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a  b  s  t  r  a  c  t

Automatic  encapsulation  machines  have  two  dosing  principles:  dosing  disc  and  dosator.  Dosator-based
machines  compress  the  powder  to plugs  that  are  transferred  into  capsules.  The encapsulation  process  in
dosator-based  capsule  machines  was  modeled  in  this  work.  A  model  was  proposed  to  predict  the  weight
and length  of  produced  plugs.  According  to the  model,  the  plug  weight  is  a function  of piston  dimensions,
powder-bed  height,  bulk  powder  density  and  precompression  densification  inside  dosator  while  plug
length  is a function  of piston  height,  set  piston  displacement,  spring  stiffness  and  powder  compressibil-
ity.  Powder  densification  within  the dosator  can  be achieved  by precompression,  compression  or  both.
Precompression  densification  depends  on  the powder  to piston  height  ratio  while  compression  densifi-
cation  depends  on piston  displacement  against  powder.  This  article provides  the  theoretical  basis  of  the
encapsulation  model,  including  applications  and  limitations.  The  model  will  be  applied  to  experimental
ompression
xcipients
ormulation
athematical model

olid dosage form
apsules

data  separately.
© 2011 Elsevier B.V. All rights reserved.
uality by design (QbD)

. Introduction

Capsules are one of the most common dosage forms in the
harmaceutical industry. Compared to tablets, capsules have a
impler formulation and manufacturing process, which usually
ranslates into a faster development time. There are several meth-
ds of encapsulation which can be generally classified to manual,
emiautomatic and automatic (Augsburger, 2002; Podczeck, 2004).
utomatic machines have two dosing principles: dosing disc and
osator with the later being the most common amongst automatic
ethods (Jones, 2001).
Much work was done to study encapsulation including: machine

nstrumentation (Mehta and Augsburger, 1980; Podczeck, 2000,
001; Shah et al., 1983; Small and Augsburger, 1977), compres-
ion analysis (Britten et al., 1996; Chowhan and Chow, 1980; Guo
t al., 2002b; Heda et al., 1999), formulation requirements (Guo and
ugsburger, 2003; Heda et al., 2002; Irwin et al., 1970; Podczeck
nd Newton, 2000; Small and Augsburger, 1978), powder densifi-

ation predictions (Miyake et al., 1974; Newton and Bader, 1981)
nd recently; the combined use of artificial neural networks (ANN)

∗ Corresponding author. Tel.: +1 203 798 5013; fax: +1 203 791 6197.
E-mail address: ammar.khawam@boehringer-ingelheim.com

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.10.021
with model expert systems (MES) for formulation development of
BCS class II drugs (Guo et al., 2002a; Wilson et al., 2005a,b).

More knowledge is needed to further reduce empiricism in
unit operation, formulation and process development. For exam-
ple; it is often necessary to estimate the encapsulation fill weight
in different capsule sizes, which requires further encapsulation
experiments. Scarcity of the active pharmaceutical ingredient (API),
especially at early development stages, limits such experiments.
This work provides the solution through modeling the encapsula-
tion process to give these estimates in a material sparing approach
in accordance to quality by design (QbD) principles.

This manuscript presents the theoretical basis of the powder
encapsulation model. The model will be applied to experimental
data separately.

2. The mathematical model

A model is a theoretical expression that mathematically pre-
dicts an experimental process. In this work, several equations
were proposed to predict the encapsulation process. Traditionally,
encapsulation fill weight is estimated according to Eq. (1):
W = �V (1)

where W is the fill weight (g); � is the powder density (g/ml); V is
the capsule body volume (ml).

dx.doi.org/10.1016/j.ijpharm.2011.10.021
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:ammar.khawam@boehringer-ingelheim.com
dx.doi.org/10.1016/j.ijpharm.2011.10.021
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Fig. 1. Capsules produced from different encapsulation methods: (a) loose powder
(manual filling); (b) plug (dosator-based machine).

Table 1
Comparison between capsule and plug dimensions for a size “0” capsule.

Dimensions for a size “0” capsule Capsule body Plug

Diameter 7.34 mm 6.35 mm
Length 18.44 mm 15.19 mma

Volume 0.68 ml 0.48 ml

l

d
e
E
t
b
2

c
(
p
d
c
m
fi
i

a Represents the length of cylinder portion of the capsule body (plugs with higher
engths extend outside the capsule body).

Capsule volumes and dimensions are provided by capsule ven-
ors for different capsule sizes. The density term in Eq. (1) could be
ither the bulk or tapped density; therefore, weights predicted by
q. (1) have a wide range. For example, if a powder has a bulk and
apped density of 0.3 and 0.5 g/ml; respectively, the weight that can
e filled in a size “0” capsule (body volume = 0.68 ml)  ranges from
04 to 340 mg.

Eq. (1) is helpful in predicting fill weights of manually filled
apsules where actual fill weights fall within the predicted range
depending on the extent of tapping applied). However, the
redicted range is wide, and the equation does not make any
ensification predictions; therefore, it is not representative of

apsules attainable by automatic encapsulation machines. Auto-
atic machines produce plugs (i.e., compacts) rather than loose

lls (Fig. 1). Plugs are smaller in size compared to capsule bod-
es (Table 1) but can pack more powder than loose fills. Therefore,

Fig. 2. Schematic presenta
armaceutics 421 (2011) 203– 209

another model is needed for automatic machines. To predict encap-
sulation in dosator-based machines, a model needs to be developed
based on the dosator operation principle. The model can then be
generalized to any dosator-based machine since they share the
same operational principle.

2.1. Dosator operation principle

A dosator is a hollow cylinder (i.e., dosing tube) containing a
spring-controlled moving piston as shown in Fig. 2. There are three
sequential stages of encapsulation in dosator-based machines:
powder insertion, piston compression and ejection into capsules.
In the insertion step, the dosator is inserted into a bowl containing
a uniform powder bed (i.e., the dosing station). After dosator inser-
tion, it is necessary to compress the powder within the dosator to
form a plug. Compression inside the dosator is achieved by pis-
ton movement (i.e., displacement) against the powder which is
known as compression densification (Fig. 3). Powder densification
is needed to achieve a powder arch strong enough to support the
powder’s weight and keep it in the dosator during transfer. Powder
densification could occur during the insertion step which is known
as precompression densification (Fig. 3) (Small and Augsburger,
1977).

After the dosator is lifted from the powder bed and transferred
to the ejection station, the piston is fully displaced to eject the plug
outside the dosator and into the capsule. During capsule ejection,
significant powder sticking to piston and dosator walls could occur,
such sticking could contribute to fill weight variation and produc-
tion of empty capsules; therefore, a lubricant is usually added to
the formulation.

2.2. Dosator machine settings

Three settings control encapsulation in dosator-based
machines:

1. Powder height (HPowder): Represents the height of the powder bed

formed in the powder bowl.

2. Piston height (HPiston): Represents the depth of the piston within
a dosator, the higher the piston height, the more powder can be
filled in a dosator (Fig. 2).

tion of the dosator.
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Fig. 3. Schematic presentation of densification during dosator insertion into the powder bed: (a) no densification; (b) powder densification due to precompression; (c)
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owder densification due to compression (piston displacement).

. Compression (i.e., set piston displacement – Hcom): represents the
distance a piston travels within a dosator to compress the pow-
der (Fig. 2).

ombinations of these settings determine the fill weight and plug
ength in a dosator-based machine. The piston height and compres-
ion settings are settings that are controlled by a spring within the
osator, actual values will deviate from set values based on the
osator’s spring and powder compressibility properties.

.2.1. Dosator’s spring factor
Within a dosator, the piston height and its displacement are

etermined by a single spring movement (Fig. 2), this movement
epends on the spring’s constant defined by Hooke’s law of elastic-

ty (Serway and Jewett, 2006) as shown in Eq. (2):

s = −ksxs (2)
here Fs is the force applied on a spring (N); ks is the spring stiffness
onstant (N/m); xs is the spring displacement (m).

To accurately predict piston movement in a dosator, it is nec-
ssary to relate set displacement values to those actually achieved
regardless of spring’s stiffness. This can be experimentally done in
an empty powder bowl by applying Eq. (3):

k  = �H0

Hcom
(3)

where k is the spring factor; Hcom is the set piston displacement
(cm); �H0 is the achieved piston displacement in an empty bowl
(cm).

The spring factor (k) is a unitless factor different from that in
Hooke’s law; it relates set piston displacement values (Hcom) to
those actually achieved in an empty powder bowl (�H0). The spring
factor is an important factor because it determines the piston height
in a dosator prior to compression (i.e., initial piston height). Initial
piston heights can be calculated from set heights using Eq. (4):

HPiston = HMax
Piston − (k(HMax

Piston − HSet
Piston)) (4)

where HPiston is the initial piston height (cm); HSet
Piston

is the set piston
height (cm); HMax

Piston
is the maximum piston height (Fig. 2; k is the

spring factor.
The maximum piston height value (HMax

Piston
) is needed to calculate
initial piston height values (HPiston), because the piston height is set
from the highest setting (HMax

Piston
) to lower settings. At maximum pis-

ton height, the spring controlling piston position is fully relaxed and
its compression produces piston movement. Initial piston heights
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HPiston) deviate from set values (HSet
Piston

) when the spring factor (k)
eviates from unity; especially at lower HSet

Piston
values that require

igher spring compression as shown in Eq. (4).  If the spring factor
as equal to unity, the set and initial piston heights would be equal

HPiston = HSet
Piston

).

.2.2. The powder compression factor
Heda et al. (1999) previously studied powder plug formation

sing a tablet compaction simulator, their work showed that tablet-
ing compression models can be generally applied to powder plug
ormation if appropriately interpreted.

In non-instrumented capsule machines, force profiles cannot
e directly measured, but powder compression can be studied by
easuring the piston displacement against the powder within the

osator.
The piston displacement is determined by a spring’s movement

s previously discussed. In an empty bowl, this movement is con-
rolled by the spring factor (k). However, in the presence of powder,
he actual displacement achieved for a set displacement value will
epend on the compression resistance exhibited by the powder
eing compressed. Different powders have different compression
roperties, thus, achieved piston displacements will differ accord-

ngly. When the piston and powder heights are set to the maximum
iston height value (HPowder = HPiston = HMax

Piston
), the achieved piston

isplacement in a powder can be calculated from the set displace-
ent using Eq. (5):

 = �H

Hcom
(5)

here X is the powder compression factor; Hcom is the set piston
isplacement (cm); �H  is the achieved piston displacement against
owder (cm).

The powder compression factor is a unitless factor that relates
he set piston displacement (Hcom) to that actually achieved against

 powder (�H). It is similar to the spring factor derived in Eq. (3),
xcept that it is measured in the presence of powder not in an empty
owl. The powder compression factor ≤ spring factor because resis-
ance to compression is higher in a powder compared to air. The

ore compressible the powder, the higher the powder compress-
bility factor will be.

.3. Dosator-based model

A dosator-specific model is one that predicts the encapsulation
utcome in a dosator-based encapsulation process. There are two
spects to this prediction, powder fill weight and plug length.

.3.1. Powder fill weights
The volume of a dosator is defined by that of a cylinder (Gieck

nd Gieck, 1997):

 = r2� × H (6)

here V is the cylinder volume (ml); r is the cylinder radius (cm);
 is the cylinder length (cm).

The powder weight that can be packed within a dosator is given
y Eq. (7):

 =
((

Dpiston

2

)2

� × Hdosator

)
× (�bulk × f1(p)) (7)

here W is the dosator fill weight (g); Dpiston is the piston diameter
cm); Hdosator is the powder height in dosator (cm); �bulk is the bulk

owder density (g/ml); f1(p) is the precompression densification
actor.

Piston widths vary based on the desired capsule size and they are
rovided by machine vendors or can be directly measured. Powder
armaceutics 421 (2011) 203– 209

height in a dosator is the minimum value of either the powder bed
height (HPowder) or the piston height (HPiston) as described by Eq. (8):

Hdosator = Min(HPiston, HPowder) (8)

where HPowder is the powder bed height (cm); HPiston is the initial
piston height (cm) – according to Eq. (4).

The precompression densification factor (f1(p)) is a factor ≥1
that defines the extent of densification occurring solely due to pre-
compression as discussed below. In the absence of precompression,
the density term in Eq. (7) reduces to the bulk powder density.

2.3.2. Plug length and powder densification inside dosator
Powder densification inside the dosator is needed to form arches

strong enough to support the powder’s weight and keep it in the
dosator with greater compression being required to retain freer
flowing powders (Jolliffe and Newton, 1982; Jolliffe et al., 1980). If
weak bridges are formed with dosator walls, powder will partially
or completely drop outside the dosator after it is lifted from the
powder bed or during transfer between dosing and ejection sta-
tions. Densification is also needed to fit a plug in the capsule body,
where, plugs longer than capsule bodies will protrude above the
body and can cause some powder loss during encapsulation if the
formed plug is soft. The density of the powder within a dosator
(�dosator) is a cumulative density from precompression and com-
pression densification as shown in Eq. (9):

�dosator = �bulk × f1(p) × f2(p) (9)

where �dosator is the powder density within the dosator (g/ml);
�bulk is the bulk powder density (g/ml); f1(p) is the precompression
densification factor; f2(p) is the compression densification factor.

The precompression and compression densification factors have
values ≥1, where unity represents no densification. If both factors
equal unity; the density within a dosator would equal the bulk
powder density.

2.3.2.1. Precompression densification factor (f1(p)). The precom-
pression densification factor reflects densification achieved due to
precompression which occurs during dosator insertion in the pow-
der bed when the powder height is more than the piston height
(HPowder > HPiston). The extent of precompression densification is
determined by the powder to piston height ratio and powder flow
where the more fluid the powder, the less the precompression
densification. The precompression densification factor is calculated
according to Eq. (10):

f1(p) = ((1 − F) ln f1(p)set) + 1 (10)

where f1(p) is the actual precompression densification factor; F is
the powder flow factor; f1(p)set is the set precompression densifi-
cation factor.

f1(p)set is be defined by Eq. (11):

f (p)set = HPowder

HPiston
(11)

where HPowder is the powder height in the powder bowl (cm); HPiston
is the initial piston height (cm) – according to Eq. (4).

Eq. (10) is similar to that previously reported by Miyake et al.
(Miyake et al., 1974):

�r = −a(i) ln Pr + b(i) (12)

where �r is the density ratio (similar to f1(p) in Eq. (10)); Pr is the
compression ratio, Pr = (HPowder − HPiston)/HPiston; a(i) and b(i) are

constants.

The powder flow factor (F) in Eq. (10) has an upper boundary
limit of unity because values higher than unity produce a nega-
tive slope. Negative slopes indicate that powder de-densification
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ig. 4. Simulated precompression densification profiles of two  theoretical powders
hat are freely flowing (F = 1) and poorly flowing (F = 0).

f1(p) < 1)) is occurring in the dosator as the precompression densi-
cation is increased (f1(p)set > 1) which is realistically not possible.
herefore, the −ve sign reported by Miyake et al. (−a(i) in Eq. (12))
annot be practically justified. Table 2 compares between the two
quations.

A freely flowing (e.g., fluid) powder will have an F and f1(p) value
f unity, indicating no precompression is possible for such a powder
Fig. 4). The powder flow factor (F) is not directly related to Carr
ndex; for example, a powder with F = 1 will not necessarily have a
arr index = 0%.

.3.2.2. Compression densification factor (f2(p)). Compression den-
ification occurs from piston displacement against the powder
ithin a dosator. The compression densification factor is defined

y Eq. (13):

2(p) = Hdosator

Hplug
(13)

here f2(p) is the compression densification factor; Hdosator is the
owder height (cm) in dosator (Eq. (8)); Hplug is the plug height (i.e.,

ength) (cm).
The plug height represents the powder height reached within

he dosator as a result of piston displacement (�H) according to
q. (14):

plug = Hdosator − �H  (14)

here Hdosator is the powder height (cm) in dosator (Eq. (8)); �H  is
he piston displacement against powder (cm).

The piston displacement is calculated according to Eq. (15):

H = [Hcom − (d0 + d1)]X (15)

here Hcom is the set piston displacement (cm); d0 is the starting
oint of displacement (cm); d1 is the piston displacement against
ir (cm); X is the powder compression factor.

The starting point of displacement (d0) represents the value
elow which no piston displacement occurs because, in a dosator,
he piston height and piston displacement settings are opposite set-
ings controlled by the same spring (Fig. 2). The value of d0 depends
n the difference between the maximum achievable piston height
nd set piston height according to Eq. (16):

0 = (HMax
Piston − HPiston) (16)

here HMax is the maximum piston height (cm); HPiston is the

Piston

nitial piston height (cm).
Substituting HPiston from Eq. (4) in Eq. (16) gives:

0 = k(HMax
Piston − HSet

Piston) (17)
armaceutics 421 (2011) 203– 209 207

where HSet
Piston

is the set piston height (cm) and k is the spring factor.
Piston displacement against air (d1) represents the distance the

piston moves within the dosator before touching the powder, this
occurs when the piston height is more than the powder height as
shown in Eq. (18):

d1 = HPiston − HPowder

k
(18)

where HPiston is the initial piston height (cm) – according to Eq.
(4);  HPowder is the powder height in the powder bowl (cm); k is the
spring factor.

For any densification to occur from piston displacement, the set
piston displacement setting (Hcom) should be higher than (d0 + d1).

The plug height (Hplug) is an important parameter to control
during encapsulation, as it should ideally be equal or less than
the capsule body length. Plugs with lengths more than the cap-
sule body will protrude which can cause weight variation and/or
dusty machine operation if the plug was too soft.

3. Model applications

The suggested model is a useful tool for predicting encapsula-
tion using various machine and powder variables listed in Table 3.
The model can be applied during unit operation or formulation and
process development.

3.1. Formulation and process development

It is often necessary during early development stages to estimate
the maximum fill weight that can be encapsulated in different sized
capsules. Such estimation usually requires encapsulation runs that
are API consuming. Alternatively, the maximum fill weight (WMax)
in a dosator-based machine can be estimated using Eq. (7).

Eq. (7) contains a precompression factor term (f1(p)) which
depends on powder flow properties (i.e., powder flow factor) that
are usually not available at early development stages. Estimation
of such properties requires significant powder amounts. Therefore,
for material sparing, it is usually prudent not to consider precom-
pression densification in these early-stage estimates. This can be
achieved when HPiston ≥ HPowder and Eq. (7) reduces to:

WMax =
((

Dpiston

2

)2

� × HMax
Piston × �bulk

)
×
(

C

100

)
(19)

where WMax is the maximum dosator fill weight (g); Dpiston is the
piston diameter (cm); HMax

Piston
is the maximum piston height (cm);

C is the fill capacity (%) and �bulk is the bulk powder density (g/ml).
Eq. (19) predicts the maximum powder weight that can be

packed into a dosator and eventually transferred into capsules. To
provide a safety margin for batch to batch variations, a factor (C)
was included in Eq. (19) that represents the percent fill capacity
of the dosator. The fill capacity factor (C) can have any value up to
100%.

Similarly, at early development stages, it is usually necessary to
estimate the minimum bulk powder density required to achieve a
desired fill weight. This density can be estimated from Eq. (7) which
transforms (after ignoring precompression densification) to:

�Min = W

(Dpiston/2)2� × HMax
Piston

× (C/100)
(20)

where �min is the minimum density required to achieve a W fill
weight (g); Dpiston (cm); HMax

Piston
is the maximum piston height (cm);
C is the fill capacity (%).
A formulation with a density above the �min can be encapsu-

lated in that capsule size (some compression densification in the
dosator might be required to form arches), if the formulation’s
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Table 2
Comparison of precompression densification calculated according to Eqs. (10) and (12).

Parameter Eq. (10) Eq. (12) (Miyake et al., 1974)

HPowder (mm) 11 20 30 11 20 30
HPiston (mm)  10 10 10 10 10 10
f1(p)set

a 1.1 2.0 3.0 0.10 1.0 2.0
Ln  f1(p)set 0.1 0.69 1.10 -2.30 0.00 0.69
f1(p)b 1.05 1.35 1.55 2.15 1.00 0.65

a Calculated as HPowder/HPiston (Eq. (10)), or (HPowder − HPiston)/HPiston (Eq. (10)).
b Assumptions: F = 0.5; a(i) = 0.5; b(i) = 1.

Table 3
Parameters needed to model the encapsulation process in a dosator-based machine.

Parameter Symbol Eq. Utility in prediction

Powder
Bulk density �bulk (7), (9) Fill weight
Compression factor X (5), (15) Compression densification
Flow  factor F (10) Precompression densification

Machine

Spring factor k (3), (4), (18) Fill weight and densification.
Maximum piston height HMax

Piston
(4), (16) Fill weight and densification

Piston width Dpiston (7) Fill weight
Powder heighta HPowder (8), (18) Fill weight and precompression densification
Set  piston heighta HSet

Piston
(4) Fill weight and precompression densification

Set  piston displacementa Hcom (3), (5), (15) Compression densification

b
n
(

3

p
c
c

e
o
c
t
e
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c
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e
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t
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a Programmable parameters.

ulk density is below the �min, then further powder densification is
eeded, which can be achieved by formulation or process changes
Podczeck and Lee-Amies, 1996).

.2. Unit operation

Eq. (7) is a useful predictor of the powder weight that can be
acked within a dosator, which often cannot be transferred into the
apsule without further densification. Densification is achieved by
ompression through piston displacement as depicted in Eq. (14).

Eqs. (7) and (14) can be used as a tool for setting machine param-
ters during machine operation instead of the empirical approach
f parameter selection. Knowing the target machine parameters
an help the machine operator shorten the encapsulation set-up
ime and costs, and fit the process to the formulation needs. For
xample, a formulation that shows increased sticking as a function
f compression can be encapsulated to achieve longer plugs that
equire less compression. Additionally, excessive powder densifi-
ation within the dosator can cause dosator walls to crack, this can
e prevented by careful selection of less stressful machine param-
ters which satisfy encapsulation requirements but do not cause
xcessive stress on dosator walls.

. Model limitations

The model described in this work provides a tool for predicting
he encapsulation process, like any model, it is based on assump-
ions and has its limitations. One of the main assumptions is that
owder arching will always occur at any machine setting and
hus, the powder will always be held within the dosator. In real-
ty, absence of powder arches will produce empty capsules, weak
rches can cause actual fill weights to deviate from predictions, but
eviations disappear as more densification is applied to the powder.

The model does not account for compaction properties of dif-

erent powders. For example, some powders will form strong plugs
t certain densification, others will form weaker or no plugs at the
ame densification, the model does not discriminate between the
wo powders and the plug height term (Hplug) in Eq. (14) represents
the final piston height after displacement which is not necessarily
a physical plug.

Fill weight predictions using Eq. (7) are based on the bulk
powder density, if the powder density changes during operation,
deviations from the predicted weight could be observed. The model
does not predict fill weight variation (i.e., CV) caused by flow or
lubricity effects. It only predicts a single theoretical fill weight value
rather than a range of values. For example, if a formulation is not
adequately lubricated, weight deviations can occur from powder
sticking to piston or dosator walls. In excessive cases, empty cap-
sules can be produced from improper plug ejection which cannot
be predicted by the model.

Finally, one of the complications of the model is that powder
flow (F) and compression (X) factors need to be experimentally
measured for each powder and are not directly linked to material
properties of that powder (e.g., Carr index, flow function or Heckel
compressibility parameters). Analysis of several powder formula-
tions is needed to find if such a correlation actually exists.

5. Summary

Dosator-based encapsulation methods are the most common
automatic encapsulation methods. Encapsulation in dosator-based
machines was modeled in this work. Two  equations were proposed
to model the encapsulation process, one for the encapsulation fill
weight and the other for powder densification in its two forms:
precompression and compression densification.

The proposed model can be applied during early stages of for-
mulation and process development to estimate encapsulation fill
weights or at later development stages involving operations. Like
any model, there are limitations that need to be understood for
maximum benefit from this model.

The model presents an in silico analysis tool that can be used for

capsule dosage form development. It can steer capsule dosage form
development from a trial and error based development to a qual-
ity by design (QbD) based development that reduces development
time and resources.
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