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A quantitative evaluation method for determining the effect of tableting speed on the compression prop-
erties of pharmaceutical powders was investigated in this study. Cilostazol and ibuprofen were used as ac-
tive pharmaceutical ingredients (APIs) and mixed with lactose monohydrate and microcrystalline cellulose.
Viscoelasticity was examined to evaluate the raw material, and stress relaxation tests were conducted to de-
termine the apparent viscosity and elasticity coefficients of the placebo and two APIs. Tablets were prepared
using a compaction simulator and a rotary tablet press at the tableting speeds ranging from laboratory to
commercial. The in-die or out-of-die strain rate sensitivity (SRS) indices were determined as a measure of
the compressibility and compactibility. The results showed that the sensitivity of the out-of-die SRS was
higher than that of the in-die SRS. The out-of-die SRS of ibuprofen 20% powder, which showed high elas-
ticity and low viscosity, was 13.3-47.9%, whereas that of the placebo and cilostazol 20% (w/w) powder was
<7.5%. A peripheral speed difference of more than 300 mm/s during the out-of-die SRS was sensitive enough
to detect the capping tendency. Cilostazol, which has lower elasticity and higher viscosity than ibuprofen,
was tested using powder mixtures with the API concentrations of 5-40%; the compressibility SRS was <5%
for all API concentrations. In contrast, the compressibility SRS of ibuprofen increased from 4.8 to 81% de-
pending on the API concentration. Using the compressibility SRS as an index, it was possible to extract the
tableting speed-dependent compressibility characteristics of API from the powder mixtures containing API.
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Introduction

Tablets are the most common dosage form among phar-
maceutical products and are manufactured by compacting a
mixture of raw materials or granules in a rotary tablet press.
The tableting process is a necessary process that affects the
product quality characteristics such as appearance, dissolu-
tion of active pharmaceutical ingredients (API), and stability.
It also adds physical strength to the powder for the transport
to the following process, such as film coating and packaging.
However, problems with the compressibility of powder and the
manufacturing conditions can cause tableting defects. Capping
is a tablet failure, in which the tablet surface peels off in a cap
shape, and if it occurs during the process, the manufacturing
should be stopped. In contrast, even if the tablet is ejected
from a rotary tablet press, there are cases where it is damaged
during the transport or the film-coating steps. The mechanism
of capping is related to several factors, such as the powder
properties and the manufacturing conditions. For example, the
powder properties related to the occurrence of capping, stress
relaxation,? elastic recovery,” and residual die-wall pressure
have been reported.*> In particular, high-pressure compaction
and high tableting speeds are more susceptible to these effects.
Air entrapment during the powder compaction and other fac-
tors can also cause the capping.®”

The compression mechanism differs between a single-punch
tablet press and a rotary tablet press. Additionally, during the
tableting process using a rotary tablet press, increasing the
tableting speed (reducing the compression time/dwell time)
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for scale-up becomes an issue because in the commercial-
scale rotary tablet press,” the number of punches and dies
used increases the production capacity. As a result, the turret
becomes more extensive; therefore, even at the same turret
rotation speed, the compression time is significantly reduced
because of the higher peripheral speed. It is challenging to
predict the commercial-scale tableting conditions using a
laboratory-scale rotary tablet press. Therefore, it is important
to bridge the differences between mechanical and geometrical
factors and detect tableting issues during the early formulation
development stage. To achieve this, it is necessary to under-
stand the compression properties and establish a method for
evaluating the increased tableting speed for scale-up.

Compression properties are related to a combination of
material properties of the raw material, such as elasticity/
viscoelasticity, plasticity/viscoplasticity, brittleness, and duc-
tility.”!® Tests for evaluating the compression properties in-
clude rheological tests such as stress relaxation tests and creep
tests or compressive energy evaluation methods based on the
displacement-force curve in the compression.

Stress relaxation is a phenomenon in which the stress de-
creases over time when constant stress/strain is applied. By
mathematically analyzing the stress decay curve obtained
from the time variation of stress, parameters related to the
viscoelasticity of the raw material can be obtained.'"” In con-
trast, at the point of maximum compression, viscoelasticity
and viscoplasticity occur at the compression peak.!” Although
the parameters obtained from stress relaxation tests do not
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represent only viscoelasticity, this approach helps classify the
raw material properties using a simple evaluation method to
determine the apparent viscoelasticity. The relevance of this
method to capping properties has also been reported.”

Heckel analysis is used to evaluate deformation characteris-
tics related to the compression.'” This method is based on the
response of powder porosity to pressure during compaction.
The reciprocal slope of the linear part of the Heckel plot rep-
resents the mean yield pressure, which is an index of plastic
deformation.'® Heckel analysis is also known as the in-die
method (“at-pressure method”)>'" ' and out-of-die method
(“zero-pressure method”).?**" The in-die method requires a
sensor to measure the punch displacement and compression
force simultaneously, and it is essential to accurately measure
the height of the powder bed in the die. Elastic deformation
of the equipment must also be considered during compac-
tion. Hirschberg et al. used four pharmaceutical excipients
(microcrystalline cellulose, a-lactose monohydrate, starch, and
dibasic calcium phosphate dihydrate) as samples and divided
the elastic recovery of the tablet into three components (in-
die axial, out-of-die axial, and radial).”? They showed that
the in-die elastic recovery (ER;,) was linearly dependent on
the compression pressure at the time of examination, whereas
the out-of-die elastic recovery (ER_,) was a material constant.
Katz and Buckner proposed a method for generating accurate
compressibility and compactibility profiles from in-die data
of tablets manufactured at two levels of compression pressure
and from changes in the solid fraction of ejected tablets.*”

Strain rate sensitivity (SRS) is used to evaluate the rate-
dependent compression behavior of powders from Heckel
analysis at two tableting speeds.”” Both Heckel analysis and
the SRS index are commonly used to evaluate compression
properties. For example, inorganic materials such as calcium
phosphate and magnesium bicarbonate show low SRS due to
fragmentation during compression. In contrast, viscoplastic
and viscoelastic materials, such as microcrystalline cellulose
and starch, show high SRS. However, it is not easy to compare
the data from different studies, as the measurement results de-
pend on the test procedure.’*® The range of tableting speeds
for obtaining SRS varies among studies,”*?’>% and an appro-
priate test procedure has not been clarified.

We previously showed that the tableting speed-dependent
compressibility properties of API in a powder mixture can
be characterized using the out-of-die SRS obtained with a
laboratory-scale rotary tablet press as an indicator for samples
different excipients compositions and an API concentration of
20% (w/w).>? In this study, we first demonstrated the scale-up
applicability of the proposed method. We then determined the
effect of the raw material viscoelasticity and API concentra-
tion on the out-of-die SRS.

Results and Discussion

Comparison of In-Die and Out-of-Die Methods Sample
compressibility was evaluated by the in-die and out-of-die
Heckel analyses. The mean yield pressure (P;,) was ob-
tained through the linear approximation of the data in the
compression pressure range of 50-120MPa in the out-of-die
Heckel plot of the tablets manufactured in the weight range of
200 =2 mg. Similarly, The mean yield pressure (P, ) was ob-
tained via linear approximation of 3—5 data points in the pres-
sure range of 98—290 MPa in the out-of-die Heckel plot of data
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for tablets manufactured in the same weight range using the
least-squares method. The results showed that the slope of the
linear part in the in-die Heckel plot was similar for all samples
and was independent of the tableting speed. In contrast, in the
out-of-die Heckel plot, the linear part of the slope decreased
with the tableting speed only for ibuprofen 20% (w/w) powder
(Figs. 1, 2). Table 1 shows the mean yield pressures of the pla-
cebo, cilostazol 20% (w/w) powder, and ibuprofen 20% (w/w)
powder groups measured by the in-die and out-of-die methods.
Py, was higher than P, ;, for all samples. The ratio of P, to
P,;, was approximately 1.4-fold for the placebo and cilostazol
20% (w/w) powder and 1.9 to 3.8-fold for ibuprofen 20% (w/w)
powder, showing a remarkable difference depending on the
peripheral speed. In-die Heckel analysis is a simple procedure
for a small amount of powder, and has been widely used to
evaluate the compaction properties of powders. Our previous
study showed that SRS based on out-of-die Heckel plots using
a laboratory-scale rotary tablet press is useful as an index for
detecting the compression properties of APIs even in cases
with different excipient compositions.*” As shown in Table 2,
the capping tendency became more pronounced with increas-
ing tableting speed. Therefore, evaluation by the out-of-die
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Fig. 1. Typical In-Die and Out-of-Die Heckel Plots
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SRS using the laboratory-scale rotary tablet press is consid-
ered to accurately reflect commercial-scale. It has been used
to classify the deformation properties of powders during the
compression, using single components of API and excipients
and pharmaceutical formulations.'***? However, for in-die
Heckel analysis, the mean yield pressure varies with the range
of compression pressures to be linearly approximated, and the
mean yield pressure is affected by the weight and true density
of the sample.* In contrast, it is obviously that P, is signifi-
cantly lower than P, because of elasticity properties.’”” As
shown in Fig. 3, the ER , was more significant than the ER,,
in the elastic recovery, suggesting that the difference in the
mean yield pressure was due to elastic recovery. However, the
ER_, of the tablets manufactured under the peripheral speed
conditions of the laboratory-scale and commercial-scale rotary
tablet presses differed only for cilostazol 20% (w/w) powder
but not for the placebo and ibuprofen 20% (w/w) powder, and
there was no correlation with the capping tendency. Thus,
although in-die Heckel analysis is simple, it is essential to
precisely measure the punch displacement and force after cor-
recting for the effect of elastic deformation of the machine. In
addition, it does not include the effect of elastic recovery of
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Fig. 2. Relationship between Mean Yield Pressure Obtained from In-
Die (Open Symbol) or Out-of-Die (Closed Symbol) Heckel Analysis, and
Peripheral Speeds
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the tablet ejected from the tablet press, making this approach
unsuitable for characterizing API properties from powder
mixture as in this study. Therefore, because the in-die analysis
has limited utility compared to raw material properties, out-
of-die analysis is considered more practical.

Appropriate Conditions for Obtaining Out-of-Die SRS
In a previous study, the in-die SRS was used to demonstrate
the relationship between the deformation properties of two
grades of paracetamol and 11 pharmaceutical excipients with
different particle sizes.’¥ However, as the difference between
the two tableting speeds increased, the SRS index became
more sensitive, although the appropriate experimental condi-
tions have not been clarified. The available turret rotation
speed of a rotary tablet press depends on the model and press
size. In the present study, to obtain the out-of-die SRS, Py, .
and P, ., experiments with low and high tableting speeds
feasible on a rotary tablet press were used. As shown in Table
3, the peripheral speed varied greatly depending on the scale
of the rotary tablet press and tableting conditions. Table 4
shows the in-die SRS and out-of-die SRS obtained from P,;,
and Py, from two data sets with different tableting speeds
to quantitatively evaluate the effect of tableting speed. Both
the placebo and cilostazol 20% (w/w) powder, without cap-
ping tendency, and ibuprofen 20% (w/w) powder, with capping
tendency, showed a low in-die SRS of <8.1%. In contrast, the
out-of-die SRS was similar to the in-die SRS for the placebo
and cilostazol 20% (w/w) powder, but for ibuprofen 20% (w/w)
powder, the out-of-die SRS was higher than the in-die SRS
under all but one experimental condition. Besides, the cap-
ping tendency increased under the commercial-scale rotary
tablet press conditions, confirming the scale-up extrapolation.
Figure 4 shows the relationship between the peripheral speed
difference and out-of-die SRS found in this study. A higher
out-of-die SRS was observed as the peripheral speed differ-
ence increased. The peripheral speed difference required to
characterize the API-dependent deformation behavior from the
powder mixture containing cilostazol and ibuprofen was more
than 300mm/s. This test condition was achieved by manufac-
turing tablets using the laboratory-scale rotary tablet press B
with turret rotation speeds of 20 and 60 rpm.

Evaluation of Viscoelasticity Based on Stress Relaxation
Test A stress relaxation test was performed to evaluate the

Table 1. In-Die and Out-of-Die Heckel Analysis Results
Peripheral In-die Out-of-die

Sample speed K y . Py,in K 4 " me

[mmy/s] [1/MPa] [—] R [MPa]  [1/MPa] ] R [MPa]

Placebo powder 230 0.0079 0.8737 0.999 126.5 0.0053 1.2198 0.999 188.3
356 0.0075 0.8915 0.999 133.4 0.0053 1.1553 0.998 189.5

691 0.0074 0.8772 0.999 135.8 0.0054 1.2031 0.989 184.3

1503 0.0073 0.8628 0.997 136.3 0.0052 1.0919 1.000 191.0

Cilostazol 20% (w/w) powder 230 0.0083 1.0191 0.998 120.5 0.0055 1.3502 0.991 181.6
356 0.0078 1.0084 0.999 128.7 0.0053 1.2565 0.932 188.5

691 0.0077 1.0108 0.998 129.8 0.0055 1.0724 0.962 180.5

1503 0.0076 0.9412 0.999 131.1 0.0051 1.3310 0.991 195.2

Ibuprofen 20% (w/w) powder 230 0.0090 1.1003 0.998 110.7 0.0049 1.6248 0.999 205.9
356 0.0091 1.1522 0.999 109.4 0.0048 1.5591 0.990 209.8

691 0.0089 1.0844 0.998 111.9 0.0041 1.6983 0.978 242.1

1503 0.0096 1.0794 0.985 103.8 0.0025 1.5447 0.994 395.1

Data for peripheral speeds 230 and 691 mm/s in the in-die Heckel analysis are mean of n =3, and other data are mean of n=5.
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Table 2. Tablet Capping Tendency
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The number of capping [counts]

Peripheral speed

Rotary tablet press [mm/s] Placebo powder Cilostazol 20% (w/w) powder Ibuprofen 20% (w/w) powder
One-side Both side One-side Both side One-side Both side
Laboratory-scale rotary press A 356 No capping No capping No capping
Laboratory-scale rotary press B 230 No capping No capping No capping
691 No capping No capping 169 09
Commercial-scale rotary press 1503 No capping No capping 139 79
a) Number of capping in 20 tablets.
Table 3. Types of Rotary Tablet Press and Pitch Circle Diameter, and Process Parameters Related to Tableting Speed
Rotary tablet press
Turret rotation speed Peripheral speed Dwell time
PCD
Scale and type of rotary tablet press
[mm] [rpm] [mm/s] [ms]
Laboratory-scale rotary press A 170 40 356 35
Laboratory-scale rotary press B 220 20/60 230/691 73/9
Commercial-scale rotary press 410 70 1503 4

PCD: Pitch circle diameter of turret

Table 4. Combination of Peripheral Speed and In-Die and Out-of-Die SRS

Peripheral speed [mm/s]

Placebo powder Cilostazol 20% (w/w) powder Ibuprofen 20% (w/w) powder %

Low High

SRSm [%] SRSout [%] SRSin [%] SRsout [%] SRSin [%] SRSuul [%]
230 356 <0 <0 0.0 <0 0.0 <0
356 691 1.8 <0 0.8 <0 2.3 133
356 1503 2.2 0.0 1.8 3.5 <0 46.9
230 691 6.8 <0 7.2 <0 1.1 14.9
230 1503 7.2 1.4 8.1 7.0 <0 47.9
691 1503 0.4 3.5 1.0 7.5 <0 38.7
Placebo powder Cilostazol 20%(w/w) powder  Ibuprofen 20%(w/w) powder
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Fig. 3. Relationship between Elastic Recovery as a Function of Compression Pressure and Peripheral Speed

(mean=S.D., n=15).

viscoelastic properties of cilostazol and ibuprofen. Figure 5
shows the stress relaxation curves obtained at stresses of 40,
80, and 160 MPa. The stress relaxation behavior was analyzed
by modeling with a three-element generalized Maxwell model
(Table 5). At the same constant stress, the strain was lower
for ibuprofen than for the placebo and cilostazol. This cor-
responds to the poor compressibility of ibuprofen compared
to that of the placebo and cilostazol. For the placebo and
cilostazol, the viscosity and elasticity coefficients increased
with increasing stress/strain during the test. In contrast, the

viscosity coefficients of ibuprofen were almost unchanged at
all stress levels, whereas the elasticity coefficients increased
significantly. Particularly, £, was the elasticity coefficient that
remained after a long compression time, and was significantly
higher than E, and E,. The value of #,, which corresponds to
fast relaxation of the viscosity coefficient, was significantly
lower than that of #,, with a small standard deviation. The
relationship between strain, E,, and #, is shown in Fig. 6.
The viscoelastic behaviors differed for ibuprofen with capping
tendency, cilostazol without capping tendency, and the pla-
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cebo. Interestingly, even the ibuprofen with capping tendency
showed a significant value for 7,, a delayed viscosity coeffi-
cient. The tensile strength of the tablets after the stress relax-
ation test was similar for the placebo, cilostazol, and ibupro-
fen, and no capping or lamination was observed for ibuprofen.
This may be because of the effect of two factors: compression
speed and time. First, the compression speed of the stress
relaxation test is 1 mm/s, which is significantly slower than
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Fig. 4. Dependence of Out-of-Die SRS on Peripheral Speed Difference

The dashed line is the 99% confidence interval for the ibuprofen 20% (w/w)
powder data with capping tendencies, and the dotted line is the 99% confidence
interval for the placebo and the cilosazol 20% (w/w) powder data without capping
tendencies.
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the tableting speed of the rotary tablet press. In addition, the
time of the stress relaxation test was 180s, and the strain was
maintained than the tableting process. Therefore, the effect of
delayed viscosity improved the compactibility of ibuprofen.
Effect of Concentration of APIs in Powder Mixtures on
SRS The effects of tableting speed on the compressibility
and compactibility of the placebo and samples with different
API concentrations were evaluated by Heckel analysis'® and
Ryshkewitch—-Duckworth analysis.*® Figures 7-9 show the
Heckel plot (compressibility) and Ryshkewitch—-Duckworth
plot (compactibility) for the placebo, cilostazol, and ibupro-
fen. For the placebo, both compressibility and compactibility
showed good linearity regardless of the tableting speed (Fig.
7). Similarly, for cilostazol, the Heckel plot and Ryshke-
witch—Duckworth plot were linear in the concentration range
of 5-40%. In contrast, for ibuprofen, the Heckel plot became
non-linear at concentrations above 10% (Fig. 8). In the Rysh-
kewitch—Duckworth plot, at high tableting speed, ibuprofen
10% (w/w) powder decreased the compressibility in the region
of high compression pressure, resulting in decreased compact-
ibility; this tendency became more pronounced for ibuprofen
40% (w/w) powder (Fig. 9). Table 6 shows the compressibility
SRS and compactibility SRS. The compressibility SRS was
obtained from the mean yield pressure by Heckel analysis,
and the compactibility SRS was obtained from the bonding
capacity by Ryshkewitch—Duckworth analysis. For the pla-
cebo, the compressibility SRS and compactibility SRS were
0.4% and 3.9%, respectively. Thus both compressibility and
compactibility-based SRS are dependent on API concentra-
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Fig. 5. Stress Relaxation Curves of Placebo and APIs Obtained at Different Stresses
Mean, n=3. (a) 40 MPa, (b) 80 MPa, and (c) 160 MPa.
Table 5. Apparent Elasticity and Viscosity Coefficient of Placebo and APIs
Elasticity coefficient Viscosity coefficient
Stress Strain . L
Sample E, E, E, Z;Ei m B ;’7'
[MPa] [—1] [MPa] [MPa] [MPa] [MPa] [MPa-s] [MPa-s] [MPa-s]
Placebo powder 40 0.267 (0.01) 117.3 (3.9) 219 (2.1) 122 (0.9) 1514 (5.2) 6.1 (0.6) 114.9 (5.3) 120.9 (5.2)
80 0.351 (0.00) 186.6 (2.3) 30.1 (1.6) 143 (0.7)  231.0 (2.6) 13.9 (0.8) 192.1 (26.1)  206.0 (26.7)
160 0.468 (0.02) 307.7 (11.6) 34.4 (2.3) 20.3 (1.5) 3625 (14.5) 20.8 (2.6) 424.7 (127.5) 4455 (125.4)
Cilostazol 40 0.256 (0.00) 134.5(11.7) 17.8 (6.8) 6.3 (4.0) 158.7(1.2) 54 (1.7) 84.3 (23.1) 89.7 (24.8)
80 0.322 (0.01) 234.6 (3.34) 18.3(0.9) 5.5(1.0) 2584 (3.1) 8.2 (1.1) 121.4 (13.4)  129.5 (13.1)
160 0.338 (0.01) 430.5(15.2) 38.8(10.2) 24.5(9.2) 493.8 (4.5 16.1 (3.3) 333.9 (171.2) 350.0 (174.4)
Ibuprofen 40 0.213 (0.01) 176.7 (6.2) 11.7 (0.4) 6.9 (1.1) 1954 (6.9) 4.9 (0.4) 117.8 (53.0)  122.7 (52.8)
80 0.252 (0.00) 316.2 (5.3) 8.7 (0.5) 10.5 (0.0) 3354 (4.8) 2.5(0.2) 78.3 (1.2) 80.8 (1.0)
160 0.290 (0.01) 562.2 (16.4) 12.5(4.4) 143 (1.5)  589.0 (20.8) 5.2 (0.6) 160.8 (22.5)  166.1 (22.3)

Mean (S.D.), n=3.
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centrations of 5, 10, 20 and 40% (w/w), respectively. Mean £ S.D., n = 10.

tion. Moreover, the compactibility SRS should be associated
when discussing the tablet strengths and fracture properties,
such as capping tendency. The compressibility SRS of Cilo-
stazol 5-40% (w/w) powders without capping tendency is up
to 3.6%, and the compactibility SRS is up to 14.9%. In con-
trast, ibuprofen showed capping tendency in powders contain-
ing more than 10% (w/w), with the compressibility SRS rang-

ing from 14.0 to 81.0% and the compactibility SRS from 5.8
to 63.7%. Both compressibility SRS and compactibility SRS
were higher for the powder containing ibuprofen. In calculat-
ing SRS for both compressibility and compactibility, it may be
possible to evaluate the capping property and the deformation
property of API in the powder mixtures.

Relationship of Viscoelasticity to SRS of API-Containing
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Table 6. Compressibility SRS and Compactibility SRS of Samples Containing Placebo and Different Concentrations of API

Peripheral Compressibility Compactibility
API conc. q
spee K A ) P, SRS k 2 SRS
[Yo(w/w)] [mm/s] [1/MPa] ] [MPa] [%] [—] [%]
Placebo 230 0.00474 1.14780 0.9958 211 0.4 9.54944 0.9989 39
powder * 691 0.00472 1.13729 0.9958 212 9.19151 1.0000 ’
s 230 0.00445 1.25123 0.9819 225 <0.0 9.51741 0.9996 23
691 0.00446 1.22019 0.9876 224 9.74600 0.9987 ’
0 230 0.00502 1.28505 0.9829 199 <0.0 9.51274 0.9993 39
Cilostazol 691 0.00514 1.26361 0.9867 195 9.89812 0.9987 ’
powder 20 230 0.00601 1.23935 0.9742 166 3.6 10.1949 0.9895 79
691 0.00579 1.19721 0.9897 173 9.44685 0.9987 )
20 230 0.00551 1.44835 0.9751 182 <0.0 8.01960 0.9342 149
691 0.00560 1.39077 0.9736 179 9.42801 0.9690 ’
s 230 0.00508 1.27697 0.9838 197 4.8 9.99910 0.9997 0.0
691 0.00484 1.27143 0.9775 207 10.2493 0.9989 ’
0 230 0.00562 1.19931 0.9960 178 14.0 9.95789 0.9995 ss
Ibuprofen 691 0.00484 1.27703 0.9808 207 10.5707 0.9908 ’
powder 20 230 0.00486 1.62477 0.9995 206 14.9 9.46055 0.9909 s
691 0.00413 1.69827 0.9781 242 12.2560 0.9874 ’
20 230 0.00401 1.93538 0.9266 250 81.0 5.93596 0.9728 3.7
691 0.00076 1.84364 0.9104 1311 16.3624 1.0000 ’
Mean, n=10.

Powder Mixture As shown in Table 5, the viscoelastic
properties of the placebo, cilostazol, and ibuprofen are char-
acterized by E, and 7,. These properties were compared by
plotting Ey/n, versus strain. As shown in Fig. 10, E/n, did not
change significantly with increasing strain in the placebo and
cilostazol, whereas E/n, increased significantly with increas-
ing strain in ibuprofen. As shown in Table 2, the capping
tendency was observed only in ibuprofen tablets. Other than
the raw material properties, capping is caused by air entrap-
ment during compression. However, based on our viscoelastic
evaluation and SRS measurements, capping is likely due to
the low viscosity and high elasticity of ibuprofen. In general,
the viscosity of solid materials is closely related to plasticity

and is rate/time-dependent. Therefore, we considered that the
viscoelasticity of ibuprofen appeared as the difference between
the SRS of the placebo and cilostazol. Thus, viscoelastic-
ity and viscoplasticity affect SRS; however, a disadvantage
of these values is that the difference in deformation modes
cannot be identified using conventional methods. Katz and
Buckner reported that SRS based on the indentation creep
test is less sensitive to the raw material’s elastic behavior and
particle size.?") Furthermore, the test does not require a high-
speed compression test for evaluation to be performed more
quickly than when using conventional methods. Desbois et al.
proposed a new method to evaluate only viscoelastic behavior
during powder compaction using a compaction simulator.’®
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Their method enabled to the measurement of the apparent bulk
and shear moduli as a function of the strain rate. The stress
relaxation test and out-of-die SRS index are practice tests that
can be performed with conventional equipment. Considering
the result of Katz and Buckner,?” Desbois ef al.,*® our results
reflect both the viscoelastic and viscoplastic behaviors of the
raw material, based on the relationship between the elasticity/
viscosity ratio and the out-of-die SRS obtained from stress re-
laxation tests. Our approach is practical because the tableting
speed-dependent deformation characteristics specific to APIs
can be easily determined by appropriate testing, even for a
powder mixture of APIs and excipients. APIs often have poor
flowability and compressibility. The incorporation of deforma-
tion mode-specific test methods can quantify on the tableting
speed-dependent compression properties of APIs.

Conclusion

The effect of tableting speed on the deformation properties
of APIs was investigated using placebo powders and powder
mixtures containing cilostazol or ibuprofen as a model. We
characterized compression properties of APIs in the mixed
powder as an index of the out-of-die SRS. The findings of the
present study are as follows.

[1] The out-of-die SRS obtained by using a laboratory-scale
rotary tablet press could be extrapolated to a commercial
scale.

[2] The viscoelasticity of the placebo and API was evalu-
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Fig. 10. Relationship between Strain and Elasticity/Viscosity Ratio
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ated, and the effect of tableting speed was more pronounced
for ibuprofen, which has high elasticity/low viscosity com-
pared to cilostazol or the placebo, which has low elasticity/
high viscosity.

[3] The peripheral speed difference of more than 300 mm/s
was required to calculate the out-of-die SRS, which character-
izes the deformation properties of cilostazol and ibuprofen in
the powder mixture.

[4] The effect of tableting speed on the compressibility was
detectable as the out-of-die SRS index when the API concen-
tration was more than 10% (w/w).

In the early formulation development stage, the amount of
available APIs is small, and poorly water-soluble drugs are
often pulverized, resulting in poor flowability. This is a limita-
tion of the method when evaluating the compression proper-
ties of the API alone. In the proposed method, the APIs are
mixed with pharmaceutical excipients such as lactose and mi-
crocrystalline cellulose to improve API handlings during the
testing. This step is also helpful for quantitatively evaluating
compression properties depending on the tableting speed by
using the out-of-die SRS obtained under appropriate experi-
mental conditions as an indicator.

Experimental

Materials Cilostazol (Otsuka Pharmaceutical, Tokyo,
Japan), an antiplatelet agent, and ibuprofen (Hachidai Phar-
maceutical, Osaka, Japan), a nonsteroidal anti-inflammatory
analgesic, were used as model APIs. Lactose monohydrate
(Dilactose S; Freund, Tokyo, Japan), microcrystalline cellulose
(Ceolus UF-711; Asahi Kasei, Tokyo, Japan), and vegetable-
derived magnesium stearate (Taihei Chemical, Osaka, Japan)
were used as excipients. A mixture of lactose monohydrate
and microcrystalline cellulose (7:3) with 1% (w/w) magne-
sium stearate was used as the placebo mixture. Cilostazol and
ibuprofen were added to the placebo mixture at a concentra-
tion of 5, 10, 20, and 40% (w/w) powder.

Powder Mixture Preparation The batch scale of the
powder mixture was 1kg/batch. All raw materials except
magnesium stearate were mixed in a polyethylene bag and
screened through a 710um sieve for de-aggregation. After
that, raw materials were charged into a drum blender with a
9L capacity and mixed at 18 rpm for 30 min. The drum blend-
er was lubricated at 18rpm for Smin.

Particle Size Distribution Particle size distributions of
APIs and excipients were measured by a laser diffraction
scattering method (LDSA-1500A; Tohnichi Computer Appli-
cations, Tokyo, Japan) with a focal length of 100mm and an

Placebo

Cilostazol Ibuprofen

API concentration

True density Water Content True density Water Content True density Water Content
[Yo(w/w)] [g/em’] (7] [g/em’] (%] [g/em’] [*]
0 1.5565 3.9 — —
5 1.5361 43 1.5007 49
10 1.5009 4.1 1.4971 4.0
20 — 1.4670 3.7 1.4170 4.7
40 1.4230 3.1 1.4170 3.0
100 1.2320 0.07 1.0950 0.14

True density is the mean of n=15. Water content is n= 1.
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air pressure of 0.05MPa. The 50% particle size of cilostazol
and ibuprofen were 15.5*+0.3 and 26.2 = 1.6 um, respectively
(mean * standard deviation (S.D.), n = 3).

True Density True density (p,,) of the samples was
measured by a gas pycnometer (Pentapycnometer PPY-15T;
Quantachrome, Boynton Beach, FL, U.S.A.) (Table 7).

Water Content Water content of the samples was mea-
sured by the Karl Fischer method (Volumetric moisture meter
KF-200; Mitsubishi Chemical Analytech, Japan) (Table 7).

Stress Relaxation Stress relaxation tests were conducted
using a compaction analyzer (TabFlex; Okada Seiko, Tokyo,
Japan) to evaluate the apparent viscoelasticity of the placebo,
cilostazol, and ibuprofen. The accuracies of the displacement
and force sensors were *3.5um and *0.8%, respectively.
IPT-B-type punches with a flat face and an 8mm diameter
were used. Before the test, the punches were compressed at
low speed in direct contact to obtain a correction equation for
machine deformation (y= 0.0003x> + 0.016x — 0.007, where x
and y are the loads and corrected distance between punches,
respectively). As the loads applied in the stress relaxation test
were 2, 4, and 8kN, the maximum load at correction was set
to 10kN to cover these ranges. A sample of 200mg was filled
into a die 8mm diameter and loaded at 1 mm/s. After reach-
ing the maximum load, the constant strain was maintained
for 180s, and the stress and displacement of the punches were
measured. The data collection interval was set at 8ms. At
the end of the test, the tablets were ejected to confirm that
there was no damage to the tablets. Magnesium stearate was
sprayed as a lubricant on the punch faces and die-wall to re-
duce friction between the tooling and the powder, and excess
lubricant was removed. The stress relaxation curves obtained
from the experiments were analyzed by the generalized
Maxwell model shown in Eq. (1), assuming that the powder
is a linear viscoelastic material."'¥ The Maxwell model is a
rheological model in which a spring (elastic component) and
dashpot (viscous component) are connected in series to form
a single element. In this study, the stress relaxation behavior
was expressed using a model with three elements connected in
parallel. One of the three elements was used as a spring ele-
ment only to represent the residual elasticity.

n t

a(t)=E0-ST+ZEi-e W . ST (1)

i=1
The viscosity coefficient is # and is expressed as 7=7/E,
where ST is strain, E is the instantaneous elastic modulus, Ei
and 1 are the coefficients and terms of the Prony series, and
is the relaxation time. The stress was almost constant at 60s
after maximum stress was reached. Therefore, £, E,, E,, 1,
and 7, were determined to minimize the mean square error of
the data and Eq. (1) for the first 60s of the test.

Compaction Simulator A compaction simulator was used
to evaluate the effect of the tableting speed of a commercial-
scale rotary tablet press and in-die compression behavior on a
commercial-scale rotary tablet press. The STYL'One Evolu-
tion (Medelpharm, Beynost, France) is a single-station com-
paction simulator instrument with a displacement sensor and
force sensor that can precisely measure the punch position,
punch and ejection forces. The accuracies of the displacement
and force sensors were +0.01 mm and +0.25kN, respectively.
The motion of the upper and lower punches is ensured by
satellite roll screws, and each punch is operated by an inde-
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pendent low-inertia brushless servo motor. These features
enable high-precision position control of the punch, and it is
possible to simulate the compaction cycle of various rotary
tablet presses. The compaction simulator is a helpful tool for
reflecting compression behavior to evaluate the effect of the
tableting speed on the compaction process. The compaction
cycles of two laboratory-scale rotary tablet presses (VELAS
and VIRGO; Kikusui, Kyoto, Japan) and one commercial-
scale rotary tablet press (LIBRA; Kikusui) were simulated
using the STYL’One Evolution. Table 4 lists the main param-
eters of each rotary tablet press and simulating turret rotation
speed. The data sampling interval of the compaction cycle
data per tablet was set to 2ms. To obtain accurate in-die data,
it is necessary to consider the deformation of the machine and
punches.’” Before the experiment, the correction factor for de-
formation of the machine during compaction was investigated.
A flat IPT-B punch (Young’s modulus 210 GPa) with a diam-
eter of §mm was set, and a load of 20kN was slowly applied
with the upper and lower punches in contact at low speed.
Although the distance between the punches was zero, this
distance changed slightly as the load was applied. An approxi-
mate equation was obtained from the relationship between
the load and distance between the punches (y=—0.00004x> +
0.0083x + 0.005, where x and y are the loads and the corrected
distance between punches, respectively).

Tablet Preparation The compaction simulator and con-
ventional laboratory-scale rotary tablet press were used for
tableting. For all experiments, IPT-B-type punches with an
8mm diameter and 15.5mm radius of the surface curvature
were used, and the target tablet weight was 200mg. As the
sample exhibited poor flowability, a force feeder was used to
feed the powder into the die. In experiments using the com-
paction simulator, tablets were manufactured under the four
experimental conditions shown in Table 4, with compression
pressures ranging from 90 to 270MPa (up to 290MPa for
some samples) depending on the distance between the upper
and lower punches. In contrast, in the experiment using the
rotary tablet press (VIRGO), tablets were manufactured by
setting the turret rotation speed to 20 or 60 rpm.

Tablet Property Measurements The tablets were stored
overnight in an unpackaged condition at 24°C and <25%
relative humidity before evaluating the physical proper-
ties. Each tablet weight was measured using an electronic
balance (CPA224S; Sartorius, Gottingen, Germany). The
tablet thickness was measured using a thickness gauge (ID-
C112XBS; Mitutoyo, Kawasaki, Japan). The tablet hardness
was determined through the diametrical compression using
a tablet hardness tester (MT50; Dr. Schleuniger Pharmatron,
Solothurn, Switzerland) at a speed of 0.5mm/min. The tablet
hardness (F) was converted to tensile strength (o,) based on
Eq. (2). As the tablets had a diameter of 8mm and the tablet
surface had a large radius of curvature, a conversion formula
to determine the tensile strength of flat tablets was used.*®

2F

% T IDT @

where D is the tablet diameter, and T is the tablet thickness.
The capping tendency was evaluated based on cracking of
the tablets during the tablet hardness measurement. In this
measurement, a tablet undergoes diametrical compression
between two flat platens, generating tensile stress in the tablet
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center. A tablet compacted under adequate conditions splits
into two pieces from the center, whereas the tablet surface
peels off if there is a capping tendency.’” To quantitatively
evaluate the degree of capping tendency, 10 tablets compacted
under each manufacturing condition were counted separately
for the capping on only one side and the capping on both sides
of the tablet surface during the tablet hardness measurement.
As the capping on both sides was assumed to be more severe
than that on one side, the number of capping occurrences in
the two patterns was defined as the capping tendency.

Evaluation of Compressibility Based on Heckel Analysis
Compressibility is defined as the relationship between com-
pression pressure and porosity. To evaluate the compressibil-
ity, the Heckel equation shown in Eq. (3) was used.'”

1n(ij=KP +4 3)

where ¢ is the porosity of tablet and P is the upper punch
compression pressure. The reciprocal of slope (K) of the lin-
ear part of the Heckel plot is the mean yield pressure (Py),lé)
where 4 is the intercept at p =0 when the line of the Heckel
plot is extrapolated. Equation (4) was used to calculate the
porosity of the tablet.

tablet
o= Puablet.

Prrue @)

In the in-die method, based on the tablet weight and upper
and lower punch displacement data obtained from the compac-
tion simulator, the apparent tablet density of powder during
the compression (P, in.gie) Was calculated by using Eq. (5).

B W
Ptablet,in—die Vat Vi + 8y Dinax )

where W, is the tablet weight, V|, and V| are the volumes of
the cup portion of the upper and lower punches, respectively,
and S, is the surface area of the cylindrical part of the tablet.
D, 1s the distance between the upper and lower punches at
the maximum compression. The punch distance was corrected
for the equipment deformation during the compression and
each punch force. The compression pressure and the in-die
tablet porosity calculated from Eq. (4) were used for the in-die
Heckel analysis from Eq. (3). The tablets were manufactured
at several compression pressures from 95 to 242MPa. The
least-squares method was used to calculate the slope using
data from 50 to 120MPa of the compression pressure to ob-
tain the mean yield pressure (Py;,)-

In the out-of-die method, the apparent density of the tablet
was calculated from the data of the tablet diameter (D), and
thickness (7) ejected from the compaction simulator or rotary
tablet press based on Eq. (6).

4
n(D/12*(T-d.)+V,+W

where d, and S, in Eq. (6) are the cup depth and surface area
at the top and bottom of the tablet, respectively, D is the tab-
let diameter, and 7T is the tablet thickness. The tablets were
manufactured at the compression pressures of 95-291 MPa,
with five tablets per point. The porosity of the ejected tablet
was calculated from Eqgs. (4) and (6). The porosity of the
ejected tablet and compression pressure were then used for
Heckel analysis. The mean yield pressure (P, ) was obtained

(©)

Prablet,out—of —die —

y.ou
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based on the data of 4—6 points with compression pressures of
90-210MPa using the least-squares method.

Evaluation of Compactibility Based on Ryshkewitch—
Duckworth Analysis Compactibility, defined as the rela-
tionship between porosity and tensile strength, Ryshkewitch—
Duckworth analysis using Eq. (7) compactibility.>

or _
ln[aoj—k-e (7)

where ¢ is the porosity of tablet, g, is the tensile strength of
the material with zero porosity, and & is a constant represent-
ing the bonding capacity.*”

Strain Rate Sensitivity To quantitatively evaluate the
effect of tableting speed, the SRS was calculated using P,
obtained from two experiments with different compression
speeds based on Eq. (8).%

srs= 227015 ®)
Py, was defined as the mean yield pressure at a low tableting
speed and Py, was that at a high tableting speed, which was
obtained from experiments using the compaction simulator
and the rotary tablet press. The in-die and out-of-die methods
were defined as in-die SRS and out-of-die SRS, respectively.
Additionally, SRS based on compactibility was calculated
from the value of slope k of the Ryshkewitch—Duckworth plot
for tablets at low and high tableting speeds.

Elastic Recovery Out-of-die elastic recovery (ER_,) was
calculated using Eq. (9).*Y
H-H,
ER, = X100 ©)

C

where H is the tablet thickness after ejection and H_ is the
powder height in-die at maximum compression. In contrast,
in-die elastic recovery (ER,,) was calculated using Eq. (10).*?

Hzero -H

ER,,= © X100 (10)

C

where H, is the in-die thickness at unloading, which was
calculated using data acquisition software.

Definition of Tableting Speed The tableting speed was
defined as the peripheral speed rather than the punch veloc-
ity.*¥ In a typical single-punch press, the punch movement is
linear, and the waveform has a saw-tooth shape. In addition,
the punch velocity is very slow compared to a rotary tablet
press. In contrast, in a rotary tablet press, the punch movement
is non-linear and depends on the tablet press model. Therefore,
it is difficult to accurately calculate the punch velocity.***> The
peripheral speed (v) was calculated using Eq. (11).

(1)

N
V= @nR
where N is the turret rotation speed, and R is the pitch circle
diameter). Dwell time is defined when the flat part of the
punch head moves parallel to the compression rolls in contact
with it."” In this study, the dwell time was calculated using
the data acquisition software. Table 3 shows the pitch circle
diameter, turret rotation speed, peripheral speed, and dwell
time of the simulated rotary tablet press.
Statistical Analysis JMP13 (SAS Institute Inc., Cary, NC,
U.S.A)) was used to analyze the experimental data.
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