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a b s t r a c t

A dry-coated tablet is a solid dosage form with a controlled drug-release system, which consists of a
core and an outer layer. The accuracy of its geometric (e.g. the outer layer wall and core thicknesses)
and mechanical properties (e.g. Young’s moduli and mass densities of associated materials) could be
crucial to its therapeutic and structural functions. The objective of current study is to develop a non-
destructive technique for determining the geometric and mechanical properties of dry-coated tablets.
Two contact ultrasonic techniques (i.e. pitch-catch and pulse-echo measurement modes) are employed
and the properties of all the structural components of a set of experimental tablets are measured and
reported. The thicknesses of the outer layers of the sample tablets are used to obtain the eccentricity
of the core tablets. The two approaches are compared for their effectiveness in obtaining these prop-
echanical properties
coustic monitoring techniques
rocess Analytical Technology (PAT)

erties of the sample dry-coated tablets. The thicknesses of the outer layers obtained with the proposed
approach and with the direct (destructive) measurements are also compared. A good agreement is found;
there is an approximately 2% difference. The eccentricity and concentricity of a set of tablets are deter-
mined and it is concluded that the observed consistent anomaly in eccentricity can be attributed to the
same root cause and its correction can be achieved by control input based on monitoring data. Potential
of the approach for in-die real-time monitoring of compaction presses and its PAT (Process Analytical

for th
Technology) applications

. Introduction

A dry-coated tablet (also referred to as tablet-in-tablet) consists
f a core tablet and an outer (thick coating) layer that com-
letely surrounds the core. The controlled drug-release pattern of
dry-coated tablet generally depends on the geometric and the
echanical properties of the core and outer layer as well as its

hemical make-up. It is reported that the lag-time, or the drug-
elease initiating time, in the release pattern of a dry-coated tablet
s controlled by the erosion rate of the outer layer and the speed
f water penetration (diffusion) into this layer (Takeuchi et al.,
000; Ozeki et al., 2003). Within a specific range, the compression
ressure substantially affects the release pattern of a dry-coated

ablet since the pressure applied to the entire tablet in the final
ompaction determines the physical and mechanical properties
e.g. Young’s modulus and mass density) of the tablet outer layer.
dditionally, according to (Ozeki et al., 2004; Lin et al., 2004),
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e pharmaceutical manufacturing are also discussed.
© 2010 Elsevier B.V. All rights reserved.

various lag-times could also be achieved only by changing the thick-
ness of the side outer layer, without complicated preparation of
ingredients of the outer layer, if the core tablet is exactly in the
center of the entire dry-coated tablet, and the lag-time is indepen-
dent of the compaction pressure when the compaction pressure
is within a specific range. Therefore, the eccentricity of the core
tablet, that is, how far the core tablet is located from its geometric
center of the dry-coated tablet, and the level of compaction pres-
sure are crucial to the realization of a designed release pattern
of a dry-coated tablet. It is, therefore, important to characterize
the geometric and mechanical properties of the outer layers of a
dry-coated tablet and understand its effects on outer layer ero-
sion.

In the manufacturing process, the eccentricity of the tablet core
could occur due to various reasons such as excessive vibration and
rotational motion of the compaction turret, the difficulty of accu-
rately controlling the masses (and densities) of powder materials
for the outer layer, and the uneven initial geometric distribution

of the powder material in the die as well as the precision and
the tuning accuracy of the tablet handling system. In detecting
core eccentricity and identifying its root causes, the first step is
to characterize the thicknesses of the outer layers of compacted
dry-coated tablets.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:cetin@clarkson.edu
dx.doi.org/10.1016/j.ijpharm.2010.03.060
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The chief objective of current study is to develop a systematic
rocedure for determining the geometric and mechanical prop-
rties of the individual components of a dry-coated tablet in a
on-destructive, rapid manner. For verification purposes, the layer
hicknesses of the same tablets are also destructively measured
ollowing the non-destructive measurements. Contact ultrasonic
echniques based on the pitch-catch and pulse-echo modes of
coustic wave measurements are employed and utilized. The thick-
esses of the outer layer and the longitudinal velocities and Young’s
oduli of the core and the outer layer are determined, and, based

n this data, an evaluation of the eccentricity of the core tablet with
espect to the outer boundaries of the entire tablet is conducted. The
eflections of the longitudinal (pressure) elastic wave pulses from
he interfaces of the core tablet and the outer layers are obtained
n pulse-echo measurements. The effectiveness of the current set-
ps was previously demonstrated for more typical tablet designs by
Akseli et al., 2009a,b). A non-contact method based on the modal
nalysis of the acousto-vibrational responses of traditional tablets
as also developed and utilized in (Varghese and Cetinkaya, 2007;
kseli and Cetinkaya, 2008a,b). In addition to its potential uses in

he formulation and research phases, this approach could also be
dopted for the online monitoring and characterization of the geo-
etric and mechanical properties of the parts of outer layers of
dry-coated tablet with a known mass density and longitudinal

peed of sound in the material of the outer layer. In this study, the
easured properties are obtained by a direct (destructive) means.
Current approach supports the main objectives of the Process

nalytical Technology (PAT) initiative of the U.S. Food and Drug
dministration (FDA), which encourages manufacturers to analyze,
nd control manufacturing through timely measurements (i.e. dur-
ng processing) of critical quality and performance attributes of raw
nd in-process materials and processes with the goal of ensuring final
roduct quality (Hussain et al., 2004).

. Materials and methods

.1. Sample tablets

A set of 25 experimental dry-coated tablets are used in the
eported geometric and mechanical characterization experiments.
he sample dry-coated tablet consists of a core tablet and an
uter tablet (Fig. 1). The core and coat of the experimental tablets
ere compacted especially for this investigation using a Manesty
ryCota press (OYSTAR USA, Fairfield, NJ) from two undisclosed
roprietary powder materials. The dry-coated tablet manufactur-

ng typically involves the following three basic steps: (1) a sufficient
mount of powder for the outer layer fills the inside of a die, (2) a
ore tablet which is compacted in a separate press unit is placed
n the powder bed such that the powder engulfs the core tablet,
nd (3) the powder containing the core tablet is compressed into
thick solid layer (dry coat) containing the core tablet. The outer

ablet is composed of three structural parts, namely the top outer
ayer, the bottom outer layer and the side outer layer. The top
ayer is distinguished by the location of the identification (brand)
rint on the tablet surface. As depicted in Fig. 1a and b, these
hree structural parts of the outer tablet with the core tablet form
hree interfaces (the top outer layer–core interface, the bottom
uter layer–core interface and the side outer layer–core interface).
n dry-coated tablet manufacturing, due to substantial centrifu-
al and vibrational forces generated in the compaction presses,

he positional control of the core tablet and the eccentricity mon-
toring of the final product is critically important for obtaining
he required symmetry of the tablet geometry. In current study,
sing the monitoring approach based on ultrasound waves, the
eometric and mechanical properties of each structural part of a
Fig. 1. The cross-sectional (side) (a) and horizontal cross-sectional (top) (b) views of
a sample dry-coated tablet with its structural components (colored core and outer
layers) and interfaces. The surface of the top outer layer of each tablet is branded.

dry-coated tablet from the sample set are separately characterized
and reported.

2.2. Experimental set-up and procedures

The experimental set-up for the pitch-catch ultrasonic mode
of measurements is devised to obtain the time-of-flight (TOF) of
the acoustic pulses transmitted through each structural part of the
sample tablet from one transducer to another (Fig. 2a). The set-up
consists of an electrical pulser/receiver unit (Panametrics 5077PR),
two piezoelectric transducers (Panametrics V129 and V112) with
the central frequency of 10 MHz for converting the electrical pulse
into an acoustic wave and vice versa, a digitizing oscilloscope (Tek-
tronix TDS 3052) for data acquisition and digitizing waveforms,
and a computer for signal processing and data storage. In the pitch-
catch mode measurements, a pair of transducers are utilized. While

one of the transducers is employed as the transmitting (pitching)
transducer which launches an ultrasonic pulse into one side of
the sample tablet, the other transducer is used as the receiving
(catching) sensor which captures the ultrasonic pulse transmit-
ted through the tablet on the other side and transmits it as an
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Fig. 3. Dimensions of the tablet components as the tablet is filed down for direct
measurements. (a) The total thickness of the top outer layer, the core and the bottom
outer layer (h123), the diameter of the tablet (D) and the thickness of the tablet side
ig. 2. Instrumentation diagrams of the experimental set-ups of the pitch-catch (a)
nd the pulse-echo (b) modes of measurement.

lectrical signal to the pulse/receiver unit. The oscilloscope digi-
izes the electrical signal as a waveform and saves it in its memory
o be signal-processed by a computer. The sampling frequency
f the oscilloscope was set to 100 MHz at the averaging rate of
52 and the pulse repetition frequency of 5 kHz. The experimen-
al set-up for pulse-echo measurements (Fig. 2b) is developed to
btain the TOF of the longitudinal (pressure) pulse transmitted to
nd reflected from the interfaces of the sample tablet. The main
ifference between the two measurement configurations is that
he pulse-echo measurement system employs only one transducer
Panametrics M129) with a central frequency of 10 MHz. The accu-
acy and effectiveness of the current instrumentation set-up were
reviously demonstrated for traditional tablet designs (Akseli et
l., 2009a). All the experiments that are reported on the same day,
nd no systematic study on the aging of the samples and other
ong-term factors was conducted. Substantial amplitude attenua-
ion is observed in the reported waveforms, however, due to the
hinness of the samples, the waveforms were distinguishable at
he frequency range of interest.

Following the non-destructive ultrasonic testing, the masses
nd geometric properties (thicknesses) of various structural parts
f the sample tablets are destructively determined to form a base-
ine data set by systematically filing away the structural parts. As a
ablet is filed down, its relevant dimensions and masses are directly

easured with a digital caliper (Mitutoyo, Model CD-6) and a digi-
al balance (Mettler-Toledo, Inc., Model A120S-L), respectively. The
rder of the filing sequence and the dimension and mass mea-
urements are depicted in Fig. 3(a–e). Prior to the removal of each
art of the tablet by filing, pitch-catch experiments are performed

or obtaining the transmission TOF in the different parts of the
ablet in two (z- and r-) directions (Fig. 4). Pulse-echo measure-

ents are also performed to obtain the round-trip TOF data for
he three outer layers of the tablets (Fig. 5). In Fig. 6, the wave-
orms and their arrival time close-ups for the first five tablets of
(h); (b) the total thickness of the core and the bottom outer layer (h23); (c) the
thickness of the core tablet (h2), and (d) the diameter of the core tablet (d).

the sample set obtained in pitch-catch measurements are pre-
sented. In Fig. 7, the waveforms and their arrival time close-ups of
the sample tablet # 8 obtained in the pulse-echo measurements
are shown. As observed in Fig. 7, the reflected pulse from the
interface mixes with the response of the transducer only (with-
out the sample), however, the difference between the transducer
response only and the sample response yields the waveform of the
reflected pulse (blue line) from the interface with a distinct arrival
time.

The longitudinal (pressure) wave velocity and, consequently,
the values of Young’s moduli of each part of a sample tablet can be
obtained based on their dimensions, masses, transmission TOFs and
round-trip TOFs. Using the directly measured dimensions (Fig. 8)
and masses of the structural parts of a tablet, the mass densities of
its components are obtained. In Fig. 9, the mass densities of each
part of a tablet in the complete sample set (25 tablets) are summa-
rized. Processing the acquired waveforms, as shown in Figs. 6 and 7,
yields the longitudinal TOF, �tL, in the corresponding layer. The
longitudinal wave velocity in each structural part of the sample
tablet is determined by the relation c = h/�tL where h is the thick-
ness of the structural part of the sample tablet, i.e. the distance
through which the longitudinal wave travels. Because the longitu-
dinal wave velocity cL in one-dimensional propagation is a function
of the Young’s modulus E and the mass density �, that is, cL =

√
E/�,

the Young’s modulus can be extracted accordingly. The longitudi-
nal velocities and corresponding values of Young’s moduli from

the pitch-catch and pulse-echo methods for all the tablets in the
sample set are summarized in Figs. 10 and 11, and Figs. 12 and 13,
respectively.
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Fig. 4. Schematics of the paths of the pitch-catch TOF measurements in the order of
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Fig. 5. Schematics of the paths of the round-trip TOF pulse-echo measurements of
(a) the top outer layer in z-direction, (b) the bottom outer layer in z-direction, and
(c) the right side (with respect to the brand printed on the top surface of the tablet)
aveform acquisition in (a) the entire tablet in the axial (z) direction, (b) the entire
ablet in the radial (r) direction, (c) the core and the bottom outer layer in the axial
irection, (d) the core in the axial direction, and (e) the core in the radial direction.

. Results and discussions

.1. Geometric properties

In realizing the designed drug-release action and dissolution
rofiles of dry-coated tablets in a repeatable manner, it is widely
ccepted that the core tablet must be placed in the geometric cen-
er of the tablet with minimal eccentricity (Ozeki et al., 2004; Lin
t al., 2004). In the current study, the horizontal cross-section of
he tablet, which is the cross-section perpendicular to the thick-
ess direction (z-direction) shown in Fig. 1b, was examined to
onfirm the eccentricity of the core tablet on the radial plane
r-direction) and the thicknesses of the top outer layer and the

ottom outer layer (Fig. 1a) are determined to verify the eccen-
ricity of the core tablet in the thickness direction (z-direction).
rom the horizontal cross-section of the sample tablet (Fig. 1b), it
s observed that the core tablet is concentric, that is, it is nearly
of the side outer layer in r-direction.

perfectly placed in the center of this tablet on the horizontal
plane.

The directly measured thicknesses of the top outer layers and
the bottom outer layers of the tablets in the sample set are sum-
marized in Fig. 8. It is clear that the thickness of the top outer
layer of each tablet in the sample set is consistently and substan-
tially different from those of its bottom outer layer. For the sample
tablets 1, 4, 5, 6, 8, 9, 11, 13, 14, 16, 17, 18, 21, and 25, the thick-
nesses of the top outer layers are greater than that of the bottom
outer layer, while for the sample tablets 2, 3, 7, 10, 12, 15, 19, 20,
22, 23, and 24, the top outer layers are thinner than the bottom
outer layers. For the convenience of describing and analyzing the
mechanical properties of each structural part of the tablets, all the
outer layers of the sample tablets (top outer layers and bottom
outer layers) are grouped into two sub-sets, namely, the tablets
with the thick outer layers and those with the thin outer layers
This is apparently the result of randomness in choosing the brand-
ing side of a tablet in this particular compaction press. It can be
observed from the data depicted in Fig. 8 that the thicknesses of
the thick outer layers of the sample tablets lay in the range of
1.50–1.66 mm (a variation of 10.7%) while those of the thin outer
layers are in the range 1.10–1.31 mm (a variation of 19.1%). It is con-

sequently concluded that for all the sample tablets the core tablets
are significantly off from their geometric centers in the axial (z)
direction.
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Fig. 6. The waveforms captured in pitch-catch mode (with the close-ups in inset)
for the first five tablets of the sample set of (a) the top outer layer, the core and
the bottom outer layer in z-direction, (b) the core and the bottom outer layer in
z-direction, (c) the core in z-direction, (d) the side outer layer and the core in r-
direction, and (e) the core in r-direction.

Fig. 7. The pulse-echo waveforms (with their close-ups in inset) of the sample tablet
# 8 for (a) its top outer layer, (b) bottom outer layer, and (c) right side of the side
outer layer. The transducer acoustic response only (without the sample) is used to
extract the reflected pulse from the interface (blue line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

Fig. 8. Directly measured thicknesses of the top outer layer (�) and the bottom outer
layer (�) of the sample tablet set. These two outer layers can be naturally grouped
into thick outer layers (the top outer layers of tablets: 1, 4, 5, 6, 8, 9, 11, 13, 14, 16,
17,18, 21, and 25 and the bottom outer layers of tablets: 2, 3, 7, 10, 12, 15, 19,20, 22,
23, and 24) and the thin outer layers.
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Fig. 9. The mean mass densities of the thick outer layers (�), the thin outer layers
(�), the core (�), and the side outer layers (�) of the sample tablet set.
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ig. 10. The longitudinal wave velocities based on the pitch-catch measurements
n the thick outer layers in z-direction (�), the thin outer layers in z-direction (�),
he cores in z-direction (�), the side outer layers in r-direction (�), and the cores in
-direction (©) of the sample tablet set.

.2. Mechanical properties
Directly measured mass densities of various parts of the tablets
n the sample set are summarized in Fig. 9. The mean mass den-
ities of the thick outer layer, the thin outer layer, the core and
he side outer layer for all the sample tablets are 1139.1 kg/m3,

ig. 11. The values of Young’s modulus (based on the pitch-catch measurements)
f the thick outer layers in z-direction (�), the thin outer layers in z-direction (�),
he cores in z-direction (�), the side outer layers in r-direction (�), and the cores in
-direction (©) of the sample tablet set.
Fig. 12. The longitudinal wave velocities (based on the pulse-echo measurements)
of the thick outer layers in z-direction (�), the thin outer layers in z-direction (�),
and the side outer layers in r-direction (�).

1164.5 kg/m3, 1147.7 kg/m3 and 1091.5 kg/m3, respectively. The
layer-to-layer density variations are up to 6%. The longitudinal
velocities based on the TOF obtained in the pitch-catch experiments
and the corresponding Young’s modulus of each part of the sam-
ple tablets are summarized in Figs. 10 and 11, respectively. The
same types of data obtained from pulse-echo measurements are
depicted in Figs. 12 and 13, respectively. Based on the pitch-catch
measurements, the means of longitudinal wave velocities in the
thick outer layers and the thin outer layers in z-direction, which
are 1663.60 m/s and 1648.55 m/s respectively, are close to each
other, and these velocities are 22.26% and 22.97% lower than the
mean of the longitudinal wave velocities in the side outer layer
in r-direction, which is 2140.1 m/s. The mean values of Young’s
moduli of the thick outer layers and the thin outer layers, which
are 3.19 GPa and 3.13 GPa, respectively, are close to each other,
and they are 36.96% and 38.14% lower than the mean of Young’s
modulus of the side outer layer in r-direction, which is 5.06 GPa.
Based on the pulse-echo measurements, the means of longitudi-
nal velocities of the thick outer layers and the thin outer layers in
z-direction, which are 1690.38 m/s and 1645.86 m/s, respectively,
are close to each other, and these wave velocities are 16.31% and
18.51% lower than the mean of longitudinal velocities in the side

outer layer in r-direction, which is 2019.7 m/s. The mean values
of Young’s modulus of the thick outer layers and the thin outer
layers, which are 3.27 GPa and 3.22 GPa, respectively, are close to
each other, and these values are 27.49% and 28.60% lower than

Fig. 13. The values of Young’s modulus (based on the pulse-echo measurements) of
the thick outer layers in z-direction (�), the thin outer layers in z-direction (�), and
the side outer layers in r-direction (�).
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Table 1
Comparison of the pulse-echo and pitch-catch measurements of the mean longitu-
dinal velocities and the mean values of the corresponding Young’s modulus of the
thick outer layers, the thin outer layers and the side outer layers of the sample tablet
set. STDE/AVE refers to the ratio of the standard deviation and the mean.

Velocity Pulse-echo measurements Pitch-catch measurements

cL thin (m/s) cL thin (m/s) cL side (m/s) cL thick (m/s) cL thin (m/s) cL side (m/s)

Mean 1690 1646 2020 1664 1649 2140
STDE/AVE 2.90% 3.55% 2.79% 8.92% 10.05% 4.24%
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mating their thicknesses. The round-trip TOF in each outer layer
is obtained from the pulse-echo mode measurements. The thick-
ness estimates for the three outer layers and the thicknesses of the
corresponding outer layers obtained with the destructive method
Young’s modulus E thick (GPa) E thin (GPa) E

Mean 3.27 3.22 4.
STDE/AVE 5.76% 6.98% 6.

he mean of Young’s moduli of the side outer layer in r-direction,
hich is 4.51 GPa. Therefore, although the thick outer layers and

he thin outer layers have the same material as the side outer lay-
rs, their longitudinal velocities and Young’s modulus in z-direction
re substantially different from those of the side outer layers in
-direction. The mean value of the longitudinal (sound) velocity
f the core in z-direction, which is 1405.4 m/s, differs by 57.59%
rom that of the core in r-direction, which is 2214.7 m/s. The mean
alue of the Young’s modulus of the core in z-direction, which is
.20 GPa, differs 148.18% from that of the core in r-direction, which

s 5.46 GPa. Thus, it is concluded that the longitudinal wave veloc-
ty and Young’s modulus of the tablet are substantially anisotropic,
s also observed and reported in (Mullarney and Hancock, 2006;
kseli et al., 2009b) for cubic compacts.

.3. Comparison of ultrasonic transmission modes

From the pitch-catch mode measurements, the TOF and the
orresponding longitudinal velocities and Young’s moduli of the
hick outer layer in z-direction, the thin outer layer in z-direction,
he side outer layer in r-direction, the core in z-direction and in
-direction can be obtained. The pulse-echo measurements pro-
ide only the TOF and the corresponding longitudinal velocities and
oung’s moduli of the thick outer layer in z-direction, the thin outer

ayer in z-direction, the side outer layer in r-direction. Thus, in this
articular application, with the pitch-catch method, a more com-
lete understanding of the mechanical properties of the sample
ablets can be gained.

In this study, the ratio of the standard deviation and the mean
s used to quantify the variations of the longitudinal velocities
nd Young’s moduli of each part of a sample tablet. The longitu-
inal velocities and Young’s moduli of the three outer layers are
btained with both the methods, and their mean values and the
atios of their standard deviations and mean values are calculated
nd listed in Table 1. It is observed that (i) the mean values of
he longitudinal velocities of the thick outer layers in r-direction,
he thin outer layers in r-direction and the side outer layers in z-
irection, based on the pitch-catch measurements differ by 1.62%,
.12%, and 5.61%, respectively, from the corresponding pulse-echo
ata; also, the means of Young’s modulus of the thick outer layers

n r-direction, the thin outer layers in r-direction, and the side outer
ayers in z-direction differ by 2.51%, 2.88%, and 10.87%, respectively,
rom the corresponding pulse-echo data, and (ii) the ratios of the
tandard deviations and mean values of the longitudinal veloci-
ies of the thick outer layers in r-direction, the thin outer layers
n r-direction and the side outer layers in z-direction from the

ulse-echo measurement data are 2.90%, 3.55%, and 2.79%, respec-
ively, and they are much lower than the corresponding pitch-catch

easurement data, which are 8.92%, 10.05% and 4.24%, respec-
ively; and the ratios of the standard deviations and mean values of
oung’s modulus from the pulse-echo measurement data are 5.76%,
Pa) E thick (GPa) E small (GPa) E side (GPa)

3.19 3.13 5.06
18.87% 21.53% 7.94%

6.98%, and 6.37%, respectively, and they are substantially lower
than the pitch-catch measurement data, which are 18.87%, 21.53%
and 7.94%, respectively. Therefore, it is concluded that the longitu-
dinal wave velocities and Young’s moduli based on the pulse-echo
measurements have less significant variation than those based on
the pitch-catch measurements, and that in the extraction of the
mechanical properties such as the longitudinal velocity and Young’s
modulus, the pulse-echo method provides more reliable data than
the pitch-catch method.

3.4. Wall thickness estimates for outer layers

In this study, the reflections of longitudinal acoustic pulses
from the outer layer–core interfaces are obtained in the pulse-echo
mode, and, accordingly, the round-trip TOF in each outer layer is
determined. This approach makes it possible to use the pulse-echo
mode to estimate the thicknesses of the outer layers of a dry-coated
tablet and, consequently, to determine the geometric position of
core tablet with respect to the entire tablet. The following equation
is used for estimating the layer thickness: h = cL�t/2 where h is the
thickness estimate of the outer layer, cL is the longitudinal wave
velocity of the outer layer and �t is the round-trip TOF in the outer
layer. The mean wave velocities in the thick outer layers, the thin
outer layers, and the side outer layers obtained in the pitch-catch
mode measurements (Table 1) are used as the longitudinal wave
velocities of the corresponding outer layers for the purpose of esti-
Fig. 14. Comparison of the coat thicknesses obtained by destructive means (direct
measurements) of the thick outer layers (�), the thin outer layers (�), and the side
outer layers (�), and the thicknesses obtained by the non-destructive pulse-echo
method of the thick outer layers (�), the thin outer layers (�), and the side outer
layers (©).
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directly measured) are compared and reported in Fig. 14. For all
hree outer layers, the mean difference between the acoustic and
irect thickness measurements is less than 2%. From this argument,

t is concluded that it is reliable to use the acoustic pulse-echo
ode measurement for determining the thicknesses of the three

uter layers. Based on the data reported here, the non-destructive,
ontact ultrasonic methods can provide effective means for the
ccurate measurement of the thicknesses of the outer layers of
ry-coated tablets.

. Conclusions and remarks

In the current study, using non-destructive acoustic means and
irect (destructive) measurements, the mechanical and geometric
roperties of the cores and the three outer coating layers of each
ry-coated tablet in a set of 25 experimental tablets are evaluated.
he values of Young’s modulus, the mass density, and various layer
hicknesses of the tablet components in the sample set are reported.
wo contact ultrasonic techniques based on the pitch-catch and
ulse-echo modes are employed. In the pulse-echo measurements,
he longitudinal (pressure) ultrasonic pulses reflected from the
uter layer–core interfaces are acquired and analyzed. Based on
he time-of-arrival data, the relative position of the core tablet
ith respect to the outer layers (i.e. the eccentricity) of the entire

ablet is quantified based on the measured thicknesses of the three
uter coating layers. It is observed that the cores of the dry-coated
ablets in the experimental sample set are considerably off in the
xial (out-of-plane) direction while, in the cross-sectional (radial)
lane, substantially better core tablet concentricity is observed and
eported for all the tablets in the sample set. While eccentricity is
bserved, its consistency in z-direction with good radial concentric-
ty indicates that this anomaly is resulted in by the same root cause
nd its correction can be achieved by the press controls/tuning and
onitoring. The approach presented in this work can lead to the

evelopment to a non-destructive, contact, rapid, ultrasonic eval-
ation system for the real-time measurements of the outer layers

hicknesses of dry-coated tablets. It is also noteworthy that, con-
idering the millisecond time-scale of a typical compaction process
nd the micro-seconds of pulse durations of acoustic waves used in
he reported experiments, the demonstrated approach clearly pos-
esses the potential to be employed for real-time in-die monitoring
Pharmaceutics 392 (2010) 148–155 155

of the geometric and mechanical properties of dry-coated tablets.
By integrating the traditional die-punch set with an ultrasonic
system based on the experimental configurations and methods
presented in this study, a real-time online tablet quality monitor-
ing system as a PAT tool could be developed for pharmaceutical
manufacturing. Further research is underway in this direction.
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