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Pharmaceutical powder blends used to generate tablets are complex multicomponent mixtures of the drug
powder and excipients which facilitate the delivery of the required drug. The individual constituents
of these blends can be noncohesive and cohesive powders. We study the geometric and mechanical
characteristics of idealized mixtures of excipient particle packings, for a small but representative number
of dry noncohesive particles, generated via gravitational compaction followed by uniaxial compaction.
We discuss particle packings in 2- and 3- component mixtures of microcrystalline cellulose (MCC) &
lactose and MCC, starch & lactose, respectively. We have computed the evolution of the force and stress
distributions in monodisperse and polydisperse mixtures comprised of equal parts of each excipient;
comparisons are made with results for particles packings of pure blends of MCC and lactose. We also
compute the stress-strain relations for these mixtures. In order to obtain insight into details of the
particle packings, we calculate the coordination number, packing fraction, radial distribution functions
and contact angle distributions for the various mixtures. The numerical experiments have been performed
on spheroidal idealizations of the excipient grains using Discrete Element Method simulations (Dutt et

al., 2004 submitted).

1 INTRODUCTION

Most industrial powder processes handle mixtures
of powders whose components may vary in ei-
ther, or both, material properties and size distri-
butions. The pharmaceutical industry (Alderborn
& Nystrom 1996) handles large volumes of pow-
der blends which comprise of the excipients and
the drug powder. A lot of the existing work in
the area of granular materials (Jaeger, Nagel &
Behringer 1996) has focused on the behavior of
the agglomerates of particles with identical ma-
terial properties (Silbert, Ertas, Grest, Halsey &
Levine 2002)-(Makse, Gland, Johnson & Schwartz
2000). We address queries related to the geometric
aspects of the packing structure and the material
response to an externally applied strain, with em-
phasis on the load distribution, of these mixtures
of materials with focus on mixtures of pharmaceu-
tical excipients.

We have structured the paper into the follow-
ing sections: section 2 provides a description of
the two systems we have focused upon for this pa-
per; section 3 describes the details of the the nu-
merical model and the numerical experiment; sec-
tion 4 presents the results from our numerical ex-
periments and section 5 summarizes the proceed-
ings.

2 MIXTURES OF PHARMACEUTICAL EX-
CIPIENTS

We are interested in studying the behavior of mix-
tures of common pharmaceutical excipients such
as microcrystalline cellulose (MCC), lactose and
starch. We consider mixtures of two and three ex-
cipients, and study their packing structure and
material response to the applied strain. We fo-
cus our studies on two mixtures, both with a to-
tal of 1800 particles: sample S1 is a mixture of



equal parts of 200 ym diameter MCC and lac-
tose spheres, and sample S2 is a mixture of equal
parts of 200 ym diameter MCC, lactose and starch
spheres. To understand the behavior of the mix-
tures of different materials, we have chosen to
work with equal concentrations of monodisperse
spheres, thereby excluding additional complica-
tions which might arise from differing concentra-
tions, or size dispersity of the individual compo-
nents.

3 THE NUMERICAL MODEL AND THE NU-
MERICAL EXPERIMENT

We have carried out our numerical experiments us-
ing 3D Discrete Element Method (DEM) simula-
tions (Cundall & Strack 1979). We study spherical
non-rigid particles which can suffer small deforma-
tions upon contact with the other particles. The
only interaction forces of relevance to our system
are the mechanical contact forces; therefore, the
degree of deformation at a contact will determine
the contact force experienced by the two particles
forming the contact. We have used a slightly mod-
ified form of the Hertzian contact force law called
the Hertz-Kuwabara-Kono contact force model to
represent the normal contact interactions, and a
linear damped harmonic oscillator model to repre-
sent the tangential contact interactions (Schafer,
Dippel & Wolf 1996). The interparticle interac-
tion model utilizes the particle material proper-
ties, such as the Young’s modulus and the Pois-
son ratio, along with the contact deformations and
the relative velocities at the contact surface to
determine the contact forces (Schafer, Dippel &
Wolf 1996). The Young’s modulii for MCC, lac-
tose and starch are 9.08 x 10% Pa, 3.21 x 10° Pa
and 3.71 x 10° Pa, respectively; all three materi-
als have a Poisson ratio equal to 0.3 (Alderborn
& Nystrom 1996). Interparticle substrate friction
has been accounted for by including the Coulomb’s
friction criteria (Aastrom, Herrmann & Timonen
2000), and thereby, adding two more control pa-
rameters: the coefficient of kinetic friction pp and
the coefficient of static friction pgq,:. For ease of
calculation, we have taken the coefficients of fric-
tion to have identical values (pr = pstar). All sim-
ulations are performed in two stages: the parti-
cles are allowed to settle under gravity followed by
constant strain uniaxial compaction at 1 mm/s.
Each phase occurs for a preset interval of time. We
have used two-dimensional periodic boundary con-
ditions in our simulations, and we have bounded
the system by planes normal to the direction of
gravity by surfaces comprised of agglomerates of
particles of the same material as those in the bulk.
Further details of the interparticle interactions and
the numerical simulations can be found in (Dutt,

Hancock, Bentham & Elliott 2005).

4  RESULTH

We have studied the mixtures by focusing on the
geometric aspects of the packings and the response
to the applied strain. We have characterized the ge-
ometric aspects of the packings generated by com-
puting the packing fraction, coordination number,
the radial distribution function and the distribu-
tion of contacts and the contact angles. The re-
sponse to the applied strain has been studied by
computing the normal and tangential contact force
distributions. In each of the graphs, the first and
second numbers are the values for p; and pisiar,
respectively.

Existing work (Clarke & Jonsson 1993) has
found the mechanically stable packings of
monodisperse spheres of a single material to have
loose random packing (RLP) and close random
packing (RCP) values of the packing fraction to
approximately equal 0.55 and 0.64, respectively.
We have found the mixtures S1 and 52 to yield
similar values for the RLP and RCP states; the
former occurring during the gravity compaction
(GC) phase and the latter arising at the end of
the uniaxial compaction (UC) phase, as shown in
Fig. 1. The linear increase in the packing fraction
after time t ~ 0.8 s occurs during the UC phase.
The particles are found to settle within a decreas-
ing interval of time, from the commencement of
the simulation, with increasing surface friction, for
both samples. This is an expected result (Silbert,
Ertas, Grest, Halsey & Levine 2002), as the surface
friction will tend to oppose the relative velocity at
the contact surface. In fact, the packing fraction
for the samples during the GC and the UC phases
are consistently lower with increasing friction. The
results indicate that for a given value of the surface
friction, the packing fraction during both phases of
the simulation is higher for sample S2 than sample
S1. A likely explanation of this finding is as fol-
lows: a sample with a larger fraction of relatively
‘softer’ particles will tend to pack more efficiently
due to the increased deformability of the particles.
Our computations of the distribution of contacts,
as shown in Fig. 2, suggests a similar behavior.
The contact distributions for the various cases af-
ter the GC phase is not too distinguishable; how-
ever, after the UC phase, the contact distribution
for sample S2 (pr = prstar = 0.1) has a significant
shift towards a higher number of average contacts
as opposed to that for sample ST (g, = prsear = 0.1).
For samples S1 and S2 with pr = pistar = 0.2, the
difference in the contact distribution is less dis-
tinguishable. A point to note is that after the GC
phase, about 10 % of the spheres have three or less
contacts; this fraction decreases with friction and
increasing fraction of “softer’ particles. This obser-
vation arises due to the particles located on the
top of the pile, or continuing to settle under grav-
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Figure 1. The evolution of the packing fraction during the

GC and the UC phases of the simulation. The compaction
phase begins from time t =~ 0.8 s.

ity. After the UC phase, this fraction of particles
decreases significantly. Another quantitative mea-
sure of the packing structure is the radial distribu-
tion function (RDF) which will indicate the degree
of close or ordered packing in the system. Fig. 3
shows the RDF for the different instances of the
various numerical experiments after completion of
the GC and the UC phases. The first amplitude
represents the nearest neighbor contacts as it oc-
curs at r &~ 1. The amplitudes at r ~ 1.75 and 2 in-
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Figure 2. The fraction of particles with a given number of
contacts after the GC and the UC phases of the simulation.
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Figure 3. Radial distribution function after the GC phase
(solid line) and the UC phase (dotted lines) for the various
samples. The inset focuses on the second and third peaks

of the RDF.

coupled with the decrease in the difference between
the amplitudes indicates that close packing is oc-
curring (Clarke & Jonsson 1993). This trend in
the behavior is particularly evident for sample S2
(ptk = ftstar = 0.1). The inset of Fig. 3 magnifies the
RDF amplitudes occurring at r ~ 1.75 and 2. The
distribution of the angles the contact vector (the
vector connecting the centers of mass of the two
particles in contact) makes with the vertical can
be used to provide insight into the packing struc-
ture. The distribution shows the particle contacts
to reorient themselves in response to the applied
strain. There is, however, very little difference be-
tween the results for the two samples.

Understanding the distribution of the contact
forces throughout the contact network of the par-
ticle agglomerate provides a valuable insight into
how the load is supported through the packing.
The question we ask is whether there is any dif-
ference in the functional form and in the evolution
of the contact force distributions with variation in
the individual material components of the mixture.
In this paper, we present results exploring the dis-
tribution of the normal contact forces before and
after the UC phase, for the two mixtures S1 and
S52. Fig. 4 shows the normal contact force distribu-
tions P(F},) before and after the UC phase, for the
samples S1 and 52. Each normal contact force F),
has been normalized by the average normal con-
tact force (< F, > where f, = F,/ < F, >) for
each set of results. Before the commencement of
the UC phase, the particles are on the average in
a mechanically stable spatial configuration by the
stabilization of the packing fraction, as demon-
strated in Fig. 1, and the coordination number.
Before the UC phase, we find the distribution of
the strong forces (f, > 1) to follow an exponen-
tial functional form (P(f,) o exp(—03f,)); imply-
ing that most of the strong forces are supported
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Figure 4. The normal contact force distribution P(fy,) (fn =
Fn/ < F, >) for the samples S1 and S2, before and after
the UC phase.

by a small number of contacts. After the UC
phase, we find the contact force distributions to
gradually evolve to the Gaussian functional force
(P(f,) x exp(—af,?)), indicating a more even dis-
tribution of the load throughout the contact net-
work (Liu, Nagel, Schecter, Majumdar, Narayan &
Witten 1995)-(Thornton & Anthony 1998). For the
weak contact forces (f,, < 1), we find our results to
agree with the existing studies which have shown
the distribution of the weak contact forces to ad-
here to a power law functional form. However, our
results do not indicate any difference in the func-
tional forms or the evolution of the contact force
distributions for the different samples. There could
be a few explanations for this observation: the dif-
ference in the material properties of the excipients
studied is not too significant, and the UC phase
lasts for a very short duration. We have obtained
similar results from our computations of the tan-
gential contact force distributions. Currently we
are looking into the effect of introducing particle
size dispersity in our excipient mixtures on the re-
sponse to an external strain.

5 DISCUSSIONS

Our studies on the geometric characteristics and
the material response of the particle packings of
excipient mixtures have not yielded any signifi-
cant differences between the mixtures. A possible
explanation for these findings may be due to the
small difference in the Young’s modulus and Pois-
son ratio values for the three materials, or the very
short duration of the UC phase. In our future work,
we will further address these issues. As mentioned
earlier, we have also been exploring the effect of

size dispersity on the response to externally ap-
plied strain by these mixtures. These results will
be presented elsewhere.

We would like to acknowledge Pfizer for provid-
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