0.25% MgS were less uniform than tablets with 1.0% MgS. In addition, absorbance variations along tablet
edges, reflective of corresponding density variation, agreed with force transmission within the tablet and
final tablet ejection force.

Chemical imaging techniques can be used to non-destructively assess density profiles of tablets, and
confirm prediction of friction alleviation and improvement in force distribution during tabletting. The
density profiles were both qualitative, showing differences in density profiles between tablets of different

blends, and quantitative, providing actual density and tabletting force information within a single tablet.
This work demonstrates that near-infrared chemical imaging can be an effective tool in monitoring not
only the physical quality of pharmaceutical tablets, but the corresponding die forces controlling tabletting
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and final ejection.

. Introduction

During the compaction or pressing of pharmaceutical powders
nto tablets, the quality of the resulting tablets depends on die
spect ratio and geometry, the forces of the upper and lower punch,
he speed at which this force is applied, the length of time for which
he force is applied, and the powder properties of compressibility,

ermeability, friction and cohesion within the powder, and friction
nd adhesion between the powder and the die walls and punches.
n particular, excessive die wall friction may promote uneven dispo-
ition of the compressive force throughout the powder, resulting in
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eterogeneity of density within the tablet [1,2]. For some products,
issolution rate may be affected by tablet density. In such cases,
egions of greater and lesser density may impact the performance
f the tablet, leading to greater variability in product performance.

The tensile strength of a tablet depends on the bonding strength
etween particles within the tablet. Particle size and shape can
ffect how particles pack together during compression, and how
ell the particle surfaces interact to create stronger or weaker
onds [3,4]. Under compression, brittle particles may break or shat-
er, while softer particles may undergo deformation to fill gaps
etween the particles [5,6]. The strength of the interparticulate

onds formed during compaction can be affected by the brittle-
ess/elasticity of the material, and the rate of tablet compression
5–7]. The act of compacting powders stores energy within the
ablets, by shifting or compressing the intermolecular bonds within
he particles. The tablets have a natural tendency to relax once pres-
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ure is removed, and this tendency works against the interparticle
onding formed during compression [4,5]. When stress due to this
tored energy exceeds interparticle bonds, the tablet can expand,
ecoming more porous or even break apart. Such expansion can
esult in capping (when a cone-shaped core from a face of the tablet
plits off spontaneously) or lamination (when one or more layers
f the tablet break away) [1,4,8–10].

When friction leads to uneven compression of a tablet, there
an be localized regions of increased stored energy, i.e. high stress,
reating opportunities for capping and other stress-related tablet
ailures [1,11,12]. In addition, excessive friction and density mald-
stribution can lead to high ejection forces, providing additional
pportunities for tablet failure during tablet expansion [1]. Mag-
esium stearate (MgS) is frequently used as a lubricant, having
xcellent ability to reduce friction between powders and die sur-
aces [13]. Unfortunately, MgS can reduce interparticulate bond
trength, making tablets softer, more porous, and it can form a
ydrophobic coating on granules during extended blending, lead-

ng to dissolution problems [14,15]. Thus it is important to use only
sufficient amount of MgS (commonly 0.25–2%, w/w), and to blend

t into the powder for only a short time, usually as a last step before
abletting, or applied directly to the die to avoid blending problems.

During pharmaceutical development, and for continuous prod-
ct monitoring, it would be beneficial to know that tablet density is
niform throughout a tablet. Lack of such uniformity would suggest
egions of differing porosity or regions of differing stored energy,
hus indicating stress-related deficiencies in product quality, and
ossibly poor product performance. Only a few techniques, such as

ndentation testing and X-ray computerized tomography (XRCT),
re currently available for measuring density profiles within a
ablet. Computer modeling is another approach. Discrete element
omputer simulations (also called “finite element models”) have
een effective at demonstrating the effects of die wall friction
n homogeneity of density. Such simulations represent a powder
ed or tablet as finely partitioned subunits which interact on one
nother according to the rules of a chosen model [8,9]. A popular
odel for simultaneous expression of elastic and plastic properties

s the Drucker–Prager Cap model, which can be incorporated into
iscrete element models [8,9,11,13,16]. A positive feature of such
aterial property based models is that they rely on experimentally

etermined yield and elastic properties as measured by indentation
ethods and shear cell testing [17].
Indentation testing is a classic means of measuring the hard-

ess of materials, dating to the early 20th century. In this sense,
ardness is the ability of a material to resist plastic deformation.
odern indentation testing of samples is conducted by an appara-

us which applies a narrow conical tip to the sample surface under
radually increasing pressure, and measuring the impression cre-
ted. For compressed powders, such as a tablet or compact, this can
e correlated to density. By measuring hardness at multiple points
cross a tablet surface, a density map can be created for the tablet.
y cross-sectioning a tablet and applying the indentation tester to
he revealed section, the interior density profile can be discerned.
ndentation testing has the advantages of being a direct measure-

ent and of being a long-established method in material science.
owever, it is a time-consuming destructive test with low spatial

esolution (only a limited number of sampling points can be mea-
ured), and making accurate measurements of indentation depth
an be challenging. Recent studies have used indentation testing to
alibrate/substantiate discrete element simulations [11,12].
XRCT produces a three-dimensional, high-resolution (typically
.1–10 �m resolution) image of the physical structure of a sam-
le. XRCT analysis of a sample consists of positioning the sample
etween a directed source of X-ray radiation and a detector array.
he sample is rotated within the X-ray field, producing images from
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ll angles, which are then used to produce a three-dimensional rep-
esentation of the sample. Gray-scale images are related to density,
nd can demonstrate the heterogeneity of density within pharma-
euticals [2,18,19].

The purpose of the current work is to introduce near-infrared
NIR) chemical imaging as an alternative to indentation testing
nd XRCT for rapid monitoring of density profiles in tablets. NIR
hemical imaging is a recently developed rapid non-destructive
echnique for the analysis of chemical heterogeneity in the surface
ayer of a sample (such as a pharmaceutical tablet). The technique
as been well-described in recent literature [20–23], but is summa-
ized here. Whereas a traditional NIR spectrophotometer produces
single spectrum to represent an entire sample, an NIR imager par-

itions the sample into a grid of “pixels” and provides a spectrum for
ach pixel. The result is a chemical map of the sample surface, show-
ng regions of high or low drug concentration, localized presence of
mpurities or hydration, or the structure of more complex pharma-
eutical products. NIR chemical imaging has been used to examine
lending and structure in complex tablets [20,24], relate produc-
ion processes to product performance [25], detect counterfeit or
ow-quality products [26], and quantify intra-tablet homogeneity
27].

NIR chemical imaging is nearly as fast as traditional NIR, tak-
ng only a few minutes to scan and analyze a sample, once a model
as been established. However, imaging is computationally intense,
nd image files are large (10–100 MB), so only with recent advances
n computer technology has the method become practical. File size
epends on a combination of spatial and spectral resolution. Spa-
ial resolution for NIR chemical imaging is typically 10–200 �m per
ixel. Spectral resolution (the step-size between measured near-

nfrared wavelengths) of 10 nm is commonly used to keep file size
anageable, and much better spectral resolution is available if nec-

ssary. Though imaging is not a three-dimensional technique like
RCT, maps of the internal structure can be obtained by sectioning

he sample and analyzing the revealed surface, as with indentation
nalysis.

A confounding factor in NIR analysis (traditional or imaging), is
hat physical properties, including density, hardness, and particle
ize, have an impact on the spectrum, typically a linear baseline
hift [28,29]. Such changes in the physical properties of a mate-
ial can alter the pathlength of the incident illumination as it is
efracted and reflected by particle surfaces in the surface layers of
he sample. A longer pathlength provides more absorbance, and
rovides greater intensity across the spectrum. This impact is often
inimized by various chemometrics preprocessing steps, including
ultiplicative signal correction or Savitzky–Golay differentiation.

ather than eliminate this baseline shift, the current study analyzes
t to examine density changes along the surface of a tablet.

NIR spectra have been correlated to particle size for powders, or
n the case of tablets, to initial (pre-compaction) particle size. Vro-

ans et al. [30] has demonstrated that for lactose monohydrate,
ensification depended on initial particle size, so it makes sense
hat if NIR can be related to density, it can also be related to ini-
ial particle size. For brittle particles, such as lactose monohydrate,
ragmentation is an important part of compaction, and density vari-
tions likely indicate differences in final (compacted) particle sizes,
hough we are unaware of any direct demonstrations of this. It
ould be difficult to divorce the effects of final particle size and

ablet density for such materials. Density and particle size are not
losely related for other materials, however, since many materials

ndergo plastic deformations during compaction, forming a denser
ablet without any fragmentation.

A model system, lactose blended with varying amounts of MgS,
as selected for this study. The forces transmitted through the

ablets and the losses due to wall friction were measured during
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ompression by a custom designed apparatus using standard com-
ression load cells. It was expected that the addition of MgS would
educe powder friction in the blend and losses due to wall fric-
ion, allowing compression forces to be transmitted more uniformly
hroughout the tablet. Measurements of powder and wall friction
nd adhesion were made by automated rotary shear cell [1]. The
ariation in MgS content in the blends resulted in variation in tablet
ensity profiles. Chemical imaging was used to evaluate intra-tablet
ensity distribution, and was contrasted with tabletting and ejec-
ion forces as well.

. Materials and methods

Lactose monohydrate (Type 316, “Fast-Flo”) was obtained from
oremost Farms (Baraboo, WI). MgS (puriss grade) was obtained
rom Sigma–Aldrich/Riedel-de Haën (Seelze, Germany). Lactose
as blended with MgS (0.25% or 1.0%, w/w) using a Turbula T2F
rbital shaker (Glen Mills, Inc., Clifton, NJ) at 72 cycles/min for 30 s
r 30 min.

Compacts (300 mg) of pure lactose and each blend were formed
sing a benchtop hydraulic press (Carver model 3889, Wabash,

N) at 2000 lb, 40% pump speed, 1 min dwell time with a (3/8) in.
iameter stainless steel cylindrical punch and die set (The Eliza-
eth Companies, McKeesport, PA) (Fig. 1). A custom-made holder
tilizing compression load cells was positioned under the lower
non-moving) punch and under the die support ring during tablet-
ing to record transmitted forces (Fig. 1). Specifically, for a given
pplied force to the upper punch, the load cell under the lower
unch recorded the force transmitted directly through the powder
ed, and the load cell under the die recorded the force conveyed to
he die by friction between powder and the interior die wall. Follow-
ng compression, the die was flipped horizontally, the upper punch
as reinserted, and the tablet ejection force was measured. The

op/bottom orientation of each compact was carefully maintained
fter tabletting and ejection.

Powder flow measurements were conducted by an iShearTM

utomated rotary split shear cell (iPowder Systems, Nashville, TN).
sample of powder is contained in a cell consisting of a ring and

ase (or ring and wall surface in the case of wall friction measure-
ents) [1]. The cell is sheared in rotation, forming a shear plane

etween the upper and lower halves of powder. In the case of wall

riction, the powder half is sheared against a polished stainless steel
oupon. The torque required to shear the cell, or the shear stress,
s measured as a function of applied compressive force (or normal
tress.) Both the effective angle of powder friction, and a wall fric-

ig. 1. Profile view of cylindrical punch and die set. A pair of concentric load cells is
ositioned beneath the punch-and-die assembly within the hydraulic press. The
entral load cell monitors force transmitted through the powder to the bottom
unch, and the outer load cell monitors force lost to the die wall via friction.
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ig. 2. For analysis, top and bottom tablet images were divided into concentric rings,
nd the average absorbance for each ring computed. The tablet edge was divided into
he top quarter, the bottom quarter, and the center.

ion angle may be determined, in addition to wall adhesion and
owder cohesion. Additional discussion of these measurements
nd their impact on tabletting forces as measured by the load cell
ssembly will be discussed in greater detail in a future publication.

Tablet surfaces (tops and bottoms) and edges were imaged
sing a Sapphire Near-Infrared Chemical Imaging System (Spectral
imensions, Olney, MD), 1400–2450 nm at 10 nm steps, each mea-

uring the average of eight “coadds.” Spatial resolution was 39 �m
er pixel, 256 × 320 pixels per image. Raw reflectance images were
tandardized against zero-reflectance and high-reflectance stan-
ards, then transformed to absorbance images by A = log(1/R). For
ensity analysis, the absorbance image at the single wavelength,
120 nm, was selected. Because the compacts are pure (or nearly
ure) lactose, no spectral changes due to chemical variability are
xpected, only a linear shift in the baseline, which suggests a uni-
ariate analysis rather than more complex techniques such as PCA
r PLS. The shift is related to absorbance, making peaks in the lac-
ose spectrum good choices for enhancing differences. Clarke et
l. published an excellent review of NIR penetration, and demon-
trated that when imaging, lower wavelengths (1100 nm) obtain
nformation from as deep as 777 �m, while higher wavelengths
2500 nm) penetrate approximately one-seventh as deeply [31].
he results of Clarke et al. [31] would vary based on chemical and
hysical properties of the sample, but indicate that a longer wave-

ength is desirable to avoid excessive penetration and averaging of
he resulting signal. The chosen wavelength meets these criteria.

A model correlating NIR spectra to density of lactose compacts
as generated by comparing whole-tablet densities to average

bsorbance at 2120 nm. The whole-tablet density of a compact was
easured directly as the ratio of mass and volume. The average

bsorbance at 2120 nm for a compact was calculated as the mean
bsorbance at all top and bottom pixels of the compact’s images.
ompacts used in calibrating the model included those previously
escribed and additional compacts produced at 1000 lb and 4000 lb
ressure. The model was applied to each pixel of the studied com-
acts to generate local density values. Additionally, the average
ensity was calculated for different regions of the compacts (Fig. 2).
or tops and bottoms, the circular images were divided into outer,
iddle, and inner rings as described in Fig. 2. For the edges, each

mage was divided into three bands: the top 25%, middle 50%, and
ottom 25%. The average density for each region was computed.

. Results and discussion
Load cell data collected during tabletting of lactose compacts
ith 0% and with 1% MgS are displayed in Fig. 3. The “steps” in

hese force plots are due to adjustments made by the Carver Press
o maintain 2000 lb of total force. In a frictionless system, all of
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Fig. 3. Load cell measurements of compressive force transmitted through the pow-
der to the lower punch, and to the die (via friction) is displayed for 0% and 1% MgS
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30 min blend) samples. The “steps” in these force plots are due to adjustments in
ressure made by the Carver Press to maintain 2000 lb pressure. Wall friction angles
easured by iShear split cell against a stainless steel coupon of mirror finish.

hat force would be transmitted through the powder to the lower
unch, and recorded by the load cell under the punch. Furthermore,
here would be uniform pressure throughout the powder bed (grav-
ty effects are negligible compared to the applied force), and the
owder would be compacted until it has the strength to resist the
ressure. The final density of the compacted tablet would likewise
e uniform.

Friction does, however, occur between the lactose and the die
all. A fraction of the force applied to the powder is realized as

adial stress normal to the die wall. Friction between the powder
nd the die wall is directly proportional to the radial stress. The
atio of wall shear stress to radial stress is the coefficient of fric-
ion, i.e. the tangent of the wall friction angle. This friction allows a
ortion of the applied force to be resisted by the die wall, so less of
he force is transmitted deeper into the powder bed, and even less
eaches the bottom of the powder bed, to be recorded by the bot-
om punch load cell. As the force transmitted through the powder
ecreases with depth, so does the correlating pressure and resul-
ant densification. As described in Section 2, a second load cell was
sed to measure die wall friction force, i.e. the force transmitted to
he die.

The impact of die wall friction on the compaction of the tablet
s most apparent near the die wall. For tablets with high aspect
atio (diameter/thickness), there may be little impact of the wall

riction on the center part of the tablet. For the current tablets
9.6 mm diameter, 3.2 to 3.9 mm thickness), wall friction had a
ignificant impact on the density profiles of the tablets, as demon-
trated below.

t
3
s
t

ig. 5. This absorbance image of a pure-lactose compact demonstrates how each point (“
ased on absorbance level at 2120 nm. (For interpretation of the references to color in thi
ig. 4. Wall friction angles for lactose samples blended with MgS, as measured by
Shear rotary split cell against a stainless steel coupon of mirror finish (electropol-
shed, Ra = .02).

For pure lactose in the absence of lubricant, 36% of the com-
ression force (720 lb) was transmitted, or lost, to the die walls
ue to friction. This indicates that the powder at the bottom of
he die was under far less pressure than the powder at the top of
he die, inducing a difference in density throughout the final com-
act. Lactose blended with 1% MgS for 30 min experienced only 5%

oss of pressure to the die walls (Fig. 3). In contrast to the former
ase, this indicates that the pressure was nearly uniform through-
ut the powder bed during compaction, suggesting a uniformly
ense final compact. Furthermore, this comparison demonstrates
hat the inclusion of MgS significantly reduces die wall friction, as
xpected, and impacts the density profile of the produced com-
acts. This is verified by a drop in measured wall friction angle
rom 11.8◦ for pure lactose to 4.0◦ for lactose blended with 1% MgS
Fig. 4).

As illustrated in Fig. 5, the spectra within a nearly pure com-
act can vary due to physical rather than chemical differences.
ensity differences are reflected by a baseline shift in NIR, rather

han a qualitative spectral change. To observe this shift, a single
avelength (2120 nm) was chosen. The choice avoids the some-

imes variable water peak at 1940 nm and the noisy region at
400 nm. Derivatives, normalization, and other forms of prepro-
essing minimize the impact of physical characterization in order
o highlight chemical differences. Thus, analysis was performed on
he absorbance data without preprocessing.

Fig. 6 shows representative tablet images from each blend: lac-

ose monohydrate with 0%, 0.25%, or 1% MgS, blended for 30 s or
0 min, and pressed at 2000 lb. The images are displayed in the
ame scale, based on absorbance at 2120 nm. The top row shows
he tops of each compact, the middle row shows the edges, and the

pixel”) on the compact’s surface generates a spectrum. The colors in this image are
s figure legend, the reader is referred to the web version of the article.)
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compaction. The press used in this work has a fixed bottom platen
and a moving upper punch. It is expected that if a press compresses
from both directions simultaneously, a ring of high density could
be formed on top and bottom of the resulting tablets or compacts,
with a lower density core.
ig. 6. Comparison of tablet absorbance profiles. Representative images of tablet t
igher absorbance correlates to higher density.

ower row shows the bottoms of each compact. The tablet edges
f these circular compacts curve away from the imager’s lens, out
f the field of focus. The center of the image, a region 60 pixels
nearly 2.5 mm) wide, is well focused, so only the central portion of
he edge image is considered for analysis (cf. Fig. 2). These images
llow for an immediate qualitative assessment of differences in the
ompacts, based on density distribution. The compacts with 0% MgS
how extreme internal density variations, while those with 0.25%
how less variation, and with 1.0% MgS, only minimal variability
f density is apparent. Differences in the images seem primarily
elated to the amount of MgS. The impact of blend time for these
ast flow lactose samples depends on stearate level, discussed in
reater detail below.

To assess the density at each pixel quantitatively, a calibration
urve was generated based on the measured densities of 24 lactose
ompacts and their average absorbance at 2120 nm, as determined
s an average of all pixels on the tops and bottom surfaces of those
ompacts (Fig. 7). Such an approach presumes that the density gra-
ient from top to bottom of the tablet is linear, which is not likely,
ince pressure decreases exponentially. This decrease is, however,
pproximately linear (R2 > 0.99) until the pressure is reduced by
0%. As previously indicated, the reduction in the current work is
t most 36%, well within the linear range. The data yields a best-fit
xponential calibration curve (R2 = 0.9905):

= 1.4 − 21.16 e−8.41A

3
here D is density in mg/cm and A is absorbance at 2120 nm.
The images were divided into regions (see Fig. 2), and the average

bsorbance for each region was calculated and converted to density
ased on the above equation (Fig. 8 shows the results for the 30 min
lends). With 1% MgS, there is little change in density throughout

ig. 7. Calibration model of lactose density vs. absorbance at 2120 nm. The curve
s based on direct mass and volume measurements of 24 lactose (with or without

gS) compacts generated under 1000–4000 lb pressure.

F
i
(

ottoms, and edges are shown for 0%, 0.25%, and 1.0% MgS blended 30 s or 30 min.

he compacts. For the compacts with 0.25% MgS, there is slightly
igher density in the outer ring of the upper surface, and slightly

ower density in the outer ring of the lower surface. For these com-
acts, there is a clear density gradient on the edge of the compact,
s also illustrated in Fig. 9. This effect is greatly pronounced in the
ompacts with no MgS, in which the outer ring of the top surface
ad much greater density than the rest of the compact. In this case,
he edge of the compact shows a sharp delineation between dense
nd non-dense regions, with delamination visible in the chemical
mages shown in Fig. 6. Note that linear fits to the individual data
ets of the pure lactose tablet intersect at the delamination point,
s shown in Fig. 9.

The higher density in the top edge of the poorly lubricated
ompacts is as expected, based on the literature. As the punch
ompresses the powder, friction between the unlubricated powder
nd the die wall resists powder motion, causing the localized com-
action rather than transference of the pressure and more general
ig. 8. Density profiles of lactose compacts. The density model equation (Fig. 7)
s applied to the lactose compact images (Fig. 6), according to the defined regions
Fig. 2) of each compact. Results for the 30 min blends are displayed.
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tion from the sample surface to the lens; that is, where the tablet
edge is at an angle of 20–26◦ (see Fig. 12b). These angles were cal-
culated by applying standard trigonometric functions to the image.
The central portion of this image was useful for determining the
ig. 9. Top to bottom density profiles taken along the edge of lactose tablets by pixel.
inear fits indicated by line. For delaminated tablets two linear fits were used, above
nd below the break.

The absorbance profiles of the tablets may also be compared
o the pressures developed during compression and subsequent
ie ejection. In Fig. 10, the average absorbance of the top and bot-
om faces are shown to be a linear function of relevant powder
ressure during compression, i.e. at either upper or lower punch

nterface. Data from delaminated (cracked) tablets are shown in
ig. 10, circled, but are not included in the correlation. The correla-
ion of absorbance to pressure at the top punch interface is nearly
dentical to the correlation at the bottom punch interface, suggest-
ng that the mechanism of compaction is similar at top and bottom
f the powder bed.

The loss in compaction force due to die wall friction may be char-
cterized by a stress or force transmission ratio, taken as the ratio
f the lower punch force to the applied upper punch force. In simi-
ar fashion, we may take the ratio of average absorbance measured
n the lower to top tablet face, as a measure of density uniformity
esulting from the compaction forces. A clear linear relationship
etween this absorbance ratio and the force transmission ratio is

ndicated in Fig. 11 (left axis data, upper curve).

As shown in Fig. 11, tablet ejection force also correlates

ith absorbance ratio (right axis), lower curve, with increasing
bsorbance ratio (i.e. better force transmission, and more uniform
ensity). High die wall friction leads to low stress transmission,

ig. 10. Comparison of the total tablet average absorbance to measured pressure.
he bottom punch force was measured directly, and the total upper punch force
aken as the sum of load cell forces. Pressure was calculated based on 9.60 mm
iameter punch. Linear fits to upper punch and lower punch include only samples
ith MgS. The outliers (circled) are lactose samples without MgS.

F
r
t
e
c

ig. 11. Comparison of the ratio of average absorbance measured on the top and
ottom tablet surface to the ratio of punch forces (or stress transmission) (left axis),
nd to the maximum required tablet ejection force (right axis). The outliers (circled)
re lactose samples without MgS.

ith the majority of compressive force being located near the upper
unch. This results in high residual radial forces acting on the die
all after load removal, leading in turn to high ejection force.

The proposed method for estimating density using NIR chemical
maging is best applied to products with flat or nearly flat surfaces.

any modern pharmaceuticals are rounded or beveled on top and
ottom, or include scores and imprints, which can present chal-

enges to the proposed technique. In the current study, the edges
f circular tablets were studied (Fig. 6, middle row; and Fig. 12). It
s clear that the quality of the data degrades as the sample sur-
ace curves away from the lens of the imager. Specifically, high
eflectance regions (the vertical blue stripes in Fig. 12a) occur where
he angle of incident NIR approximately equals the angle of reflec-
ig. 12. (a) Absorbance profile of a tablet edge. This lactose tablet (0.25% MgS) shows
eduction of image quality as the round tablet curves away from horizontal. From 20◦

o 26◦ a high reflectance region occurs where the angle of incident NIR illumination
quals the angle of reflectance directly to the instrument’s detector. (b) Depiction of
ritical angles, as determined in (a).
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istribution of density. Altering the placement of the NIR illumina-
ion sources may extend this limit. Many products with rounded top
nd bottom have a flat regions (e.g., the edges of caplets) which can
e sampled for density variations, or have sufficiently flat regions
hat can be presented to the instrument at an oblique angle to
mprove data capture. Certainly flat tablets produced during prod-
ct design could be tested to ensure appropriate lubrication. Future
ork can examine this process as applied to heterogeneous tablets,

ommercial products, and cross-sections.

. Conclusion

This work demonstrates that near-infrared chemical imaging
an be an effective tool in monitoring not only the physical quality
nd uniformity of pharmaceutical tablets, but also as a tool to moni-
or the uniformity of the stresses which actually control compaction
nd subsequent tablet ejection. Specifically, a method was demon-
trated for using imaging to produce density profiles for compacts
f lactose monohydrate with differing amounts of lubricant. The
ensity profiles are both qualitative, showing differences in density
rofiles between tablets of different blends, and quantitative, pro-
iding actual density information within a single tablet, which was
lso shown to correlate with upper and lower punch forces. For this
nalysis, it was important to demonstrate that the chosen lubricant
evels provided a range of friction, as was indicated by load cell and
hear cell data. This imaging technique could be utilized for deter-
ining an appropriate lubricant level for a new pharmaceutical, for
onitoring the quality of tablets in an existing process, or for com-

aring the efficiency of different lubricants. In addition to being a
apid, non-destructive, high-resolution technique for density pro-
ling, the method also has the potential to simultaneously provide

nformation on chemical heterogeneity, impurities, hydration, and
ther chemical information.
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