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Abstract 0 The pressure susceptibility (øp), which is defined as the
decrease of porosity (ε) under pressure was investigated. Of special
interest are compacts obtained at very low pressures, because of the
transition between the state of a powder and the state of a tablet.
This range was found to be critical in respect to a diverging pressure
susceptibility. Above a critical porosity (εc) or below the corresponding
relative density (Fc), no pressure susceptibility can be defined, because
of no rigid structure exists. To take this into account, a simple function
was proposed for the pressure susceptibility: øp ∝ 1/(εc − ε). This
proposal leads to a new porosity vs pressure relationship. The new
model was compared to the Heckel equation that involves a constant
pressure susceptibility. Various polymers were tested from “out of die”
measurements, and the new relationship was found superior to the
Heckel equation. As a conclusion, the pressure susceptibility exhibits
a curvature that can be called critical at low relative densities.
Consequently, a better understanding evolves as to why the Heckel
equation is not valid at low pressures. The new model has proven to
be adequate for polymer tablets but, so far it is not clear whether
other substances exhibit the same performance. Especially tableting
materials exhibiting brittle fracture will be of interest considering their
importance in compaction technology.

Introduction

Porosity-Pressure RelationshipsA tablet can be
considered as a special type of dispersion. The solid fraction
and the air in pores constitute two phases of the system.
This heterogeneous character of such a particulate material
leads to a very complex mechanical behavior. In case of
low packing fractions, rheological properties can be found.
Thus, individual particles are movable to some extent,
enabling many possible configurations. This aspect of a
disordered structure holds for an analogy to liquids, and
even an entropy St can be attributed to a particle packing.1
Yet, the individuality of particles gets lost in tablets
compacted at higher pressures. Consequently, also the
entropy of the diverse particle configurations vanishes.
Such very dense compacts can approach a continuum of
the solid fraction, and therefore mechanics of practically
homogeneous solids will evolve.

As a result, the character of the system undergoes
dramatic changes as a function of the relative density.
Particle rearrangements, occurrence of plastic flow, and
possible brittle fracture contribute to a vast complexity.
Hence, there is a number of different mathematical models,
which are mostly empirical or contain at least some
heuristic elements.

The most widespread models used in the field of phar-
maceutical technology are the Kawakita equation,2 the
approach according to Cooper and Eaton,3 and the Heckel
equation.4,5 The latter model is of special interest for the
present study:

where F equals the relative density and σ is the compres-
sion pressure, whereas K and A are constants. It is known
that tablets compressed at higher pressures fulfill the
relationship properly.6 In a plot of ln(1/(1 - F)) versus
applied pressure, K is determined from the slope, and A
from the intercept. The general limitations of Heckel plots
have been analyzed rigorously by Rue and Rees.7

Recent DevelopmentssThe lacking adequacy of the
classical compression equations stimulated efforts for cur-
rent investigations. Yu and Hall8 analyzed very porous
particle packings, using a double-logarithmic form of the
Heckel plot. The fit of the new model was better than the
original Heckel equation. Yet, the empirical nature of this
approach lacking any theoretical background can be con-
sidered as a drawback. The same also can be remarked for
the heuristic equation proposed by Lordi et al.9

An interesting modification of the original Heckel equa-
tion was attained by Carstensen et al.10 They assumed the
final compact of a pharmaceutical powder to always possess
some residual porosity. Accordingly, the void volume
decreases exponentially toward a value different from zero.
The resulting model seemed capable to also describe
experimental data in the nonlinear part of the Heckel plot
and can potentially be extended to more than a one-
component system.

Confined compression of particle agglomerates is mainly
focused by an approach of Adams et al.11 The bed in the
die was modeled as a series of parallel columns, where only
processes of friction were allowed. Thus, any system where
elastic energy also is stored is not covered by this theory.
However, the assumptions lead to a result that took
approximately the same form as the Kawakita equation
and therefore enabled a physical interpretation of its
parameters.

Coming finally to a microscopic theory, Duncan-
Hewitt12 attempted a model of the compression process,
where compact properties were predicted by the charac-
teristics of single crystals. The behavior of brittle particles
was found to be substantially different from the one of more
ductile crystals, and so two distinct models evolved.
However, the main problem of any microscopic theory can
be understood in the change of relevant binding points. The
tablet is heterogeneous, built up by particles whose binding
points are distributed randomly to some extent. Conse-
quently, disorder has to be taken into account by any
theoretical approach.

The aspect of disorder is most interesting in that some
very different physical problems can be treated similarly
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from a theoretical point of view.13 Modern physics of phase
transitions and critical phenomena14 provides interesting
new concepts that can potentially be applied to many
scientific fields. Yet, an analogy between relevant physical
problems may not always be obvious at first, but similari-
ties can be revealed by studying the response functions of
a system. The present paper introduces such a function in
the context of powder compaction.

Theoretical Section
Pressure SusceptibilitysFor particle systems, a pres-

sure susceptibility can be defined as a function of the
porosity and compression pressure as stated below:

The porosity can equally be expressed by the relative
density:

Hence, eq 2 reads:

In case of a constant øp, eq 4 just holds for the differential
form of the Heckel equation where øp equals K. Thus, a
constant pressure susceptibility is the base of the theoreti-
cal concept of Heckel. Physically, this can be motivated by
thinking of uniformly shrinking pores in a solid continuum.
However, at low relative densities and pressures, the
compacts are essentially particle agglomerates rather than
homogeneously dispersed holes in a solid matrix. Conse-
quently, a very different physical behavior can be expected.

Critical Behavior of the Pressure Susceptibilitys
Especially in the initial stage of the compression process,
particle rearrangements dominate in many cases. In ad-
dition, fine particle systems can exhibit very porous
structures by arching and formation of very loose ag-
glomerates. Such structures are highly unstable and can
collapse if only a minimal force is applied. Thus, the
susceptibility to an external pressure can theoretically take
any high value. Yet, it needs to be highlighted that in the
case of a total lack of mechanical rigidity between the
punches, the possibility to define pressure susceptibility
is not available. Accordingly, a threshold value of the
porosity εc or corresponding relative density Fc can be
introduced, where a rigidity starts to evolve. The property
øp exists therefore only for porosities lower than εc or
relative densities higher than Fc. Hence, from these char-
acteristics of the pressure susceptibility, the range in
vicinity of the threshold can be called critical.

In line with these considerations, the Heckel model,
where øp equals a constant K, needs to be replaced by an
alternative approach, taking better account of the charac-
teristics of pressure susceptibility. A related conjecture is
an equation describing a hyperbola:

Where, C holds for a constant. Considering eq 5, it is
interesting to notice that very different physical systems
exhibit similar critical behavior. For example, the van der
Waals theory expresses the compressibility (øT) of a gas as
being proportional to (T - Tc)-1, where T is the tempera-
ture and Tc is the critical temperature. Another example

is the Curie-Weiss law that states the same for the
magnetic susceptibility (øm). Here the critical temperature
(Tc) is known in textbooks as the Curie temperature.
However, the latter cases both hold for thermal phase
transitions, whereas for tablets the relative density holds
for an order parameter,14 describing a geometric phase
transition. Yet, it should be mentioned that such simple
functions for øT or øm are based on a so-called mean field
approach.14 This theoretical view implies a simple mean
potential, approximating the molecular interaction. In the
context of compaction, the mean field can correspond to a
mean pressure. A mean field approximation usually pro-
vides a rather good model and is valid in a broad range.

It should further be mentioned that percolation theory15-18

assumes a power law for modeling a critical property.
Unfortunately, such a power law has an unknown range
of validity in the critical range. Keeping in mind the goal
to find a new relationship between pressure and relative
density, we used eq 5 for the present model.

A Modified Heckel EquationsCombination of eqs 2
and 5 results in the differential equation given below:

after separation of variables, it reads:

Integration can be performed starting from the critical
porosity εc at a negligible resting pressure σ0 = 0:

Hence, replacing porosity ε with the relative density F,
a modified Heckel equation results:

Materials and Methods
Tablets (round, flat, 11 mm diameter, 400 ( 1 mg weight) were

manufactured with a Zwick 1478 Universal Testing Instrument
(Zwick GmbH, Ulm, Germany). Different pharmaceutical polymers
were chosen as model substances, because of their ability to form
tablets in the interesting critical range at comparatively low
relative densities (Table 1). True density was determined with an
Beckman Air Comparison Pycnometer Model 930 and the particle
size assayed using a Malvern Mastersizer X.

For each powder system, five tablets were compressed at
different pressure levels ranging from 1.05 MPa up to 105.23 MPa
at a relative humidity of 45% ( 10%. The compression speed was
10 mm/min and tablets’ geometry was assessed 48 h after
manufacture (“out of die” determination).

All data of different substances were used for statistical
evaluation, except for Klucel, where only values to a pressure of

øp ≡ - 1
ε
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36.8 MPa were evaluated. The program used for all calculations
was SYSTAT for Windows Version 7.0 (SPSS Inc.).

Results and Discussion
The pressure susceptibility was calculated from experi-

mental data according to eq 4 using finite differences for
the differential quotient and plotted against F (see Figures1-
4A). The graphs show that very high compressibility

decreases sharply with increasing relative densities. Thus,
the assumption of Heckel to use a constant pressure
susceptibility is only acceptable as a first approximation
for comparatively dense compacts. Still, further changes
of the property øp will take place, until a minimum is
achieved at about zero porosity. Note that for the slight
changes in this range, the experimental accuracy is a
limiting factor. This is reflected by the scatter of the values
for PEG 8000 (see Figure 4A).

Very porous tablets produce considerable porosity changes
under strain. Such high compressibility can only be ex-
plained by particle displacement, i.e., particle rearrange-
ments in the initial stages of compression. As long as a
large extraparticulate void volume exists, a reduction of
porosity can be achieved by a small pressure. The conse-
quence is a high value of øp that was also observed in the
experimental results (Figure 1-4A). Theoretically, the
curve close to Fc can even extend to infinity but directly at
the threshold and below the function øp vanishes. As a
conclusion, the assumption of a hyperbola for øp eq 5
appears very suitable, whereas the approximation of a
constant value for øp is clearly not correct for low-density
tablets.

Focusing on the relationship between pressure and
relative density,we compared the new model eq 13 and the
Heckel eq 1, on the basis of “out of die” measurements
(Table 2). A nonlinear fit was conducted with all substances
using the new model equation (See Figure 1-4B). It shows
that eq 13 is in good agreement with experimental results.

Table 1sCharacterization of the Polymer Substances

substance

true
density
[g/cm3]

relative
bulk

density

relative
tapped
density

mean particle
size

(Sauter)[µm]

Emcocel 50Ma 1.57 0.207 0.250 54
Avicel PH101a 1.57 0.205 0.260 48
Avicel PH102a 1.56 0.213 0.258 81
Klucelb 1.20 0.358 0.388 307
Pharmacoat 606c 1.33 0.275 0.357 45
Ac-Di-Sold 1.57 0.317 0.393 41
Kollidon K17e 1.19 0.405 0.436 73
Kollidon CLe 1.26 0.283 0.345 41
Kollidon K90Fe 1.22 0.427 0.466 138
PEG 8000f 1.23 0.466 0.543 50
PEG 10000f 1.22 0.525 0.572 158
PEG 20000f 1.22 0.522 0.558 229

a Type of microcrystalline cellulose. b Type of hydroxypropyl cellulose. c Type
of hydroxypropyl methylcellulose. d Type of croscarmellose sodium. e Type of
poly(vinylpyrrolidone). f Type of poly(ethyleneglycol)s.

Figure 1sAvicel PH101: (A) Pressure susceptibility øp (MPa-1) vs relative
density (0). (B) Compression pressure σ (MPa) as a function of the relative
density (0). The solid line represents the model according to eq 13.

Figure 2sPharmacoat 606: (A) Pressure susceptibility øp (MPa-1) vs relative
density (0). (B) Compression pressure σ (MPa) as a function of the relative
density (0). The solid line represents the model according to eq 13.
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In addition, the comparison with the Heckel equation
(Table 2) clearly showed a better goodness of fit of the new
model. Yet, in some cases such as for Pharmacoat 606
(Figure 2) and Kollidon CL (Figure 3), the highest pressure
did not properly match the new model.

It should be noticed that the number of parameters is
the same for the Heckel equation and the new model. This
low number of parameters, i.e., the simplicity of a model,
is an important aspect. Yet, the complexity of the compres-
sion process is awesome, involving several physical phe-
nomena of changing significance in different stages.19,20

Thus, the proposal of a power series might be most
adequate to describe the change of pressure susceptibility
close to the threshold Fc. On the other hand, new param-
eters would be introduced and the problem of an a priori
limited range of validity is still present. Therefore, a simple
approximation on the average, as proposed by eq 5, is
justified.

Comparing the constants C and K (Table 2), values for
the new parameter C were all smaller than those of K by
a factor of roughly between 2 and 4. Qualitatively it can
be said that both parameters incorporate an experimental
minimal susceptibility (øpmin) close to zero porosity. This
parameter is independent of the tablet’s pore structure
because it is a characteristic of the solid continuum. The
constant C is proportional to øpmin but further involves the
threshold value Fc, which becomes apparent evaluating eq
5 at unity density. Thus, C depends on the initial structure
of the particle packing.

Considering the parameter Fc, this value was defined in
the theoretical section as a rigidity threshold. Thus, this

critical value holds for the packing fraction, producing a
negligible mechanical resistance between the punches. In
a strictly geometric interpretation, this threshold Fc dem-
onstrates the transition between dispersed solid in air and
voids in a solid matrix. The coherent contact within the
powder column will be already present only when the
powder is poured in the die. Yet, it can be argued that
contact between particles might not be enough for estab-
lishing a relevant rigidity.21 Some initial particle rear-
rangements might require only minimal forces that can be

Figure 3sKollidon CL: (A) Pressure susceptibility øp (MPa-1) vs relative
density (0). (B) Compression pressure σ (MPa) as a function of the relative
density (0). The solid line represents the model according to eq 13.

Figure 4sPEG 8000: (A) Pressure susceptibility øp (MPa-1) vs relative density
(0). (B) Compression pressure σ (MPa) as a function of the relative density
(0). The solid line represents the model according to eq 13.

Table 2sComparison between the Heckel Equation and the Proposed
Modified Equation

Heckel equation Modified Heckel equation

K A r2 a C Fc r2 a

Emcocel 50M 0.015 0.449 0.960 0.006 0.217 0.998
Avicel PH101 0.016 0.453 0.978 0.007 0.167 1.000
Avicel PH102 0.016 0.442 0.969 0.007 0.180 0.998
Klucel 0.044 0.682 0.934 0.014 0.379 0.986
Pharmacoat 606 0.017 0.638 0.952 0.006 0.356 0.993
Ac-Di-Sol 0.007 0.503 0.978 0.002 0.291 0.999
Kollidon K17 0.021 0.593 0.989 0.012 0.195 0.996
Kollidon CL 0.010 0.505 0.965 0.003 0.284 0.996
Kollidon K90F 0.011 0.621 0.986 0.003 0.323 0.998
PEG 8000 0.028 1.200 0.979 0.010 0.528 0.995
PEG10000 0.029 1.292 0.953 0.008 0.601 0.984
PEG 20000 0.028 1.127 0.933 0.009 0.560 0.971

a Corrected squared correlation coefficient.
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neglected. Thus, the rigidity threshold Fc can be higher than
the relative density needed for coherent contact.

The values for Fc (Table 2) according to eq 13 ranged for
all substances close to the interval of the relative bulk
density and tapped density (Table 1). It is interesting to
notice that the different types of microcrystalline cellulose
and poly(vinylpyrrolidone) displayed a trend for lower
thresholds. This tendency seemed especially pronounced
for Avicel PH102, Kollidon K17, and K90F, where values
for Fc were even lower than the relative bulk density. The
poly(ethylene)glycol)s showed reversed tendency, where
critical rigidity was achieved close to the relative tapped
density or slightly above as produced by PEG 10000 and
PEG 20000. In line with these considerations, it can be
concluded that the microstructure, being specific for a given
substance, plays an important role for Fc.

The Heckel constant K in eq 1 can be used to characterize
substances.22 The question can therefore be asked if a
similar information can also be acquired from the new
parameters Fc and C. In line with the considerations so far,
Fc appears to be a parameter being strongly affected by the
microstructure of the powder system. Of further special
interest is that particle systems can behave differently
under compression or tension. The behavior under com-
pression gives information on rigidity, whereas a behavior
under tension is related to compact strength. Thus, the
compressibility of a particle assembly can therefore be
considered as a characteristic on its own apart from the
binding capabilities. Yet again the situation is different for
the dense compacts. If the applied pressure is high enough,
plastic flow occurs at a compressive yield pressure (σY).
Accordingly, the value for øpmin can be expected to depend
on σY. This aspect can further be stressed by defining a
compression modulus (G):

The property G expresses the pressure needed to reduce
porosity of a tablet. A maximal value (Gmax) will therefore
be limited by a compressive yield strength. Alternatively,
it can be stated that the maximal compression modulus
equals the maximal hardness (Pmax) of the material if
exclusive plastic flow occurs.

The inverse of the constant K can also be regarded as a
compression modulus G. Its determination only from the
linear part of the Heckel plot, results again in an estimate
of compressibility at high pressures and therefore ap-
proximates Gmax. Note that the constant K was assessed
instead over the entire range of the relative density.

However, Heckel already conjectured that the inverse
of the Heckel slope was proportional to the yield point of
the particles with a proportionality factor equal to three.5
This observation agrees with our considerations that
maximal compressibility is limited by a compressive yield
pressure. Furthermore, it should be mentioned that the
yield point of a plastic material is known to equal one-third
of the indentation hardness.23 This again supports the view
that for plastic substances, the inverse Heckel slope can
also be regarded as a measure of maximal hardness. From
these considerations it can be qualitatively concluded that
Gmax is a specific property of a substance and can poten-
tially be used for characterization of a tableting material.
Yet, it needs to be stressed that experimentally the zero
porosity state can hardly be achieved even at highest
pressures.24 Therefore, arguments on Gmax should be
understood qualitatively first.

It is interesting to normalize the compression modulus
G by its maximum Gmax. This quotient only depends on the
structure of the tablet. Using eq 5, one obtains:

This result is consistent with the model of Leuenberger
and Leu25 based on the percolation theory. The eq 15 was
previously pointed out to be consistent with a so-called
effective medium approximation,26-28 where a disordered
medium is replaced on the average by a hypothetical
homogeneous one.

Conclusions
It was shown that the pressure susceptibility exhibits

very high values at comparatively low relative densities.
The property øp was expected to be divergent in this range
having a singularity at a critical relative density Fc. As a
consequence, the Heckel equation, assuming a constant
value for øp, is inadequate in this critical range. The
proposal of a simple hyperbola function leads in the
integrated form to a modified Heckel equation. This model
has shown to be superior in describing different polymer
tablets from “out of die” measurements. The understanding
of the pressure susceptibility as a critical property links
the process of compression to the theory of phase transi-
tions. Thus, the present concept provides not only a new
equation for the relationship between pressure and relative
density, but contributes also to further insights in the
complex nature of the compaction process.

Additional studies are needed for a complete evaluation
of the proposed model equation. So far in this study,
porosity was determined after manufacture and storage.
Additional “in die” measurements would be of interest
because no elastic recovery or other postcompressional
changes are allowed under these conditions. Plus, brittle
substances should be tested. This is especially of interest,
regarding the importance of tableting material undergoing
fragmentation during compaction.

Glossary
ε, εc Porosity and critical porosity. The latter value

is defined as the threshold porosity of a
vanishing rigidity between the punches

F, Fc Relative density and critical relative density. The
threshold density corresponds to 1 - εc

σ Applied pressure (MPa)
K, A Constants of the Heckel equation, where K

(MPa-1) equals the slope, and A the intercept
of the plot ln(1/(1 - F)) with respect to σ

øp Pressure susceptibility or compressibility, de-
fined as øp ≡ - (1/ε)(dε/dσ) ) [1/(1 - F)](dF/
dσ)(MPa-1)

øpmin Minimal value of the pressure susceptibility
(MPa-1) at zero porosity

C Proportionality constant (MPa-1) that links the
porosity with the pressure susceptibility øp )
C/(εc - ε) ) C/(F - Fc). Hence, C can also be
related to with the minimal pressure suscep-
tibility at zero porosity: C ) øpminεc ) øpmin (1
- Fc).

øT Isothermal compressibility of a gas defined by a
relation to the volume V (m3), pressure P (Pa)
and gas density Fg (kg m-3): øT ≡ - (1/V)(dV/
dP) ) (1/Fg)/(dFg/dP)

øm Magnetic susceptibility, defined over the rela-
tionship: øm ≡ (dM/dH), where M (A m-1) is
the magnetization and H (A m-1) the magnetic
field.

G ≡ 1
øp

(14)

G
Gmax

)
øp

-1

øpmin
-1

)
(F - Fc)C

(1 - Fc)C
) 1

1 - Fc
(F - Fc) (15)
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T, Tc Temperature and critical temperature. The
threshold temperature can hold, for example,
for the singularity at the end of the vapor vs
pressure curve, or in case of magnetic systems,
it marks the transition of ferromagnetism and
paramagnetic behavior.

G Compression modulus (MPa) is by definition the
reciprocal of øp.

Gmax Maximal compression modulus (MPa) defined
over the reciprocal of øpmin.

σN Compressive yield pressure (MPa).
Pmax Maximal value of the deformation hardness

(MPa).
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2. Lüdde, K. H.; Kawakita, K. Die Pulverkompression. Phar-
mazie 1966, 21, 393-403.

3. Cooper, A. R.; Eaton, L. E. Compaction behaviour of several
ceramic powders. J. Am. Ceram. Soc. 1962, 45, 97-101.

4. Heckel, R. W. Density- pressure relationship in powder
compaction. Trans. Metall. Soc. AIME 1961, 221, 671-675.

5. Heckel, R. W. An analysis of powder compaction phenomena.
Trans. Metall. Soc. AIME 1961, 221, 1001-1008.

6. Ramberger, R.; Burger, A. On the application of the Heckel
and Kawakita equation to powder compaction. Powder Tech-
nol. 1985, 43, 1-9.

7. Rue, J.; Rees, J. E. Limitations of the Heckel relation for
predicting powder compaction mechanism. J. Pharm. Phar-
macol. 1978, 30, 642-643.

8. Yu, A. B.; Hall, J. S. Packing of fine powders subjected to
tapping. Powder Technol. 1994, 78, 247-256.

9. Lordi, N. G.; Cocolas, H.; Yamasaki, H. Analytical interpre-
tation of powder compaction during the loading phase.
Powder Technol. 1997, 90, 173-178.

10. Carstensen, J. T.; Geoffroy J.-M.; Dellamonica, C. Compres-
sion characteristics of binary mixtures. Powder Technol.
1990, 62, 119-124.

11. Adams, M. J.; Mullier, M. A.; Seville, J. P. K. Agglomerate
strength measurement using a uniaxial confined compression
test. Powder Technol. 1994, 78, 5-13.

12. Duncan-Hewitt, W. C. Uniaxial compaction modeled using
the properties of single crystals. Drug Dev. Ind. Pharm. 1993,
19, 2197-2240.

13. Stanley, H. E. Fractals and Multifractals: The interplay of
physics and geometry. In Fractals and Disordered Systems,
2nd ed.; Bunde, A., Havlin, S., Eds.; Springer: Berlin, 1996;
pp 1-57.

14. Stanley, H. E. Introduction to Phase Transitions and Critical
Phenomena; Oxford Sci. Pub.: Oxford, 1971; pp 76-93.

15. Flory, P. J. Molecular size distribution in three-dimensional
polymers. J. Am. Chem. Soc. 1941, 63, 3083-3100.

16. Broadbent S. R.; Hammersley, J. M. Percolation process, I.
Crystals and mazes. Proc. Camb. Philos. Soc. 1957, 53, 629-
641.

17. Stauffer, D.; Aharony, A. Introduction to Percolation Theory,
2nd ed.; Taylor and Francis: London, 1992.

18. Leuenberger, H.; Rohera, B. D.; Haas, C. Percolation theory
- A novel approach to solid dosage form design. Int. J.
Pharm. 1987, 38, 109-115

19. Wray, P. E. The physics of tablet compaction revised. Drug
Dev. Ind. Pharm. 1992, 18, 627-658.

20. Alderborn, G.; Nyström, C. Pharmaceutical Powder Compac-
tion Technology; Marcel Decker, Inc.: New York, 1996.

21. Feng, S.; Sen, P. N. Percolation on elastic networks: New
exponents and thresholds. Phys. Rev. Lett. 1984, 52, 216

22. Humbert-Droz, P. Analyse des caracteristiques de compres-
sion des substances medicamenteuses en relation avec le
phenomene de dissolution Ph.D. Thesis, University of Gene-
va, 1982.

23. Rowe, R. C.; Roberts, R. J. Mechanical properties. In
Pharmaceutical Powder Compaction Technology; Alderborn,
G., Nyström, C., Eds.; Marcel Decker, Inc.: New York, 1996;
pp 284

24. Carstensen, J. T.; Hou, X. P. The Athy-Heckel equation
applied to granular agglomerates of basic tricalcium phos-
phate. Powder Technol. 1985, 42, 153-157.

25. Leuenberger, H.; Leu, R. The formation of a tablet: a site
and bond percolation phenomenon. J. Pharm. Sci. 1992, 81,
976-982.

26. Landauer, R. The electrical resistance of binary metallic
mixtures. J. Appl. Phys. 1952, 23(7) 779-784.

27. Kirkpatrick, S. Percolation and conduction. Rev. Mod. Phys.
1973, 45(4) 574-588.

28. Kuentz, M.; Leuenberger, H. Modified Young’s modulus of
microcrystalline cellulose tablets and the directed continuum
percolation Model. Pharm. Dev. Technol. 1998, 3(1), 13-19.

Acknowledgments

We would like to acknowledge Swiss National Science Founda-
tion (grant No.20-45592.95) for financial support.

JS980369A

Journal of Pharmaceutical Sciences / 179
Vol. 88, No. 2, February 1999


