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Abstract
Objective: The purpose of this study was to investigate and quantify flow properties, compressibility, and
compactibility of various pharmaceutical lactose powders found on the market today (DCL-11, DCL-21,
M-200, Flowlac-100, and Tablettose 70, 80, and 100). Methods: Flow properties were estimated by measur-
ing flow time, angle of repose, and the Hausner ratio. Particle rearrangement was studied using Kawakita's
linear model. Compressibility was studied using two ‘out-of-die’ methods: (i) the Heckel model and (ii) a
modified Walker model. Compactibility was quantified using two methods: (i) the tensile strength profile
(Cp) and (ii) the compactibility factor (Pr). Statistical approach was used to analyze the results. Results: Flow
properties of all materials were passable or better, except for M-200, which has very poor flowability.
Compressibility results demonstrated that the most compressible lactose is spray-dried grade of lactose
(Flowlac-100) and the least compressible is milled lactose (M-200). Compactibility studies showed that
β-lactose (DCL-21) forms tablets with superior tensile strength in comparison with α-lactose. Conclusion:
Results of the compressibility study showed that the discriminative power of modified Walker model is
greater in comparison with Heckel model. Compactibility methods yield similar and comparable results.
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Introduction

Tablets are by far the most frequently used dosage form;
they have advantages for both manufacturer and user.
Ease of manufacturing, convenience of administration,
and accurate dosing make tablets a versatile and popu-
lar dosage form1,2. However, the manufacture of tablets
can be a complex operation because certain favorable
properties of raw materials are required for the produc-
tion of tablets of satisfactory quality. Two main proper-
ties of particulate solid that are necessary for its
successful transformation into tablets are good flow
properties and compressibility. At present, direct com-
pression is the preferred method for tablet preparation.
It has been estimated that less than 20% of pharmaceuti-
cal materials can be compressed directly into tablets3.
The use of directly compressible excipients may yield
satisfactory tablets for such materials1. It is estimated
that currently about 50% of worldwide tablet production

is made by direct compression using numerous diluents
specifically designed for direct compression4.

Lactose is the most common filler or diluent in tab-
lets, capsules, and, to a more limited extent, lyophilized
products and infant formulas. The general properties of
lactose that contribute to its popularity as an excipient
are cost effectiveness, availability, bland taste, low
hygroscopicity, excellent physical and chemical stability,
and water solubility5. Lactose may appear in different
(pseudo)polymorphs (α-lactose monohydrate, anhy-
drous α-lactose, and anhydrous β-lactose) with differ-
ent physical properties. Various lactose grades are
available today on the market, such as grade intended
for granulation, spray-dried and agglomerated with dif-
ferent properties. This means that there are a variety of
different products to choose from with different particle
size distribution, flow properties, and compressibility.

Recently, a broad review of coprocessed, directly com-
pressible excipients, including various kinds of lactose,
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was published, which offers a detailed review of basic
tableting properties between different lactose types1.
Crystalline α-lactose monohydrate exhibits relatively
poor binding properties. It consolidates mainly by frag-
mentation and is more brittle compared to spray-dried
lactose and anhydrous β-lactose, whereas amorphous
lactose mainly consolidates by plastic deformation6,7.
In spray-dried products, the amorphous fraction is
responsible for better binding and a higher degree of
plastic deformation; therefore, amorphous lactose
yields tablets of higher tensile strength than crystalline
lactose8. Tablettose 70, 80, and 100 are agglomerated types
of lactose granulated from α-lactose monohydrate. Their
binding properties are reported to be better than α-lactose
monohydrate, but not as good as spray-dried lactose1.

In this study, we quantified and compared flow
properties, particle rearrangement, compressibility,
and compactibility of seven different types of lactose,
six of them intended for direct compression and a single
type of lactose intended for granulation.

Materials and methods

Materials

Samples of Pharmatose® DCL-11, DCL-21, and M-200
(DMV International, Veghel, the Netherlands), Flowlac-
100 and Tablettose® 70, 80, and 100 (Meggle Pharma,
Wasserburg, Germany) were investigated. Microcrystalline
cellulose (MCC) (Vivapur® 12; JRS Pharma, Rosenberg,
Germany) was used as a dry binder and magnesium stear-
ate as a lubricant. All the materials were used as purchased.

Particle size

Particle size distribution was measured by laser diffraction
(Mastersizer S; Malvern Instruments Ltd., Worcestershire,
UK) using the following parameters: 300 RF lens,
small volume dispersion unit (1000 rpm), true density of
1.550 g/cm3 (AccuPyc 1330; Micromeritics, Norcross, GA,
USA), and refractive index of 1.3566. The dispersion
medium used was a saturated aqueous solution of lactose.
The particle size of each sample was measured in triplicate.

Differential scanning calorimetry and moisture 
analysis

Samples were evaluated with a DSC 821e (Mettler
Toledo, Greifensee, Switzerland), with temperature
range from 25°C to 300°C and heating rate of 10°C/min.
Weighed samples were sealed into aluminum pans with
holes and measured in a nitrogen atmosphere in tripli-
cate. Differential scanning calorimetry (DSC) was used
as method to confirm the presence of α- or β-types of

lactose by melting point. It was also used to confirm
monohydrate pseudopolymorph because dehydration
could be observed in measured DSC curves when the
monohydrate form of lactose was present.

An HR73 Halogen Moisture Analyzer (Mettler Toledo)
was used to measure moisture content. Approximately 5
g of powder was evenly distributed on an open alumi-
num pan. Samples were heated to 80°C for 30 minutes to
establish weakly bound water, then to 150°C for 30 min-
utes to establish crystalline bound water. The amount of
water was determined by the loss of mass during drying.

Flow properties

The flow properties were estimated by measuring the
flow time and angle of repose on a PTG-ER1 (Pharma
Test Apparatebau, Hainburg, Germany) apparatus
using a stainless-steel cone with a 10-mm outlet nozzle.
The cone was filled with 100 mL of bulk powder, and the
flow time was measured. The angle of repose was calcu-
lated from the height and width of the powder heap.

Particle rearrangement

Bulk density of lactose types was measured by filling a
250-mL cylinder with a known weight of material and
reading the volume of the powder. The powder was
then tapped by a Stampfvolumeter, Stav 2003 (Stav
2003; J. Engelsmann, Ludwigshafen, Germany) appara-
tus, and the reduction of volume was measured at pre-
determined number of taps (interval from 10 to 100 taps
in steps of 10 and at 1250 taps). The volume after 1250
taps was used to calculate the tapped density. Kawak-
ita’s equation for densification of powder solids was
used to interpret the results9:

where V0 is the initial volume of powder and Vt is the
volume of powder after certain number of taps (N). By
plotting N/CN versus N, the constants a and b can be
evaluated graphically. Constant a is obtained from
slope 1/a and represents Carr’s index and 1/b is
obtained from the y-intercept (1/ab) and is related to
cohesiveness of the powder.

Compressibility and compactibility

Tablets consisted of 84% (w/w) lactose, 15% (w/w) MCC,
and 1% (w/w) magnesium stearate. The addition of MCC
and lubricant was necessary to eliminate tablet lamina-
tion and sticking to the tableting tools. Lactose (126 g)
and MCC (22.5 g) were mixed for 8 minutes in a Turbula
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(WAB, Basel, Switzerland) mixer at 50 rpm. Then 1.5 g of
magnesium stearate was added and the blend was mixed
for two more minutes. Tablets were pressed on a single-
punch tableting press, Korsch EK0 (Erweka Apparatebau,
Frankfurt am Main, Germany), mounted with strain
gauges and a displacement transducer using 10.0 mm flat
tableting punches and compression pressures ranging
from approximately 60–300 MPa at a tableting speed of
36 tablets/min. Around 20 tablets were made at each
compression pressure. Five or six compression pressures
were used for each material except for M-200, for which
around 55 tablets were compressed, equally distributed
across the compression pressure range. This was due to
the poor or absent flowability of M-200, which made it
difficult to compress 20 tablets at the same conditions.
The diameter, thickness, mass, and hardness of tablets
were measured 24 hours after tableting. Hardness was
measured with a Heberlein 2E/205 apparatus (Heberlein,
Zürich, Switzerland). True densities of tableting blends
were determined with five purges and three runs on a
helium gas pycnometer, AccuPyc 1330 (Micromeritics).

Compressibility
The compaction properties of pharmaceutical powders
are separated into two distinct terms for clarity: compress-
ibility, the ability of the powder to deform under pressure
and compactibility, the ability of a powder to form coherent
strong compacts10. In our study, compressibility was esti-
mated using an ‘out-of-die’ Heckel model (Equation 2)11

and a modified Walker model (Equation 3)10:

in which P is the pressure, D the relative density of the
compact, and K and A are constants. For the Heckel
analysis, only data up to pressures of 200 MPa were
used because this range showed the best linearity. The
following equation was used as a modified Walker
model (Equation 3), based on a model by Walker12:

in which V ′ is the specific volume of tablet in mL/g and
w ′ is the Walker coefficient, here expressing the volume
reduction corresponding to one decade change in the
pressure P. Vsp is the specific volume at the pressure 1
MPa. Heckel and Walker coefficients (slopes) were esti-
mated using linear regression, in which each point is
represented by a tablet. The Standard error (SE) of the
slope was calculated using Equation (4):

in which Sres is the sum of squares of residual deviation
of the regression line and SSx is the sum of squares of
the x values. Introduction of the SE of the slope has the
benefit that the uncertainty of the estimated slope can
be reported and the confidence interval (CI) of regres-
sion can be calculated. The slopes, SEs, and two-sided
95% CIs of the slopes were calculated using SPSS v16.
This approach has already been used for quantification
of compactibility10. Furthermore, statistical significance
between slopes was calculated using a t-distribution
(t-test) with an OpenEpi statistical calculator13. First,
Hartley’s test for equality of variance was run, then a
two-independent-samples t-test with either equal or
unequal variance14 was performed between the sam-
ples with a two-tailed 95% CI, depending on whether
variance between the samples was equal or not.

Compactibility
Compactibility was estimated using two different
approaches. Tensile strength versus the compression
pressure relationship was drawn and the slope (Cp) of
the linear curve was estimated using linear regression.
Tensile strength was calculated using Equation (5) for
circular and flat tablets, as proposed by Fell and
Newton15:

in which H is breaking hardness, d is diameter, and h is
the height of the flat, circular comprimate. The SE, 95%
CI, and statistical testing were performed as described
previously.

Compactibility was also estimated using the model
proposed by Révész et al.16, in which tensile strength is
normalized with the specific work (Wspec) needed to
compress the tablet (Equation 6). This is called the
compressibility factor (Pr); however, because this
parameter is derived from the crushing strength of the
tablet, it is more closely associated with compactibility
than compressibility.

in which sx is the tensile strength of tablet and Wspec is
the specific or mass-normalized work, which is
expressed as the effective work (E2) invested in the com-
pression of the unit mass of substance (m). E2 effective
work represents the area of hysteresis between the
compression and the decompression curves in force–
displacement measurement during tablet manufacturing.
Pr was calculated from tablets with compression
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pressures ranging from 120 to 300 MPa. The Pr values of
various materials were compared using analysis of vari-
ance (ANOVA) for statistically significant (non)equality.

Results and discussion

Overview of studied lactose types

Pharmatose M-200 is a type of lactose intended for wet or
dry granulation, whereas all other materials can be used
for direct compression. DCL-11 and Flowlac-100 are
spray-dried types of α-lactose monohydrate; Tablettose
70, 80, and 100 are agglomerated types of α-lactose mono-
hydrate; and DCL-21 is anhydrous β-lactose. Table 1
represents a summary of specifications of lactose types
studied, including particle size results from our study.

Particle size distribution was in a range of approxi-
mately 30–200 μm with a median particle size from 78 to
106 μm for most materials, except for Pharmatose
M-200 and DCL-21. The lactose M-200 intended for
granulation has generally smaller particles with a median
particle size of 70 μm, whereas DCL-21 has larger parti-
cles with a median particle size of about 270 μm. The
particle sizes measured are in agreement with manufac-
turers’ specifications.

DSC and moisture analysis

Melting points for lactose are reported to be between
201°C and 202°C for α-lactose monohydrate, at 223°C
for anhydrous α-lactose and at 252.2°C for anhydrous
β-lactose5. In the case of lactose monohydrate, dehy-
dration will occur around at 140°C17,18. At a heating rate
of 10°C/min, dehydration will be completed before
reaching the melting peak of monohydrate; therefore,

melting is expected at temperatures around 220°C, at
which anhydrous α-lactose undergoes a phase transi-
tion. DSC measurements confirmed that all materials
had a dehydration endotherm in the range from 143°C
to 147°C and melting points in the range from 215°C to
216°C, except for DCL-21, which is anhydrous β-lactose,
in which no dehydration peak was observed and a melt-
ing point of 240°C was measured.

Anhydrous lactose may have a maximum of 1% (w/
w) of water, whereas lactose monohydrate may have
from 4.5% to 5.5% (w/w) of water19. All of our samples
are in compliance with this specification, with a typical
water content of 5.2% to 5.3% (w/w) for monohydrate
and 0.25% (w/w) for anhydrous lactose.

Flow properties

The results of flow properties measurements are sum-
marized in Table 2. There is a good correlation between
flow time and angle of repose—powders with longer
flow times have a higher angle of repose than powders
with shorter flow time. Among all types of lactose inves-
tigated, only M-200 has very poor flowability, but this is

Table 1. Lactose types studied: specifications and particle size distribution.

Type of lactose
Crystal form and manufacturing 

process Application

Particle size (μm) 
[D(v, 0.1), D(v, 0.5), 

D(v, 0.9)]; n = 3

Pharmatose M-200 α-Lactose monohydrate, milled Granulation 34.7, 69.7, 131.1

Pharmatose DCL-11 α-Lactose monohydrate and 
amorphous lactose, spray-dried

Direct compression 40.7, 105.5, 215.8

Pharmatose DCL-21 β-Lactose and anhydrous α-lactose, 
physical method of preparation

Not specified 114.0, 268.4, 509.2

Flowlac-100 α-Lactose monohydrate and 
amorphous lactose, spray-dried

Direct compression 32.8, 95.5, 210.0

Tablettose 70 α-Lactose monohydrate, 
agglomerated

Direct compression 38.1, 87.8, 171.7

Tablettose 80 α-Lactose monohydrate, 
agglomerated

Direct compression 33.8, 78.6, 163.3

Tablettose 100 α-Lactose monohydrate,
agglomerated

Direct compression 28.5, 86.8, 210.8

Values of D(v, 0.1), D(v, 0.5), and D(v, 0.9) represent particle sizes at which 10%, 50%, and 90% (v/v) of the sample is
below this given size, respectively.

Table 2. Comparison of flow properties of lactose types.

Type of 
lactose

Flow time 
(seconds)

Angle of 
repose (°)

Hausner 
ratio (HR)

Flow 
properties
(according 
to HR20,21)

DCL-11 8.6 ± 0.2 27.1 ± 1.2 1.18 ± 0.0035 Good

DCL-21 30.5 ± 5.8 36.9 ± 1.0 1.27 ± 0.0020 Passable

M-200 No flow No flow 1.58 ± 0.0211 Very poor

Flowlac-100 11.4 ± 3.8 28.2 ± 1.3 1.16 ± 0.0030 Good

Tablettose 70 6.9 ± 0.2 28.7 ± 0.2 1.17 ± 0.0059 Good

Tablettose 80 12.7 ± 0.2 30.6 ± 0.3 1.18 ± 0.0060 Good

Tablettose 100 18.0 ± 0.2 31.9 ± 0.3 1.25 ± 0.0189 Fair
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expected because it is a type of lactose with the smallest
particle size. Other lactose types have good flowability,
with DCL-21 having the longest flow time. The lactose
with the largest particle size is DCL-21; however, due to
the nature of this material (β-lactose), its flow properties
remain inferior to spray-dried or agglomerated types.

Particle rearrangement

Particle rearrangement was studied using Kawakita’s
equation9. All powders had linear rearrangement, with
R2 being at least 0.980. Coefficient a represents Carr’s
index and coefficient 1/b correlates with cohesiveness.
Rearrangement results are presented in Table 3.

The approximate limit value between good and bad
flow properties using Carr’s index is 21%22, which corre-
sponds to an a value of 0.21. Powders with a below this
value had good flowability and no problems regarding
powder flow were observed during tableting. For
DCL-21 with an a of 0.237, there were also no flowability
issues observed and the variation of the tablet mass did
not appear to increase compared to materials with lower
a values. Pharmatose M-200 has very poor flowability
and an a of 0.401, so manual forced filling of the die must
be applied during tableting. Tablets made with M-200
also show a higher variability in tablet mass and com-
pression force, as expected.

In general, good correlation between flow time, angle of
repose, a value, and cohesion coefficient can be expected.
Materials with higher angle of repose, a value, and cohe-
sion coefficient have longer flow times and therefore worse
flow properties. The cohesion coefficient 1/b is highest for
M-200 and DCL-21, which is also in accordance with their
poor flow properties. Higher cohesion coefficient 1/b
relates to higher cohesive energy of interaction which con-
sequently hinders particle rearrangement.

Compressibility and compactibility

Compressibility
Compressibility was estimated using two different
approaches: a Heckel model (Equation 2) and a modified

Walker model (Equation 3). From Heckel and Walker dia-
grams, the slope, SE, and y-intercept can be graphically
estimated using linear regression. From the Heckel plot,
the slope (K) was estimated and its inverse value gives
yield pressure (Py). A more plastic material is said to have
lower yield pressure. The results are summarized in Table
4.

Heckel plots for all materials yield a straight line with
R2 of at least 0.983. All of the materials have yield pres-
sures between 238.9 and 270.1 MPa. The differences
between the powders are not large, and this is expected
because the materials are similar. Considering slopes
and their SE, it is difficult to conclude whether there are
real differences between the plastic properties of differ-
ent types of lactose. The CI can be a useful tool to deter-
mine this, Figure 1 is a graphical representation of
Heckel model results using CIs. A good rule of thumb is
that, if CIs are not overlapping, then the differences in
plasticity are significant, using a two-sided 95% CI.
When two CIs are greatly overlapping (e.g., Tablettose
70 and DCL-21), the plasticity of the materials is consid-

Table 3. Rearrangement parameters by Kawakita’s
densification Equation (1) of lactose types
investigated.

Type of lactose a 1/b R2

DCL-11 0.123 5.94 0.9994

DCL-21 0.237 23.11 0.9835

M-200 0.401 76.79 0.9800

Flowlac-100 0.113 5.95 0.9995

Tablettose 70 0.094 10.88 0.9959

Tablettose 80 0.119 8.99 0.9989

Tablettose 100 0.167 8.12 0.9994

Table 4. Results of Heckel analysis of the lactose types studied.

Types of lactose K × 103 (MPa−1) Py (MPa) RSE (%) R2 N

DCL-11 3.92 [3.83–4.02] 255.2 1.22 0.9885 80

DCL-21 4.03 [3.93–4.13] 248.2 1.26 0.9879 80

M-200 3.70 [3.49–3.92] 270.1 2.81 0.9830 24

Flowlac-100 4.19 [4.10–4.27] 238.9 1.05 0.9895 99

Tablettose 70 4.03 [3.93–4.13] 248.2 1.24 0.9881 80

Tablettose 80 3.80 [3.72–3.89] 263.1 1.09 0.9909 80

Tablettose 100 4.12 [4.03–4.21] 243.0 1.10 0.9908 79

The two-sided 95% confidence interval is given in brackets. N is the
number of data points included in the regression. RSE is the relative
standard error of slope [RSE = (SE/K) × 100].

Figure 1. Graphic representation of Heckel analysis results, includ-
ing 95% confidence intervals.

Tablettose
100

Tablettose
80

Tablettose
70

M-200 Flowlac-100

DCL-21

DCL-11

0.0034 0.0036 0.0038 0.0040
Heckel’s coefficient, K (MPa–1)

0.0042 0.0044



1276 I. Ilic et al. 

ered the same. When there is a slight overlap of CIs, sta-
tistics (a t-test) can be used to check equality or
differences in compressibility of the two materials. If the
P value is greater than 0.05 there is no statistically signif-
icant difference between the two lactose types, but
there may exist a trend of higher compressibility in one
material over the other. Comparing only slopes (K), the
plasticity decreases in the following order: Flowlac-100
> Tablettose 100 > Tablettose 70 ≈ DCL-21 > DCL-11 >
Tablettose 80 > M-200. The difference between Flowlac-
100 and Tablettose 100 is not statistically significant (P =
0.2855), but Flowlac is more plastic than DCL-21 (P =
0.0223) and consequently also Tablettose 70. DCL-21
and Tablettose 70 have equal plasticity, which is not sig-
nificantly greater compared to DCL-11 (P = 0.1258,
compared to Tablettose 70). M-200 is not significantly
less plastic than Tablettose 80 (P = 0.3702), but it shows a
tendency towards the lowest plasticity among the mate-
rials studied. From the three Tablettose types, it is clear
that Tablettose 80 is the least compressible agglomer-
ated type of lactose, whereas we cannot discriminate
between Tablettose 70 and 100.

It has been suggested23 that Heckel analysis also has
a few drawbacks. It is sensitive to small errors in the
experimental conditions and variations in the true
density measurements that are needed for calculating
Heckel plots. This is more pronounced at high pressures
and low tablet porosity, in which a small error in deter-
mining the relative density can cause a significant error
in the logarithmic transformations23,24. More impor-
tantly, compared to the Walker model, for instance, the
Heckel model lacks discriminative power23. So it is pos-
sible that the lack of differences between our lactose
types studied is due to the method used to quantify their
compressibility. This is why we used two different
methods to measure compressibility and compactibil-
ity. This allows us to compare the methods and deter-
mine which is more discriminative, especially when
similar materials are studied. The results of the modi-
fied Walker model are shown in Table 5.

Similar as in case of the Heckel model, compressibil-
ity data of our materials fit the modified Walker model
very well. The modified Walker model allowed us to use
all data points and still achieve a high linearity, with R2

of over 0.992 for all materials. First, a wider compaction
pressure range can be used to calculate Walker’s con-
stant (w¢), and furthermore the fit of the modified
Walker model is more linear with higher R2 values. The
data fit the modified Walker model better than the
Heckel model.

Walker’s coefficient is considered a measure of the
irreversible compressibility of the compact or the sys-
tem of particles. Higher w¢ values are associated with
better tableting properties, whereas lower w¢ values are
typical for powders with poorer compression proper-
ties. According to w¢, compressibility of tested materials
is reducing in the following sequence: Flowlac-100 >
Tablettose 100 > DCL-11 > DCL-21 > Tablettose 70 >
Tablettose 80 > M-200. Figure 2 is a graphical represen-
tation of Walker model results using CIs. No overlap-
ping of CIs is observed between most of the materials,
which means that the differences between these materi-
als is statistically significant. Some overlapping can be
observed between Tablettose 100 and Flowlac-100 as one
pair and DCL-21 and DCL-11 as another pair; these pairs
were compared using a t-test. Significant differences were
found between both pairs; Flowlac-100 is more compress-
ible than Tablettose 100 (P = 0.02183) and DCL-11 is more
compressible than DCL-21 (P = 0.02979).

Figure 3 shows the relationship between Heckel’s
constant (K) and Walker’s constant (w¢). There is a clear
positive relationship between these two parameters.
Good compressibility of Flowlac-100 is illustrated by
high values of both parameters. On the other hand,

Table 5. Results of the modified Walker model of the lactose types
studied.

Type of 
lactose w′ RSE (%) R2 N

DCL-11 0.2144 [0.2110–0.2177] 0.78 0.994 100

DCL-21 0.2088 [0.2050–0.2126] 0.92 0.992 100

M-200 0.1786 [0.1742–0.1831] 1.24 0.993 49

Flowlac-100 0.2261 [0.2231–0.2292] 0.69 0.996 99

Tablettose 70 0.2005 [0.1971–0.2039] 0.86 0.993 100

Tablettose 80 0.1921 [0.1886–0.1956] 0.91 0.992 100

Tablettose 100 0.2210 [0.2179–0.2242] 0.72 0.995 99

The two-sided 95% confidence interval is given in brackets. N is the
number of data points included in the regression. RSE is the relative
standard error of slope [RSE = (SE/w′) × 100].

Figure 2. Graphic representation of Walker’s coefficients (w′)
including 95% confidence intervals.

Tablettose
80

Tablettose
70

Tablettose
100

M-200

0.17 0.18 0.19 0.20 0.21 0.22 0.23

Flowlac-100

DCL-21

DCL-11

Walker’s coefficient, w ′



Compressibility and compactibility of lactose 1277

poor compressibility of M-200 is supported by low val-
ues of both parameter constants for this particular type
of lactose.

It can be concluded that both the Heckel and Walker
models describe the compression properties of our
materials well, but in our study the Walker model seems
to be a better choice for compressibility measurements
for a number of reasons. First, our data fit the Walker
model slightly better. This is evidenced by the higher R2

values of the regression slopes using the Walker model.
This is especially true when wide pressure ranges are
used because the Heckel model is known to deviate
from linearity at low or high pressures. In this case,
Heckel’s constant can be calculated from a narrower
compaction pressure range or a lower R2 can be toler-
ated. Second, results using the Walker model have
smaller SEs. The high sensitivity of the Heckel model to
errors is a known issue due to multiplication of the data
with the true density and consequent reciprocal and
logarithmic transformations. An error in the true den-
sity measurement of 1% can change the yield pressure
estimate by 10% in certain cases23. This means that the
Heckel model is extremely sensitive to true density
measurements, whereas in the modified Walker model
this measurement and its further transformation are
not required. Third and most important, the Walker
model seems to have more discriminative power com-
pared to Heckel. The relative difference between Flow-
lac-100 and M-200 as most and least compressible
materials [e.g., (w′Flowlac-100 − w′M-200)/w′M-200 versus
(KFlowlac-100 − KM-200)/KM-200] is twice as large using the
modified Walker model compared to the Heckel model,
at 27% and 13%, respectively. The discriminatory power
of the modified Walker model is further demonstrated
by more narrow 95% CI of the materials. It should be
noted, however, that the CI width depends on the SE

and its value depends on number of sampling points
(N). This means that the Walker model has a narrower
CI due to the better fit of the model and also partly due to
the slightly higher number of sample points used com-
pared to the Heckel model. Larger differences between
the materials with narrower CIs (Figures 1 and 2) allow
better statistically significant quantitative determination
of compressibility between similar materials.

Compactibility
To estimate compactibility of a specific substance, one
needs not only compression data but also the mechani-
cal strength of the comprimate. If mechanical strength
is reported as crushing force, it is necessary to attach
information on dimensions of the compact. Because
crushing force is expected to be dependent on the tablet
dimensions, it can be normalized to the geometry of the
tablet. This is termed tensile strength (σx) and can be
calculated using Equation (5) for flat and circular
tablets. The mechanical strength of a single compact is
easily determined as the force needed to crush the
tablet diametrically.

Compactibility can be quantified in several different
ways. The simplest is a one-point estimate; for instance,
the minimum pressure needed to make a compact of a
certain strength25. Alternatively, tensile strength can be
calculated at a given pressure26 or at given porosity27.

It is anticipated that the mechanical strength of the
compact will be associated with the nature and number
of contact points generated in the compact; the number
of contact points in particular is dependent on the com-
pression pressure used. Compactibility is most often
expressed graphically in an XY-plot as a relationship
between tensile strength and compression pressure
(compactibility profile or tensile strength profile). There
are several examples showing that compactibility pro-
files in their full extension have essentially sigmoid
shapes28,29. At high pressures, it is often observed that
the crushing strength levels off and sometimes even
decreases to a lower value due to capping or lamination
tendencies30. Despite this, there is a distinct linear
segment present in a compactibility profile. For lactose
monohydrate, a wide linear range is reported up to a
pressure of 310 MPa for tablets ranging in mass from
400 to 1000 mg31. This linear part is most relevant and
informative because it describes the increase of tablet
strength related to compression pressure. The compact-
ibility of a certain material can be estimated by the slope
(Cp) of the linear part in the compactibility profile and
the Cp values of different materials can be compared.

Compactibility was measured using two approaches,
one of them being a compactibility profile. Although a
sigmoid shape is expected, a high degree of linearity is
observed for all lactose types because of the dominant
linear segment of lactose mentioned above. Negative

Figure 3. Relationship between Heckel’s coefficient (K) and Walker’s
coefficient (w′).
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y-intercepts for all materials are consistent with the
sigmoid nature of this curve.

Table 6 represents results of compactibility quantifi-
cation using compactibility profile. A high R2 combined
with a low SE confirms the high degree of linearity of
compactibility profiles for all lactose types. Slopes of
compactibility curves (Cp) vary from 8.83 for Tablettose
70 to 13.47 for DCL-21. The range of Cp values with their
CIs demonstrates the good ability of this parameter to
discriminate between different types of the same mate-
rial. Using only Cp as criteria, the compactibility of the
studied materials decreases in the following order:
DCL-21 > Tablettose 100 > M-200 > DCL-11 ≈ Flowlac-
100 > Tablettose 80 > Tablettose 70. The differences
between most materials are significant with no overlap-
ping of CIs present. DCL-11 and Flowlac-100 can be
considered to have equal Cp due to major overlapping
of their CIs. Tablettose 80 and DCL-11 were compared
using the t-test and P = 0.04716 was calculated, showing
a difference between these two slopes; however, this
P-value is borderline with regard to a 95% CI; therefore,
these three materials (Tablettose 80, Flowlac-100, and
DCL-11) may be considered as having approximately
the same Cp. Cp results cannot confirm that spray-dried
lactose yields compacts with greater hardness or tensile
strength compared to crystalline forms. However, sig-
nificant differences between the three agglomerated
types studied can be observed.

From these results, it can be concluded that β-lactose
is more compactible than α-lactose, but superior com-
pactibility of spray-dried grades over agglomerated or
milled α-lactose cannot be demonstrated. It should also
be noted that, with regard to compactibility, the nature
and number of contact points between the particles is
very important. Tablets consisting of smaller particles
with higher specific surfaces will have higher numbers
of contact points, and this may very well lead to higher
tensile strengths in such tablets. Milled lactose M-200
has, for instance, superior compactibility compared to

Tablettose 70 and 80, as well as also spray-dried
Flowlac-100 and DCL-11. This can be explained by the
smaller particle size of M-200 compared to other mate-
rials, a fact also supported by this materials’ high cohe-
sion coefficient measured according to Kawakita and its
complete lack of flow properties. The larger particle size
of β-lactose (DCL-21) should also be considered when
comparing its compactibility to other materials. This
particular type of lactose has roughly twice the particle
size of other lactose types tested, but despite its larger
particles, it shows superior compactibility. This implies
stronger interparticulate forces and increased binding
between the particles of β-lactose compared to α-lac-
tose.

Compactibility was also measured using the Pr factor.
It was noticed that Pr factor is dependent on the com-
pression pressure used. This was characteristic for all
materials studied. With higher compression, pressure Pr
increases and at a certain point, a plateau is evident. For
all types of lactose a plateau was reached at pressures of
about 120 MPa. Only compression pressures above this
limit were used to calculate a material’s Pr.

Compactibility results obtained using Pr are pre-
sented in Table 7. The Pr factors of the materials studied
decrease in the following order: DCL-21 > M-200 >
Tablettose 100 > DCL-11 ≈ Tablettose 80 ≈ Flowlac-100
> Tablettose 70. These results are supported by ANOVA
analysis using SPSS. Variance was tested using the
Levene test and was determined to be unequal between
the samples; therefore, Tamhane post hoc comparison
between pairs of materials was used. The ANOVA shows
that the differences between DCL-11, Flowlac-100, and
Tablettose 80 are nonsignificant and their Pr can be
considered equal. All other Prs have P = 0.000 between
each pair and the differences between them can be con-
sidered statistically significant. These results are very
similar to the compactibility results using Cp; only
M-200 and Tablettose 100 changed places as the second
and third most compactible materials. Anhydrous
β-lactose in the form of DCL-21 remains the material

Table 6. Summary of compactibility profiles results for the lactose
types studied.

Type of 
lactose Slope (Cp) × 103 RSE (%) R2 N

DCL-11 9.61 [9.38–9.84] 1.20 0.9862 100

DCL-21 13.47 [13.27–13.68] 0.76 0.9944 100

M-200 10.43 [10.11–10.75] 1.51 0.9896 48

Flowlac-100 9.56 [9.29–9.83] 1.42 0.9809 99

Tablettose 70 8.83 [8.63–90.30] 1.14 0.9878 98

Tablettose 80 9.32 [9.15–9.50] 0.94 0.9915 100

Tablettose 100 11.67 [11.40–11.93] 1.15 0.9872 100

The two-sided 95% confidence interval is given in brackets. N is the
number of data points included in the regression. RSE is the relative
standard error of slope [RSE = (SE/Cp) × 100].

Table 7. Summary of Pr factor results for the lactose types studied.

Types of 
lactose Pr (Pa/J/Kg) RSD (%) N

DCL-11 289.7 [284.6–294.8] 6.83 60

DCL-21 437.2 [432.3–442.2] 4.41 60

M-200 399.5 [390.0–409.1] 7.16 37

Flowlac-100 294.8 [289.4–300.1] 7.05 60

Tablettose 70 266.7 [263.3–270.2] 4.96 59

Tablettose 80 295.9 [290.8–301.1] 6.69 59

Tablettose 100 341.0 [334.4–347.5] 7.37 59

The two-sided 95% confidence interval is given in brackets. N is the
number of data points included in the regression. RSD is the relative
standard deviation of slope [RSD = (SD/Pr) × 100].
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with the best compactibility and Tablettose 70 the
worst. The differences between Tablettose 80, Flowlac-
100, and DCL-11 remain small and their compactibility
is statistically equal.

Considering the similarity of compactibility results
between the two methods used, Cp was compared to Pr
in Figure 4. A positive linear relationship was estab-
lished and only M-200 showed a deviation from linear-
ity with either too low a Cp value or too high a Pr value.
Leaving out the M-200 type of lactose, a linear curve
with a reasonably high R2 of 0.957 could be drawn
through the rest of the results. This confirms the suit-
ability of both methods to adequately measure the com-
pactibility of powders.

The relative difference between DCL-21 and Tablet-
tose 70 as most and least compactible materials [i.e.,
(CpDCL-21 − CpT70)/CpT70 versus (PrDCL-21 − PrT70)/
PrT70] is 52.5% and 64% using Cp and Pr, respectively.
This means that the discriminative power of Pr is
slightly better. Both methods require crushing strength
and geometric measurements of the tablet as well as
compression force measurements on the tableting
press. Pr additionally requires displacement measure-
ments, an analysis of the force–displacement curve and
tablet mass measurements. Calculation of Pr is more
demanding and time consuming. For an optimal result,
Pr should be measured at low tablet porosity, when the
value is expected to be constant and at a plateau. There-
fore, it seems that Cp is a quicker and simpler estimate
of compactibility with reasonable discriminative power.

Comparison of compressibility and compactibility 
results
For comparison reasons, the results of compressibility
and compactibility evaluations by both methods are

given in Table 8. Tablettose 70 and 80 generally show
both poor compactibility and compressibility, whereas
Tablettose 100 shows significantly higher compactibil-
ity and compressibility. Agglomerated types of lactose
exhibit comparable rank in compressibility and com-
pactibility. On the other hand, the most compactible
type of lactose DCL-21 shows neither superior nor infe-
rior compressibility. Discrepancy in the compressibility
and compactibility rank can also be observed for M-200
and Flowlac-100. Overall comparison demonstrates
that compressibility and compactibility can be inde-
pendent properties of material.

Conclusion

Flow properties were estimated using flow time, angle
of repose, and the Hausner ratio. All of these methods
are appropriate for measuring flowability and can be
applied equally. All of the lactose powders studied follow
a linear rearrangement model. Very good flowability is
measured for spray-dried and agglomerated types of
α-lactose monohydrate, whereas anhydrous β-lactose
has passable flowability. Milled lactose intended for
granulation has very poor flowability and cannot be
directly compressed.

Regarding compressibility, we can conclude that our
data fit the modified Walker model better than the
Heckel model. Both models are in correlation, but w¢
shows a higher degree of discrimination between the
materials studied; therefore, it should be used when
compressibility of similar materials is studied or where
only small differences are expected. We also showed
that a statistical approach using CIs and the t-test can
be successfully applied to Heckel and Walker coeffi-
cients when significance testing is required.

A general trend was observed: spray-dried types of lac-
tose with Flowlac-100 and DCL-11 have the best overall
compressibility, followed by anhydrous β-lactose with
DCL-21, then agglomerated types, and milled α-lactose
monohydrate M-200 with the worst compressibility.

Figure 4. Relationship between Cp and Pr.
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Table 8. Summary of the compressibility and compactibility results.

Compressibility Compactibility

Type of 
lactose

Walker 
model, 
w′ × 100

Heckel model, 
K × 103 (MPa−1) Cp × 103

Pr 
(Pa/J/kg)

DCL-11 21.44 3.92 9.61 289.7

DCL-21 20.88 4.03 13.47 437.2

Flowlac-100 22.61 4.19 9.56 294.8

M-200 17.86 3.70 10.43 399.5

Tablettose 70 20.05 4.03 8.83 266.7

Tablettose 80 19.21 3.80 9.32 295.9

Tablettose 100 22.10 4.12 11.66 341.0
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Compactibility can be studied equally well using
either the Cp or the Pr parameter, and both methods
yield similar and comparable results. Using Pr, one
must be careful to measure it in a plateau, or else the
result will depend on the maximum compression force
used. Pr requires more data and more calculation, but it
yields approximately the same quality of information as
Cp about compactibility of the powder studied.

A trend appeared with regard to compactibility.
Anhydrous β-lactose with DCL-21 clearly has the best
compatibility, followed by milled α-lactose monohy-
drate in the form of M-200 and spray-dried Flowlac-100
and DCL-11. Tablettose 70 and 80, as agglomerated
grades of lactose, have the worst compactibility.

Declaration of interest: The authors report no conflicts
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