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A B S T R A C T

The effect of tablet tensile strength, drop height, number of drops and formulation on the propensity of tablet
defects was investigated using modified tablet drop tests. It was found that increased drop height and number of
drops increase the likelihood of tablet breakage; whilst increasing tablet tensile strength and using formulations
with a high microcrystalline cellulose content provides some level of resistance against such defects. In addition,
the present work highlights that common industrial tensile strength targets (1.7–2.0MPa) may not, in some
circumstances, be sufficient to prevent tablet defects during manufacture and transfer. Lastly, the current work
also suggests that tensile strength, toughness and Young's modulus may not be suitable parameters in predicting
the likelihood of tablet defects and damage arising.

1. Introduction

The manufacture of tablets is a complex and multi-parametric pro-
cess in which measures and in-process checks are employed to ensure
tablets of acceptable quality are produced for patient use. One of the
factors integral to tablet manufacture is tensile strength; defined as the
resistance of a solid specimen (such as a tablet) to fracture [1]. The
tensile strength of a tablet is dependent on several factors such as
density of powder material, compaction force and speed, moisture
content, excipient, and tablet dimension [2–5].

A tablet needs to possess sufficient tensile strength to prevent da-
mage during manufacture, handling, packaging and transport. At the
same time some tablet formulations need to be sufficiently weak to
allow it to disintegrate in the body to aid drug release. The industry
standard for determining tensile strength includes the diametrical
compression test, in which a force is applied along the length of a tablet
until the tablet breaks or fails along its diameter [2]. Usually, a tensile
strength of approximately 1.7–2.0MPa is considered acceptable in
meeting such requirement [6].

At some stages of a typical pharmaceutical tablet manufacturing
chain, tablets endure impacts on multiple occasions (such as tablet
collection following compression, and loading/unloading of tablet
coating pans), which can lead to defects such as chipping and breakage.
The first tablets of a batch to experience the transfer tend to be more
susceptible to defects, owing to impacting on a harder surface (impact
forces on steel surfaces which are greater than for an existing tablet
bed) and higher drop heights (into empty containers and vessels, again

resulting in greater impact forces).
Such a problem is often overlooked since the affected tablets often

occur at the bottom of collection drums and containers, hence are
hidden from sight during visual inspection. Tablet damage, including
breakage and chipping, is attributed to multiple factors ranging from
the intrinsic properties of certain tablet formulations, to the manu-
facture and transfer process itself.

This free-falling impact is not slow deformation under pressure as
simulated by the diametrical compression test, but involves rapid de-
formation and transfer of energy, that leads to fracture such as chipping
and breakage. Due to this limitation, the diametrical compression test is
sometimes supplemented with the Roche friability test that involves the
tumbling of tablets in a friabilator made of synthetic polymer with
diameter of 0.283–0.291m. Although these tests attempt to simulate
the condition in which the tablets are exposed during manufacture,
such test parameters are far from the actual circumstances that phar-
maceutical tablets are subjected to in commercial manufacture. During
commercial manufacture and bulk handling, tablets are subjected to
greater drop height and harder surface of impact. Therefore, the Roche
friability test was not used in this work.

Tablet defects impart financial burden on pharmaceutical compa-
nies. This is caused by failure in the validation process as well as hin-
dering the drug development timeline. From a clinical perspective,
defected tablets may result in therapeutic failure as well as reducing
patient compliance. Due to the magnitude of this issue, attempts have
been made to understand the mechanism that contributes to tablet
defects arising during commercial manufacture and transport. Albion
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et al., studied the breakage of tablets during pneumatic conveying
through the use of an acoustic sensor. In their work it was shown that
transporting a large number of tablets (high tablet feed rate) at high
velocity resulted in increased tablet damage. The work highlights that
tablet defects are not only solely dependent on tablet properties but also
on the transfer process post-tabletting.

Recently, Hare et al., looked into the use of impact testing as a
means of evaluating the propensity of tablet defects as a function of
mechanical properties [7]. The work attempted simulate the impact
encountered by pharmaceutical tablets during commercial processing,
through the use of single tablet drop test. However, the applicability of
the result from such test to the actual impact encountered during
commercial manufacture may be limited. Defects may not only arise
from a single tablet-to-steel surface collision but may be attributed from
tablet-to-tablet collisions as well.

There is limited research to date that has attempted to examine the
interplay between tablet tensile strength, drop height and frequency of
tablet drop on the propensity of tablet breakage using a drop test which
simulates the actual transfer and processing conditions encountered by
pharmaceutical tablets. The objective of this study is to develop new
tablet drop tests that closely mimic the condition that pharmaceutical
tablets encounter during commercial manufacture. These tablets drop
tests were developed and evaluated with two placebo formulations-a
mannitol-based and a microcrystalline cellulose-based (MCC) placebo
formulation. The extent to which factors such as tablet drop height,
number of drops and tablet tensile strength influence the likelihood of
defects arising was investigated using these new drop tests. Such tests
may provide insight to whether the current industrial tensile strength
recommendation provides sufficient tablet robustness required to mi-
tigate defects during commercial manufacture and transfer.

2. Materials and method

Two types of placebo formulation were used in this study-a man-
nitol-based placebo formulation and an MCC placebo formulation. The
mannitol-based placebo formulation consisted of mannitol (88%)
(Pearlitol 200SD, Roquette, France), microcrystalline cellulose (7%)
(Avicel PH102, FMC Biopolymer, Ireland), sodium starch glycolate
(4%) (Glycolys, Roquette, France) and magnesium stearate (1%) (MgSt,
Peter Greven, Netherlands). This formulation was used to produce ta-
blets with targeted tensile strength between 0.5 and 4.0MPa. The MCC-
based placebo formulation consisted of microcrystalline cellulose
(99.75%) (Avicel PH102, FMC Biopolymer, Ireland) and magnesium
stearate (0.25%) (MgSt, Peter Greven, Netherlands). This was used to
produce stronger tablets with a targeted tensile strength between 2.8
and 8.4MPa. This is because mannitol-based placebo tablets exhibit
capping and lamination at a compression force greater than 35 kN, and
thus limit the maximum achievable tensile strength to 4MPa. Both
formulations were blended using a mobile bin blender (MB100,
Pharmatech, UK) using either a 5 or 10 L vessel (to ensure 50–60% fill)
in the tilted setting. For the mannitol-based formulation, all of the ex-
cipients except magnesium stearate were blended for 10min at 25 RPM.
Magnesium stearate was then sieved into the blend vessel using a
1.0 mm screen and blended for a further 5min at 25 RPM. For the MCC-
based formulation, magnesium stearate was sieved into the blend vessel
containing MCC. The mixture was then blended at 25 RPM for 20min.
The MCC-based placebo blend only has two constituents so does not
need blending prior to magnesium stearate addition. However, as there
was no pre-blending prior to adding magnesium stearate, a longer time
was used to ensure sufficient mixing.

A laboratory-scale rotary tablet press (Piccola Classic, Riva,
Argentina) was used to manufacture the tablets produced in this study.
The tablet press was set at 50 RPM turret speed. The tablet press was
fitted with 14.5×7.25mm oval tooling. The pre-compression force
was set at 1.5 kN for all runs. Placebo tablets of increasing tensile
strength were produced by increasing the main compression force

(MCF) of the tablet press. The compressed tablets were then char-
acterised (thickness, diameter, weight and hardness) using an auto-
mated tablet tester (HT100, Sotax, Switzerland).

The tablet tensile strength was calculated using the Shang equation
for round tablets [8], modified using the shape factor of 2/3 from the
Pitt equation [6] for oval tablets as shown below.
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where: σT is tensile strength (MPa), F is force (N) needed to cause
diametrical failure of tablet, D is tablet diameter (mm) and t is tablet
thickness (mm). The constants a= 0.14 and b=0.36 are empirically
determined parameters.

The tablet drop test was carried out using a tablet coater (Labcoat
IIX, O'Hara, Canada) as shown in Fig. 1. The modified coater aims to
mimic the conditions of tablet impact during manufacture and transfer
(depending on the installation design). During each test 100 tablets
were used. This provided a low fill level, allowing more tablets to im-
pact directly on the metal surface, although there will be some degree
of tablet-to-tablet impact occurring during this test. The coater drum
was rotated at 4 RPM without the presence of air flow or coating liquid.
After the first, fifth and tenth revolutions, the tablets were visually
inspected and the cumulative number of chipped and broken tablets
were recorded. The pan sizes were varied (0.38, 0.48, 0.61 & 0.76m) to
control the drop height of the tablets.

In order to carry out the drop test at a greater height than that
achievable by the modified tablet coater, a tablet drop tube was de-
signed as shown in Fig. 2. The tube was made using cardboard and a
stainless-steel collection bin. Similar to the modified coater drop test,
100 tablets were used and the tablets were inspected after 1, 5 and 10
drops. The adjustable tube neck allowed drop heights of 1.0, 1.5 and
2.0 m to be investigated, which covers a wide range of commercial
manufacture transfer conditions. For these increased drop heights, only
tablets possessing a targeted tensile strength of 3.0MPa or greater from

Fig. 1. Schematic showing the modification carried out on the tablet coater
drums through the insertion of a baffle at the ridge of the coater. Such design
allowed all of the tablets to be scooped and dropped simultaneously at close to
the full height of the coater drum.

Fig. 2. Schematic showing the design of a tablet drop tube. The tablets were
placed in a tablet holder which then released all the tablets simultaneously into
a stainless-steel bin to mimic impact during tablet collection and transfer.
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both placebo formulations were used.
The effect of tensile strength, drop height and number of drops on

the propensity of breakage was analysed using Design-Expert software
version 8.0.4 (Stat-Ease Inc., Minneapolis, USA). The significance of the
linear, 2FI (two-factor interaction) and quadratic models on the re-
sponses was determined. A base 10 log transform was used with a linear
transform to generate a breakage propensity contour plot for both
formulations.

Microtomography (SkyScan 1272, Bruker, Belgium) was performed
on three non-dropped mannitol-based placebo tablets and three dif-
ferent tablets which had been subjected to ten drops. Microtomography
was not carried out on the same individual tablets before and after
dropping, however it was carried out on tablets from the same batch.
Therefore, they are expected to exhibit similar properties. The scan was
carried out on a small sample size as the microtomography set-up was
limited to three tablets per analysis with each analysis spanning a
duration of up to 72 h. Tablets with a low target tensile strength of
0.5 MPa and those with a high target tensile strength of 2.4 MPa were
selected for the x-ray scans. Microtomography was used to provide a
preliminary insight as to whether there was any internal damage to any
of the tablets as a result of the impacts endured.

In order to compare the Young's modulus and toughness between
the two placebo formulations, a more comprehensive material analysis
was carried out using a texture analyser (TA-XT Plus, Stable Micro
Systems, London, UK). The material analysis was carried out under
compression mode on the tablets with a test speed of 0.03mm/s and a
trigger force of 0.010 kg. A 12.7 mm cylinder Delrin probe was used for
compressing the tablet. The Young's modulus of the tablets was ob-
tained from the gradient of the force-displacement curve. In addition,
tablet toughness, which is defined as the property of a tablet to absorb
energy within the plastic region, was calculated from the area under the
force-displacement curve [9].

3. Results and discussion

Increasing the main compression force (MCF) resulted in tablets of
increasing tensile strength and decreasing thickness, as shown in Fig. 3.
Tablet weight and diameter remained unchanged with increasing MCF.

It has been shown by Wilson and Porter through empirical impact
testing that increasing tablet tensile strength may give tablets some
level of resistance against attrition and breakage [10]. The current
study shows that breakage decreases with increasing tensile strength for
both placebo formulations, and that increasing the drop height and
number of drops results in increased tablet defects, as shown in Fig. 4.
Such results echoed with the finding of Hare et al., that showed that
increasing drop height and number of drops resulted in increased tablet
defects. Increasing the drop height results in tablets having greater
impact velocity prior to impact on the stainless-steel surface. This then
results in a greater change in momentum that translates into greater
impact force experienced by the tablets. Such high impact force then
results in increased damage encountered by tablets and can even lead to
breakage. In addition, the impact of further tablets with greater velocity
onto the already present tablets bed may result in further defects arising
from tablet-to-tablet collisions.

Fig. 4 also highlights that tablets of similar tensile strength
(1.7–2.0MPa) to common industrial targets still suffered significant
breakage, especially when subjected to multiple impacts. This suggests
that this current target tensile strength may, in some circumstances, not
be a sufficient development guideline in preventing tablet damage
during manufacture. Thus, it could be argued that a higher target ten-
sile strength ought to be aimed at when manufacturing tablets at a
commercial scale, to mitigate damage during transfer and bulk hand-
ling. In order to attain a higher tensile strength, the use of a higher
compression force may be necessary. However, this may not be a ju-
dicious solution as a higher compression force may cause tablets to
suffer defects such as cracking and lamination. In addition, a higher

compression force may result in tablets with low porosity that would
impede tablet disintegration during oral absorption, thus altering the
bioavailability of the delivered drug [11]. An alternative strategy would
be to use a softer landing surface in the manufacture of tablets. This
would result in a greater time for the change in momentum to occur
during impact, resulting in a lower impact force.

In order to gain an insight into the mechanism that may contribute
to how tablet defects arise, in relation to tensile strength and number of
drops, x-ray microtomography was carried out on the mannitol-based
placebo tablets of low and high tensile strength.

Fig. 5 shows that tablets for both tensile strengths may suffer from
internal defects (red arrows) prior to being dropped. Such defects may
arise from elastic recovery of the material following compression.
However, the likelihood for this crack to propagate upon subsequent
impact is greater for tablets of low tensile strength. This is confirmed by
the defects shown for dropped tablets in Fig. 5. Such low tensile
strength tablets are compressed at lower compression force resulting in
more porous tablets. Roberts et al., have suggested that materials with
high porosity have lower critical stress intensity factor (CSIF) [12]. CSIF
is a parameter used in fracture mechanics to estimate the stress required
to propagate a crack within a structure. Lower CSIF therefore promotes
crack propagation. The presence of such internal micro-cracks in
mannitol-based placebo tablets after compression, in tandem with a
lower CSIF, facilitates micro crack propagation. This may ultimately
result in defects arising in lower tensile strength tablets when tablets
are subjected to impact during transfer.

Fig. 3. Tablet tensile strength and thickness change with increasing MCF of
tablet press for a) Mannitol based placebo and b) MCC based placebo. Error bars
represent standard deviation determined from 10 replicates.
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It was observed that upon impact, tablets from both formulations
were more likely to chip than break. Such bias may be dependent on the
orientation of the tablet upon impact onto the metal surface. Albion
et al., in their work on the pneumatic transport of tablets, suggest that
chipping is more likely to occur when oval tablets impact longitudinally
[13]. Meanwhile, breaking occurred when such tablets impact sideways
onto metal surfaces. Comparison of the current observation, together
with the finding from Albion et al., may suggest that oval tablets are
more likely to impact longitudinally during transfer. This is expected
since this alignment would provide lower air resistance, thus the tablets
would preferentially align this way.

In addition, it was also observed that there was a discrepancy in the
defect rate between the two formulations as shown in Fig. 6. Initially,
there was marginal difference in % defect for both formulations at si-
milar target tensile strength after one drop. However, upon subsequent
impacts, it could be seen that the mannitol-based placebo tablets suf-
fered a significant increase in % defects in comparison to MCC-based
placebo. In addition, for tablets subjected to five and ten drops, there
was marginal difference in difference in % defect for both formulation
at lower drop height. However, with increasing drop height, there is an
apparent difference between the two formulations.

A material analysis of the two formulations was performed to de-
termine if there was any significant difference in other tablet material
properties which may explain the difference in defect rate between the
two formulations.

The result of the material analysis as shown in Fig. 7 suggests that
both formulations display a similar trend in Young's Modulus with

Fig. 4. Contour plot of mannitol-based and MCC-based placebo tablet breakage propensity with drop height and tensile strength. The number next to the contour line
represents the percentage of tablets with defects.

Fig. 5. X-ray microtomography of 0.5MPa and 2.4MPa mannitol-based pla-
cebo tablets for non-dropped tablets and those that have been subjected to ten
drops. Red arrows indicate micro-cracks within tablets. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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increasing compression force. In addition, at similar tensile strength
(4MPa), both formulations also displayed similar toughness. Despite
the similarities in these parameters, the two placebo formulations dis-
played significantly different defect rates, especially after 5 and 10
drops. This suggests that these parameters may not be suitable pre-
dictors of defect probability for tablets of different formulations. A
probable explanation for the poor material-independent defect pre-
dictive capabilities of these parameters may arise from the empirical

nature in which they are obtained. Such parameters arise from the slow
deformation of tablets under pressure which ultimately leads to
lengthwise failure. This does not mimic the situation of high impact and
rapid energy transfer when tablets fall onto hard surfaces. This dis-
crepancy may necessitate the use of impact testing in finding a suitable
predictive parameter for tablet defects [10,14].

The discrepancy in the defect rate of the two formulations may be
attributed to the inherent material properties of the excipients used. In
the case of the mannitol-based placebo, the higher mannitol content has
resulted in more brittle tablets which are prone to damage upon impact
[15]. Such tablet brittleness may be further enhanced by the higher
magnesium stearate content that contributes to a decrease in inter-
particular bonding within the tablet, making it more prone to crack
propagation and breaking when subjected to rapid deformation
[16,17]. Conversely, the MCC-based formulation suffered less damage
in comparison to the mannitol-based placebo.

MCC has been traditionally used in the manufacture of tablets as a
diluent and binder while functioning to some extent as a disintegrant.
However, in this work it could be seen that using high level of MCC
gives tablets the resistance against defects. This is attributed to the
chemical composition of MCC that contains both a crystalline and
amorphous region. The viscoelastic properties of MCC are attributed to
this amorphous region [18,19], and give tablets impact resistance and
recovery when subjected to free fall onto stainless steel surface. In
addition, the formation of strong hydrogen bonds and the high me-
chanical interlocking when MCC is compressed during tabletting may
reduce the likelihood of micro-crack propagation when tablets are
subjected to multiple drops [20]. Thus, it could be suggested that in-
creasing the composition of MCC in tablets may be an alternative
strategy to reduce the likelihood of tablet defects during commercial
manufacture.

4. Conclusion

Tablet drop height and number of drops is shown to significantly
increase the likelihood of tablet defects through chipping and breakage
of tablets for both formulations investigated. Increasing tablet tensile
strength provided some resistance to defects upon impact. This study
also highlights that the current industrial tablet tensile strength target
(1.7–2.0MPa) may not provide sufficient resistance against tablet de-
fect during transfer. Lastly, this study also proposes that tablets pos-
sessing similar tensile strength, toughness and Young's modulus may
have different defect probability which is dependent on the tablet for-
mulation. This suggests that these parameters may not be suitable to
predict the likelihood of tablet defects across different tablet formula-
tions.

Fig. 6. Line graph comparing the percentage of tablet defects between the
mannitol-based and MCC-based placebo tablets with drop height after 1, 5 and
10 drops at similar tensile strength (4MPa).

Fig. 7. Variation of Young's modulus with MCF for mannitol and MCC-based
placebo tablets.
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