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HIGHLIGHTS

o The drop test method is used to measure
the adhesion of powders.

e A window of operation for the adhesion
measurement using the drop test
method is defined.

e Automated image analysis for the
detection of the critical particle diam-
eter has been utilised.
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ABSTRACT

Powder adhesion often presents challenges within the pharmaceutical industry as it significantly affects powder
flowability and understanding its relationship with powder flow, especially through modelling, presents a major
advancement. Traditional approaches such as atomic force microscopy (AFM) and centrifuge method were
previously utilised to measure the adhesive force of particles, however, these methods are both time and cost
intensive necessitating the need for a more practical solution. This work endeavoured to investigate and develop
a window of operation for measuring the effective work of adhesion of both regular and irregularly shaped
powders using the drop test method, previously developed at the University of Leeds. For optimisation and
accuracy in obtaining the critical diameter of adhesion, the drop test rig was further developed so as to ensure
reliable and repeatable measurements of the impact velocity and contact time, which previously posed major
challenges. The effective work of adhesion of ibuprofen powders across different sample volumes was measured,
to establish a minimum number of analysed particles for ensuring the accuracy of the measured critical diameter.
A minimum of 640 ibuprofen particles was required resulting into an effective work of adhesion of 19.6 + 2.9
mJ/m?2. Moreover, the approach was tested on spherical particles, where effective work of adhesion of spherical
aluminium-alloy powders (7.7 + 1.8 mJ. /m?) was assessed. Furthermore, artificial intelligence is incorporated in
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parallel to effectively determine the critical diameter and compare it to the manually calculated values allowing

for an efficient image analysis.

1. Introduction

Powders often exhibit very complex and unpredictable bulk-scale
behaviour resulting into challenges associated with particulate pro-
cesses in the pharmaceutical industry. Powder flowability is a crucial
factor for the success of several pharmaceutical processes such as mix-
ing/blending, capsule filling and coating [1-3]. It is commonly known in
literature that poor flow behaviour of powders often results into variable
tablet or capsule weights, unacceptable content uniformity and ulti-
mately posing an obstacle in manufacturing [1-4]. Specifically, active
pharmaceutical ingredients (API) such as ibuprofen (IBU) powders are
known to be problematic due to their high surface adhesion, irregular
morphology and their high demands for solubility, which requires very
fine sizes thus increasing their propensity to agglomerate [5-7]. High
surface adhesion and irregularly fined shaped particles are often asso-
ciated with poor flow which consequently limits the continuous pro-
duction processes by inhibiting smooth powder handling and processing
[8].

An in-depth understanding of a powder’s adhesion properties is
expedient to predict powder flow, which is of great importance within
pharmaceutical applications so as to ensure products meet the desired
specification [9,10]. Understanding the correlation between adhesion
and powder flow is a major step forward and can be established using
modelling, particularly through Discrete Element Method simulation
(DEM) [11]. DEM requires a range of input parameters such as particle
adhesion, where is usually inserted as single values based on the applied
contact model such as the Johnson-Kendall-Roberts (JKR)-based contact
theory [12,13]. While majority of researchers use the “calibration
method” [14] there are limited work that have indeed implemented
measured properties, such as adhesion [11]. Furthermore, challenges
such as sticking, which is associated with adhesion problems during
tablet manufacturing, often presents itself towards the end of the
development process [15,16]. This calls for the need to be able to
numerically predict if a new formulation may exhibit adhesion problems
earlier in the research and development stage [15]. The lack of
computational models to predict powder flow in regards to particle
adhesion poses a great challenge within the process development stages
[17]. By effectively measuring the particle adhesion, the powder flow
can be predicted by utilising DEM, which can optimise and enhance
pharmaceutical powder processing.

Particle adhesion as an inherent powder property is defined as the
attraction between two solid entities as a result of forces acting over a
distance [18]. A range of interactions such as mechanical interlocking,
van der Waals and electrostatic forces further addresses particle-particle
and particle-surface adhesion. The particle-surface adhesion as a result
of these interactions generates variable flow, which is undesirable in the
pharmaceutical industry as it impacts dose uniformity and the quality of
the end product.

Adhesive force measurements can be categorised on the premise of
their particle-detachment action. The first category accounts for
methods that consist of the detachment of a large quantity of particles,
where the detachment force “acts simultaneously on all the adherent
particles present on the surface” [19]. These methods include the cen-
trifugal, vibrational, and impact techniques, while the second category
consists of methods that only measure the detaching force acting on a
single particle and not propagated to adherent particles such as the
atomic force microscopy (AFM) [20-23]. Additionally, Zhang et al. [24]
first introduced a novel micromanipulation technique for measuring the
mechanical strength of single cells, which was further developed to
directly measure the adhesive strength of biofilms through a T-shaped
probe [25]. It is important to note that the results obtained from these

techniques varies due to the individual mechanisms involved such as
differences in powder deposition, surface contact measurements and
strain rate [26]. Atomic force microscopy (AFM) that is widely used to
measure the adhesive force of particles, utilises a colloidal probe mea-
surement, where a single particle is attached to the end of a micro-
cantilever, limiting the number of particles analysed. Due to the single
point measurement on a surface, AFM does not take into account the
effective particle-particle-wall contact area nor does it provide an
average property of particles. The centrifuge method faces limitations as
well, since the resulting adhesion force distributions are influenced not
only by the adhesion mechanism and contact geometry but also by the
particle size distribution, which must be kept as narrow as possible to
minimise this effect [27,28]. Additionally, the centrifuge method is
associated with inflexibility for the operator due to the immobile and
heavy nature of the equipment [29]. Moreover, the aforementioned
techniques are not only costly but also time-consuming, necessitating
the development of more efficient solutions.

The impact techniques such as the studies conducted by Ermis et al.
[29], Zafar et al. [30], Deng et al. [28] and Pedrolli et al. [31] have
provided solutions to tackle the challenges associated with the tradi-
tional techniques such as eliminating single particle analysis that is both
time and cost efficient. Ermis et al. [29] developed a novel “impact
adhesion tester” to measure particle adhesion strength of food particles
on food surfaces. They compared their finding with the centrifuge
method and concluded that the adhesion forces calculated from both
techniques were very close in magnitude and in agreement with each
other [29]. Zafar et al. [30] developed the “drop test” technique to
measure the interfacial particle adhesion based on the Johson, Kendall
and Roberts (JKR) model of adhesion [12] and Newton’s second law of
motion. They conducted an experimental study by adhering particles on
to an aluminium substrate and subjecting them to a tensile force by
dropping them at a set height onto a stopper ring. The detachment force
of each particle was calculated using the mass particle, impact velocity
and the contact time during detachment. From the balance of the
detachment and adhesive force for a critical diameter size, above which
particles detach from the substrate and below which powders adhere
onto the surface, the interfacial specific energy was calculated. The
material they utilised in their experiments were salinized glass beads,
starch, Avicel and a-lactose monohydrate. However, their drop test
primarily focused on spherical particles, with limited methodology for
irregular particles, which presents significant challenges in measuring
particle adhesion. Furthermore, one of the limitations of the set-up was
the measurement of contact time during detachment which was central
for the calculation of adhesion force. Deng et al. [28] conducted a study
of particle adhesion for cohesive powders using the novel “mechanical
surface energy tester” and Bond number on tablet substrate powders
such as paracetamol, ibuprofen, lactose and calcium carbonate. They
calculated the adhesion force based on an assumption that this force is
equivalent in magnitude, but opposite in direction to the deceleration
force at detachment. Similar to the drop test the particles are adhered on
a substrate, which is halted against a stopper, where the detached par-
ticles are collected and measured for total mass [28]. The study
concluded that particle adhesion for cohesive powders can be analysed
in terms of particle size, with the Bond number used to represent powder
cohesiveness. Additionally, they noted that particle-surface adhesion is
influenced more by the particle properties, or “particle deposition sta-
tus,” rather than by the material’s surface [28]. Although an acceler-
ometer was used to obtain a wide range of acceleration values and
compare them with the total mass of detached particles, relying solely
on the total mass of detached particles may not accurately indicate the
critical diameter of a material. Moreover, Pedrolli et al. [31] presented a
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Fig. 1. Scanning electron microscope (SEM) images of (a) ibuprofen and (b) aluminium-alloy powders.

novel interpretation of the JKR model allowing for the development of a
test procedure by using a novel “kinetic adhesion test” using stainless
steel, borosilicate glass and UPVC film. The “kinetic adhesion test” was
developed to determine particle surface energy in a streamlined pro-
cedure at a time and cost-effective manner [32]. Their work was also
based on the balance between the kinetic and adhesive energy for the
determination of the mesoscale adhesive energy, which was experi-
mentally verified through the measurements of the contact radius [31].
Their method aimed at DEM simulations which enabled modelling the
behaviour of cohesive powders through the adhesive energy value using
the JKR contact model. By utilising the”’kinetic adhesion test”, the values
for the adhesive energy were calculated promptly and with ease to be
used in simulations where the microscopic interactions are not modelled
[31]. The kinetic adhesion test was based on a magnetic release mech-
anism of the sample carrier, which could be subject to wobbling during
impact due to the air drag.

The aim of this work is to measure the effective work of adhesion of
irregularly shaped ibuprofen powders and spherical aluminium-alloy
powders by employing the drop test technique, which was first intro-
duced by Zafar et al. [30]. In this paper, we aim at developing a more
systematic methodology for the particle adhesion force measurement
using the drop test technique. To optimise and accurately calculate the
critical diameter, the in-house drop test has been further developed to
minimise errors associated with impact velocity and contact time during
detachment, which were previously measured using a high-speed cam-
era. In addition, our work endeavours to provide a systematic method-
ology for calculating the effective work of adhesion for both spherical
and irregularly shaped particles. According to the best of our knowledge,
adhesion measurement of irregularly shaped particles have not been

extensively investigated in literature, especially in regards to a system-
atic methodology. Furthermore, establishing a minimum volume of
sample (associated with the analysed particle number) is imperative, as
falling below this threshold significantly compromises the accuracy of
the measured critical diameter. Moreover, artificial intelligence is
incorporated in parallel to effectively determine the critical diameter
and compare it to the manually calculated values allowing for an effi-
cient image analysis.

2. Methodology and experimental procedure
2.1. Materials

Ibuprofen, an active pharmaceutical ingredient, is used as the model
material in this study. The ibuprofen powders crystallised in hexane and
supplied by BASF was dispersed on a polished aluminium substrate with
a diameter of 15 mm. Fig. 1 below demonstrates the scanning electron
microscope (SEM) images of the ibuprofen particles characterised by
needle shaped morphologies and agglomerates due to the presence of
strong inter-particle forces. Additionally, aluminium-alloy powders
characterised by a D5 of 45 pm was used as a secondary material to
investigate and test the application of the method on spherical particles.
Fig. 1(b) displays the scanning electron microscope (SEM) images of
aluminium-alloy particles that exhibited regular, spherical
morphologies.

Morphologi G3® is an advanced particle size and shape characteri-
sation tool or in other words, an automated optical microscope with a
software package that enables the measurement of particle size and
shape based on two dimensional image capture [33]. Based on the
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Fig. 2. Volume based particle size distribution of the ibuprofen powders.
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Fig. 3. Number based particle size distribution of the ibuprofen powders.

simple principle of an optical microscope, a transmitted or reflected
light is used to generate an image, where the objective lens collects the
lights passing through the particle, generating a magnified image.
Additionally, characterising a three dimensional (3D) particle often
poses major bottlenecks, hence for practicality and consistency, it is
convenient to describe particle size as a single number such as the Circle
Equivalent (CE) diameter [33]. The image analysis involves the two
dimensional (2D) image capture of a 3D particle. The Morphologi G3®
evaluates the Circle Equivalent (CE) diameter of a circle with the same
projected area as the 2D image of the particle. Fig. 2 and Fig. 3 below
demonstrates the volume and number based particle size distribution of
the ibuprofen powders by utilising the Morphologi G3®, respectively.
This illustrates that the sample consists of a wide particle size distribu-
tion. The reason for the particle size distribution not exhibiting a smooth
trend across the three iterations may be due to the wide range of particle
sizes present, especially in samples consisting of very fine particles or
agglomerates [34]. Furthermore, the number of particles present for
each test may also cause variations in the smoothness of the graphs due

200

220

Table 1
Volume based particle size distribution of ibuprofen powders.
D[v, 0.1] D[v, 0.5] D[v, 0.9]
(pm) (pm) (pm)
Iteration 1 50 95 147
Iteration 2 46 91 146
Iteration 3 47 90 146
Table 2
Number based particle size distribution of ibuprofen powders.
DIn, 0.1] D[n, 0.5] D[n, 0.9]
(pm) (um) (pm)
Iteration 1 7 29 77
Iteration 2 6 23 67
Iteration 3 6 27 73
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Iteration 1 Iteration 2

Iteration 3

Din, 0.1] D[n, 0.5] D[n, 0.9] D[n, 0.1] D[n, 0.5] D[n, 0.9] D[n, 0.1] D[n, 0.5] D[n, 0.9]
Circularity 0.42 0.72 0.91 0.47 0.76 0.93 0.44 0.74 0.92
Aspect Ratio 0.31 0.52 0.79 0.32 0.54 0.8 0.32 0.53 0.8
Elongation 0.2 0.48 0.69 0.2 0.46 0.68 0.2 0.46 0.68
Convexity 0.9 0.99 1 0.92 0.99 1 0.9 0.99 1
100
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Fig. 4. Cumulative volume based particle size distribution of the ibuprofen powders using laser diffraction.

Table 4
Volume based particle size distribution of ibuprofen powders using laser
diffraction.

Dl[v, 0.1] Dl[v, 0.5] Dl[v, 0.9]

(um) (pm) (pm)
Iteration 1 38 86 170
Iteration 2 38 87 174
Iteration 3 38 86 169

to sample-to-sample variations. Table 1 and Table 2 provides further
information of the volume based and number based particle size dis-
tribution of the ibuprofen powders over three iterations. It can be
deduced that the information of the particle size distribution obtained
by the Morphologi G3®, correlates well with the particle sizes portrayed
on the SEM images in Fig. 1(a). Table 3 summarises the shape factors
such as circularity, aspect ratio, elongation, and convexity obtained for
the ibuprofen powders using the Morphologi G3®. Convexity is a mea-
sure of a particle’s surface roughness and values that approach 1 sug-
gests that particles exhibit a “spiky” or rougher surface [33], which is
evident in Fig. 1(a). Elongation values closer to 1 suggests that particles
are elongated resembling a rod which is also depicted in Fig. 1(a). Aspect
ratio and circularity values approaching 1 indicates that particles are
closer to the shape of a sphere, however, it also indicates symmetrical
particles. It is imperative to note that a single shape factor is insufficient
to fully characterise a single particle, hence an understanding of the
combination of these shape factors is essential to accurately describe and
characterise the particles.

Additionally, Mastersizer 3000 ®, which is a laser diffraction particle
size analyser was utilised to measure the particle size distribution of the
ibuprofen. The wet method was utilised where the sample was prepared
by mixing 2.5 g of ibuprofen powder in 50 mL of Milli-Q water. This was
left on the stirrer for 10 min to ensure adequate mixing. A pipette was
then utilised to pour the sample in the instrument until reaching a suf-
ficient obscuration level. Fig. 4 provides the cumulative volume based

particle size distribution and Table 4 summarises the particle size dis-
tribution obtained from the Mastersizer 3000 ®. The particle size dis-
tribution obtained from the Morphologi G3® and Mastersizer 3000 ®
are correlated and have an acceptable variation, which is a result of the
differences in the techniques utilised by the two instruments.

Furthermore, the surface topography of the aluminium substrate was
examined using a Bruker-NPFlex Surface 3D Optical Profilometer. Fig. 5
(a) illustrates the surface of the substrate before applying the Gaussian
Regression filter, while Fig. 5(b) depicts the surface measurements after
applying the Gaussian Regression filter which result into the following
roughness parameters: peak (Sp), valley (Sy) and mean (S,) values of 2.2
pm, -3.5 pm and 0.03 pm, respectively. Fig. 5(c) portrays the 3D view of
the substrate where the scratches are evident, which is due to the limi-
tations posed by the available polishing instrument. It is important to
note that, although the roughness values are significantly smaller than
the particle sizes, they can influence the particle-substrate contact area
and consequently the adhesive properties.

2.2. Development of the drop test rig

The drop test measures the effective work of adhesion, I', of particles
by subjecting them to a dynamic tensile force. The effective work of
adhesion, I, is then calculated by balancing the detachment force (as
described by Newton’s second law of motion) and the adhesive force (as
per the JKR model of adhesion) for a critical particle size of a given
sample [30]. Theoretically, particles smaller than a critical size will
remain attached, while those larger will detach from the surface of the
substrate to which they adhered on. The “critical diameter” is the
diameter of an imaginary particle that has an adhesion force equal to its
detachment force and is assumed to lie in the range of the particles still
adhered on the substrate after the drop test and the detached particles.

The original drop test set-up, developed by Zafar et al. [30] was
further upgraded for the following purposes:
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Fig. 5. Surface topography measurements of the substrate using the NPFlex Surface 3D optical Profilometer, where (a) and (b) is the substrate before and after
applying the Gaussian Regression filter, respectively. Fig. 5(c) is the 3D profile of the substrate.

1-

N
)

The initial design was prone to the wobbling effect where the sub-
strate was manually dropped. To mitigate this effect, parallel bearing
bars was utilised to allow the dropping platform travel down without
any significant friction or vibration. The substrate was fitted on the
dropping platform using a butterfly screw and released through the
release mechanism in Fig. 6(b), ensuring that the dropping platform
carrying the substrate is dropped at a precise and consistent manner,
allowing it to land directly on top of the stopper stage without any tilt
or misalignment. This ensures even tensile force distribution across
the particles. A video of how the dropping platform travels down and
impacts the stopper stage can be found in Appendix D.

A high-speed camera was previously used to calculate the contact
time during detachment, which was not only time consuming as it
required a separate set-up but also resulted into inaccuracies due to
the limitations of the camera’s operating window. To eliminate these
challenges, a piezoelectric ring was positioned on top of the stopper
stage and held in place with a holder as depicted in Fig. 6(d) so as to

measure the contact time upon impact at a reliable and repeatable
manner.

3- The impact velocity was also measured using the high-speed camera
in the previous design, resulting into inaccuracies associated with its
set-up and analysis. To ensure repeatable and reliable results, pho-
tomicrosensors were implemented to measure the impact velocity in
a controlled and automated manner. Fig. 6(a) depicts the position of
the photomicrosensors.

Fig. 6 illustrates the schematics of the upgraded in-house drop test
rig.
2.3. Set-up and methodology of the drop test

Establishing a standard operating procedure for measuring the
effective work of adhesion using the drop test is imperative for the ac-

curacy, reliability and the statistical robustness of the results. The major
challenge is associated with the quantity of APIs available, restricting
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Fig. 6. (a) Schematic drawing of the overall drop test rig with position of the photomicrosensors, (b) the release mechanism to disengage the dropping platform
carrying the substrate, (c) the top view of the substrate depicting the particles dispersed on the surface before the drop test and the remaining particles that remained
attached after the drop and (d) the stopper stage consisting of two blocks where the one in front consists of a hollow opening to allow passage for the detached
particles after the drop, while the block behind provides a surface to position the piezoelectric ring held by a holder.
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Fig. 7. Volume based particle size distribution of the ibuprofen powders at different dispersion pressure.

the use of traditional characterisation techniques, which require a larger
amount of sample. However, despite the limited availability of samples,
it is essential to establish a threshold below which the accuracy of results
is significantly compromised. This underscores the need to develop a
standardised operating procedure which is dependent on the particle
size distribution of a sample. The experimental work involved using the
drop test rig to measure the effective work of adhesion of the ibuprofen

powders across four different sample volumes: 7 mm3, 21 mrn3, 42 mrng,

and 49 mm?® based on the available Morphologi G3® spatulas with set
volumes. The samples were dispersed onto an aluminium substrate at a
dispersion pressure of 1 bar using the Morphologi G3®. 1 bar was used
as it ensured that there was no particle breakage. Fig. 7 and Fig. 8 il-
lustrates the volume based and number based distribution of the sample
dispersed at four different pressures. It is evident that as the pressure
increases, the number of finer particles increases suggesting that the
increase in pressure breaks the particles between approximately 80 pm
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Fig. 8. Number based particle size distribution of the ibuprofen powders at different dispersion pressures.

Fig. 9. Substrate made of polished aluminium stub divided into five areas namely; location 1, 2, 3, 4 and 5 for image analysis. Note: the large black marks on the
images are the reference points.

to 140 pm. Additionally, it is evident in Fig. 7 that the fraction of par- measurements due to the variations in the projected area. Furthermore,
ticles above 145 pm at 2 bar is more than at 1 bar, which may be a result particle interlocking as a result of irregular particle morphologies may
of several factors such as batch to batch variation of the powder sample result into clusters and agglomerates at 2 bar. It is evident from Fig. 8
deposited and effects of particle orientation, which impacts particle size that for particles below 6 pm, there is an increase in the finer particles at
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-> Binary images of the substrate pre-dispersion is captured using
Morphologi G3®.

-> Binary images of the substrate post-dispersion, with particles is
captured.

- The difference of the two images results into a rendered output image,
where the particles are isolated (Post-dispersion)-(Pre-dispersion).

- The area associated with the isolated particles is generated by the

_—I Individual particle diameters was calculated.

wn o~
ga— Image J software.
&2 | Post-
E E & | dispersion

<2

—IThe total mass of particles (Post-dispersion) was then calculated.

—|The average mass per particles (Post-dispersion) was then calculated.

J—{ The substrate is released from a height of 15 cm using the drop test rig.

-> The substrate is then taken back to the Morphologi G3®, where
binary images of the substrate post-drop test is captured.

- The difference between the post-drop test image and pre-dispersion
—iimage results into a rendered output image (Post-drop test)-(Pre-
dispersion).

- The area associated with the isolated particles post-drop test is
generated by the Image J software.

| _|Individual particle diameters that remained attached on the substrate after

The total mass of particles still attached on the substrate after the drop

The average mass per particles (remained attached on the substrate after

Total mass of the detached particles was then analyzed.

- drlt));s:;st [ |the drop test was calculated.
0 2R | ltest was then calculated
0o
£
- =% L |
<< the drop) was calculated.
Detached| — . .
“| Particles | | |(Post-dispersion)-(Post-drop test).

—|The average mass per detached particle was calculated.

The “critical diameter” lies in the range of the particles still adhered on the |
substrate after the drop test and the detached particle.

The average critical mass per particle, m
average mass per particle still attached on the substrate and the detached particles.

avg,critical W3S evaluated by taking the mean

Fig. 10. Simplified flow chart for manually isolating the critical diameter.

2 bar. It is important to note that this peak is only detected on the
number based distribution and is negligible on the volume based dis-
tribution. Generally, higher pressure bars are not advised as they change
the inherent particle size and morphological characteristics, hence why
the choice of 1 bar was utilised in this study.

The temperature and humidity were at ambient lab conditions,
which ranged from 21.1 °C to 24.6 °C and 43 % to 61 %, respectively.

This section provides a step-by-step explanation of the experimental
procedure:

1. A substrate with a detachable screw should be utilised as a sur-
face for powder adhesion. In this work a polished aluminium SEM
stub was used as the substrate. It was divided into five areas,
labelled as locations 1, 2, 3, 4, and 5 as illustrated in Fig. 9 below,
providing reference points for ease of analysis and identifying
particle orientation.

It is important to note that the colour variations observed in the
overall aluminium substrate and its five areas are due to the
binarized images captured by the Morphologi G3®.

2. The substrate was then placed under the microscope of the
Morphologi G3®, where images of each location were captured
before dispersion. This was done so instead of scanning the entire
area of the substrate which leads to inaccuracies in particle
detection as the edges of the particles can be distorted due to the

pixelated nature of the scan area generated as a direct output
from the Morphologi G3® software. By dividing the substrate into
five areas, a representative and accurate particle detection
through image analysis can be undertaken where the exact
orientation and nature of particles can be detected. A scale of 1
pixels/pm was implemented for all the images.

. All the images captured were of the same focal length and

exposure- lighting so as to ensure that the images were identical
for analysis.

. For the experiment, the substrate should always be positioned in

the same location on the stage to ensure consistency within the
dispersion area. The air dispersion is then set, and particles are
dispersed onto the substrate.

. After dispersion, exact images of each of the five areas with the

same magnification were captured. The reference points enabled
exact locations and orientation of particles to be detected.

. The substrate was carefully positioned onto the screw using a pair

of tweezers and then transferred to the drop test rig. To prevent
contamination and external forces such as drag during trans-
portation, the substrate was placed inside a glass jar cover.

. The substrate with the dispersed powders was then carefully

attached to the dropping platform (Fig. 6(b)). A drop height is
then adjusted (Fig. 6(a)) and the dropping platform is released
using the release mechanism (Fig. 6(b)). It should be noted the
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drop height should be chosen based on the adhesive properties of
particles in a way that enough number of particles would remain
attached to the substrate after the test for the analysis. For the
samples in this work, we shall stick to a 15 cm and 10 cm drop
height for the ibuprofen and aluminium-alloy powders, respec-
tively. Upon impact of dropping platform with the stopper stage
at the bottom of the rig (Fig. 6(d)), the particles on the surface of
the substrate experience tensile stresses, resulting particles larger
than a critical diameter to detach (Fig. 6(c)).

8. The impact velocity was measured using photomicrosensors,
which were positioned at an exact gap of 2.00 cm (Fig. 6(a)).
Upon release and the initiation of the drop, the two sensors were
able to detect the movement of the dropping platform. The
photomicrosensors which were attached to a PicoScope® 2000
Series Oscilloscope generated an output in the form of a graph of
voltage against time. This will be further explained in section 2.6,
step 1.

9. In parallel, upon impact of the dropping platform onto the

piezoelectric ring, the contact time was measured. The piezo-

electric ring was also attached to another PicoScope® 2000 Series

Oscilloscope where the output was generated simultaneously.

This will be further clarified in section 2.6, step 2.

The substrate was then carefully removed and positioned back

under the Morphologi G3®, where images of the post drop test for

each of the locations were captured.

Three iterations for each sample volume was undertaken. The

Morphologi G3® and the drop test rig were thoroughly cleaned to

avoid cross contamination. The electrostatic charging on the

surfaces of the equipment and substrate was mitigated by wiping
them with anti-static spray.

10.

11.

2.4. Image analysis- manual isolation of the critical diameter

The accurate calculation of the critical diameter on the substrate is
imperative in this work. The binary images of the substrate before and
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after the drop test (Fig. S. 1(b) and (c), respectively in the Supplemen-
tary Data S1: Appendix A) obtained from Morphologi G3® were used to
obtain the moment based critical particle size with the aid of the open-
source software, Fiji [35]. Images from each of the five locations (Fig. 9)
are analysed individually and then combined to identify the population
and distribution of the ibuprofen and aluminium-alloy particles on the
substrate, post-dispersion and post-drop test (See Fig. S. 2(a-d), in the
Supplementary Data, S1: Appendix A). The area of the particles gener-
ated were then converted to individual particle diameters (d, pm), which
were then used to calculate the total mass (m) of particles. It should be
noted that in this study the mass of particles on the substrate are under 1
ug, hence it was not feasible to conduct an accurate gravimetric mea-
surement. The Rice Rule [36] (Supplementary Data, S1: Appendix A, Eq.
S. 2) was utilised for calculating the bin size and the number of bins
required for a given number of observations, which is required for
calculating the total mass (m) of particles in each bin size (Supple-
mentary Data, S1:Appendix A, Eq. S. 3). The average mass of particles,
post-dispersion and post-drop tests was then calculated. Herein, the
mean of the average mass per particle still adhered post-drop test and
the average mass per detached particle are calculated to evaluate the
average critical mass per particle, Maygcriricat, i-€. the mass of particle
with “critical diameter” (Supplementary Data, S1:Appendix A, Eq. S. 5).
The detailed methodology on how the critical diameter is manually
isolated can be found in the Supplementary Data, S1: Appendix A.

Fig. 10 below demonstrates a simplified flow chart, which summa-
rises the steps taken to calculate the critical diameter. The entire process
is divided into four phases, namely; post-dispersion image analysis
(stage 1), drop test, post-drop image analysis (stage 2) and the evalua-
tion of the critical diameter. Post-dispersion image analysis (stage 1)
involves the necessary steps undertaken for isolating the particles
initially dispersed on the substrate. The drop test is then undertaken
which then leads to the third phase; post-drop image analysis (stage 2)
where the particles that remain attached on the substrate after impact
are isolated. It should be reiterated that the criterion for calculating the
critical diameter is based on the assumption that this value falls within

Dropping
Platform

Metal slice

Piezoelectric ring

Fig. 11. (a) Overview of the drop test rig, (b) dropping platform carrying the substrate with metal slice attached, and (c) positioning of the piezoelectric ring and

photomicrosensors at a gap of 2.00 cm.
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Fig. 12. PicoScope® 2000 Series Oscilloscope generating output for the time taken by the dropping platform to travel between the photomicrosensors.

the range of particles that remain adhered to the substrate after the drop
test and those that detach. Having an understanding of the critical
diameter, will allow an indication of the adhesive properties of a sample
in regards to particle-surface interactions.

2.5. Automated measurement of the critical diameter

An automated image analysis algorithm was developed as an alter-
native approach to determine the critical diameter of particles for
adhesion calculation. The algorithm comprises three sequential stages:
image registration (Supplementary Data, S2: Appendix B, Section S2.2,),
particle segmentation (Supplementary Data, S2: Appendix B, Section
S2.4), and statistical analysis (Supplementary Data, S2: Appendix B,
Section S2.5). The image registration process utilises an intensity-based
automatic registration technique [37,38] to align the post-dispersion
and post-drop test images with the pre-dispersion reference image. For
particle detection, the algorithm applies intensity-based thresholding of
difference images followed by watershed segmentation on the Gaussian-
smoothed distance transform to identify individual particles [39-43].
The particle size distributions are then computed using equivalent di-
ameters calculated from the area of each segmented region.

The algorithm employs various optimization techniques including
the “One Plus One Evolutionary” optimizer [37] for image registration
and morphological operations for noise reduction (Fig. S. 3(a-f) in the
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Fig. 13. PicoScope® 2000 Series Oscilloscope generating output from the
impact of the dropping platform on the piezoelectric ring to calculate the
contact time.
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Supplementary Data, S2: Appendix B). The process includes automatic
filtering of particles smaller than a minimum area threshold to exclude
surface artefacts, and detection of agglomerates through adjacency
analysis of segmented regions. Statistical analysis of the particle size
distributions enables calculation of the critical diameter using the
momentum-weighted averaging of the size distributions for remained
and dropped particles (Supplementary Data, S2: Appendix B, Section
S2.5).

The detailed implementation of the automated measurement meth-
odology, introduction of the machine vision terminology, and justifi-
cations of algorithmic design choices are provided in Supplementary
Data, S2: Appendix B.

2.6. Particle adhesion, impact velocity and contact time

This section will further elucidate the methodology employed for
calculating the particle adhesion, impact velocity and contact time using
the JKR theory as a model of adhesion and Newton’s second law of
motion for the detachment force [12]. The contact time and impact
velocity were calculated using the piezoelectric ring and photo-
microsensors that were connected to a PicoScope® 2000 Series Oscil-
loscope (Supplementary Data, S3: Appendix C) that detected the signals
and generated output through the “PicoScope 7 T&M” and “PicoScope 7
T&M Early Access” software, respectively. To calculate the impact ve-
locity and contact time, the following steps were undertaken and
repeated for each iteration- a total of three runs per sample volume.

1. The impact velocity, as briefly described in section 2.2, is measured
using the photomicrosensors attached towards the bottom of the
stopper stage with a gap of 2.00 cm. The photomicrosensors work
based on slotted optical switches where status indication (on or off)
is provided through the interruption of the infrared light within the
phototransistors. The metal slice attached on the dropping platform,
as seen in Fig. 11(b), passes through the photomicrosensors during
the drop, interrupting the light beam and allowing the detection of
the time taken for the dropping platform to travel over the 2.00 cm
gap. The change in time is calculated using the graph of voltage
against time provided from the PicoScope 7 T&M software as illus-
trated in Fig. 12.

The impact velocity, v, was then calculated by taking the ratio of the
distance travelled (2.00 cm) to the time taken, At, using Eq. 1:

Distance

Time (At) 1)

Impact velocity,v =
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® Location of particle-surface contact.

Fig. 14. Hypothetical schematic of variations in particle-surface contact area.

A total of 30 runs was undertaken to ensure the repeatability of the
impact time using the drop test rig. For the drop height of 15 cm which
was chosen for the experiments on ibuprofen powders, an average time
of 12.99 + 0.30 ms was taken for the dropping platform to travel be-
tween photomicrosensors with a gap of 2.00 cm. This generated an
impact velocity of 1.54 + 0.04 m/s, compared to the freefall velocity of
1.72 m/s (in vacuum) from 15 cm. For the aluminium-alloy powder, the
drop height of 10 cm was used, which resulted into an average time of
16.23 + 0.03 ms and a corresponding impact velocity of 1.23 + 0.01 m/
s.

2. The voltage generated by the piezoelectric ring during impact is used
to calculate the contact time between the dropping platform and the
stopper stage. As it can be seen in Fig. 13, the voltage starts to rise as
the dropping platform touches the piezoelectric ring Fig. 11((c)) and
reaches a peak when the dropping platform comes to the rest (cor-
responding to the peak impact force). The contact time during
detachment is the time taken for the voltage to reach maximum.

To ensure the repeatability and accuracy of the contact time, a total
of 30 runs was undertaken which resulted into an average contact time
value of 81 + 2 ps for a 15 cm drop and 83 + 1 ps for a 10 cm drop.

3. The particle detachment force, Fge, is then calculated by employing
Newton’s second law of motion expressed by Eq. 2, where m is the
mass of the particle, v is the impact velocity calculated in step 1 and
At is the contact time during detachment as calculated in step 2.

my

Fiee = —
det At

(2)

When the adhesive forces, Fqq, are greater than the detachment
forces, Fge, the particles will remain attached on the surface of the
substrate but the contrary will occur when the detachment forces, Fge¢ is
greater than the adhesive forces, Foq [30]. Therefore, for a given impact
velocity, which is 1.54 m/s in this work, there is a critical particle
diameter above which the particles will detach from the surface and
below this size will remain attached after impact. Based on the JKR
model of adhesion [12] the effective work of adhesion is then calculated
for the particles by equating the adhesive force, Fqq, to the detachment
force, Fger by using Egs. 3 and 4.

Fad = §7[RF

3 3

3 my
—nRIN=—
& At

3 4
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3. Results and discussion

3.1. The effect of quantity of sample on the manual isolation of critical
diameter and effective work of adhesion

Determining the required volume of sample (in terms of number of
particles) is paramount for accurately measuring the critical diameter at
a given impact velocity. Due to the limited availability of API’s in the
early development stage, only a certain amount of material may be used,
which poses restrictions on the bulk powder flow characterisation.
However, it is important to establish a threshold in sample quantity and
total particle number, below which the accuracy of results may be
significantly compromised for a given material.

The critical diameter of the ibuprofen powders has been calculated at
different sample volumes: 7 mm?, 21 mm?, 42 mm?, and 49 mm® so as to
obtain the minimum quantity required. The temperature and humidity
were at ambient lab conditions ranging from 22.4 °C to 24.6 °C and 43 %
to 54 %, respectively, while the drop height was maintained at 15 cm,
which resulted into an impact velocity of 1.54 + 0.04 m/s and a contact
time of 81 + 2 ps. The choice of the drop height at 15 cm was based on
the adhesive properties of particles such that enough number of particles
would remain attached to the substrate after the drop test for analysis.

According to Zafar et al. [30] particles above the critical diameter
will detach from the substrate at a given impact velocity (Fger > Fad),
while particle below will remain attached (Fg; < Fgq). This would
suggest that the finer particles, below the critical diameter, will remain
attached on the substrate while the larger particles will detach after
impact. The reason for the finer particles still adhering on the substrate
while the larger particles detach is due to the ratio of adhesion over
gravitational forces (momentum). Furthermore, the Bond number (Bo)
which is defined as the ratio of the particle adhesion force to the particle
weight suggests that finer particles exhibit lower weights compared to
larger particles, resulting into higher adhesion forces. The same obser-
vation was made by Salazar-Banda et al. [44] on their study of adhesion
force between particles on a flat surface using the centrifuge method,
where they stated that the ratio of van der Waals to gravitational forces
was significantly higher in finer particles. Theoretically, smaller parti-
cles will remain attached on the substrate compared to the larger par-
ticles after impact as explained earlier. However, through the series of
experiments undertaken in this work, it was observed (Supplementary
Data, S1: Appendix A) that in majority of the cases, few smaller particles
detached while some of the larger particles remained attached after the
impact. This suggests the complexities associated with the contact area
between the particle and substrate, particularly for irregularly shaped
particles such as the ibuprofen powders used in this work. The irregular
particle morphologies may result into variations in geometry/orienta-
tion and contact points with the aluminium substrate upon dispersion,
which significantly influences the calculations for the effective work of
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Fig. 16. Effective work of adhesion, I, (mJ/m?) ibuprofen powders dropped at 15 cm.

adhesion. Additionally, the aluminium substrate may not be perfectly
polished, which may result into micro-roughness on the surface of the
substrate. Fig. 14 demonstrates that micro-roughness on both the pol-
ished substrate and particles may result into variations in the contact
area and consequently affect the calculations of the effective work of
adhesion. Fig. 14(a) illustrates a particle of a significantly smaller size
compared to Fig. 14(b) which is a much larger particle, where the
smaller particle detaches upon impact while the larger particle remains
attached to the substrate. This suggests that the smaller particle estab-
lished fewer contact points with the substrate compared to the larger
particle. It is therefore imperative to establish a criterion for calculating
the work of adhesion of irregularly shaped particles that possess sig-
nificant variations in contact area. For this purpose, the critical diameter
at a given impact velocity is believed to lie within the range of particles
still adhered on the substrate after impact and the subsequent particles
detached from the substrate. Hence, as described in section 2.4 (further
details found in Supplementary Data, S1: Appendix A) the mean of the
average mass per particle post-drop test and the average mass per de-
tached particle is calculated. This value, which is known as the average
critical mass per particle, Mayg critical, is then converted into an equivalent
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critical diameter, d,.

Fig. 15 shows that the obtained critical diameters are 77 + 6 pm, 63
+ 1 pm, 67 £ 5 pm to 67 + 5 pm for the ibuprofen sample volumes of 7
mm?, 21 mm?, 42 mm3, and 49 mm?®, respectively. It is evident that there
are no significant changes observed between the critical diameters ob-
tained from the sample volumes of 42 mm® and 49 mm?®. This suggests
that for optimisation purposes of the ibuprofen powder, a minimum
quantity of 42 mm? is required to ensure the accurate measure of the
critical diameter, with enough number of particles present for analysis.
This is also evident in Fig. 16 where the effective work of adhesion, I" of
ibuprofen particles ranged from 26.2 + 4.2 mJ/m?2, 17.4 + 0.6 mJ/m?,
19.6 + 2.9 mJ/m? to 19.7 + 3.1 mJ/m? across the sample volumes reach
a steady value above 42 mm®.

Additionally, the total number of particles initially dispersed on the
substrate was also calculated where an average of 239, 481, 644 and 926
particles where present for the sample volumes of 7 mm?, 21 mm?, 42
mm?, and 49 mm?, respectively. For the ibuprofen with the particle size
distribution measured in Table 1 and Table 2, it can be suggested that a
minimum number of approximately 644 particles is required to be
dispersed on the substrate before the drop test to ensure the accuracy of
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Table 5 the calculations. Table 5 below provides a summary of the findings over
Summary of the findings of the different sample volumes. the four sample volumes.
Sample Total number Critical, @ Detachment Effective Work of
f particl F , F, N Adhesion, I" (mJ/ .. . .
gisii;;:des (pm) orce, Faer (410 m?) esion, I'( 3.2. Automated measurement of the critical diameter and calculation of
effective work of adhesion
Ibuprofen 239 77 £ 6 48 +£1.2 26.2 + 4.2
7 mm®
Ibuprofen 481 63+ 1 26401 17.4 + 0.6 For a more time efficient calculation of the critical diameter an
21 automated image analysis algorithm was developed to determine the
mm® particle size distribution of the substrate. Manual calculation of the
Ib:gmfen 644 66+5 31+£07 196+29 particle size distribution, post-dispersion and post-drop test proved to be
mm® time consuming, hence the automated methodology provided an effi-
Ibuprofen 926 67+5 31408 19.7 + 3.1 cient solution to this problem. Fig. 17 demonstrates the values of the
49 critical diameter calculated from both the manual and automated
3 . .

mm methods. The critical diameters ranged from 80 + 5 pm, 70 + 3 pm, 70
=+ 4 pm to 70 =+ 3 um for the sample volumes of 7 mm?, 21 mm?, 42 mm?,
and 49 mm®, respectively. Generally, the critical diameters calculated
from the manual and automated methodology lie within the same range
except some discrepancies present in sample volume 21 mm?. This is due
to some limitations posed on the detection of the clusters and agglom-
erates, which can easily be observed and isolated manually but may not
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Fig. 17. Comparison between manual and automated critical diameter of ibuprofen powders over the four sample volumes.
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Fig. 19. (a) Manual image analysis and (b) automated image analysis. Note: the large black marks on the images are the reference points.

@ (®)

Fig. 20. Hypothetical illustration of an (a) Agglomerate that detaches after the
drop test due to fewer particle to substrate contacts and (b) agglomerate that
remains attached after the drop test due to sufficient particle-substrate contact.

be successfully detected automatically (Fig. 19).

Furthermore, the effective work of adhesion, I across 7 mrn3, 21
mm?, 42 mm?, and 49 mm?, was calculated and ranged from 28.1 + 3.7
mJ/m?, 21.3 + 1.7 mJ/m?, 21.6 + 2.6 mJ/m? to 21.5 + 1.9 mJ/m?

respectively. Fig. 18 demonstrates that the values calculated from the
manual and automated methodologies lie within the same range, which
is promising for a more time effective analysis. As stated previously the
discrepancies between the manual and automated values maybe due to
the unsuccessful automatic detection of powder agglomerates and
clusters. The automated exclusion of agglomerates may pose challenges
as they can be subjective and tricky for particles that are far from
spherical, either elongated or with rougher edges. It is evident from
Fig. 19 that there are visible agglomerates on the substrate which are
required to be removed for accurate isolation of single particles. Fig. 19
(a) illustrates that the agglomerates and clusters have manually been
removed, however, this was not very successful in the automated
isolation of single particles as portrayed in Fig. 19(b).

It is also important to note that the main source of error within these
calculations arise from the mass of an individual particle. The analysis is
based on calculating the effective work of adhesion of a single particle in
contact with the substrate, hence taking into account agglomerates or
clusters compromises the accuracy of the results. Theoretically, ag-
glomerates tend to detach from the substrate after impact as they have
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Fig. 21. Comparison between manual and automated calculated effective work of adhesion of spherical Aluminium-alloy metal powders.
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larger masses, however in a few cases the agglomerates continued to
adhere on the substrate after impact. This may be due to the difference in
their contact area with the substrate as compared to equal sized single
particles. Fig. 20 illustrates a hypothetical schematic of the complexities
associated with particle-surface contact of agglomerates. It is important
to note that the surface roughness of the substrates have been exag-
gerated to depict the variations of contact between the agglomerate and
substrate. Fig. 20(a) depicts an agglomerate that detaches easily after
the drop test due to fewer points of contact (red zones) while Fig. 20(b)
shows an agglomerate that remains attached after impact due to its
position on the substrate resulting into sufficient particle-wall contact
(red zones). This further suggests the complexities associated with
particle-wall interactions such as surface roughness on both the particles
and the substrate.

Additionally, the experimental work was further extended to inves-
tigate the effective work of adhesion of spherical powders on the sub-
strate. Aluminium-alloy metal powders were investigated using the
exact same methodology but at a drop height of 10 cm. The drop height
was changed due to the nature of the metal powder, where no particles
adhered on the substrate after the drop test at drop heights greater than
10 cm. 7 mm? of powder was dispersed on top of the substrate which
resulted into approximately 1340 particles across four iterations and a
critical diameter of 40 + 2 pm. Fig. 21 compares the manual and
automated methods for evaluating the effective work of adhesion, I" of
the spherical Aluminium-alloy metal powders. The effective work of
adhesion, I calculated was 7.7 + 1.8 mJ/m? and 8.8 + 1.6 mJ/m? using
the manual and automated techniques, respectively. It is evident that the
effective work of adhesion, I" for the spherical aluminium-alloy powders
is significantly lower than the irregularly shaped ibuprofen powders.
While the chemical nature of the two materials is different giving rise to
a difference in their surface energies, the spherical powders establish
fewer contact points with the substrate due to their regular and
smoother morphologies, enabling them to easily detach after the drop
test.

4. Conclusion

This study was aimed at measuring the effective work of adhesion of
the irregularly shaped ibuprofen powders by defining a window of
operation using the drop test method. This work was also extended to
measuring the effective work of adhesion of spherically shaped
aluminium-alloy powders. The further development of the drop test rig
ensured more reliable and repeatable measurements of the impact ve-
locity and contact time. A total of 30 iterations was undertaken to ensure
the repeatability of the impact time, by releasing the dropping platform
at a height of 15 cm (for ibuprofen powders), resulting into an impact
velocity of 1.54 + 0.04 m/s. The corresponding, contact time was
measured 81 + 2 ps. Additionally, a drop height of 10 cm was imple-
mented for the spherical aluminium-alloy metal powders as any height
above this resulted to no particles remaining adhered on the substrate
after the drop test. The 10 cm drop height resulted into an impact ve-
locity of 1.23 + 0.01 m/s and a contact time of 83 + 1 ps.

Furthermore, the incorporation of the automated image analysis for
the detection of the critical diameter, above which particles detach from
the substrate and below which powders adhere onto the surface, has
provided an accurate and efficient solution to the manual image anal-
ysis. The findings in this study suggests that a minimum quantity of
sample is required to be dispersed on the substrate so as to ensure ac-
curacy of measurements. For the ibuprofen powders, with a particle size
distribution summarised in Table 1, it can be deduced that 644 particles
need to be dispersed on the substrate to accurately calculate the effective
work of adhesion. This suggests a threshold in the number of particles
required for the initial dispersion, below which the accuracy of results is
significantly compromised. The effective work of adhesion of 19.6 + 2.9
mJ/m? was measured for the ibuprofen powders at an impact velocity of
1.54 + 0.04 m/s. Additionally, the effective work of adhesion of
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spherical aluminium-alloy metal powders was also measured at 7.7 +
1.8 mJ/m? and 8.8 + 1.6 mJ/m? using the manual and automated
techniques, respectively. This work provides a feasible solution for
calculating the work of adhesion between particle-surface contact at a
time and cost-effective manner with the integration of an automated
image analysis. It is important to note that the minimal threshold
established for a sample is dependant to the particle size distribution.
Hence, for any given sample, a threshold for the number of particles
initially dispersed on the substrate needs to be established to ensure the
accuracy of results. Furthermore, the choice for the drop height is also
material dependant so as to ensure that there are particles still adhered
on the substrate after the drop test to enable analysis.
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