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Abstract

The purpose of this study was to investigate the influence of batch size during scale-up on the abrasion of biconvex tablets. Labelled
tracer tablets of six different crushing forces (23–116 N) were mixed at different times and peripheral speeds in a laboratory (4 kg) and
production (360 kg) perforated pan coater. The weight loss of these tracer tablets was determined.

The main factor affecting the abrasion in both scales is the tablet crushing force as a nonlinear decrease in the abrasion was observed
with increasing crushing force of the tablets. An increase in mixing time results in an increase in abrasion for the laboratory scale. In
contrast to the production scale an influence of the peripheral speed on the abrasion could not be observed in laboratory scale. There
is no difference in total abrasion for the laboratory scale and production scale for low peripheral speed. At higher peripheral speeds the
abrasion in the production scale is slightly higher than in the laboratory scale.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The scale-up of the film coating process in perforated
pan coaters is a critical step in the pharmaceutical industry.
Different process parameters had to be carefully converted
in order to achieve the same product properties as in the
laboratory scale. However, a change in the acting forces
on the tablets with increasing batch size is difficult to
predict.

Various terms can be used to describe the unwanted
breakdown of particles within a process. The terms abra-
sion and friability are used in this paper and are defined
in the British Standard (BS 2955) [1]. Abrasion is the
removal of material from a particle (tablet) such that the
material removed is very much smaller than the particle.
Friability is the tendency of particles to break down in size
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during storage and handling under the influence of small
forces. The influence of small forces on uncoated tablets
is determined in a conventional friability tester according
to the European Pharmacopoeia 5. The tablets are mixed
in a baffled drum at 25 rpm for 4 min and the weight loss
of the tablets is determined.

The magnitude of breakdown of tablets caused by
higher forces in perforated pan coaters in the scale-up
process is the focus of this study. The weight loss caused
by the mechanical mixing in perforated pan coaters is
termed as abrasion. An increase in friction and, conse-
quently, in abrasion of tablets with increasing batch size
in scale-up was reported [2,3].

Furthermore there is a lack of experimental data to assess
the acting strains on the tablets in the scale-up process.

In a previous work the abrasion of flat faced tablets
depending on pan speed and mixing time in a laboratory
and pilot scale perforated pan coater was investigated [4].
The abrasion of these tablets decreased from the laboratory
scale to the pilot scale due to the lower number of impacts
at the pan wall.
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Fig. 1. Picture of tracer tablets (23 kN) (a) before mixing and (b) after
mixing (13 min) in BFC 5.

Table 1
Properties of used tablets (SD – standard deviation in parentheses)

Average crushing strength
[N] (SD) n = 30

Average weight [mg]
(SD) n = 40

Friability [%]
(SD) n = 3

23 (1.6) 172.27 (1.60) 0.217 (0.010)
31 (1.5) 177.93 (1.32) 0.144 (0.009)
44 (3.1) 186.17 (1.16) 0.061 (0.006)
66 (3.9) 195.63 (1.24) 0.037 (0.003)
88 (5.4) 204.30 (1.39) 0.035 (0.004)

116 (8.0) 210.93 (2.20) 0.025 (0.003)
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Besides the impact at the pan wall the friction between
the tablets caused by the mutual rubbing is another reason
for the abrasion of tablets. The surface roughness of tablets
increases with increasing friability of the tablets [5] and this
extends the magnitude of friction.

The motion of tablets in rotating cylinders is described
in the literature [6–10]. The abrasion of the tablets will be
affected by the movement of the tablets. There are three
types of contact areas for tablets: tablet-pan wall, tablet-
baffle and tablet–tablet. The abrasion is supposed to be
influenced by:

• the velocity differences at the contact areas
• the surface roughness of the tablets and
• the pressure on the tablets caused by the tablets lying

above.

Since all these effects are difficult to predict in scale-up, a
statistical design of experiment was used in the current
study to evaluate the abrasion of biconvex tablets in a
laboratory (4 kg) and production (360 kg) perforated pan
coater. The influence of the crushing force of tablets,
mixing time and peripheral speed on the abrasion was
examined.

2. Materials and methods

2.1. Tablets and tracer tablets

The abrasion of biconvex tablets was investigated in
laboratory and production perforated pan coaters as a
function of the pan speed, mixing time and crushing force
of the tablets. Numerically labelled and exactly weighted
tracer tablets (see Fig. 1) of different crushing forces were
used. The composition of the tablets is lactose monohy-
drate 42% (Granulac 70, Meggle, Germany), corn starch
5% (Meritena 141, Tate & Lyle, United Kingdom), polyvi-
nylpyrrolldone K30 2.5% (Kollidon 30, BASF, Germany),
microcrystalline cellulose 50% (Avicel PH 101, FMC Bio
Polymers, USA), and magnesium stearate 0.5% (MF-2-V,
Peter Greven Fett-Chemie GmbH & Co., KG, Germany).
Tracer tablets were compressed at 6 different force levels in
order to determine the abrasion of tablets with different
crushing forces. The geometric dimensions of the tablets
were measured with a micrometer screw (Mitutoyo, Neuss)
and were constant for all used tablets, different crushing
forces. However this resulted in tablets of different weights.
The tablet diameter is 8.07 mm (±0.02 mm) and the tablet
height 4.07 mm (±0.04 mm). The friability was tested in a
conventional friability tester according to European Phar-
macopoeia 5. The mechanical strength of the tablets was
measured with a diametral strength tester (HT-1, Sotax,
Germany) at a constant speed of 1 mm/s. The mean of
30 tablets was used. The properties of the used tracer
tablets are listed in Table 1. Tablets with a crushing force
of 116 N were used as filling tablets. The bulk density of
these tablets was 0.7712 kg/L. The tracer tablets were
labelled with a number and conditioned at 21 �C, 45% rel-
ative humidity (%R.H.) for 24 h. The tracer tablets were
exactly weighted (balance Satorius MC210P, Germany).

Each 60 reference tablets (10 tablets per crushing force)
were used to determine any weight change caused by the
humidity. The reference tablets were treated as the tracer
tablets, i.e. weighted at the same time, stored under the
same condition and when the trial was running the refer-
ence tablets were open deposited.
2.2. Determination of the abrasion in laboratory scale and

production scale

The tablets’ abrasion was investigated in two different
coater sizes. For the laboratory scale a Bohle Film Coater
(BFC) 5 (L.B. Bohle Maschinen + Verfahren GmbH,
Ennigerloh, Germany) with a pan diameter dpan of
316 mm and pan length lpan of 356 mm and for the produc-
tion scale a BFC 400 with a pan diameter of 1430 mm and
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pan length of 1609 mm were used. Fig. 2 shows a schematic
depiction of a BFC. The BFCs are equipped with inte-
grated transport ribbons on the bottom of the pan and
reverse running mixing ribbons.

Tracer tablets were labelled with a number according to
Table 2 for trials in laboratory scale as well as in produc-
tion scale. The tracer tablets were exactly weighted wb.
The pan was charged with the tablets of a crushing force
of 116 N (filling tablets) with the calculated batch size
(see Section 2.3). Afterwards for each of the six used crush-
ing forces ten tracer tablets of the same crushing forces
were added (tablets with numbers 1–60). Then the pan
was started with the lowest pan speed. After 4 min mixing
the pan was stopped and additional new 60 tracer tablets
(tablets with numbers 61–120) were added. The same was
done after 8 min (tablets with numbers 121–180). All tracer
tablets (180 tablets) were carefully removed after 13 min
mixing, dusted off and weighed back wa. The same proce-
dure was repeated for the other investigated pan speeds
with new tracer tablets. For all trials the same filling tablets
were used. The abrasion was calculated according to
Eq. (1).

Manual removal of all tracer tablets in BFC 400 was not
possible because the drum was too large. Therefore the
drum was run reversed for a few seconds for discharging.
The abrasion A is calculated according to Eq. (1). For
every trial new tracer tablets were used.

Að%Þ ¼ 1� wa

wb

� �
� 100 ð1Þ

where wb is weight of the tracer tablet before mixing and wa

is weight of the tracer tablet after mixing.
Table 2
Labelling of tracer tablets (e.g. tablet number 105 had a crushing force of 88

Tablet number Mixing time Tablet number Mixing tim

1–10 13 min 61–70 9 min
11–20 71–80
21–30 81–90
31–40 91–100
41–50 101–110
51–60 111–120

Fig. 2. Schematic diagram of Bohle Film Coater.
The average abrasion and 95% confidence interval was
calculated from the ten tracer tablets.

2.3. Scale-up of the pan speed and batch size

The tablets’ abrasion in the BFC 5 was investigated with
three different pan speeds npan (10, 18 and 25 rpm). The use
of the same peripheral speeds in the laboratory coater and
the production coater is a common approach for scaling up
the pan speed [11–13]. The peripheral speed m is calculated
as follows:

m ¼ p � dpan � npan ð2Þ

The calculated pan speeds based on constant peripheral
speeds are shown in Table 3.

The batch size for the trials in BFC 5 was 3.856 kg. The
measured tablet bed depth in the BFC 5 was approximately
7.4 cm. The batch size for the BFC 400 was calculated
based on a constant filling degree u (Eq. (3)) of the pan.
The volume of the cylindrical part of the pan is calculated
from the diameter and the length of the pan.

u ¼ mbatch

p
4
� d2

pan � lpan � qtablets

ð3Þ

The value of the filling degree in the BFC 5 was calculated
to be 0.179. The batch size of the BFC 400 for the same fill-
ing degree is calculated to be 356.9 kg. The tablet bed depth
in BFC 400 is approximately 33.5 cm.

2.4. Experimental design

The influence of mixing time (T), crushing force (CF)
and peripheral speed (S) on the abrasion of tablets was
investigated in laboratory scale and production scale.
Two designs of experiments (DoE) with a full mixed design
with 54 trials for the laboratory and production scale were
used for the evaluation. The levels for the designs of exper-
iments are shown in Table 4. The results were evaluated
with Excel program and Modde 7 (Umetrics). The response
N and was mixed in the pan for 9 min)

e Tablet number Mixing time Crushing force [N]

121–130 5 min 23
131–140 31
141–150 44
151–160 64
161–170 88
171–180 116

Table 3
Calculated pan speeds based on constant peripheral speed

BFC 5, rpm BFC 400, rpm Peripheral speed, cm/s

10 2.2 16.5
18 4.0 29.8
25 5.5 41.4



Table 4
Levels for the DoEs

Level �1 �0.8 �0.5 0 0.4 1

Crushing force [N] 23 31 44 64 88 116
Peripheral speed [cm/s] 16.5 – – 29.8 – 41.4
Mixing time [min] 5 – – 9 – 13

Fig. 3. Average abrasion of tablets in laboratory scale and production
scale at a peripheral speed of 29.8 cm/s (bars: 95% confidence interval;
n = 10).
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variable is the abrasion A (%). The regression model for the
three variables can be presented in a general formula
(Eq. (4)):

Y ¼ b0 þ b1CFþ b2Tþ b3Sþ b4CF � Tþ b5CF � S
þ b6T � Sþ b7CF2 þ b8T 2 þ b9S2 ð4Þ

where b1, . . . ,b9 are the regression coefficients and b0 is the
regression constant. When the equation is presented with
coded values the magnitude of the coefficient specifies the
change in the response variable if the variable is altered
from the lower level to zero or from zero to the upper level
and the sign indicates the direction of the change. The
model was simplified with a backward regression which
means that some terms were removed stepwise from the
model if their p-values were higher than 0.05. First, the
term with the highest p-value was removed. Coefficient
plots and a surface plot are used for the graphical illustra-
tion of the results. The scaled and centred coefficients for
the response variables are depicted in a coefficient plot.
The adjusted coefficient of determination ðR2

adj:Þ is given
in the plots.

3. Results and discussion

3.1. Evaluation of the amount of water absorption for the

reference tablets

The trials in BFC 400 were carried out at the machine
supplier L.B.Bohle (Ennigerloh, Germany) without air
supply thus the conditions in the pan can be assumed
as the same as in the room (18 �C and 40–45% R.H.).
The reference tablets for the BFC 400 were weighted
back after completing the trials. Due to the water sorp-
tion from the environment humidity, the weight of the
reference tablets increased and, consequently the abrasion
could be determined as too low based on this weight.
Therefore, the reference tablets and tracer tablets from
the trials in BFC 400 were conditioned at 21 �C, 45%
R.H. to achieve a constant weight. After 7 days the tab-
lets reached a constant weight. The reference tablets were
weighted back and the amount of water sorption was
determined. The average weight of the reference tablets
increased by 0.856% (±0.0162%, a = 0.05). Thus, the
weights of the tracer tablets were corrected by the weight
increase of the reference tablets due to the humidity. The
BFC 5 trials were performed at the University of Duessel-
dorf. The reference tablets (in BFC 5) did not show any
weight change, since the trials were carried out under
defined conditions (21 �C, 45% R.H.).
3.2. Evaluation of the abrasion of the tablets in laboratory

scale and production scale

The aim of this study was to investigate the influence
of scale-up, starting from laboratory scale to production
scale, on the abrasion of uncoated biconvex tablets. The
maximal mixing time was 13 min in order to mimic the
initial phase of a coating cycle until the first film protected
the core. The friability of the used tablets (according to
Ph. Eur. 5) decreased with increasing crushing force of
the tablets (Table 1). Riipi et al. [5] showed a correlation
between the friability and the surface roughness of tablets,
thus the surface roughness of the used tablets should
increase with increasing friability of the tablets. Fig. 1
shows a picture of the used tablets before (a) and after
(b) mixing in the pan of the laboratory scale. The abra-
sion of the tablets in the laboratory scale and production
scale for different mixing times and crushing forces for a
peripheral speed of 29.8 cm/s is shown in Fig. 3. The total
abrasion of the tablets was lower as expected. Even the
highest abrasion of the tablets with the lowest crushing
force for the highest pan speed and a mixing time of
13 min was less than 1%. The tablet abrasion increased
with decreasing the crushing force for both the laboratory
scale and production scale. The results of the designs of
experiment expressed as the scaled and centred coefficients
for the abrasion of the tablets are shown in Fig. 4. The
crushing force of the tablets was the major factor influ-
encing the tablet abrasions in both scales. The influence
of the crushing force on the abrasion was not linear.
There was a quadratic effect. With increasing crushing
force of the tablets the decrease in tablet abrasion was
lower as indicated by the positive sign of the quadratic
effects of the crushing force (CF2) (Figs. 4 and 5). An
interaction between the crushing force of tablets and the
mixing time could be observed for both scales. The higher
the crushing force of the tablets the lower was the influ-
ence of the mixing time on the abrasion. Furthermore a
slight increase in abrasion was observed at higher mixing
time (T). An increase in mixing time of 4 min resulted
only in an increase in abrasion of 0.05%. Furthermore



-0.35
-0.3

-0.25
-0.2

-0.15
-0.1

-0.05
0

0.05
0.1

0.15
0.2

0.25
0.3

β0 CF T S CF² CF·T T² CF·S S²

sc
al

ed
 a

n
d

 c
en

te
re

d
 c

o
ef

fi
ci

en
t

fo
r 

th
e 

ab
ra

si
o

n
 [

%
]

Production scale (BFC 400)

Laboratory scale (BFC 5) R²adj.= 0.88

R²adj.= 0.90

Fig. 4. Coefficient plot for the abrasion of the biconvex tablets in
laboratory scale and production scale (bars 95% confidence interval). (b0,
regression constant; CF, crushing force; T, mixing time; S, pan speed.)
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an increase in peripheral speed led to a slight increase in
abrasion for the production scale. In contrast to a previ-
ous work [4] a significant influence of the peripheral speed
on the abrasion in laboratory scale could not be observed
(p > 0.05).
Fig. 5. Response surface plots for the abrasion for (a) laboratory scale, (b) prod
a peripheral speed of 41.4 cm/s.

Fig. 6. Response surface plot for the abrasion depending on pan loading
b = 41.4 cm/s).
The main abrasion of the used biconvex tablets was at
the surface. In contrast, the flat faced tablets used in the pre-
vious study [4] showed mainly edge damaging caused by
impact at the pan wall. However, the main reason for the
abrasion of the biconvex tablets was the mutual rubbing
of the tablets. The velocity of tablets increased with increas-
ing pan speed, which should result in a higher friction.
However the tablet bed has a lower density with increasing
pan speed. Thus the rubbing was reduced by the decreased
pressure of the tablets. In the laboratory scale the tablet bed
depth was 7.4 cm in contrast to the production scale of
33.5 cm. The higher tablet bed depth in the production scale
resulted in an increased pressure on the tracer tablets caused
by the tablets lying above. The tablet bed in the production
scale has a higher density than the tablet bed in the labora-
tory scale for higher pan speeds. Therefore, in contrast to
the production scale no influence of the pan speed on the
abrasion was observed for the laboratory scale.

In order to compare the laboratory scale and production
scale, the two designs were evaluated in one design of
experiment. The pan loading was used as the fourth factor,
uction scale depending on mixing time and crushing force of the tablets for

and crushing force (mixing time 9 min; peripheral speed a = 16.5 cm/s;
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for the laboratory scale 5 L and for the production scale
463 L. Fig. 6 shows the response surface plots for the abra-
sion as a function of the pan loading and the crushing force
of the tablets.

For all levels of crushing forces only negligible differ-
ences in the abrasion between the laboratory scale and
the production scale were observed for low peripheral
speeds (Fig. 6a). This fact is important for the warming
up of the tablet cores, as the cores are mixed gently at
low pan speeds. At higher peripheral speed (41.4 cm/s),
a slight increase in abrasion in the production scale com-
pared to the laboratory scale was observed (Fig. 6b). This
can be related to the tablets with low crushing force.
Hence, soft cores should be warmed up at a low pan
speed in the production scale if a successful scale-up
should be accomplished. After a thin film is applied the
pan speed can be successively increased for further
coating.

In a previous work [4] the abrasion of flat faced tablets
sensitive to impact decreased with increasing pan size. The
suggested reason for this phenomenon was the higher num-
ber of impacts at the pan wall in the laboratory scale com-
pared to the pilot scale. The biconvex tablets used in the
current study did not show this phenomenon. The total
abrasion of the biconvex tablet is mainly caused by abra-
sion on tablet surface.

4. Conclusion

The main factor influencing the abrasion in laboratory
scale as well as production scale was the crushing force
of the tablets.

For low peripheral speeds only marginal differences in
the abrasion were observed between the laboratory scale
and the production scale. For tablets with a very low crush-
ing force the warming up step in the production scale
should be carried out at a low pan speed (<16 cm/s) in
order to avoid an increase in abrasion compared to the
warming up step in laboratory scale. After applying a thin
protective film the pan speed can be successively increased
to the final pan speed in the production scale. Thus, a
comparable abrasion can be achieved in the laboratory
scale and production scale.
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