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The flowability of powders used in tableting significantly affects tablet weight and content uniformity of
active pharmaceutical ingredients. Use of granulated materials instead of powdered materials can
improve flowability. In this study, the effect of particle size distribution on flowability of granulated
lactose was quantitatively analyzed. Three types of granulated lactose were classified into progressively
narrower size fractions, and nine samples were systematically prepared. The mass median diameters
were nearly constant (i.e., 130.5 ± 13.5 lm) and the geometric standard deviations ranged from 1.29 to
2.04. Two flow properties (angle of repose and compressibility) were measured. The correlations between
flow properties and the particle size distributions were analyzed, and the coefficients of determination
were obtained for different particle diameters and cumulative mass fractions. The optimal conditions
to maximize the coefficients of determination were defined. Furthermore, static and dynamic friction
properties were evaluated, and their correlations with particle size distribution were calculated.
� 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
1. Introduction

Excipients are critical to optimal tablet performance. However,
inappropriate combinations of excipients and active pharmaceuti-
cal ingredients (API) can result in decreased powder flowability,
which can affect tablet weight and API content uniformity [1]. Lac-
tose is widely used as an excipient because of its excellent physical
and chemical stability, low hygroscopicity, water solubility, and
cost effectiveness [2].

Conventional methods such as measurement of the angle of
repose and compressibility have been used to evaluate powder
flowability in pharmaceutical tableting [3,4]. However, due to
improvements in tablet design using direct compaction, alternative
methods for characterizing powder flowability are required.

Shear cell tests are used to evaluate the mechanical properties
of consolidated powders, such as yield locus, critical state line,
angle of friction, shear cohesion, and flow function, which are
determined from measurements conducted during shear and nor-
mal stress conditions [5]. Rotating drum tests can be used to eval-
uate aggregation properties, which are based on avalanching
behavior observed at various rotation speeds and operation times
[6]. Powder rheology tests measure the forces acting on blades
rotating in a powder bed or a fluidized bed [7]. The vibrating tube
method [8–10] and the vibration shear tube method [11,12] mea-
sure the mass of powder discharged from the tube as a function of
vibration intensity, which is used to analyze the differences
between static and dynamic friction properties. The decision to
use a particular test method depends on its applicability, purpose,
and conditions of the powder [13–15].

Previous studies have shown that addition of a small amount of
fine particles can improve powder flowability, which was depen-
dent on mixing time and intensity [16,17]. Due to the presence
of fine particles on the surfaces, the apparent contact distance is
increased, resulting in reduced adhesion forces [18]. This mecha-
nism is similar to that caused by surface roughness [19–21].

Recently, APIs have been fabricated with increasingly smaller
particle diameters to enhance dissolution [22]. Consequently,
powder handling has become more difficult. Even when surfaces
are covered with fine particles, improvements in flowability are
minimal. To solve this problem, granulated materials have been
used instead of powdered materials [23,24].

Many factors influence powder flowability, such as particle size,
shape, density, adhesiveness, electrostatic chargeability, and other
surface conditions of the particles. In particular, particle size and
shape are the most important factors for flowability. The effect of
particle size and shape on the flowability of consolidated powder
beds has been evaluated using shear cell tests [25]. The effect of
these physical properties on flowability of lactose has been
evaluated using several methods [26,27]. The flowability of micro-
crystalline cellulose with different aspect ratios was examined
using the vibration shear tube method [12]. Powdered, granulated,
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Fig. 2. Schematic diagram of the vibrating tube system.
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and spray-dried mannitol have been characterized using two
flowability testers [28]. Comparative evaluation of flow properties
of granules has been conducted [29].

Powder flowability depends on the distribution and the average
values of the physical properties of formulations. However, meth-
ods to quantitatively evaluate the correlation between flowability
and distributions of physical properties have not been developed.

In this study, the effects of distributions of physical properties
on flowability of granulated lactose were quantitatively evaluated.
Nine samples were systematically prepared by classifying three
types of granulated lactose into progressively narrower size frac-
tions. Two flow properties (angle of repose and compressibility)
of each sample were measured, and the correlation between the
flow properties and the distributions of the physical properties
were analyzed in detail. In addition, static and dynamic friction
properties were evaluated.

2. Materials and methods

2.1. Materials

Granulated lactose, Dilactose� R (Freund), SuperTab� 30GR
(DFE Pharma), and Tablettose� 80 (Meggle) were used as excipi-
ents in this study.

Fig. 1 shows images of granules collected using a scanning elec-
tron microscope (SEM, VE-9800, Keyence Corporation). The three
types of granulated lactose are designated as lactose A, B, and C.
The images indicate that the granules had rough surfaces and the
particle shapes were irregular. However, the aspect ratios were
not too large. In addition, these samples had broad size distribu-
tions. In particular, lactose B and C contained more small particles
than lactose A.

2.2. Preparation of samples and measurement of particle size and
shape

To analyze the effect of particle size distribution on flowability,
the granules were classified into progressively narrowing size frac-
tions. Large granules were removed using a 212 lm sieve, and
small granules were removed using a 75 lm sieve or an air classi-
fier (TC-15, Nisshin Engineering). Nine samples were systemati-
cally prepared. The particle size distribution of each sample was
measured using a laser diffraction particle size analyzer (SALD-
2200, Shimadzu).

Particle shape was quantified using a particle image analyzer
(Morphologi G3, Malvern Instruments). The granules were dis-
persed on a plate using airflow with a gauge pressure of 0.1 MPa.
The granules were photographed digitally at a magnification of
247� with a pixel size of 0.56 lm. To analyze particle shape, we
quantified circularity (Cir), which can be used to quantitatively
evaluate particle shape irregularities such as surface roughness,
as determined by the following equation,
200 m 

(a) Lactose A (b) Lact

µ

Fig. 1. SEM image
Cir ¼ 2
ffiffiffiffiffiffiffi

pA
p

P
ð1Þ

where A is the particle area and P is the particle perimeter.
2.3. Evaluation of flowability

We measured the angle of repose (/) and compressibility (C).
The / values were measured using a device (AOR-57, Tsutsui Scien-
tific Instruments) designed for this purpose. Each sample was dis-
charged from a hole with an inner diameter of 8 mm and, while
maintaining a free fall distance of 50 ± 5 mm, accumulated on a
disk 60 mm in diameter. Compressibility values were determined
using a tap density tester (TPM-1, Tsutsui Scientific Instruments)
as follows. First, a 150-ml graduated cylinder was loosely filled
with 100 ml of sample and the bulk density (qb) was measured.
Next, the cylinder containing the sample was tapped from a height
of 20 mm 200 times at intervals of 2 s, allowing for measurement
of the tapped density (qt). The C value was determined using the
following equation:

C ¼ qt � qb

qt
ð2Þ

We also characterized flowability using the vibrating tube
method to evaluate the static and dynamic friction properties of
the samples. The amounts of granules discharged from a tip was
200 m 200 m 
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Fig. 3. Particle size distributions measured using laser diffraction.
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Fig. 4. Projection images of lactose A1, and circularities obtained using a particle
image analyzer.
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measured at different vibration conditions. This method enables
high-sensitivity measurement of powder flowability, and requires
a small amount of sample [8–10].

Fig. 2 shows a schematic diagram of the experimental apparatus
for the vibrating tube method. This system is based on the
Dynamic Powder Flow Tester� (IMP Co., Ltd.), which consists of a
glass tube, a piezoelectric vibrator, a laser vibrometer, a digital
scale, and a computer. The length and inner diameter of the glass
tube were 180 and 12 mm, respectively. The inner diameter of
the tip was narrowed to 3 mm to increase the discharge resistance.
The vibration frequency was set to 340 Hz, and the amplitude of
vibration was increased for 60 s at a constant rate. The flowability
profile, reported as the relationship between the mass flow rate
and the vibration acceleration, was obtained.

All experiments were conducted under standard laboratory
conditions (temperature: 25 ± 2 �C, relative humidity: 50 ± 10%),
and minor environmental variations did not affect the experimen-
tal results.

3. Results and discussion

3.1. Particle size and shape distribution

Fig. 3 shows the mass-based particle size distributions of each
of the samples. These measurements indicated that the particle
size distributions were classified by narrowing ranges. To quantify
the width of the distribution, the geometric standard deviation
(rgDp) was calculated as follows:

rgDp ¼ Dp50

Dp15:9
ð3Þ

where Dp50 is the mass median diameter and Dp15.9 is the particle
diameter at 15.9% of the sample mass. The three Dp50 values for lac-
tose A were in the range of 141.5 ± 2.5 mm, and the value of rgDp

decreased from 1.41 to 1.29 by applying the above classification.
The Dp50 values for lactose B and C were 135.0 ± 5.0 mm and
124.0 ± 7.0 mm, respectively, and the rgDp decreased in a manner
similar to that of lactose A. All particle size distribution results
are summarized in Table 1.

Fig. 4 shows projection images of lactose A1, arranged in
increasing order of circularity, obtained using a particle image ana-
lyzer. The particle diameters in these images were 141 lm, which
was equal to the Dp50 value. As circularity increased, particle shape
irregularity and surface roughness decreased.

Fig. 5 shows the particle shape distributions of each sample, as
measured using a particle image analyzer. The symbols in this fig-
ure are defined in Table 1. To quantify the widths of the distribu-
tions, we used the geometric standard deviation (rgCir) using the
following equation:
Table 1
Physical properties of samples.

Material Code Symbol Dp10 (lm)

Lactose A A-1 90

A-2 97

A-3 102

Lactose B B-1 70

B-2 86

B-3 86

Lactose C C-1 47

C-2 72

C-3 88

Dp10: particle diameter at 10% of the sample mass; Dp50: mass median particle diameter
rgDp: geometric standard deviation of particle diameter; Cir50: count median circularity.
rgCir: geometric standard deviation of circularity.
rgCir ¼ Cir50

Cir15:9
ð4Þ
where Cir50 is the median circularity and Cir15.9 is the circularity at
15.9% of the particles. The Cir50 values for all of the samples ranged
Dp50 (lm) rgDp (–) Cir50 (–) rgCir (–)

141 1.41 0.85 1.08

144 1.37 0.83 1.07

139 1.29 0.88 1.06

140 1.68 0.86 1.11

139 1.45 0.81 1.10

130 1.38 0.88 1.08

123 2.04 0.90 1.08

117 1.44 0.89 1.07

131 1.37 0.87 1.07

.
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A
ng

le
 o

f r
ep

os
e,

 ϕ
(˚

 ) 

45 

35 

25 

50 

40 

30 

Codes:     1,     2,     3 

Lactose A Lactose CLactose B

Fig. 6. Results of angle of repose.

R2 = 0.65 

(a) 

60 100 20 40 80 120 

(b) 

Particle diameter at 50% cumulative mass, Dp50 (µm) 

R2 = 0.22 

120 160 80 100 140 180 

Particle diameter at 10% cumulative mass, Dp10 (µm) 

A
ng

le
 o

f r
ep

os
e,

 ϕ
(˚

 ) 
A

ng
le

 o
f r

ep
os

e,
 ϕ

(˚
 ) 

45 

35 

25 

50 

40 

30 

45 

35 

25 

50 

40 

30 

Fig. 7. Effects of particle diameter at 10% and 50% of cumulative mass on angle of
repose.

1 

C
oe

ffi
ci

en
t o

f 
 d

et
er

m
in

at
io

n,
 R

2  (
–)

 

0.6 

0.2 

0 

0.8 

0.4 

Cumulative mass fraction of particles, FDp (–) 
0.6 0.2 0.8 0.4 0 

Fig. 8. R2 value for the relationship between / and FDp.

124 Y. Kudo et al. / Advanced Powder Technology 31 (2020) 121–127
from 0.81 to 0.90, and the rgCir values ranged from 1.06 to 1.11. All
circularity results are summarized in Table 1.

3.2. Angle of repose and compressibility

Fig. 6 shows a bar chart representing the angle of repose /
results obtained from the nine samples. The results for each type
of granulated lactose are arranged in descending order of width
of particle size distribution. Sample codes in this figure correspond
to those in Table 1. Each value represents the mean of three
independent experiments and the error bars indicate standard
deviations. The / value of lactose A1 was 40�, and the values of
A2 and A3, which had narrower particle size distributions, were
relatively lower. A similar tendency was observed for lactose B
and C. In particular, the / value for lactose C clearly decreased with
decreasing particle size distribution.

Fig. 7(a) shows the effect of the particle diameter at 10% of the
sample mass (Dp10) on / for each the samples. The symbols in this
figure are defined in Table 1. The value of / decreased with
increases in Dp10 (negative correlation). These results indicated
that reduction of the proportion of the number of particles with
diameters smaller than 100 lm improved flowability. The coeffi-
cient of determination (R2) produced by linear regression analysis
was 0.65. Fig. 7(b) shows the effect of the Dp50 on the / value. A
similar negative correlation was observed between these two vari-
ables. However, the R2 value was as low as 0.22, which was signif-
icantly lower than that observed for the Dp10 values. These results
indicated that the average value of the particle size distribution
was not suitable for evaluating the effect of particle size on flowa-
bility. As such, the effect of the cumulative mass fraction (FDp) on
R2 must be evaluated.

Fig. 8 shows the R2 value for the relationship between the angle
of repose and FDp. As FDp increased, the R2 value increased, and
reached a maximum at FDp = 0.1. As FDp increased above 0.1, the
R2 value decreased. These results were likely due to two factors:
(1) when FDp was very small, the amount of data was limited; (2)
when FDp was large, the data included large particles and small
particles. In previous studies, Dp10, Dp50, Dp90, and the differences
between these values, were used to evaluate the effects of particle
size distribution on powder flowability [15,28,29]. In our quantita-
tive analysis, the validity of Dp10 as an indicator of powder flowa-
bility was confirmed. As such, the analysis methods in this study
may be beneficial for evaluation of the effects of particle size distri-
bution on flowability.

Fig. 9 summarizes the compressibility results. For each of the
types of granulated lactose, the compressibility clearly decreased
with decreasing width of particle size distribution.

Fig. 10(a), which summarizes the effects of Dp10 on C, demon-
strates a clear negative correlation between the two variables, with
R2 values as high as 0.92. Therefore, the proportion of small parti-
cles less than 100 lm was the main factor that influenced com-
pressibility. Fig. 10(b) shows the effect of Dp50 on C. A similar
negative correlation to that observed between C and DP50 was
observed between these two variables. However, the R2 value for
the relationship between C and DP50 was 0.41, which was signifi-
cantly lower than that for Dp10.

Fig. 11 shows the R2 value for the relationship between C and
FDp. The results for C were similar to those for angle of repose in
that the R2 value was maximal at FDp = 0.1. The maximum R2 value
was 0.92, which indicated that the particle size distribution
affected the compressibility more significantly than it affected



R2 = 0.92 

(a) 

60 100 20 40 80 120 

(b) 

Particle diameter at 50% cumulative mass, Dp50 (µm) 

R2 = 0.41 

120 160 80 100 140 180 

Particle diameter at 10% cumulative mass, Dp10 (µm) 

0.1 

0 

0.3 

0.2 

C
om

pr
es

si
bi

lit
y,

 C
 (–

) 
C

om
pr

es
si

bi
lit

y,
 C

 (–
) 

0.1 

0 

0.3 

0.2 

Fig. 10. Effects of particle diameter at 10% and 50% of cumulative mass on
compressibility.

1 

0.6 

0.2 

0 

0.8 

0.4 

0 0.6 0.2 0.8 0.4 

Cumulative mass fraction of particles, FDp (–) 

C
oe

ffi
ci

en
t o

f 
 d

et
er

m
in

at
io

n,
 R

2  (
–)

 

Fig. 11. R2 value for the relationship between C and FDp.

M
as

s f
lo

w
 ra

te
, w

(g
/s

)

0.2 

0.1 

0 

αc=28 m/s2 

0.17 g/s

0.16 g/s

0.26 g/s
0.23 g/s

Vibration acceleration, α (m/s2) 

αc=24 m/s2 

0.16 g/s
0.15 g/s

(a) Material & code: 
Lactose C1

(b) Lactose C2

(c) Lactose C3

100 0 200 300 400 500 

αc=17 m/s2 

0.3 

100 0 200 300 400 500 

100 0 200 300 400 500 

0.2 

0.1 

0 

0.3 

0.2 

0.1 

0 

0.3 

Fig. 12. Flowability profiles obtained using the vibrating tube method (ac: critical
vibration acceleration).

Lactose A Lactose CLactose B

C
om

pr
es

si
bi

lit
y,

 C
 (–

) 

0.1 

0.2 

0.3 

0 

1,     2,     3 

Fig. 9. Results of compressibility.

Y. Kudo et al. / Advanced Powder Technology 31 (2020) 121–127 125
the angle of repose. The evaluation method with high correlation is
considered to have fewer factors, and reduction of the proportion
of small particles will be an effective method to improve the
compressibility.

The above analysis method was also used to evaluate the effects
of particle shape distribution on flowability. However, no clear cor-
relation was observed, and the shape of the granules had little
effect at Cir50 = 0.81–0.90 and rgCir = 1.06–1.11. These results were
likely due to the samples being prepared by particle size classifica-
tion. If the samples had been prepared based on particle shape dis-
tribution, the effect of particle shape may have been significant.
Although many reports have discussed the effects of particle size
and shape distributions, the results always depend on the nature
of the samples [26–29]. Therefore, appropriate analysis methods
to evaluate physical property distributions are required. The
method presented in this study, in which the relationship between
R2 and FDp was evaluated, will provide objective and appropriate
evidence that can be used to develop materials in the pharmaceu-
tical field and to optimize granulation conditions in formulation
development.
3.3. Vibrating tube method

Although angle of repose and compressibility are properties
indicative of powder flowability, these flow properties are influ-
enced by various factors including static and dynamic friction.
We evaluated the static and dynamic friction properties of lactose
granules using the vibrating tube method.

Fig. 12 shows representative results of the flowability profiles
obtained using the vibrating tube method. The three results are
arranged in descending order of the widths of the particle size dis-
tributions. Each flowability profile represents the mean of seven
independent experiments and the error bars indicate standard
deviations. Although the flowability profiles depended on particle
size distribution, these profiles had some features in common.
The granules became fluidized as the vibration accelerated, allow-
ing the granules to flow out of the glass tube. As the vibration con-
tinued to accelerate, the state of fluidization was enhanced, and the
mass flow rate increased, allowing for a high degree of flowability.
However, once the vibration accelerated to a greater extent, the
granules became compressed, and the mass flow rate decreased
slightly.

Flowability is related to static friction at the vibrational acceler-
ation at which the granules begin to flow, which is termed the crit-
ical vibration acceleration (ac). Smaller ac values indicate higher
flowability. Each ac value was determined as the value of the x-
axis intercept, which was obtained from the linear approximation
of the sharp increase in mass flow rate [16,17].



R2 = 0.87 

C
rit

ic
al

 v
ib

ra
tio

n
 a

cc
el

er
at

io
n,

 α
c

(m
/s

2 )
 

25 

15 

5 

35 
(a) 

60 100 20 40 80 120 

C
ha

ra
ct

er
is

tic
 

m
as

s f
lo

w
 ra

te
, w

α
(g

/s
)

(b) 

Particle diameter at 10% cumulative mass, Dp10 (µm) 

0.35 

0.05 

0.25 

0.15 

R2 = 0.69 

60 100 20 40 80 120 

Fig. 13. Effect of particle diameter at 10% of cumulative mass on (a) critical
vibration acceleration and (b) characteristic mass flow rate.

126 Y. Kudo et al. / Advanced Powder Technology 31 (2020) 121–127
Flowability related to dynamic friction was evaluated using the
mass flow rate (wa) at the stable flow region after the sharp
increase in mass flow rate. Since the load applied during measure-
ment of the angle of repose and compressibility was not exces-
sively large, we evaluated the flowability using the vibrating tube
method, and we analyzed the data at low vibrational acceleration.

For lactose C1, the two values obtained were ac = 28 m/s2 and
wa = 0.16–0.17 g/s. For lactose C3, which had a low proportion of
small particles, ac decreased to 17 m/s2 and wa increased to
0.23–0.26 g/s. These results suggested that the flowability related
to the static and dynamic friction increased with a decreased pro-
portion of small particles.

Fig. 13(a) shows the effect of Dp10 on ac for each of the samples.
The error bars indicate maximum and minimum values of ac
obtained from seven independent experiments, and the symbols
are defined in Table 1. The ac and Dp10 values were negatively cor-
related. The coefficient of determination for this relationship was
high (R2 = 0.87), which suggested that removal of small particles
was an effective method to improve flowability related to static
friction.

Fig. 13(b) shows a positive correlation between wa and Dp10.
The coefficient of determination for this relationship was 0.69,
which was slightly lower than that observed for static friction.
Thus, dynamic friction is considered to have more factors, and
the proportion of small particles is one of the main factors. These
results indicated that removal of small particles was an effective
strategy to improve flowability related to dynamic friction.
4. Summary and conclusion

In the present study, three types of granulated lactose were
classified into progressively narrower size fractions, and nine sam-
ples with mass median diameters of 130.5 ± 13.5 lm and different
geometric standard deviations ranging from 1.29 to 2.04 were pre-
pared to evaluate the flowability of granules. Three different tests
were conducted to determine flow properties (the angle of repose,
compressibility, and static and dynamic friction). These properties
were evaluated by focusing on the distributions of physical
properties (particle size and shape). The results obtained from
the experiments performed in this study are summarized as
follows: The relationships between flow properties and particle
diameter were obtained, and the coefficients of determination R2

of the associated linear regression analyses were determined for
ranges of Dp and FDp. The maximum R2 values were obtained at
FDp = 0.1. The maximum R2 value for compressibility was 0.92,
which was larger than that for the angle of repose. The distribu-
tions of granule circularity were measured, and the medians and
the geometric standard deviations were distributed across the
ranges of 0.81–0.90 and 1.06–1.11, respectively. The dependence
of flow properties on particle shape was minimal. Static and
dynamic friction were determined using the vibrating tube
method. The R2 value for flowability related to static friction at
FDp = 0.1 was 0.87, which was larger than that for dynamic friction.
The method presented in this study for evaluating the relationship
between R2 and FDp, provided objective and appropriate evidence.
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